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1. BACKGROUND
Soil moisture is an environmental descriptor that integrates much of the land surface hydrology and is the interface between the solid earth surface and the atmosphere.  As important as this seems to our understanding of hydrology, the related ecosystem dynamics, and biogeochemical cycles, it is a descriptor that has not had widespread application in the modeling of these processes.  The main reason for this is that it is a very difficult variable to measure, not at a point in time, but at a consistent and spatially comprehensive basis.  The large spatial and temporal variability that soil moisture exhibits in the natural environment is precisely the characteristic that makes it difficult to measure and use in earth science applications.  For the most part our understanding of the role of soil moisture in hydrology, ecosystems and biogeochemistry has been developed from point studies where the emphasis has been on the variability of soil moisture with depth.  Much of our failure to translate this point understanding to natural landscapes can be traced to a realization that soil moisture varies greatly in space but with no obvious means to measure the spatial variability.  As a parallel consequence, most models have been designed around the available point data and do not reflect the spatial variability that is known to exist.

The status of soil moisture measurements at the end of the first decade on International Climate Research in 1990 was expressed by a USA National Research Council Review Panel (NRC, 1992):


The lack of a convincing approach to global measurement of soil moisture is a serious problem. Passive and active microwave methods are being considered. The passive approach that seems to be the most effective in principle cannot yet be put into practice because its antenna requirements are beyond the capabilities of the EOS platforms.  The EOS SAR has promise but needs funding . Even these instruments can sense water only in a shallow layer at the surface where vegetation is short, sparse or non existent.  Furthermore, soil moisture in this shallow layer has strong diurnal variability, being dependent on the highly variable physical properties of the soils; even very accurate measurements of this moisture from a polar orbiter might be difficult to interpret.  Thus,  indirect observational constraints on soil moisture used in an assimilation procedure are needed to develop global data sets for soil moisture and evapotranspiration, At present, lack of experience with such approaches may be a serious problem.”

The increasing research in land surface processes in the early 1990’s served as an impetus to alleviate the problem of measuring/estimating soil moisture identified  in the NRC report quoted above.  A few of these activities relevant to the focus of the soil moisture workshop on hydrometeorological and hydroclimatological applications  are summarized in the remainder of this section
1.1 Soil Moisture Monitoring
Routinely measured soil moisture for hydrology and land-atmospheric interactions has the potential to significantly improve our understanding and ability to model these processes.  Accurate accounting for soil moisture is essential for modeling land-atmosphere processes and for mesoscale weather forecasting.  In addition,  many hydrologic processes display a unique signature that is detectable with microwave remote sensing in the form of soil moisture patterns.  These signatures portray the spatial heterogeneity of hydrologic processes and properties that one encounters in drainage basins.  The hydrologic processes that may be detected include ground water recharge and discharge zones, storm runoff contributing areas, regions of potential and less than potential evapotranspiration, and information about the hydrologic properties of soils and heterogeneity of hydrologic parameters.  The time series of these signatures can be used to estimate important information about the hydrologic properties of soils.  These signatures may also provide the key on how to treat the spatial heterogeneity found in natural basins.  The spatial and temporal patterns of soil moisture can be used to objectively subdivide drainage basins into hydrologically similar sub-basins or units that exhibit similar behavior for the various hydrometerological processes.
1.1.1 In-situ Measurements

In-situ measurements of soil moisture have been made by a number of countries around the globe during the past 70 years.  Robock, et al (2000) describe a global soil moisture data bank dedicated to collection, dissemination and analysis of soil moisture data from around the globe. The data bank, as of late 1999, had soil moisture observations from over 600 stations from a large variety of global climates, including the former Soviet Union, China, Mongolia, India and the USA. Most of the data are in - situ gravimetric observations of soil moisture; all extend for at least six years and most for more than 15 years.  Most of the stations have grass vegetation, and some are agricultural.
Recent advances in the technology of soil moisture measurements coupled with the scientific interest generated by climate-related research has increased the interest in establishing networks over different areas of the globe. A few examples are given in the following paragraphs.
There are three large organized soil moisture observing programs in the USA: the long-term Illinois measurement program, the  Natural Resources Conservation Services and a multi-scale network in the states of Oklahoma and Kansas referred to as “MOISTNET”
The Illinois network includes soil moisture measurements at 19 stations (18 grass-covered and one bare soil sites) from 1981 to the present.  This network provides data for the longest period in the USA suitable for some early climatological studies. The data measurement, calibration procedures and preliminary results for the period from 1981 to 1991 have been given by Hollinger and Isard (1994).
The Soil Moisture/Soil Temperature (SM/ST) pilot project was initiated in 1991 with the installation of 21 stations located in 19 states in the USA to test the feasibility of establishing a national soil-climate monitoring program.  Its purpose was to examine network communications, sensors, data collection electronics, station maintenance, data management, system interfaces, and management of a large national program. In late 1998, the SM/ST project data was made available to users via the internet World Wide Web.  The data can be accessed at: <http://www.wcc.nrcs.usda.gov>.  The pilot project has accomplished it’s original objectives of 1) identifying the type of equipment required to monitor the soil-climate interface, 2) demonstrating the feasibility of a national soil-climate network, and 3) making the data available to users.  These results   formed the basis for a plan to implement a Soil Climate Analysis Network (SCAN) for the USA and has several stations operating in conjunction with the existing SM/ST network. (Schaefer, 2000).

A multiscale network of heat dissipation sensors for measuring soil moisture and soil temperature was installed beginning in 1996 consisting of 132 stations taking observations as frequently as every 30 minutes.  This is a joint project of the Oklahoma climate Survey, the Agricultural Research Service , and the Atmospheric Radiation Measurement program. (ASK Karen for material)

The Australian Bureau of Meteorology Research Centre and the Cooperative Research Centre for Catchment Hydrology are  developing a program for modelling the hydrological balance of the Murray-Darling River basin, the longest river system in Australia. During the first two years, which started in July 2000,  the emphasis is on the evaluation of the predictions and refining the formulations of the (Viterbo and Beljaars, 1995) land-surface scheme used in the Australian Bureau of Meteorology's operational mesoscale NWP model (12.5km resolution), against available surface flux and soil moisture measurements. An essential component of this initial stage is the design of a targeted soil moisture measurement program to be established in the second year. The second phase from July 2002 - 2006 will expand the project to document the full hydrological balance of the Murray-Darling River basin and develop applications for the use of the refined land-surface forecasts available in real time(Mills,2000).

1.1.2 Model-Derived Estimates
The lack of routine observations of soil moisture has led to the use of surrogate measurements and modeled estimates as substitutes which limits the possibility of verification and intercomparisons among ‘non-standard” estimates of the quantity.  One of these is referred to as “soil wetness” which refers to the amount of soil water computed from a land-surface model.  The Global Soil Wetness Project(GSWP) is an ongoing modelling activity of the International Satellite Land Surface Climatology Project (ISLSCP). One of the goals of the GSWP is to produce state-of-the-art global data sets of soil moisture, surface fluxes, and related hydrologic quantities.  A Pilot Phase of the GSWP made use of the ISLSCP Initiative I data to produce a two-year global data set of soil moisture, temperature and , runoff, and surface fluxes by integrating one-way uncoupled land-surface parameterizations (using externally specified surface forcings and standardized soil and vegetation distributions) (Dirmeyer, Dolman and Sato, 1999).

1.1.3 Estimates Derived from Remote Sensing

It has been shown that the soil moisture can be measured by a variety of techniques using all parts of the electromagnetic spectrum.  However, only microwave remote sensing has demonstrated the ability to quantitatively measure soil moisture under a variety of topographic and vegetation cover conditions.  A number of experiments using truck mounted sensors, aircraft, and spaceborne sensors have shown that a thin layer, on the order of 5 cm or greater, of the soil can be accurately measured.   Thus microwave  remote sensing now provides us with a potential capability to make frequent and spatially comprehensive measurements of the near surface soil moisture.

There have been a number of field experiments during the decade of the 1990’s which included the derivation of soil moisture estimates from remotely sensed data. Noteworthy is a series of field experiments in the state of Oklahoma in the USA in 1992, 1997 , 1999 and plans for another in 2001.  These have been quite  successful at addressing a broad range of science and instrument questions relevant to remote sensing of soil moisture.  The focus of the first three field experiments was on the algorithm development for deriving soil moisture estimates from microwave data.The main elements of the 2001 experiment are validation of the Advanced Microwave Scanning radiometer (AMSR) brightness temperature and soil moisture retrievals, extension of instrument observations and algorithms to more challenging vegetation conditions, and the evaluation of new instrument technologies for soil moisture remote sensing. Two versions of the AMSR instrument will be launched in the 2001-2002 time frame on the Aqua (AMSR-E) and ADEOS-II platforms. A primary science objective is the study of the interaction of soil moisture and the atmospheric boundary layer.
1.2 Analysis and Prediction
The topic of analysis and prediction of soil moisture for hydrometeorological and hydroclimatological applications  can be considered from three viewpoints:

1) The importance of soil moisture;

2) The need to predict soil moisture; and, 

3) The predictability of soil moisture.

Recent publications which illustrate each of these three considerations are the following:

Koster, Suarez and Heiser (2000) conducted a series of general circulation model simulations, spanning a total of several thousand years to assess the impact of land surface and ocean boundary conditions on the seasonal-to-interannual variability and predictability of precipitation in a coupled system.  In characterizing the contributions of ocean, atmosphere, and land processes to precipitation variance they identified two results: 1) land and ocean processes have essentially different domains of influence, that is, the amplification of precipitation variance by land-atmosphere feedback is most important in regions that are least affected by sea surface temperatures; and 2) the strength of land-atmosphere feedback in a given region is controlled largely by the relative availability of energy and water there.

Pielke, et al, (1999) used a climate version of a regional atmospheric model to demonstrate that the seasonal evolution of weather is dependent on initial soil moisture and landscape specification.  Coupling this model to a land-surface model, the soil moisture distribution and landscape are shown to cause a significant nonlinear interaction between vegetation growth and precipitation.  These results demonstrate that seasonal weather prediction is an initial value problem. Moreover, on seasonal and longer time scales the surface characteristics such as soil moisture, leaf area index, and landcover type must be treated as dynamically evolving dependent variables, instead of prescribed parameters.

Schlosser and Milly,( 2000) investigated soil moisture predictability and the associated predictability of local, continental climate as an initial value problem.  Using a coupled land-atmosphere general circulation model (GCM) with climatological sea-surface temperatures, ensemble forecasts are designed to assess the extent to which initial soil-moisture fields influence the variance of future predictands (i.e. soil moisture, near-surface temperature, and precipitation).  For soil moisture, the decay of the influence on its variance (or “explained variance”) with forecast lead time is exponential, and a predictability time-scale is defined accordingly.  The predictability timescales range from about a week (in the tropics, subtropics, and summer initializations at mid-latitudes) to a few months (fall and winter initializations at high and mid-latitudes).

1.3 Soil Moisture Workshops in the 1990’s

Several workshops have been held during the past decade which emphasized the topic of soil moisture.

The aim for the Soil Moisture  Workshop held in Tiburion, California, USA in 1994  was to identify the scientific requirements of the atmospheric, hydrologic and ecological disciplines for soil moisture observations. These requirements would then define the conceptual framework and scientific strategy for the development and deployment of global monitoring systems of soil moisture using in situ and remote sensing techniques.  The Workshop concluded that with recent advances in both knowledge and practice, an opportunity is clearly at hand to establish a comprehensive scientific framework for the global monitoring of soil moisture. A thorough understanding of the sensor and related algorithms and a rigorous argument for required sampling and accuracy are necessary elements of a scientific framework that supports and sustains the development of a global monitoring system(Ming-Ying Wei, 1995). One of the major conclusions from this Workshop was that a complicating factor in soil moisture, in addition to heterogeneity of soil properties and land surface attributes, is the complex control of the land surface energy and water balance by the atmosphere and the soil.  This control is further modulated by plant activities in the root zone.  Observing and understanding the switch between the control by the atmosphere and the control by the soil is central to the design and implementation of any monitoring system of soil moisture.  The scientific presentations at this Workshop led to a special issue of the Journal of Hydrology on Soil Moisture theories and Observations (Georgakakos, 1996)which focused on soil moisture with three themes:

(i) theories of soil moisture behavior and dynamics;

(ii) on-site and remote sensing measurement practices; and

(iii) utilization of soil moisture data in scientific research in hydrology, hydrometeorology and soil science.  

The Soil Moisture Simulation workshop held in Sydney, Australia in 1994 was designed to assess soil moisture simulation in current landsurface schemes used in atmospheric, hydrological and ecological models, and to increase the understanding of soil moisture parameterisation.  The major conclusions of this workshop were (Shao, et al, 1994);

(i) Current evaluations of soil moisture are quite unreliable even with carefully specified landsurface parameters and accurate atmospheric forcing;

(ii) Predictions for future soil moisture and drainage are extremely uncertain; and, 

(iii) The large uncertainty in the simulations indicates that results from “interactive vegetation” or carbon budgeting models that depend on soil moisture and transpiration should be interpreted with great caution.  The presentations at this workshop led to a special issue of the Global and Planetary Change Journal focused on Soil Moisture Simulation (Henderson-Sellers, 1996)
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2. WORKSHOP CONSIDERATIONS AND FRAMEWORK

The Global Energy and Water Cycle Experiment (GEWEX) Science Steering Group at its session in 1998, noting the rapid progress in modeling land surface processes and developing a coupled land-hydrology/atmospheric model for weather and climate prediction, recommended that a workshop on soil moisture should be held.  The GEWEX Hydrometeorology Panel was the logical group to coordinate this effort.  The GEWEX Continental-scale International Project (GCIP) and International Satellite Land Surface Climatology Project (ISLSCP)  agreed to take the lead in coordinating this effort.  In parallel with this GEWEX effort on soil moisture, the International Geosphere Biosphere Programme /Biospheric Aspects of the Hydrologic Cycle (IGBP/BAHC) was developing plans to hold a Workshop on modeling root water uptake in hydrological and climate models.  Discussions among the BAHC and GEWEX groups led to the joining of efforts for the two workshops.  As a result there were two workshops set up under a Joint BAHC and GEWEX sponsorship:

1) BAHC/GEWEX Workshop on Modelling Root Water Uptake in Hydrological and Climate Models held from 30 September to 2 October 1999 at Gif-sur-Yvette, France.

2) GEWEX/BAHC International Workshop on soil Moisture Monitoring, Analysis and Prediction for Hydrometeorological and Hydroclimatological Applications held from 16 to 18 May 2000 at the University of Oklahoma, Norman, Oklahoma, USA

2.1 Workshop Objectives

In considering the progress in land surfaces processes and modeling which entails the complex aspects of soil moisture it was decided that the Workshop needed to focus on an overall objective designed to : 

 - develop a  strategic plan  for the next five years in soil moisture monitoring, analysis and prediction for hydrometeorological and hydroclimatological applications which 

 - -  Identifies and recommends  priorities for research;
- -  Demonstrates the scientific and technical feasibility of implementing   a global system  through one or more pilot projects or an 
evolutionary series of pilot projects; and, 

 - -  Contributes to the design of a global system which could be operational by the end of this decade.
It was pointed out in the first section that the soil moisture research and development activities relevant to hydrometeorological applications have been accelerating since the mid 1990’s.  A Poster session to include ongoing research in the deliberations  was therefore made a part of the workshop during the first afternoon and evening.  The complete Agenda for the Workshop is given in Appendix A.
2.2 Characteristics Of A Global System
A plenary discussion at the workshop was held to achieve a common understanding about the characteristics of a global system for soil moisture monitoring, analysis and prediction.  The characteristics of this system are to provide measurements and/or estimates of volumetric soil water content on at least a daily basis at a 50 km resolution and at vertical resolutions consistent with vegetative rooting depths within the resolution grid.  The participants agreed that assessments of the utility of soil moisture data products at 25 and 10 km horizontal resolution would also be helpful as inputs to the design of a future global operational system.

It was generally agreed that a soil moisture monitoring system will be model based with the in situ and remotely sensed measurements used primarily for validation and evaluation of the model-derived fields.  One can consider  a coupled land-hydrology/atmospheric model as the basis for producing soil moisture analysis and prediction data products.  However, the current weakness in General Circulation Models(GCMs) in accurately predicting precipitation could necessitate the use of uncoupled models to produce these data products.

The Workshop focused on applications in agriculture, hydrology and meteorology and a broad area of “statistical risk management”

Draft(6/19/00)

3.  SOIL MOISTURE MONITORING

T. Jackson, J. Basara and P. Dirmeyer

The Work Session on soil moisture monitoring made use of the characteristics of a global system given in Section 2 as a starting point to address the operational and research issues related to three individual components (in situ, modeling, and remote sensing) as well as the integration and relationships of these into an optimal system.

There was a general agreement that the optimal approach to monitoring would be a combination of model derived estimates using in situ measurements and estimates derived from remote sensing data as input data for assimilation or for evaluation of the model derived estimates.  In this regard, each method produces soil moisture values that are both unique and  complementary. A critical issue for such a global monitoring system is that - all elements need  a better understanding of scaling, aggregation and disaggregation in both the temporal and spatial domains. 

The primary product of a global soil moisture monitoring system with a daily frequency and a 50-km resolution seemed to be an appropriate and feasible technological goal that could be achieved within this decade.

3.1 In-Situ Measurements
Much of the discussion on in situ sampling involved the geographical aspects of network design.  Where to place instrumentation will of course depend upon what it is used for.  There were at least four models that might be used: Political, Grid, Index, and Super site.

The political model is the distributions by some level of government organization, i.e.,  County, state, and country.  This is not a recommendation – just recognition of one set of forces that influence the process.

A second approach is to lay out a uniform grid based upon goals and resources.  This has some benefits in ensuring that the sampling is not biased.  However, the resources needed for even a very coarse grid would be extremely large.

The third approach is the use of reference stations.  These would be key sites determined by a combination of climate, soils, vegetation and geographic balance.  There is considerable merit in this approach and developing the tools to make these decisions needs further research.  The main  issue is -  How should we determine the best choices for  reference sites?

Finally, super sites could be used.  By this we mean a smaller number of key locations with dense instrumentation that would allow a better definition of the state and flux variables in both the satellite and model grid/footprint.  These sites can also provide the basic knowledge needed on covariance at these scales necessary to define the averages, which would aid in the expansion to new sites and could serve as Reference sites distributed around the globe.

Research is needed on how to efficiently combine these alternatives.  This includes basic studies on variability and causes as well as exploiting historical data and existing networks. The main issue is --How should we determine the critical features in designing a  network which include the observation  density, distribution, redundancy, accuracy, and temporal sampling to ensure representativeness, transferability and applicability within reasonable  cost constraints?

Another key issue , especially for reference sites is the placement of sites.  Do you place these in the dominant land use or do you place them in small grass plots?  The former is the exception in the current practice due to difficulties such as placing a site in the middle of a farmer’s field. However, measurements from such sites  this is what we really need for both modeling and remote sensing.   The second approach of placing the sites in small grassplots is desirable by achieving the stable measurement environment needed for climate research.  It is recommended that reference sites make use of a paired installation with one over a small grass plot and another in the dominant land use.

Vertical profiles of soil moisture measurements and the number of measurements at each site are current a matter of choice based on the users of the data. There is a need to establish standard depths - especially if different user groups with different objectives are involved. It was recommended that an in - situ measurement site consist as a minimum, measurements at 5, 15 and 100 cm with three measurements at each depth. 

The complement of measurements made by the USDA/NRCS Soil Climate Analysis Network (SCAN) was considered a good baseline for each soil moisture measurement site.  In addition to the soil moisture and temperature profiles this includes the atmospheric measurements of air temperature, relative humidity, precipitation, solar radiation and wind speed. All measurements in the SCAN network are made at hourly intervals.  The primary issue is - What co-located measurements are required or desirable that can augment soil moisture measurements?

A number of the soil moisture sites around the globe have discontinuous or short term records which makes them of limited utility for climatological records.  How do we ensure continuity in the measurement record, and incorporate existing and past measurements to provide long-term monitoring of trends and variability?
There are few soil moisture and temperature sensor systems available today, especially for automated measurements. The existing instrument alternatives need to be studied.  Resources for further research and development to improve the complement of sensors available and make them more affordable for operational use, especially by the lesser-developed countries of the world.  In this regard it is recommended that the World Meteorological Organization place a higher priority on the soil moisture and temperature profile measurements for applications to Agriculture, Hydrology and Climate in addition to the more conventional Numerical Weather Prediction using coupled land-hydrology/atmospheric coupled models.  

The existing sensors for in-situ measurements use different approaches to make the basic measurements such as a heat dissipation matric potential sensor. The conversion from the basic sensor output to a volumetric water content is in many cases site dependent. A fundamental issue with in-situ soil moisture measurements is to make these site dependent measurements compatible across large areas for use in regional and global data sets. A set of measurement and calibrations standards is needed for this purpose. The scaling of in - situ point measurements to satellite and model output resolutions will be difficult.  Studies that address this through theory and experimentation are necessary.

3.2 Remote Sensing
The development of improved remote sensing systems should be accelerated and a scientific basis for the tradeoffs of spatial resolution and costs should be established.

On the issue of spatial resolution, there are at least two important points.  First, a resolution of 50 km for soil moisture  products will satisfy many of the current requirements for hydrometeorological and hydroclimatological applications.  Emphasis need to be placed on achieving good reliability and accuracy as a pilot demonstration of the capabilities that could be achieved from an operation system of this type.  One advantage of a higher resolution system is to provide multiple samples that could be used to define a combined value and the variation around this value. Increasing resolution from 50 km to 10 km should be a goal for the next generation of space-borne sensors for soil moisture monitoring.
Every effort should be made to exploit the current generation of satellites.  Since these are non-optimal they will require greater support in calibration and validation activities to establish and test retrieval algorithms.  This includes data collection during the satellite missions operation to provide suitable “ground truth” data.

The most critical issue in remotely sensed soil moisture estimates is the depth.  The one-centimeter value from the current microwave sensors  will be difficult to validate and even more difficult to model in a meaningful manner. The temporal change in such a thin  layer may be too rapid to  validate to a high degree of accuracy. A five-cm  estimate   can be derived as  a model output A critical issue for remote sensing is to develop a system that provides a deeper layer for the soil moisture values.  This is considered as equal or even higher priority than improved spatial resolution.

 For remote sensing, aircraft based systems provide an important tool in scaling, aggregation and disaggregation.  Retrieval algorithms still need development, particularly with respect to application over landscapes with rolling terrain and heterogeneous land cover. A primary research issue is - How does one use point in-situ measurements to calibrate a satellite retrieval with a footprint of 103 km2; by disaggregation of single measurements based on  terrain characteristics or by optimal sampling of elements contributing to the measured radiance?  In this regard there is a strong need to reconcile temporal discontinuities between the sampling windows of satellites, aircraft, and in situ measurements.
4.  ANALYSIS AND PREDICTION


K. Mitchell, R. Koster and C.A. Schlosser

At the heart of any global or continental-scale soil moisture analysis and prediction system will be a chosen land-surface model (or several models in an ensemble system).  In both the analysis mode and prediction mode, one can consider either an uncoupled system (land only) or a coupled system (land/atmosphere).  Similarly, in both analysis and prediction modes, long term multi-decade retrospective runs will be required, in order to characterize current analysis and prediction products of soil moisture in terms of anomalies from their long-term climatology.  In the summary below, we divide our discussion into analysis and prediction sections, but in each section we touch on these common issues of ensembles, coupled versus uncoupled, and long-term retrospective runs for climatology.

4.1  Soil Moisture Analysis

Recent studies in soil moisture modeling have shown that it is now feasible to execute global or continental-scale coupled or uncoupled soil moisture analysis systems.  

To date, the most straightforward approach to routine global soil moisture analysis has been including an interactive land-surface model coupled to the atmospheric component of an atmospheric 4-D data assimilation (4DDA) system.  Realtime examples of such global coupled systems exist at several major global modeling and prediction  centers worldwide.  Herein the soil moisture analysis evolves as the land-surface model responds to the surface forcing provided by the parent atmospheric model.   Furthermore, some of these centers (NCEP, ECMWF) have executed long-term retrospective reanalysis, providing a global soil moisture climatology for their reanalysis systems.

While this coupled approach is rather straightforward, in that it takes advantage of the already vast infrastructure of a global atmospheric 4DDA system, there are serious limitations on the quality of the soil moisture analyses.  First, the assimilated observations (to date) typically include only atmospheric-state observations, hence no explicit land-surface observations are assimilated (one exception is snow cover).   Second, the source of surface forcing is the parent atmospheric model, hence the surface forcing can exhibit large systematic biases, especially in precipitation and downward solar radiation (the latter due largely to systematic errors in parent model cloud cover and cloud effects), which have first-order effects on the soil moisture.  Third, positive feedback processes exist between the land-atmosphere interface, and these can amplify biases, such as in summertime convective precipitation.  Additionally, the vast majority of assimilated atmospheric observations relate to winds, temperature, or mass, rather than to water vapor, cloud water, and precipitation, hence there is relatively little assimilated data to correct the substantial precipitation and cloud cover errors.  Indeed, the emerging and accelerating efforts to expand assimilation of humidity/clouds/precipitation (via satellite, radar, GPS etc.) in coupled atmosphere/land 4DDA likely represent the most promising immediate avenue for improving soil moisture analysis in operational global coupled 4DDA systems.  Finally, the top land-surface priority in coupled 4DDA systems is typically the surface heat fluxes, hence data assimilation thrusts to improve these fluxes (such as the nudging of soil moisture based on screen-level air temperature and dew point errors) may actually degrade the soil moisture state variables themselves.  (This top land-surface priority on surface fluxes is beginning to relax somewhat in coupled 4DDA, as further advances in direct atmospheric assimilation of satellite radiances requires improved models of land-surface emissivity, which in turn require accurate explicit states of soil moisture, snowpack, vegetation, etc).

In the far term, coupled 4DDA that assimilates both land and atmospheric observations (including aggressive assimilation of water vapor, cloud water, and precipitation) may well prove to be the best avenue for global soil moisture analysis.  However, in the near term of 5-10 years, owing to the limitations of coupled 4DDA cited above, the consensus of this working group was that uncoupled land 4DDA will likely afford the best soil moisture analysis for the multiple requirements of initializing models (weather, climate, hydrology), agricultural applications (irrigation management, crop planting management, crop yield estimates), hydro power management, and tracking long term trends (global warming).  The reason for this consensus hinges around surface forcing.  To date, precipitation forcing derived from multi-sensor, model-independent analyses of gages, radar, and satellites is notably superior to 4DDA system precipitation.   Similarly, satellite-derived surface solar insolation products, including realistic cloud effects, have advanced rapidly in the last decade and they validate well against surface observations.  The remaining near-surface meteorological forcing of temperature, winds, and humidity can be provided by either coupled 4DDA or direct analysis of surface observations (if adequately dense).

Hence, this working group proposes an uncoupled land-surface modeling system, of order 50-km spatial resolution, with 4-10 vertical layers, constructed around one or a small handful (ensemble) of land surface models driven by common observed meteorological forcing and assimilating both in-situ and remotely-sensed land-surface quantities in order to produce realtime global fields of soil moisture (and other surface variables such as soil temperature, snowpack, vegetation density/greenness).  It is worth noting that uncoupled 4DDA will facilitate the generation of long term 20-50 year retrospective runs for climatology purposes.  Once a retrospective surface forcing set is created, reanalysis of uncoupled land 4DDA (e.g., .motivated by land surface model improvements) is substantially less demanding then reanalysis of coupled 4DDA.

Recent retrospective studies such as the Global soil Wetness Project (Dirmeyer, et. al, 1999) and PILPS-2C (Wood et al, Planetary and Global Change reference), as well as currently underway realtime pilot studies such as the Land Data Assimilation System (Mitchell et al., 1999), have demonstrated the viability of constructing both retrospective and realtime uncoupled land-surface monitoring systems.  

Below are the top priority research issues that the working group urges be pursued in the context of such demonstration systems.

1 - Improve the surface forcing, especially precipitation and solar radiation: The success of the assimilation of land-state information will be extremely dependent on the quality of the so-called "backround field" provided by the assimilating land-surface model and its surface forcing.  Hence, further improvements in surface forcing quality are extremely important.  For a global soil moisture system, satellite estimates of precipitation will be a fundamental source for the precipitation forcing.  Further advances are needed in the blending of satellite estimates from passive (visible, infrared, microwave) and active (e.g. TRMM) satellite sensors.  Neural network methods appear increasingly promising for satellite precipitation retrieval.

2 - Demonstrate viable assimilation algorithms that can operate on a global grid of order 50-km resolution in realtime:  3-D and 4-D variational techniques using the adjoint and tangent linear model (TLM) of the parent land-surface model seem to hold the most promise for land-surface 4DDA.  Hence, more effort is needed at developing and testing the adjoint/TLM of various land-surface models.  In particular, automatic differentiation tools/libraries need to be increasingly utilized to allow relatively straightforward updates to adjoint models as the physics of the companion land-surface model is upgraded.  Kalman filter techniques should also be pursued.

Both techniques are rather expensive in human effort, so their value should be demonstrated against a backdrop of simple empirical techniques such as nudging.  

3- Covariance functions for soil moisture (and other land states) and the estimates of error standard deviation for in situ and remote observations and model backround: The modern 4DDA methods require extensive development of covariance functions and estimates of error standard deviation for both the observational data being assimilated and the model backround states.  Covariance functions for soil moisture are very challenging because of the multi-scales of variability documented in in-situ soil moisture measurements.  Research is needed on how does one best interpret in-situ measurements in soil moisture 4DDA systems, given the extreme variability of soil moisture on micro-, meso-, and macro scales.

4 - How do we interpret backround-model simulated soil moisture with respect to in-situ (and remote) observations, given the simplistic 1-D vertical column model framework used to represent large grid intervals of order several tens of kilometers:  What is the best vertical discretization of the model soil moisture (just 2 layers-- shallow and deep, or many layers?) and its interpretation (absolute volumetric or a relative measure of saturation) in the context of comparing with in-situ (and remote) observations?  Should the thickness of the first soil layer of the backround model match the sensing depth of the remotely sensed observation?

5 - Pursue assimilation of satellite observations in favor of in-situ:  Given the extreme variability of point-wise soil moisture measurements on several scales, the associated acute problems in representativeness, and the very sparse realtime availability on a world-wide scale of such point-wise measurements at major assimilation centers, it seems that research in the assimilation of satellite remote sensing of soil moisture (and skin temperature, etc) should take precedence over the assimilation of in-situ observations.  Not only do satellites provide global coverage, but the nominal foot-print scale of satellite remote sensing (10-50 km) is of the same order of the expected grid scale of the backround assimilating model.

6 - Given the cited problems with scale, variability, and representativeness of in-situ soil moisture measurements, research is needed on validation strategies for global soil moisture analysis systems executing on scales of several tens of kilometers.  How do we validate the 4DDA products?  Regionally if not globally?  What is the role of FLUXNET and other similar national, state-wide, and local mesonets?  Should runoff and streamflow be a primary tool for evaluation, since streamflow is a spatially integrated response?

7 - Research is needed on the assimilation of a family of remotely sensed products closely related to soil moisture, such as skin temperature, snowpack, and vegetation density/greenness (NDVI, LAI, FPAR).  Using land-surface model adjoints and variational techniques cited earlier, both near-surface and root-zone soil moisture can likely be inferred from satellite skin temperature.  Research is needed to demonstrate this proposed technique, and other methods, of inferring deeper soil moisture from near-surface measurements.

8 - Given the crucial role of the backround model state, continued improvements to the physical realism of land surface models is needed, especially in the areas of infiltration and cold seasons processes (snowpack, frozen soil, permafrost).  Another focus of upgrade should be carbon fluxes, observations of which are increasingly available and proving useful for model validation.

9 - Demonstrate that improved land 4DDA will improve atmospheric 4DDA by improving the land-surface emissivity estimates used as backround fields for the direct assimilation of satellite radiances in atmospheric 4DDA.

10 - Periodically compare the accuracy or viability of uncoupled versus coupled land 4DDA.  As the assimilation of water vapor, clouds, and precipitation (especially from satellites) improves in

coupled 4DDA, it is possible that the quality of precipitation forcing in coupled 4DDA may surpass that from satellite estimates alone over the vast regions of the global land mass characterized by sparse gage and radar networks. 

11 - In the ensemble of land-surface models used with common forcing in land 4DDA, search for representations of soil moisture that are "transferable" among the land models, thereby eliminating the need whereby a coupled prediction model with land model "A" can only be initialized from a land 4DDA system that used land model "A".  This is potentially a critical area where the climatology of various land models may be essential, by permitting the use of anomalies from climatology as a tool for soil moisture transferability.

4.2 Soil Moisture Prediction

Soil moisture prediction at all but the shortest time scales will require both land and atmospheric models (as well as ocean models at the monthly and longer time scales).  Clearly coupled models will be the primary approach, using an ensemble of slightly varying initial conditions to launch an ensemble of coupled model forecasts.  The variations in the initial conditions should include variations in both the land and atmospheric (and ocean) state.  Some members of the prediction ensemble should also include alternative components to some of the main physical components of the land and atmospheric models (such as the snowpack physics in the land model, and the parameterizations of deep convections and radiation/clouds in the atmospheric model).  Another approach to the latter is to utilize multi-model ensembles.

For downscaling purposes, nested approaches using imbedded higher-resolution prediction models should be explored, especially for the seasonal prediction time scales.  The imbedded models may be regional coupled models (land/atmosphere) and/or ultra-high resolution regional uncoupled models (land only) for improved streamflow simulation, especially in regions with severe topography.

Purely uncoupled approaches to soil moisture prediction should also be explored.  Here, surface forcing would be derived from the ensemble of coupled model predictions.  The advantage is that so-called "flux corrections" could be applied to the ensemble of coupled-model surface forcing, to remove known systematic biases, especially biases in precipitation, near-surface air temperature, and solar insolation.  

The long-term predictions will suffer various degrees of climatological drift.  Therefore, retrospective multi-decade runs of the coupled prediction models will be needed to establish the coupled prediction model climatology.  From these climatologies, the long term predictions of soil moisture can be provided in terms of anomalies, which undoubtedly exhibit more skill than the full values.  Additionally, the retrospective climate runs can be used to establish the biases in surface forcing, which can then be removed or mitigated in the uncoupled predictions cited earlier.

Below are the top research issues that the working group established for soil moisture prediction.

1 - Demonstrate the impact of soil moisture and snowpack initial conditions taken from the companion land 4DDA on atmospheric and land-surface predictability in the long term predictions.  This should be demonstrated with several different coupled models and over a range of time scales and geographic regions.

2 - Demonstrate strategies for producing a range of land surface initial conditions for use in the ensemble initial conditions for the ensemble predictions.  

3 - Demonstrate the value of coupled dynamic model predictions, especially at seasonal and longer time scales, by comparing their skill in relation to empirical prediction techniques that make use of historical analogs that use such tools as ENSO indices combined with knowledge of soil moisture anomalies at the initial time of the prediction.

4 - Demonstrate the value added of imbedded, higher resolution, regional prediction models (coupled or uncoupled) relative to their parent global model.  Compare the value added of these dynamical downscaling approaches relative to empirical/statistical downscaling.

5 - Continue to pursue improvements to the physics of the coupled prediction models, especially precipitation, cloud physics, and radiation in the atmospheric model, vegetation, snowpack, and infiltration in the land model, and ocean model physics.
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5.  APPLICATIONS OF SOIL MOISTURE DATA PRODUCTS

James Shuttleworth, Steven Hollinger and John Schaakee.

Given the characteristics of a global system as described in Section 2, what applications could be satisfied with these measurements/ analyses / predictions? In addition to this global system scenario, it was assumed that  because the product is model calculated, it can be provided as a profile over the  rooting depth of the vegetation represented in the model, including for a near-surface soil layer. It was further assumed that the global soil moisture fields would be provided in the form of near-real time global fields, hereafter called “nowcasts”, as predicted fields, hereafter called “forecasts”, and as retrospective global fields, hereafter called “hindcasts”. Because all these fields will essentially be model-calculated, it was also assumed they would have essentially the same structural form with respect to horizontal and vertical scales and the frequency with which they would be provided, i.e.  with 50 km horizontal resolution, once per day sampling intervals, and for the vegetation-dependent “rooting zone”.  An assessment was also made for these soil moisture products at a resolution of 25 km and 10 km.

The emphasis of the workshop was on hydrometeorological and hydroclimatological applications. This broad category was subdivided into the three discipline fields of meteorology/climate, hydrology, agriculture, and, a general category of statistical risk management.

5.1  Nowcast Applications

Meteorology/Climate - Establishing  the initial conditions for numerical weather prediction(NWP) and climate prediction models  will be the primary  application.  A 50-km resolution soil moisture product is adequate for current global models. However, regional mesoscale models need at least 25 km for current applications with some models already running at 10 km. One can project that  10 km (and 25km) resolution data will be needed within five years for global models as they increase resolution, and will be essential if models are to capture important mesoscale atmospheric processes that are linked to soil moisture availability.

Hydrology - Initiation  of distributed hydrological models will be the primary hydrological application. Such models can be used in:


- flood forecasting (surface soil moisture)


- flow forecasting (root zone soil moisture)


- sediment transport


-  erosion. 

Data at 50 km are too coarse for initiating hydrological models at catchment scale. The  utility of a 25km data product is only slightly improved.  However, at 10-km resolution, some applications are practical such as urban hydrological modeling.

Agriculture -  A 50-km resolution soil moisture product is  relevant for applications at larger scale such as

 
- estimating the influence of field accessibility on crop futures, marketing strategy, 

government policy, etc.)


-  estimating and managing the provision of water needed for irrigation at district level)


-  drought monitoring on the scale of a county

The provision of a higher resolution of 25 km or 10 km will marginally improve the utility of a soil moisture monitoring system .  The next quantum leap in utility for agricultural applications is at the field scale of less than one kilometer.

5.2 Forecast Applications

Meteorology/Climate - The global operational modeling centers will be the producers of the soil moisture prediction products as an output from their NWP and Climate prediction models.  Such products are expected to continue to be model dependent for the foreseeable future. It is therefore necessary that there be an international exchange of these model output products for comparative evaluations and to enable progress toward a more standard output independent of the model producing it. Field forecasters do not now have access to this type of soil moisture forecast product.  It is therefore difficult to foresee the extent to which a soil moisture prediction product could be useful in adding value to the routine weather and climate forecasts now produced by field forecasters.  In summary, the improvements in weather and climate predictions as a result of improved soil moisture predictions will result from improved modeling of land surface-hydrology interactions with the atmosphere at the large operational modeling centers.

Hydrology  - A forecast of soil moisture fields is of limited value for hydrology applications  because hydrologists would prefer to calculate their own higher resolution, model-consistent soil moisture fields using the predicted forcing fields.

Agriculture -  The global soil moisture prediction  products with a relatively coarse resolution have applications for :


• planting strategy (e.g. providing district level advice on the timing of planting and crop

               types that it might be optimum to use)


• drought prediction (at district scale)

• irrigation scheduling (district level scheduling of available water resources)


• forecast management at district level (e.g. of yield, marketing strategy, futures, and formulation of government policy.)

5.3 Hindcast Applications

Meteorology/Climate - The analog for the utility of soil moisture historical data sets is the historical sea surface temperature data sets.  One can ask - will the soil moisture climatology be as useful for weather and climate prediction as the sea surface temperature climatology?  Initial results with model derived soil moisture climatologies (See examples described in Section 1) indicate that this will be the case for long term weather prediction and seasonal predictions.  Additional applications include   model evaluation and improvement and   persistence/predictability studies .
Hydrology - A historical data set of soil moisture values will be useful in hydrological applications such as:

· retrospective initiation of hydrological models for application to water quality issues 
      when it is necessary to track where the water comes from; and, 

-  “statistical/conceptual” hydrological modeling (as opposed to distributed hydrological 

modeling) would benefit by being calibrated against historical time series of 

catchment-average ambient soil moisture . 

Agriculture - no direct benefits anticipated
5.4 Statistical Risk Management

There will be numerous, diverse applications in which statistical models are calibrated against “hindcast” soil moisture fields then applied with “forecast” soil moisture fields to make related predictions, for example:

•

Agricultural production

•

Health Risks

•

Ecosystem risk/security

•

Land slides

•

Military applications, e.g. traction

•

Construction feasibility and risk

•

Fire risk

•

Crop insurance

Data at 10 km will allow more refined statistical models to be developed and may open up opportunity for additional, smaller scale applications.

5.5 Additional Value Added Applications

It was recognized that there could be some “value added” higher resolution applications for  global soil moisture data  products at 50 km resolution in regions where it can be used in conjunction with additional detailed information such as:

•

high density arrays of in situ data

•

knowledge of the influence of topography

•

knowledge of precipitation statistics

Such knowledge or data could be used to build higher resolution relationships with the 50km product using “hindcasts”, to provide for smaller scale application from “nowcasts” and “forecasts”.

5.6 Additional Recommendations
 Recognizing the fact that the applicability of the proposed global soil moisture observing system is critical if the proposal is to be viable, the group considering applications made two additional  recommendations:

(i) Given the now proven value of simple, inexpensive systems to measure soil moisture routinely, and recognizing the need to learn how to apply the data that will be provided by the proposed global soil moisture system, the group recommends that soil moisture measurement sensors should be added to synoptic weather stations as a matter of course.

(ii) The program to develop a global soil moisture system should include Applications Demonstration projects (process studies) that focus on understanding how the model-calculated soil moisture product can, in practice, be used. To facilitate this, perhaps some experimental  pathfinder data sets can be generated with broadly the same characteristics as that which will be provided by the proposed systems in regions where there are extensive existing soil moisture data collection networks, e.g. in Oklahoma and  Kansas in the USA, 
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6. RESEARCH PRIORITIES


R. Lawford, H. Dolman and T. Oki

The results from work sessions on Soil Moisture Monitoring given in Section 3, Analysis and Prediction given in Section 4 and Applications given in Section 5 were considered by a work session on research priorities. 

6.1 Framework for Considering Research Priorities
Based on considerations of the workshop presentations, it was   agreed that a global system for soil moisture is needed and, furthermore, a rudimentary system could be implemented on an experimental basis with tools currently available.  However, many future improvements would be essential to make such a system successful and operational.  This system should have the ability to monitor soil moisture on a daily basis, should provide data sets and analyses for diagnostic studies and applications and should provide predictions and, possibly, future scenarios of soil moisture conditions.  The end users of these products are most likely to come from the fields of agriculture, forestry, water resources and other applications areas where soil moisture information is important.   Particular attention was given to the interfaces between applications, monitoring, prediction and process understanding to ensure that there were no gaps in the overall program that was being considered.

It was recognized that there are many groups and projects working on different elements of a global soil moisture system.  Consequently, these existing initiatives need to be coordinated through a larger initiative to achieve a successful global system for operational use.  For example, within the GEWEX Continental-scale International Project (GCIP), a significant level of effort has been invested in obtaining soil moisture data in portions of the Mississippi River basin in the USA; in developing soil moisture data sets from existing observational networks in the USA and in obtaining data derived from modeling and remote sensing.  The GEWEX Hydrometeorology Panel is developing plans for a Coordinated Enhanced Observing Period (CEOP) by the Continental Scale Experiments distributed over the globe and  it will become necessary to evaluate global soil moisture monitoring systems. GEWEX, through its Modeling and Prediction Panel, is also implementing modeling studies to investigate global soil wetness as an extension of its Global Soil Wetness Project Phase I efforts completed in 2000.  The launch of new satellite systems that will yield data on spectral bands sensitive to soil moisture will also assist in providing a global monitoring capability.  These efforts need to be coordinated with projects such as the Southern Great Plains soil moisture studies.  It was recognized that recommendations from this workshop should facilitate these projects as well as identify gaps in the current activities and ensure that new activities are identified, funded  and coordinated.

In developing a consolidated set of priorities, a number of criteria were established. Each recommendation was reviewed in light of these criteria as means of establishing priorities.  It was agreed that the number of recommendations should be limited (maximum number of 10 or less) and deal with all aspects of a soil moisture system (monitoring, prediction and applications).  It was further agreed that the recommendations should be viewed as though we were going to implement a soil moisture system as early as 2005.  Furthermore, each recommendation had to be assessed in terms of its readiness and cost.  

6.2 Compiled List of Potential Recommendations

A number of ideas for research resulted from the work session held earlier in the Workshop. These ideas and recommendations were reviewed for overlap and completeness.  A number of the proposals coming from the different working groups were combined and new recommendations were added.  The final list of recommended actions and priorities that were assessed against the review criteria were:

  1. Research needed for accuracy of input data to obtain soil moisture (e.g., precipitation, radiation, snow melt).

  2. Develop procedures for scaling from point in - situ measurements to different scale estimates for model validation and satellite sensor calibration.

  3. Understand how the model calculated "soil moisture" product can be used in practice. We need to learn from observations regarding the nature of soil moisture.

  4. Develop and test viable assimilation techniques that can operate on a global grid in real time.

  5. Quantify the error associated with in - situ measurements, remote sensing data, and model products.

  6. Develop a validation strategy for the different types of soil moisture measurements and derived estimates.

  7. Address key deficiencies in models (e.g., frozen soil, infiltration, and soil heterogeneity) used.

  8. Determine how to use models to extrapolate soil moisture profiles from surface retrievals accurate and transferable enough for applications.

  9. Determine areas where soil moisture has an impact on atmospheric predictability.

 10. Develop and demonstrate strategies for producing a range of land surface initial conditions that reflects land state uncertainty.

 11. Make satellite and in - situ data available in real-time. Add soil moisture measurements to synoptic stations.

 12. Optimize land-data assimilation systems and maximize the use of remotely sensed soil moisture from shallow layers.

 13. Determine the uncertainty in the interpretation of the retrieved estimates, and how do those errors propagate through the models?

 14. Reconcile temporal discontinuities between the sampling windows of satellites, aircraft, and in situ measurements in  validation and data assimilation.

 15. Develop satellite retrieval soil moisture algorithms particularly with respect to application over differing and heterogeneous terrain.

 16. Develop techniques for down scaling soil moisture estimates from remote sensing and models that can account for heterogeneity, soil texture, vegetation, and complex terrain.

 17. Produce long-term soil moisture datasets (observations/data assimilation outputs) for use in climatological studies and applications.

 18. Evaluate a long-term strategy for remote sensing of properties required for soil moisture retrievals that should seriously consider 10km resolution, L-band and other sensors (precipitation, radiation), and recognition of physical hydrologic properties.

 19. Develop an optimal measurement system (including network design) to observe in-situ soil moisture.

In consolidating the final recommendations each working group member reviewed the list of potential recommendations and chose those, which he/she believed, were most important in light of the review criteria.  The final list was adjusted to ensure that research recommendations were developed for each research area and to ensure that infrastructure or activities were in place to enable the continued development of the global soil moisture monitoring and prediction system after its initial implementation. 

6.3 Recommended Priority Research Topics

The priority research topics within the areas of soil moisture monitoring, analysis and prediction and applications are listed in the following subsections. Some priority recommendations related to planning and infrastructure are listed at the end of this section.
6.3.1 Soil Moisture Monitoring
 The two critical research activities for in-situ soil moisture measurements are:       


(IS-1) Develop technique for up scaling from point in-situ measurements to different area


 estimates for model validation and satellite sensor calibration.


(IS-2) Develop an optimal measurement system (including network design) to observe


 in-situ soil moisture.
For soil moisture estimates derived from remotely sensed data the two critical research topics are:   



(RS-1) Develop techniques for down scaling soil  moisture  estimates from remote sensing 



and models that can  account for heterogeneity, soil texture,  vegetation, and 



complex terrain.


(RS-2) Optimize land-data assimilation systems to maximize the use of remotely sensed


 soil moisture including data from shallow layers.
6.3.2 Analysis and Prediction

The incorporation of soil moisture in model development should address the two activities:        


(MD-1) Address key deficiencies in models (e.g.,frozen soil, infiltration, and soil


 heterogeneity) used.


(MD-2) Develop and demonstrate strategies for producing a range of land surface initial


 conditions that reflects land state uncertainty.

In Land Data Assimilation Systems the most critical research topics are:


(AS-1) Determine the accuracy of input data (e.g.,precipitation, radiation, snow melt)


 required for estimating soil moisture.


(AS-2) Develop and test viable assimilation techniques that operates on a global grid


 in real time.

6.3.3 Application Recommendations
The emphasis in the Workshop is on hydrometeorological and hydroclimatological applications.  The priority research topics for these applications are:

(AP-1) Produce long-term soil moisture datasets (observations/data assimilation outputs)


 for use in climatological studies and applications.


(AP-2) Determine areas where soil moisture has an impact on atmospheric predictability.

            (AP-3) Initiate applied research studies that focus on understanding how model calculated


 soil moisture data  products can be used in practice. These studies should provide


 background on the nature and importance of soil moisture and its  variability.
6.3.4 Planning and Infrastructure Recommendations

The results of soil moisture research in hydrometeorology and hydroclimatology during the past decade have made it feasible to seriously consider designing a global system for soil moisture monitoring, analysis and prediction.  Two areas that should receive priority attention are:

(PL-1) Develop a long-term strategy for remote sensing  of properties required for


 soil moisture retrievals that considers improvements of spatial resolution,

  

            L-band and other sensors (precipitation, radiation, snow water equivalent,



 skin temperature), and recognizes physical hydrologic properties.


(PL-2) Make satellite and in situ data available in real time. Add soil moisture 



measurements at synoptic stations.
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7. PILOT PROJECTS AND CONTRIBUTIONS TO GLOBAL SYSTEMS DESIGN

V. Lakshmi, A. England and G. Schaefer

The primary emphasis was on the two sub-objectives for the Workshop:

* Demonstrate the scientific and technical feasibility of implementing a global system through one or more pilot projects or an evolutionary series of pilot projects during the next five years;

*Contribute to the design and implementation of a global system for hydrometeorological and hydroclimatological applications by the end of the decade.

It was recognized that some experiments are already proceeding which could be considered as pilot projects of this nature. This includes the series of Southern Great Plains Experiments in the USA mentioned earlier in Section 1.  The SM/ST Pilot Project also mentioned in Section 1 was successfully completed and the follow-on is now being implemented as the Soil Climate analysis Network.

7.1 Conceptual Framework and Objective for Pilot Projects
As was pointed out in Section 2, the Workshop considered that the characteristics of a global soil moisture monitoring system are to provide measurements and/or estimates of volumetric soil water content on at least a daily basis at a 50 km resolution and at vertical resolutions consistent with vegetative rooting depths within the resolution grid.  The participants agreed that assessments of the utility of soil moisture data products at 25 and 10 km horizontal resolution would also be helpful as inputs to the design of a future global operational system. It was generally agreed that a soil moisture monitoring system will be model based with the in situ and remotely sensed measurements used primarily for validation and evaluation of the model-derived fields. 

It is important that a series of pilot projects on soil moisture, preferably in conjunction with other broader projects be conducted that will make contributions toward an overall objective -- To improve the understanding and estimation of the space-time structure of soil moisture, the relationship between model estimates, remotely sensed derivations and observations of soil moisture, and to produce soil moisture fields for  to be used as diagnostic and input data for modeling.

Ideally one should have a number of Super sites distributed over the continental areas of the globe to serve as References in  conducting  pilot projects on the activities needed to achieve the overall objective given above.

7.2  Pilot Projects for Soil Moisture Monitoring

Several GEWEX Projects have been installing measurement sites and, performing  research and modeling studies of soil moisture during the 1990’s. For example, the GCIP Project installed 22 soil moisture and soil temperature profile measurement sites in the southwestern part of the Mississippi River basin. The Global Soil Wetness Project is evaluating the use of modeling to derive estimates of soil moisture in the surface layers.  The use of a  Land Data Assimilation System to derive estimates of soil moisture is now undergoing a test and evaluation period in the USA.

The plans being developed by the GEWEX Hydrometeorology Panel for a Coordinated Enhanced Observing Period (CEOP) during the period 2001 to 2003 provides an excellent opportunity to bring these in-situ, remote sensing and modeling efforts together for a sustained pilot project on soil moisture monitoring.  During the CEOP data collection phase the data for land area /hydrologic and atmospheric interactions  research will be primarily obtained from  special locations within the areas of the five Continental Scale Experiments (BALTEX, GAME,GCIP, LBA and MAGS) in which a spectrum of observations and measurements will be available for process and modeling studies relevant to land surface-hydrology coupling with the atmosphere. These special locations are designated as CEOP Reference Sites. The composite data sets from these sites will be compiled and exchanged for the two-year period of the CEOP. The CEOP  Reference Sites are expected to cover several orders of magnitude in size as well as being geographically distributed.  They  provide a first step in making data from small watersheds available for a simultaneous time period and distributed geographically on five different continents. 

One of the primary reasons that the two-year period of 2001-2003 was identified early as providing an excellent opportunity to carry out the CEOP was because a new generation of remote sensing satellites (including TERRA (formerly EOS-AM), EOS-PM, ADEOS, ENVISAT, NOAA-K series and TRMM) will be available during this  period to provide unprecedented enhancement of observing capabilities to quantify critical atmospheric, surface, hydrological and oceanographic data.  The application of satellite remote sensing  data to land area studies and modeling is still a research activity.   Several studies are being funded to derive estimates of soil moisture from remotely sensed data.  The AMSR sensor to be flown on the ADEOS II and EOS PM spacecraft during the CEOP  provides an excellent opportunity to incorporate these data along with in-situ measurements and model-derived estimates for studies of soil moisture need to achieve the overall objective for pilot projects given earlier in Section 7.1.

The earlier recommendation that soil moisture measurement sensors should be added to synoptic weather stations could significantly improve the amount of soil moisture data available if  can be demonstrated technically and economically feasible to implemented for the synoptic weather stations that are now identified as part of the Global Observing System in the World Weather Watch.  Such feasibility should be evaluated as a Pilot Project by one or more of the national systems now contributing their synoptic observations as part of the Global Observing System.  One possibility for such a Pilot Project is to make use of the “Moistnet” composite of three different networks in the Oklahoma-Kansas region of the USA described in Section 1.

7.3 Analysis and Prediction 
Area-wide mean values of soil moisture at the grid scale and its sub-grid scale distribution are essential for understanding land surface-atmosphere interaction processes. The Global Soil Wetness Project (GSWP) carried out by ISLSCP found quite large differences among the global distributions of soil moisture produced by the models which are used in a number of GCMs. 

Passive microwave sensors offer some capability of monitoring land surface soil moisture globally at a useful spatial resolution. Frequency dependency of the dielectric constant of water and polarization difference can be used for estimation of surface soil moisture. The algorithms for estimation of both surface soil moisture and water content of vegetation at the same time are also proposed by using multi-frequency and polarization microwave data and the combination of microwave and visible-infrared remote sensing. Further progress in surface soil moisture monitoring is expected from using the C-band brightness temperature data with a reasonable spatial resolution which will be obtained by the Advanced Microwave Scanning Radiometer (AMSR) to be flown on both the ADEOS II and EOS-PM1 spacecraft. To validate passive microwave sensor algorithms for surface soil moisture and satellite products, spatial distribution of soil moisture and hydrological vegetation conditions should be observed in several suitably sized test areas under different climate conditions to be synthesized with satellite observations. 

Sub-grid scale distribution of soil moisture over the globe can be obtained only by using Synthetic Aperture Radar (SAR) from space. Some algorithms for  soil moisture based on the microwave backscattering models are being validated using a time series of single frequency SAR data and the multi-polarization data. In addition to single frequency SARs on JERS-1, EER S-2 and RADARSAT, the ENVISAT Advanced SAR (ASAR) offers the first opportunity of multi-polarization SAR observation with fine spatial resolution on a global scale.

7.4 Applications
In Section 5 it was recommended that the program to develop a global soil moisture system should include Applications Demonstration Projects  that focus on understanding how the model-calculated soil moisture product can, in practice, be used. To facilitate this, perhaps some experimental  pathfinder data sets can be generated with broadly the same characteristics as that which will be provided by the proposed systems in regions where there are extensive existing soil moisture data collection networks, e.g. in Oklahoma and  Kansas in the USA, 

The global operational modeling centers will be the producers of the soil moisture prediction products as an output from their NWP and Climate prediction models.  Such products are expected to continue to be model dependent for the foreseeable future. It is therefore necessary that there be an international exchange of these model output products for comparative evaluations and to enable progress toward a more standard output independent of the model producing it. 

7.5 Global Pilot Demonstrations

It is important that some progress be made on the global scale during the next several years.  The

plans for a second phase of the Global Soil Wetness Project making use of the 10-year ISLSCP Initiative II data sets represents a start toward a more extensive evaluation of the capability of producing a model-derived soil moisture climatology from retrospective data sets.

The Land Data Assimilation System (LDAS) which is being carried out as a national demonstration in the USA should also serve as apilot project for evaluating the feasibility of carrying out a global LDAS experiment in the next two to three years.
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8. CONCLUSIONS & RECOMMENDATIONS
The demonstration of the value of soil moisture in weather and climate prediction during the past decade has created a need to develop a system to provide this type of information on a global basis for operational use and further research. The progress in soil moisture monitoring makes it technically feasible to seriously work toward implementing such a global monitoring system during the coming decade.

The benefits of a global soil moisture monitoring system at 50 km resolution are derived from the improved hydrometeorological analyses and predictions rather than providing direct benefits to users in agriculture and hydrology.  A much higher resolution monitoring capability is needed to directly benefit these types of users. 

8.1 System Infrastructure and Planning Recommendations
* The design goal for a global operational soil moisture monitoring system should have an “equivalent” 50 km horizontal resolution with vertical profile values at a minimum of three depths to include the depths of 5, 15 and 100 cm.

* The design for a global monitoring system should be based primarily on model derived estimates with in situ measurements and remotely sensed estimates serving as input data for assimilation and for evaluation of model output.

* Locations which can provide high quality and representative in situ measurements which are distributed over the global land masses should be identified as Reference Measurement Sites for the global monitoring system. The GEWEX and BAHC Programs dealing with land-surface processes and modeling can provide expert guidance on the selection of such Reference Measurement Sites.

* The World Meteorological Organization should place a higher priority on the soil moisture and temperature profile measurements for  Weather and  Climate Prediction as well as applications to Agriculture Meteorology and  Hydrology..

* The development and implementation of a global model  to produce model-derived estimates of soil moisture should be started immediately to demonstrate the capabilities of such a global monitoring system and to identify areas where further research and/or improvements to the input data are needed to achieve operational capability on a global scale.

*  Develop a long-term strategy for remote sensing  of properties required for
 soil moisture retrievals that considers improvements of spatial resolution,

  
L-band and other sensors (precipitation, radiation, snow water equivalent,

skin temperature), and recognizes physical hydrologic properties.
*  Make satellite and in situ data available in real time. Add soil moisture 
measurements at synoptic stations.

System Research  Issues

* How should we determine the significant features in the design of an in situ network including measurement density, redundancy, accuracy, and temporal sampling to ensure representativeness, transferability and applicability within reasonable cost limits?

* What are the specific criteria to be used to identify Reference Measurement Sites as part of a global monitoring system?

* What measurements in addition to the soil moisture and temperature profiles are needed to be co-located with each in-situ site?

8.2 Recommended Priority Research Topics

The priority research topics within the areas of soil moisture monitoring, analysis and prediction and applications are below:

 Soil Moisture Monitoring

*
Develop technique for up scaling from point in-situ measurements to different area 


 estimates for model validation and satellite sensor calibration.


* 
Develop an optimal measurement system (including network design) to observe 

 
in-situ soil moisture.


* 
Develop techniques for down scaling soil  moisture  estimates from remote sensing 



and models that can  account for heterogeneity, soil texture,  vegetation, and 



complex terrain.


*
 Optimize land-data assimilation systems to maximize the use of remotely sensed


 soil moisture including data from shallow layers.
 Analysis and Prediction


*
Address key deficiencies in models (e.g.,frozen soil, infiltration, and soil


 heterogeneity) used.


*
 Develop and demonstrate strategies for producing a range of land surface initial


 conditions that reflects land state uncertainty.


*
 Determine the accuracy of input data (e.g.,precipitation, radiation, snow melt)


 required for estimating soil moisture.


*
 Develop and test viable assimilation techniques that operates on a global grid


 in real time.

Applications


*
Produce long-term soil moisture datasets (observations/data assimilation outputs)


 for use in climatological studies and applications.


*
Determine areas where soil moisture has an impact on atmospheric predictability.

            *
Initiate applied research studies that focus on understanding how model calculated


 soil moisture data  products can be used in practice. These studies should provide


 background on the nature and importance of soil moisture and its  variability.
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