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Snow Accumulation and Distribution in an Alpine Watershed 
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Distribution of snow water equivalence (SWE) was measured in the Emerald Lake watershed 
located in Sequoia National Park, California, by taking hundreds of depth measurements and density 
profiles at six locations during the 1986, 1987 and 1988 water years. A stratified sampling scheme was 
evaluated by identifying and mapping zones of similar snow properties on the basis of topographic 
parameters that account fur variations in both accumulation and ablation. Elevation, slope, and 
radiation values calculated from a digital elevation model were used to determine the zones. Of the 
variables studied, net radiation was of primary importance. Field measurements of SWE were 
combined with the physical attributes of the watershed and clustered to identify similar classes of 
SWE. The entire basin was then partitioned into zones for each survey date. Statistical analysis 
showed that partitioning the watershed on the basis of topographic and radiation variables does 
produce superior results over a simple random sample. 

I N'I'R() I) UCTION 

Recent pressure on hydrologic resources caused by pop- 
ulation influx and resource development increases the need 
for accurate measurement ol'snow water equivalence (SWE) 
in alpine regions. In Calil•)rnia, for example, agricultural and 
metropolitan areas depend on water obtained from the Sierra 
Nevada to supply a large portion of their water needs. Most 
of the runoff !Yore alpine environs is melt from the seasonal 
snowpack. To understand the timing and volume of runoff, a 
good understanding of the spatial variation of snowpack 
properties is needed. 

With the use of both established and recently developed 
techniques, SWE measurements at a given location are not 
difficult to obtain [U.S. Army ('orps o./' Engineers, 1956; 
Dunne and Leopold, 19781. Several accurate methods for 
measuring density exist, ranging from those involving exca- 
vation and sampling pits [Perla and Martinelli, 1978] to the 
isotope profiling gauge [Kattelmann et al., 1983]. Depth 
measurement requires only a robust probe and some expe- 
rience in use. 

The persistent question is, How do we accurately inter- 
polate between measurements at points to estimate the total 
volume of water stored in the snowpack over an entire 
drainage basin? Snowpack properties may vary greatly over 
small distances. Numerous studies have been conducted in 
prairies or regions of mild relief [Steppuhn and Dyck, 1974; 
Adams, 1976; Granberg, I979], and snowpack variation in 
these places is better understood than spatial and temporal 
variations of snow cover in alpine regions. The factors 
contributing to variation in SWE (slope, aspect, elevation, 
vegetation type, surface roughness, energy exchange) are 
exaggerated in alpine areas, resulting in a heterogeneous 
snowpack that changes markedly in space and time. 

We need sampling methods that can capture snowpack 
variability and characterize it over an area, that have rea- 
sonable time and manpower re, quirements, and yet can 
accurately assess the snowpack. An approach that requires 
many samples throughout a basin is seldom practical, given 
logistical constraints of safety and time. In this study we 
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attempted to accurately determine the distribution of SWE 
over a small alpine basin by identifying and mapping zones 
of similar snow properties on the basis of topographic and 
radiation parameters that account for variations in both 
accumulation and ablation. Parameters used were elevation, 

slope, and daily integrated net solar radiation calculated for 
clear atmospheric conditions and an assumed surface 
albedo. We tested different classification combinations of net 

radiation, slope, and elevation and varied the number of 
classes between eight and twelve. The objective was to see 
if an improved sampling scheme could be developed by 
stratifying the sample on the basis of physical parameters 
that control the accumulation and distribution of snow in an 

alpine watershed. Snow depth and density measurements 
were obtained in eleven intensive snow surveys over three 
melt seasons, providing a large sample of spatial point 
measurements for model development and testing. 

FACTORS AFFECTING SNOW DISTRIBUTION 

Investigations on snow accumulation and distribution in 
the last two decades have focused on elevation, vegetation, 
and topography [Meiman, 1968]. Although much of the work 
has been done in regions of low elevation and minimum 
relief, many of the results apply to alpine areas. 

Properties of the snowpack (e.g., depth, density, temper- 
ature, chemistry) vary in space and time. Snow depth and 
density are controlled by both accumulation and ablation. 
On a large scale these processes are controlled by meteoro- 
logical patterns and major terrain features and on a small 
scale by redistribution, new snow properties, and microme- 
teorology. Accumulation consists of two processes: snowfall 
itself and redistribution of the original snowfall by wind 
transport or by sloughing and avalanching. Ablation occurs 
by melting, sublimation, and deflation. 

Accumulation 

Snowfall. Precipitation, including snowfall, is a stochas- 
tic process, and its variability must be considered on a wide 
range of scales. Regional climate and latitude affect snowfall, 
but neither of these vary significantly within most alpine 
basins. Elevation is considered the single most important 
factor in snow cover distribution by most of the recent 
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studies, but orographic effects depend more on slope and 
wind speed than on elevation [Gray, 1979]. 

Wind. Much of the spatial heterogeneity of SWE in 
alpine regions is the result of redistribution by wind. Even if 
snowfall were uniform over an area, the final deposition 
pattern would be irregular, because snow is typically moved 
by wind and redeposited during the storm. Snow is analo- 
gous to other sediments and tends to accumulate in areas 

where flow decelerates or diverges, and it tends to erode in 
areas of accelerated or convergent flow. Where terrain 
irregularities and wind patterns are consistent in time, drifts 
and scoured areas tend to repeat in form and location, year 
after year. Drifts may shift between storms as the storm 
track changes, but over a season, consistent patterns still 
often emerge. Transport of snow by wind is reviewed in 
detail by Schmidt [1982]. 

Avalanches and sloughs. Considerable volumes of snow 
may be moved by avalanches in a watershed, and snow 
tends to repeatedly slough i¾om slopes that are sufficiently 
steep. Avalanching does not change the total mass of snow 
in a drainage basin but does change the distribution. Correct 
estimates of the volume in avalanche deposits are hydrolog- 
ically important because they may contain large amounts of 
water. Zalikhanov [1975] found that 30-64% of the alpine 
snow cover in the Caucasus may be transported to valley 
bottoms by avalanches. 

Ablation 

A common method to evaluate ablation and snowmelt is 
through evaluation of the surface energy exchange. Snow- 
pack ablation is controlled by energy exchanges at the 
air/snow and snow/ground interfaces. Energy inputs may 
come from solar and emitted atmospheric radiation, sensible 
heat exchange, latent heat exchange, heat flux from the 
underlying substrate, and advective heat transfer. Of the 
available energy sources, it is well documented that solar 
and longwave radiation usually dominate [Zuzet and Cox, 
1975]. 

Radiation affects net accumulation through ablation at the 
surface. If the melt only percolates into the snowpack and 
refreezes, then depth and density have changed but SWE 
has not. Once meltwater reaches an ice lens or the ground, 
however, it may move laterally, and the SWE at that point 
will change. Radiation thus influences the spatial element of 
accumulation because it may effectively move SWE from 
discrete parts of the basin where the energy balance is 
positive or remove SWE when runoff leaves the basin. 
Sublimation is important in alpine areas and may make up a 
large percentage of total water lost at a point [Dozier et aI., 
1987]. 

In predicting areas of melt for a given set of conditions it 
is necessary to examine many factors. In addition to the 
basic energy exchange components, it is necessary to look at 
the different physiographic characteristics of the point in 
question, such as slope, aspect, latitude, and horizon. In 
locations where radiation inputs are low (high latitude), melt 
and rainfall tend to have a uniform effect on the snow cover 
[Adams, 1976]. In areas where radiation is both important 
and variable (lower latitudes and high elevations with rough 
topography), variability in snowpack parameters is in- 
creased. Some parts of alpine basins may go one or two 
months in the winter without receiving direct solar radiation, 

while adjacent areas may receive direct radiation and expe. 
rience occasional melt throughout the winter season. 

STUDY 

The study was conducted in the Emerald l•ake watershed, 
Sequoia National Park, California, at 36ø35'N, 118ø40,W 
(Figure 1). Elevations range t¾om 28(X) to 3416 m, a total 
relief of 636 m. Total watershed area is about 120 ha, of 
which 2.7 ha are take surt•tce. The basin is a north lacing, 
glacially scoured cirque, flanked by nearly vertical cliffs on 
the south and west margins. A broad range ot' slopes and 
aspects are represented. The basin is steep with a mean 
slope angle of 31". The lack of soil has resulted in limited 
herbaceous or woody vegetation. The topography and phys. 
iography are typical ot' a small alpine watershed in the 
southern Sierra Nevada. 

FI I[,;I,ID U 

Variability in both depth and density must be considered 
in ½va!uations of' snow distribution. Density measurements 
involve excavating snowpits and sampling the pit wall, 
which is labor-intensive and time co'nsuming. ('•onversely, 
depth measurements simply involve probing, and many 
samples may be taken in the time required 12)r a single pit. 
Depth varies more than density in alpine areas, so the major 
source o•' variation in SWE is variation in depth, especially 
during the melt season ILogat•, I973]. Fortunately, this 
makes field sampling tEasib!e, since many easily obtainable 
depth measurements can be combined with a smaller amount 
of density profiles. Accurate sampling schemes require that 
the quantity of depth and density measurements be prop0r- 
tional to) the parameter variances [(.;oodison ('t at., 1981]. 
Belbre the onset ot' melt, density exhibits considerable 
spatial variability, and measurements throughout the drain- 
age area are needed to characterize this variability. Ripening 
of the snowpack before runoff leads to less variation in 
density, and fewer samples are necessary to characterize the 
density variation [Adams, 1976]. 

Snow Depth 

Ordinarily, a stratified random sample is preferred over a 
simple random sample [Cochran, 1977]. In particular, when 
the population varies spatially, stratification may result in a 
gain in precision in the estimates of the population as a 
whole. In this study, however, the survey data were used to 
test our classification, and stratifying the basin before the 
surveys were completed would have biased the results, 
implying a priori knowledge of the distribution. 

Sample locations were located by randomly sampling the 
coordinates of a 25-m grid registered to a digital elevation 
model (DEM) of the basin. Locations of the points were 
transferred to orthographically corrected aerial photographs 
used by the field teams, and depth measurements were taken 
at each accessible point. Some of the selected survey points 
were too difficult for the survey teams to reach. These points 
were discarded if they appeared to have any snow on them, 
since accurate estimate from afar was not possible. This 
procedure affected an insignificant amount of points. How- 
ever, a point was retained and a depth of zero recorded if it 
could be positively determined that it was located on a rock 
outcrop. The field teams used the orthographic photographs. 
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Fig. 1. I,ocations ot' Emerald l,ake basin snowpit and instrument sites: 1, tower instrument site; 2, inlet snowpit' 3, 
bench snowpit' 4, ridge instrument site' 5, ramp snowpit' 6, pond snowpit' 7, hole snowpit; 8, cirque snowpit. 

topographic maps, close-up photos, and compasses to pre- 
cisely locate the points in the field, At each location the 
survey team recorded snow depth at the point, as well as 
depths 4 m away in the four cardinal directions. The five 
depths were then averaged to minimize local variation. 

Four depth surveys were completed in 1986, starting at the 
date of peak accumulation in the basin and following at about 
3-week intervals thereafter. Four surveys were completed 
during the 1987 water year at about 2-week intervals, and 
each of these encompassed the entire basin. One survey was 
carried out as close to the date of maximum accumulation as 

was possible during the !988 melt season. The amount of 
points sampled varied between surveys and years and was 
based on an estimate of what the field teams could reason- 
ably accomplish. Figure 1 shows the Emerald Lake water- 
shed and its topographic features, and Figure 2 shows the 
distribution of points sampled for snow depth in the 1988 
survey. 

Snow Density 

Snow pits were dug at selected sites throughout the 
watershed to obtain density profiles (see Figure 1). Loca- 
tions were chosen to give a range of exposures and eleva- 
tions characteristic of the basin. The density sampler and 
measurement technique we adopted was developed by R. 
Perla of Environment Canada. The sampler is a wedge- 
shaped cutter 20 cm long, 10 cm wide, and 10 cm high, giving 
a 1000-mL volume. Continuous density profiles were taken 

in 10-cm increments in each pit, and dual profiles were 
usually taken. 

SnowfitIl 

In the 1986 and 1987 water years, snowfall was measured 
using snowboards. These consisted of l-m 2 plywood boards 
with a graduated pipe mounted orthogonally to the board 
surface in the center. After each storm, new accumulation 
was measured before they were cleaned off and replaced on 
the new snow surface. 

Fig. 2. Distribution of survey points, March, 20-23, 1988. Se- 
lection of points was made using a 25-m grid registered to the 5-m 
digital elevation model. 
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Fig. 3. Mean and standard deviation of snow density during the 
1987 water year. Values are calculated using all data from the basin 
for a given date. 

Snow-Covered Area 

Snow-covered area was estimated from oblique photo- 
graphs obtained during the surveys and throughout the melt 
season. The rugged basin topography allowed us to get 
adequate views of nearly the entire watershed from opposing 
ridges. Aerial overflights were also effective, but we experi- 
enced considerable cloud cover during most of the surveys 
in 1987. 

MODElriNG METHODS 

Snow Density from Field Measurements 

Three different approaches were used in the 1986, 1987, 
and 1988 melt seasons to calculate mean snow densities for 

the basin. Changes were necessary because of the large 
difference in accumulation between 1986 and the two tbllow- 

ing seasons and because of differences in the data described 
below. 

1986 water year. The 1986 water year produced a deep 
snowpack; the heavy overburden and warm temperatures 
caused a high, uniform density over the basin. Density did 
not vary appreciably through the entire melt season, with a 
mean of 520 kg m-3 and a standard deviation of 44.0 kg m-3, 
less than 10% of the mean. The small deviation allowed us to 

apply the mean density value to all depths to obtain SWE 
estimates. 

1987 water year. Lower snow accumulation during the 
1987 water year made it feasible to dig over fifty pits, giving 
us density data with high spatial and temporal resolution. 
Density data is summarized in Figure 3, where density 
values are the mean values of the field data for the entire 

basin on a given date. Early season densities in February and 
early March were low, corresponding to the low tempera- 
tures and thin snowpack. As temperatures increased and 
accumulation proceeded in March and April, mean density 
increased asymptotically to about 470 kg m -3. The standard 
deviation of density is also plotted in Figure 3. The data were 
nonstationary, with a changing mean and variance through 
the season. The standard deviation of density shows low 
initial values because the snowpack is cold and homoge- 
neous throughout the basin. As the snowpack ripens in 
March, there is an increase in the variability of density 
because portions of the basin are rapidly warming while 
others are still cold, resulting from variation in the incoming 
solar radiation. As a greater percentage of the basin ripens in 
late March and early April, the standard deviation of density 

TABLE !. Regression Equations for Density, I987 and 1988 
Water Years 

Year Site Equation n r 

1987 
1988 

all sites p ,.:':':: 1.03 I) + 316 466 0.41 
inlet p = 2.22 D + 258 8 0.86 
bench p ,:':,• 3.13 I') 4 196 5 0,95 
ramp p = 1.98 I)+ 196 4 0.99 
hole p = 2.15 D + 195 3 0.99 
cirque p = 1,33 D + 302 9 0.95 

D, day of year; p density in kgm -3. 

decreases abruptly. From the date of the first survey in 
mid-April forward, the standard deviation of the density 
throughout the basin was always less than !0% c)t' the mean, 
except once when it reached 11%. A linear model was fitted 
by correlation of the data after April 1, where mean density 
was a fi•nction of day of year. The resulting equation may be 
tbund in Table !. These values were then used to calculate 

SWE from the survey depth data. The predicted values are 
close to the observed values and are within one standard 
deviation of the observed means in all but one case. 

!988 water year. The same pit locations were used 
during the 1988 field season to measure density, and we were 
again able to dig many pits (58). Early season densities were 
low, corresponding to the low temperatures tHld thin snow. 
pack. As temperatures increased and acct•mulation pro- 
ceeded, mean density increased asymptotically tt• about 510 
kgm •. 

In an effort to improve our basin-wide SWE t:stitnates 
from the surveys, we examined the local variation and 
temporal change in density for each of the pit sites. Enough 
data existed at each site, except the pond (site 6, Figure 1), 
to fit a linear model to the data and have predicted density as 
a function of date and location. This is important because the 
basin snowpack does not behave similarly on a temporal or 
spatial scale. In some instances the east side of the basin is 
producing runoil' while the west side is still subfreezing in 
some portions. 

Using mean pit densities, five linear equations were de. 
rived by regression to model density as a function of date for 
the inlet, bench, ramp, hole, and cirque (sites 2, 3, 5, 7, and 
8, respectively, Figure 1). All five relationships may be 
found in Table 1. Plots of the density means and standard 
deviations for each site during the 1988 season were similar 
to Figure 3. An indicator variable set density to the maxi- 
mum observed value for the location alter the date where 

observations showed it to be approaching the asymptote. 
Scant data forced us to use the bench relationship on the 
pond site. Such an assumption is not bad because the two 
sites do not differ radically in elevation or aspect, and 
available data shows similar densification trends. Predicted 
density from these equations was interpolated over the 
entire basin for the peak accumulation survey date. 

Estimations of Snow Water Equivalence 
from Survey Data 

It is possible to estimate the mean basin SWE (•'-•1 
simply from the mean of the point SWE values obtained 
from the snow surveys when the sample size is large enough. 
The snow depth sample size during the 1986 water year 
exceeded 125 in all but the first survey, where it was 86. In 
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TABI,E 2. Sunimary of Snow Depth Surveys, 1986, 1987, and 1988 Water Years 

Mean Deplh Standard 90% Confidence 
Survey l)ate n cm Error of Mean Interval 

Coefficient 
Variation 

1986 

April 15-17 86 384 13.7 +22.8 
May 2-5 127 378 19.4 +32.2 
May 23-26 !57 292 15.7 _+26.0 
June 24-27 166 107 12.6 _+20.9 

1987 

April 17-19 256 140 5.5 +9.0 
May 8-10 295 79 4.7 -+7.8 
May 21-23 328 47 3.6 -+6.0 
June 5 279 28 3.1 __.5.1 

1988 

March 20-23 354 153 5.1 +-8.4 

33.! 
57.9 
67.4 

152.2 

62.3 

102.8 
139.1 
183.1 

62.8 
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the 1987 water year the sample size ranged between 256 and 
328, and in 1988 the sample size was 354, where each sample 
point represents the mean of five measurements. A statistical 
summary of the depth measurements is tbund in Table 2. 
S-W"• was calculated tbr each survey using the mean depth 
and density, which is calculated as discussed above. Snow- 
covered area was implicitly accounted for in the calculations 
because the survey points without snow were averaged into 
the mean snow depth. With a large, randomly located 
sample, this procedure is sufficient. 

The values of• calculated from this method were used 
to evaluate the results of •WE that are based on the 
classification of the basin by terrain features, which .is 
discussed below and will be retorted to a.s the "true" values. 

• was also calculated using Thiessen triangulation, for 
lowing the algorithm presented by Renka[1984]. This tech- 
nique produced results similar to the simple arithmetic 
mean, and all estimates except one were within 7% of the 
true value (Table 3•. Thiessen triangulation and other areal 
interpolation techniques fitil to account R)r the abrupt 
changes in SWE, dictated by abrupt changes in the terrain, 
and produce a smooth snow distribution over the basin. It 
was hoped that classification of terrain into similar zones of 
SWE on a 5-m scale would improve the spatial distribution 
of estimated SWE. 

1986 water year. SWE was obtained by multiplying the 
mean snow depth for each survey date by the seasonal mean 

density (520 kg m-3). Total volume of water stored in the 
basin was calculated by multiplying the total basin area by 
S'WE, and results from all four surveys are listed in Table 3. 
The first survey covered only the northeast wall of the basin 
because of avalanche danger. The following three surveys 
encompassed the entire basin. Some justification is neces- 
sary for using snow depths from the subsample of the basin 
obtained in the first survey to represent the entire basin. 

An analysis of variance (ANOVA) was used to test the 
means of depth from the northeast wall against the means 
from the entire basin for the second, third, and fourth 
surveys. An F test showed, at the 95% confidence level, that 
there was no difference in SWE for the locations in either the 

second or third survey and that the means for the subarea f•ll 
well within the 95% confidence intervals for the entire basin. 

The means were statistically different fbr the fourth survey, 
suggesting that the northeast wall no longer represented the 
entire basin. The mean t¾om the first survey was applied to 
the entire basin to calculate basin SWE for the first survey in 
Table 3. This result is important because this survey was 
completed close to the date of maximum accumulation and 
preceded any significant ablation, !naking it possible to 
obtain a reliable estimate of basin SWE for maximum 

accumulation using the data available only from the north- 
east wall. 

1987 water year. The first survey was completed shortly 
after the date of peak accumulation in the basin. Discharge 

TABLE 3. Summary of Snow Water Equivalence, 1986, 1987, and 1988 Water Years 

Mean Mean True* SWE 90 Confidence Interpolated? 
Depth, Density, SWE, Volume, Interval, SWE Volume, 

Survey Date cm kgm-" cm m 3 m • m 3 

1986 

April 15-17 384 520 199.7 2,398,560 142,230 -" 
May 2-5 378 520 196.6 2,361,080 20!,130 2,534,260 
May 23-26 292 520 151.8 1,823,900 162,210 1,789,680 
June 24-27 107 520 55.6 668,350 130,610 901,010 

1987 

April 17-19 140 427 59.8 718,320 46,160 667,050 
May 8-10 79 449 35.5 426,430 42,070 416,160 
May 21-23 47 462 21.7 260,660 33,020 280,380 
June 5 28 476 13.3 159,760 28,990 159,010 

1988 

March 20-23 153 411 63.0 750,700 41,470 721,080 

*Calculated as the mean of all survey measurements. 
'['Calculated by interpolation of survey measurements using Thiessen triangulation. The April 1986 

volume was not calculated. 
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measurements showed that some meltwater generation and 
runoff occurred bel•re the first survey, and this difference 
had to be accounted for to get an accurate eslimute ot' peak 
accumulation t•r the water year. q'he volume 
bel•re lhe survey was equal to 5.2 cm SWE, and sublimalion 
l•om the snowpack was calculated to be 2.4 cm SWE 
[Kattelmann and Elder, this issue]. Thus an estimate of peak 
SWE can be made by adding 7.6 cm SWE to the first survey 
estimate over the entire basin, which gives a total of 67.4 cm 
SWE at peak accumulation. Once melt began, the thin 
snowpack diminished quickly, making it necessary to com- 
plete surveys on about 2 week intervals. S•WE was obtained 
by multiplying density, calculated using density as a lhnction 
ot' date as previously discussed, by the mean snow deplh 
from each survey. 

1988 t•'ater year. There was little runoff t¾om the basin 
bet•.:>re the survey date, and most of the change between the 
date of maximum accumulation and the survey date were in 
densification of the snowpack on the eastern side of the 
basin' thus survey estimates of SWE do not ditt•r apprecia- 
bly from the peak value for this season. •• was calculated 
using the mean density, modeled !•)r six pit locations and 
interpolated over the basin, multiplied by the mcan depth 
from lhe survey points. ()wing to the large sample sizes and 
the tield techniques employed, the values presented in Table 
3 are good estimates of basin }••, but these large surveys 
are seldom practical, and new techniques must be developed 
to obtain a similar degree ot' accuracy with a reasonable 
time, manpower, and economic investment. 

Basin œ.'lass('fir'ation 

Two results were anticipated from the classification mod- 
eling exercise. First, we hoped to determine the relationship 
between the topographically derived variables (radiation, 
slope, and elevation) and snow distribution in an alpine 
watershed. Second, we wished to see if an improved sam- 
pling scheme could be developed using a stratified random 
sample with the stratification based on the topographic 
variables. 

The first objective was completed by regression methods 
were point values of the topographic variables were the 
independent variables and measured SWE at corresponding 
points was the dependent variable. The second objective 
was more complicated. First, the basin was classified into 
zones of similar characteristics using a 5-m grid from the 
basin DEM. The basin was divided into these zones in a 

two-step process. From a random sample of 1000 locations 
the corresponding values of radiation, slope, and elevation 
were clustered to identify the structure of similar groups 
within the basin. The entire basin was then classified using a 
Bayesian classifier based on the statistics generated from the 
clustered subimages [Richards, 1986]. The combinations are 
listed in Table 4, and for simplicity, acronyms are used for 
the stratifications hereinafter. The acronyms include initials 
for each parameter used and a number for the quantity of 
classes. The final number of classes varied, since the classi- 
fier omitted some classes identified by the clustering a!go- 
rithm. 

Three parameters, elevation, slope, and solar irradiance, 
were chosen because they represent physically based param- 
eters that affect accumulation and ablation of snow. Slope 
and elevation do not change during the season, but radiation 

'I'ABI,t:;• 4. Abbreviations for Parameters [Jsed in 
Basin ( 'htssiticttl ion 

Number 0f 
Abt,reviati{m ('lassitication Parameters C'lasses 

RSE 12 radiation, slope, elevation 12 
RS t:!:58 radiation, slope, elevation 8 
RS t2 radiation, sl•pe 12 
RS8 radiatkm, slope 8 
RE 12 radiation, elevati{•n 12 
RES radiation, elevation 8 

varies seasonally and provides the time-dependent element 
needed to m•del the change in the distribution of SWE over 
the basin. This is intuitively clear if one thinks ot' lingering 
frost, snow, t.•r ice patches that melt as the sun reaches them, 
either •n a diurnal or scasimal scale. The radiation images 
used in the c!;tssi!ication are integrated daily net solar 
radiation calculated t•,w clear sky (a condition that persists in 
the Sierrai !•r the 15th {>!' each month fi'om !)ecember 
through June. q'hcse were then summed fi>r all months 
beli•re the survey date i•>r which they were used. Two 
radial. ion images, early trod late season, are 12rand in Figure 
4, and examinatkm sh{•ws the marked increase in radiation 
thnmgh time, particularly on the west wall of the basin. 

All slopes greater than a critical amount (6if' ti>r 1986, 55 o 
liar 19871 were assigned .it zor(> va!t•e l•r SWE to take into 
account the persistently Ntrc cli!t• in the basin. The areal 
extent of these zones matched sn(>w-t?ee areas in the early 
seas(m aerial photographs. A mask of snow-c()vcred area 
was made from aerial and ()blique photo)graphs t•)r the 1988 
survey results, and this included the persistently bare cliff 

Basin SWE was calct•latcd from the classified images by 
multiplying the within-zone mean SWI;; by the zone area and 
summing all the values t•n' the basin. TMs value is reiErredt0 
as the '*predicted basin SWE" hereinafter. 

RESU!.TS 

Snow œ'over l)ltring the Study Period 

Precipitation data !¾om the Calitbrnia Cooperative Snow 
Survey (CCSS) ha.s served as a.n index of snowpack condi- 
tions in California for many years. CCSS data does not exist 
for Emerald Lake, but precipitation data fl0r the Tulare 
Region and Kaweah Basin subregion, of which Emerall 
Lake is a part, was used as an index for regional precipita. 
tion. These indices are also valuable in looking at long-term 
trends because the Kaweah record exceeds 50 years. In the 
following discussion, "normal" ret•:rs to the mean value 
from the 50 years preceding the year in question. 

1986 water year. The 1986 water year was characterize, 
by heavy precipitation throughout the Sierra Nevada. Esti 
mates of the accumulation were about 150% of the 50-year. 

mean [CaliJbrnia Cooperative Snow Survey, 1986]. The 
Tulare region and Kaweah basin were both substantially 
above the 50-year mean on the date of peak accumulation. 
showing about 150 and 180% normal, respectively (TableS). 
A single storm in mid-February deposited more than 1• 
SWE over the entire basin. Total accumulation at the inlet 
site at Emerald Lake was about 2.65 m SWE. 

1987 water year. This year was marked by lower than, 
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!:ig. 4. ('umulalivc daily integraled net solar radiation, December through March (left) and December through June 
(right). in the early sea.son (left), mean value is 78 W m 2 and standard deviation is 33.7 W m -2. By !ate season (right) 
there in less dill'trento between the northeast and s()ulhwcnl portions of the basin because of a higher solar zenith angle 

and grcltltzr azimuth:•! rltngc. Steep, norlh-l'acitlg slope.,, at the bottom of the image still rece!ve much lens net radiation 
than the restraining basin. Mcan valt•c is 309 W m ': and standard deviation in 77.9 W m-'-. 

normal prccipitati½•. St;ttcwidc precipitation was 65% of the 
50-year mean lk•r the 1987 water year, and estimates lbr the 
Sierra Ncvatl•t were even !t•wcr i('ali/;nnia ('ooperali•'e 
Snow Sttrvcys, 1987a •tnd hi. l)ata from the 'l'ularc River 
basin ('l'able 51 sht}wcd th•tt by April ! the cumulative 
precipitation had {•nly reached 7(}% •)l'thc 5()-ycar mcan, and 
the Kawcah bt•sin •llaincd t•nly 55%. Staticwide snow sur- 
veys showed that the snt)wpack was just {•vcr 5(}G. of normal 
tBr April I and 2(}% t}l' !lt)!'lllal I•)!' May I. 'l'his illustrates the 
relationship bctwcc• low prccipitatitm and rapid depletion of 
the thin snowpack lk)•nd in a dry year. l•mcrald !.,akc basin 
received a mt•xin'•m SWI• {•1' 11.49 m by M•trch 9. 

1988 ,•'atcr rt'ftt'. I•arly st•)rms appeared to bc fi)!lt)wing a 
normal trend, bt•t tt dry pcrit)tl that bcg•tn in mid-January and 
lasted through mt)sl t)l' l:cbrt•ary put the ct•mulativc precip- 
itation well bcl{}w nt)rn•al. At the end o1' January the Tulare 
basin was at I111% t)l' the 5{}-year precipitation mcan ('l'ablc 
5), but by the end t)l' March the estimate had dropped to 70%. 
Records show that by April I the cumulative precipitation 
had only reached 85% of the 50-year mean lbr the Kaweah 
basin as well. The seasonal snowpack is usually about at 
70% of the seasonal maximum on May I, but this year it was 
0nly about 20% [ ('ai•]brnia Cooperative Snow Stirrer, 1988J. 
The observed distribution and volume of snow in the Emer- 

ald Lake basin was similar in the 1987 and 1988 water years. 

TABLE 5. Regional Precipitation, 1986, 1987, and 1988 
Waler Yearn 

Percent of 50-Year Mean 

Region February ! March I April ! May I 

1986 

Tulare region ! 08 ! 40 150 ! 40 
Kaweah ! 25 ! 75 180 ! 65 

1987 

Tulare region 57 70 75 7 ! 
Kaweah 40 55 65 65 

1988 

Tulare region 110 85 70 83 
Kaweah ! ! 0 85 75 80 

Source: California Cooperative Snow Surveys, [1986, 1987a, b. 
1988]. 

April storms cau,•ed differences in the snowmelt and runoff 
scenario but changed the timing only, delaying the melt in 
1988. Snowboards were not monitored in the basin in 1988. 

There is visible evidence for snow redistribution in the 

F, mcrald Lake watershed. Large cornices form on the up- 
permost ridges and generally face into the basin. These may 
bc t'onned during southwesterly storms (the basin faces 
m•rth) or may be the result of considerable erosion and 
scouring of the hillslopes outside the basin. Other storms 
come fi'om the northwest and travel up the basin, leaving 
large upslope drifts on the pronounced benches. These drifts 
account for a significant amount of deposition and are 
present in this particular watershed, both in years of thigh 
and it)w precipitation. 

Storms in the Sierra Nevada are usually associated with 
air temperatures near the melting point. At these high 
temperatures, equilibrium metamorphic processes are rapid 
and result in a strong, well-bonded surface. During and 
immediately following a storm, loose snow may be easily 
moved and even erode the old snow surface. Once the 

surface develops, little snow movement takes place even in 
high winds, and most of the snow loss under these conditions 
is from sublimation. For these reasons, most redistribution 
occurs during or immediately following the precipitation 
event. 

Many of the snow patches that persist for the longest 
period into the melt season in the Emerald Lake watershed 
are avalanche deposits or snowbanks found at the foot of 
steep cliffs fed by sloughing from above. The February 1986 
storm produced large accumulation over a short period of 
time and led to an avalanche cycle, which moved a large 
portion of snow from midelevation in the basin to the lake 
surface. Depths of drifts and avalanche deposits during the 
1986 season sometimes exceeded 10 m, and sloughing from 
steep rock faces produced many depths exceeding 8 m. 
Except for cornices and drifts, snow deposition smooths the 
Emerald Lake basin features. This smoothing happens on a 
small scale, including talus and small boulders, and on a 
larger scale, including gullies, depressions, and large boul- 
ders. All but the largest boulders were obscured completely 
during the 1986 winter. Effects of redistribution, as slough 
deposits, drifts, and deflation areas, were found in the same 
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TABLE 6. AN()VA and Standttrd Error Evaltnttion'.,, April !7-19, 1987 

rat ificat ion 

Total 

F Confidence l)egrees of Number of SE, Percent of 
Ratio Level Freedt•m Classes cm Random SE 

5.126 (}.003 233 1 l 2.1 91 
6.688 0.011 233 7 2.2 93 

I 1.117 0.()002 233 10 2.0 87 
6.242 0.013 233 7 2.5 106 

11.786 0.(•)04 233 9 2.2 94 
10.989 0.006 233 6 2.1 90 

RSEi2 
RSE8 
RS12 
RS8 
RE12 
RE8 

SE for random sample = 2.3 cm, n = 256. 

locations all three years in spite of radical differences in 
precipitation. 

Restdt,v From Modeling Attempts 

Clustering and classification are not rigorous statistical 
techniques, and tbrmal statistical approaches Ibr validating 
results do not yet exist. The results in this study have been 
evaluated qualitatively by our intimate knowledge of the 
basin and the observed snow distribution and quantitatively 
by two methods. First, a single classification ANOVA was 
used where the null hypotheses k)r the ANOVA was stated 
as t'ollt•ws: there is no difference between the mean SWE of 

the groups identified in the classification. If the null hypoth- 
esis is accepted, similar information can be k)und in more 
than one class, and a poor classification has resulted. Rejec- 
tion o't" the null hypothesis shows that the classes contain 
different information or represent different populations, 
which is the desired result. Second, standard errors (SE! 
t¾om the classifications were compared to the basin-wide 
data. in any classification attempt the SE should be reduced 
k)r the classified groups when compared to the whole data 
set, but a significant reduction in SE suggests a successful 
classification. 

All data were checked for the assumption of a normal 
distribution. The data !k)r radiation, slope, and elevation 
were close to normal with no hope for improvement through 
transformation. SWE data were normally distributed except 
k)r the many zeros. This problem was taken care of by 
masking the steep snow-free areas in the basin and removing 
them from statistical analysis. 

1986 water year. Scatter plots of SWE against radiation, 
slope, and elevation showed no discernible relationship. All 
attempts to cluster and classify the basin into zones of 
similar SWE distribution produced results inconsistent with 
our field observations. There are several explanations for 
these results. The orthophotograph described earlier was not 
yet available during the field season, and oblique photo- 
graphs were used by the field teams to locate the sample 
points in the field causing potential error. With the deep 
snowpack, field crews could not reach the base of the 
snowpack when depths exceeded 10 m, resulting in substan- 
tial undersampling in some cases. It may also be that the 
deep snow reduces the effects by terrain features on the 
distribution patterns of snow, as previously discussed. Our 
best estimates of basin SWE for this year remain the 
estimates described earlier where the mean depth was mul- 
tiplied by mean density and basin area. Fortunately, the 1987 
and 1988 water year data and results proved to be better. 

1987 water year. Scatter plots of radiation, slope, and 

elevation against SWE tbr the surveys showed that the 
relationship between SWE and radiation is the strongest, but 
they were all weak. Stepwise linear regression supported the 
weak relationship. Radiation and slope together accounted 
tbr 409½ of the observed variation, and inclusion of elevation 
made a negligible improvement of less than 1%. ANOVA 
results in Table 6 are highly significant tk)r all classifications. 

Only the best classification image has been displayed for 
the first surveys in 1987 and 1988. q'he term "best" is 
somewhat subjective, since it is based on qualitative corn. 
parisohs to tield observations, as well as the ANOVA and 
standard error tests described above. (froups with similar 
SWE were combined into r,t distinguishable quantity of 
classes to ease visual interpretation. RSES, the classification 
based on radiation, slope, and elevation with eight classes, 
appeared to be the best result (t::igure 5). F, xamination 0f 
Figure 5, and compari.sor• to Figure I, shows the maximum 
snow accumulation on the gentle slopes below the steep 
fitcos on the west side, t•pper benches, and the cirque. 
Minimum snow was 'fkmnd on the east wall, agreeing well 
with our observations. Results of the predicted basin SWE 
from each classification are listed in Tabl. e 7. These values 

were calculated by multiplying the zone mean SWE by the 
zone area and summing all the zone values tbr the basin. All 
values were lower than the true basin mean described earlier 

but by less than 5%. Similar results were obtained for the 
three remaining surveys in 1987. 

1988 water year. Results from the peak accumulation 
survey in 1988 are similar to those of 1987, partially because 
of the similarity in the snowpacks. The correlation coe•- 
cients between SWE and radiation, slope, and elevation are 
not as good as the 1987 results, but the classifications appear 
to be better. Stepwise regression showed radiation to be the 
most important variable relating to SWE, explaining 16%0f 
the observed variance. Elevation was again important, as the 
R 2 value improved from 0.22 with radiation and slope to 0.27 
with elevation. 

All the classification attempts produced reasonable re- 
sults. RS12 appeared to be the best classification and is 
shown in Figure 6. Maximum SWE is correctly classified in 
zones located on the upper benches and in the cirque. 
Significant deposits also lie on the east wall, as drifts on the 
benches, and at lower elevations under the cliffs on the west 
wall. The single-factor ANOVA tests showed that all classi. 
fication attempts were significant at the 95% level, with 
RSE12, RE12, and RE8 significant at the 99% confidence:. 
level. The standard error of the mean from the classified 
groups improved the random standard error considerably, 
but consistently, such that no single attempt was proven 
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l:ig. 5. April 17-19, 1987, survey classilication results l'rom RSE8. Greatest SWE values are found on north-fitcing 
slopes bcl{•w steep I'accs. 'l'hc s{mthwc.st-I'acing wall has the least amount of water stored on it. Black values represent 
areas {>1' n½• sin>w, extent was determined by identifying all areas of the basin with slopes of 55 ø or greater. 

superior by this test. Results !'rt•m bt)lh tests tire summarized 
in Table 8. Total b:•sin walcr v•!t•mc always dillSred 
the true volume by •t negligible ttrnount ('l'ablc 9•. 'l'hcsc 
results show that a stratified r•tntlt•m sample based on 
physical parameters is st•pcri{•r tt• a simple random sample 
for estimating basin 

Design 

One ob. jcclive o1' this study was t() find •tn ()primal method 
lk•r surveying snt)w w•tlcr equivalence. Using slttnda['d sta- 
tistical procedures ic.g., Bltatttlt'httr)'ya and.ltdtn.$'on, 1977, 
p. 2731 we can estimate the quantity of samples required to 
be certain, at a spcciticd conlidcncc level, that our estimate 
of the sample mean represents the truc population mean. 
This sample size estimate can be made [k•r each zone on the 
basis of the sample standard deviation, a desired confidence 
level, and a desired absolute error in the measurement. 

An unreasonable amount of measurements would usually 
be necessary to obtain the desired level of confidence in the 
estimate of SWE if all the zones were to be sampled to the 
degree recommended tBr a minimum sample. The zones of 
small area account tk•r a large amount of the required 
samples because they tend to be the least homogeneous and 
therefore have the greatest error in estimation of the zone 
SWE. However, these areas account tbr a small percentage 

TABLE 7. Basin SWE Volume Estimates From Classifications, 
April 17-19, 1987 

Estimated Percent Difference 
Stratification Volume, m 3 From True 

RSEI2 714,520 I 
RSE8 699,480 3 
RS 12 694,130 3 
RS8 686,570 4 
RE 12 693,580 3 
RE8 714,120 1 

True volume = 718,320 m 3. 

ol' total basin area and total stored water, which means that 
errors in the basin SWE are insensitive to errors in these 

group means. Eliminating such areas from a sampling 
scheme allows us to complete a survey in a reasonable 
amount ol'time and makes little difference in the accuracy of 
the estimate tk•r basin SWE, thus minimizing the effort while 
maximizing the accuracy retained. A further benefit in 
eliminating the smallest zones follows because these are the 
most difficult zones to locate in the basin when the field data 

is being collected. In larger zones there is greater confidence 
that the sample point is really within the zone boundaries. 

To test the effect of selectively eliminating small zones, 
the zones that held less than 5 and 10 field measurements 

were eliminated from the calculation of basin SWE in all 

classification attempts from all surveys in 1987 and 1988, 
giving 30 test cases. The area they covered was given the 
mean snow water equivalence of all the remaining field 
measurements and then added to the basin SWE. This value 

was compared to the value that was estimated using all field 
measurements and all zones. Elimination of these small 

zones usually made little difference. Results are listed in 
Table 10. The percent difference in basin SWE when zones 
having less than five field measurements were removed was 
less than + 1% in 80% of the cases and never exceeded +5%. 
The maximum area covered by the discarded areas was 3.8% 
of the basin. When zones having less than 10 field measure- 
ments were removed, 47% of the volume estimates were 
_+ 1% or less, five were greater than _+5%, and two were 
greater than + 10% of the true basin SWE. Over 73% of these 
cases involved discarding total zone areas of less than 5% of 
the basin area. The few large-volume differences corre- 
sponded to zones that covered larger areas of the basin, up 
to 12.5% in one extreme case (April survey, 1987, RSI2, 
Table 10). Removing these small zones from a field data 
collection effort would dramatically decrease the amount of 
required samples to characterize basin SWE in most cases. 
This criterion for selecting field areas will only be applicable 
when the SWE within a zone to be eliminated is small in 
comparison to the total basin SWE storage. If zones with 
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l"ig. 6. March ")(• •'T 1988 .survey cla.ssilicttti(m results l'rtm• RSI • (;rc;ttcst dcpt)sits t)t' SW!:, ;•]'c t't)und t)n the flat 
areas below the cliff.s and ;.tt the upper elevations. The st)t•thwcst-l';tcing wall sht)ws tht: !c;tst ;tlllt)llilt t)J' NWI", but still 
idcntitic.s lhc signiticant drift dcposit.s f•und tm the henohos in Ibis ill'Oil. Black v;tlt•cs rcprcscn! ;trc;ts t•[' nt• snt•w, cxlcnl 
was dclcrmincd t'rtml licM nolc.s and oblique phologr;tpl•s. 

signiticant storage ½c.g., large cornices, gullies, and 
!anchc paths) arc eliminated, accuracy of basin SW!;, csti- 
mimics will bc compromised. Individual situatit•ns must bc 
examined t{> determine appropriate sampling. 

J.)! S½' tJ.'4."; ! ON 

The results show that terntin I'eaturcs and r;tdiati()n exert 

s{•me tit'cot (}n snow distribution. We have shown that slt}pc 
and clevati{)n may be used as static letrain I'caturcs to mt•dcl 
SWE in this basin, and not rm.liatitm provides it physically 
based, temporally dynamic variable necessary to explain the 
changing distribution through the melt season. Perhaps the 
best evaluation of the method presented here is the accuracy 
ot' the volume measurements, in that information on basin 

storage is the goal. The agreement between the predicted 
basin SWE volumes produced by most of the classifications 
and the simple statistical means is encouraging. However, 
radiation, slope, and elevation do not tell the whole story, as 
evidenced by the low correlations they produce with SWE 
and by the ambiguities existing in the choice of classification 
parameters. The large proportion of the variation not ex- 
plained by the regression equations also suggests that other 
factors control snow distribution or that the variables used 

interact in a complex, nonlinear fashion. 

Altht)t•gh it is n(•t clear which classification variables 
prt)vicic the best result, ;t stratified ]'t•ndt)m sample based 0n 
Icrrain ;tntl r;ttliali()n parameters clearly pr()vitlcs the basis 
tk)r an ()ptimttl %;•mpling scheme, in c½)ntritst t,) a simple 
basin-wide ritlldt)nl sample. ()t' lhc piJramctcrs used, radia- 
ti½)n i% the m()st inip()r't•anl. It c()nsistcntly %Jlt>ws the highest 
c()rrclitti{)n with SWI• and prt)duccs the best results if'0nly 
t}nc par;tractor is used. 'I'hc clcv;tlit•n p;ir;tmctcr used with 
r;tdialitm and s!½•pc tippears tt} hi•vc impr{•vcd some o[ the 
classilic;tti{ms. l.',lcv;tti{•i itsell' is •i½>t ;tn ;adequate parameter 
tbr partiti{•ning ;tipinc bltsins int• zt•ncs ol' similar stored 
SWtL. 'I'his result is imp{}rtant because many sampling 
cttk•rts have bccn based on elevation its the controlling 

parameter. ILlovation is ol' minor importance in this basin 
because other J•tctors (>vcrshadow its clt•cts. 

These results may be useful in other locations where 
rugged terrain exists and a stratilicd sample is desired. Ira 
high-resolution DEM and an adequate computing environ-: 
ment are available, a similar method, as described in this 
study, may be employed. If topographic maps are all that is 
available, a basin may be divided up based on slope, aspect, 
and elevation classes derived from the map itself, however, 
this method would require experience to obtain a useful 
result. Familiarity with a specific basin would be a great. 

TABLE 8. ANOVA and Standard Error Evaluations, March 20-23, 1988 

Total 

F Confidence Degrees of Number of SE, Percent of 
Stratification Ratio Level Freedom Classes cm Random S E 

R S E 12 5.029 0.009 284 9 1.5 72 
RSE8 4.272 0.053 284 6 !.5 74 
RS 12 4.483 0.040 284 6 1.5 73 
RS8 5.630 0.029 284 6 1.5 72 
RE 12 6.589 0.006 284 8 1.5 71 
RE8 7.458 0.008 284 7 1.5 71 

SE for random sample = 2.1 cm, n = 354. 
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TABLE 9. Basin SWE Volume Estimates From Classifications, 
March 2(g--23, 1988 

Estimated Percent DittErence 

Stratification Vo!ume, m3 From True 

RSEI2 730,280 3 
RS E8 734,760 2 
RS 12 726,530 3 
RS8 729,830 3 
RE 12 730,300 3 
RE8 736,400 2 

True volume = 750,700 m 3. 

help, as in applying the isohyetal method of mapping precip- 
itation. 

A DEM is an ideal tool R>r this problem because it 
provides the basis t'or objective division of the basin into 
zones of similar snow accumulation properties, which can 
then be sampled according to the within-zone variability of 
SWE. Appropriate decisions can then be made about which 
zones should be sampled and which should be discarded 
from the sampling scheme. This decision can be based on 
several constraints to provide an optimal survey, based on 
the user's specitic criteria. For example, only zones of a 
specified minimum area may be sampled. Zones expected to 
contain less than a specified percentage ot' the total basin 
SWE may be eliminated. Homogeneity may be lhe con- 

straint, where only zones of specified size and continuity are 
sampled to insure that the sample points fall within the zone 
boundaries. Use of a geographic information system will be 
helpful in future applications. if field expenses are critical 
and only a rough estimate of basin SWE is needed, then 
perhaps only the largest zone containing most of the stored 
water should be sampled. 

Temporal aspects of snow distribution should be ad- 
dressed when sampling is being planned. Our field work 
shows us that near peak accumulation when the snow- 
covered area is highest, the variance in SWE is also highest, 
as a full range of values of SWE are represented in the basin. 
As the melt season proceeds, the thin areas melt most 
rapidly, which reduces the basin-wide variance. In late melt 
season only isolated snow patches exist, and variance tends 
toward a minimum because the snowpack is homogeneous 
and it is approaching the zero value of the rest of the basin. 
Table 3 shows the decrease in the 90% confidence interval 
through time in both the 1986 and !987 seasons. It is 
interesting to note that although the confidence interval 
decreases through time, the basin SWE is decreasing at a 
t•tster rate. The 90% confidence interval becomes a more 

significant portion of the basin SWE as time progresses. 
Conventional methods of arbitrarily or subjectively locat- 

ing snow courses will not give accurate estimates of basin 
SWE in alpine watersheds. Although the snow courses have 
provided a useful index of basin runoff for many years, an 

•I'ABI,I!, 10. Error in Volume Estimates With Elimination of Small Zones 

Survey l)ate ('lass 

1987 

April 17-19 

May 8-10 

May 21-23 

June 5 

1988 
March 20-23 

RSEI2 
RSE8 
RSI2 
RS8 
REI2 
RE8 
RSE12 
RSE8 
RS!2 
RS8 
REI2 
RE8 
RSEI2 
RSE8 
RSI2 
RS8 
RE12 
RE8 
RSE12 
RSE8 
RSI2 
RS8 
RE12 
RE8 

RSE12 
RSE8 
RS12 
RS8 
RE12 
RE8 

Field Samples :el0 Field Samples 

Percent Percent 
('hange in Percent Change in 

SWE Volume Basin Area SWE Volume 

+0.04 2.4 +0.04 
+0.03 1.4 -0.9 
-0.9 1.6 -8.5 
-0.4 0.4 -5.3 
-0.4 0.3 -0.4 

0.0 0.0 +0.2 
-4.4 3.7 -20.5 
-0.4 0.2 -2.5 
-3.6 3.3 -6.9 
-2.1 3.8 -2.1 
+0.02 0.3 -1.3 
+0.3 0.9 +2.3 
-1.9 0.6 -1.2 
+0.6 0.6 +0.6 

0.0 0.0 +3.0 
0.0 0.0 0.0 

+0.3 0.5 -16.3 
+0.3 0.5 +1.0 

0.0 0.0 +1.1 
0.0 0.0 0.0 

+0.4 0.7 +2.6 
0.0 0.0 +4.0 

+2.8 2.6 +2.8 
+0.8 0.8 +0.8 

-0.3 2.4 +0.5 
+0.03 2.2 -0.3 
+0.03 0.9 -0.3 
-0.2 1.7 -0.2 

0.0 0.0 -0.8 
+0.5 0.4 -0.6 

Percent 

Basin Area 

2.4 
4.4 

12.5 
1.6 

0.3 
4.5 

8.7 
6.3 
9.3 
3.8 
3.2 
4.5 
1.4 
0.6 
6.4 
0.0 
3.7 
3.4 
1.1 

0.0 
2.7 

3.5 
2.6 
0.8 

5.1 

3.5 
1.9 
3.2 

6.4 
3.1 
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accurate estimate of the true basin SWE must come from a 

sampling scheme that represents the areal distribution of the 
variability in SWE. The technique presented in this study 
may be used to design an optimal sampling scheme where 
the zones of similar SWE distribution are determined by 
areas of similar terrain features with no a priori information 
about the snowpack. Areas containing the significant accu- 
mulation can be concentrated on without wasting time or 
energy on the unimportant portions of the basin. The quan- 
tity of samples required to describe the zone SWE to a 
desired level of accuracy can be determined by completing a 
quick on-site pilot survey. This method has obvious benefits 
where cost and manpower are prohibitive. 

FUTURE WORK 

Although our results show some success, we have as yet 
failed to effectively model the component of accumulation 
caused by redistribution of the snow. We have touched on 
this through slope, which accounts for sloughins and persis- 
tently bare areas, but other factors in the terrain controlling 
redistribution must be identified. Better results may be 
obtained if' the parameters are weighted according to their 
importance, rather than being evenly weighted or excluded 
altogether, as has been done in this study. Variables that 
control the drift erosion and deposition, such as the rate o!' 
change or second derivative ot' slope, must be explored. 

The other ma. jc)r question we have not addressed is scale. 
Are these results and this technique singular both to this 
basin and a 5-m DEM? Would we get better or worse results 
it' we were to degrade the resolution of the DEM? As the 
snowpack depth increases does resolution become less im- 
portant? Perhaps in deep snowpacks a 25-m DEM would be 
adequate or more appropriate than a 5-m DEM. If we can 
model snow distribution on the scale of this small basin, can 
it be extended to large basins or perhaps to regions such as 
the entire Sierra Nevada'? In the future we need to couple 
remote sensing techniques into such investigations. The only 
practical solutions to questions on large-scale snow distribu- 
tion depend on synergism of our knowledge of the electro- 
magnetic properties of snow and our ability to accurately 
characterize ground observations. More work is needed in 
both areas. 
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