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INTERNATIONAL WORKSHOP EXAMINES THE ROLE OF SPACE TECHNIQUES TO MEASURE SPATIO-TEMPORAL CHANGE IN TERRESTRIAL WATERS The Earth is a complex system whose surface fluid envelopes (atmosphere, ocean, land, ice sheets, and lithosphere), mantle and core interact on a variety of spatial and temporal scales. The surface fluid envelopes interact among themselves in a complicated way, resulting in climate variations and other geophysical phenomena. Furthermore, interactions between the Earth as a whole and its surface fluid envelopes can take a variety of forms: for example, motions inside the oceans and atmosphere transfer angular momentum to the solid Earth, producing fluctuations of the Earth's rotation; water-mass redistribution inside and among atmosphere, oceans and terrestrial reservoirs affects the Earth's gravity field, modifies the position of the Earth's center of mass, and produces changes in the global mean sea level; and because water mass loads the solid Earth, its redistribution produces vertical deformations of the Earth's crust. While angular momentum exchange among atmosphere, oceans and solid Earth has been abundantly studied over the past two decades, effects of water mass redistribution on the Earth system have been less investigated. It is only recently that space geodesy techniques have provided reliable observations of temporal variations of Earth's gravity field, center-of-mass position, global mean sea level, and vertical crustal deformations [Chao et al., 2000]. In addition, global information on water mass redistribution, especially on land, on time scales ranging from months to decades, did not exist until recently. Terrestrial waters represent less than a mere 1 % of the total amount of water on Earth. However, they have crucial impact on terrestrial life and human needs, and play a major role in climate variability. Excluding the ice caps, fresh water on land is stored in various reservoirs: snow pack, glaciers, aquifers and other geological formations, root zone (upper few meters of the soil), and surface waters (rivers, lakes, man-made reservoirs, wetlands and inundated areas). Land waters are continuously exchanged with atmosphere and oceans through vertical and horizontal mass fluxes (evaporation, transpiration of the vegetation, surface and underground runoff). Although improved description of the terrestrial branch of the global water cycle is now recognized as being of major importance for climate research as well as for inventory and management of water resources, the global distribution and spatio-temporal variations of continental waters are still poorly known because routine in situ observations are not available globally. So far, global estimates of spatiotemporal change of land water storage essentially rely on hydrological models, either coupled with atmosphere/ocean global circulation models and/or forced by observations. Concerning surface waters, in-situ gauging networks have been installed for several decades in many river basins, distributed non-uniformly throughout the world. In situ measurements provide time series of water levels and discharge rates, which are used for studies of regional climate variability as well as for socio-economic applications (e.g., water resources allocation, navigation, land use, hydroelectric energy, flood hazards). Gauging stations, however, are scarce or even absent in parts of large river basins due to geographical, political or economic limitations. Moreover, since the beginning of the 1990s, numerous in-situ networks have declined or stopped working, because of political and economic factors [Shiklomanov et al., 2002]. Recently, remote sensing techniques have been used to monitor components of the water balance of large river basins on time scales ranging from months to decades. Among these, two are particularly promising: satellite altimetry for systematic monitoring of water levels of large rivers, lakes and floodplains [e.g., Birkett, 1998, Mercier et al., 2001, Maheu et al., 2002] and new space gravity missions for measurement of spatio-temporal variations of total terrestrial water [Wahr et al., 1998, Dickey et al., 1999]. Other remote sensing techniques, such as Synthetic Aperture Radar



2 (SAR) Interferometry [Alsdorf et al., 2000, Alsdorf et al., 2001,] and passive and active microwave observations [e.g., Prigent et al., 2001] also offer important information on land surface waters, such as changing areal extent of large wetlands. By complementing in situ observations and hydrological modelling, space observations have the potential to improve significantly our understanding of hydrological processes at work in large river basins and their influence on climate variability, geodynamics and socio-economic life. Unprecedented information can be expected by combining models and surface observations with observations from space, which offer global geographical coverage, good spatio-temporal sampling, continuous monitoring with time, and capability of measuring water mass change occurring at or below the surface. A grand challenge for the future is to assimilate space-based hydrological products into models (global/regional climate models, regional water-management models.), as now is done in meteorology and oceanography, for both scientific and operational applications. To address these issues, a workshop sponsored by the Centre National d'Etudes Spatiales (CNES) was organized that included over 80 participants from 12 countries. This 3-day workshop involved scientists who work in large-scale hydrology, climate modelling, regional hydrology, water resources management, space geodesy and remote sensing. These scientists learned about the respective scientific concerns of others, and discussed how space observations can help in better understanding of the terrestrial branch of the global water cycle and how to improve and validate space-based hydrological products, exchange data and model results, and assimilate data into models. Future common work plans involving the different communities and concrete actions were also discussed. The workshop was organized around a few main themes, focusing on global hydrological modelling, spatio-temporal change of surface waters, and contribution of space techniques to measure hydrological variables, with a specific session devoted to application of satellite altimetry to the global monitoring of surface waters. Global hydrological modelling: objectives, state-of the art, future requirements; contribution of space observations Over recent decades, the growing use of climate modelling has given rise to the development of global land surface models (LSMs) to provide realistic temperature and humidity boundary conditions to atmospheric models. Since the simple bucket hydrology of Manabe in the late 1960’s, these LSMs have experienced significant improvements [e.g., Wood et al., 1997, Laval, 1997, Douville et al., 1999, Milly and Shmakin, 2002]. Multi-layer soil models have been developed. The role of vegetation in precipitation interception and transpiration has been considered explicitly. Cold processes, such as snow accumulation/melting and soil freezing/thawing have been included. The sub-grid variability of precipitation, vegetation and soil moisture has been considered in various ways. A full description of the carbon cycle and of the vegetation dynamics has been introduced for climate change studies. Finally, River Transport Models (RTMs) also have been developed to route the runoff produced within each grid cell toward the river mouth. Such LSMs can be either driven by observed fluxes (precipitation and radiation) and near-surface meteorological variables (temperature, humidity and wind) or coupled with atmospheric models. While the first technique can be used to validate the LSMs or to produce a land surface analysis, many studies have been based on coupled models and have shown the relevance of the landatmosphere interaction for simulating climate variability on a wide range of space and time scales. Many land surface parameters exert a strong influence on the surface fluxes of water and energy, and thereby on the atmosphere. Some of these parameters are generally prescribed (soil depth and soil albedo for example), while others are prognostic variables (i.e., predicted state variables). In the latter category, soil moisture and snow mass are particularly important since they show a significant variability and a sufficient memory to affect atmospheric predictions, not only at short and medium ranges, but also at the seasonal timescale. Land surface feedbacks are also important



3 in climate change studies, where they can modulate the consequences of increased amounts of greenhouse gases in the atmosphere. Unfortunately, the conclusions of these coupled studies rely on the assumption that the land surface variables are perfectly simulated, which is not easy to verify given the lack of global climatologies for hydrological variables like soil moisture and snow depth. It is therefore crucial to develop strategies for validating the LSMs. This was the main objective of PILPS (Project for Intercomparison of Land-surface Parameterization Schemes, Pitman and Henderson-Sellers, 1998). Preliminary tests have been based on in situ observations, generally collected during specific field experiments. Though very instructive, such local simulations are not sufficient to explore the issue of sub-grid variability or to validate carefully the runoff parameterization. For this reason, additional off-line experiments have been based on well instrumented river catchments. Nevertheless, such experiments are necessarily limited (both in space and time) and do not provide a global evaluation of the LSMs. For this reason, another international initiative (International Satellite Land Surface Climatology Project, ISLSCP) has been launched to provide land surface modellers with a realistic global atmospheric forcing at a 1° by 1° degree resolution. This forcing has been used to drive state-of-the-art LSMs in the Global Soil Wetness Project (GSWP, Dirmeyer et al., 1999), thereby allowing modellers to compare their results on the global scale. However, the accuracy of such simulations remain very difficult to evaluate. The main strategy is to use a RTM to transform the gridded runoff into river discharge that can be compared with available in situ measurements. Such a methodology provides a first assessment of the water balance simulated on the basin scale, but has several shortcomings. Only the runoff component of the surface water balance is validated. The finer is the time scale, the more sensitive is the simulated discharge to possible deficiencies in the RTM. Many river basins are influenced by human activities and cannot be used for a detailed evaluation of modelled runoff (Vörösmarty and Sahagian, 2000). Therefore, land surface modellers have much to gain from current and future satellite observations to provide global hydrological datasets (soil moisture, water storage, river discharges, etc.) that could be used to evaluate their models. While the first step is clearly a comparison of simulated and satellite derived physical parameters, the next step is probably to develop sub-models to simulate observed fields, such as brightness temperatures and regional gravity anomalies within the LSMs, thereby making possible a direct comparison of model outputs with satellite measurements, and providing the basis for data assimilation. Global monitoring of total terrestrial water mass from space In March 2002, a new generation of gravity missions was launched: the Gravity Recovery and Climate Experiment (GRACE) space mission. The objective of GRACE is to measure spatiotemporal variations of the gravity field with an unprecedented resolution and precision, over time scales ranging from a few months to several years. As gravity is an integral of mass, these spatiotemporal gravity variations represent horizontal mass redistribution inside the Earth system. On time scales from months to decades, mass redistribution mainly occurs inside the surface fluid envelopes (oceans, atmosphere, ice caps, continental reservoirs) and is related to climate variability. The main application of GRACE is quantifying the terrestrial hydrological cycle: GRACE will provide vertically integrated water mass change (inside aquifers, soil and surface reservoirs) over large river basins, with a precision of a few mm in terms of water height and a spatial resolution of ∼100 km [Wahr et al., 1998, Rodell and Famiglietti, 1999, Swenson et al., 2003]. No such measurements were available globally before the launch of GRACE. Applications of surface waters monitoring by satellite altimetry Water level measurement by satellite altimetry has been developed and optimized for open oceans. Nevertheless, the technique is now applied to obtain water levels of extensive inland seas, lakes,



4 rivers, floodplains and wetlands. Several satellite altimetry missions have been launched since the early 1990s : ERS-1 (1991-1996), Topex/Poseidon (1992- ), ERS-2 (1995- ), Jason-1 (2001- ) and ENVISAT (2002- ). ERS-1, ERS-2 and ENVISAT have a 35-day temporal resolution and 80 km inter-track spacing at the Equator. Topex/Poseidon and Jason-1 have a 10-day temporal resolution and 350 km inter-track spacing at the equator. The combined global altimetry data set has now a decade-long history and is intended to be continuously updated in the coming decade. Combining altimetry data from several in-orbit altimetry missions will increase the spatio-temporal resolution of the sensed hydrological variables. Radar altimetry has, however, a number of limitations over land because radar waveforms (e.g., raw radar altimetry echoes after reflection on the land surface) are complex and multi-peaked due to interfering reflections from water, vegetation canopy and rough topography. These effects result in less valid data than over oceans. The radar altimeters onboard the three European Space Agency (ESA) satellites, ERS-1, ERS-2 and ENVISAT, have special modes to acquire data over non-ocean surfaces in a robust manner. However, systematic reprocessing of raw radar waveforms with optimized algorithms will provide decade-long time series of terrestrial water levels, at least over large (> 1 km width) rivers [Berry, 2003]. This data set will be evaluated by comparison with ground measurements and its accuracy quantified in relation with river morphology. In addition to revealing the spatial and temporal signature of climate variability on water levels, systematic use of satellite altimetry in large river basins might support initialization and verification of models used in forecasts of hydrological variability, and, possibly, estimates of river discharge where rating curves can be established by surface-based methods. Another important application of altimetry in hydrographic basins is the determination of vertical references linked to the terrestrial reference system in which in situ hydrographic measurements can be expressed [Kosuth et al., 2003]. Passive and active microwave techniques for observing surface waters and snow Passive and active sensors operating at visible and microwave frequencies can be used to map inundation areas and to delineate floodplains [Smith, 1997]. For example, Prigent [2001] showed that, by combining passive microwave from radiometry, active microwave scatterometer observations and normalized difference vegetation index derived from visible and near-infrared observations, it is possible to study temporal fluctuations and extent of inundated areas and floodplains. SAR Interferometry also offers important information about extensive floodplains by spatially measuring small water-level changes [Alsdorf et al., 2000]. Because of the important role played by wetlands and floodplains in biogeochemical cycles, including CO2 and methane exchange with the atmosphere, and the preservation of aquatic biodiversity, it is of crucial importance to better understand their spatio-temporal dynamics and hydrologic exchange with main rivers. Microwave radiometry is also currently used to quantify snow depth [Mognard-Campbell and Josberger, 2002]. Combination of space techniques The combination of observations from GRACE, satellite altimetry, and other space systems (e.g., active and passive microwaves, SAR Interferometry, visible and radar imagery) offer potential for creation of various types of hydrological products [e.g., Alsdorf et al., 2003, Bjerklie et al., 2003, for surface hydrology]. Used together with in situ measurements and hydrological modelling, these space-based hydrological products will greatly improve our understanding of the continental branch of the global water cycle. However, except for the GRACE mission, current space sensors have not been designed for land hydrology applications. Implementation of sensors specially designed for land hydrology will thus require new space missions. Some are already planned in the near future for measuring soil moisture : SMOS –Soil moisture and Ocean Salinity- [Berger et al.,2003] in Europe, and Hydros, -Hydrospheric States Mission- [http://essp.gsfc.nasa.gov/hydros] in the USA.



5 Optimized sensors for measuring surface waters levels and, possibly, approximate surface velocities are currently being proposed, in particular in the USA [Alsdorf and Lettenmaier, 2003]. On the other hand, an increased collaboration is needed between water resources managers, hydrologists and specialists of space techniques in order to ensure that space-based hydrological products will also provide valuable information for operational water management. Initiatives such as the “Water Resources” part of Global Monitoring for Environment and Security (GMES) of the European Commission (EC) and European Space Agency (ESA) are dedicated at strengthening this approach. The need for global data of land water mass change in space geodesy Because of ever-increasing technological advances, space geodesy is now able to measure temporal change of many global geodynamics parameters : - Earth's rotation speed (or equivalently, length of day), - Motion with respect to the Earth of the rotation pole (polar motion) - Spatio-temporal changes of the gravity field - Temporal change of the Earth dynamical flattening - Motion of the Earth's centre-of-mass - Vertical displacements of the Earth crust - Global sea level variations As indicated above, variations of these parameters, on time scales ranging from months to decades, partly result from water mass redistribution inside the surface fluid envelopes. While until recently hydrological variables (soil moisture, underground waters and snow) were needed by space geodesists to validate and interpret their results, the geodynamic parameters can now be used as external constraints to the global hydrological models. For example, the global mean sea level, as currently measured by satellite altimetry, exhibits an annual cycle of about 10 mm amplitude (once corrected for thermal expansion), caused by exchange of water between land and oceans. Comparison between observed sea level and global land models’ predictions indicates that snow is the largest contribution [e.g., Milly et al., 2003]. However, state-of-the art models do not perform equally well to reproduce the annual integrated land water mass change. Space geodesy-based observations may thus help detect large-scale land model deficiencies. Recommendations The workshop concluded with a general discussion led by a few panelists, with an active participation of the audience. The main questions addressed were: -



What are the current and future challenges in large scale hydrology, and how to face them ? Do space observations provide valuable information on land hydrology? How to strengthen the collaboration between the two communities (hydrologists/climate modellers and space observations scientists)? From the discussion, two specific recommendations were identified:



1. Creation of an International Project for Exchange and Evaluation of Simulated and Remotely Sensed Hydrologic Variables • •



It was recommended that a project for the exchange and evaluation of global data sets on hydrologic variables be designed. The project will focus on those variables representing major domains of storage of continental waters (snowpack, natural and artificial surface-water bodies, soil water, ground water) and major fluxes (precipitation, total evapotranspiration, river discharge), any of which may be affected by or, in turn, affect human activities.



• • • • • •



6 Data sets to be contributed will include those derived from remote sensing and those obtained by simulation of hydrologic processes. Evaluation of remote sensing data and model outputs will include comparison with in situ observations; therefore this international project will have to establish a collaboration protocol, including data exchange with existing in situ networks. Efforts will be made to ensure maximum temporal overlap of contributed data sets Contributed data sets will be accompanied by documentation sufficient to inform all participants how the data sets were created. Consideration will be given to seeking the sponsorship of this project by the Global Water and Energy Cycle Experiment (GEWEX) Consideration will be given to exploiting the results of related GEWEX projects (e.g., the second Global Soil Wetness Project and the CEOP "Coordinated Enhanced Observing Period" ) within the proposed project.



2. Creation of a European Working Group on Hydrologic Observations from Space • •



• • • • • • • •



The establishment of a European scientific working group, under the auspices of ESA, on hydrologic observations from space was recommended. The objective of the working group will be to promote the application of existing space observations, as well as of near future missions (e.g., CryoSat, Jason-2, SMOS), to problems in hydrology, and express the requirements for future space-borne hydrology mission, as well as the necessary ground-based observations to support the validation of space-borne data products. Problems in hydrology of relevance to the group range from those at the scale of local water management to the global scale. Membership will be split more or less equally between scientists concerned with the observational process and those concerned with application of the data. Membership will include scientists whose primary concern is ground-based observation. The working group will promote cross-border communication on space observations in hydrology within Europe. The working group will promote access for developing countries to hydrologic observations from space and seek collaborations to share ground-based and space-based hydrology observations. The working group will promote communication between the scientific community and space agencies. The working group will promote communication with relevant working groups at international level. The working group will organize scientific meetings having a focus on problems of space observations for hydrology, as well as ground-based observations necessary to support the validation of space-borne techniques. The participants to these science working group meetings will be drawn from both space-borne and ground-based observations experts as well as modellers assimilating these data.



In the USA, the Surface Water Working Group, funded by NASA (National Aeronautics and Space Administration)'s "Terrestrial Hydrology Program", was created in 2002 [Alsdorf et al., 2003]. Its primary objective is to determine observational requirements for global land hydrology applications using space techniques, in situ observations and data assimilation. Its ultimate goal is to identify new space-based technologies capable of fulfilling these requirements. The creation of an ESArelated European working group, would facilitate exchange of ideas and information on these topics between both sides of the Atlantic, and might eventually lead to a joint mission totally dedicated to land hydrology.



7 The workshop on "Global Hydrology from Space" was held September 29-October 1, 2003, in Toulouse, France. Authors Article prepared by A. Cazenave, LEGOS-CNES, Toulouse, France, P.C.D. Milly, USGS, Princeton, USA, H. Douville, CNRM, Toulouse, France, USA, J. Benveniste, ESA/ERSIN, Frascati, Italy, P. Kosuth, Cemagref, Montpellier, France and D. Lettenmaier, University of Washington, USA. For additional information, contact A. Cazenave, Laboratoire d’Etudes en Geophysique et Oceanographie Spatiales, Centre National d’Etudes Spatiales, Toulouse, France; E-mail: [email protected] , and J. Benveniste, European Space Agency, ESA/ESRIN, Frascati, Italy; E-mail: [email protected]; http://earth.esa.int/riverandlake. References Alsdorf D.E., Melack J.M., Dunne T., Mertes L.A.K., Hess L.L. and Smith L.C., Interferometric radar measurements of water level changes on the Amazon flood plain, Nature, 404, 174-177, 2000. Alsdorf D.E., Birkett C., Dunne T., Melack J. And Hess, L., Water level changes in a large Amazon lake measured with spaceborne Radar Interferometry and altimetry, Geophys. Res. Lett., 28, 2671-2674, 2001. Alsdorf D., Lettenmaier D. and Vorosmarty C., The need for global, satellite-based observations of terrestrial surface waters, EOS, Trans. AGU (84), 29, 269-280, 2003. Alsdorf D.E. and Lettenmaier, D.P., Tracking Fresh water from space, Science, 301, 1492-1494, 2003. Berger et al., Measuring the moisture in Earth soil, ESA Bulletin 115, August 2003. Berry P.A.M., Altimeter waveform retracking for land/ocean use, Proceedings of the 2002 International Altimetry Workshop, Wuhan, China, in press, 2003. Birkett C., Contribution of the Topex NASA radar altimeter to the global monitoring of large rivers and wetlands, Water Resour. Res., 34, 1223-1239, 1998. Bjerklie D.M., Dingman S.L., Vorosmarty C.J., Bolster C.H. and Congalton R.G., Evaluating the potential for measuring river discharge from space, J. Hydrology, 278, 17-38, 2003. Chao B.F., Dehant V., Gross, R.S., Ray R.D., Salstein D.A., Watkins M.M. and Wilson C.R., Space Geodesy monitors mass transports in global geophysical fluids, EOS, Trans. AGU (81), 22, 247-249, 2000. Dickey J.O., et al., Satellite gravity and the geosphere : contributions to the solid Earth and its fluid envelopes, EOS, Trans. AGU, 79 (20), 237-243, 1998. Dirmeyer, P.A., Dolman A.P. and Sato N., the pilot phase of the Global Soil Wetness Project, Bull Am. Meteo. Soc., 80, 851-864, 1999. Douville H. and Chauvin, Relevance of soil moisture for seasonal climate predictions, Climate Dyn., 16, 719-736, 2000. Kosuth et al., Establishment of an altimetric reference network over Amazon basin using satellite radar altimetry, in preparation for J. Remote Sens., 2003. Laval K., Hydrological processes in GCMs, NATO ASI Series, vol. I 46, 1997. Maheu C., Cazenave A. and Mechoso R., Water level fluctuations in the La Plata basin South America) from Topex/Poseidon altimetry, Geophys. Res. Lett.,30, 3, 2003. Mercier F., Cazenave A. and C Maheu, Interannual lake level fluctuations in Africa from TopexPoseidon : connections with ocean-atmosphere interactions over the Indian ocean, Global and Planet. Change, 32, 141-163, 2002.



8 Milly P.C.D. and Shmakin A.B., Global modelling of land water and energy balances: 1. the Land Dynamics model, J. Hydrometeorology, 3, 283-299, 2002. Milly P.C.D., Cazenave A. and Gennero M.C., Contribution of climate-driven change in continental water storage to recent sea level rise, PNAS, in press, 2003. Mognard, N.M. and. Josberger E.G., Northern Great Plains 1996/97 seasonal evolution of snowpack parameters from satellite passive microwave measurements, Ann. Glaciol., 34, 15-23, 2002. Pitman, , A.J. and Henderson-Sellers A., Recent progress and results from the project for the intercomparison of land surface parameterization schemes, J. Hydrology, 128-135, 1998. Prigent C., Matthews E., Aires F. and Rossow W.B., Remote sensing of global wetlands dynamics with multiple satellite data sets, Geophys. Res. Lett., 28, 4631-4634, 2001. Rodell M. and Famiglietti J., Detectability of variations in continental water storage from satellite observations of the time dependent gravity field, Water Resour. Res., 35, 2705-2723,1999. Schilkomanov A.I., Lammers R.B. and Vorosmarty C.J., Widespread decline in hydrological monitoring threatens Pan-Arctic research, EOS Trans. AGU, 83, 13-16, 2002. Smith L.C., Satellite remote sensing of river inundation area, stage and discharge : a review: Hydrological Processes, 11, 1427-1439, 1997. Swenson S., Wahr J. and Milly P.C.D., Estimates accuracies of regional water storage anomalies inferred from GRACE, Water Resour. Res., in press, 2003. Vörösmarty, C.J., and D. Sahagian, Anthropogenic disturbance of the terrestrial water cycle, Bioscience, 50, 753-756, 2000. Wahr J. , Molenaar M. and Bryan F., Time variability of the Earth’s gravity field : Hydrological and oceanic effects and their possible detection using GRACE, J. Geophys. Res., 103, 3020530229, 1998. Wood E., Lettenmaier D., Liang X., Nijssen B; and Wetzel S.W., Hydrological modelling of continental-scale basins, Annu. Rev. Earth Planet Sci., 25, 279-300, 1997.
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