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1.  Motivation for the Water Cycle Theme 


The Global Water Cycle theme has been established by the Integrated Global Observing Strategy Partnership (IGOS-P) to develop and promote strategies to maintain continuity for observing systems for the global water cycle and to progress towards an integrated water cycle observational system that integrates data from different sources (e.g., satellite systems, in-situ networks, field experiments, new data platforms) together with emerging data assimilation and modeling capabilities.   While the responsibility for maintaining global observing systems lies outside IGOS-P within the World Weather Watch (WWW) Global Observing System (GOS), Global Terrestrial Observing System (GTOS), Global Climate Observing System (GCOS), Global Ocean Observing System (GOOS) and World Hydrology Observing System (WHYCOS), IGOS-P provides guidance and feedback to the system managers through its themes. 


The Global Water Cycle theme, herein abbreviated IGWCO (Integrated Global Water Cycle Observations), provides a framework for guiding decisions regarding priorities and strategies for the maintenance and enhancement of Water Cycle observations to support the following purposes:

· Monitoring of climate variability and change.

· Effective water management and sustainable development of the world’s water resources.

· Societal applications for resource development and environmental management.

· Specification of initial conditions for numerical weather and water forecasts and monthly to

      seasonal climate predictions.

· Research directed at priority water cycle questions, such as cloud and land feedback effects on the climate system.


The theme also promotes strategies that will facilitate the acquisition, processing and distribution of data products needed for effective management of the world’s water resources.  To achieve these goals the initial activities will rely on the space based and in-situ networks that are either currently in place or planned.  Furthermore, it will engage the global community through multiple linkages to global programs and coordinated activities.


Scientifically, there are many important issues related to climate change that can only be resolved through the observation and analysis of trends in atmospheric water vapor, precipitation, stream flow and other water cycle variables.  Changes in the global water cycle can arise from natural variability and human activities.  Processes associated with anthropogenic activities leading to changes in the climate and the Earth’s fluxes of energy and water as well as natural climate variability, must be analyzed and quantified. Determining the causes and extent of this variability and change must be a priority because it will provide basic guidance for investments in adaptation and mitigation strategies including reductions in emissions of carbon dioxide. 


The resolution of many international water resource management issues also depends on improved observations and their proper interpretation and application.  The World Summit on Sustainable Development in Johannesburg in August 2002 recognized the importance of cooperation in water cycle observational and related research activities.  Important Summit resolutions focused on the water cycle.  Participating nations resolved to improve water resource management and scientific understanding of the water cycle through cooperation in joint observation and research programs, to encourage and promote knowledge sharing, and to provide capacity-building and the transfer of technology, with a special focus on developing countries and countries with economies in transition.   This focus on the water cycle and the central role of observations and research indicates that there is broad support for the development of observational initiatives in this area.  Furthermore, with proper support for the access to and interpretation of data, a global water cycle observational initiative could give rich and poor countries equal access to data for decision making.


IGWCO contributes to the millennium goals established by the United Nations.  Among other social benefits, these goals will promote improvements in the availability of sanitation services and access to clean water for a much larger percentage of the world’s population and will reduce the ravages of water borne diseases on society.  An improved system to observe the water cycle and to monitor progress towards these goals is essential.  The IGOS-P global water cycle theme provides a strategy for addressing this need.


IGWCO will contribute to improvements in the capability to predict variations in the water cycle over many times scales and spatial scales from global to local.  Benefits from this theme will accrue in both weather and climate forecasting as better capabilities are put in place to specify initial atmospheric states and boundary conditions such as surface moisture fields.  In addition, information from these systems will benefit water management at the catchments and basin scales.  For example, some sophisticated distributed hydrologic models exist, but it is not possible to fully exploit them over many regions of the globe because reliable observations do not exist. Furthermore, the ability to predict climate variability, including extreme events, is limited by our lack of understanding of basic water cycle processes.  New integrated data sets could support research to resolve these issues. In order to address these scientific and management needs, the Water Cycle theme will have to deal with observing systems and with data archival and distribution issues.


The theme also identifies some critical science questions that cannot be adequately dealt with using only data from ad-hoc observing systems. Global data sets are needed to address issues related to the sustainable development of water resources on a world wide basis.  Data from recent satellite missions such as TRMM have shown the value of integrating information from different sources. Projects such as Global Energy and Water Cycle Experiment (GEWEX), the GEWEX Americas Prediction Project (GAPP) and the GEWEX Asian Monsoon Experiment Project (GAME) have shown the importance of water cycle variables such as soil moisture in prediction systems. A water cycle theme will need to mobilize the capabilities of a number of systems and missions. 


The water cycle theme will touch upon some issues also considered in the IGOS oceans and carbon themes.  In particular, issues related to the measurement of precipitation over the ocean and evaporation from the ocean need to be addressed through joint IGWCO/ Oceans theme planning.  Evaporation from the ocean is critical for prediction of the water cycle both globally and regionally because much of the water vapor involved in precipitation over land (particularly in the winter) comes from certain regions of the world’s oceans. In addition, as the Earth sciences mature there will be a growing need to merge the interests of the ocean, carbon, atmospheric chemistry, and water cycle themes into a comprehensive Earth systems observing system.


In the preparation of this report, extensive consultations were held with the water cycle science community.  Workshops were held in the USA, Europe and Japan.  Consultations also were held during numerous scientific conferences.  These consultations reaffirmed the choice of the three priority areas (precipitation, surface hydrology and applications) adopted by the IGOS-Partnership in November 2001. Of these three areas precipitation has repeatedly been promoted as the highest priority.  Appendix A lists those who have contributed directly to the preparation of this report.

 2.  The Scope of the Water Challenge 

Almost all aspects of the Earth system involve or rely on water. The Earth is unique among the planets because water is maintained in vapor, liquid and ice forms over its surface. Water and energy are intimately involved in driving the atmospheric circulation, consequently climate and weather prediction systems must consider water as a primary component. The Earth's ecosystems are dependent on water for their survival. Humans are no exception because they also have requirements for water. In addition, human activities (anthropogenic impact) affect the water cycle not only indirectly as global warming affects precipitation patterns, but also directly as the river control, irrigation, etc. and general water management practices reorganize the patterns of water movement.  The complexity of these interactions and the range of their space and time scales add to the difficulty of defining observational requirements for the water cycle. Clearly, a very wide range of observations, research, and infrastructure are needed to understand the water cycle, to provide predictions of variations in the water cycle and their potential consequences, and to evaluate the human-water cycle interactions.  In addition, energy variables such as radiation and surface fluxes are critical.   Energy is important because the cycling of water is determined by the distribution of energy, and the movements of energy with in the Earth system are frequently associated with the movement or change of phase of water.


Within the Earth system water is stored in three principal reservoirs, namely the oceans, atmosphere, and land (including surface and subsurface water storage), and is continuously cycling between these reservoirs. The water cycling through the Earth system satisfies human needs and uses, supports the Earth’s ecosystems and provides basic functions in the atmosphere’s circulation by exchanging heat between the equator and the polar-regions.  This cycling, which is modulated by the march of the seasons and by shorter-term variations in the weather, ensures long-term continuity in the water supply.


The stores of water are very different in size. Only about 3% of the Earth’s water resides as freshwater on the land.  Furthermore, two thirds of this fresh water exists in ice caps, glaciers, permafrost, swamps, and deep aquifers, where it is largely inaccessible. A very small fraction of the total is held in the atmosphere, but it plays a critical role in the climate and in the transport and distillation of ocean water that precipitates over land.  The amount of precipitation that falls on land can be considered as the renewable part of the resource and approximates the water that can be used by humans without drawing down the water stored in reservoirs or aquifers.


The scientific basis for planning water works is changing.  Basic plans for water resources have been made conventionally by using a probability security level of extreme events, which is estimated from long time series of hydrological data in a targeted basin by assuming a stationary stochastic rainfall process. Only data from within the basin and/or surrounding area have traditionally been used for the water resources management. However, it has been suggested that events in different seasons and different areas interact together and generate temporal and spatial variability connecting with atmosphere-land-ocean interactions. The water cycle shows very large intra-seasonal, seasonal, inter-annual and longer-term variability with spatial scale from regional to global. The potential effects of global warming on trends in the water cycle also challenge some of the premises of water resources planning that are based on the stationary stochastic rainfall process. Effective local water resources management for a limited period requires global water cycle observations to develop improved understanding and modeling capabilities on natural and anthropogenic water variations. 


Some of the major challenges for the IGOS Water Cycle theme relate to quantifying the amount of water in the surface stores that could provide freshwater to human societies and to the measurement and prediction the flux of water through the atmosphere, and in particular, the amount falling to the ground as rain and snow.  At present the ability to monitor precipitation and changes in surface and subsurface stores around the globe is limited. The water cycle theme will clarify which data are most critical, for forecasting variations in the stores and fluxes of water on a wide range of space and time scales.  In the absence of reliable and comprehensive observations of water stores and fluxes, other methods for estimating these values through the use of models and data assimilation systems need to be developed.  


According to a WMO [1997] report, if the annual runoff were equally accessible to everyone, there would be approximately 7,700 m3 of water per person per year.  However, this average does not account for the ecosystems and freshwater fisheries that also need water to survive nor does it account for water uses that degrade water quality to levels where it is no longer fit to drink.  Some areas have abundant runoff and can account for regional and temporal variability of water cycle processes. During flood periods much of the water flows unused to the oceans and water shortages then occur during the drier periods. To address these issues some areas utilize ground water reserves.  However, in some of these areas the rate of consumption of groundwater resources now exceeds the rate of natural replenishment.  Furthermore, the impacts of man-made pollution on these resources are not well known.  


Given the breadth of issues that must be addressed within the water cycle theme, it is important to establish priorities and focus.  Clearly, the IGOS-P water cycle theme will need to place a priority on strategies and projects that promote and develop procedures for system integration. Beyond this, there will be a need to identify those observational programs, missions and infrastructure support activities that are most critical to the implementation of an integrated program.  Some of the criteria that will assist in setting priorities include benefits to society, scientific return, readiness of the technology, balance between elements of the water cycle program and the needs of the developing world.

3. Applications of Water Cycle Data 

3.1. Introduction


Owing to the central role of water in the Earth System and a broad spectrum of human affairs, there are numerous applications that would benefit directly from an integrated water cycle observing system. The breadth of benefits for an IGOS-P type integrated observing system for water can be easily envisioned. Application of established techniques is limited by the availability of funding, personnel, and institutional commitment. Reflecting this breadth of issues, potential IGOS-P supported applications are broadly related to the five major objectives defined in Chapter 1.  


In the sections that follow, a discussion is presented for a number of key applications with a brief discussion of (a) the nature of the application, (b) current monitoring strategies and potential contributions from an IGOS-P water cycle strategy, and (c) a brief assessment of challenges and future observational requirements to address the application. As indicated in this section, the current observational capabilities and readiness for expanding these in the near term range from low (e.g. water demand mapping) to high (e.g. precipitation and weather forecasting).  Clearly a wide variety of measurements are needed to address the needs for observational capabilities.  However, there is consensus in the research and operations communities that high resolution accurate global precipitation measurements are the most critical need at the present.  Additional observational requirements for water resource management include surface hydrological variables and the development of applications of water cycle data products.  In addition, clouds and water vapor must be observed in a more meaningful and comprehensive way to increase understanding and reduce uncertainties in climate models.

3.2. Monitoring Variability and Change

3.2.1. Monitoring Climate Trends in the Water Cycle


Long-term records from meteorological and hydrographic monitoring stations are required and routinely used to interpret potential climate trends and changes in variability. These are critical data sets because they are needed to help resolve the questions that surround the climate change debate. For example, is the water cycle accelerating and what are the implications for flood frequencies? Detecting hydrologic change requires data sets of greater quality and reliability than are generally needed for process research or for operations


Interpolation of site-specific data has been a mainstay of the science community’s assessment of climate trends and variations. However, operational satellites and assimilation products, with their lengthening periods of record, also are becoming useful for climate change detection. A number of Numerical Weather Predictions Centers have key precipitation requirements for their Now-casting and Short-Term Forecasts, as well as Climate Predictions.  The initialization of prediction systems depends on the accurate representation of atmospheric and land surface fields.


Due to the great interest in potential acceleration of the hydrological cycle associated with climate change, many records of key hydrometeorological variables are in place, at least for the atmospheric aspects of the question. The instrumentation is widely available (WMO); although adaptation of standard methods for calculating amounts of solid precipitation from gauge measurements remains problematical (a critical focus of CliC). While hydrographic observational capabilities are in decline in many countries, the technology for measuring stream flow and runoff is well-established. On the other hand, observations of frozen waterways pose persistent problems. Global trends in subsurface water and water quality are difficult to assess with the current satellite systems that are used principally in measuring atmospheric variables. Many models of land-atmosphere links require land surface parameterizations, some of which are derived from satellite data and from large-scale field experiments (such as GAPP and GAME). 


Sea-level rise has important societal and economic impacts and the potential for serious dislocations of human and ecological communities.  Adaptation planning and preparedness are dependent on reliable predictions at regional and local scales.  Some of the most vulnerable regions of the world, Oceania and southern Asia, also are data scarce regions with respect to sea level observations.  Changes in sea level traditionally are measured by coastal tide gauges, which measure the height of the sea surface relative to a fixed point of the adjacent land. Land surveys, GPS and/or absolute gravity meters are used to measure vertical land movement at the gauge sites.  The much shorter satellite radar altimetry data record, since 1991, has been used in estimates and predictions of global sea-level change.  An unexplained discrepancy between calculations of global change based on tide-gauge data and satellite radar altimetry data has led to doubts about how representative the tide-gauge network measurements are of global sea level.  Space gravity missions (e.g., GOCE and GRACE), which will produce estimates of absolute sea surface topography, are expected to help resolve this discrepancy. Indirect methods for inferring sea-level change involve estimating the increase in mass of water in the oceans from melting ice on land and the increase of volume without change in mass caused mainly by the thermal expansion of ocean water.  Thus, observations of the behavior of glaciers and ocean temperatures are relevant.  For example, the use of repeated laser altimetry from small aircraft has increased the amount of data on glaciers in south Alaska.  In addition, factors such as ground-water depletion and reservoir construction may have significant effects.  

3.2.2. Impacts of Humans on the Water Cycle


Although humans increasingly control elements of the land-based water cycle, the consequences of their actions on the global water cycle are not well known. The best documented anthropogenic effect is commonly referred to as the greenhouse effect; studies of this effect have emphasized how climate and weather variables have changed historically and are likely to change in the future. In addition, many environmental impact studies have been carried out related to the construction of major water engineering works such as reservoirs, irrigation works and water diversions.  However, systematic study of the cumulative effects of these developments, especially in a global change context, remains in its infancy. At this time, educated guesswork is the rule. Data requirements to improve the monitoring and analysis of these issues are outlined in Section 4.11.


To deal with this complex issue, both application of state-of-the-art technologies and ground-truthing, including the interpretation of socioeconomic information on water use, engineering operating rules, and agricultural water applications will be required. Incomplete coverage spatially, and even thematically, obstructs progress. Willingness of both the public and private sectors to provide relevant information likely will remain a problem.

3.2.3. Global Biogeochemistry 



Biogeochemical cycling is closely linked to the cycling of water. On land hyperspectral sensors have been used to infer canopy chemistry and litter recycling rates. Models are typically used to generate biogeochemical signals associated with terrestrial and ocean productivity.  Data from widespread, routine terrestrial monitoring have not been available. Field campaigns (e.g. LBA) have provided some regional data bases as have Long Term Ecological Research sites. ORNL-DAAC houses several thematic data bases that contain biogeochemical information. 
Although archives exist for inland waterways (GEMS-CCIW; GEMS-GLORI), no systematic global measurements of water chemistry are available; routine station-based monitoring is in decline, and the application of remote sensing in this area is in its infancy.  There are some regional and even global-scale inventory data sets on pollutant loadings that are converted into waterborne fluxes of, for example, nitrogen using a typological/statistical approach. National archives are available but have been criticized for their difficulty of use. For aquatic systems, long term monitoring data is available for some global networks (UNEP/GEMS, USGS-NAWQA, EPA-STORET).  

However, an operational IGOS-P data stream related to water availability will be limited by a lack of in-situ data for calibration / validation of terrestrial and aquatic models. Global aquatic biogeochemistry models are still not process-based; limited capabilities exist for remote sensing. More science and proof-of-concept studies are needed. Modeling and assimilation systems for biogeochemically-relevant time series will be necessary. 

3.3 Water Management and Sustainable Development

3.3.1. Water Resource Assessment and Planning

Time series of ground-based hydrometeorological data are the most commonly-used observations to assess water supply.  However, observational sites are frequently installed for short periods during the design phase of water works and thus have limited utility. For regional supply applications, more-or-less standardized methods using water balance schemes of varying sophistication are applied. Documentary data, from various sources have been used to establish demand statistics. Categories of demand include household water use, industrial withdrawal for processing and cooling, and agriculture.  In well-monitored parts of the world, these data can be reliable, although some administrative entities do a poor job of sharing this information. In much of the developing world this information is seldom if ever collected. Major international bodies (e.g. World Bank, UNICEF) have periodically deployed field sampling teams to infer aggregate water demand and access consumption patterns, though these studies are known to have relatively high potential error.  Indicators of water stress such as relative water scarcity, coping capacity against periodic or sustained water shortages, etc. are derived variables based on the conjunction of water demand and availability statistics, together with socioeconomic information. These variables are defined directly by the techniques and comprehensiveness of the aforementioned data sources.  Throughout much of the world, water stress is poorly defined due to limits in all of the data sets. Furthermore the harmonization of socioeconomic information with biogeophysical data sets is currently poorly developed.


Our state of readiness to deal with water cycle variability depends in great measure on the level investment of in-situ monitoring. This, in turn, is highly correlated with the level of economic development. There is a pressing need for consensus on methods and greater use of operational assimilated and integrated hydrometeorological products. An emphasis on variability and extremes, as opposed to average conditions, is warranted. Radars and infrared (IR) sensors should be exploited for inland water –and hence supply- mapping (i.e. for lake, reservoirs, wetlands, streams/rivers).  Recently, radar altimeters have been applied successfully to mapping water levels in lakes and rivers. 


While elements of the technology for comprehensive water management are mature, institutional impediments can limit the scope of their application. A more robust dialogue between water resource practitioners, water scientists, and social and economic scientists is needed to accelerate progress.

3.3.2. Land Use and Planning

While there are highly developed capabilities in many parts of the world, an integrated, global capacity to provide planning-relevant information would be particularly useful in areas where it would otherwise be difficult to marshal the required financial and/or technical support. Land use planning is important in the developing world and its implementation could benefit greatly from ready access to new data products. Land use and land use planning (if performed) has been executed at a variety of scales and administrative/political units. Strong use has been made of existing documentary data, as well as digital and non-digital maps (e.g. soils, vegetation, floodplain occurrence hazard maps, land potential mapping). There is common and wide application of high resolution air photos, SPOT, LANDSAT imagery, as well as in-situ data.

Readiness for regional scale mapping activities using remote sensing is very high and a number of global land use/cover products are available. However, some land use and land suitability mapping requires a level of detail not yet available through remote sensing and still relies on in situ observation, aerial photography and documentary data. The availability of such data tends to be highly variable across the globe, largely reflecting economic and political factors. The potential for new sensors to address these data limitations is high. For example, new altimetry technologies promise to move satellite based data acquisition beyond mapping flood extents to delineating flood hazard potential by providing detailed flood plain topography. Higher resolution land use/ cover mapping is also becoming available. 


There remain critical limits to realizing potential improvements in this application of water cycle observations. Data may be costly, in particular for the developing world. Reconciling remote sensing information with often unreliable or temporally non-coincident census records will constitute a major problem. 

3.3.3. Ecosystems and Water Quality Assessment 


For most of world, water quality monitoring and assessment is inadequate.  In the developed world, individual, focused studies and routine monitoring are much better, but overall our global-scale in situ monitoring capability is in decline. A broad spectrum of variables (suspended solids, dissolved nutrients, metals, chlorophyll, organic loading, acidity/alkalinity) is monitored through point-scale river chemistry sampling. River reach modeling is used to interpolate between sites. Terrestrial primary productivity is linked strongly to the state of water availability (i.e. in soils and through evapotranspiration). Inland water bodies (e.g. lakes) are monitored for one manifestation of productivity (e.g., eutrophication) using optical sensors on satellites, for example Landsat. Aquatic ecosystems also are dependent on the runoff, discharge, turbulence, thermal, and inundation characteristics that define habitat and less directly that transport nutrients to the coastal oceans for fish growth.


A major contribution of IGOS could be made by observing a finite set of the major water quality variables globally and providing information in the many parts of the world that do not routinely monitor water chemistry.  Such observations also will articulate an additional source of water supply limitation needed for freshwater use assessments. 


Several issues will need to be addressed to ensure progress. River chemistry information must be linked to an operational, global stream monitoring system. The paper files of historic in-situ data must be rescued on an urgent basis to ensure their availability for calibration/validation of new technology products as well as routine monitoring of trends. International organizations and programs need to take the lead in making this happen. There currently is a need to reconcile satellite-based time series with variables other than those that have recently been addressed such as chlorophyll, suspended sediment, organic matter and salinity. Small water bodies (e.g. streams) may not be detectable given current technologies and sensible expectations should be developed regarding the minimum target size for inclusion in a global monitoring network.

3.4 Societal Applications


Societal applications are those with direct and immediate value to humans both for planning and day-to-day decision making.  They provide quantitative assessments of the condition of the terrestrial hydrosphere to decision makers at various levels.  

3.4.1.   Agriculture

Feeding a large and rapidly growing population constitutes a major societal challenge.  The world agricultural community is highly dependent upon accurate precipitation, weather, and climate diagnosis and prediction.  Forecasting agricultural yields based on precise precipitation and temperature information could benefit production planning and the agricultural commodities markets.  Such factors as crop progress, condition, and production are directly dependent on weather and climate, particularly precipitation. Timing of precipitation is also critical information for assessing crop productivity.  For example, winter dryness in a particular region may be tolerable, but spring wetness for the same region may be detrimental.  Agricultural organizations rely on a myriad of precipitation data sources such as rain gauge networks, radar-derived rain estimates, and satellite imagery to derive variables such as total amount of precipitation, percentage of normal precipitation, and soil moisture.  For agricultural applications, soil moisture is a highly desirable variable. In addition, local scale information for field management based on hydrometeorological  data, weather forecasts (including seasonal), and high technology telemetered in situ soil moisture monitoring for fine scale irrigation application scheduling are now available in the developed world. Where it is practiced, irrigation can be the dominant feature of the regional land-based hydrological cycle, particularly in arid and semi-arid environments. Globally it is the single largest user of water. Work is ongoing in well-instrumented sites to study factors affecting irrigation water usage, for operational applications in agronomy.  Regional-to-global scale assessment of irrigation water use is less well developed. Relatively high resolutions (5-10 km resolution) are used in mapping irrigation, for example mapping across Europe. 

3.4.2.   Fisheries and Habitat Management (Terrestrial, Aquatic) 


Broad application of satellite remote sensing for fisheries and habitat management currently exists. Floodplain inundation areas are delineated from pre-published maps and soils data. Optical and microwave remote sensing, both satellite-based and airborne are used in habitat monitoring.. Lidar has been employed to quantify riparian vegetation metrics to predict woody debris input to streams. Fisheries population estimates and habitat measures are the most common in-situ measurements. In large inland water bodies, fish can be detected and populations estimated by sonar, while in small lakes and rivers these estimates are derived from either catch (net) and release or electro-shocking. 


Key obstacles remain. Even in coastal areas some resource managers are not sufficiently knowledgeable about new evolving remote sensing technologies. Because inland waters are relatively small, they generally need airborne high resolution remote sensing information which is typically costly. Operational applications have not yet been refined.  Some institutional barriers (e.g., lack of standard methods for population estimates) also exist and need to be overcome.
3.4.3. Human Health


Many world health issues are directly traceable to precipitation and other components of the water cycle.  For example, infectious and vector-borne diseases such as malaria, rift valley fever, west Nile virus, encephalitis and others can be correlated to environmental factors like precipitation, water/flooding, and humidity.  Standing water from excessive precipitation is particularly favorable for vectors (e.g. mosquitoes). Additionally, extreme weather events such as flash floods, hurricane-induced floods, and excessive runoff can create storm sewer overflows and lead to health problems related to pathogens, poisoning from biotoxins, and pollutants from sewage and waste. Preliminary evaluations have established relationships between environmental factors like precipitation/excess water and outbreaks of diseases (Anyamba et al., 2000; Tucker et al., 2000). Typically executed through census and epidemiological studies, some prototype operational applications of remote sensing are used to map inundated areas for malaria habitat assessment and control. Flood potential and hydrological variable (e.g. stage) mapping also shows promise.


Although additional research needs to be carried out to link human health to observable water cycle variables, there could be great benefits to the mapping of critical habitats for disease vectors, and correlation studies of human population, pollution, and water quantity (for dilution potential). If these relationships are further substantiated, improved observations of precipitation could provide information needed by the health community to (a) identify weather and climate patterns associated with disease outbreaks, and (b) provide advance warnings of outbreaks thereby enabling preventative measures such as vaccination and vector control. There could be a highly synergistic overlap with the habitat mapping effort


There are significant challenges ahead. Operational mapping and early warning have yet to be refined by reconciling documentary data with remote sensing imagery.  These advances will require a close collaboration among the remote sensing community, hydrometeorologists, and public health/epidemiological experts.

3.4.4. Telecommunications and Navigation

Space-based rainfall data have applications in the fields of satellite communications and navigation.  Recently, Roy (2003) discussed the prospect of using space-based rainfall estimates to improve the International Telecommunication Union (ITU)-R fade model and the global Crane model as described in Ippolito (1996).  Roy (2003) also suggests that the data could be useful in studies related to site diversity for rain fade alleviation as discussed in Levis (2002).  Current telecommunication fade models or rainfall exceedence tables are based on point samples or point rainfall climatologies.  Space-based systems like the TRMM Precipitation Radar or the future GPM Dual Frequency Precipitation Radar could provide useful rainfall profiles and drop size distribution information required for radio wave attenuation calculations.  Signals from navigation satellites are known to be susceptible to propagation effects that can impact the quality of the services provided by these systems.

3.5 Weather, Water and Climate Prediction 
3.5.1. Climate Prediction


For climate prediction (e.g. seasonal to interannual prediction and monitoring), the availability of timely and high-quality precipitation information is also critical.  Information about the distribution of precipitation amount is required for monitoring and forecasting purposes, input into soil moisture models, and initialization of hydro-meteorological and seasonal global forecast models.  Accurate, satellite estimates of precipitation are particularly suited for climate prediction because much of the forcing that dominates atmospheric and climate circulations is related to oceanic precipitation. Like weather forecast models, short-term climate forecasts (6-10 day, week 2, monthly and seasonal) from models are also dependent on accurate soil moisture and precipitation estimates.  In climate forecasts, small systematic errors can compound and grow into large biases.  Reliable monitoring of surface energy and water fluxes can provide a basis for identifying and correcting the causes of these model biases.  Validation of the forecasts is particularly important for verification and bias determination.  An operational water cycle moisture monitoring system would include networks for precipitation (e.g. GPM, GPCC, and GPCP), soil moisture (e.g. SMOS, HYDROS), radiation balance (e.g. CERES, NOAA/HIRS) for evapotranspiration and discharge/runoff (e.g. NASA Surface Water Mission). Reanalysis with 4DDA can provide a standardized record of climate variability.
3.5.2. Flood Forecasting

Floods remain one of the costliest and deadliest natural hazards worldwide. A key priority for operational weather forecasters, hydrologists, and emergency managers is accurate flood prediction. Flood warning and protection systems have incorporated geostationary satellite precipitation fields in conjunction with hydrologic models. Such operational systems are calibrated to particular locations based on statistics (e.g., considering antecedent flows or wetness indices and applying autoregressive models). Linked sub-basin responses constitute a flood warning system, with flood waves tracked as they travel down monitored rivers. Many parts of the developing world have crude or non-existent, systems and are thus highly vulnerable. Seasonal flood monitoring can be accomplished using microwaves (e.g.ERS, Envisat and Radarsat SARs, QuickScat, ERS Scatterometer) at coarse resolution and optical sensors (e.g. MODIS and MERIS).  The needs of areas at mid and high latitudes must also be considered because flooding in these areas frequently follows the heavy buildup of snow in the winter months, the rapid melt of snow in the spring and ice jams along the river course during break-up.



Capabilities required to maximize the effectiveness of precipitation observations in hydrologic and flood prediction are 1). near real-time instantaneous microwave and auxiliary (microwave-calibrated geosynchronous–infrared, etc.) rain products at the sensor resolution; 2) uncertainty characterization (e.g. rain detection error, bias, and spatial structure of random error) of instantaneous microwave precipitation products, and 3) precipitation type information to distinguish rain from frozen precipitation.  Other measurements required for spring flood prediction include  sniowpack water equivalent, temperature, antecedent soil moisture and ice thickness,  
3.5.3. Drought Monitoring and Prediction

Drought monitoring for water supply stress and agricultural impacts can make use of both orbiting and geostationary satellites. Typically drought monitoring systems have used simple indexing schemes, although existing operational satellite observations of Leaf Area Indices (LAI), greenness indices and climate predictions of key water cycle variables could be used in this context. Due to the seasonal time frame of the phenomenon, orbiting sensors can be used. Monitoring of groundwater in wells, particularly over local to regional scales has been routinely used in this context; continental-to-global application, however, may prove impractical.  In areas with a substantial winter snow pack, the water equivalent of this snow pack is a critical source of spring moisture.  When there is a limited snow pack there is insufficient spring moisture available to recharge soil moisture and groundwater reserves and to replenish lakes and reservoirs.


An integrated global monitoring system for droughts is within reach and would yield obvious benefits to society. Satellite remote sensing is a particularly important technology for augmenting information from ground-based observational systems and increasing our level of readiness to deal with the impacts of droughts. Numerical Weather Prediction (NWP) reanalysis can provide time series of meteorological variables and thus the probability statistics of drought (placing particular events into historical context). These also should be used for operational monitoring of progressive drought severity (i.e. non-rain events, surface temperature and radiation). Key elements of the system could include optical, IR, ESA ERS and Envisat satellites, NASA Terra/Aqua satellites, geostationary/orbiting precipitation satellites (here monitoring the lack of precipitation) (e.g. GPM, GOES, GPCC, GPCP), and radiation budgeting (CERES/TERRA & TRMM, NOAA/HIRS, AVHRR). 

Current indices could be improved through a stronger physical basis; vegetation stress observations show promise but need more development work, as do passive microwave satellite soil moisture retrievals (at least in areas with low vegetation densities). Improved LAI retrievals also would be useful. Well monitoring systems are now poorly consolidated and crudely used, hard to integrate over wide areas and require telemetry. Interpretation of time-varying well stage is not advanced (notable exceptions are the US High Plains and basins in France). Droughts, which are believed to be exacerbated by anomalies in land surface states in certain regions and seasons, could be predicted more accurately if vegetation and soil states were monitored in real time for climate forecast model initialization.  In addition, satellite remote sensing can provide many hydrologic products critical for spring flood forecasting at mid and high latitudes such as soil water equivalent amounts, snow cover, snow melt, skin temperature and ice cover.  Such observational programs are needed to enable improvements in NWP reanalysis and forecasts and to yield corresponding improvements in drought monitoring and management.

3.5.4. Other Water Cycle Hazards


Fast slope movement includes natural hazards that pose significant hazards to people and structures in susceptible areas:  avalanche, mudslides, and debris flows.  Mudslides and debris flows generally start on steep hillsides during periods of intense rainfall or rapid snowmelt.  The liquefied soil and debris flowing down slope can exceed speeds of 35 miles per hour. Often unwise land-use on ground of questionable stability, particularly in mountain, canyon, and coastal regions, causes or exacerbates mudflow and debris-flow problems.  Data is required to support identification of areas vulnerable to land slippage and to provide early warnings of landslide hazards.  


Typically avalanche forecasting is accomplished by conducting regular snow stability tests and combining test results with meteorological information.  Most snow stability tests are very simple mechanical tests of snow layer failure.  The most reliable avalanche predictions require detailed diagnosis of the snow pack structure.  GIS technology is used to map avalanche probability based on topographic analysis and data from weather forecast centers.  Acoustic sensors have been developed to detect infra-sound signals from within snow packs.  Other data gathering technologies with usefulness in avalanche prediction include frequency modulated, continuous wave (FMCW) and Doppler radar, and satellite microwave radiometry.  These advanced technologies make possible automated, remote measurement of snow conditions, movement and meteorology for monitoring and early warning.

3.6 Water Cycle Research


Water cycle research is an area of Earth system sciences that is particularly ripe for improvement through IGOS-P observational support.  Science applications provide a quantitative view of key hydrological variables over large spatial domains, including the entire globe.  Water cycle science requires the application of data to:

1) Understand fluxes and storage of water as it moves through the hydrologic cycle & associated fluxes of solutes, sediments, and energy.

2)  Monitor and understand change, if any, in the quantity and quality of water.

      3)  Test hypotheses and models, and to formulate new hypotheses (traditional scientific use)
3.7 Summary and Recommendations


There are a wide range of applications for water cycle information on a wide range of space and time scales.  These needs are summarized in Table 1.  Given this diversity it is difficult to set priorities for water cycle variables based of applications alone.  The relative importance of many of these applications varies with region and climate conditions.  It is clear from this table that certain variables such as precipitation are fundamental to meeting these application needs.  However, to provide the data required for these applications, background research leading to the understanding of the basic processes and the functioning of the water cycle is required.  Consequently. the demands of water cycle research and international water research programs must also be considered in setting priorities.  
TABLE 1.  Priority Observations Associated with the IGOS-P Water Cycle Applications.
	
	Priority IGOS-P Water Observations 
	Inventories, Tools and Model Products

	Variability and Change
	
	

	Monitoring Trends
	Long term consistent records of Water cycle variables
	

	Impacts of Humans on the Water Cycle
	Optical and radar imagers for defining irrigation water use, reservoir location/ operations, and hydrograph distortion
	Inventories of reservoirs, dams, water transfer projects and other water infrastructure activities

	Global Biogeochemistry
	In-situ archives of water chemistry

Optical sensors for inferring productivity state, and waterborne constituents

Radars and optical imagery for inundation mapping


	

	Water Management and Sustainable Development
	
	

	Water Resource Assessment and Planning
	Surface water monitoring (in-situ, satellite-based from imagers & altimetry, NWP reanalysis)

Stream-flow data on times scales of hours to day

In situ monitoring of streamflow and lake and reservoir levels


	Infrared mapping techniques

DEMs for flood hazard mapping

Water infrastructure inventory



	Land use Monitoring and Planning
	High resolution surface mapping (satellite, aircraft) of vegetation, urban land cover and elevation with emphasis on developing world applications
	Topographic data



	Ecosystem and Water Quality Assessment
	Satellite-based from imagers (optical/radar) & altimetry for water quantity and color 

In situ water quality data  for a broad range of physical and chemical variables

Optical measurements from satellite, particularly over water bodies


	

	Societal Applications
	
	

	Agriculture
	Precipitation (ground, satellite-based) 

Surface radiation budgets from satellites

Optical imagers for vegetation state

Soil moisture from microwaves


	Assimilation and forecast products



	Fisheries & Habitat Management
	High resolution     optical/radar for mapping inundation and water state

    
	

	Human Health
	High resolution optical/radar data for mapping vector habitat


	Location and status of water treatment facilities

	Telecommunications and Navigation
	Rainfall profile/drop size distributions

rain rate measurements


	Maps showing critical communications links and navigation routes

	Weather, Water and Climate Prediction
	
	

	Weather and Climate Prediction
	High spatial and temporal resolution precipitation fields (ground and satellite)

Soil moisture variability

Mapping of permafrost and frozen soil

Consistent, long-term Time Series


	Operational assimilation, forecast, reanalysis fields



	Flood Forecasting 
	High spatial and temporal resolution precipitation fields

Radars for rainfall monitoring and flood prediction

Snow and snow water equivalent fields

River levels and streamflow measurements


	Operational assimilation, forecast, reanalysis fields



	Drought Monitoring and Prediction
	Longer-term, high resolution precipitation, radiation, soil moisture, vegetation condition fields from satellites and/or NWP

River levels and streamflow measurements

Storage amounts in lakes and reservoirs

Ground water levels 


	

	Water Cycle Research
	Long term consistent records of water cycle variables

High resolution surface mapping of vegetation and topopgraphy

High spatial and temporal resolution precipitation fields

Radiation and energy budget fields

Streamflow measurements and storage amounts in lakes and reservoirs

High resolution water cycle measurements from supersites


	


            It is recommended that an advisory group be established to support the emerging the IGOS-P water applications activities. The group would be enlisted to monitor ongoing developments in the technical realm, to match these to high impact applications, to make specific recommendations on the science requirements for key water cycle observables, and to conduct demonstration projects to determine how these data can be more effectively used for decision making.  This group should include representatives from user communities and social scientists familiar with the science/ policy interface.

4.  existing and planned systems for Priority Water Cycle Variables


Understanding the role of global water and energy cycles that control the Earth’s climate and the manner in which these processes respond to climate perturbations depends on an accurate understanding of how atmospheric moisture, clouds, latent heating, and the large-scale circulation vary with changing atmospheric conditions.  To adequately represent these variables, a mix of satellite and in-situ data are required.  Remote sensing, especially from space, can provide spatial coverage for rainfall, soil moisture, snow cover, snow water equivalence, vegetation conditions.  However, remote sensing does not preclude the need for ground-based measurements.  Hydrologic science has yet to articulate, or really even recognize, the necessary synergy between remotely sensed and ground-based measurements.  Furthermore, due to the fact most in-situ networks were established well before satellite data were available, existing ground-based networks are not configured to take maximum advantage of remote sensing measurements.



  In the development of a proposal for a water cycle theme, priorities were developed on the basis of inputs from the user and science communities.  According to that input the IGOS-P adopted a priority listing of precipitation, surface hydrology and applications. To a large degree this chapter reflects those priorities.  However, further consultations have suggested that energy variables should also be included.  This list of variables is a subset of the total listing of water and energy cycle variables given in Appendix F.


The application of satellite data to operational hydrology can be classified in two ways according to the temporal requirements: (i) the first is non- or slowly-time dependent such as topography and land use; and (ii) time dependent products needed to initialize and update forecast models such as rainfall rates or soil moisture.  Satellite data is the only means for providing high resolution data in key regions (e.g. forested areas).  In addition, satellite data, in conjunction with in situ and other data, are used for calibration and validation of hydrological models but these data are not time dependent.


To meet hydrological forecasting needs, the data must be available within 1/2 to 6 hours, depending upon the size of the basin.  This time factor could be estimated for a specific basin by the basic lag-time, a measure of the time response between rainfall input (or snow-melt) and the runoff hydrograph.  Some variables such as snow cover, snow water equivalent and soil moisture are dynamic variables that must be updated fairly frequently.  Other variables are less time sensitive.

4.1 Precipitation

4.1.1. The Role of Precipitation in the Water Cycle



Precipitation is the component of the global hydrological cycle that has the most direct and significant influence on the quality of human lives in terms of critical needs such as water for drinking and agriculture.  Timely high quality precipitation measurements with global, long-term coverage and frequent sampling are crucial to the understanding and prediction of Earth’s climate, weather, and global water and energy cycle processes, and their consequences for life on earth. Improved observations of precipitation are central to meeting the needs listed in Section 3. 



Precipitation is liquid or solid water that falls to the surface from the atmosphere.  It is associated with a wide variety of coherent atmospheric phenomena, from small convective showers to continental-scale monsoons.  Organized precipitating systems have rain rates ranging from <1 to >100 mm/hour, spatial scales from <1km to >1000 km, and temporal scales of minutes to seasons.  Their modes of variability include diurnal, synoptic, intraseasonal, seasonal, annual and interannual; and few if any aspects of atmospheric behavior have as much impact on humanity. 



An important goal for the Global Energy and Water Cycle Experiment (GEWEX) research community is developing the measurement and modeling capability to close water and energy budgets both globally and regionally over large basins or regions of the globe. Research to date has shown that limitations in the ability to quantify precipitation inputs due to a lack of adequate observational data is one of the major shortcomings in closing water budgets. 



The amount, rate and type of precipitation that falls largely determine our fresh water supply.  Precipitation occurs as a result of the condensation of water vapor in the troposphere. The physical characteristics of liquid and solid water in the atmosphere, including droplet size, shape and temperature, are crucial to determining the nature of precipitation.  Observations of precipitation ideally must provide not only the actual amount reaching the ground, but the associated vertical hydrometeor structure.  The latent heating resulting from the condensation of water vapor into clouds and precipitation is an important forcing function for the large-scale atmospheric circulation.  Precipitation falling into the ocean affects its salinity and significantly impacts atmosphere-ocean interactions on interannual time scales.  Over land, the frequency and intensity of precipitation strongly influence critical aspects of surface hydrology, including runoff, soil moisture and stream-flow.  Extremes in precipitation occurrence and intensity, such as floods and droughts, have an enormous impact on human society and the natural environment.

4.1.2. Status of Precipitation Observations



At present, precipitation is observed through a combination of observations from a wide variety of instruments and systems.  Precipitation gauges, surface-based rain radars, observations of passive microwave radiance from low earth orbit (LEO) satellites and visible and infrared radiance observations of clouds from both LEO and geostationary (GEO) satellites.  These observations are combined in different ways depending upon the required scales and accuracies, and on the type of observations available.



Precipitation gauges are containers of varying sizes and shapes that are placed in locations that permit them to capture precipitation as nearly undistorted by obstructions as possible.  Gauges provide the most quantitatively accurate observations of precipitation currently available, but are subject to a number of limitations.  Their small size, combined with the fine scale variability of many precipitating systems, makes them representative of only relatively small regions.  They tend to be located principally where people live and work, and therefore their observations do not capture variability in many important areas, such as mountainous terrain and over water.  These sampling errors are accompanied, even in the best of circumstances, by measurement errors due to changes in the air flow over the gauge, a problem that is significantly greater in the case of solid precipitation.


Snowfall is generally measured in special precipitation gauges that have shields to reduce the wind effects on the efficiency of the gauges catch.  Different nations have different gauge and shield designs, which has led to a long standing debate on the best way to standardize snow measurements.  A comprehensive study undertaken by the WMO has provided a comprehensive intercomparison of these measurement methodologies and outlined steps for brining thjese disperse data to a common data standard.  In recent years the situation has been further complicated by the implementation of automated station networks with heated precipitation gauges that introduce even more uncertainty into snow measurements.  Ground based radar can also be used to measure the snow water equivalence of falling snow, although the sensitivities of existing radars are not adequate to reliably measure the rates of fall for light snow.  
          Finally, even when accurate observations can be made; there is often great difficulty in collecting and processing all of the data at a central site in a consistent manner.  Surface-based radar observations offer much greater spatial coverage with generally much finer temporal resolution than gauges.  However, the complex physics governing the relationship between the measured radiance reflected by precipitation and the precipitation intensity makes the derivation of quantitatively consistent and accurate rain rates extremely challenging. 



Observations of clouds from visible and infrared (IR) radiometers on LEO and GEO satellites have been used to estimate precipitation for more than 30 years.  Since clouds are often associated with precipitation, such estimates are quite often useful.  However, the physical relationship between cloudiness and precipitation is dependent on cloud type, varies greatly from one location to another, and varies significantly with time even at a given location.  The spatial coverage and temporal sampling afforded by GEO IR observations makes them useful even in situations where they provide minimal additional information, but they are most valuable when used in combination with more accurate, but less extensive, observations.



Observations of upwelling microwave radiance from LEO satellites provide the most theoretically sound and accurate estimates of precipitation, to a large degree because they are not affected by cloud droplets. Over a low emissivity surface, such as the ocean, the density of raindrops can be inferred directly from observations.  This approach does not work over land, where the emissivity is highly variable and difficult to estimate, nor over cold water or ice. In deep convection, the amount of scattering is closely related to the rain rate produced, and reasonably accurate estimates of such rain can be obtained. The most accurate estimates obtained from passive microwave observations are produced by utilizing observations at all frequencies together with a radiative transfer model to infer the vertical structure of hydrometeors.



The most accurate single space-based observing system is the precipitation radar (PR) on the Tropical Rainfall Measuring Mission (TRMM) satellite.  Its observations, taken from above precipitating systems, provide extraordinary depictions of the vertical distribution of hydrometeors.  The ability of the radar to provide detailed coverage of any given system, or of accumulations over time, is limited because of its narrow swath width, and its coverage is restricted by its relatively low inclination orbit.  Nevertheless, it is clear that PR observations are the best where they are available.  The decision to terminate TRMM in 2004 will leave a substantial gap in the information available before GPM is launched.

4.1.3 Shortcomings of the Current Systems 



The current precipitation observing systems provide valuable information and have made possible a large number of significant advances in understanding and predicting the behavior of the climate system.  However, a number of significant shortcomings exist, including the following: 

a) Absolute magnitudes-The determination of actual values of precipitation has proven extremely difficult.  Rain gauges provide the most widely accepted values, but the derivation of areal averages from gauge observations is extremely difficult, particularly in regions characterized by convective precipitation or complex terrain.  Radar, whether surface or space-based, requires extensive and continuing calibration to accommodate varying drop size distribution and range-related effects.  Estimates from satellite observations require calibration and correction for a wide variety of difficult to observe issues, such as freezing level height, amount of cloud liquid water, rainfall intensity beneath cold clouds, and relationship between cloud ice and precipitation rate.

b) Coverage of radar observations-Radar provides the best combination of coverage with a direct physical relationship to the desired measurement.  Unfortunately, the spatial coverage of radar observations is quite limited.  Expansion of surface radar networks, while desirable, cannot fully satisfy the requirement for radar observations over most of the globe.  In addition, rain radars are expensive, difficult to calibrate, and unavailable in many areas of the world.  The amount of data processing required to extract precipitation from the raw observations is very large.  Finally, due to the curvature of the surface of the earth, the radar beam actually provides information about hydrometeors at varying heights above the surface, posing a challenging inference problem.  The TRMM PR has shown that satellite-based precipitation radar can work well, but its low inclination orbit restricts its observations to equatorward of 35° latitude, and the mission will reach its conclusion within a few years.

c) Snowfall-Snowfall and other forms of solid precipitation present an immense challenge to current observing systems.  The systematic errors to which gauges are susceptible are greatly exaggerated in snow, due to the low fall rate of the particles and their tendency to accumulate at varying rates on the sides and top of the instrument.  Remote sensing, whether active (radar) or passive, has great difficulty detecting falling snow, and in many cases even greater difficulty in distinguishing falling from fallen snow.  Situations in which mixed precipitation falls, or rain falls over snow covered ground, are equally challenging. The Canadian and European Space Agencies within the EGPM project should help to address these issues. 

d) Complex terrain-All available precipitation measurement systems work best in situations where the terrain is relatively uniform.  In general, complex terrains, such as mountainous regions or archipelagos where islands and water are mixed, tend to exhibit precipitation with relatively small spatial scales and with pronounced diurnal cycles.  In such regions, greater numbers of rain/snow gauge observations are required to estimate areal averages.  Surface radars in such terrains are faced with both obstructions to their beams and with precipitation with highly variable microphysics.  Satellite observations, which have spatial resolutions ranging from a few kilometers to a few tens of kilometers, must somehow untangle the large spatial variability in precipitation in such regions.

e) Vertical distribution-Many applications require information regarding the vertical distribution of precipitation and the associated latent heating of the atmospheric column.  Gauges have no ability to observe vertical distributions, and visible/IR satellite observations are almost equally handicapped.  Passive microwave observations can, in principle, derive vertical structure of hydrometeors, including the phase and density, and, from the time rate of change, can estimate condensation heating.  However, the spectral resolution of available instruments is inadequate to obtain a unique solution, their spatial resolution is too coarse to resolve the scales at which the primary processes operate, and the temporal sampling is too infrequent to obtain meaningful rates of change.  Surface based radars are not sufficiently widely distributed for real utility and the TRMM radar has latitudinal limitations that limit its utility.

4.1.4. Recommendations



Based on this review, it is recommended that: 

a) The coverage of satellite observations is improved. Passive microwave observations, which are uniquely well suited to observing precipitation, are generally coarse in spatial and spectral resolution with infrequent temporal sampling.  Improved instruments, with higher spatial and spectral resolution, on more satellites, to enhance the temporal sampling, are required.

b) The coverage of space-borne radar is enhanced.  The success of the TRMM PR has demonstrated that space-borne radar observations are among the most valuable observations of precipitation for many purposes.  The decision to terminate TRMM gives urgency to the launch of succeeding radars.  Improvements on the TRMM PR in sensitivity to light rain and solid precipitation and ease of accurate calibration also are vital.

c) Algorithms that combine and blend observations from all sources are improved.  The ideal global precipitation observing system will utilize observations from all relevant sources. However, current systems such as the Global Precipitation Climatology Project (GPCP) rely on different approaches to the problem, and each has significant shortcomings.  Improved algorithms for the objective, optimal combination of precipitation observations from widely disparate sources must be developed.

d) Targeted field campaigns are carried out.  Some applications require observations that resolve the 4-dimensional structure of the microphysics of the precipitation process. Such observations must be made in a variety of climatological regimes and so are needed in different parts of the world and at different times of year.  Carefully targeted field campaigns, using satellite, aircraft and novel in-situ instruments such as profilers are needed to provide the comprehensive datasets required.

e) All appropriate countries adopt an agreed upon procedure and protocols for collecting and correcting snowfall measurements.  Furthermore, national networks must be strengthened to ensure that the required data are collected.

4.2 Soil Moisture

4.2.1. The Role of Soil Moisture


Soil moisture plays important roles in climate and water resource management.  In particular, it regulates the partitioning of incoming radiative energy into sensible and latent heat fluxes and partitioning rain water between infiltration and runoff (and subsequently evaporation). At climate time scales, soil moisture together with sea surface temperatures is a critical boundary condition controlling fluxes to the atmosphere. Soil moisture must be accurately represented in hydrologic and land surface models because it regulates the rate of runoff generation during a rain event (Dirmeyer, 1999).  When the upper layers of the soil are saturated more of the rain falling on the surface will run off.  Soil moisture also is a predictive factor of summer rainfall over continents in model experiments (e.g., Koster et al., 2000). In general, soil moisture becomes a critical forcing function for continental areas during the summer months when potential evaporation rates are at a maximum. However, the ability to quantify the importance of soil moisture in stimulating summer convection has been hampered by the lack of suitable long-term data sets with high resolution in time and space.


The agricultural and horticultural communities are interested in soil moisture because it plays a critical role in supplying plants with water.  The vigor and productivity of vegetation is determined by the rate at which it accumulates mass, which in turn is dependent on the rate of photosynthesis and transpiration rates and the plants’ ability to rapidly access and uptake water.  The condition of vegetation determines its radiative properties (energy flux to the atmosphere) and the rate of transpiration (evaporative flux to the atmosphere).  During times of growth, the plant is also fixing carbon, making it a sequester of atmospheric CO2.  Accordingly, the soil moisture – vegetation – evaporation processes are critical links between the water and carbon cycles. 

           As a result of these diverse interests in moisture in the soil, the term soil moisture has  developed different meanings for different user communities.  For example the agricultural community uses the term to refer to the profile of moisture through the plant rooting zone and below.  The climate community is concerned about the moisture in a relatively thin layer of soil (10 cm) that controls the latent and heat fluxes from the land to the atmosphere.  The frequent use of these terms in models and observational programs without clarification can lead to confusion.

4.2.2. Status of Observations


Monitoring hydrological soil and inundation conditions could provide much-needed time-varying fluxes, although there is no operational monitoring system in place. While some soil moisture networks exists for agricultural purposes on a national basis in China and Russia and the USA (approximately one per state), or on a regional basis for special applications (such as the soil moisture network around the CART/ ARM site or the mesoscale network in Oklahoma), soil moisture data are generally inadequate.  Uncoordinated soil moisture observing programs also exist at the provincial and county levels in Canada and other countries.  Use of passive (NSCAT, QuickScat, ERS) and interferometric SARs show promise and could instituted operationally.


Several techniques hold promise for extensive (continental scale) observation of soil moisture.    Remote sensing of surface layer soil moisture (or "soil wetness") has been studied extensively in the course of numerous field and/or airborne campaigns. The use of remote sensing for soil moisture has been convincingly demonstrated in terrain covered by thin or moderately dense vegetation (e.g. typical crops), using passive microwave emission radiometry at low microwave frequencies (1.4 to 3 GHz). From a space platform, however, meaningful ground resolution can only be achieved at these low frequencies with impractically large antennas. Backscatter measurements using an active microwave sensor (scatterometer or radar system) can provide finer spatial detail, but deliver ambiguous information, as the return signal depends upon surface roughness, primarily, and soil moisture secondarily.


There is reason to believe that an L-band soil-moisture measurement mission at a 30-50 km spatial resolution could be a compromise that would provide very valuable data.  Such a mission would make possible studies of those science applications that clearly demonstrate the significance of monitoring this variable and would the necessary initial experience with the space deployment of a large low-frequency microwave radiometer. ESA is currently implementing the SMOS mission for measurement of soil moisture and ocean salinities.  The planned soil moisture mission may be able to meet many of the needs for a hydroclimatology mission (HYDROS) and should be supported by NASA. A follow-on mission with the goal of a 10 km spatial resolution (regarded as the “fingerprint” spatial scale of soil-moisture heterogeneity for land/boundary-layer interactions) and increased temporal coverage could augment the initial mission. This will make possible the monitoring of soil moisture at finer scales compatible with the needs of hydrometeorology. The soil-moisture mission has enormous potential. Its readiness is comparable to TRMM and TOPEX before they were implemented. 

4.2.3. Shortcomings in the Current System


While methodologies for measuring soil moisture exist, a coordinated global network of in-situ soil moisture measurements has not been developed (Leese et al., 2001).  Furthermore, to obtain reliable data from these measurements, extensive calibration to account for instrument type, soil texture, etc. is needed.  Accordingly, standardized procedures for the selection of sensor type, measurement sites, sensor depth, sensor calibration and intercomparison, etc. will be needed to ensure the data from any operational system is reliable. Soil moisture data availability is generally limited, with the exception of some regional archives such as the North American/ Euroasia archive at Rutgers University. There is a lack of soil moisture data in most of the developing world, and refinements in NWP reanalysis and forecasts (e.g. Global Soil Wetness Project to generate consensus algorithms) are still necessary to optimize soil moisture estimates for irrigation and agrosystem monitoring.  As a result there has been heavy reliance on model-generated estimates of soil moisture using state-of-the-art land surface models driven by meteorological observations and analyses (e.g., GSWP and LDAS).  These model products which also contain estimates of surface water and heat fluxes, are an imperfect substitute for an observational network.

4.2.4. Recommendations


To address the needs related to soil moisture the following steps should be taken:

a) A coordinated plan for soil moisture networks should be developed first at the national and then at the international levels.

b) The capabilities to measure soil moisture from space have been demonstrated, but committed missions are needed to perfect these measurements and to determine the utility of soil moisture measurements derived from space.

c) Space measurements provide estimates of the water in the upper 5-10 cm of soil, frequently referred to as soil wetness measurements.  While these meet the needs for some applications, many applications require moisture measurements through the soil profile. The relationships between surface soil wetness and deep soil moisture profiles needs to be quantified or at least understood.
d) Vegetation cover can obscure the radiation arising from warm wet soils.  Research is needed to find better ways of removing the vegetation effect from the signal that is being used to derive soil moisture. 
e) A supersite program is needed to provide the comprehensive data sets needed for sensor evaluation and calibration, and to provide a basis for developing soil wetness algorithms for satellite measurements and the evaluation of climate model outputs.  
4.3. Streamflow and Surface Water Storage

4.3.1. Role of Streamflow and Surface Water Store Measurements


Long-term streamflow measurements are the essential information source for many water resource applications including engineering designs for dams, reservoirs, river navigation systems, flood protection, irrigation scheduling, international water allocation agreements, ecosystem management and water management plans. During flood periods river levels must be known in order to monitor whether emergency procedures are needed or not.  During low flow periods it is important to know what flow levels are to determine the need for water releases or other possible conservation and water enhancement activities.  Streamflow is also a critical variable for water management because allocation agreements are quantified so water availability and supplies must also be known to a high degree of accuracy.  The quantity of water stored in temporary (ephemeral wetlands) or permanent natural reservoirs (lakes) and manmade reservoirs is also important to know, particularly if that water is being used to meet some agreement or to meet some environmental need. 


From a scientific perspective streamflow is also a critical water cycle variable because it integrates all of the processes (e.g. runoff, evapotranspiration) taking place over the area of the basin and provides one final variable that can be readily measured.  As a result it is a very important parameter for use in calibrating and evaluating hydrological and coupled land-atmosphere models.  Streamflow is also an important variable because it is the only component of the water balance that readily integrates processes over the entire basin thus it is more easily used in model development because it is not affected by the high frequency variability.  Streamflow also serves as a medium for many biological and chemical processes hence, the content of the streamflow can be viewed as a measure of ecological processes within the basin (See Section 4.10 for more detail).  

Stable isotope ratios (18O/16O and 2H/1H) in river flow contain valuable information on the integrated effects of surface and subsurface hydrology (Gibson et al., 2002.  Isotope data allow monitoring of climate and land use change impacts on basin hydrology.  Time series of stable isotopes in river flow also are an excellent tool for characterizing water budgets of river

basins and for improving regional and continental scale hydrological models (Fekete et al., 2003). 

4.3.2. Status of Observations


Currently there are no cost-effective reliable options for streamflow measurement apart from in-situ methods.  However, networks are declining on a worldwide basis, even in the U.S., where streamflow is comparatively well observed.  Although the declining networks have not drawn much attention from the water cycle science community, observations now are essentially non-existent in some countries.  Although there are estimates of the surface storage in lakes, wetlands, and river channels, the capacity to inventory the amounts in these stores on a regional basis needs to be developed.  We have no basis for making estimates and analyses of interseasonal and interannual variability and longer term change or about the water management effects.  


 A capacity to coherently monitor inland waters will be essential to the future development of Earth system models, monitoring the biosphere, and an articulation of land-ocean linkages.  Our current capacity to monitor the state of inland rivers, lakes, reservoirs, and wetlands faces technical, economic, and institutional impediments. Many remote areas also suffer from a scarcity of surface-observation stations. In general, there exist major difficulties in acquiring data in near-real time, especially in developing countries. Even in regions with traditionally extensive hydrological monitoring networks, a net loss of recording stations continues to take place. Satellite-based sensors offer an alternative for near real-time data for lake/river stage and river discharge for applications at continental and global scales.


Hydrologic altimetry is notionally based on a radar remote sensing system, with day/night and all-weather capability for river and lake stage and along-track width and a Doppler lidar system with a day/ night target of 50% all-weather capability for measurement of surface velocities. A mission based on this concept would provide a near real-time baseline set of observations from which discharge and lake volume can be deduced. A second option is a Doppler lidar to measure river surface flow with high spatial resolution and accuracy.


Immediate improvements are possible in identifying dry and wet regions through the identification of inland standing and flowing waters, through high resolution optical/IR (e.g. ETM+, SPOT), SARs inundation mapping (e.g. ERS, JERS), and habitat for waterborne disease mapping.  An operational epidemiological component would also need to be established, with links to the geophysical components.

            Stable isotopes in river discharge have been measured for most of the large US rivers (Kendall and Coplen, 2001) and for European, Asian, Africa, and South American rivers (REFs??).  A coordinated project to develop a global network for monitoring isotopes in river flow is currently being implemented by the International Atomic Energy Agency (IAEA).   

4.3.3. Shortcomings in the Current System


Stream gauge networks are inadequate in many parts of the world and have been declining recently in other countries due to national budget issues.  Other factors limiting the rate at which data archives develop are the inadequate exchange of available data, fragmented data holdings, lag times in data processing and provision and the quality of data.  The status of these networks and the full impacts of their loss are not well known.  While preliminary evaluations are promising the use of altimetry data in estimating river level, extensive research on sensor optimization and algorithm development is needed to demonstrate the feasibility of this technique.

4.3.4. Recommendations


To deal with streamflow measurement issues it is recommended that:

a) The extent to which hydrometric measurements have decreased over the past two decades be documented and the factors leading to these decreases be determined.

b) A review is conducted of the status of streamflow measurements and their distribution by country, and the factors affecting the transfer of these data to global data bases.

c) Research is directed at the development of altimetry and other techniques that may make it possible to derive more information on streamflow and surface water distribution from existing satellite data systems.

d) Alternative options for measuring streamflow to the current labor-intensive procedures (e.g. radar) be evaluated and, where appropriate, developed and implemented.  

e) A system for routine collection and distribution of information on the area and, where available, levels of water in natural and man-made reservoirs and wetlands should be developed based on satellite and aircraft data.

f) Proof-of-concept studies be undertaken to explore the feasibility of using remote sensing to measure streamflow in rivers of widths and slopes.

4.4 Cryospheric Variables (includes snow cover, snow water equivalent, ice and ground ice) 

4.4.1. Role of Snow and Ice


Seasonal snow cover and glaciers store large amounts of fresh water and are therefore critical components of the water cycle.  In fact, in some areas such as the mid-western US, the snow that accumulates in the mountains provides much of the water used to irrigate crops during the growing season.  In some springs, the snow melts rapidly due to either an extremely warm spring or a rain on snow event and flood conditions result.  Consequently, measurements of the water stored in the snow pack (snow water equivalent) are extremely useful for predicting spring and summer water supplies and flood potential in these areas.


Snow also plays a significant role in the climate system due to its high albedo.  Because snow reflects much of the incident radiation from the sun, it reduces the rate at which heating occurs.  On the other hand it also has low thermal conductivity, consequently it insulates the surface against heat loss and a snow cover will control the depth to which frost penetrates the soil during cold periods.   


Seasonal and permanent frost in soils (ground ice) reduces both infiltration into and migration of water through soils and severely reduces the amount of water that can be stored in soils. By reducing infiltration, frozen soil-moisture can dramatically increase the runoff generated from melting snow. Seasonally and permanently frozen lands also are very sensitive to climate change.  As temperatures warm and permafrost melts, it is expected that wetland patterns will change and natural methane gas production in these areas may be increased.  This process could have direct feedbacks to climate warming rates. The influence of seasonally and permanently frozen land extends to engineering in cold regions, traffic ability for humans and other species, and a variety of hazards and costs associated with living in cold lands.

The freeze/thaw state of the surface is critical for predicting land surface evapotranspiration in cold regions. The importance of observing seasonally and permanently frozen land surfaces extends beyond water cycle science.  Misrepresentation of latent and sensible heat flux partitioning, for example, has been shown by Betts et al. [1998] to lead to lower-tropospheric temperature forecast errors of up to 5oC.  In addition, global biogeochemical budgets and cold regions engineering are dramatically affected by energy and water fluxes.


Glaciers are also important factors in the regional water balances in the extra tropics.  The snow they accumulate during the winter months melts during the summer and early fall supplying runoff during the summer months.  With the warmer temperatures of the last three decades the summer melt of many mountain glaciers has exceeded their winter snow accumulation and the net effect has been a retreat of the glaciers.  Monitoring this trend is important for assessing some of the impacts of climate change and predicting the long term impact of the loss of this source of fresh water.  It has been predicted that, in a warmer climate, a 25% increase of precipitation in some regions would be needed to compensate for the loss of water in glaciers [IPCC, 2001].

4.4.2. Status of Observations


The accumulation of snow on the ground is measured in different ways.  For the climate modelers the area covered by snow is important while water resource managers are interested in the snow pack and its water content.  For snow cover estimates, satellite data (primarily from Landsat and AVHRR) are the only source of high resolution data on snow cover for many key regions.  Snow cover measurements are used to initialize forecast models used for weather and runoff forecasting.  Snow cover mapping must deal with the problem of distinguishing between snow cover and cloud cover.  The Global Precipitation Mission (GPM) will look at areas where a significant proportion of the annual precipitation occurs as snow.  

 
Snow estimation by passive microwave has been successful in providing snow pack estimates in areas with dry snow and short vegetation cover.  However this technique does have some limitations.  Low frequencies are less sensitive for mapping wet snow in forested areas [Alasalmi et al., 1998]. On the other hand, higher frequency sensors, active or passive, are required to measure SWE and other snow properties. These conflicting requirements must be investigated through scientific studies to identify the most suitable cold season measurement specifications.  . Measurements of snow depth are frequently converted to snow water equivalent by assuming that the density of snow is 0.1 g/ cc, and assumption that is not always valid.

          Snow pillows, which weigh the snow pack, and snow boards, which provide data on the depth of the snow pack are used extensively in some countries.  The measurements of snow depth with ruler measurements is another long-standing technique.  However, the heterogeneity of the snow depth due to local snow processes such as drifting, blowing and sublimation, can make in-situ measurements in some areas non-representative.  Furthermore, they are usually available for a limited number of critical locations but are not dense enough to provide reliable snow mapping.  

Satellite data provide other options for observing snow properties.    Snow of moderate depth can be measured using passive microwave measurements, while thin snow cover can be detected with visible measurements. New research satellites such as MODIS and AMSR can supplement the data available through AVHRR.  Determining the water equivalent-depth or depth of thick snow from remote sensing measurements have possibilities. The addition of new microwave satellites (ADEOS-II and EOS-PM) along with the AMSU instrument should provide enhanced observational capabilities for snow water equivalent and soil moisture.  However, a research-operations partnership is needed to ensure the operational continuity of these systems.  Improved seasonally and regionally specific algorithms should be developed for extracting snow water-equivalent (SWE) from microwave brightness-temperatures.  Efforts should be made to supplement the current network of snow depth observations from selected manual climate observing stations in the United States as well as the global, daily snow depth analysis compiled by the US Air Force, with weekly measurements of SWE.   The advent of MODIS and passive microwave instruments (i.e. AMSR) will be able to improve estimates of the thickness of dry snow.  These  remote-sensing efforts, an initiative should develop a research-quality data set of the climatology of snow properties, initially over North America and eventually globally, integrating in-situ, microwave, and visible snow measurements. 


Both remote sensing and in-situ measurements are used to define the distribution on permafrost.  In the past the main source of information about permafrost areas has come from temperature measurements made in boreholes drilled in the permafrost soils throughout northern North America.  In addition, there are some networks that provide soil temperature measurements for information on the occurrence of frost.  McDonald et al. [1998] found a strong correlation between freeze/thaw cycles of the land and low spatial resolution, high frequency (Ku-band) scatterometer data. However, it has been shown that lower frequency radar provides a much more accurate and useful freeze/thaw product because of its improved ability to penetrate vegetation with lower frequency [McDonald, personal communication].  Microwave backscatter also contains information about ground freezing and thawing.  

4.4.3. Shortcomings in the Current System


Snow presents a special challenge for measurement, while it is both in the atmosphere and on the ground.  The low density of snow leads to horizontal transport under wind conditions and large under catches arising form the turbulence created around a gauge opening. While various procedures have been proposed to deal with this under catch problem, no procedure has been accepted by all countries.  Snow drifting may also affect the estimation of snow water equivalent for high resolution measurements.


The development of sensors at some appropriate wavelengths has not matured to the point where freeze thaw patterns can be produced operationally.  There is a need to systematically test these sensors and to determine their sensitivity to vegetation cover and snow cover, factors that can influence measurements during the winter season.

4.4.4. Recommendations


Based on considerations of the needs for and limitations of snow measurements, it is recommended that: 

a) Priority is given to research on the development of algorithms and new sensors to measure the water equivalent of snow on the ground under a wide range of vegetation conditions.  Furthermore it may be possible to design improved algorithms to more effectively utilize existing data sources.

b) Plans be developed drawing on experience with cold season satellite measurements and cold season field projects for a mission optimized to measure cold season processes and variables from space.

c) A field project be planned to deal directly with the measurement of snow, ice and snowmelt processes in a mountainous region.

d) Attention is given to the further development of multispectral sensors that will be able to provide freeze/ thaw patterns under different vegetation conditions. 

4.5 Clouds and Water Vapor 

4.5.1. Role of Clouds and Water Vapor


Water occurs in the vapor, liquid and ice phases in clouds. The atmospheric circulation is the main mechanism for transporting moisture from source regions, frequently over the oceans to sink regions over the land.  Knowledge of the thee-dimensional distribution of water vapor is very important for accurate forecasts of precipitation systems. Water vapor and clouds observations are also crucial inputs for radiation budget calculations.

Water vapor is the most plentiful and one of the most effective greenhouse gases.  When the atmospheric temperatures warm by a small increment, the water holding capacity of the air increases, evaporation will take place and the water vapor amount in the atmosphere will increase.  This will lead to a further warming of the atmosphere and more increases in temperature. Water vapor has a positive feedback effect that amplifies the effects of carbon dioxide on global temperatures. 


Clouds play a critical role in the Earth’s water and energy cycle.  Clouds are a precursor to the formation of precipitation. The impact of clouds on the Earth energy balance is second only to that of water vapor. The formation of volumes of cloud droplets with high albedo leads to the reflection of incident radiation back to space.  Also, clouds become good absorbers of outgoing long wave radiation.  Consequently clouds play a major role in the atmospheric radiation budget. Clouds contribute half the planetary albedo, reflecting about 50 Watt/m2 of incoming solar radiation back to space, while cloud absorption reduces by 20 Watt/m2 the loss of terrestrial radiation to space (compared to 30 Watt/m2 for all greenhouse gases other than water vapor). There is evidence that suggests that one of the largest uncertainties in climate change projections by various models comes from the way in which they handle clouds.  In fact, under certain situations, depending on the frequency, type and altitude of clouds, they may produce a negative feedback effect associated with global warming that could greatly dampen the rate of the warming. Even a modest error in predicted cloud cover could seriously impair model estimations of global climate change.  The lack of adequate data on the horizontal and vertical distributions of clouds, their scaling properties and the cloud microphysical properties accounts for some of the difficulty in improving cloud parameterizations.


The capability to accurately model the radiative effect of water vapor and clouds is a crucial requirement for climate predictions. The largest source of uncertainty in model simulations of global climate change is currently the representation of radiation processes in the cloudy atmosphere.  These processes are characterized by the great complexity of radiation transfer physics and spatial heterogeneity at all scales, from cloud particles to individual clouds and cloud systems associated with weather disturbances. Research and observing systems will need to  focus on the study of generic cloud processes through (1) experimental satellite missions that aim to characterize the vertical structure of cloud systems, (2) in-situ field studies of cloud physical properties and (3) the development of realistic 3-dimensional cloud ensemble models, with the objective of achieving vastly improved area-averaged representations of clouds and their effect on radiation transfer, atmospheric heating and the planetary radiation balance, suitable for incorporation in climate models.
4.5.2. Status of Observations


The observation of water vapor is a major challenge for water cycle science. Radiosonde measurements are the most conventional way to acquire water vapor profiles.  However, recent budgetary constraints in a number of countries have limited radiosonde observations especially in the developing countries. The distribution of water vapor in the lower stratosphere and upper troposphere is now observed from space by the “water vapor” channel in the visible/infrared wavelengths. Column water vapor or precipitable water is estimated by microwave radiometers using the water vapor absorption band (22 GHz) and adjacent bands. However, water vapor has a fine vertical structure, especially in the lower troposphere, thus high vertical resolution of the measurement is crucial. Although ground based Raman lidar or Differential Absorption Lidar (DIAL) can meet this requirement, space borne lidar cannot observe water vapor under the liquid cloud due to the high attenuation of the signal in clouds.  A wind profiler radar technique is also under development. Water vapor irregularity enhances the backscattering of the wind profiler radio waves. Since water vapor variability is related to the vertical gradient of water vapor, the gradient can be estimated from the radar echo strength. 

Column water vapor values retrieved from Global Positioning Systems (GPS) have proven to be reliable. The delay of radio waves from GPS in the radio path has a good correlation with integrated water vapor along its path. Thus, the path integrated water vapor can be estimated by measuring the delay. Currently, precise GPS measurement networks are operated for earthquake warnings and good data are available in some areas for water vapor analysis.  The GPS network is now expanding and has a good future. 


Apart from the last two decades cloud observations have been limited to subjective estimates of cloud cover and cloud type at meteorological stations, special all-sky camera cloud measurements at selected sites and special field experiments when in-cloud measurements of cloud properties were undertaken.  Since then two dimensional cloud distributions have been well defined by space borne visible/infrared radiometers. However, as with water vapor, vertical distribution is crucial for cloud observations. Furthermore, for Cloud Resolving Models it is important to have cloud droplet and drop size distributions. Space borne Mie lidar is now feasible, as demonstrated in the Shuttle space lidar experiments. A cloud radar (W-band radar) has been developed and plans have been accepted for a launch (Cloudsat).  

The Earth Radiation Budget Experiment (ERBE) launched in 1984 continues to provide broad-band radiation fluxes at the top-of-the-atmosphere (TOA).  These data have provided a major advance toward quantifying the radiative effects of clouds on a planetary scale. Similar information has been derived from narrow-band visible and infrared radiometer data on polar-orbiting and geostationary operational meteorological satellites as part of WCRP’s International Satellite Cloud Climatology Project (ISCCP). ISCCP collects and analyzes satellite radiance measurements for cloud system classification, estimates of cloud optical properties, and determines diurnal, seasonal and interannual variations. 

One outstanding problem that affects the interpretation of ERBE data arises from the need for improved knowledge of the angular distribution of reflected solar radiation (needed in order to estimate total radiant energy fluxes on the basis of radiance measurements in one direction only). In this regard, major advances are expected from a series of advanced broadband radiometer instruments (CERES) on the Tropical Rainfall Measuring Mission (TRMM) and first two major EOS missions, leading to much reduced uncertainty on the terms of the planetary radiation balance (on order of 1 Watt/m2). Altogether, it is anticipated that major progress will be made during the next five years in determining the terms of the planetary radiation balance at the top of the atmosphere, thereby providing a definitive reference point for global climate model simulations.

4.5.3. Shortcomings in the Current System


Currently ground-based radiosonde measurements are the only way to observe the vertical distribution of water vapor. Although several new techniques, such as lidar, are under development, they are not yet operational and an operational network of water vapor lidar is still far away.  Space borne lidar may be more practical but this technology remains in its infancy. 


One disadvantage of the GPS technique is that the network is only over land hence, no GPS-derived water vapor data are available over the oceans. Work is continuing on tomography techniques another disadvantage is that vertical distribution of water vapor is not retrieved for mapping two or three dimensional water vapor distribution. A space-based GPS technique using source GPS satellites and other low orbit satellites and limb scan type measurements with GPS receivers are producing experimental measurements over land and oceans, but their horizontal and vertical resolutions are limited. 

All currently existing measurements suffer from a common bias, inherent to the observation of radiances emerging from cloud tops. The parameters of most direct scientific interest – atmospheric heating and surface radiation fluxes – cannot be determined unambiguously from TOA radiance measurements, because different cloud layering within an atmospheric column may yield the same outgoing radiation flux at TOA (but very different surface fluxes). These observations have been made possible by the emergence of active sounding sensors that can probe the vertical structure of the cloudy atmosphere.
4.5.4. Recommendations


It is recommended that:

a) A network of high caliber radiosonde stations is established in the equatorial areas to provide measurements where vertical water vapor distribution is most critical for understanding the variability of the radiation budget.

b) The data streams from the current network of Global Position Systems be consolidated and the system migrated to a global operational network.

c) Sensors for satellites be developed that will provide higher vertical resolution for water vapor profiles.

d) Coordinated satellite missions and field experiments to measure cloud properties be encouraged with the goal of addressing both precipitation process and energy budget issues.

e) Techniques be developed and applied to probe the vertical distribution and optical properties of cloud particles in the atmospheric column, in order to provide measurement-based estimates of radiation flux divergence.

4.6. Evaporation and Evapotranspiration

4.6.1. Role of Evaporation and Evapotranspiration


The oceans and land are sources for the atmospheric water due to the processes of evaporation and transpiration whereby water molecules in the ocean, in the soil and from the vegetation enter the atmosphere.  The rate of evaporation is dependent on the water vapor deficit between the ocean or land surface and the atmosphere, wind speed, temperature and other variables.  Globally well over half of precipitation over the land areas is partitioned into evapotranspiration (ET).  Consequently, it is important to have measurements to determine how well regional water budgets are being closed by models and to use in the validation of land surface models.  


The measurement of evaporation over land remains a largely unsolved problem.  Evaporation is related to plant growth, irrigation water demands and the rate of carbon sequestration by vegetation canopies.  Transpiration, the plant component of evapotranspiration, is not amenable to direct observation except over small areas.  It is generally derived from computations using surface wind, vapor pressure deficit, soil moisture, vegetation evaporative resistance, etc.  


The heat and moisture fluxes over the oceans balance the global water and energy budgets. Accurate flux values can be derived from in situ measurements at a particular location or from an array of instruments such as may be deployed on the occasion of a major measurement campaign at sea (e. g. TOGA-COARE). On the other hand, no existing surface- or space-based observing system can directly provide estimates of ocean basin-wide heat and water fluxes of sufficient accuracy for quantitative climate diagnostic studies or prediction validation purposes. To date, the most reliable global estimates of air-sea fluxes have been derived from operational global meteorological data assimilation and prediction products, using state-of-the-art atmospheric general circulation models.  Such model products have reached the level of accuracy (residual uncertainty ~ 10 Watt/m2) where meaningful heat and water budget closure experiments can be attempted over the area of an ocean basin.

4.6.2. Status of Observations


There are extensive surface networks to measure pan evaporation, but interpretation of pan data is complicated.  Downward trends in pan evaporation (over much of the U.S. and former Soviet Union) over the last 50 years or so have been attributed to increased cloud cover, and it has been argued that decreases in pan evaporation should correspond to increases in actual ET.  Eddy correlation measurements from flux towers are another source of direct observations.  There are about 200 Fluxnet towers globally.  However, this network is mostly driven by the demands of the carbon community and the distribution of these towers is very heterogeneous. 


Quite clearly the idea of super sites for in-situ measurements needs to include flux towers.   Some of the issues can be solved by coordination, i.e., flux towers and catchment hydrology measurements in the same location.  A key subsidiary issue, which has disproportionate influence on the water balance of many parts of the globe, is sublimation.  It is not well estimated, yet can have a major impact on snow accumulation at the end of the winter season, which governs the annual runoff cycle in many northern, mountainous, and continental interior areas.  Field studies associated with the Canadian GEWEX MAGS project and CliC are helping to quantify these effects.  Recent PILPS experiments (PILPS-2e and the Rhone aggregation experiment) have shown that the land surface schemes have major problems, and give widely varying results, in the estimation of sublimation.


Remote sensing techniques cannot measure evaporation or evapotranspiration (ET) directly. One of the most common ways to measure ET is to solve the energy balance equation for the latent heat flux. Typical differences between remote sensing estimates and observed values are within 10%.  Three current approaches to deriving ET all involve using remotely sensed thermal infrared measurements.  The first approach by Moran et al. (1995) combines a model of evapotranspiration that derives a relationship between surface temperature and vegetation index from remote platforms. This relationship is used to separate scenes of the landscape into those regions that have various amounts of evaporation from the soil and vegetation. In a second approach, Anderson et al. (1997) have developed and tested a two-source surface energy balance model requiring measurements of the morning surface temperature rise, taken from a GOES platform, and an early morning atmospheric temperature sounding.  A related approach (Norman et al. 2003) uses high resolution thermal satellite imagery to disaggregate regional flux estimates to local scales (100-102 m) for comparison with ground-based measurements, or for use in site-specific agricultural or resource management applications.  In a third approach, Bastiaanssen et al. (1998) have applied a model (SEBAL) using surface temperature, hemispherical surface reflectance, normalized difference vegetation index and their interrelationships to infer surface fluxes for a wide spectrum of land types. This model can utilize remote sensing thermal infrared images with spatial resolutions from a few meters to kilometers. 


Information about the energy balance is needed to refine the knowledge of the "atmospheric demand" for water and heat and to develop more accurate estimates of large-scale air-sea fluxes. ESA, JAXA, NASA and NOAA all produce unique data sets that contribute to our understanding of air-sea interactions. Measurements of  ocean surface wind velocity data from NSCAT, QuickScat and ERS/SCAT; Sea winds, improved atmospheric temperature and humidity profiles data from AIRS/AMSU/HSB; ATMS; improved ocean surface temperature and total precipitable water measurements from MODIS; TRMM microwave imager and EOS Aqua/ASMR all contribute, as do buoy measurements from the Argus array and other specialized networks. 


Over longer time scales, stable isotopes of water, i.e., O18 and H3 (tritium) can show the history of water. Water experiences a lot of processes as it cycles through the Earth system, including evaporation/ evapotranspiration, condensation, and fractionation occurs. Thus, the isotope ratio in precipitation can be used as a proxy for the evaporation/condensation history. This unique characteristic of the stable isotope will contribute to the validation of water budgets derived through other means.  In the absence of reliable measurements of evaporation, users have relied on estimates from models that cannot be reliably calibrated or validated over many regions of the globe.

            Evaporation induces a change in the ratio of stable isotopes of oxygen and hydrogen (18O/16O and 2H/1H) between vapor and residual liquid.  This change in isotope ratios varies with physical conditions (mainly temperature and humidity) during evaporation.  Evaporation over land surfaces can be estimated by using stable isotope ratios of precipitation, lakes, rivers, and soil moisture. The global distribution of stable isotopes in precipitation has been mapped since the early 1960s by the International Atomic Energy Agency (IAEA) through a global network of isotopes in

precipitation (GNIP) operated jointly with the WMO.  Evaporative fluxes from forests, such as the Amazon, and large surface water bodies, such as the Great Lakes of North America, have been estimated by using stable isotope data.  A wider use of isotope data to quantify evaporation fluxes has suffered from a lack of sufficient isotope data on air moisture, lakes, and rivers.
4.6.3. Shortcomings in the Current System


While there are extensive data sets being developed through FLUXNET programs around the world, these programs do not have standards for processing and archiving their data.  Agencies funding these flux towers need to be familiar with international standards for these data and to insist that these standards be followed.  Some of the methods based on satellite data require observations of the ambient environment for local calibrations and thus are more difficult to apply on large spatial scales.  Furthermore the procedures for deriving evapotranspiration from remote sensing are still experimental and no single approach has been adopted operationally.

4.6.4. Recommendations


It is recommended that:

a) Research is conducted into methods for measuring areal evapotranspiration from satellite through the development of new sensors and algorithms and modeling or assimilation systems.

b) Methodologies are developed for correcting flux measurements to ensure that energy budget measurements balance, particularly in areas where high elevation or cold season effects appear to affect the measurements of some fluxes.

c) WMO established standards for the collection, processing and archiving of flux data.

d) Plans are established to make FLUXNET and related observational systems into an operational network.

e) Plans are established to integrate CEOP reference sites into a real-time operational observing network (reference to CEOP needed).

f) Methodologies be developed to use stable isotope data as a complementary

     tool for estimating evaporation over land surfaces.

4.7 Groundwater  

4.7.1. Role of Groundwater


A major portion of the world’s fresh water is located under the Earth’s land surface.  Natural processes recharge (e.g. precipitation and infiltration) and discharge (e.g. springs) this reserve.  However, in the past century, humans have started to withdraw large quantities of water from these reserves at rates that greatly exceed the rate of groundwater recharge.  Reductions in groundwater regime have implications for the water cycle because ground water supplies the base flow in many rivers.  It also has major implications for water quality because the salinity of the extracted water frequently increases as the volume of the reservoir decreases.  Furthermore, changing vegetation types in some areas have been shown to influence the rate at which plants withdraw water from the vadose zone.  In semiarid regions, vegetation change can affect the rate of groundwater recharge.  For example, in Australia, the expansion of agriculture led to the removal of eucalyptus tree forests and resulted in much higher groundwater levels.  Unfortunately, the rising water table brought saline waters to the surface and led to extensive soil salinization.

             Given that groundwater is now an important resource that is coming under increasing pressure, methods for inventorying this resource and measuring changes in its availability are needed.  Such measurements are also needed for scientific reasons.  Groundwater can also resupply the soil layers closer to the surface with moisture and thus influence soil moisture memory effects on the predictability of precipitation.  In some areas with naturally high water tables, the water can rise above some of the lower land depressions during wet periods creating marshes and wetlands and leading to major changes in vegetation and land cover. 

4.7.2. Status of Observations


Many nations maintain groundwater programs and networks of wells that periodically measure the level of groundwater.  The Hydrology and Water Resources Program (HWRP) of the WMO collects, processes, stores and provides access to hydrological data through retrieval and publication of data, including data on the quantity and quality of groundwater. Some groundwater data (groundwater level and quality variables) can be obtained through the WMO’s Hydrological Information Referral Service, although the records are not complete for the globe. For many countries, however, these data are nonexistent; and in countries where the data exist, they are generally incomplete and unreliable.  Other related data (e.g., aquifer storage capacities and recharge rates) are not collected in most of the world.  


Within ISARM (Internationally Shared (Transboundary) Aquifer Resources Management), a joint project of IAH, UNESCO, FAO, UN ECE and others, groundwater monitoring networks are developed for pilot aquifers extending across country boundaries in different regions of the world. Standardizing groundwater monitoring practices should be developed to make the results comparable across boundaries. As part of UNESCO IHP-V (1996-2001) a groundwater contamination inventory was undertaken and data on the extent of contamination were gathered by IHP National Committees and UNESCO Regional Offices of Science and Technology.  Studies being carried out in IHP-VI (2002-2007) will explore the need for a consistent monitoring program.  UNESCO has supported the establishment of a monitoring system to evaluate deterioration in the quality of groundwater resources within some of the larger cities of the Western African countries. The aim of the project is to set up a regional observatory of aquifers vulnerability and early warning contamination for urban and "peri-urban" water supply. The International Groundwater Resources Assessment Center (IGRAC), created under the auspices of UNESCO and WMO, addresses the general lack of information about the status of groundwater resources and acts as a catalyst for stimulating national and regional efforts in monitoring and assessing aquifer systems.  To support information provision by the European Environment Agency (EEA), groundwater monitoring strategies, including monitoring network design, applicable to different types of groundwater bodies and covering 12 European countries have been prepared. This EUROWATERNET samples existing national monitoring networks and databases.


In view of the limited in-situ observations, a promising measurement concept is the gravimetric determination of changes in ground-water mass, based on extremely precise observation of time-dependent variations in the Earth gravity field, using space-based gravity gradiometer systems. Such gravity field measurements will be sensitive enough to detect the minute gravitational signature of changes in soil moisture or snow water equivalent over continents and the discharge/recharge of large underground aquifers. The Gravity Recovery and Climate Experiment (GRACE) mission will use high-precision satellite-to-satellite tracking to measure changes in gravity field between two identical spacecraft on the same orbit. The sensitivity of this first demonstration of GRACE is expected to allow detection of changes in mass distribution equivalent to ±1cm variation in water storage over a 500x500 km2 area (NRC, 1997).  Because the method is essentially gravimetric, no discrimination is possible between changes in water stored in various reservoirs (e.g., snow pack, soil moisture and groundwater).  In addition, the ESA GOCE mission will measure different wavelengths in the gravity field and will contribute to the detection of changes in groundwater.  Use of permanent scatterers with ERS SARs has demonstrated the ability to detect ground surface movements on the order of millimeters per year.  This technique has been applied to the detection of land surface movements arising from the depletion of groundwater aquifers. 

              The IAEA has been collecting stable and radioactive isotope (18O and 2H, 13C, 3H and 14C) data on groundwater systems from around the world for the last about 40 years.  The objective of these efforts has been to determine the renewal of aquifers and the source of present groundwater recharge, if any.  Isotope data collected through the IAEA projects is being made

available through an internet site.

4.7.3. Shortcomings in the Current System


Currently, networks of groundwater measurements exist in developed countries, although the interpretation of data is complex.  Many groundwater monitoring networks serve local or regional water supply and are consequently geographically limited. Despite the current aim for integrated water management and observation, specialized groundwater networks are poorly integrated with other hydrological observations.  Many parts of the world do not have adequate groundwater networks to provide a reliable estimate of the available groundwater resource or to measure either its depletion or the degradation of the quality of this resource.  A capability to reliably inventory the groundwater in storage does not exist.


Although GRACE may provide some useful information, a great deal of research and development work will be needed to develop algorithms and define error characteristics before GRACE data can be used with confidence.  Applicability of satellite technology to the assessment of groundwater resources/conditions is highly dependent on the vegetation cover and consequently of the climate. In arid and semi-arid areas, structures significant to groundwater flow or groundwater discharge areas can be more easily detected. For improved accuracy, ground-truthing though monitoring for validation check is crucial.

4.7.4. Recommendations

It is recommended that:

a) Priority is given to supporting research to explore the use of data from GRACE, GOCE and related satellites in inventorying ground water resources and monitoring their short term variability.

b) An inter-comparison of techniques related to the measurement of ground water availability and change are carried out with a view to recommending more standardized ways of processing and displaying groundwater information.

c) Evaluations of the capability of the current network of groundwater wells are carried out to determine groundwater change over the land areas of the earth.  Priority should be given to those areas where groundwater is a resource that is currently under stress.

4.8 Water Quality 

4.8.1. Role of Water Quality


Given the large number of issues directly or indirectly linked to freshwater water quality, the value of both in-situ and remotely sensed water quality data is being increasingly recognized.   Water quality measurements play a critical role in water management.  Without these data it would not be possible to determine the extent to which water quality has degraded by industrial waste.  Measurements are essential for establishing standards and quantifying the linkages between water quality and health and the effects of certain activities on water.  Monitoring programs are generally responsive to problems and where infrastructure for operating measurement networks and regulatory programs do not exist, water quality issues usually have a serious consequence for human and ecosystem health.


Unfortunately, the lack of technical, institutional and financial resources, discontinuity of historic records, political instability, and ineffective and slow dissemination of data are obstacles to proper water quality assessment in many countries. Satellite remote sensing presents a potentially powerful alternative for assessment of a large number of water bodies in an economical and timely fashion. 


In-situ monitoring programs have been carried out for several decades frequently based on grab bag samples and laboratory analyses.  Unfortunately, many of these activities are decreasing because programs for monitoring water quality are continually being scaled back because of budgetary constraints. Traditional water quality sampling and analysis is time consuming, expensive and only provides information about a single location, at one point in time. Remote sensing may provide a powerful support or alternative to these traditional monitoring techniques and can provide thorough spatial coverage for limited number of parameters.

4.8.2. Status of Observations 


Remote sensing of freshwater water quality utilizes satellite sensors to measure changes in intensity and the spectral signature of the radiance leaving the surface, which is a function of both the incoming solar radiation and the concentration of a variety of physical, biological and chemical constituents. Remote sensing has attempted to quantify a number of water quality parameters including water/stage height, temperature, bathymetry and flood area, turbidity/suspended solids, clarity, color, salinity, oil slick detection, algae or chlorophyll concentrations, macrophyte distribution, and fish counting. Of the metrics listed above, the majority of the research has focused on clarity, chlorophyll, suspended solids, color, and temperature. 


In the oceans, SeaWiFS, MERIS and MODIS sensors can provide indirect measures of nutrient cycling through detection of photo synthetically active pigments. More direct monitoring is possible for dissolved organic and particulate matter.  Satellite ocean imagery using current and future optical sensors (MODIS, MERIS, SeaWiFS class) for chlorophyll and NPP monitoring would find a use in mapping dissolved organic matter; absorption at particular wavelengths give photosynthetic pigment concentrations from which nutrient uptake and turnover can be inferred indirectly. Plans have been developed to use passive microwaves to monitor ocean salinity (SMOS) that can be linked to productivity in coastal river plumes and in ocean systems. Data from ERS, ENVISAT and TOPEX/POSEIDON altimeters that can infer ocean circulation are also envisioned as part of the system. Additionally, canopy/aquatic hyper spectral studies may show promise.

There are a number of unique challenges in the remote sensing of freshwater namely: 

a) In contrast to mid-ocean waters, which are clear, oligotrophic, and generally contain only low concentrations of phytoplankton (1 mg m-3), freshwater contain a myriad of both dissolved and particulate matter, sometimes in heterogeneous patchwork patterns.

b) Episodic runoff events and algal blooms can occur in a short time period, requiring frequent revisit periods.

c) Many small lakes, streams and rivers are important resources for local water users. Headwater streams (first through third order) are estimated to comprise 80 percent of river miles. Hence, remote sensing of these resources requires fine spatial resolution. 


Mathematical approaches for relating remote sensing data to water quality concentrations generally fall along a gradient from empirical to analytical.  Empirical approaches rely on simple statistical relationships such as linear regression. Analytical methods use the inherent and apparent optical properties to model reflectance. The water quality constituent is calculated using their specific absorption and backscattering coefficients. Calibration and validation programs including platform, sensor and ground processor calibration and atmospheric correction are particularly important in water (relative to terrestrial systems) because of the small fraction of the water-leaving radiance signal that is received at the satellite sensor is often less than 1 percent of the total radiance.

Current and Future Sensors


Historically, sensors were designed with a focus on terrestrial or ocean ecosystems with the unique nature of inland waters problematic for these satellite sensors. The optimal freshwater satellite sensor should have high spectral, spatial and temporal resolution capabilities. Some satellite sensors currently in operation or planned, tend to have one or two high-resolution properties, but not all three. For example, sensors aboard the EO-1 and Ikonos satellites have excellent resolution (4 to 30 m) in the multispectral mode, but because of their relative slow repeat cycle, are not designed for rapidly changing water quality conditions. 


Future satellite sensors should be hyper spectral, including narrow bands centered around 685 nm for chlorophyll fluorescence, 570 and 590 nm for suspended particles and bathymetry, 1040 and1240 nm for atmospheric correction over turbid waters, 380 nm for absorbing aerosols, yellow substances, and detection of red tide. Sensors should have high signal to noise ratio and high dynamic range that does not saturate over cloud or coastal features, which can be achieved by array detectors. Coastal or (shallow) river water features, which may be the focus of case II remote sensing, can have a high percentage of “edge” pixels.  High-dynamic range instruments require 12 or 14-bit digitization to record data over the full range. Depending on project objectives, spatial and temporal resolutions can range from 1-1000 m and hours to months, respectively. Because of the roughly 50 percent cloud cover globally, satellite coverage timing should ideally be twice the event periodicity. Some researchers have proposed using a combination of satellite and/or airborne sensors to cover differing spatial resolution. The difficulty with this system approach is integration of disparate data, with sources potentially having different spectral bands, spatial and temporal resolutions. 


Precise, concurrent in situ measurements are a critical component to any remote sensing/water quality investigation. These direct measurements are required for algorithm development, modification, and model validation. Measurements can be made in a variety of ways, from discrete grab samples of surface water by field personnel to fully automated remote station.


Programs have been established in different areas, including the Midwest USA that rely heavily on an army of public volunteers to record water clarity information on prescribed days when satellite flight passes occur. In contrast, automated in-situ monitoring has an advantage over field sampling campaigns by the fact that no coordination with field staff is required to coincide with satellite passes.  Compared to freshwater in-situ monitoring, oceanic observations are clearly advanced because it is much simpler to observe a medium that is entirely water as opposed to one that is a soil matrix with water filling the empty spaces.  In situ measurements are routinely taken from ships on coordinated transect courses, as well as stationary and drifting buoys. These buoys have the capability to record relevant parameters such as sea surface temperature, salinity, stimulated fluorescence, upwelling radiance and downwelling irradiance at multiple wavebands with narrow bandwidths.  Another example of buoy design, the Profiling Reflectance Radiometer (PRR) measures optical profiles of downwelling irradiance and upwelling radiance in the upper 200 m of the water column, referenced to surface measurements of downwelling irradiance.


In addition to monitoring technology, institutional frameworks now provide local repositories of in-situ oceanographic and atmospheric data. For example, the SeaBASS centralized system contains oceanographic and atmospheric data for the SeaWIFS and SIMBIOS project and has 60 contributors. To date, no coordinated international program exists to facilitate the assembly of similar global data sets for freshwater systems. Clearly, a repository of bio-optical data and related parameters is key in advancing a freshwater global-scale operational program.


Over the last 20 or so years, the water quality/remote sensing communities have made major scientific advances. Active research continues to focus on analytical model development, gaining experience using data from new fine spectral resolution sensors, and data processing and information dissemination. Though improvements are continually being made and there is much more work ahead with respect to this emerging technology. Implementation of an integrated fully operational program for operational remotely sensed water quality measurements would provide benefits to both the regional water users as well as those agencies with global perspectives and responsibilities. This information could provide guidance on the status and trends in water quality, identify regions with looming water quality crises and help focus limited assistance efforts.  However there are a number of obstacles that must be overcome.


Numerical models that combine a range of spatial and temporal resolutions can also provide advanced techniques to assimilate point data from field observations with satellite data.  These models provide value-added information that bridges remotely sensed data dynamics and field data.

4.8.3. Shortcomings of Current Systems

A majority of water quality constituents cannot be measured by remote sensing. Because remote sensing quantifies the magnitude and spectral quality of the water-leaving radiance, constituents that do not influence the water's optical properties will not be measured. These immeasurable constituents include commonly found minerals such as calcium, magnesium as well as heavy metals, pesticides, PAH's and pathogens. Some work has found strong correlations between pollutants of concern and optically-active remote sensed substances (e.g. phosphorus and suspended solids, pathogens and suspended solids) but the majority of pollutants require conventional field collection of samples followed by laboratory analysis.


In addition to the need of continued sensor refinement, programmatic and institutional impediments have also slowed the advancement of remote sensing use in water quality. In particular, many agencies responsible for monitoring water quality have required standard methods and protocols, especially for compliance and enforcement actions. The communication of remote sensing’s potential scientific results and products have been inadequate. Water quality managers may not currently be aware of potential remote sensing applications. Academic institution often don’t include remote sensing as part as the required curriculum in water resource management majors. No official standards exist for remote sensing products. 


Operational water quality monitoring by remote sensing has made recent advances on a regional basis. Examples can be found in Finland, Midwestern US, and the Netherlands. A global program is currently problematic because of the large variability found in freshwater around the world.  Implementation of a global scale water quality product will require the development of universal algorithms. These robust models must be able to account for all water quality parameters that influence the optical signature. The debate regarding universal and regional models needs to be resolved.  Although some universal algorithms have been developed the heterogeneous properties of inland waters may require the adoption of other approaches such as a series of branching algorithms that narrows the range of concentrations until one gets to an algorithm optimized for that concentration range. 

4.8.4. Recommendations

To address the water quality issue it is recommended that: 

a) The Global Environment Monitoring System (GEMS) water quality database and document be reviewed to determine the frequency and distribution of key remote-sensed parameters such as chlorophyll, suspended solids, color and temperature.

b) The feasibility of using images from current sensors such as MERIS, MODIS or Landsat-7 that coincide with the collection of the GEMS data be investigated and these data be applied to develop simple empirical models. This basic approach may provide some indication of the global variability and robustness of these regression relationships.  

c) Efforts be directed towards the development of universal algorithms for water quality variables, by focusing on the further development of analytical model algorithms.

d)  In-situ, automated sensors that continually record optical metrics at the water surface be developed and field campaigns be carried out to obtain information on the inherent optical properties of the studied waters. 

4.9. Observational Systems and data bases to support Societal Applications and Sustainable Resource Development

4.9.1. Role of Societal Applications


To address societal applications and sustainable water development, a very broad range of data types, sources and collection methodologies will be required.  In many cases the needs can be met through products derived from the physical variables listed in the preceding sections.  However, data sets specific to applications or for more general products involving broad socio-economic perspectives and approaches, are also needed.  The listing provided here is limited to those variables directly related to the water cycle without extending into those areas such as demographics and pure economic data that will be part of general socio-economic data bases.  


Global irrigation, the single largest user of water, is poorly documented.  Irrigation models, some using a remote sensing approach at the regional scale, have been used. Feedback studies of hydrologically sensitive land cover change show links back to the atmosphere, but these are in the early research stage.  This section is structured to consider water demand, water infrastructure, land cover and use, and other mapping requirements not discussed in other sections.

4.9.2. Status of Observations


Most promising is the use of satellite-based systems, suitably validated with in situ monitoring on sufficiently large targets. These technologies are best developed today on ocean and coastal systems. MODIS and MERIS can be used for large inland water bodies; SeaWiFS for coastal zone optical retrievals. SeaWiFS, MERIS and MODIS sensors used to monitor ocean chlorophyll sediments, dissolved organic matter could be used in suitably sized lakes and streams. Both are limited by clouds, but an overall improvement would be afforded (over no knowledge).  Key elements of an IGOS-P system would include current and future optical sensors (MODIS, MERIS, SeaWiFS class) for chlorophyll and NPP monitoring. Passive microwaves have the potential to monitor salinity, which can be linked to productivity in coastal (i.e. river plumes) and ocean systems. Altimetry (ERS, Envisat, TOPEX/POSEIDON) to infer ocean circulation is necessary. Modeling and assimilation systems for these time series will be necessary.

a) Water Demand-Most parts of the developed world have more or less adequate monitoring of demand. Generally, cities have better coverage than rural areas. Major uncertainties arise from leakage of water from delivery systems that are result in losses before the water reaches the end users.  Access to discharge data is a key to analyzing whether there is sufficient water to meet these demands, but the availability of these data sets is in decline in most countries.  To map agricultural water demands and assess agroecosystem stress, a global monitoring system could be developed.  This system could include a broad array of components, such as sensors that generate estimates of soil water (e.g. SMOS, HYDROS) on an operational basis, land inundation (optical, high [ETM+] and lower resolution sensors [MODIS, MERIS], and scatterometers [QuickScat, ERS] and SARs]), NWP reanalysis and forecasts, surface radiation budgets (e.g. CERES/TERRA & TRMM, NOAA/HIRS, AVHRR), precipitation monitoring for lack of rain (e.g. TRMM, GPCP, NPOESS).

b) Water Indices-Measures of access to water are a key issue though poorly articulated. The coping capacity of different societies also needs to be monitored. The interpretation of data by administrative unit in contrast to geospatial data sets remains a challenge. There are numerous definitional/nomenclature problems associated with biogeophysical and socioeconomic concepts (e.g. on types, intensity, and water use for irrigation).

c) Water Infrastructure Information-Registries of major engineering works have been developed, but these data are not geo-referenced, fail to provide the hydrological context of these facilities and provide no information on operating rules.   Furthermore, most of these data bases are incomplete.

d) Support for Research on the Effects of Humans on the Global Water Cycle-An integrated observational system of hydrometeorological variables could be instrumental in identifying the overall scope and impact of humans on the global water cycle.  Key elements would require land cover mapping for irrigation from high-resolution imagers; orbiting/geostationary satellites for constructing radiation budgets (irrigation and land cover change effects); imagers to map extent of reservoirs operated simultaneously with altimetry for reservoir stage variations, and stream-bank based (telemetered) discharge estimates (e.g. future NASA Surface Waters Mission).  Details on the science requirements for such a program are developed in the Global Water System Project (GWSP).

e) Biogeophysical Processes-For trace gas emission, simple functions built from site-specific experiments are used to infer emissions from a given water body.  However, the absence of a well-established global wetlands database limits the usefulness of this information because the results cannot be generalized to the globe. 

f) Ecosystems and the Water Cycle-Data bases have been developed for specific ecosystem applications. Field crews frequently are generally deployed for riparian habitat measures such as substrate composition and stream-bank vegetation. Estimates of spawning salmon populations, as well as habitat parameters (e.g. pool and riffles, vegetation, woody debris, bank erosion) have been investigated in Canada using airborne remote sensing. In other work, aerial videography along with forward-looking infrared imagery (FLIR), were integrated to identify cool-water refugia for salmonid species in the US Northwest. The airborne MASTER (MODIS/ASTER) has recently produced high resolution (5x5m pixel) longitudinal stream temperature data.  However, this work is generally done on a project by project basis and an overview of the application area needs to be developed.


An operational, broad-scale habitat mapping and assessment program would allow the community to maintain a progressive report card on aquatic habitat and its relation to climate variability and change. Immediate improvements could be realized through the mapping of inland surface waters, using high resolution optical/IR (e.g. ETM+, SPOT) and SARs data (e.g. ERS, JERS). For terrestrial systems the monitoring could include those observations anticipated for IGOS terrestrial productivity and land/use cover change studies.     

4.9.3. Shortcomings in the Current System


Many of the inventories of data needed to do broad assessments of socio-economic trends of water use are incomplete, inaccessible or non-existent.  In a number of cases details of the requirements for such assessments is not clear as the space and time resolutions of the data are not specified.  In many cases the needs for socio-economic data on a global scale have not been articulated by the water resources community and those best positioned to provide the data.

4.9.4. Recommendations

In order to address these problems it is recommended that on behalf of IGOS-P, a group (members to be named by the Water Cycle team) review needs of uses for information related to water use, socio-economic data, and man-made reservoirs and develop a recommendation on IGOS-P role in collecting and disseminating such data.

4.10 Summary and Recommendations


The observational systems available to measure different water cycle components discussed in this chapter are listed in Table 2 for convenience.  Although this chapter focused on observational systems it is clear some variables will require that a model or data assimilation system be used in the generation of the final product.  For this reason, it is necessary to consider how models and data assimilation systems will be incorporated into the design of an integrated water cycle theme.  Table 3 contains a listing of the recommended specifications of measurements of these variables for meeting the needs of users.  This table will serve as the basis for planning IGWCO observational programs in terms of the accuracies, resolutions and frequencies of observations required.  Section 10 summarizes the recommendations made in this section.

 TABLE 2: Summary of Existing or Planned Remote Sensing and In-situ Terrestrial Water Cycle Observation Capabilities.

	
	In-Situ
	Remote-Sensing
	Model Products

	Precipitation
	Surface Gages
	SSM/I, TRMM, AMSR, MASR-E, Geostationary Environmental Satellites, Polar Orbiting Meteorological Satellites, GPM, NPOESS, Doppler Radar
	

	Soil Moisture
	Mesonets, Climate Reference Networks, Regional Soil Moisture Networks
	SMMR, AMSR, HYDROS, SMOS, Scattermeters
	GSWP and LDAS

Products

	Streamflow and Surface Water Storage
	Streamflow Gages, Field Observation, Global Runoff Data Center
	Laser/Radar Altimeter
	

	Snow Cover, Depth, Water
	Snow Pillow Networks, Snow Surveys
	Geostationary Environmental Satellites, Polar Orbiting Meteorological Satellites, ATSR-2/ATSR, MERIS, MODIS, SSM/I, AMSR,  NPOESS
	

	Freeze/ Thaw
	Soil temperature Measurements from Boreholes
	
	

	Clouds and Water Vapor
	Radiosondes, Meteorological Surface Networks
	Meteorological Satellites, WALES, Aeolus, Scatterometers
	

	Evapotranspiration
	Flux Towers, Flux Aircraft, Gradient Observations, Pan Evaporation Networks
	
	Values Inferred Through Models or Water Balance Estimates, e.g. GSWP, LDAS

	Groundwater
	Observation wells
	GRACE, GOCE, interferometric SAR
	

	Energy/ Radiation
	DOE-ARM, Mesonets, USDA-ARS, NWS-ASOS
	MODIS, SSM/I Geostationary Environmental Satellites, Polar Orbiting Meteorological Satellites,  NPOESS
	

	Vegetation
	Field Survey
	Geostationary Environmental Satellites, Polar Orbiting Meteorological Satellites, TM, VCL, MODIS, MERIS
	

	Water Quality
	In-Stream Sampling
	MERIS, MODIS, Landsat-7
	

	Engineering and water use data
	Inventories


	
	


Table 3.  Summary of the requirements for Water Cycle Variables 

	Water Cycle Parameter
	UP Name
	
	Requirement
	Horiz Res
	HR Min
	Vert Res
	VR Min
	Obs Cycle
	
	
	
	
	
	
	

	Surface Liquid Precipitation
	WCRP,WMO,GCOS
	
	10-50 km
	
	.1 -.5 km
	
	3 h
	
	
	
	
	
	
	
	

	Surface Solid Precipitation
	WCRP, GCOS
	
	
	10-50 km
	
	.1 - .5 km
	
	3 h
	
	
	
	
	
	
	
	

	Atmospheric Precipitation
	WCRP, GCOS
	
	
	10-50 km
	
	.1 - .5 km
	
	3 h
	
	
	
	
	
	
	
	

	Soil Moisture (surface)
	WCRP, GTOS
	
	
	10-100 km
	10 cm deep
	1 - 10 days
	
	
	
	
	
	
	

	Soil moisture (vadose zone)
	WCRP, GTOS 


	
	
	10-100 km
	30-100 cm
	1-10 days
	
	
	
	
	
	
	
	

	Streamflow
	
	WCRP, GTOS, UNEP
	
	Basins:1-10 km

Global: 50-200 km
	
	
	
	1-10 days
	
	
	
	
	
	
	
	

	Lake levels
	
	WMO, GTOS
	
	
	1-10 km
	
	
	
	1 wk - 1 mo
	
	
	
	
	
	
	

	Reservoirs
	
	WMO, GTOS
	
	
	1-10 km
	
	
	
	1 wk - 1 mo
	
	
	
	
	
	
	

	Snow Cover
	
	WCRP, GCOS
	
	
	1 -10 km
	
	
	
	1 - 3 days
	
	
	
	
	
	
	
	

	Snow Water Equivalent
	WCRP, GCOS, WMO
	
	10 km
	
	
	
	1 - 3 days
	
	
	
	
	
	
	
	

	Ground ice
	
	WCRP
	
	
	
	10 km
	
	
	
	5 -10 days
	
	
	
	
	
	
	

	Permafrost
	
	WCRP
	
	
	
	10 km
	
	
	
	1 mo
	
	
	
	
	
	
	
	

	Glaciers
	
	
	WCRP
	
	
	
	1 - 10 km
	
	
	
	1 y
	
	
	
	
	
	
	
	

	Clouds
	
	
	WCRP, GCOS, WMO
	
	100 m – 10 km
	.1 - .5 km
	
	3 h
	
	
	
	
	
	
	
	

	Water Vapor (Specific Humidity)
	WCRP, GCOS, WMO
	
	10 - 100 km
	.1 - .5 km
	
	3 h
	
	
	
	
	
	
	
	

	Evaporation (Derived Variable)
	
	WCRP, WMO, GCOS
	
	10 - 100 km
	
	
	3 h
	
	
	
	
	
	
	
	

	Groundwater
	
	WMO, UNESCO, FAO
	
	100 km
	
	
	
	1 - 3 mo
	
	
	
	
	
	
	
	

	Nutrient Cycling
	
	IGBP. GTOS
	
	
	1 - 100 km
	
	
	1 - 3 mo
	
	
	
	
	
	
	
	

	Vegetation
	
	WCRP, IGBP. GTOS
	
	
	1 - 10 km
	
	
	3- 12 mo
	
	
	
	
	
	
	
	

	Short wave Radiation
	
	
	WCRP, WMO
	
	
	10 - 50 km
	
	
	3h - 1 wk
	
	
	
	
	
	
	
	

	Long Wave Radiation
	
	
	WCRP, WMO
	
	
	10 - 50 km
	
	
	3h - 1 wk
	
	
	
	
	
	
	
	

	Topography
	
	WCRP
	
	
	
	1-100 km
	
	11cm - 1m
	
	1-10 y
	
	
	
	
	
	
	
	


5.  Data Acquisition and Distribution 

The acquisition of in-situ and remotely sensed data and their archival and subsequent distribution is a critical issue that gives value to the data and represent services that are essential for ensuring the data have value for society.  Both global and national level systems are in place to provide these services.  However, as Mauer (2003) has shown, there are many challenges involved in obtaining and using data sets from different nations.  Global archives present special challenges because of the differences in the levels of prosperity and financial capability in the various countries that affect their capability to maintain networks.  Differences in the priorities for water-related observations and the different levels of technological capability add to the difficulties in planning global data collection systems.  Furthermore, nations are sometimes reluctant to share data because of national policies.

5.1 Measurement Issues


Data acquisition systems and sensors are essential elements of observational programs.  For satellite data, it is important to ensure that sensor characterization and calibration is properly undertaken.  Furthermore, as orbital paths may change during the lifetime of a mission, it is important to ensure that these calibrations are maintained over the course of the satellite mission.  As noted in the previous chapter, when systematic changes occur in readings of a sensor, new calibrations are needed.  At this point, it is often very desirable to carry out a reanalysis of all of the earlier satellite data.


Raw satellite data is acquired by onboard (satellite) data acquisition systems at the maximum resolution of the specialized instruments on each satellite platform.  They are transmitted to direct read-out stations when a satellite passes over the ground receiving station. Sub-sampled, lower resolution data are also recorded by on-board data acquisition systems for transmission to ground stations to provide “Global Areal Coverage.”  Operational and research satellites may also have on-demand, programmable instrument sensors, that acquire high resolution data specific to either an event or a research or applications study. 


Mauer (2003) has outlined the challenges of obtaining and using data sets from different nations even to understand and manage decisions in a single basin.  These difficulties arise because of differences in the levels of prosperity ands financial capabilities to maintain networks, the relative priorities of different national observations, the different technological capabilities for obtaining processing and distributing the observations.

 5.2 Data Network Issues 


Given the importance of water resources on a world-wide basis, high quality observational data in near real-time and with dense spatial coverage is required to meet the demands for timely and accurate hydrological information. On a global scale, river-discharge measurements are particularly important for parameterizations used in general circulation models (GCMs), as these models are currently unable to model the full details of the hydrological cycle. 




Other factors also affect influence the availability of data to global centers.  These factors arise from national policies that frequently limit the open exchange of available data, technological problems that may affect the quantity of data or the comprehensiveness of the data base and organizational issues that nay affect the time lag in data processing and provision.

 


Most countries operate national or regional observation programs for river discharge, lakes, reservoirs, wetlands and groundwater in order to meet multiple needs, including water resource development, disaster mitigation and other applications, and regional and global research programs, most notably for improving our understanding of the climate system. In reality however, the availability and access to hydrological data is severely limited due to declining networks.  The situation for precipitation observations reflects the problems that exist for other water cycle networks.  The present precipitation observing products depend, as will all potential future products, on the inclusion of adequate numbers of high quality in-situ observations, particularly from gauges.  The apparently inevitable tendency of national gauge networks to decline in coverage over time must be reversed to ensure that observing system can make optimal use of the various remote sensing observing techniques.


Since the mid-eighties a decline of reporting hydrological stations has occurred in many countries, especially in the developing world. Political and institutional instability in certain countries, as well as economic problems, are major reasons for this trend. Even industrialized states can be affected by economic difficulties. These network declines mean that there are fewer hydrological time series exceeding a minimum of 20 years available for use in statistical analysis to support decision-making. There is also a great disparity between regions in terms of the absolute number of observing stations. For example in 1994 there were a total of 5,700 river discharge measurement stations in 47 countries of Africa compared to 20,000 stations in 43 countries of Europe reflecting the relative levels of development of the two areas. As another example, shows over the last 15 years, the number of hydrological stations serving the pan-Arctic reverted to that of the early 1960s. The network cutbacks were especially severe in the eastern regions of Siberia and the Canadian province of Ontario, where 73% and 67% of river gauges were closed between 1986 and 1999, [Shiklomanov, 2002]. This leads to an increasing tendency to extrapolate data to cover areas that are data-sparse or are becoming data sparse. In fact, the International Association of Hydrologic Sciences (IAHS) has recently launched a Project for Ungauged Basins (PUBs) to assess the ability of models to simulate streamflow for basins without data.


Only a few dedicated organizations have maintained high-quality data-collection efforts for more than 50 years.  Research organizations, in particular, have experienced difficulties in committing monies to monitoring on a regular basis.  This highlights the need to have in place plans whereby the systems developed in a research mode are transferred in a seamless way into operations once their long-term benefits are accepted.  Operational networks also need to be open to the adaptation of new technologies and methodologies.


The World Hydrological Cycle Observing System (WHYCOS) of WMO, is attempting to reverse some of these declines by promoting the establishment of hydrological networks in regional projects. A new WMO/GCOS/GTOS Global Terrestrial Network for Hydrology (GTN-H) is designed to improve access to existing data and networks, and to provide coordination of near-real-time data collection.


5.3 Data Management Issues


There are a number of factors that affect the dissemination and use of water cycle data.  Accessing and sharing data are major problems for in-situ data, particularly for most terrestrial data for which access in real-time or near-real-time on a global scale is nearly impossible.  Satellites provide the ability to circumvent these problems.  However, satellite data are usually calibrated locally and the error characteristics generally are not known to users who are not working at the retrieval algorithm level.  For instance, calibration is often done at a particular climate zone or biome and generalized to the globe without comprehensive testing over a range of environmental conditions.  Better calibrated data from multiple locations over the globe are needed.  In addition, the limits and error characteristics of remote sensing data need to be quantified and communicated to users.  As part of its commitment to improving data services IGOS Global Water Cycle Theme is committed to follow the DSS principles in implementing its projects.  The following issues are major challenges facing new and existing Global Water Cycle activities.

a) One daunting challenge of the 21st century is the management of the large volumes and diverse data types available to describe the Earth’s climate. These data result from comprehensive observing and monitoring systems and models producing new data sets from observed climate parameters. The size of the data archives is growing faster than the capability to derive information from it. Greater telecommunications bandwidth capacity is needed to accommodate the movement of these large data volumes as they progress through an information cycle including measurements, distributed scientific analyses, modeling studies, predictions, decision support tools, assessments, and policy and management decisions. 

b) Users need better access to detailed metadata regarding products.  Users need better advisory services so they can understand the algorithms that were applied in deriving the data they use. The working group recommended in Chapter 3 should be given the task of identifying ways to involve the user community more directly in the development of data products. 

c) Data volumes also create problems for data archival activities.  In some cases it is important to reduce the volumes of data for archiving, it is important for users to identify the most important variables and products for high priority development.  However, it is also important to maintain the original values, because these data are a critical resource for developing new product algorithms and reanalysis. 

d) Continuity of remote sensing products is important, but sometimes conflicts with the development of new technology.  Space agencies recognize this problem and are promoting different strategies to address it.  For example, in Japan JAXA promotes continuity in its Earth observations program. In Europe, EUMETSAT is ensuring continuity of satellite measurements that are seen as essential for the services to be provided. NPOESS will help in North America because there will be better orbital control on the satellite system.  Nonetheless, the “absolute calibration” issue still needs attention.  Also, there remains a major challenge in transitioning ‘proven’ technology to operations.  The calibration and continuity issues are tied together, better calibration (and cross-calibration) of products could help to alleviate continuity problems.  

e) Data processing is an issue for some types of data.  For example, there is a common lag-time of several years for processing of primary observed hydrological data until typically a national hydrological yearbook is produced. Even after years of effort by the Global Runoff Data Centre (GRDC), the transmission of selected hydrological data is not institutionalized at the national level. The effect is that the data holdings of GRDC for monthly discharge data reach a peak of 5,000 stations in 1977 compared to roughly 1,000 stations with time-series extended into 1999 [GRDC, 2002].  The number of observations for more recent years is expected to increase, but it takes as much as 15 years to get some data into the GRDC data base.  With many other types of terrestrial data the time lags are shorter but the data are frequently not available in real-time and hence their use in centers such as the European Center for Medium-Range Weather Forecasts (ECMWF) is minimal.

f)  Historical data containing older hydrological records are frequently listed in both peer-reviewed and “grey” literature making them very difficult to access.  Furthermore, data in developing countries, are frequently kept on paper records in regional offices and their existence is not well known.  The rescue of such data is important to strengthen and broaden the historical records for assessing trends related to climate and other changes, and also for understanding the local relationships between water availability and quality and human uses over time in a given area. 

         The same problem exists for some research satellite missions.  After launch, during the commissioning phase, data are retained for verification and algorithm development.  This can result in delays of as much as a year before the data are made available.  When the systems are fully operational these delays are usually reduced, but many of the potential users of these data are still not able to access the data in real-time.  Efforts should be directed at reducing the commissioning time required for data systems on new missions and upgrading the processing capabilities for high volume data flows from satellites. 

a) The efficiency of quality assurance for the data needs to be improved. Today, quality control generally is carried out manually or with the aid of automated systems. This is time consuming and adds to the long delay before hydrological data become available for dissemination. Automated systems have been developed for primary quality checks and “plausibility analysis” especially for real-time data. However, there are large discrepancies in the capability of hydrological services to have these procedures integrated into their routine data processing. The exchange of hydrological data is further complicated by non-standardized data exchange formats and transmission protocols as well as general incompatibility of database standards and modes of access.  There is a need for data standards and the sharing of quality control procedures.  Ideally, standards are needed on a global basis for networks that are providing global data sets.  

b) Inadequate exchange of data creates problems for the maintenance of global data archives and for regional and global analyses and assessments.  Although WMO has passed resolutions requiring member states to exchange data these regulations are not enforced.  Some nations do not provide their data because of internal copyright issues, agreements with the suppliers of the data and interests in protecting the data from use by neighbouring countries whose motives they do not fully trust.   

c) In many cases hydrological information is not exchanged because of the perceived (or real) commercial/security value of the data. National data policies can restrict dissemination to international data centers. The exchange of selected hydrological data is more common on bilateral basis, but in bilateral agreements re-distribution of data is restricted. The problem of availability and access to hydrological data is identified in the Second Report on the Adequacy of the Global Observing Systems for Climate in Support of the UNFCC prepared by GCOS in April 2003 [GCOS, 2003]. It is stated “The Parties need to provide the observations identified by the GTN–H, in particular those on river discharge, lakes, reservoirs and wetlands, and groundwater, to the associated international data centers. In spite of repeated calls by the international community for free and unrestricted exchange of hydrological data, this still does not happen”.  With a view to remove barriers for the exchange of hydrological data, the WMO Congress in 1999 adopted a resolution for the Exchange of Hydrological Data and Products [WMO, 1999], which serves as an international reference in defining and implementing policies for the exchange of data and information. 

d) Declining networks have a very serious impact on the availability of hydrological data.  The tendency of national hydrometric gauge networks to decline in coverage over time must be reversed to ensure that the observing system can make optimal use of the various remote sensing observing techniques.  It should be noted that due to the data exchange problem, improvements in hydrological networks do not necessarily improve the availability of data.  




The following situation for precipitation observations reflects the problems that exist for other water cycle networks.  The present precipitation observing products depend, as will all potential future products, on the inclusion of adequate numbers of high quality in-situ observations, particularly from gauges.    


The future also appears uncertain.  Database protection legislation, enacted in Europe and proposed in the United States, has raised concerns that the flow of scientific information may become much more constrained. Many of these policies are in conflict with the WMO data policies and the challenge will be to understand these conflicts and chart a course that benefits all. This will take the close interaction and negotiation of the database rights holders and users to strike the balance between protection and fair use. The impact of data policies on the ability to compile global data sets is potentially significant. 

5.4 Data Archival Issues
Satellite data archives are typically global and very large compared to 
in-situ data archives including those from global station networks such as WMO’s surface and Upper Air synoptic station network.  The National Climate Data Center’s (NCDC’s) environment satellite database contains data from the operational meteorological satellites.  Satellite data are frequently handled in a distributed manner due to the size of the data bases.  Although distributed centers facilitate the distribution of the records to a large number of users, the archival activity could be more effective with better coordination between such centers on a global basis for water cycle variables.  For example, the European Space Agency (ESA) has an extensive data archive and a web-based system for assessing data availability and for downloading browse and other low volume products. Submission of research proposals that can access data from the full archive and also future data sources can be done via the internet.


NASA maintains eight distributed active archives that provide convenient mechanisms for locating and accessing products of interest (either electronically or via orders for data on media). The "look and feel" of the system is intuitive and uniform across the multiple nodes from which EOSDIS can be accessed.  In addition there are a number of other data centers that are linked through the NASA network.  These Data Centers are shown in Table 4.

Table 4: Listing of the Distributed Data archives for EOS Data

· BOM - (Australia): Bureau of Meteorology - Remote Sensing Data for Atmosphere

· CCRS - (Canada): Canadian Centre for Remote Sensing - Remote Sensing Data for Land (RADARSAT)

· DFD-DLR - (Germany): The German Remote Sensing Data Center for Atmosphere and Land

· DWD - (Germany): German Weather Service

· GHRC - (US): Collaboration between NASA Marshall Space Flight Center and University of Alabama in Huntsville) - Global Hydrology Resource Center - Studying the global water cycle and its effects on climate.

· ISA-MEIDA - (Israel): Israel Space Agency - Middle East Interactive Data Archive

· IRE-CPSSI - (Russia): IRE RAS Center of Processing and Storing Space Information

· NASDA-HEOC - (Japan): National Space Development Agency - Remote Sensing Data for Atmosphere, Land, Ocean

· NCDC - (US, NOAA): - National Climate Data Center. Producers of numerous climate publications and responds to data requests from all over the world.

· NGDC - (US, NOAA): - National Geophysical Data Center. A national repository for geophysical data, providing a wide range of science data services and information.

· NODC - (US, NOAA): - National Oceanographic Data Center. A national repository and dissemination facility for global ocean data.

· SAA - (US, NOAA): - Satellite Active Archive. Providing electronic distribution of data and derived data products from U.S. polar-orbiting environmental satellites (POES).





The research data holdings of individual scientists and laboratories can result in data collected from public funds being lost to the science community.  Many hydrologic data collected through research programs currently are not accessible and are in danger of being lost as the individuals responsible for them retire or move to new assignments.  To some extent advances in hydrologic science will depend on how well investigators can integrate their local contributions into reliable, large-scale, long-term data sets. Creating effective data systems for assembling and distributing scientific data sets is not trivial, and depends largely on the personal efforts of individual scientists Future systems should be designed to address the issues of continuity and data rescue.


Inadequate archiving strategies and fragmented data holdings are a pervasive problem, especially for hydrologic data.  There are a number of approaches to data archiving used both regionally and for global data bases.  It is generally agreed that central data archives provide more control.  Within the UN system, the Global Precipitation Climatology Center (GPCC) and the Global Runoff Data Center (GRDC) as well as a number of other centers have been established to produce, archive and disseminate data.    However, the effectiveness of data systems is very dependent on the willingness of the member states to make data available.  Apart from these centers, hydrologic data are managed in a decentralized manner (e.g., river basins, federal states), in different sectors (e.g., water supply, energy generation) and stored in different computer systems. Even on national level the existence of comprehensive metadata bases on hydrological data is more the exception than the rule. 


Many important heritage datasets face a growing risk of loss due to deterioration of paper records, obsolescence of electronic media and associated hardware and software, and the gradual loss of experienced personnel. These historical records are needed to assist in providing the missing pieces of the overall climate puzzle from which we can derive long-term trends.  A review is needed to identify data sets at risk and to recommend actions needed to rescue these data and make them available to the world community.

5.5 Data Integration, Distribution and Access


A review by the WCRP of its data requirements determined that the value of space missions to its programmes comes from their capability to produce integrated high quality and reliable data products requiring the merged analysis of data from all of the research and operational satellites.  As has been shown in this chapter a cross-cutting, integrated data management system needs to be at the core of any global observing strategy. This is true especially for the water sector with its multiple variables, fragmented observing networks and largely non-standardized archiving approaches and methods of access and dissemination of data. 


From all available evidence it can be stated that at present there is an insufficient integration capacity of observing systems at the global level which is aggravated by incompatible data management plans between observing systems. This includes also the question of the integration of research-oriented observational data and those data that are operationally recorded.  Consequently, a special challenge is the development of data management methodologies to integrate satellite and in-situ observations and the development of high-performance distributed data management and archiving systems with harmonized access nodes to use data from largely different sources for studies of the global water cycle.  Although some research data sets are routinely made available in quasi-operational modes rather soon after data are acquired by the satellite many other data sets are only available in delayed mode.  In general, activities IGOS – P Water Cycle Theme will be tailored to facilitate the goal - directed synthesis of data and information, for which general and tailor-made strategies need to be developed in the course of the Theme’s implementation.


Data management needs to be objective-driven and as such a meta-database that will serve as the central knowledge base on observational data needs to be built around priority applications such as climate monitoring, sustainable water development and management, societal applications and prediction.  To facilitate the development of suitable data management strategies for IGOS – P Water Cycle Theme, a meta-data catalogue of existing information will be established (relying on standards such as the ISO19115 standard for metadata in geomatics) and an in-depth analysis of the adequacy of existing and planned observational networks will be undertaken for selected variables.  GTN-Hydrology would be an appropriate leader for such an exercise.

5.6 Transforming data to information


The majority of users needing satellite data have neither the time or computer facilities; and inclination to generate products from the raw data.  Consequently there is a need for a “data processing intermediaries” who covert data into information products. Data from Earth Observation Satellites are converted into different types of products with various levels of complexity. In the USA, EOSDIS supports data product generation from EOS instrument observations. Algorithms and software for EOS data products are generated by EOS investigators as a part of their scientific studies. Specifications for standard products are reviewed by NASA and the EOS Investigators Working Group (IWG) to ensure completeness and consistency to satisfy the goals of the EOS mission. The following product taxonomy is applied to describe their complexity:

· Level 0: Reconstructed, unprocessed instrument/payload data at full resolution; any and all communications artifacts, e.g., synchronization frames, communications headers, duplicate data removed. In most cases these data are provided by EDOS to a DAAC as Production Data Sets for processing by the SDPS in the DAAC or by the SIPS to produce the higher level products. 

· Level 1A: Reconstructed, unprocessed instrument data at full resolution, time-referenced, and annotated with ancillary information, including radiometric and geometric calibration coefficients and georeferencing parameters, e.g., platform ephemeris, computed and appended but not applied to the Level 0 data. 

· Level 1B: Level 1A data that have been processed to sensor units (not all instruments will have a Level 1B equivalent). 

· Level 2: Derived geophysical variables at the same resolution and location as the Level 1 source data. 

· Level 3: Variables mapped on uniform space-time grid scales, are usually with some completeness and consistency. 

· Level 4: Model output or results from analyses of lower level data, e.g., variables derived from multiple measurements.

5.7 Special Data Needs


The need for data to validate land surface models, hydrologic models, satellite measurements and algorithms has been documented in this chapter. Small instrumented basins and supersites are needed throughout the globe to serve as validation sites.  These sites should be established where representative continuous observations of surface moisture and energy fluxes would be collected, along with data on subsurface moisture (in both saturated and unsaturated zones). The data should be collected over closed catchments large enough to allow closure of the surface water-budget. These continuous observations should be supplemented by periodic rotating field campaigns, which would integrate surface, aircraft, and satellite observations.  CEOP reference sites provide an example of this approach.


Large Scale Experiments using field campaigns and long term measurements programs are needed to provide the data sets required for effectively improving the model representation of relevant water cycle processes, to estimate model parameters, and to validate model simulations and predictions. The experiments should evaluate fluxes between hydrologic reservoirs such as evapotranspiration, recharge, and surface water–groundwater interactions in basins with different land cover types. The studies should be integrated with related work to characterize and improve understanding of linked water, carbon, and nitrogen transport and transformation processes, and should be incorporated in process models of coupled water, carbon, and nitrogen transport and transformation in aquatic ecosystems and terrestrial components of the water cycle.  Clearly, to achieve this objective, the water cycle networks will need to be integrated with the observational networks for these biogeochemical variables.

5.8 Recommendations


Based on the discussions in this chapter it is recommended that:

a. An inventory of current data services supporting the IGOS-P Water Cycle theme be developed.

b. A review of the effectiveness of WMO regulations on data exchange be undertaken.

c. A workshop be held with a broad cross-section of users of Water Cycle theme products.  The results of this workshop should be used to better define the objectives and services of future water archiving and distribution centers.

d. Plans be developed to ensure that vitally-needed telecommunications infrastructure will be in place for the coming decades.

e.  Plans be developed to rescue historical and local records and to make them available for historical water cycle studies and the assessment of local water issues.

6. Towards Integration 
6.1 The Need for Integration


The development of a strategy for the integration of observational systems is an IGOS-P goal.  This integration must occur at many different levels to ensure that users get the best possible water cycle products.  To be truly effective the water cycle theme must have an end-to-end perspective.  A first step has been taken in developing that perspective by having a strong applications component where the needs are defined by the end users.  However, because IGOS is concerned with strategies, the initiatives within this theme will take the form of demonstration projects or other projects to develop the concepts, tools and data products needed to advance integration.


Data and data system integration is becoming a necessity.  Different observational and data systems frequently produce different values for the same variable at the same space-time coordinate because they use different remote sensing techniques, sampling times, sampling areas, etc.   The interpretation of the range of values for a single variable measured by different sensors can lead to different conclusions about trends and the need to take regulatory action.  For example, there are on-going discussions regarding whether or not the trends in sea surface temperature observed by satellite support the conclusion that climate is changing because in-situ sensors have produced data inconsistent with the satellite data. Integration of observations to provide the most accurate single value of a variable for a point in space and time is urgently needed.  Data system integration is also needed because the costs of operating multiple, separate systems for different purposes is inefficient, and governments are becoming reluctant to support multiple systems unless there is a clear need for them.  Observing networks for the water cycle should be re-evaluated and future networks designed in light of priority needs, such as the detection of future changes in water availability.  


Finally system integration is needed in the water sector to meet the end-to-end management needs that are expected to emerge as conjoint surface water/ ground water management is implemented.  In addition, the strong relationship that exists between water quantity and water quality argues that there should be more joint planning of monitoring programs to document the variability of these parameters.


Better integration is becoming more feasible for a number of reasons.  The development of new tools such as models, Geographic Information Systems (GIS), data assimilation systems, observational simulation experiments and data mining make the integration of different data streams feasible.  In terms of observational techniques, miniaturized computer-supported sensors are opening new opportunities for collecting and transmitting data from remote in-situ systems.  In addition, field studies and other science projects have led to a better understanding of specific processes but this understanding has not been synthesized and used to develop cross-discipline integrated products.  The following paragraphs discuss these issues in more detail.

6.2 Integration of Observational Systems


The water cycle consists of a number of physical, chemical, biological, and human-induced processes among land, ocean and atmosphere that play a key role in the Earth’s climate system. 

Many variables must be observed to understand and predict the water cycle and to determine its impacts on society and the environment. It is important to track all components of the water cycle comprehensively so that the causes of the variations can be traced and future changes predicted. Water cycle monitoring requires an integrated strategy of land/ocean/atmosphere observations of state and flux variables, from both in-situ and remote sensing platforms. As indicated in Chapter 4, no single technology can provide all of the needed information. In general, in-situ networks, while essential, are not sufficient because they are often designed to address multiple needs rather than water cycle needs.  This multiple purpose approach means that decisions are frequently made without considering the needs of the water cycle program.  For example, streamflow stations often are moved to support short-term engineering projects and precipitation stations are located at airports far from a hydrometric station. An effective and feasible strategy would be to establish an extensive network of in-situ reference sites to monitor regional water cycle variability and trends, and surface heterogeneity over the long term, and to supplement these with coarse lower resolution satellite observations. Furthermore, the densities of these networks are often a function of the nation’s prosperity.  Recently, several satellite missions have been launched for the purpose of water cycle observations that can provide elements for such a system.  Technologies described in Chapter 4 could then couple with well-organized operational hydrometeorological station networks in a more stable way.  Data assimilation systems will also play an important role in this strategy.


This integrated strategy must recognize the strengths of each type of data.  In-situ data are essential for calibration and evaluation of remote sensing data, and for filling in data-sparse areas such as mountains where remote sensing is unreliable. A key problem is that no technique is available to determine effective combinations of in-situ and satellite observations.  Better strategies are needed to guide the planning of in situ and satellite observation systems.  In general, remote sensing data provide comprehensive spatial coverage with relatively course resolution while in-situ networks provide higher quality data but only at discrete locations.  For developing integrated observing systems, the following issues need to be addressed.

a) A strategy of “supersites” is needed to select globally for observations of variables that are not amenable to dense networks, and for which a strategy of “representative sites” is appropriate.  Typically this would be the case for radiant and turbulent fluxes, depth profile soil moisture and temperature, water quality measurements, etc.  The design of these sites must emphasize the spatial scales required to average out chaotic and high resolution heterogeneity.

b) A review of the differences and needs for in-situ versus remote sensing data needs to be developed.  The advantage of remote sensing is that the coverage generally is global.  However, error characteristics may not be well defined or continuous in space for a given latitude band. Even with more advanced sensors (e.g. GPM) errors arise from estimation procedures that rely on infrequent overpasses, and problems of information transfer from active to passive sensors.  Averaging to daily or longer time scales reduces the error problem, but it also reduces the usefulness of the instrument for some of the most important hydrologic applications such as flooding.  Averaging can also be done spatially to reduce errors, but this net result is opposite to the needs of many users including those who do model initialization and validation, and who need ever-higher resolution data as model resolutions increase.  Strategies such as data assimilation, merged data sets using multiple sensors, are needed. The experiments to evaluate these tradeoffs have yet to be done.  

6.3. Integration of Data into Water Cycle Products


The IGOS Water Cycle Theme promotes the integration of data into products including new experimental products that bring together data from research and operational satellites and from other in-situ data. Progress in the development of integrated operational products could be accelerated if new missions and sensors were chosen with a view to facilitating the transfer of new sensors from research satellites to operational satellites.   Furthermore, to achieve this goal it is important to have a framework, such as a data assimilation system, for bringing data and knowledge together.  The following innovations and tools provide a basis for integration which together or in some combination could provide a strategic framework for data integration.

6.3.1. Merger of Data Streams


The water cycle has many physical, chemical, biological and societal components. Data for each component is obtained and archived by a large number of operational organizations for their own purposes and by many separate research groups from different disciplines with different methods. Merging data into consistent data streams is a key technological step toward producing valuable integrated water cycle products. 


There are two major approaches for integrating data streams including distributed and centralized archives. Distributed Active Archiving Center (DAAC) networking, which is adopted by EOSDIS, is very effective for many kinds of data. There are many convenient systems, such as GrADS-DODS server (GDS) or Web mapping servers, for bringing data sets together. The GrADS (Grid Analysis and Display System) – DODS (Distributed Oceanographic Data System) server is a secure data server that is now in the public domain and is capable of providing analysis services over the Internet.  The rapid increase in data volumes and the limitations of the current structure make this system difficult to implement through networking DAACs alone. A distributed system also facilitates cost sharing because each nation can pay for the cost of its component of the distributed system.


The second approach involves the establishment of a Centralized Archiving and Analyzing Center (CAAC) function, which consists of an off-line networking data stream, a massive data archiving system and advanced database technologies for comprehensive water cycle data integration. This latter type of system needs to be developed on an experimental basis because the input/ output constraints may lower its value for the users.  There will also be a need for mirror systems to help offload some of the demand from users and to provide security in the event of an emergency such as a terrorist attack 

6.3.2 Geographical Information Systems


Geographical Information Systems (GIS) have been developing rapidly over the past two decades.  They provide a means to display spatial data.  Furthermore, routine data sets such as topography, vegetation cover, and demographics are available with many of these systems, allowing users to be able to do complex analyses without having the complication of acquiring many diverse research data sets.  In applying GIS, users are able to define the combination of variables and/or variable thresholds that they would like to have portrayed spatially.   GIS systems also provide the user with the ability to model certain processes and provide an ideal framework for integrating constantly varying data with fixed fields.  Expanded use of GIS systems in the distribution and interpretation of satellite data has the potential of greatly increasing the use of satellite data and increasing their relevance for the users. 

6.3.3. Data Mining

With rapid increases in the volume and kinds of available water cycle data, it is difficult for individual investigators to access and analyze large quantities of data using conventional methods and systems. Data mining is an innovative approach, which when combined with the advanced computer sciences should help address this problem. 


In some cases, experienced scientists know exactly what they are looking for and what sets of algorithms to use. A convenient user interface can provide support for analyzing the problem in this instance. In other cases, scientists know what phenomenon to target but are unsure of the characteristics of the phenomenon or what sequence of methods to apply. In these cases, a system for automatic iteration allows flexibility for scientists to fine tune their methods to identify the event(s) of interest, to check the quality of the data set by searching for spurious values, or to search for rare phenomena that otherwise would be very hard to detect because of the size of the data set.  Water cycle data mining combined with the advanced computer sciences including artificial intelligence technology, sometimes referred to as the Global Water Cycle Informatics, should be established for maximize use of data for science and societal benefits.  

6.3.4. Data Assimilation Systems



Assimilation has become a very useful tool for bringing together data inputs from different sources and times with predictions into a common framework.  Lorenc (1995) defined assimilation as “the process of finding the model representation which is most consistent with the observations.”  Data assimilation is well developed in the atmospheric sciences but has had more limited use in hydrology.   Some operational weather centers currently assimilate precipitation data from a variety sources (e.g. satellite, radar, rain gauges) with forecast models.  Two types of approaches are common.  “Basic” schemes use precipitation data to adjust model prognostic variables to “physically reasonable” values.  Some schemes invert model physics to adjust model prognostic variables based on rate errors.  Assimilation of observed precipitation in NCEP’s Eta four dimensional data assimilation (4DDA) significantly corrects errors in precipitation analysis and subsequent forecasts.  Correction of precipitation analysis and forecasts leads to corrections of surface moisture and evaporation. Future data sets will require innovative approaches to the design and implementation of hydrometeorological models and associated initialization, assimilation, and parameterization processes.  The Land Data Assimilation System (LDAS) is an example that offers an important platform to assess the utility of satellite data in achieving better soil water and temperature estimation through continuous hydrologic modeling. The assimilation of satellite radiances directly rather than using temperature soundings derived from satellite radiances has significantly improved NWP products.

Data assimilation is a critical procedure for integrating data from different sources and using a model framework to produce estimated values of various fields for regions and variables where no data are available.  The land surface component of the hydrological cycle is fundamental to the overall functioning of the atmospheric and climate processes and thus accurate initialization of land conditions in fully-coupled models is critical for weather and climate predictions.  However, reliable, observation-based land surface fields for initialization are scarce.  In addition, within the models, errors in the forcing accumulate in the surface and energy stores in land surface schemes, leading to incorrect surface water and energy partitioning and related processes and thus incorrect initial land conditions for numerical models.  This has motivated an effort to impose ad hoc corrections to the land surface states to prevent this type of drift.  This methodology, know as a Land Data Assimilation System (LDAS), consists of uncoupled land surface models forced with observations and is therefore not affected by model forcing biases. Ultimately, when the remotely sensed observations of land surface variables (soil moisture, temperature, snow) and fluxes (evaporation, sensible heat flux, runoff) are available in near real-time, they will be used to further constrain the LDAS predictions using data assimilation techniques. LDAS outputs will provide integrated land surface data sets that can be used for regional climate analysis, model initialization, and comparisons with results from field campaigns and modeling experiments.


Land data assimilation systems have been extended to the global scale. A global LDAS (GLDAS) is being implemented at 1/4 degree spatial resolution and will include multiple land surface models (LSMs), including Mosaic, the Common Land Model (CLM), and the National Oceanic and Atmospheric Administration’s NOAH model.  A runoff routing scheme will be implemented in the driver to permit runoff validation and the possible assimilation of lake/wetland/large river/ water levels.  Operational global meteorological predictions will be the backbone of GLDAS forcing, but these fields will be replaced by observations when available to avoid known biases.

6.3.5. Models


To advance system integration the model-observation interface will need to be better understood.  Problems in need of attention include the precise role of error propagation in hydrologic predictions and the interaction of rain data and hydrologic model errors.  Data preparation for use in models is expected to change over time as increasingly models are able to ingest radiances directly.  There is also a need to determine the error characteristics of instantaneous measurements and their time-integrated products.  In the case of precipitation, it is not clear if models should assimilate the more or less instantaneous GPM “snapshots” into the models, and then use their precipitation products to drive hydrologic models, or to integrate these outputs into a single system.  


There is an evolution in land surface models from the hourly off-line simulations (upper boundary at the top of the constant stress layer just above the top of the vegetation or surface) to simulations that include some element of the boundary layer of the lower troposphere.  Such an approach leads to a truer representation of surface fluxes, but would require more information on the state of the atmosphere in the lowest 100 to 1000 m.  This change, which is already occurring in the planned European LDAS, should lead to the better use of assimilated data, and a better estimate of surface fluxes, which will greatly aid studies of the water and energy balances at the Earth’s surface.

6.3.6. Reanalysis


The process of reanalysis has become an essential tool in the development of consistent products for climate analysis.  Improvements to algorithms, model upgrades and changes in observing systems introduce changes into the data record. Changes in observational networks introduce inconsistencies. Reanalysis of these fields making adjustments for these changes would yield long time series of consistent results.  Often these changes are seen as “jumps” or discontinuities in the record and can result in artifacts that may lead to misleading interpretations of the record.  This problem is particularly acute when new satellites and sensors are launched or older satellites are terminated or their orbits changed.  It is one of the most significant hurdles in using research satellites in climate trend analysis.  To overcome these problems there is a need to apply new algorithms and upgraded models to the entire record so that the best product can be provided to the user.  As noted in Chapter 2, to ensure that it is possible to carry out this type of reanalysis in the future, it is important to retain the original data products.  Processing past satellite radiances needs to be done carefully and remains a significant task for new reanalysis.

6.4 CEOP: The first element of the IGOS-P Water Cycle theme


The first IGOS-P Water Cycle Theme element, the Coordinated Enhanced Observing Period (CEOP), is designed to contribute to the Theme’s goal of producing comprehensive global, regional and national data and information to satisfy the environmental information needs of policymakers and to support scientific and operational environmental programs.  With its scientific base of studies in Water and Energy Synthesis and Prediction and Monsoon System understanding, CEOP brings focus and clear purpose to its data integration activities.  This focus will help to demonstrate the value of data integration to national agencies that run monitoring programs.


CEOP is a initiative of the World Climate Research Programme (WCRP) that also has been adopted by the Committee of Earth Observing Satellites (CEOS).  CEOP was initiated on 1 July 2001 by the Global Energy and Water Cycle Experiment (GEWEX), a core project of WCRP, to take advantage of the five most comprehensive GEWEX Continental‑Scale Experiments (CSEs) namely, GAPP (GEWEX Americas Prediction Project) and GCIP (Mississippi River Basin), BALTEX (Baltic Sea region), MAGS (Canadian Mackenzie River Basin), LBA (Amazon region) and GAME (Asian monsoon region). It is also the first step toward meeting the challenge of coordinated observations of the global water cycle bringing data systems from many countries together in common formats and protocols.  


CEOS accepted CEOP in the fall of 2001, after recognizing its potential to develop regional and global integrated data sets for use in the study of the water cycle and to improve the accuracy of weather predictions in the near future. Through the subsequent analysis of these data CEOP aims to achieve a more accurate determination of the water cycle in association with climate variability and change, as well as baseline data on the impacts of climate variability on water resources. 


CEOP has established a network of 36 reference sites around the world.  It has completed an initial data-gathering period from July to September 2002, bringing together the data from all of its functional reference sites.  This exercise exposed a number of problems involved in assembling data sets from different sources on six continents and leading to some major implementation challenges.  The first problem involved the open exchange of data.  One accomplishment in this area involved the negotiation of an open exchange of data between the various countries involved and the archiving center at the University Corporation for Atmospheric Research (UCAR).  A second challenge was encountered when data from many different continents arrived at this central site for archiving.  A preliminary review of these data indicated that there were many mismatches between the times, units, etc.  Through this exercise, data standards, protocols and policies have been developed and reference site operators have committed themselves to delivering data in uniform formats.  These data sets are accessible at http://www.joss.ucar.edu/ghp/ceopdm/.  Coordinated satellite and model output fields are being developed for this same period to provide products that can be used in model development. 


The overall concept associated with CEOP plans and results includes an innovative effort to acquire global data sets and use data assimilation and other techniques to integrate in-situ and remote sensing data with model output to develop a global understanding of the water cycle.  It therefore contributes directly to the IGOS-P Global Water Cycle theme’s integration goals and represents a test of the ability of data collection and archiving centers, space agencies and numerical weather prediction centers to deliver the products required for an integrated system.  

6.5 Integrated Water Cycle Science



Integration of observational systems must proceed in harmony with a more integrated understanding of the Earth system.  In turn this understanding must be supported by science that is based on an integrated view of the Global Water Cycle.  The science behind the water cycle theme is directed at understanding some fundamental questions raised in Hornberger et al. (2000), GEWEX documentation and other sources.  The questions are aimed at looking at the water cycle in its entirety as opposed to single elements as a way to promote integration, not only of the science but in the observations, observational systems and models that support that science.  The principal questions that would provide a basis for integrated programs and address critical issues for observations are as follows:

a) Is the global water cycle accelerating (or intensifying), and if so is this the result of natural variability or anthropogenic effects?

b) To what extent can the water cycle be predicted over the globe, over a region and at a point for a range of time scales?

c) To what extent do variations in the water cycle lead to variation in other biogeophysical cycles and how will these other cycle respond to variations and longer term changes in the water cycle?

d) To what extent does the water cycle maintain the homeostasis of the earth system and is its stabilizing effect decreasing with time as a result of human use of water? 

e) How can integrated observational systems and science be developed to support a fully integrated approach to the management of the world’s water? 

6.6 The Path to Integration


As noted earlier, integration can apply to many activities.  However, for the Global Water Cycle theme integration means first products that are developed through the combination/ integration of all of the sensors, whether satellite or ground based, that are measuring a variable.  To achieve this goal the research and operational satellite data users will need to understand how the different data sets can be merged to form the best product possible.


To achieve this integration it will be necessary to have a framework within which integration can be done.  Although several frameworks are possible, it would seem that the one that incorporates most of the physical processes involved is a dynamic modeling framework such as that being used in the data assimilation systems would provide the best fit.


Organizational frameworks will ultimately be needed to implement full integration.  Although it may be too early to discuss such concepts for the global water cycle program there are opportunities to build water cycle inputs into integrating activities.  For example, the mandate of one joint NOAA/ NASA organizational unit is “to accelerate use of satellite data into NWS operational numerical prediction models.”  This joint unit will facilitate product integration by taking the following steps:

a) Enhance development and testing of model/assimilation algorithms,

b) Increase use of research and operational satellite observations in operational models,

c) Assess the impact of satellite observations in weather and climate applications,

d) Implement new data/new algorithms into operational models.

6.7 Recommendations


In order to facilitate the development of integrated data sets and integrated observational systems it is recommended that:

a) All projects adopted by the IGOS Water Cycle Theme have a component that contributes to data integration.

b) New Earth Observing Satellites missions should investigate blending of satellite products that optimize the accuracy of surface hydrologic predictions.  Also, ground validation sites with dense hydrologic measurements (e.g. precipitation, runoff, soil moisture) are needed to enable 

c) The error propagation issues to be quantified.

d) Space agencies should make a commitment to store all raw satellite obtained over the next two decades.

7. Linkages 
7.1 Roles and Responsibilities


The water cycle involves a broad range of international organizations and programs as well as national agencies. In terms of observational systems WMO and the GCOS, GTOS and GOOS programs will provide international coordination and ensure coordination amongst nations and agencies responsible for observing networks. At the international level, global research programs such as WCRP, IGBP and IHDP will provide the scientific guidance needed for the program.  Links will also be made with international programs such as UNESCO’s Hydrology for Environment, Life and Policy (HELP) and World Water Development Report (WWDR).  CEOS will be a central player since its working groups will be looked to for support for specific water cycle initiatives such as CEOP.  The WGSS CEOP project is an excellent start in this direction.  The Water Cycle Theme will only be successful if it has the full support of the Space Agencies through algorithm development and satellite data assimilation and data set development and distribution.  Other national programs such as the GEWEX Americas Prediction Project (GAPP) and the GEWEX Asian Monsoon Experiment (GAME) and centers such as ECMWF and NCEP will have an important role in data assimilation and links to data users.

7.2. Links within IGOS


An understanding of the water cycle components and their exchanges is fundamental to advancing global observational sciences. The cycling of water functions as a major driver of biophysical processes and biogeochemical cycling. Major components of the Ocean Theme dealing with evaporation from the oceans will provide essential understanding and data for the Water Cycle Theme. This interrelationship suggests a natural linkage exists between the IGWCO theme and other prior approved IGOS themes and therefore enables relationships to emerge amongst the IGOS-Partners. Because many of the themes have water as a commonality, the water cycle theme offers a focal point for theme interaction and integration. In particular, the Water Cycle Theme will develop strong links with the Ocean theme to deal with evaporation over the oceans; and the Carbon theme that involves many similar measurement and modeling issues regarding vegetated surfaces and the vadose zone.


Some infrastructure development requirements include the need for a greater emphasis on the development of a framework to respond to the need for integration and communication of information across disciplines and among scientists and policymakers. Multi-agency and multidisciplinary institutional and data resources will need to be targeted to develop standards and processes for sound data management. System upgrades need to include the implementation of tools to enable the communication among multiple data locations. The process to identify the data requirements of the program on a regular basis, including visualization, analysis, and modeling requirements needs to be strengthened.  

7.3 Links with other international water programs

7.3.1. Intra-IGOS Links


It is anticipated that IGOS Partners will utilize the Global Water Cycle theme to achieve many of their objectives.  For example, the Water Cycle Theme will draw extensively from and support the Global Energy and Water Cycle Experiment (GEWEX) and its sister programmes within the World Climate Research Programme.  As noted earlier, the WCRP/ IGBP/ IHDP/ Diversitas water cycle research agenda will require strong linkages with the Global Water Cycle theme.  There will also be many linkages between individual research programs of WCRP and IGBP (e.g., iLEAPS) that extend beyond this joint initiative. Both UNESCO and FAO/GTOS have objectives for applications activities that will have to be strongly linked to the IGWCO activities.  

7.3.2. Links with WCRP 



The World Climate Research Programnme (WCRP) has been heavily involved in the development of the IGOS Water Cycle Theme because the Theme’s products promise to be central to the objectives of WCRP and its individual programs.  Furthermore, much of WCRP’s research is needed to support the Theme’s goals of data interpretation, system integration and product development.  Priority research issues within WCRP involve assessing the nature and predictability of seasonal to interdecadal climate variations at global and regional scales; providing the scientific basis for climate services in support of sustainable development; detecting, attributing and projecting the magnitude and extent of human induced climate change, its regional variations and related sea-level rise, and providing advice and scientific information for the IPCC, UNFCCC and other Conventions.  


Within the WCRP program, the Global Energy and Water Cycle project has many goals that depend on or provide substantial inputs to the Global Water Cycle Theme.  GEWEX has identified the following principal questions to address, as part of its second decade’s priorities.  Each of these questions will create large demands for new products based on satellite and in-situ data.  The questions are:

a) Are the Earth’s Energy Budget and Water Cycle changing?

b) Can we predict these changes on up to seasonal-interannual time scales?

c) How do physical processes contribute to feedback and natural variability?

d) What are the impacts of these changes on Water Resources?


The GEWEX project is responsible for the development of some of the longest data sets derived from satellite data as well as new merged data products.  Projects that have played a central role in developing these global data sets include:

· ISCCP (International Satellite Cloud Climatology Project) which has produced a 20-year record of cloud information and radiation budget information for the globe.  This data set is being used to study trends in global cloudiness.

· GPCP (Global Precipitation Climatology Project) which has put together data sets to monitor global precipitation on a monthly and a pentad basis.  In using these data sets GEWEX has found that In contrast to the Northern Hemisphere where precipitation trends exist, no comparable systematic changes have been detected in broad latitudinal averages over the Southern Hemisphere.  This finding highlights the problem that there are insufficient data to establish trends in precipitation over the oceans.  ISLSCP – producing a 10-year co-registered data set of a wide range of surface variables using satellite observations and model outputs. 


New developments in remote sensing algorithms from the TRMM and EOS programs are expected to yield major advances in the derivation of the basic data sets (precipitation, net surface radiation, near-surface humidity and air temperature) used for this program and for other ambitious diagnostic studies, such as:

· Development of hydrologic models which can link hydrological processes across all scales. 

· Evaluation of the ability of hydrologic models to reproduce the observed natural variability, and the sensitivity of model outputs to modeling assumptions. 

· Application of hydrologic models to assess the impact of improved land surface process formulations on hydrologic forecasting, weather prediction and water resources management.

Other WCRP programs also have requirements for Global Water Cycle products to address their priority questions.  In particular, Climate Variability and Predictability Project (CLIVAR), which deals with developing prediction capability and assessing trends, is addressing questions related to prediction over many time scales.  Global data sets integrating both ocean and land surface characteristics are important for this work.  A sampling of the issues that CLIVAR deals with, are listed below:

· Will there be an El Niño next year?

· Will the monsoon cause droughts or floods?

· What will the next winter be like in northern Europe; ‘warm and wet’ or ‘cold and dry’?

· How is the planet warming from human influences?

· Will there be more extreme weather events because of global warming?


The Climate and Cryosphere Project (CliC) is another major global user of satellite data. It deals with the role of sea and fresh water ice, glaciers, ice sheets and ice caps, snow, frozen ground including permafrost in the climate system. CliC is expected to improve understanding of the physical processes and feedbacks through which the named cryospheric elements interact within the climate system. It has to further develop representation of cryosphere in models and to enhance its observation and monitoring.

CliC addresses questions such as:

· How stable is the global cryosphere and what changes in frozen ground regimes can be anticipated on decadal-to-century time scales that would have major socio-economic consequences, either directly or through feedback on the climate system?

· What will be the annual magnitudes, rates of change, and patterns of seasonal redistribution in water supplies from snow- and ice-fed rivers under climate changes?

· What will be the nature of changes in sea-ice mass balance in both polar regions in response to climate change?

· What is the contribution of glaciers, ice caps and ice sheets to changes in global sea level on decadal-to-century time scales?

· What will be impact of thawing permafrost and changing marine cryosphere on the global carbon cycle?


CliC projects as well as the GEWEX Continental Scale Experiments (CSEs) and CEOP could be valuable sources of validation data for the Water Cycle Theme.

7.3.3. Links with WMO


Many other links exist between the IGOS Water Cycle theme and the WMO.  GCOS will play an important role in the implementation of this strategy.  However, there are other WMO components, listed below that also have links with the Water Cycle Theme and will also contribute to the coordination of this theme.

Global Terrestrial Network – Hydrology (GTN-H): 


The GTN-H is a global hydrological “network of networks” for climate that is building on existing networks and data centres and producing value-added products through enhanced communications and shared development.  The goals of the GTN-H include meeting the needs of the international science community for hydrological data and information to address global and regional climate, water resources and environmental issues, including improved climate and weather prediction; and detecting and quantifying climate change, and assessing its impacts. The availability of and access to hydrological data would lead to the goal-directed synthesis of data and information primarily aimed at improved weather and climate prediction; characterizing hydrological variability to detect climate change; developing the ability to predict the impacts of change; and understanding the global water cycle in an integrated context of weather, water and climate
World Climate Program (WCP) -Water: 


This programme is implemented jointly by WMO and UNESCO and strives to provide the water community with science-based information on hydrological and water resources conditions and variations, in a climatic context, over a wide range of time and space scales.

The WMO has established a working group that is promoting linkages with the space agencies.  In particular it is promoting joint efforts between the WCRP and space agencies to turn separate sensor/ satellite data into globally integrated products for research.


There are a large number of national activities and international programmes with which the Water Cycle Theme will wish to develop strong linkages.  In particular, the Theme needs to have strong contributions and joint planning efforts with CEOS and its members including NASA, NASDA and ESA.  National water cycle programs such as those emerging in Japan and the USA will also have strong input to this program.

7.3.4. Links with UNESCO IHP and WMO/UNESCO HELP 


The UNESCO/ WMO Hydrology for Environment, Life and Policy (HELP) is a global network of basin projects in which hydrologic scientists work with stakeholders, resource managers and policy makers to resolve water related issues.  It seeks to integrate across all the physical, biological, and social sciences of relevance to the water resource issues identified by stakeholders, with the goal of making real improvements in basin management.  HELP was developed in recognition of the need to reverse the decline in global hydrological monitoring and experimental hydrology research over the last two decades and to facilitate better communication between the hydrological research community with water resource managers, water policy specialists and stakeholders.  It also encourages “policy-relevant” science which meets the most urgent land-water management issues across a spectrum of socio-economic and socio-cultural settings through the establishment of global network of HELP basins.


Potential linkages with the IGOS Water Cycle Theme exist as HELP basins are both generators and users of observation data and integrated data products.  HELP basins may provide prime sites for integrating in-situ and satellite data, for developing scientific understanding of water cycle processes, and for testing and implementing products in both experimental and operational settings.  The HELP network could be used to communicate applicable innovation in observation concepts and technologies.  More details on HELP can be found on the web site at http://www.unesco.org/water/ihp/help .


It should be noted that UNESCO has a number of other important hydrology programs including FRIEND and its data centers that contribute to the Water Cycle Theme.  These include research, application studies, assessments and data centers that support ground water, water quality and institutional arrangements and their role in water management.

7.3.5. Links with IAEA

             Links will also be made with the IAEA's Water Resources Program which collects, interprets and disseminates isotope data from various parts of the water cycle.  The global network of isotopes in precipitation (GNIP), operated by the IAEA in cooperation with the WMO, provides precipitation

isotope data that are used to characterize the sources and transport of moisture at regional and continental scale.  The use of GNIP data in GCMs has resulted in improved simulation of the hydrological cycle in these models.  Isotope-enabled GCMs have increased in number over the years and presently at least 5 GCMs can simulate the isotope compositions of precipitation.  Data collected within GNIP are freely available at the IAEA's website.  In addition to GNIP, the IAEA is developing global networks for isotope data on large rivers, air moisture, and leaf moisture which

would from precipitation, as well as for determining the impact of hydro-climatic changes on water resources.
7.4 Links with Sustainable Development


The applications variables in Table 2 have high relevancy to Agenda 21 and the outcomes of the World Summit on Sustainable Development (WSSD), including the sub-classes of applications that require real time or near real time operational monitoring of the state of the water cycle to plan access to water, sanitation, energy, biodiversity, production of food, avoidance of extreme events. The relevancy of IGOS-P to WSSD with respect to water is clearly linked to Summit resolutions that argue for better quantitative and comprehensive understanding of the water cycle, including use of remote sensing (Resolutions #27 and #104). 


Many of the applications considered in the IGOS-P Water Cycle Theme are also of direct support to the UN Conventions. For the Convention on Climate Change, change detection is embedded within several of the key hydrometeorological variables of the proposed IGOS-P, with variability and attribution studies of climate change requiring weather and hydrological event monitoring as well as data on ling term trends. For the Convention on Desertification, proposed IGOS-P observations will provide a mapping of progressive changes in desert extent and areas at risk, as well as monitoring of water and energy budgets to infer changing land surface conditions. For the Biodiversity and Ramsar Wetlands Conventions, studies linking hydrographic state and species-communities, with emphasis on inland streams, lakes, and wetlands are directly supportive. Habitat mapping based on hydrographic state in key, sensitive areas, together with operational monitoring of habitat are major potential contributions. 

7.5 Links with the Earth System Science Partnership Global Water System Project (GWSP) 


The Earth System Science Partnership (ESSP) brings together four global environmental research programmes in the integrated study of the Earth System, the changes that are occurring to the System and the implications of these changes for global sustainability.  The ESSP has selected four initial areas for focus during the coming decade:  water, carbon, food and health.  The thematic and geographic scope of the proposed IGOS-P observables is highly coincident with the interests and activities of the interdisciplinary Global Water System Project (GWSP). The IGOS_P Water Cycle Theme and GWSP should work as a partnership in addressing many water issues.  The GWSP is emblematic of large-scale global change, science-driven research programs, but is unique in promoting new human dimensions studies of the hydrosphere. An IGOS-P/GWSP partnership would provide an important testbed and context for water cycle observations within a broad research domain. Such a partnership would therefore ensure the timeliness of IGOS-P products to the sustainable development recommendations of the WSSD, Agenda 21, the Multilateral Environmental Agreements (MEAs), major water assessments, and emerging models of the coupled biogeophysical – social system.


The Global Water System Project (GWSP) is an ambitious study of rates of change in the Global Water System and their impacts on the Earth’s climate.  With anticipated economic development and population growth there will continue to be pressure on society to purposefully regulate and thereby modify the character of natural water systems, and to do so in the context of a changing climate. With the advent of global-coverage, geospatial data fields, the Earth Systems science community is rapidly developing a capacity to develop a comprehensive picture of the physical aspects of the global water cycle. There is a critical and urgent need to better articulate the global-scale nature of vulnerability of societies to water variability and change – in all its forms drawing on state-of-the-art remote sensing, GIS, and model outputs, in combination with local scale case studies. 


The GWSP could provide linkages between large scale processes and local scale phenomena and decision making.  The central premise of the Project states that:  “Humans have begun to affect the hydrologic cycle, its associated biogeochemical cycles, and it biological components in a globally significantly manner, yet without adequate understanding of how the system works. This in turn has enormous societal implications for managing imminent change and creating detrimental feedbacks to the global system as a whole.” 


GWSP issues and questions constitute major, unresolved issues in their own right, and require a comprehensive, interdisciplinary attack on the problem embodied within the GWSP. The GWSP will thus consolidate a series of efforts aimed at better understanding these individual science questions and use results from this exercise to support the overarching mission statement. The GWSP seeks to develop the kind of integrated, synthetic knowledge that is necessary to understand the global water system and its biogeophysical response to human action, and, in turn, analyze the response options available to humans in coping with emerging patterns of water scarcity. Key research issues of interest to the IGOS-P Water Cycle Theme include the treatment of disparate spatial and temporal scales and methods for collecting and analyzing data specifically targeted at synthesis study.


In the near-term, the effort will focus on a systematic assessment of required data sets and a formal program to collect this information worldwide. The result will be a first-generation integrated GWSP data archive, which will provide the information base for the ongoing analysis. Here the many IGOS-P data sets described throughout this report will be particularly important.  Over the next 2-5 years, the GWSP would facilitate development of first-generation models of the physical, chemical, biological, and socioeconomic aspects of the global water system. A decade from now, GWSP aims to help develop interactive models that will be cast to predict the responses and feedbacks in the global water system through human control of global freshwater resources.

                 
7.6 Contributions to Capacity Building

                    
Currently, the volume of data available for making decisions about water in the developing world is very large.  However the capacity to utilize these data in these countries is inadequate.  Water issues are frequently local issue, and local authorities must have access to the appropriate data and have a capability to analyze and interpret these data properly. Capacity building is required for processing, understanding, interpretation of the data, and correct utilization. Capacity building is not only essential for the operational bodies but also research and education communities. For the long term assessment of water issues, experts with adequate science experience in interpreting data and model outputs must be involved.

         
                      The IGOS Water Cycle theme will make many contributions to central water issues, particularly in developed countries that have the capacity to use new observational and prediction systems.  However, to realize the full potential of this theme to contribute to world development generally, and the Millenium goals in particular, and to provide effective contributions to the resolution of water problems in the developing world, the capacities of these developing nations must be increased so they can effectively acquire and use the necessary data.  Currently data networks and water management systems are underdeveloped in many countries.  However, the benefits of IGWCO and other IGOS themes could rapidly come through major upgrades to the technology and training of water managers in these developing countries.  The IGOS-P in partnership with appropriate UN agencies and the World Bank is encouraged to develop a strategy for increasing the capability of the peoples of this world by bringing the latest satellite and modeling capabilities to the developing world. 

7.7 Links with National and other Programs


A number of nations are developing programs to deal with variability in the water cycle.  New initiatives related to the water cycle have been launched in a number of developed countries including Japan, USA, and Germany.  In many cases these initiatives rely on water cycle measurements to support the new thrusts.


The Japanese Global Water Cycle Variation Initiative which began in 2003 addresses global water cycle variability, international water scarcity, flood damage mitigation, and water pollution and its impacts on ecosystem.  This initiative will focus on Asian issues initially and then expand to global ones.   This new initiative commenced in April 2003 under the CSTP (Council for Science and Technology Policy).  Japan has also established a team to address Water Cycle Theme issues.  Other related priorities in Japan deal with the Earth Observation program for its new space agency (JAXA) and the Japanese involvement in WSSD and its follow-up activities (MEXT, NASDA)


In the USA the Global Water Cycle Program (GWCP) is an interagency program, within the US Climate Change Science Program (CCSP), that brings together the research activities of federal agencies relating to variability and change in the water cycle and their impacts on ecosystems and human society.  The various agencies including NASA and NOAA support a coordinated research agenda focused primarily on observations, prediction, process understanding, and applications.    Improved global and regional observations and data systems are strongly advocated in these plans.  In addition, an important part of the Global Water Cycle strategy is to cooperate with international programs.  To this end, the GWCP has been actively engaged in development of the IGOS-Water Cycle Theme and other water cycle initiatives including the GWSP, and has provided coordination for US contributions to CEOP and HELP. 


In Europe, the European Commission under its sixth RTD Programme supports large research and observational projects in the areas of the hydrological cycle and Global Climate Observation Systems.  The Global Monitoring for Environment and Security (GMES) initiative also is being put in place by the European Commission (EC) and ESA in cooperation with their Member States.  It is an Intelligence System to provide timely and adequate information delivery.   In particular, GMES will provide operational information services, relying on in-situ space infrastructure, in support of public policies such as Environmental Governance (global and local), Civil Security, Resources Management and Food and Health Security.  It will rely on:

1) A space-based permanent global monitoring system

2) Additional in-situ observations

3) Operational modeling and forecasting centers

4) A network of users/customers

          GMES is a component of the ESA Earth Watch Programme that was approved for 5 years (2002-2006) and of the EC’s Sixth RTD Framework Programme (2003-2006).  GMES will contribute to the transition to operations of long term global monitoring services, provided by Europe; mechanisms for integrating Earth Observation datasets into high level spatial information services; distributed Service Centers for specific thematic information products and services, and a platform for preparing for and integrating data from new EO missions as and when available.  

7.8 Recommendations


Based on the findings of this review it is recommended that:

a) A review of the requirements for interdisciplinary research, integration and communication across the range of water cycle activities is needed.  This review is seen as a first step in determining how interdisciplinary research can be best supported through the IGWCO.

b) IGWCO works closely with GWSP to determine the data requirements over the next 10 years and to develop a plan to ensure those data needs are met.

c) WCRP/ GEWEX and IGWCO host a workshop on the measurement of water budget variables from space.

d) IGWCO explore the possibility of undertaking some initiatives related to indicators through the UNESCO/ WWRP activities.

e) IGWCO work closely with the space agencies to develop a strategy and proposals, where appropriate, to upgrade technologies and expertise levels in the developing world so they can access the full range of present and future global water cycle products.

8.    .8                                                  










































































Institutional and Funding Issues 
8.1 Overview


The continuity of measurements is crucial for research on climate trends, prediction models and the global water cycle. International programs can play a critical role in encouraging data continuity.  The commitments of various countries to data systems that support the Water Cycle Theme are described below.  The funding sources for hydrological observations are often diverse, because water measurements are often supported by agencies with mandates for weather forecasting, water resources management, environmental agencies, agricultural agencies, land protection agencies have activities relevant to surface and ground water.  For example, atmospheric water cycle observations have benefited from strong international coordination through programs such as the World Weather Watch (WWW) to support weather forecasting.  However, hydrological observations generally are funded by the federal and state governments to support local development priorities consequently many countries do not recognize the need for global collaborations or the critical need to share these data to help address global environmental issues such as the water cycle.  This causes a problem in harmonizing observations for the atmospheric and hydrologic components of the water cycle. 

Space agencies with research mandates generally are responsible for the development of new missions. Some space agencies focus on rocket and satellite developments and space exploration and tend to spend a large proportion of their budgets on new technologies. Operational space agencies will make an important contribution through the production of consistent long-term data sets that can be used in research, model development and operational services.  A strong Water Cycle Theme will need both innovative technologies for observing Earth, continuous long-term measurements and the transfer from research to operational observations. Other countries do not appear to be in a position to support space observations in part due to the large budget required and, in part, due to lack of a clear plan for transferring systems from research to operational status. 


In Japan, where numerous agencies receive funding to support in-situ measurements and the Space agency (JAXA) supports both operational and research activities, and the Japanese Government has established a Council for Science and Technology Policy (CSTP) under the Cabinet Office. The objectives for this Council are basic/comprehensive policy planning of science and technology and general coordination among the ministries concerned with large scale issues such as water. This development is intended to improve the flexibility and efficiency of the development of science and technology. Furthermore, the Japanese Government recognized the importance of water issues and launched a “Water Initiative” in 2003.   In addition, JAXA recognizes that the Earth observation missions are for public benefit as well as Earth system sciences. Thus, to promote Earth observation missions, JAXA strongly encourages participation by operational agencies.  JAXA is seeking to increase its collaboration with operational agencies.

In Europe issues related to the water cycle are handled by a range of different institutions and organizations. In-situ measurement networks generally are maintained by operational entities responsible for weather forecasting and resource management. Satellite systems and sensors are studied and developed by the European Space Agency (ESA) and national space agencies. The majority of missions being studied in ESA’s Earth Observation Envelope Programme are related to the water cycle, and the current ERS and ENVISAT satellites have a range of sensors that provide essential data for studying water cycle issues. Although there is no clear distinction between research and application/operational satellites, strong involvement of operational organizations such like EUMETSAT is encouraged in missions that have operational capabilities. EUMETSAT also has a number of operational satellites that routinely make water cycle related measurements. Development of models and assimilation algorithms and schemes is done in close collaboration with research institutes and operational organizations. The Global Monitoring for Environment and Security (GMES) programme, which is being implemented jointly by the European Union and ESA also have activities that are closely linked to the water cycle.   Innovations in the use of satellite data are also occurring in Europe where the European Centre for Medium-range Weather Forecasting (ECMWF) is a leader in developing the assimilation and use of satellite radiances directly in forecast production.


ESA has recently launched its O2 initiative, which is a strategy, intended to provide an alternative approach to developing the future Earth Observation operational infrastructure. While capitalizing on previous investments and successes, it will respond more directly to the sustainability of Earth Observation initiatives and overcome the current fragmented approach to planning observational strategies. There is some sentiment that the present lack of operational services may be a reason for the absence of long-term commitments from governments and private investors. 


In the USA most of the issues described in this report are subjects of ongoing discussion within and between the space agencies and the user community (both science and applications).  As issues and needs are identified, they are addressed to the extent possible within the constraints of budget and implementation logistics.  Generally, all data/information management systems are continually evolving, incorporating developments in observing systems including advances in instruments and algorithms, modeling including data assimilation models, and computers for data processing, archiving and distribution.  However, budgetary constraints often inhibit improvements and/or rapid advances in data/information management procedures and technology.  As regards user product generation and formats, there is an increasing emphasis placed on the provision of EOS satellite data, data assimilation products and data sets in GIS formats and products required by newly developing or developed “Decision Support” tools.


NOAA maintains a suite of operational satellites including both polar orbiting and geostationary satellites that are essential for maintaining national weather services and for addressing a range of environmental management issues.  NOAA produces a number of water cycle products based on operational satellite data.  NOAA is committed to providing these services and to maintaining its current suite of satellites.  NOAA will also support the development of the National Polar Orbiting Environmental Satellite System (NPOESS).  The NPOESS system brings together the needs of the meteorological agency for polar orbiting satellites and the need of the Department of National Defense for meteorological satellites.  NPOESS is being planned through a operations-research partnership since NASA is a major player in the programs development.  In addition to system planning, current activities include flight testing of the instruments and the demonstration and validation of sensors, algorithms and ground systems.  Through its NESDIS, NOAA provides the official archive for satellite data from operational satellites and provides through its research activities increases the quality and quantity of products and services available.  NOAA support the water cycle theme because of its potential to increase the user base for satellite products and the range of products that can be provided.  


NASA operates a suite of research satellites and has plans for a number of missions that will support the Global Water Cycle theme.  Recent missions that have been very supportive of the Global Water Cycle theme include.TRMM, AMSR, GRACE, EOS –Terra and EOS-Aqua.  The Global Precipitation Mission (GPM) and its supporting international satellites are widely endorsed by the water cycle community.  Other missions that could have substantial payoff for the Global Water Cycle theme include missions related to soil moisture, clouds and streamflow. In addition, proof of concept studies will increase our understanding of the best methods to measure the more complex water cycle variables.  


NASA is developing its own water cycle initiative within the framework for water cycle research laid out in the Climate Change Science Plan.  The goal of this plan is “to advance integrating models of the water and energy cycles at global scales that can predict variations in precipitation and hydrologic variability and exploit improved observations of precipitation, evaporation and land hydrologic states.” As noted in Section 5.4.7 NASA places a priority on the distribution of satellite data through the maintenance of a complex network of Active Data Archive centers.

           Other Space Agencies contribute to achieving the IGWCO goals.  For example, the Canadian Space Agency and the Meteorological Services of Canada are working together to undertake observational analyses and studies regarding the role of cryospheric processes in the climate system and the potential effects of climate change on the cryosphere.  These efforts will e helpful in understanding the cold climate aspects of the water cycle.  In-situ measurements obtained through these studies will be very critical in validating satellite measurements in cold regions.   

8.2 Recommendations


Based on this review it is recommended that for the Water Cycle Theme, and other activities as appropriate, research and operational agencies to develop plans and strategies for more seamlessly transferring technologies from research to operations.  To this end, IGWCO will require the support of a research-operations partnership to be successful.

9. Implementation Structure and Timetable

With CEOP now underway as a joint CEOS/ WCRP project, the IGOS-P Water Cycle theme is gaining experience in the implementation of large scale observing projects.   Based on this experience it is clear that the program will require management mechanisms that will ensure:

· Vigorous involvement of both research and operational organizations in the oversight and implementation of the Water Cycle Theme.

· Participation by those agencies that will play a central role in getting the work done.

· Participation by those scientists who can contribute the necessary scientific and data processing, archiving and distribution capabilities.

· Linkages with those programs and projects that will enable the theme to fulfill the IGOS-P expectations and to address IGOS-P interests in the area of water.


It is recommended that the leadership for the implementation of this theme be left with an small Executive Committee.  It is recommended that members of this IGWCO Executive include WMO on the operational side, WCRP on the Research side and CEOS to bring their considerable capabilities in planning and implementing satellite missions to the theme goals.  Within the WMO the World Weather Watch (WWW) Global Observing System (GOS) and the Global Terrestrial Network – Hydrology (GTN-H) which is a central component of the Terrestrial component of GCOS. and is cosponsored by GTOS.


The CEOP experience involved a process for the development of the concept through a number of workshops, the development of an initial science plan, the development of an implementation plan, the commitment of a number of agencies in different countries to the project, the establishment of a secretariat, an international coordinator, a lead scientist/ manager, a science committee a management level advisory group and ad hoc coordination groups as required.  While this structure may not be fully optimum, for every aspect of the program it is clear that CEOP is functional and has made significant progress in its implementation.

Implementation Timetable:

· November 2003: approval of the IGOS Water Cycle Theme

· January 2004: Publication of the IGOS-P Water Cycle Theme report.

· February 2004: Establishment of a Water Cycle theme management structure with the formation of :


1) An executive committee, 


2) A science committee and working groups, and 

3) A secretariat.  The secretariat would be located in one of the organizations that took the lead for implementation of the Water Cycle theme.

· June 2004: The Water Cycle Theme leaders will prepare a preliminary inventory of water cycle activities and a work plan to the next IGOS-P meeting for discussion.

· November 2004: The Water Cycle program theme team will seek approval for its work plan and launch some activities to follow on the observational phase of CEOP.

· June 2005: The Water Cycle theme will report to IGOS-P on its progress.

10. Recommendations Related to Implementation

The IGOS-P Water Cycle Theme report covers a broad range of issues, applications, system development, planning and research needs.  The recommendations arising from the discussions in different chapters are reviewed here for ease of reference.

Chapter 3:


It is recommended that an advisory group be established to support the emerging the IGOS-P Water applications activities. The group would be enlisted to monitor ongoing developments in the technical realm, to match these to high impact applications, to make specific recommendations on the science requirements of key water cycle observables and conduct demonstration projects to determine how these data can be more effectively used for decision making.  This group would include representatives from user communities and social scientists familiar with the science/ policy interface.

Chapter 4:


The following actions are recommended:

1) Sensor development:

a) Research should be carried out to improve the TRMM PR in sensitivity to light rain and ease of accurate calibration.

b) Research should be directed at the development of altimetry and other sensing techniques and algorithms that may make it possible to derive more information of streamflow and surface water distribution from existing and planned satellite systems.

c) Attention is given to the further development of multispectral sensors that will be able to provide freeze/ thaw patterns under different vegetation conditions.

d) Sensors for satellites be developed that will provide higher vertical resolution for profiles of humidity profiles.

e) Research into the development of a method to measure areal evapotranspiration from satellite through new sensor development and the development of new algorithms and modeling or assimilation systems is encouraged.

f) Techniques be developed and applied to probe the vertical distribution and optical properties of cloud particles in the atmospheric column, in order to provide measurement-based estimates of radiation flux divergence.

2) Satellite mission planning:

a) Improve coverage of satellite observations with improved instruments, with higher spatial and spectral resolution by employing more satellites to enhance the temporal sampling.  This is particularly important to make satellite precipitation measurements more useful.

b) The coverage of space-borne radar for precipitation measurements should be increased by extending the latitudinal coverage and lifetime limitations of these systems.

c) The capabilities to measure soil moisture from space have been demonstrated but committed missions are needed to perfect these measurements and to determine the utility of soil moisture measurements derived from space.

d) Drawing on experience with cold season satellite measurements and cold season field projects, plans should be developed for a satellite mission optimized to measure cold season processes and variables from space.

3) Algorithm development: 

a) Algorithms that combine and blend precipitation observations from all sources should be developed so that better precipitation products can be made available to users.

b) The relationships between surface soil wetness measured from satellite and deep soil moisture profiles need to be quantified.

c) Research is needed to find better ways of removing the vegetation effect from the signal that is being used to derive soil moisture.

d) Research leading to new algorithms and sensors to measure the water equivalent of snow on the ground under a wide range of vegetation conditions and emphasis should be given to designing improved algorithms to more effectively utilize existing data sources. 

e) Priority be given to research to exploring the use of data from GRACE and related satellites in inventorying ground water resources and monitoring their short term variability.

f) An assessment of the current satellite sensing capabilities for water quality variables and the Global Environment Monitoring System (GEMS) water quality database be carried out to assess where robust relationships can be developed between the satellite imagery and the chemical data.  

g) Efforts should be directed towards the development of universal algorithms for water quality variables, by focusing on the further development of analytical model algorithms.   

4) Field Campaigns:

a) Should be carried out to support the calibration of precipitation algorithms and to conduct research into the detailed microphysics of the precipitation process. These field campaigns could be the basis of better integration for precipitation products that utilize data from all sources.

b) A field project should be launched to deal directly with the measurement of snow, ice and snowmelt processes and conditions in a mountainous region.
c) Field experiments and satellite missions and field experiments to measure cloud properties be encouraged with the goal of addressing both precipitation process and energy budget issues. 

5)  In-situ systems

a) Alternative options for measuring streamflow to the current labor-intensive procedures (e.g. radar) be evaluated and, where appropriate, developed.

b) A network of high caliber radiosonde stations be established in the equatorial areas to provide measurements in those areas where vertical water vapor distribution is most critical for the radiation budget.

c) methodologies should be developed for correcting flux measurements to ensure that energy budgets measurements balance, particularly in areas where high elevation or cold season appear to affect the measurements of some fluxes.

d) An international body conduct an intercomparison of techniques related to the measurement of ground water availability and change with a view to recommending more standardized ways of processing and displaying groundwater information.

e)  Plans be developed to rescue historical and local records and to make them available for historical water cycle studies and the assessment of local water issues.

6) Data Systems

a) A system for routine collection and distribution of information on the area and, where available, levels of water in natural and man-made reservoirs and wetlands should be developed based on satellite and aircraft data.

b) All appropriate countries adopt an agreed upon procedure and protocols for collecting and correcting snow data.  Furthermore, national networks must be strengthened to ensure that the required Meta data to perform these corrections are collected.

c) The data streams from the current network of Global Position Systems be consolidated and the system migrated to a global operational network.

d) A plan should be adopted to make FLUXNET and related observational systems into an operational system.

7) System Planning

a) A coordinated plan for soil moisture networks should be developed first and the national and then at the international levels.

b) The extent to which long-term streamflow stations have decreased over the past two decades should be documented along with the factors leading to these decreases.

c) WMO should establish standards for the collection, processing and archiving of flux data.

d) Research is directed at evaluating the capability of the current network of groundwater wells to determine ground water change over the land areas of the earth.  Priority should be given to those areas where ground water is a resource that is currently under stress.

e) On behalf of IGOS-P, a select group (to be named by the Water Cycle team) review the needs of uses for information related to water use, socio-economic data, and man-made reservoirs and develop a recommendation on IGOS-P role in collecting and disseminating such data.

Chapter 5:


Based on the discussions in this chapter it is recommended that:

a) An inventory of current data services supporting the IGOS-P Water Cycle theme be developed.

b) A review of the effectiveness of WMO regulations on data exchange be undertaken.

c) A workshop be held with a broad cross-section of users of Water Cycle theme products.  The results of this workshop should be used to better define the objectives and services of future water archiving and distribution centers.

d) Plans be prepared to ensure that vitally-needed telecommunications infrastructure will be in place for the coming decades.

Chapter 6:


In order to facilitate the development of integrated data sets and integrated observational systems it is recommended that:

a) All projects adopted by the IGOS Water Cycle Theme have a component that contributes to data integration.

b) New Earth Observing Satellites missions should investigate blending of satellite products that optimize the accuracy of surface hydrologic predictions.  Also, ground validation sites with dense hydrologic measurements (e.g. precipitation, runoff, soil moisture) are needed to enable the error propagation issues to be quantified.

c) Space agencies should make a commitment to store all raw satellite obtained over the next two decades.

Chapter 7:


Based on the findings of this chapter it is recommended that:

a) a review of the requirements for interdisciplinary research, integration and communication across the range of water cycle activities is needed.  This review is seen as a first step in determining how interdisciplinary research can be best supported through the IGWCO.

b) IGWCO works closely with GWSP to determine the data requirements over the next 10 years and to develop a plan to ensure those data needs are met.

c) WCRP/ GEWEX and IGWCO host a workshop on the measurement of water budget variables from space.

d) IGWCO explore the possibility of undertaking some initiatives related to indicators through the UNESCO/ WWRP activities.

e) IGWCO work closely with the space agencies to develop a strategy and proposals, where appropriate, to upgrade technologies and expertise levels in the developing world so they can access the full range of present and future global water cycle products.

Chapter 8:

Based on this review it is recommended that for the Water Cycle Theme and other activities as appropriate, research and operational agencies work together to develop plans and strategies for more seamlessly transferring technologies from research to operations.
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Appendix B

Glossary of Acronyms

4DDA 


Four dimensional data assimilation 

ACSYS-CliC 

Arctic Climate System Study Climate and Cryosphere

AMSR


Advanced Microwave Scanning Radiometer

ARM 


Atmospheric Radiation Measurement Program 

ASIAN GAME
Global Energy and Water Cycle Experiment Asian Monsoon Experiment

ASOS


Automated Surface Observing System
ATMS

AVHRR 

Advanced Very High Resolution Radiometer

BOREAS 

Boreal Ecosystem-Atmosphere Study

CAMP 

CEOP Asian Monsoon Project

CCIW


Canadian Centre for Inland Waters

CEOP


Coordinated Enhanced Observing Period

CEOS


Committee on Earth Observing Satellites

CERES

Clouds & The Earths Radiant Energy System 

CSTP
 

Japanese Council of for Science and Technology Policy 
CSTP 


Council for Science and Technology Policy

DAAC 

Distributed Active Archive Centers

DIAL 


Differential Absorption Lidar
DIVERSITAS 
International Programme of Biodiversity Science

DODS              
Distributed Oceanographic Data Systems

DOE-ARM 

U.S. Department of Energy's Atmospheric Radiation Measurement 

DSS

ECMWF 

European Centre for Medium-Range Weather Forecasts

EDOS 


Earth Data Operations System 

ENVISAT

EPA-STORET 
US Environmental Protection Agency Storage and Retrieval

ERS 


European Remote Sensing 

ESA                 
European Space Agency

ETM+


Enhanced Thematic Mapper

EUMETSAT

European Organization for the Exploitation of Meteorological Satellites

FAO


Food and Agriculture Organization 

GAPP 


GEWEX Americas Prediction Project

GCIP 


GEWEX Continental Scale International Project 

GCM 


General Circulation models

GCOS


Global Climate Observing System

GDS                
GrADS-DODS Server

GEMS


Global Environment Monitoring Program

GEO 


Geostationary satellites

GEWEX 

Global Energy and Water Cycle Experiment

GLORI 

Global Registration of Land-Ocean River Inputs

GMES             
Global Monitoring for Environment and Security

GOCE

GOES 


Geostationary Operational Environmental Satellites

GPCC 


Global Precipitation Climatology Centre

GPCP 


Global Precipitation Climatology Project

GPM 


Global Precipitation Measurement 

GRACE 

Gravity Recovery and Climate Experiment

GRDC             
Global Runoff Data Center 

GrADS            
Grid Analysis and Display System

GSWP             
Global Soil Wetness Project

GTN-H 

Global Terrestrial Network for Hydrology

GTOS


Global Terrestrial Observing System 

GWSP 

Global Water System Project

HELP 


Hydrology for Environment, Life and Policy

HIRS 


High resolution Infrared Radiation Sounder

HYDROS

Hydrosphere State mission 

IAHS 


International Association of Hydrologic Sciences
IGOS-P

Integrated Global Observing Strategy-Partnership

IGWCO 

International Global Water Cycle Observation 

IHDP 


International Human Dimensions Programme 

ITU 


International Telecommunication Union

JAXA


Japan Aerospace Exploration Agency

JERS 


Japanese Earth Resources Satellite

LAI


Leaf Area Index

LBA 


Large Scale Biosphere-Atmosphere Experiment

LDAS 


Land Data Assimilation System  

LEO 


Low earth orbit

LTER


Long-term Ecological Research

MASTER 

MODIS/ASTER

MEXT 

Japan Ministry of Education, Culture, Sports, Science and Technology
MODIS 

Moderate Resolution Imaging Spectroradiometer

NASA


National Aeronautic and Space Administration
NCEP 


National Centers for Environmental Prediction 

NESDIS 

National Environmental Satellite Data and Information Service

NOAA


National Oceanic and Atmospheric Administration

NPOESS 

National Polar-orbiting Operational Environmental Satellite System 

NSCAT 

NASA Scatterometer

NSF 


National Science Foundation

NWP 


Numerical Weather Predictions
NWS


National Weather Service

ORNL-DAAC

Oak Ridge National Laboratory Distributed Active Archive Center 

PILPS


Project for Intercomparison of Land-surface Parameterization Schemes

POES 


Polar-orbiting Operational Environmental Satellites 

PUB 


Project for Ungauged Basins

QPE 


Quantitative precipitation estimation
RESAC

Regional Earth Science Applications Center 

SAR 


Synthetic Aperture Radar 

SeaBASS 

SeaWiFS Bio-optical Archive and Storage System
SeaWiFS

Sea-viewing Wide Field-of-view Sensor

SEBAL 

Surface Energy Balance Algorithm for Land

SIMBIOS

Sensor Intercomparison and Merger for Biological and Interdisciplinary 




Oceanic Studies

SMMR

Scanning Multichannel Microwave Radiometer 

SMOS


Soil Moisture and Ocean Salinity Mission

SPOT


Satellite Earth Observation System by Centre National d'Etudes Spatiales

SSM/I


Special Sensor Microwave/Imager 

SWE 


Snow Water-Equivalent

TM


Thematic Mapper

TRMM

Tropical Rainfall Measuring Mission

UCAR             
University Corporation for Atmospheric Research

WHYCOS

World Hydrological Cycle Observing System

                                                       Appendix  C

PRIORITY REQUREMENTS


The major application classes and specific priority issues are given in Table C.1. The wide scope of applications listed is highly coincident with the interests and proposed activities of the Global Water System Project of the Global Environmental Change Programs. The GWSP is emblematic of large-scale global change research programs. Thus, a growing correspondence of IGOS-P data sets to GWSP interests indicates that a coordinated hydrometeorological observational program is both timely and supportive of the interests of such initiatives more broadly. The applications table also directly supports the outcomes of the World Summit on Sustainable Development (WSSD), including the sub-classes of applications that require real time or near real time operational monitoring of the state of the water cycle --access to water, access to sanitation, energy, biodiversity, access to food, avoidance of extreme events. The relevancy of IGOS-P to WSSD is clearly linked to Resolutions #27 and #104 and argues for better quantitative and comprehensive understanding of the water cycle, including use of remote sensing. 


The applications in Table C.1 are also of direct support to several Multilateral Environmental Agreements. For the United Nations Convention on Climate Change, climate change detection is embedded within several of the key hydrometeorological variables of the proposed IGOS-P, with variability and attribution studies of climate change (e.g. thermokarsting, change glacier extent, changes in return frequencies) requiring weather and hydrological event monitoring. For the United Nations Convention on the Combat of Desertification (UNCDD), some of the Table 1 components can provide for a mapping of progressive changes in desert extent and areas at risk, as well as monitoring of water and energy budget to infer changing land surface conditions. For the Biodiversity Convention, studies linking hydrographic state and species/communities; emphasis on inland streams and lakes, wetlands is directly supportive. Habitat mapping based on hydrographic state in key, sensitive areas, together with operational monitoring of habitat are major potential contributions. For the RAMSAR Wetlands Convention, a global wetlands classification and mapping, connectivity to other inland water features to quantify hydrological function, inundation mapping, and, routine monitoring of wetlands condition could be major contributions of IGOS-P.

TABLE C.1.  There are two broad categories of IGOS-P applications and a listing of specific subject areas. The applications list is not intended to be exhaustive, but instead to identify key themes to which strategic investments in water cycle observations could yield important near-term benefits. 

	Societal/Operational Applications
	Components / Comments

	Weather and Climate Prediction
	Improve assimilation of hydrometeorological variables including soil moisture, atmospheric moisture, precipitation, and runoff

	Flood Forecasting 
	Extreme high flow situations; flash floods, ice jams, and larger river corridor floods (e.g. upper Mississippi, Mozambique).

	Drought Monitoring and Prediction
	Longer-term climate variability; systematic drought monitoring; agricultural impact assessment

	Water Resource Assessment, Planning, and Management
	Strategic monitoring (includes groundwater, surface water, engineering infrastructure/operations, water quality), compilation/interpretation of water use, consumer behavior, analysis of potential efficiency improvements

	Land Use Planning and Management
	Land cover hazard and suitability assessments; flood protection through planning 

	Ecosystems and Water Quality Assessment
	Integrated data sets of water chemistry variables, may require both in situ and specialized remote sensing 

	Agriculture
	Assist in monitoring hydrometeorological (including soils) condition; for global change studies help to map irrigable lands and reconcile with documentary reports

	Fisheries & Habitat Management
	Water status of inland waters, wetlands and terrestrial ecosystems for habitat mapping; hydraulic condition of inland waters/wetland state (e.g. stream depth, velocity, inundation)

	Human Health
	Mapping of waterborne disease condition and vector habitat (e.g. malaria, cholera)

	Telecommunications
	Characterize Earth’s atmosphere to support improved transmission capabilities in civilian and governmental applications

	Science Applications                    
	                Components / Comments

	Impacts of Humans on the Water Cycle
	Analysis of both direct (land use change, urbanization, water resource management) and indirect (greenhouse effect); includes  changes to both quantity and quality 

	Global Biogeochemistry
	Water-associated fluxes; wet soil and wetland-induced trace gas fluxes; horizontal transport of sediment, carbon, biogeochemical fluxes via runoff/river discharge; terrestrial, inland aquatic, ocean productivity


Appendix D

Brief Summary of the Third IGOS-P Water Theme Workshop


The workshop was held at the Westin Resort and Conference Center, Awaji Island, Hyogo, Japan on the morning, March 14, 2003 under the auspice of the National Space Development Agency of Japan (NASDA). The workshop session was part of NASDA’s two-day symposium titled “Space Platforms for Water and Climate Observation” for March 13 and 14, 2003. The number of participants are only around ten but, from major organization relevant to the water theme, such as NASDA, NOAA, ESA and experts.

Current status of IGOS-P water theme including the schedule was introduced by Rick Lawford. A review of the second workshop at ESTEC, Netherlands, Japan’s situation, and CEOP status were reported by E.-A. Herland (ESA), K. Nakamura (NASDA), and T. Koike (Univ. Tokyo). K. Nakamura emphasized the societal issues on water and C. Vorosmarty introduced GWSP which is a project with recognition of the relationship between water and human activities. Thus, it was recognized that simple observations of rainfall, soil moisture, snow cover and others are not enough. Researches and assessments of anthropogenic impact to and from the water cycle should be well considered. They are also essential for specifying the requirements to observation systems of global water cycle.


The session was chaired by K. Nakamura and many comments below were presented and generally accepted.
1) The water has a vast scope and strong relationship with human society. The water cycle variation to human society and ecosystem should be mentioned.

2) Anthropogenic impact is not only global like global warming, but also local and direct. For examples, the river control, irrigation and deforestation have direct effects on the water cycle.
3) Precipitation always has the highest priority. Following the precipitation, soil moisture, snow cover, and others are required.

4) Future specific mission, such as multi-satellite GPM should be described. Continuous records and consistent measurements are critical.

5) Complementary feature of space-based and ground-based measurements should be kept in mind. Ground validation sites include not only one site observation but basin scale sites. Current GPCC type mission should be supported. In addition, new efforts, such as, super site, super basin observation should be implemented.

6) Data archiving/process/distribution is necessary for handling huge data.

7) Processing and interpretation of huge data to information are essential. Much of end users would like to have concise information instead of huge data.

8) Smooth transition of observations from research mode to operational mode is required.

9) International activities should be implemented with recognition of various funding manners, since the funding varies from country to country.

10) Data availability and access are important for full utilization of the observation data. So, they should be written.

11) “Super site” type ground-based observation sites are required for full satellite utilization. CEOP is a good precursor under international cooperation.

12) Capacity building is essential for the data utilization in developing countries, and should be written as part of strategy.

13) Relationships with other activities, such as GEWEX may be listed as an annex.

Appendix E

A Global Operational Water Quality/ Remote Sensing Program


The ultimate goal of a global operative remote sensing is to provide a continuous, reliable, spatial water quality product for management purposes. The broad objectives of an operational freshwater remote sensing program include:

1) Monitor in near-real time water quality constituents, including chlorophyll, suspended solids, temperature, and color. Additional constituents may be added as science advances.

2) Produce a freely accessible water quality data base and summary statistics, updated in a timely fashion.

3) Provide information and support to local/national water quality personnel. Additionally, provide support for other global interdisciplinary programs such as those found in WHO, WMO, and UNESCO.

Tasks that are carried out in concert to address these objectives will include:

1) Further characterization of the spectral signature of the inland waters and determining the inherent optical properties of dissolved and suspended substances from waters of varying latitudes, containing varying algal species composition, terrigenous mineralogy, and DOC. 

2) Coordination and or develop local field monitoring effort for calibration/validation procedures. Investigate current global monitoring programs that collect in situ samples of constituent concentrations, water optical properties, bathymetry, and atmospheric parameters. Deploy remote in situ monitoring equipment at key indicator sites similar to SeaWiFS program. Coordination with hydrologic monitoring efforts including possible satellite-based program.

3) Continued development of platform and sensor technology with requirements outlined above, to address the unique challenges of freshwater systems.

4) Develop data processing tools to handle the enormous amounts of collected data from high spectral/spatial resolution. Development of data integration procedures and dissemination tools

APPENDIX F

Key Variables/Parameters required (as a subset of the Earth/Climate System)  for the Observation and Monitoring of the Global/Regional Water Cycle and Energy Cycle Processes; “W” Denotes G-W&E Focus.  See footnote for other abbreviations.

	STATE VARIABLES (SV)
	EXTERNAL FORCING OR FEEDBACK VARIABLES (FV)

	
	

	(1) ATMOSPHERE 
	

	
	

	• wind  (I/S)[W]
	• sea surface temperature (I/S )[W]

	• upper air temperature (I/S)[W]
	• land surface soil moisture/temperature (I/S)[W]

	• surface air temperature (I/S)[W]
	• land surface structure and topography (I/S)

	• sea level pressure (I) 
	• land surface vegetation (I/S)[W]

	• upper air water vapor (I/S)[W]
	• GHGs, ozone  & chemistry, aerosols (I/S)[W] 

	• surface air humidity/wv (I/S)[W]
	• evaporation and evapotranspiration (I/S)[W]

	• precipitation (I/S)[W]
	• snow/ice cover (I/S)[W]

	• clouds (I/S)[W]
	• SW and LW radiation budget--surface (I/S)[W]

	• liquid water content (I/S)[W]
	• Solar Irrad. & Atm. SW/LW radiation Budget (S)

	
	

	(2) OCEAN
	

	
	

	• upper ocean currents (I/S)
	• ocean surface wind & wind stress (I/S)[W]

	• surface ocean temperature (I/S)[W]
	• incoming surface shortwave radiation (I/S)

	• sea level/surface topography (I/S)
	• downwelling long wave radiation (I/S)

	• upper ocean surface salinity (I/S)[W]
	• surface air temperature/humidity (I/S)[W]

	• sea ice (I/S)[W]
	• precipitation (fresh water/salinity flux) (I/S)[W]

	• mid and deep ocean currents (I)
	• fresh water flux from rivers & ice melt (I/S)[W]

	• sub-surface thermal structure (I)
	• evaporation (I/S)[W]

	• sub-surface salinity structure (I)
	• geothermal heat flux--ocean bottom (I)

	• ocean biomass/phytoplankton (I/S)
	• organic & inorganic effluents (into ocean) (I/S)

	
	

	(3)TERRESTRIAL:           

LAND/WATER 
	

	
	

	• topography/elevation (I/S)
	• incoming  shortwave radiation (I/S)[W]

	• land cover (I/S)[W]
	• net downwelling long wave radiation (I/S)[W]

	• soil moisture/wetness (I/S)[W]
	• surface winds (I)[W]

	• soil structure/type (I/S)
	• surface air temperature & humidity (I/S)[W]

	• vegetation/biomass vigor (I/S)
	• evaporation & evapotranspiration (I/S)[W]

	• water runoff (I/S)[W]
	• precipitation (I/S)[W]

	• surface ground temperature (I/S)[W]
	• land use & land use practices (I/S)[W]

	• snow/ice cover (I/S)[W]
	• deforestation (I/S)

	• sub-surface temp & moisture (I/s)[W]
	• human impacts--land degradation (I/S)

	• soil C,N,P, nutrients (I)
	• erosion, sediment transport (I/S)

	• necromass (plant litter) (I)
	• Fire occurrence (I/S)

	• sub-surface biome/vigor (I)
	• volcanic effects (on surface) (I/S)

	• land use (I/S)[W]
	• biodiversity (I/S)

	• ground water (& subterra flow)(I/S)[W]
	• chemical (fertilizer/pesticide & gas exchange) (I)

	• lakes and reservoirs (I/S)[W]
	• waste disposal & other contaminants(I)

	• rivers and river flow (I/S)[W]
	• earthquakes, tectonic motions (I/S)

	• glaciers and ice sheets (I/S)[W]
	• Nutrients and soil microbial activity (I)

	• Water-turbidity, N, P, dissolved O (I/S)
	• coastal zones/margins (I/S)[W]


Table 1: Summary of “State” and “Forcing/Feedback” variables required to observe the major components of Earth system.  In “square bracket” parenthesis, “[W] denotes the key variables and parameters required for the observation and monitoring of the “Water/Energy Cycle” and water/energy cycle processes.  This Table is cross-referenced to the Table in Chapter-12 (Observations) for convenience.  Some Titles have been modified in keeping with the nomenclature used by the Draft GCOS  2nd Adequacy Report to the UNFCCC (Dated December 2002).  In parenthesis, “I” (“S”) denotes measurements that can be made by in-situ (space-based) instruments and that operational or systematic (research) observing systems/networks and international programs exist.  An  “i” (“s”) denotes that the in-situ (space-based) measurements made are restricted in space and/or time coverage, or that operational monitoring and data exchange systems do not exist, or that the measurements made are insufficient in accuracy or precision.  In some cases, the parameters flagged by an “i” (“s”) may see significant improvements in the near future.

Tables 2, and 3 with space/time and accuracy etc. requirements also available, but included here.

[Reference: Adapted from Unninayar S. and R. A. Schiffer, Wiley, 2002: “Earth Observing Systems.”  Volume I, The Earth system: Physical and chemical dimensions of global environmental change, Encyclopedia of Global Environmental Change (Editors: Michael MacCracken and John Perry; Editor-in Chief: Ted Munn), John Wiley & Sons, Cichester, 2002, pp 61-81. ISBN 0-471-97796-9.]
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