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Introduction  

With the significant maturation of Earth Science products in the EOS era, we are on the 

verge of true quantitative integration of these high-resolution, spatially explicit data records into 

water resource management and research. Snowmelt runoff forecasting in the western United 

States has developed as empirical models forced by sparse, in situ measurements of snow water 

equivalent that lie primarily in subalpine regions. These models rely on a data record that 

represents a system that is in quasi-steady state, and as such, are theoretically ill suited for water 

management in a changing climate. Moreover, they are unable to accurately address water re-

sources during extreme events, such as sustained spring snowfall in the alpine zone above almost 

all measurement sites. 

The coupling presented here of quantitative fractional snow cover, fractional snow albedo, 

and snow water equivalent provides water managers with spatially and temporally dense data 

records that populate the modeling inputs thoroughly for forecasting and research purposes. Our 

approach packages our product generation approach in a system we call the Alpine Snow Data 

Record Engine (ASDaRE), an inexpensive, easily-replicated hardware/software package that can 

be targeted like a ñvirtual sensorò at selected alpine regions. 

Background: Previous Work on Fractional Snow Cover and Albedo 

Snow Albedo 

In the current generation of climate and snowmelt models, snow albedo is typically either 

prescribed or represented by empirical aging functions, when truly it is a dynamic variable af-

fected by grain growth and light-absorbing impurities. Modeling, analysis, and monitoring of the 

snow cover will improve if we understand the seasonal evolution of both the snow cover and its 

albedo. 

In the visible part of the spectrum, clean, deep snow is bright and white, irrespective of the 

size of the grains. Beyond the visible wavelengths in the near-infrared and shortwave-infrared, 

however, snow is one of the most colorful substances in nature. Newly fallen snow usually has a 

fine grain size, but metamorphism and sintering throughout the winter and spring increase the 

grain size and reduce reflectance in wavelengths beyond about 0.8µm [Wiscombe and Warren, 

1980]. 

This behavior of snow is important to the snowpackôs energy balance, because the decrease 

in albedo often occurs as the incoming solar radiation becomes greater, and to the interpretation 

of snow properties from remote sensing. Estimating fractional snow-covered area and albedo 

from remote sensing data is best done through an understanding of the relationship between 

snowôs physical properties and the resulting electromagnetic signal. 

Snow evolves after it falls. Long before radiative transfer in snow was understood, energy 

balance data had shown age-related decrease in snowôs albedo, leading to the use of empirical 
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decay functions [U.S. Army Corps of Engineers, 1956]. More recent work has addressed the de-

velopment of a physical model for albedo evolution, based on diffusion of the water molecules in 

snow to reduce the specific surface area of the grains [Flanner and Zender, 2006]. 

We see this albedo decay in both field and satellite measurements of albedo. Figure 1 shows 

incoming and reflected radiation data for four years at Mammoth Mountain, a high-altitude, mid-

latitude station in the Sierra Nevada. Incoming solar radiation increases through the seasons be-

cause of higher solar elevation and longer days. However, the progressive decrease of broadband 

albedo causes the net solar radiation to increase more than the incoming. 

 
Figure 1. Field measurements of broadband albedo at Mammoth Mountain in the Sierra Nevada for (a) 
2003, (b) 2004, (c) 2005, (d) 2006. For each year, the three graphs show incoming and reflected solar 
radiation in the visible and near-infrared wavelengths, albedo for the solar spectrum and for the visible 
and near-infrared, and net solar radiation. All radiation values are daily averages in Wm

ï2
, and the 

seasonal decline in albedo is apparent, especially in the near-infrared. 
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In the context of spatially distributed hydrologic models, this albedo decay has spatial varia-

bility. Molotch et al. [2004b] examined snow ablation from a grid-based distributed snowmelt 

model, using field data from extensive snow surveys during the melt season to initialize the 

model with a spatial distribution of snow water equivalent and then to test the model with subse-

quent surveys. Spatially distributed albedo estimated from airborne imaging spectrometer data 

(AVIRIS) typically differed by 20% from albedo estimated using a common snow-age-based 

empirical relation applied uniformly across the domain. 

The Case for Subpixel Analysis 

Snow-covered area in alpine terrain usually varies at a spatial scale finer than that of the 

ground instantaneous field-of-view of the remote sensing instrument. This spatial heterogeneity 

poses a ñmixed-pixelò problem, because the sensor may measure radiance reflected from snow, 

rock, soil, and vegetation. To use the snow characteristics in distributed hydrologic models, we 

must therefore map snow-covered area at subpixel resolution in order to accurately represent its 

spatial distribution; otherwise, systematic errors may result. The left image in Figure 2 shows 

snow cover in the Sierra Nevada at the end of January 2007 (so far a dry year in this mountain 

 

Figure 2. Left image shows snow cover in the Sierra Nevada on 30 Jan 2007 (9399km
2
). Middle image 

shows snow cover only for those pixels with less than 50% coverage (3712km
2
). Right image shows a 

binary snow map, whereby pixels with greater than 50% coverage are mapped as entirely covered 
(7772km

2
). 
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range); the middle image shows only those pixels with less than 50% snow cover. Typically a 

binary map of snow, where each pixel is classified as either snow-covered or snow-free, is tuned 

to classify a pixel as snow if its coverage is greater than 50% and snow-free otherwise [Hall et 

al., 1995; 2002]. In this example, 59% of the pixels that have snow have less than 50% snow. 

Snow covers about 9400km
2
 on this date, 3700km

2
 in pixels with less than 50% coverage. A bi-

nary algorithm would estimate 7800km
2
 of snow, shown in the right image of Figure 2. 

Spectral Mixture Analysis 

Mapping of surface constituents at subpixel scale uses spectral mixture analysis with either 

imaging spectrometers or multispectral sensors [Adams et al., 1993]. Linear spectral mixture 

analysis is based on the assumption that the radiance measured at the sensor is a linear combina-

tion of radiances reflected from individual surfaces, endmembers, whose spectral signatures are 

unique and well separated above a random image noise level [Sabol et al., 1992]. A set of simul-

taneous equations for N endmembers, one for each wavelength band, results: 

Ὑ‗
ὴ = ὊὮὙ‗

Ὦ
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ὔ

Ὦ= 1

 (1) 

Ὑ‗
ὴ

 is the pixel-averaged reflectance at wavelength ɚ. Fj is the fractional coverage within the 

pixel of endmember j, Ὑ‗
Ὦ

 is the reflectance of endmember j at wavelength ɚ, and ‐‗ is the spec-

tral residual. Given measurements of Ὑ‗
ὴ

 in M wavelength bands, we normally solve for the Fj 

values by minimizing ὙὓὛὉ=
1

ὓ
В ‐‗
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, although other minimization criteria can be 

used. 

Snow does not have a unique reflectance in each wavelength band, but given its physical cha-

racteristics such as grain size and amount and composition of impurities, a snow endmember can 

be chosen. The concept of multiple endmember spectral mixture analysis [Roberts et al., 1998] is 

to cycle through a range of snow endmembers and choose the one that results in the lowest 

RMSE [Painter et al., 2003]. The information thereby derived is the fractional snow-covered area 

for each pixel and the grain size for the snow in that pixel that enables estimation of albedo 

[Dozier and Painter, 2004].  

Spectral Mixing with Multispectral Sensors 

While results with the AVIRIS instrument demonstrated the ability to derive both snow cover 

and albedo at subpixel resolution, imaging spectrometer data are available too infrequently to use 

them regularly in hydrologic models. Multispectral sensors, such as Landsat and MODIS, pro-

vide data over wider swaths and at more frequent intervals than imaging spectrometers. From 

Landsat, the spatial resolution is 30m at 16d intervals, whereas the information from MODIS is 

at 500m spatial resolution but at daily intervals, twice daily if we use the MODIS data from both 

Terra and Aqua. Particularly in the case of MODIS, a snow and albedo mapping algorithm must 

use the limited spectral information to estimate the subpixel snow properties. Otherwise, syste-

matic errors in mountain ranges will result, particularly where snow cover increases with eleva-
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tion. The albedo measurements are necessary if a distributed energy-balance model is to use the 

snow properties as input. 

 
Figure 3. Typical spectral reflectivity and variability for vegetation, soil, and snow. These surface covers 
are generally well separated in the MODIS bands. 

In our REASoN project, Multi-Resolution Snow Products for the Hydrologic Sciences, we 

adapted the multiple endmember spectral mixture analysis model [Painter et al., 2003], original-

ly used with AVIRIS, to produce enhanced snow cover products from MODIS [Dozier et al., 

2006]. The products include fractional snow cover within each 500m pixel, plus the grain size 

and albedo of that fractional snow cover. The MODSCAG model (MODIS snow covered area 

and grain size/albedo) model is specifically aimed at providing an accurate estimate of snow 

cover for regional studies in mountainous areas anywhere, but also applicable to polar and grass-

land regions. The model uses spectral libraries for snow endmembers generated with a radiative 

transfer model for varying grain size snow, adapted to the specific scene solar geometry. Figure 

3 shows spectral reflectivity for vegetation, soils and snow. In the 7 MODIS bands designed for 

use over land, these scene components are well separated. 

MODSCAG is currently in an intensive validation phase. With measurements of fractional 

snow covered area from 30m Thematic Mapper data, we scale to 500m to validate MODSCAG 

retrievals (Figure 4). These results show that MODSCAG has regional mean errors in snow-

covered area of ï1% and standard deviations order 8%. However, these errors are partly caused 
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by overestimation by the Thematic Mapper, because this sensor often saturates over pixels with 

large snow cover fraction. 

Product Strategy 

Our core products 

are daily subpixel 

snow cover and snow 

albedo for areas where 

substantial populations 

derive their water 

supply from melting 

snow or glaciers, total-

ing more than a billion 

people worldwide 

[Barnett et al., 2005]. 

The raw daily products are often occluded by cloud cover and perturbed by variations in viewing 

geometry. We therefore take advantage of the daily time series to smooth and filter the MODIS 

snow cover and albedo information. Therefore the snow cover and albedo information will be 

available in three data records: 

¶ Fractional snow-covered area, grain size (and contaminants) from daily MODIS images, also 

configured for VIIRS data, which will be available from NPP and NPOESS. 

¶ Best assimilated estimate of snow-covered area and broadband albedo on that date, extrapo-

lated and smoothed from previous history to that date. 

¶ End-of-season assimilated reanalysis of daily snow-covered area and broadband albedo, in-

terpolated and smoothed. 

A related applications product derives from the integration of snow-covered area and albedo 

with surface measurements of snow water equivalent and energy balance models to estimate a 

value for snow water equivalent over every grid cell every day. We will use two approaches for 

this product: 

¶ Interpolation of snow pillow data with fractional snow-covered area. 

¶ Estimates of snow-cover depletion with a spatially distributed energy balance model, driven 

by GOES estimates of solar and infrared radiation, albedo estimates from MODSCAG, and 

knowledge of the date that snow disappears from each grid cell. 

Core Product: Daily Snow Cover and Albedo 

Raw Snow Cover and GrainSize. The input product from NASA is MOD09GA, atmospheri-

cally corrected surface reflectance at 500m resolution from MODIS bands 1-7 in the ISIN pro-

jection. In addition to the reflectance values, a cloud product is included with cloud categories 

from 0-3, as are data for zenith and azimuth angles for solar and viewing geometry. Before 

  

Figure 4. Fractional snow-covered area from MODIS (500m) and the 
Thematic Mapper (30m) for a region covering the Rabbit Ears and North 
Park Meso-cell Study Areas (25km x 25km) of the Cold Land Processes 
Experiment on April 4, 2002. The triangular void in upper left of the Thematic 
Mapper image is outside the image swath. These data demonstrate the 
spatial consistency and accuracy of MODSCAG. 
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processing, we reproject the MODIS data to a projection that is most consistent with other hydro-

logic data for the region of interest. For example, for the Sierra Nevada we use the projection 

adopted by the California Data Exchange Center (CDEC), an Albers equal-area conic projection 

with standard parallels 34° and 40.5°N, meridian 120°W, false northing -4,000,000. We use the 

WGS84 datum for consistency with SRTM elevation data. 

From equation (1), we estimate the fractional snow-covered area, using the snow endmember 

whose grain size produces the minimum RMSE.  Figure 5 shows a typical result for a cloudy day. 

MODIS does not reliably distinguish snow from cloud. A distinguished radiative transfer scien-

tist once told us, ñIf you can identify the snow cover, I will tell you where the clouds are.ò Our 

problem is the reverse, we want to know where the clouds are, and then we can identify the 

snow. Our snow cover image in the upper left is the result of our first processing step. It includes 

clouds, which are masked a posteriori, and the starndard MODIS ñcloud categoriesò product in 

the upper middle includes snow. From the grain sizeðsnow rarely has an effective grain radius 

less than 50µm, and never less than 30µmðand the elevation, we separate snow from cloud. In 

 
Figure 5. MODIS snow cover and grain size images of the Sierra Nevada, 23 March 2005, when clouds 
covered the whole region. The top row shows the snow cover, clouds, and grain size (µm) as estimated 
from the MODSCAG model. The bottom row shows the visible snow cover, after correcting for clouds, the 
ñpossibleò snow cover from the last day the surface was visible, and the grain size associated with the 
possible snow cover. 


