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Abstract:

Parameterization of subgrid-scale variability in snow accumulation and melt is important for improvements in
distributed snowmelt modelling. We have taken the approach of using depletion curves that relate fractional snow-
covered area to element-average snow water equivalent to parameterize the effect of snowpack heterogeneity within a
physically based mass and energy balance snowpack model. Comparisons of parameterization outputs with distributed
model outputs and observations show performance comparable to the distributed model and reasonable performance
relative to observations for time series modelling of snow water equivalent and snow-covered area. Examination of
the relationship between the shapes of the depletion curves and parametric distributions shows that the shapes of
dimensionless depletion curves depend primarily on the coefficient of variation and to a lesser extent on the shape of
the snow distribution function. The methods presented here are a generalization of several previously used methods to
estimate depletion curve shapes. Comparison of several years of observed depletion curves from the study basin show
that the shapes of the depletion curves change little from year to year. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Snow accumulation and melt are spatially variable due to spatial variability of the driving processes and
inputs. This variability leads to a nonuniform spatial distribution of snow water equivalent and patchiness in
the snow cover during melt. Surface energy fluxes driving snowmelt only melt snow where snow is present,
so an important process to consider in the modelling of snowmelt is the evolution in time of snow-covered
area. Depletion curves have been developed to characterize the reduction in snow-covered area during the
progress of melt.

Depletion curves have historically been used to predict runoff based on temperature-index-based melt
estimates (e.g. Anderson, 1973; Martinec, 1980, 1985; Brubaker et al., 1996). In such modelling, the amount
of melt is multiplied by the snow-covered area to estimate the total input of water to a basin. There is less of
a history of using snow-covered area to inform modelled evolution of snow water equivalent in the snowpack
(Dunne and Leopold, 1978; Ferguson, 1984; Buttle and McDonnell, 1987; Luce et al., 1999). In this sort of
modelling, information about the total mass of snow in the area (from direct measurement of the snowpack
or estimated from accumulated precipitation) is used, and conservation of mass is considered.

Luce et al. (1999) suggested the use of the depletion curve as a parameterization of subgrid variability in
a physically based mass and energy balance snowmelt model. In modelling snowmelt over a watershed, the
reductionist approach is to apply a ‘point’ model at many points on a fine grid. This is often impractical, so
a subgrid parameterization is necessary to enable modelling with larger model elements. Rather than relating
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1410 C. H. LUCE AND D. G. TARBOTON

snow-covered area to accumulated melt or degree days, as in earlier depletion curve methods, Luce et al.
(1999) related snow-covered area to the total mass of snow remaining on the ground, or the area-averaged
snow water equivalent. The area-averaged snow water equivalent was normalized by the maximum snow water
equivalent experienced by the area during the current season. These modifications addressed two goals: first,
they avoided the problem of assigning dates and peak or average depth at onset of melt; second, it avoided
the need for a new depletion curve each season. The depletion curve was naturally scaled by maximum snow
accumulation in any given year, requiring only a nondimensional functional form of the depletion curve to
be specified. Luce et al. (1999) derived equations that estimated a dimensionless depletion curve from the
distribution function of snow water equivalent at peak snow accumulation. They further demonstrated that a
depletion curve estimated from the distribution provided results that were nearly as good as a fully distributed,
physically based mass and energy balance model.

The purpose of this paper is to show how dimensionless depletion curves have general application and
utility in scaling-up snowmelt models. One of the key points to make in this undertaking is to show that
there can be a physical basis for identifying depletion curves, and that they need not be strictly calibration
parameters. First, we will show that the subgrid parameterization with a mass and energy balance model
preserves the secondary relationship between basin average snow water equivalent and the average snow
water equivalent of snow-covered areas. Second, we will show how the shape of the depletion curve relates
to the distribution function of the snowpack, leading to the conclusion that the method outlined in Luce et al.
(1999) is a generalization of previous methods used to estimate depletion curves. Finally, we present a series
of observed dimensionless depletion curves from several years in one basin to show how the dimensionless
depletion curve is stable over time.

METHODS

Data collection

The data presented in this study were sampled at the Upper Sheep Creek basin of the Reynolds Creek
Experimental Watershed. The watershed is in the Owyhee Mountains of southwest Idaho, USA (Figure 1).
Upper Sheep Creek is approximately 26 ha in size, but has more heterogeneity in snow accumulation than one
might expect at this scale due to drifting caused by strong winds (Figure 2). Most of the basin is covered in
sagebrush, but a small portion where there is sufficient moisture supports a small population of dwarf aspen.
The site has characteristics typical of semi-arid shrub steppe environments common to North America and
Central Asia.

The data used in this study were measurements of snow water equivalent on a grid of 255 stations within
Upper Sheep Creek (Figure 2). Such measurements were taken several times each year over the course of
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Figure 1. Location map for Upper Sheep Creek and expanded site map showing basin size, orientation (note non-standard north arrow),
elevation range (m), and sampling grid on 30Ð3 m centres
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Figure 2. Snow water equivalent measured in Upper Sheep Creek, 3 March 1993. Point L10 was not measured

9 years (Cooley, 1988). In addition, climatic information, such as wind speed, temperature, humidity, solar
radiation, and precipitation, were monitored within the watershed. See Hanson (2001; Hanson et al., 2001)
for details on measurements and quality control.

Summary of model

The model estimates the time evolution of three state variables based on spatially averaged climatic inputs
(Figure 3). The three state variables are: (1) Wsc, the snow water equivalent of the snow-covered area; (2)
U, the snowpack energy content of the snow-covered area; and (3) the fractional snow-covered area Af. The
energy and mass balance of the snow covered area is updated according to

∂U

∂t
D Qsn C Qli � Qle C Qe C Qh C Qg C Qp � Qm �1�

∂Wsc

∂t
D Pr C Ps � Mr � E �2�

using the Utah energy balance (UEB) model (Tarboton et al., 1995; Tarboton and Luce, 1996), where Qsn is
net solar radiation, Qli is incoming longwave radiation, Qle is outgoing longwave radiation, Qp is advected
heat from precipitation, Qg is ground heat flux, Qh is the sensible heat flux, Qe is the latent heat flux, Qm is
heat advected with melt water, Pr is the rate of precipitation as rain, Ps is the rate of precipitation as snow, Mr

is the melt rate, and E is the sublimation rate. Snow-surface temperature, a key variable in calculating latent
and sensible heat fluxes and outgoing longwave radiation, is calculated from the energy balance at the surface
of the snowpack, where there is no storage of energy, and the terms on the right-hand side of Equation (1)
(excluding melt) must equal the amount of heat conducted into the snowpack. Conduction is calculated based
on a modified force restore equation (Luce and Tarboton, 2001).

Equation (2) is applied only over the fractional snow covered area Af. The basin average snow water
equivalent Wa is given by

Wa D WscAf �3�

Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1409–1422 (2004)
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Snowfall

Snow covered area

Fraction, Af

Surface energy fluxes
Qsn Qli Qp Qh Qe Qle

State variables:
Average snow water
equivalent, W, and
Energy content, U

Qg

Figure 3. Schematic of lumped snowmelt model. Qsn is net solar radiation; Qli is incoming longwave radiation; Qle is outgoing longwave
radiation; Qp is advected heat from precipitation; Qg is ground heat flux; Qh is the sensible heat flux; and Qe is the latent heat flux

The fractional snow-covered area that parameterizes the subgrid variability and partial coverage of the
model element by snow is modelled as

Af D Adc�Wa� �4�

where Adc represents the functional relationship between the basin-averaged snow water equivalent and
fractional snow-covered area, which is the parameterization we term a ‘depletion curve’, or more specifically
a water equivalent–snow-covered area depletion curve. Below, we discuss other ‘depletion curves’ in the
literature that have related snow-covered area to cumulative snowmelt, or date. We have further suggested
that the depletion curve is similar in shape from year to year, changing only in the maximum basin average
snow water equivalent Wamax. Thus, the particular depletion curve Adc is determined from a dimensionless
depletion curve AŁ

dc and the maximum accumulation to date by

Adc�Wa� D AŁ
dc

(
Wa

Wamax

)
�5�

Because we never know which day has the maximum until the season is over, we assume that the largest
value of Wa experienced from the beginning of the snow season to date is Wamax.

In simplified terms, melt is estimated over the snow-covered area, which results in an estimate of the
change in mass of the snowpack in the basin. This change in mass is then used as the basis for the estimate
of snow-covered area for the next time step. There are some rough approximations in this approach, such
as not explicitly accounting for the spatial variation in timing of melt outflow initiation from a snowpack
of variable depth. However, Luce et al. (1999) demonstrated that the subgrid parameterization performs well
in comparison with a fully distributed physically based model (Figure 4). The delay seen in the subgrid
parameterization output near the start of the melt season is probably due to this effect, but the error is small
because ripening a column of snow requires very little energy compared with the total energy required to
melt a column of snow.

A brief description of depletion curves

Figure 5 shows a depletion curve estimated by several methods, as presented by Luce et al. (1999). This
example serves to illustrate how the depletion curve parameterization is implemented and used. On the left
axis is the fractional snow-covered area (ranging from zero to one), and the lower axis is the basin snow
water equivalent divided by the seasonal peak snow water equivalent Wamax, or the dimensionless basin
average snow water equivalent WŁ (range zero to one). The basic relationship between snow water equivalent

Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1409–1422 (2004)



DEPLETION CURVE PARAMETERIZATION OF SUBGRID VARIABILITY 1413

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Oct Nov Dec Jan Feb Mar Apr May Jun

B
as

in
 A

ve
ra

ge
 S

no
w

 W
at

er
 E

qu
iv

al
en

ce
 (

m
) Observed

Distributed Model

Subgrid Parameterization

Figure 4. Snow water equivalent over time: observations, distributed model, and lumped model. From Luce et al. (1999)
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Figure 5. Depletion curve for Upper Sheep Creek derived by three methods: (1) from p.d.f. of snow water equivalent on 3 March 1993;
(2) from distributed model outputs; (3) from observations. Note hysteresis in relationship as snow covers entire area with only slight

accumulation in early season (on left), whereas melt uncovers areas gradually. From Luce et al. (1999)

in a basin and the fractional cover is hysteretic in nature. During accumulation, Af increases to full cover
quickly with initial snowfall, and stays at full cover until melt begins, at which point there is a gradual
reduction in fractional area as the basin average snow water equivalent is reduced by melt. In Figure 5, we
see accumulation without change in cover between 10 February and 3 March, and a decline in both Af and
WŁ as the melt season progresses.

There are, of course, deviations from this simple plan, such as a melt event during what is generally an
accumulation phase, or an accumulation event during what is otherwise generally a melt phase. Early melt

Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1409–1422 (2004)



1414 C. H. LUCE AND D. G. TARBOTON

events are not distinguished from the main seasonal melt in how they are handled. Each melt event is assumed
to be the major melt event and follow the main depletion curve. If later events create accumulations such
that the Wamax of the earlier melt event is exceeded, then it will come to be shown as an ‘early’ event. Late
accumulation events require the model to track ‘new’ snow relative to old snow and temporary rescaling of
the depletion curve to handle the melt of the new snow. The full details of how such excursions are handled
is discussed by Luce et al. (1999).

The original depletion curve developed by Anderson (1973) relates snow-covered area to cumulative
snowmelt. The ‘depletion curve’ name has also been used to describe functions that relate snow-covered
area to date, cumulative degree days, or melt (e.g. Martinec, 1985; Buttle and McDonnell, 1987; Brubaker
et al., 1996), and in our earlier work we also used this name for the function that related snow-covered area to
basin or area average snow water equivalent. One of the benefits of using a dimensionless depletion curve that
relates reduction of snow-covered area to reductions in Wa/Wamax, rather than to date, to cumulative degree
days or to cumulative melt, is that it accounts naturally for the variability in year-to-year snow amounts, so
that a single depletion curve can be used for different years. It also enables the reduction of snow-covered
area be determined naturally from the onset of melt modelled using physical processes, rather than using
parameters to determine the beginning of the melt season.

Estimating depletion curves

The dimensionless depletion curve, AŁ
dc�W

Ł�, may be estimated from the probability density function (p.d.f.)
of snow water equivalent sampled spatially (Luce et al., 1999). Implicit in that derivation are the assumptions
that spatial variability is created primarily by differential accumulation and that melt is uniform. We know that
melt is, in reality, nonuniform, and Luce (2000) demonstrated that if variation in accumulation and variation
in melt rate are inversely correlated, as in the case of Upper Sheep Creek, then the effect of including variation
in melt is equivalent to having a greater variance in accumulation under uniform melt. However, Luce et al.
(1998) noted that most of the spatial variability in Upper Sheep Creek was due to variations in accumulation,
not variations in melt, and for simplicity of presentation of the concepts in this paper we discuss only the
case of uniform melt.

If we apply a uniform melt to a distribution of snow water equivalent depths, then the increase in fractional
area will be the proportion of depths that are less than the melt. The concept was presented for a Gaussian
distribution by Dunne and Leopold (1978) but generalized by Luce et al., (1999)

Af�M� D 1 � Fg�M� �6�

where M is the accumulated depth of snow water equivalent melted since peak accumulation and Fg is the
cumulative distribution of snow water equivalent at peak accumulation. Recognizing that the basin average
snow water equivalent can be represented as the sum of a series of thin layers of equal snow water equivalent,
dw, one can see (Figure 6) that the basin average water equivalent as a function of the accumulated melt can
be obtained from

Wa�M� D
∫ 1

M
Af�w� dw �7�

The snow water equivalent–snow-covered area depletion curve may then be found from

AŁ
dc

(
Wa�M�

Wamax

)
D Af�M� �8�

evaluated at many values of M, noting that

Wamax D Wa�M D 0� �9�

Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1409–1422 (2004)
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Figure 6. Schematic of snowpack showing how Wa can be estimated as an integral of Af�w�

Practically speaking, Equations 6–9 can be evaluated numerically for a sample of snow water equivalent
values. For a series of values Mi, ranging from zero to the maximum observed snow water equivalent
(M1 D 0 and Mn is the maximum snow water equivalent, where n is the total number of values in the series),
the number of samples with snow water equivalent greater than the Mi divided by the total number of samples
is an estimate of Af�Mi�. Wa�Mi� is the sum of Af�Mj� for all Mj > Mi, or more formally:

Wa�Mi� D
n∑

jDi

Af�Mj� �10�

Dividing each value of Wa�Mi� by Wamax gives WŁ�Mi�. Plotting Af�Mi� against WŁ�Mi� provides a
descriptive shape that can be fitted with a functional curve for simple application in a snowmelt model.

In the absence of observations at the peak snow water equivalent, simulation may be useful to estimate
the distribution of snow water equivalent in an area of interest. Empirical approaches (e.g. Elder et al., 1998;
Winstral et al., 1999) can be used to extrapolate data from one area to another similar area. Physically based
approaches (e.g. Liston and Sturm, 1998) would seemingly reduce risks associated with extrapolation. Prasad
et al. (2000) noted that the drifting model of Liston and Sturm (1998) did not match exact locations of drifts
on the landscape, but that the modelled p.d.f. of snow water equivalent over an area was close to the observed
p.d.f. Sequential imagery of snow-covered area (e.g. Rosenthal and Dozier, 1996) combined with modelled
melt estimates could also be used to estimate depletion curves.

Analyses

To assess the performance of the model further, with respect to its modelling of snow-covered area and
snow water equivalent, we plotted snow-covered area as a function of time and the relationship between Wsc

and Wa for the season modelled in Figure 4 (water year 1993). To do this, a distributed model was also used
to represent the basin. The distributed model uses the same energy balance as the lumped model described
above, but it was run on 255 model elements within the basin, each comprising a square cell of 30Ð3 m on
a side. We assumed no variability in snow accumulation or melt within these elements; so, effectively, each
had a depletion curve with Af D 1Ð0 for all values of WŁ, except that Af D 0 when WŁ D 0. Temperature was
adjusted for elevation within the basin, and solar radiation was adjusted for terrain attributes.

Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1409–1422 (2004)



1416 C. H. LUCE AND D. G. TARBOTON

To show that the parameterization is flexible enough to represent a range of possibilities, we performed a
sensitivity analysis of the shape of the depletion curve on the choice of distribution function and parameters to
the function. Distributions examined included a uniform distribution (as applied by Ferguson (1984)), normal
distribution (Dunne and Leopold, 1978; Buttle and McDonnell, 1987), lognormal distribution, and gamma
distribution.

To measure the variation between depletion curves in different years, we summarized 9 years of surveys
with the basin average snow water equivalent for each survey and the snow-covered area for each survey.
The basin average snow water equivalent from each survey was divided by the maximum basin average snow
water equivalent measured in each year.

RESULTS AND DISCUSSION

Modelling additional variables and relationships

One argument for the generality of this approach to depletion curves is that there is a physical basis for
them. The shape of the depletion curve can be estimated directly from physically observable information on
the distribution of snow water equivalent in a basin, and the accumulation and melt can be predicted from
physically observable climatic variables. The testing presented so far (Luce et al., 1999) has shown that the
time pattern of snow water equivalent is reasonably well represented (Figure 4). Because snow-covered area
is another useful output from the subgrid parameterization, it is useful to look at the model performance
for snow-covered area and derivative relationships. Figure 7 shows the time evolution of the snow-covered
area for the time period depicted in Figure 4. In Figure 7, we see that, for this period, the modelling of
snow-covered area was similar in quality to the modelling of snow water equivalent.

Figure 8 shows the relationship between the average snow water equivalent of snow-covered areas and the
basin average snow water equivalent during the periods modelled in Figures 4, 5, and 7. Note that there is
a hysteresis, with time going counter-clockwise around the loop, so that the roughly linear portion along the
bottom of the graph is the part representing accumulation and is roughly on the 1 : 1 line. The reversal in trend
of Wsc in the upper left corner of the graph is an important feature. Depletion curves that do not approach
the origin correctly will result in Wsc values going towards a constant or towards infinity.
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Figure 7. Snow-covered area over time: observations, distributed model, and subgrid parameterization
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Figure 8. Average SWE of snow-covered areas (Wsc) versus average snow water equivalent in basin (Wa) at Upper Sheep Creek in the
winter of 1993

The relationship between Wsc and Wa modelled by the subgrid parameterization compares reasonably well
with observations, as well as with the relationship modelled by the distributed model. For some situations it
is difficult to detect model errors visually in the amount of snow water equivalent in snow-covered areas Wsc

from Figures 4, 5, and 7. For example, at very small values of Wa and Af, it may not be easy to distinguish
the trends if Af is dropping to small values faster than Wa (a relationship set by the depletion curve). The
model may actually predict increases in Wsc during periods when Wsc and Af are both falling. The plot of
Wsc versus Wa is, therefore, a useful additional test or diagnostic when identifying a depletion curve.

Examination of depletion curve graphs (plotted as Af versus Wa) reveal that their shape holds useful insights
related to the melt process. The slope of the curve at any point describes how the snowpack is melting. The
slope of the curve is dAf/dWa, which estimates the decrement in area for any decrement in snow water
equivalent. Recall from Equation (3) that the basin average snow water equivalent Wa is the fractional snow-
covered area Af times the average snow water equivalent of the snow-covered area, defined as Wsc above.
Lines radiating from the origin of a depletion curve then would be lines of constant Wsc with a line of
Wsc D 0 vertical from the origin and Wsc ! 1 as it approaches the horizontal axis. From any point along
the depletion curve, there is a line from the point to the origin along which Wsc is constant. If the slope of
the depletion curve is the same as this slope, then incremental melt yields no change in the average snow
water equivalance of snow-covered areas. If the slope of the depletion curve is steeper than that line, then the
area is decreasing faster than the basin average water equivalent given the current areal coverage, and Wsc

increases. If the curve is flatter, then Wsc is decreasing.
This information is useful in developing a quantitative intuition about the shape of depletion curves. The

snowpack described by the depletion curve in Figure 5 had a great deal of variability, with large areas of
shallow snow and a smaller area with very deep snow. A uniform snowpack, uniformly melted, results in
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decreases of Wa and Wsc with no change in Af, so would be plotted as a straight line across the top of
Figure 5 only dropping to zero area as Wa ! 0.

This information also shows us that, as the origin is approached, the shape of the depletion curve must be
concave downward with a vertical slope right at the origin. As snow finally melts away, all three Wa, Wsc,
and Af must go to zero simultaneously. A concave upwards depletion curve would have Wsc increase as the
origin is approached. Any function asymptotic to the horizontal axis will predict a depth of the snow-covered
area approaching infinity as the area goes to zero to yield Wa D 0. A function arriving along a straight line
(not the vertical axis) would imply a finite depth with no area. A function arriving at the vertical axis implies
a snow-covered area with no depth, another undefined event. A curve asymptotic to the vertical axis near
the origin would have a slope flatter than the direct line to the origin, implying that, at the end, a decrease
in Wsc is needed to melt a snowpack away. Though there is a temptation to fit a curve such as that seen in
Figure 5 with a simple function like Af D �Wa/Wamax�2, it can be seen from this discussion that this would
be a mistake. Similar caution must be taken with derivations from parametric distributions that allow for a
small probability of very large depths. We used a piecewise function to fit the shape of the depletion curve
for Figure 5, with a square-root function for the final piece near the origin (Luce et al., 1999). Any function
of the form A D cWb with b < 1 is acceptable, because dA/dW D bcW b�1, which for b < 1 tends to infinity
as W ! 0.

Sensitivity to parametric distributions

In considering the parameterization of variability, p.d.f. are a common and direct approach. A key idea
used in the Luce et al. (1999) work was the connection between depletion curves and a density or distribution
function parameterization of variability. This idea has been explored previously with normal distributions
(Dunne and Leopold, 1978), but it had not been generalized to other distributions or nonparametric (data-
based) distributions. Further insight about the subgrid parameterization can be gained from examination of
the sensitivity of depletion curves to the choice of parametric distribution and to the choice of parameters for
those distributions. Figure 9 shows depletion curves developed from four different parametric distributions
considering the distribution parameters. In each case, the depletion curve varied with the distribution
parameters only in so far as those parameters changed the coefficient of variation (CV). This is due to
the expression of the depletion curve in terms of a normalized snow water equivalent WŁ D Wa/Wamax. For
a distribution with a fixed functional form, Wamax is proportional to the mean W used in the evaluation of the
CV. Setting the minimum value as a ratio of the maximum in the uniform distribution essentially parameterizes
that distribution on the CV; and with the physically imposed constraint of a zero minimum, the CV can range
from a maximum of 0Ð577 to a minimum of zero. It is interesting to note in Figure 9 how similar the depletion
curves are for different distribution functional forms but the same CV, which suggests that the CV is more
important than the specific distribution functional form in parameterizing snow-covered area depletion, and
further suggests potential for estimating depletion curves for a range of environments. For example, it is
generally recognized that windswept areas have greater variability relative to average accumulations than do
forested areas. Likewise, larger model elements would likely have greater CVs than small ones for a range
of element sizes.

Ferguson (1984) chose a depletion curve based on a uniform distribution between zero and a maximum (his
model c) as the best model for his data. That model is fully described in the lower dimensionless depletion
curve of Figure 9a. Similarly, the model of Dunne and Leopold (1978), also used by Buttle and McDonnell
(1987), was based on a normal distribution. The modifications proposed by Buttle and McDonnell (1987)
to account for nonuniform melt would result in a skewed distribution (e.g. something close to lognormal or
gamma). The skew results from an assumption that melt varies inversely with accumulated depth. Each of
the cases provided thus far in the literature, therefore, is a specific instance of the dimensionless depletion
curves shown here. The fact that these earlier papers showed some benefit for modelling in other environments
suggests that the more general model will be useful in environments other than Upper Sheep Creek. Deviations
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Figure 9. Sensitivity of dimensionless depletion curve shape to choice of distribution and parameters of distributions for (a) uniform
distribution, (b) normal distribution, (c) lognormal distribution, and (d) gamma distribution. For the normal distribution, values less than

zero were taken as zero

from observations in the earlier models may, in part, be related to poor estimates of the snow distribution,
a position supported by the relative performance of the normal distribution for the three cases presented
by Buttle and McDonnell (1987: figure 3). Ferguson (1984) and Buttle and McDonnell (1987) made their
choices, in part, for computational convenience. Given that the dimensionless depletion curve can be derived
from observed or assumed distributions, it becomes more practical to consider more realistic distributions for
particular locations.

Multiple years

Snow accumulation varies between years, theoretically requiring a different time-based or melt-based
depletion curve for each year dependent on the peak accumulation of the year or melt rate. However,
if the relative spatial pattern is consistent, as might be suggested by invariant topography and physically
forced wind directions (Kirnbauer and Blöschl, 1994; Sturm et al., 1995), then it may be possible to use a
dimensionless depletion curve such as that proposed by Luce et al. (1999) as a standard from year to year.
Indeed, when the dimensionless depletion curves for several years are plotted together, there is a substantial
degree of consistency for years, with maximum basin average snow accumulations ranging from 0Ð10 m in
1991 to 0Ð28 m in 1993 (Figure 10). It is clear from Figure 9, and some consideration of variations in natural
systems, that the set of possibilities for depletion curves occupies much of the space in the unitary square
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Figure 10. Depletion curves from several years of data at Upper Sheep Creek (data provided by K. Cooley)

defined by Af(0 : 1) and WŁ(0 : 1). The nine curves defined by the observations in Figure 10 occupy a small
portion of that variation.

In some regard, this is not too surprising for a windswept environment like Upper Sheep Creek. Much wind
redistribution happens during snow accumulation, because this is when snow is easily suspended in the air.
The surface winds during the largest accumulations tend to be from the southwest, because of where fronts
form during cyclonic passage. This is a behaviour fixed by fluid mechanics and the rotation of the Earth. In
addition, wind speeds in this location are often high enough that deposition in the lee of ridges and bushes
is caused by separation of flow, as opposed to something subtle like variations in wind speed. So, the snow
deposits in the same places the same way every year, and all that varies is the amount of snow, which would
affect the size of the deposits more than the shape (so as not to over generalize, there would be some effect
on the shape, just less so than the amount). In such a case we would expect the standard deviation to track
with the mean, yielding small changes in the CV from year to year. In forests that have deep snowpacks,
variations would likewise be expected to be minor.

Note that similarity of dimensionless depletion curves from year to year is not a necessary property for
their use; however, it is important for any use in a predictive role. It is likely that there are environments
or scales for which dimensionless depletion curves change from year to year, and it would be important to
understand the causes for the changes.

CONCLUSIONS

Three primary conclusions can be stated: (1) the subgrid parameterization of a mass and energy balance
snowmelt model preserves the secondary relationship between snow-covered area and snow water equivalent
as a function of time, in addition to the direct relationship between Af and snow water equivalent;
(2) dimensionless depletion curves depend primarily on the CV and to a lesser extent on the shape of the snow
distribution function, and are a generalization of previously presented methods for depletion curve estimation;
and (3) depletion curves observed over the course of 9 years in the study basin show little variability.

The fact that the model gives reasonable estimates of the time evolution of snow water equivalent and snow-
covered area and derivative relationships between area and snow water equivalent supports its applicability
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beyond the study basin. There are no adjustable calibration factors available for the model. The distribution
of snow at peak accumulation was observed and used to estimate the shape of the depletion curve, which was
then used with a physically based snowmelt model to estimate snow accumulation and melt.

Luce et al. (1999) showed how to estimate the shape of the depletion curve from the distribution function
of snow water equivalent at peak accumulation. In this paper, we show the sensitivity of the shape of the
depletion curve to the shape of parametric distribution functions (e.g. gamma or normal). Previously used
depletion curves were derived from specific assumed distributions, and such validation of the approach as
exists in those in other environments would apply. There is some suggestion that a better estimate of the
distribution might yield a better fit to the observations in those studies. There is also a clear utility in adaptation
of the dimensionless depletion curve approach to existing temperature-index-type models. If observations in
several environments give a better idea as to how distributions of snow water equivalent change with location
and vegetation, then the observations can be used directly to inform the shape of depletion curves. If they
can be defined better based on physical attributes of the areas they represent, then it is less likely they will
require site-specific calibration.

The fact that 9 years of dimensionless depletion curves measured in the study basin show a high degree of
similarity (compared with the range of alternatives) suggests that the dimensionless depletion curve approach
may be practical for forecasting in areas where the shape can be determined from observation. There is also
a potential utility in being able to use estimates of snow-covered area from remote sensing (e.g. Rosenthal
and Dozier, 1996) to estimate the proportion of the maximum snow water equivalent still remaining within
an area. These uses are only reasonable if there is consistency in the depletion curve from year to year.

One area of research that would considerably increase the utility of depletion curves is for more observations
from many environments of the distribution of snow water equivalent values. Although there are general hints
based on physical reasoning of how such distributions might look, observations would provide a stronger
basis for depletion curve estimates. Such information would probably be helpful in identifying the types of
situation that would likely create variations in the shape of depletion curves from year to year. Knowledge of
such areas and how the depletion curve is affected by interannual variations in weather are essential to better
modelling of larger areas.
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