Coupling satellite data with snow pack modeling for estimating the continuous fields of snow cover characteristics 
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Introduction

Despite a significant enhancement of observing capabilities of satellite instruments, snow datasets derived from satellites still do not completely satisfy the needs of the hydrological modeling community. The largest errors in satellite snow datasets are common in the forest areas.  A promising solution to improve representation of snow cover consists of coupling satellite observations with physically-based snow pack models and ground–based measurements. Such an approach ensures consistency of estimates of different physical properties of the snow pack and permits more frequent and timely product generation. The runoff generation models can be used for improving (calibration) of the procedures of estimating snow fields and implementing them in hydrological predictions.  The research carried out had the following major goals:

· To assess potentials for improving characterization of snow pack properties using satellite snow retrievals coupled with a snow cover model and ground-based data.   

· To use the snowmelt runoff generation model for testing the snow characterization.

· To demonstrate benefits of using satellite-derived information on the snow cover in river runoff and snowmelt runoff simulations.

The study was carried out for the region within the NEESPI area with the size of approximately 240 000 km2 (56°N to 60°N, and 48°E to 54°E) including the Vyatka River basin (124,000 km2). 

Simulating fields of snow characteristics by the physically based model of snow pack using combined MODIS and AMSR-E data
The physically based model of snow cover that was used (Kuchment and Gelfan, 1996; Gelfan et al., 2004) simulates snow depth and density, snow metamorphism, melt, sublimation and refreezing of melt water, changes of ice and liquid water content in snowpack, snow interception by the canopy, sublimation of intercepted snow and the canopy effect on sub-canopy radiation and turbulent fluxes. The input to the model includes the air temperature, air humidity, precipitation, wind speed, and cloud cover measured at six-hour intervals.  For snow modeling we also used the following satellite products: (1) pre-melt daily snow water equivalent (SWE) for open areas derived from Advanced Microwave Scanning Radiometer for EOS satellites (AMSR-E) onboard AQUA satellite (for forested areas this information is considered as unreliable); (2) MODIS swath-based daily land surface temperature maps MOD11_L2 (MODIS Terra) and MYD11_L2 (MODIS Aqua). (3) MODIS-based broadband land surface albedo MOD043C1 (MODIS Terra); (4) land cover classes derived from MODIS data by USGS. The meteorological data measured at 19 meteorological stations within the region under consideration were interpolated to the latitude-longitude projection with a 0.01° (or about 1 km) grid cell size, and the same was done for the satellite products that were acquired for the spring snowmelt period from March 1 to May 31 of 2002-2005.  The interpolated values of SWE for the forested pixels had been corrected by using the regional ratios of pre-melt SWE in the forest to the corresponding SWE at the open sites. These ratios depend on the type and the density of the forest and we obtained them on the basis of modeling snow accumulation in both the open areas and the different types of the forests. 
Using AMSR-derived values of SWE on March 1, for the open areas and the estimated values of SWE for the forested areas as the initial conditions for the model, as well as the acquired ground-based meteorological data and satellite data as the model inputs, we simulated fields of snow characteristics over the whole region for the spring seasons of 2002-2005. As an example, maps of simulated distribution of SWE for a few successive dates during the melt season of 2005 are shown in Figure 1 and compared with the corresponding MODIS-based maps. One can see from this illustration that only one of four satellite images is almost free of cloudiness and allows one to estimate snow distribution for the most of the region. Also, according to the satellite images, the region is almost free of snow at the end of the period presented in the Figure 1 but according to the model simulations snow is absent only for the open (southern and central) parts of the region and covers the forested (northern) part. Thus, there are significant differences in the calculated and satellite-derived snow fields. To compare reliability of both these fields, we used them to simulate the runoff generation and calculate the hydrographs of the Vyatka River through the system of physically based models of hydrological processes developed in the Water Problems Institute of RAS (Kuchment et al., 1983, Kuchment et al., 2000). This model of the runoff generation is based on a finite-element schematization of the catchment area and includes simulation of the following processes: snow cover formation and snowmelt, freezing and thawing of soil, vertical moisture transfer and evaporation, surface water detention, overland, subsurface and channel flow.         

The model was calibrated by comparison of the observed and simulated hydrographs of 17 snowmelt floods and validated using 20 floods which had not been applied for calibration. A technique for assimilating satellite snow cover products in snowmelt runoff modeling was applied to the data of snowmelt seasons of 2002-2005. Satisfactory accuracy in calculating hydrographs has been obtained. The largest errors of runoff prediction in the outlet gauge occurred in 2003: the snowmelt volume and the flood peak discharge were underestimated by 19%. For other seasons, the obtained deviations did not exceed 13%. Figure 2 illustrates the comparison of the calculated hydrographs with the observed ones for the spring floods of 2003 and 2005. As one can see from this Figure 2, the proposed correction of the initial SWE fields gave better results of the hydrograph simulation than the AMSR-derived SWE fields (in the latter case the runoff discharges turned out to be underestimated).        
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Figure legends

Figure 1. Daily snow cover maps simulated by the model (left) and the corresponding MODIS-based maps (right) for the period from 20 (top) to 23 (bottom) April, 2005. White represents snow, black represents ground, and gray represents cloudiness. 

Figure 2. Comparison of the observed hydrographs (points) for the spring of 2003 (left) and 2005 (right) with the hydrographs calculated using the AMSR-derived initial SWE values (thin line) and the hydrographs calculated using improvement of the initial SWE values for the forested areas.   

From top to bottom: Kirov (catchment area F=44380 km2); Kotelnich (F=94900 km2); Vyatskie Polyany (F=124000 km2)
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Figure 1. Daily snow cover maps simulated by the model (left) and the corresponding MODIS-based maps (right) for the period from 20 (top) to 23 (bottom) April, 2005. White represents snow, black represents ground, and gray represents cloudiness. 
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Figure 2. Comparison of the observed hydrographs (points) for the spring of 2003 (left) and 2005 (right) with the hydrographs calculated using the AMSR-derived initial SWE values (thin line) and the hydrographs calculated using improvement of the initial SWE values for the forested areas.   From top to bottom: Kirov (catchment area F=44380 km2); Kotelnich (F=94900 km2); Vyatskie Polyany (F=124000 km2)










