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1.  Abstract 
This Final Report summarizes the research activities of the collaborative project between U.S. Bureau of Reclamation (USBR), NASA Goddard Space Flight Center (NASA GSFC), and UMBC Goddard Earth Science and Technology Center (GEST) for FY03-07.  This report has been prepared in accordance with the requirements and provisions of the Grants and Cooperative Agreement Handbook as outlined by NASA.  

The overarching objective of the project was to demonstrate the value added by information from satellite, the Land Surface Data Assimilation System (LDAS) and its high resolution version, the Land Information Systems (LIS), products toward the improvement of flood and drought risk analyses and forecasts.  These products are to be tested by water resource managers in the Yakima River Basin.  Results from the LIS land surface models (LSMs) and hydrologic runoff models are being integrated into the river basin decision support tools (DSTs) that the Reclamation’s managers routinely use.  

One of the main objectives of this project was to test and demonstrate whether MODIS and LIS integrated snow products add improvement to USBR’s operational streamflow forecasts from the Modular Modeling System (MMS) and reservoir storage products which are used as inputs to the RiverWare DST.   The MODIS Snow Cover Area (SCA) product was assimilated into and improvements made to the physics and parameters of the LIS LSM, the Community Land Model, version 2 (CLM2), resulting in improved moderately high resolution (~1 km) snowpack fields, which were delivered to the USBR scientists and water managers for our main testbed river basin.  These improved snow fields are designed to initialize the MMS streamflow forecasts that will be used subsequently in the RiverWare DST. 
2.  Main Objective and Goals of the Project
Main Applications Objective
The main objective of this project was to test and demonstrate whether Land Information Systems (LIS; Peters-Lidard et al, 2004) modeled snow products add improvement to USBR’s operational MMS forecasts of streamflow and storage products which are used as inputs to RiverWare, one of Reclamation’s main DSTs.

Two time periods were identified for this study to investigate the change in snow initialization on MMS daily forecasts, focusing on unregulated sub-basin areas in the Yakima River Basin.  These two periods include: (1) 2005 – major drought and very low-flow year (MMS did not capture well that year the needed inputs for RiverWare); and (2) 2006 – a water year which involved major snowmelt events. 

Goals
The goals, as outlined for this collaborative project, included:
· Evaluating and validating information from satellite, the North American Land Data Assimilation System (NLDAS; Mitchell et al, 2004) and LIS products which are intended to help improve flood and drought forecasts for USBR.    
· Providing integrated satellite, NLDAS and LIS modeled output to USBR water managers to initialize USBR’s operational streamflow models which would then generate streamflow forecasts in the Yakima River Basin, a tributary of the Upper Columbia River Basin.  
· Testing and evaluating different land surface models (LSMs) that simulate flood and drought-type conditions.  
· Performing retrospective case studies to determine the performance of LIS modeled output and quality of the NLDAS meteorological forcing data when compared against observations of both USBR and other sources. 
· Evaluating the retrospective operational runs at USBR which is aimed at establishing a way to transfer future case study data and forecasted LIS products to USBR.   

· Report major results and findings in Validation and Verification (V&V) and Benchmark reports and also in peer-reviewed journals.
3.  Summary of Research 

This Summary of Research section summarizes the results and significant accomplishments over the duration of the project, focusing mainly on the NASA contributions to the overall project, and includes highlights from abstracts and citation lists in which the research is discussed.  Overall, this report is in accordance and fulfills §1260.22 of the NASA Grants and Cooperative Agreements Handbook.  In a subsequent section, a complete list of all subject inventions (or a statement mentioning that no inventions were created under this grant) is included, addressing the provision of §1260.28.
Major Project Accomplishments:  The NASA Contribution to the Project
a)  Validation of MODIS Datasets:  

The Terra MODIS level 3, version 4, land cover dataset (MOD12) from Boston University was quality controlled against other high resolution datasets (e.g., National Land Cover Dataset) in a couple of regions of Washington state, including the Yakima River Basin area.  Accurate registration of the MOD12 and even other MODIS products is difficult to accomplish due to reprojection and resampling errors.  These errors were encountered in this project, since the MODIS products used are converted to the LIS 0.01 degree (~1 km) geographic coordinate system which the LSMs are run on.  Overall though, main water bodies and other major land and vegetation features (e.g., extensive crop areas) are captured well by MOD12, even with the reprojection and resampling of the original sinusoidal projection.
Six years of Terra MODIS level 3, version 4, leaf area index (LAI) product (MOD15) data, developed at Boston University, were further quality controlled and constrained with 500 m MODIS vegetation continuous fraction (VCF; MOD44b) data to develop a 6-year monthly LAI climatology.  This LAI climatology validated better than previous LDAS or MODIS LAI datasets and compared well other observed LAI studies, especially for evergreen needleleaf forest cover areas (e.g., Scurlock et al, 2001) which make up most of the area where snow cover is found.  
The validation of MODIS snow cover area (SCA) daily products (500 m; MOD10A1) was completed for all years of Terra and Aqua satellites.  Terra MODIS SCA was found to have a higher rate of snow detection over Aqua, since an error in the Aqua MODIS sensor causes degradation to MODIS SCA product.  Based on this evaluation, additional validation was performed on just the Terra products, and only Terra MODIS SCA was used for the other parts of the project.  Performing a probability of detection (POD) analysis on the Terra MODIS SCA product revealed an underestimation of MODIS SCA pixels being identified as “snow” due to thick forest cover in the mountainous areas where the snowpack resides.  This underestimation in the snowpack detection was most severe in the spring months, when the main snowmelt period occurs.  The issues of this in relation to the assimilation of MODIS SCA in to LIS are addressed in subsequent sections.  
b)  Validation and Setup of other Parameter Datasets:  

The ~1km Penn State University’s national STATSGO soils dataset were incorporated into all ~1km LIS LSM runs.  This soil parameter dataset originally had an imposed water mask, which was removed in order to better fit the soils information to the MODIS land cover and SCA maps.  Also, additional soil classes (i.e., granite, organic, etc.) have been now been included in one of the LIS LSMs (i.e., CLM2) to capture different soil types which can cover extensive areas in the western states like Washington.

Since certain atmospheric forcing fields, snow variables, fluxes, etc. are dependent on elevation effects, higher resolution and more accurate elevation datasets have been incorporated in LIS to produce more realistic model results at higher resolutions, like 1 km.  The National Elevation Dataset (NED; 30 m) and the NASA Shuttle Radar Topography Mission (SRTM; 30m) datasets were evaluated and validated for this project against National Geodetic Survey (NGS) quality-controlled dataset.  The NED dataset validated the best against the NGS dataset, and it has now been aggregated and used within LIS in this region.  SNOTEL station elevation and geographic position information were also validated against these datasets, and it was discovered that SNOTEL elevation information was quite inaccurate for most of the stations.  New geographic position data for the SNOTEL sites in WA were obtained from the USDA NRCS Washington office for better validation of MODIS and LIS modeled snow fields.  
c)  Validation of the NLDAS Forcing Dataset:  

The 1/8 degree North American LDAS (NLDAS) forcing dataset (Cosgrove et al, 2003) was used for the LIS LSM runs.  These fields are all downscaled to the 0.01 degree resolution in LIS, using bilinear interpolation.  Using the ~1km NED elevation parameter field, the LDAS meteorological forcing variables (e.g., temperature, humidity) were further downscaled in LIS to account for higher resolution elevation adjustments to the local temperature lapse rate.  Originally, LIS used a standard environmental lapse rate for the entire year, but it was replaced with monthly-varying, locally calculated lapse rates from in-situ measurements.  These updated lapse rates were used to capture more realistic local temperature conditions which are used in LIS to discriminate between rainfall and snowfall amounts.    
Overall, the downscaled NLDAS temperature fields compared well with in-situ measurements (e.g., SNOTEL temperature data), though biases occur for various geographic locations (e.g., leeward vs. windward side of the Cascade Mountains) and different elevations.  Using the local, monthly-varying lapse rates instead of the original NLDAS lapse rate at 1/8th degree, more snowfall was correctly determined when compared to SNOTEL observations when the new lapse rates values were used.  Also, the NLDAS precipitation field compared well with in-situ observations, obtaining realistic total amounts per month.  However, the precipitation amounts were too great on the lee-ward side of the Cascades and less on the wind-ward side due to the original interpolation scheme used on the CPC precipitation gage product which is used in the NLDAS precipitation product (e.g,. Cosgrove et al, 2003).
d)  LIS LSM Snow Field Comparison:

Snow water equivalent (SWE) estimates were compared for four LIS LSMs: the NOAA Noah LSM and the NCAR Community Land Model, version 2 (CLM2), Variable Infiltration Capacity-3 Level (VIC-3L), and NASA Mosaic LSM against 52 SNOTEL sites in the state of Washington.  Using the same MODIS land cover classification, soil maps, and forcing and no model parameter calibration performed, CLM2 tended to perform overall the best when compared to the other three models.  VIC-3L also compared well with the SNOTEL stations; however, work is currently being done to improve VIC’s representation in LIS which could eventually improve its SWE predicted estimates.  Mosaic and Noah both underestimated the SWE throughout each year for many of the SNOTEL stations, with Noah comparing most poorly when compared with the observations.

e)  Customizing the LIS CLM LSM and the Assimilation of MODIS SCA:  

CLM2 proved to model a more realistic snowpack than the other LIS LSMs when compared to observations during the snow accumulation period, but the model does have a delay in the onset of snowmelt during the spring months.  This delay was also found to persist into the late summer months.   To address this snowmelt problem, the CLM2 model physics and parameters were closely examined to better understand what was contributing to this delay.  Several issues were found with the LSM that cause this problem and were addressed.   One contributing factor to the problem involved too high of an estimation of snow cover for grass-covered or low-height shrub-type lands, which led to higher albedo values and more solar radiation to be reflected at the surface.  This reduced the amount of net solar radiation input into the CLM2 snow model and soil layers caused a significant reduction in ground and vegetation temperatures, maintaining them below the freezing point temperature for most of the spring and summer months.  The result of this error allows the modeled snowpack to persist for too long.
To try to correct for this overestimation in springtime snowpack conditions, a simple direct insertion assimilation method was first employed and tested in LIS, based on the original study by Rodell and Houser (2004).  The 500m Terra MODIS SCA product was aggregated to the 0.01 degree LIS projection and used in this simple assimilation approach in the CLM2 model in LIS.  Due to the earlier reported underestimation of MODIS snow cover area for this region in the spring months, these biased observations acted to cancel out the overestimation in CLM2’s springtime snowpack.  However, directly inserting the MODIS SCA into CLM2 mainly resulted in a major under-prediction of its springtime snowpack.

To improve the assimilation process, knowledge of the model and observation biases was used to enhance the assimilation procedure by finding a way to add more heat energy to the snow-soil layer column in CLM2 in order to melt the snowpack sooner.  Since the NLDAS air temperature field compared well with in-situ observations, like SNOTEL data, this information was used to adjust the colder temperature conditions of CLM2 by “warming” the snow-layers and inducing more melt on days that warmed up greater than the freezing point.  The MODIS SCA product was still used, but it was utilized as more of a “guide” to CLM2 when MODIS detected “snow” or “no-snow” conditions.  When a MODIS SCA pixel was identified as “no-snow” during the daytime, CLM2 snow layer temperatures were adjusted with the downscaled NLDAS air temperature field.  This adjustment to the assimilation procedure allowed MODIS SCA to guide CLM2 as to when possible snow cover removal was occurring on a spatial basis, and the persistent cold-bias in CLM2 was reduced, resulting in an earlier onset of snowmelt in the model.  The timing of this melt was improved and matched SNOTEL observations more closely for the overall Washington state domain.  Finally, in the snow accumulation phase, MODIS SCA was also able to enhance the amount of snow accumulation in CLM2, causing more realistic seasonal amplitude to the modeled snowpack conditions.
 f)  Special Retrospective LIS Case Runs for the Yakima River Basin:  
To demonstrate the use of the customized LIS regional modeling system, two case studies involving an extreme flood and extreme drought year in the Yakima River Basin of the Columbia River System were set up, validated and provided to USBR for the benchmarking phase of the project.  The 2005 Water Year proved to be one of the worst drought years on record and is currently being used for the drought benchmark case.  For the flood case, the 2006 Water Year was determined to be a good case year, since it consisted of major snowmelt flood events throughout the winter months.  For the Yakima region, the customized LIS CLM2 modeled snowpack validated well with the SNOTEL observations for both years.  Currently, the Denver and Yakima Area USBR Offices are working with the two years of runs to initialize their operational modeling system consisting of MMS and RiverWare.
Final Benchmarking and Reporting

1. Test and demonstrate the SWE products from CLM2 LSM in LIS as initializations to the MMS simulations.  MMS will be initialized, by area, with both SWE products and compared with control MMS simulated flows (which will be the baseline run), USGS stream gage measured flows, and possibly RFC flow values.
2. Complete benchmarking of these main experiments for final write-up of benchmark report to NASA HQs. 
4.  References
Arsenault, K. R., P. R. Houser, and D. A. Matthews,  Incorporating the Land Data Assimilation System into Water Resource Management and Decision Support Systems, Earth Observation Magazine – NASA Earth Science Enterprise Issue, vol. 12, pp. 24-27, 2003.

Cosgrove, B. A., et al., 2003: Real-time and retrospective forcing in the North American Land Data Assimilation System (NLDAS) project, J. Geophys. Res., 108(D22), 8842, doi:10.1029/2002JD003118.
Mitchell, K. E., et al., 2004: The multi-institution North American Land Data Assimilation System (NLDAS): Utilizing multiple GCIP products and partners in a continental distributed hydrological modeling system, J. Geophys. Res., 109, D07S90, doi:10.1029/2003JD003823. 
Peters-Lidard, C. D., S. Kumar, Y. Tian, J. L. Eastman, and P. R. Houser, 2004:  Global urban-scale land-atmosphere modeling with the Land Information System, Oral Presentation 4.1 at Symposium on Planning, Nowcasting, and Forecasting in the Urban Zone, American Meteorological Society Annual Meeting, January 2004, Seattle, WA.
Rodell, M., and P.R. Houser, 2004: Updating a Land Surface Model with MODIS-Derived Snow Cover, J. Hydrometeorol., 5, 1064-1075. 
Scurlock, J. M. O., G. P. Asner, and S. T. Gower, 2001: Worldwide Historical Estimates and Bibliography of Leaf Area Index, 1932-2000. ORNL Technical Memorandum TM-2001/268. Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.
5.  List of Refereed and Non-Refereed Publications
FY2003 – Non-Refereed
Arsenault, K.R., P. R. Houser, and D. A. Matthews, 2003:  Incorporating the Land Data Assimilation System into Water Resource Management and Decision Support Systems, Earth Observation Magazine – NASA Earth Science Enterprise Issue, vol. 12, pp. 24-27.

FY2007 – Refereed
Feng, X., A. Sahoo, K. R. Arsenault, P. Houser, Y. Luo, and T. Troy, 2007: The Impact of Snow Model Complexity at Three CLPX Sites.  Journal of Hydrometeorology, In Review.
Arsenault, K. R., S. Kumar, P. R. Houser, J. Nigro, D. Toll, 2007:  Impacts of the Community Land Model Biases on Observed Snow Cover Assimilation,  Geophysical Research Letters,  In Preparation.
Arsenault, K. R., S. M. Hunter, R. Aman, P. Houser, 2007:  A Comparison of Spatial Snow Products at a Moderate Resolution, Water Resources Research, In Preparation.

6.  List of Conference Presentations

FY2004

Hartzell, C. L., T. Pruitt, S. M. Hunter, D. A. Matthews, W. Sharp, K. R. Arsenault, and P. R. Houser.  Applying High Resolution Land Surface Data, Modeling and Assimilation Techniques to Water Supply and Demand Forecasts, Symposium on Impacts of Water Variability, American Meteorological Society 83rd Annual Meeting, Long Beach, CA, J5.13, 2003.
FY2005

Arsenault, K. R., P. Houser, S. Hunter, D. Frevert, S. Meyer, and D. Matthews.  The use of land data assimilated products to improve flood and drought risk analysis and forecasting in the Columbia River Basin, poster presented at the 85th AMS Annual Meeting, San Diego, CA, January 2005.
Arsenault, K. R., S. M. Hunter, E. Holroyd III, S. Meyer, and P. R. Houser.  Use of NASA LDAS Products to Improve Flood and Drought Risk Analysis and Forecasting in the Columbia River Basin, Presented at the NASA Solid Earth and Natural Hazards Program Review Meeting, Sioux Falls, SD, May 3-5, 2005.
Arsenault, K., S. Hunter, and E. Holroyd.  Use of Land Information System Products to Monitor and Forecast Drought and Flood Conditions in the Columbia River Basin. Poster (G11A-1190) presented at 2005 AGU Fall Meeting, San Francisco, CA, Dec. 5-9, 2005.
FY2006

Arsenault, K. R., R. Stodt, D. Frevert, S. Hunter, A. Brower.  Water Management Applications with the US Bureau of Reclamation, presented at NASA Water Management Program Workshop, College Park, MD, June 14-15, 2006.

FY2007

Arsenault, K. R., S. Kumar, S. Hunter, R. Aman, P. Houser, D. Toll, T. Engman, and J. Nigro.  Land Surface Model Biases and their Impacts on the Assimilation of Snow-related Observations.  Poster to be presented at the 2007 Fall AGU Meeting, San Francisco, CA, Dec. 10-14, 2007.
7.  Listing of Subject Inventions

I acknowledge that no inventions resulted from the work conducted while under this grant.  This statement is given in accordance with §1260.28. 


















XLIV
3

