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Earth resources satellites have provided a means for the timely, efficient, and
accurate monitoring of watershed snowcovered area. Several techniques are
available for analysing the data ranging from simple photointerpretation to
automated digital methods. Although photointerpretation methods are com-
pletely suitable and recommended for many applications, it is believed that a
_highly interactive digital processing system, when combined with a skilled
remote sensing applications specialist, will provide maximum operational use
of satellite snowcover observations. Several studies have shown that satellite-
observed snowcovered area is significantly related to various expressions of
seasonal streamflow. The results indicate that snowcovered area could be in-
corporated into conventional snowmelt runoff prediction methods as an addi-
tional index parameter for improving streamflow estimates. Additionally, the
snowcovered area data are compatible with several numerical hydrologic mod-
els and quasioperational tests are being conducted.

Introduction
The melting of the seasonal snowpack in the Spring is the source of greater than 50

percent of streamflow in most areas of the Western United States (Committee on
Polar Research 1970, and Rooney 1969). For example, about 75 percent of the
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runoff in the Colorado River originates from snowmelt in key basins that represent
only 13 percent of the contributing land area (U.S. Department of Interior 1970).
Additionally, water balance studies of the Fraser Experimental Forest in Colorado
have shown that 90-95 percent of the annual water yield is derived from snowmelt
(Gartska, Love, Goddell, and Bertle 1958). In Western Europe, Spring snowmelt is
only slightly less important for runoff than in the Western United States. In Switzer-
land, for example, about 40 percent of total streamflow on the average results from
melting snow. For a typical alpine watershed like Dischma Valley near Davos,
Switzerland, however, as much as 60 percent of runoff comes from snow meltwater.
Snow accumulation and melt are also important factors in the hydrology of the
Scandinavian countries. It is estimated that 50 percent of the annual runoff from a
representative basin in Sweden occurs during the Spring snowmelt flood in May
(Bergstrom 1975).

In order to make efficient use of the seasonal snowmelt runoff, water resources
agencies must make predictions early enough to be effective for hydroelectric, irriga-
tion, water supply, flood control, and navigation purposes. In the United States, the
initial prediction is made early in Winter, on or about 1 February, and is based on
antecedent and current basin moisture conditions. The forecast is updated at the first
of every succeeding month through June. The most common snow parameter used in
the seasonal forecast is snow water equivalent. The basic objective of the long term
forecast is to provide as accurate a prediction of seasonal runoff from snowmelt as
possible with sufficient lead time to provide maximum use of the runoff.

The snow water equivalent values are obtained from a series of point measure-
ments taken with a metal tube sampler in a confined area called a snow course. The
snow course values obtained are averaged and an index snow water equivalent
assigned to the watershed or sub basin. This index value is used in a regression
equation to arrive at a prediction of seasonal streamflow. Although certainly import-
ant in snowmelt runoff forecasting, the point snow water equivalent data are not
usually indicative of entire watershed snow moisture. Some investigators (Leaf 1971
and Brown and Hannaford 1975) have studied the importance of watershed snow-
covered area and have found that positive relations between snowcovered area on a
particular date and runoff do exist. Martinec (1975), for example, has incorporated
snowcovered area into a snowmelt-runoff model used for forecasting streamflow.
The rate at which the snowcover depletes is also an index which is inversely related to
the snow water equivalent and the generated snowmelt runoff. As the snow leaves the
low elevations of the watershed, the hydrograph begins to rise and generally conti-
nues to do so until the snowpack area reaches a critical value where meteorological
snowmelt conditions cannot produce ever increasing amounts of runoff. The hydro-
graph then begins to recede until the remaining snowpack disappears and the runoff
is maintained by baseflow. The slower the snowline retreats up the watershed to the
elevation where the hydrograph starts a downward trend, the greater the resulting

runoff volume and, usually, peak flow.
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difference most likely occurs because the aerial observers do not map light snowfalls
as snowpack whereas Landsat includes these areas in the estimate. In Arizona,
personnel of the Salt River Project, map all areas of trace and greater snow accumu-
lation and Landsat produces about a 7 percent less snow area assessment. The

comparative maps indicate that more detail in the snowline can be mapped from
Landsat data than by the aerial observer because the aerial observer often views the
terrain at an oblique angle and most often draws a »smoothed« snowline (Barnes and
Bowley 1974).

An example of Landsat and high altitude U-2 (flown at about 20 km) photography
comparisons is presented in Fig. 1 for the Dinwoody and Bull Lake Creek watersheds
in the Wind River Mountains of Wyoming. Both the Landsat and U-2 photography
were acquired on 29 May 1975. Similar photointerpretation techniques using a zoom
transfer scope were used on both images. On the Dinwoody Creek watershed, Land-

sat snow extent in percent of watershed area was 88 percent whereas the U-2 value
was 89 percent. For Bull Lake Creek, both values were 91 percent. In all Landsat and
U-2 comparisons more detail in the snowline is available from the U-2 than from
Landsat; however, Barnes and Bowley (1974) state that even though more detailed
patterns can be identified in the U-2 aircraft data, the effective information content

of the Landsat image with regard to mapping snowcover is equal to that of the higher
resolution photography. It was also apparent that snowline determinations from
Landsat were considerably easier to obtain than from the U-2. In regard to this
observation, Wiesnet and McGinnis (1974) indicate that Landsat snow mapping is
six times faster than U-2 snow mapping.

NOAA-2 VHRR snow mapping is almost as fast as Landsat, more timely, and
applicable on large watersheds. Wiesnet and McGinnis (1974) derived a cost-
comparison figure for NOAA-2 satellite measurements of Sierra Nevada snowcover
versus conventional aircraft measurements. Assuming that 20 basins were of interest
and that a simple altimeter survey by light plane was possible, at least 40 hours would

be required at a total cost of at least $20,000. Using satellite data, the entire Sierra
block could be mapped in two man-days for a direct cost of about $100. Thus the
comparative cost ratio is 200:1 in favor of the satellite, recognizing, of course, that
the costs of the plane and the satellite were not included.

It is evident from the results of the above-mentioned studies that snowcoverd area
measurements from Landsat and, in certain cases, NOAA VHRR are adequate for
the mapping of watershed snowcover. Advantages of using satellite derived snow
extent as opposed to aerial surveys include the following: (a) satellite mapping is less
expensive and faster; (b) large areas can be surveyed at once; and (c) acceptable
accuracies are achieved. The major disadvantage is that over small watersheds high
resolution spacecraft, such as Landsat, have a limited frequency of observation that
can be decreased even further by persistent cloud cover.
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Satellite Data Analysis Techniques

Photointerpretation
The extraction of snowcovered area from satellite data is accomplished using either

analog methods (e.g., photointerpretation), digital techniques, or a combination of
both. Photointerpretation is by far the most simple and easily applied approach,
especially for users with little or no remote sensing experience. Automatic interactive
methods (digital, analog, or hybrid) have a number of advantages, such as rapid
objective analysis and the ability to survey large areas quickly. Even if these methods
are eventually employed, however, photointerpretation is extremely valuable for
gaining familiarity and experience with snow mapping and study areas. In cases
where technical manpower is available and computer facilites are limited, photoin-
terpretation has many advantages because the actual procedures are straightforward
and generally do not require any sophisticated equipment. The following description
of selected photointerpretive techniques progresses from simple to complex methods.
The advantages and disadvantages of each of the different methods are discussed.

Snowline Discrimination and Planimetering of Snowcovered Area
This particular technique in its simpliest form involves delineation of the watershed

boundary on original 1:1,000,000 scale Landsat images and tracing the snowline on
an overlay. The area snowcovered is then planimetered manually and expressed as a
percentage of total watershed area. Once the interpreter has gained experience with
the study area, this particular technique can be used rapidly and requires very little
training time, usually less than half a day. When the number and area of watersheds
are small this direct approach is to be recommended. Varations of this include
enlargement of the Landsat scenes to scales as large as 1:100,000 and subsequent
mapping and area measurement. In cases where shadows or trees partially obscure
the snowpack, the snowline can be enhanced by a diazo overexposure technique
described by Foster and Rango (1975). Subsequent enlargement and planimetering
would still take place.

" In order to more precisely co-locate the satellite imagery and watershed map
boundaries, a zoom transfer scope can be employed. This instrument superimposes
the imagery on base map overlays at various scales through a system of mirrors,
lenses, and scale adjustments with an additional capability for removing image
distortion. The snowline is subsequently located at the desired scale and the snow-
covered area planimetered. Further improvement can be obtained by using an auto-
matically recording planimeter that immediately prints out snowcovered area. The
complexity of these simple photointerpretive procedures depends on the specific
method and instruments used. The primary disadvantages are encountered when
numerous basins are to be surveyed. In this situation, manpower may become a
problem and the transition to automated methods should be considered. Additional-
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ly subjective interpretations are involved with these methods and consistent measure-
ments between different operators and different basins are difficult to obtain, espe-
cially in areas where heavy forest cover seriously obscures the snowpack. The poten-
tial for human error is at a maximum when using these methods.

Mean Snowline Altitude Conversion to Snowcovered Aréa
This method indirectly obtains snowcovered area by producing an estimate of mean

snowline altitude in a watershed. As described by Meier and Evans (1975), the mean
snowline altitude is derived by interpolation of the elevation of the snowline at
specific locations off of a transparent overlay with topographic contours. Twenty or
more points are then averaged to produce the mean snowline altitude which is
converted to equivalent snowcovered area by using an area-altitude curve for the
watershed. This method is fast and avoids problems of interpreting the actual loca-
tion of the snowline in forest or shadow areas, and, according to Meier and Evans
(1975), the method is relatively precise. A similar method using ESSA weather
satellite imagery was applied by Itten (1970).

Interpretation of Gridded Imagery
This technique of using artificial grid elements or boxes as the base for interpretation

of snowcovered area was first used by Lauer and Draeger (1974) with 1.98 x 1.98 km
grid boxes. Katibah (1975) used the same techniques on the Feather River in Califor-
nia and Meier and Evans (1975) have performed tests using 2.5 x 2.5 km boxes on
basins in the Northwest. Basically the amount of snowcover in each grid element (or
a sample of elements) is recorded and stored. The amounts for each unit are summed
over the entire watershed to obtain the total snowcovered area. In some situations
Winter snow scenes are compared with similar gridded Summer scenes to reduce
confusion between snow, trees, rocks, and shadows. The method is much more time
consuming than the simple photointerpretation methods but is precise, provides a
good way to store and retrieve data, and seems to be a good transition step to the use
of digital processing. Comparison between operators is easily facilitated by use of the
grid system.

Optical Enhancement Devices - Density Slicing
In this method Landsat images are mounted on a device that attempts to separate

snow from other features on the basis of an arbitrarily selected reflectance level.
These devices can accept watershed masks and provide an indication of the percen-
tage of the watershed above or below a particular reflectance level. Snowcovered
area can be obtained automatically using this prodcedure if a particular reflectance
level corresponding to the snow/no snow discontinuity can be found. 1t is difficult to
arrive at the proper slicing level across an entire scene or watershed, and, hence, there
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is room for considerable error. Repeated attempts to slice the same scene at the same
density level very often give different answers owing to machine error. Such esti-
mates may be useful, however, for rapid snowcovered area determinations that are
acceptable -on certain watersheds. The cost for the acquisition of electronic density
slicing equipment is high, and the lack of measurement precision may not merit such
a purchase.

Electronic Interactive Analysis
Standford Research Institute has developed an Electronic Satellite Image Analysis

Console (ESIAC) that is meant to provide a transition (or alternative) between
conventional photointerpretation and objective digital analysis (Meier and Evans
1975). This system, which accepts either images or digital tapes as input, actually
includes many aspects of both photointerpretation and digital analysis, and as a
result, is highly interactive. It can function as a simple density slicer; however, in the
suggested mode of operation (Meier and Evans 1975), the watershed to be analyzed
is divided into 2.5 x 2.5 km grid elements with a threshold reflectance for snowcover
assigned to each element depending on the presence of trees, rocks, and shadows.
Altitude contours can be superimposed over the image as an aid in the precise
location of the snowline, especially in areas of difficult snowcover discrimination.
The computer aspects of ESIAC allows the interpretation of percent snowcover by
grid element, summation of grid elements for total watershed snowcover, storage and
retrieval of snowcovered area data, and registration of snowcover data from two
different dates. The presence of an experienced snow interpreter considerably en-
hances the capability of ESIAC. Because of particular ESIAC capabilities, this
approach is most effective when a large number of watersheds must be surveyed
requiring a reasonable amount of operator interpretation.

Digital Image Processing for Snowcover Determination
Fig. 2 schematically shows the major steps used in the employment of digital analysis

of remote sensing data for snowcover determination. Before any actual feature
selection and classification takes place, several preprocessing procedures can be
applied to the image data including geometric and radiometric corrections, calibra-
tion, noise-filtering, and debanding. These functions serve to improve the utility of
the data, either for generation of improved images for further photointerpretation,
or as in this case, for more effectively proceeding to the digital feature selection and
classification.

In the feature selection process, attempts are made to reduce the typical high
dimensionality of the data and to eliminate redundant information which would only
slow down the processing of the data. In the classification step, a choice must be
made between two considerably different approaches. If some prior knowledge of the
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Fig. 2. Schematic diagram of procedures used in digital processing of remote sensing data for
snowcovered area determination.

imaged features on the ground is available, best use of this information can be made
in »training« the computer to recognize the known features or ground cover classes
over the entire study area. This approach is termed »supervised classification« be-
cause all available knowledge is used to identify and classify previously unknown
picture elements (pixels). This classification depends very much on the accuracy of
the ground truth used in the training process.

Such a supervised classification was applied to Landsat data of the Bull Lake
Creek Watershed in the Wind River Mountains of Wyoming (Itten 1975). Fig. 3a
shows a one channel image of the study area. With the well-known Purdue Universi-
ty LARSYS 3 processing system, a highly consitent result using the maximum
likelihood point classifier was achieved (see Fig. 3b and Table 1). Because LARSYS
3 is basically a stepwise process, and because the degree of interactivity from remote
terminals such as used in this study is low, analysis of the entire study area is
considerably time consuming. In this analysis seven categories, as listed in Table 1,
were obtained. Snow classifications were divided into highly reflective dry snow,
lower reflective metamorphic snow (snow undergoing melt at the time of overpass or
previously wet snow that was refrozen), snow in forest, and a transition zone where
snowcover is patchy. The other categories were snowfree forest or other types of
vegetation, shadow and water, and unclassified pixels.

In the second phase of study over the same area, a highly interactive system, the
General Electric »Image-100«, was tested in a supervised classification mode using a
relatively coarse parallelepiped classifier on the same Landsat data as used with
LARSYS 3. Because of the increased interactive capability and the inherently rapid
training process and classifier, a considerable amount of time was saved (see Fig. 4a
and Table 1).

In contrast to these supervised approaches, an »unsupervised classification« or, in
our case, a »clustering« technique was applied to the same data. In a strict unsuper-
vised classification no prior knowledge of the imaged ground cover is available. The
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