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INTRODUCTION

Less than 10 percent of the annual precipitation in the southwestern
United States is recovered for use by people. A large portion of the
precipitation that is recovered criginates on forested watersheds in
mountainous areas. Even here, 80 to 90 percent of the precipitation currently
is not available far downstream users. Nevertheless, part of it potentially
is available. However, before more precipitation can be recovered, water
yields will have to be increased.

The possibility of increasing the amount of recoverable precipitation
from forested watersheds appears greater for snow than for rain. Snow
accumulates on forested sites throughout the winter, providing a reservoir of
water potentially available for downstream use in the spring. If snowmelt
water yields were increased significantly, additional water would be available
to refill reservoirs or recharge groundwater aquifers.

A review of snow research in the southwestern United States over the past
23 years 1is presented to describe some of the possibilities for increasing
snownelt water yields. In large part, these research efforts have been aimed
at the development of snocw management guidelines for increasing the amount of
recoverable water derived from snowpacks that accumulate and then melt on
forested watersheds. Studies have been concerned with basic snow hydrelegy,
forest management-snow relationships, and techniques of predicting effects of
management on snowpack water yields.

FOREST MANAGEMENT ACTIVITIES

Two options and combinations of these two options generally are available
to the watershed manager considering use of forest management activities in
attempting to increase recoverable water yields from snow:

- Feducing forest densities by thinning practices, using various
intensities and combinations of intensities.

- Removing forest overstories by clearing practices, using different
arrangements, sizes, and patterns of openings.

Initial emphasis of snow research in the scuthwestern United States was
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to study effects of reducing forest densities and remaving forest overstories
on snowpack accumulaticn and melt patterns.

Feducing Forest Densities

Inventory-prediction relaticonships describing snowpack conditions
associated with the common range of densities found in montane forests of the
southwestern United States have been developed (Ffaollictt and Hansen 1368,
Ffolliott and Thorud 1972, Timmer et al. 1984, Warren 1974). These
relationships show that snowpack water equivalents generally increase as
forest densities decrease. With inventory-prediction relationships watershed
hydrologists are able to prescribe forest management activities involving
thinning practices to increase snowpack water equivalents cn-site which are
available potentially for conversion into recoverable water.

Inventory-prediction relationships can be confounded by year—-to-year
variations in snowfall amounts. Therefore, historical data from USDA Soil
Conservation Service (SCS) snow courses were analyzed to determine whether
basic relationships remain the same from year-to-year (Ffollictt, et al.
1972). 0Of the 18 snow courses analyzed, 12 supported the hypothesis that,
with a given precipitation input, distribution of the snowpack is determined
primarily by spatial arrangements of forest overstories. Total snowpack water
equivalents change as a function of precipitation inputs, however, "trade-
offs" between snowpack water equivalents and forest densities are unchanged in
time.

To provide informaticon for temporal assessments of snowpack conditions,
studies have been conducted to evaluate the usefulness of a storage-duration
index in prescribing forest management activities for water yield improvement
(Ffolliott and Thorud 1973, Warren and Ffolliott 1975). Storage-duration
index values were obtained by adding together snowpack water equivalent
measurements on successive sampling dates (Wilm 1948). Maximum index values
represented high initial storage and slow melt, and minimum index values
indicated with low initial storage and rapid melt. These studies have shown
maximum index values to be associated with low forest densities, cool sites,
and high elevations, with iow index values assaciated with high forest
densities, warm sites, and low elevations.

Femoving Forest Overstories

Work carried out in the southwestern United States indicates that
openings created in forest overstories increase snowpack accumulations within
the cleared areas (Ffolliott et al. 1965, Gary 1974, Hansen and Ffolliott
1968, Plasencia et al. 1984). Consequently, greater accumulations of snow can
be available at these locations for conversion into recoverable water than
found under an undisturbed forest canopy. However, while clearing of forest
overstories has been shown to affect snowfall distribution patterns, it is not
always known whether total amounts snowpack water equivalents have increased
on the entire watershed.

Techniques to evaluate snowpack profiles in and adjacent to forest




cpenings have been developed. This wark led to synthesis of a two-dimensional
analytical technigue for estimating whether an increase or decrease in
snowpack water equivalents had occurred in and adjacent to forest openings at
a point-in-time (Ffolliott and Thorud 1374, Gopen 1374). "Trade-offs" between
changes in snowpack water equivalents and amounts of forest overstory removed
to create openings also can be identified.

A series of three-dimensional mcdels to describe snowpack conditions in
and adjacent to forest cpenings in a dynamic framework subsequently were
structured (Ffolliott 1983). These "time-space" representations provide
information that can be utilized to maximize or minimize "net" effects of
forest cpenings on snowpack conditions. Knowledge generated by these models
is helpful to watershed hydrologists in situations where increased water
yields from snowpacks is a consideraticn,

Forest management activities invaolving both reducing forest densities and
removing forest overstories in different vegetative cover types can affect
timing of snowmelt and subsequent runoff from larger watersheds. From surveys
of snow accumulation and disappearance, recommendations for management
activities to affect timing of snowmelt and runcff are suggested (Gary and
Coltharp 1967). If the management cbjective is delayed snowpack depletion at
lower elevations, for example, it is desirable to favor Douglas-fir over aspen
forests. At higher elevation, similarity in snowpack accumulations in spruce-
fir forests and grassland types and the delay in snowpack depletion in spruce-
fir forests suggests two possibilities. Management for delayed snowpack
depletion and snowmelt runoff would favor spruce—fir forests, with limited
thinning in old-growth stands on "warmer" sites. Management for maximum snow
- melt and peak runcff would indicate clearing of the forest overstory.

SNOWFACK DENSITY

Snowpack density is a useful index to the stage of "ripening” in
snowpack. In general, freshly fallen snow has a density of 0.10 gm cm”, while
denser conditions are characteristic of a snowpack undergoing metamorphosis
and ripening. In a ripened snowpack, additional inputs of energy will cause
the sncw to melt and yield water.

Studies were conducted to evaluate the usefulness of snowpack density to
index of snowpack metamorphosis and ripening in the forest types of Arizona
and New Mexico (Ffolliott and Thorud 1969, Ffolliott and Thompson 1977,
Ffolliott 1985, Gary 1967). These studies indicated that an average snowpack
density of between 0.35 and 0.40 gm cm” represented ripe snowpack conditions.
Higher snowpack densities occurred under sparsely stocked forest stands,
suggesting that forest management activities might affect ripening of
snowpacks. Unfortunately, other relationships between snowpack density and
inventory-prediction variables, including potential solar radiation and
elevation, were either statistically nonsignificant or of little predictive
value.




FEOCESS AND THEORETICAL STUDIES

Frocess and thecretical studies have been conducted to help watershed
hydrzlogists to better understand relaticnships between snowpack conditions
and forest overstories. FResults from these studies assist in the
interpretaticn and extrapolation of the results from more empirical
investigations.

Frocess Studies

Behavior of intercepted snow in the region has been evaluated with time-
lapse imagery to determine the relative significance of snowfall interception
in the water budget (Tennyson et al. 1974). It appears that most of the
intercepted snow reaches the ground by snowslide, wind ercsion, or canopy melt
and, therefore, does not represent a significant loss in terms of the water
budget. Fotential losses to streamflow by vaporization of canopy snow and
resulting meltwater seems minimal relative to the magnitude of snow that
eventually reaches snowpacks either directly or indirectly from tree canopies.

Lysimeters were installed to characterize snow melt rates, timing of
melt, and in general, site differences in snowpack behavior under forest
overstories. Energy budget parameters were used to estimate the magnitude of
snowmelt ocutflows from the lysimeters. Comparisons of timing of snowmelt
out flows beneath the lysimeters with fluctuations in streamflow regimes of
nearby watersheds showed that cutflows from the lysimeters preceded
streamflows by variable, but definable time lags (Gottfried and Ffollintt
1980, Jones et al. 1976). Although based on a relatively limited sample, nc
significant differences were observed in snowpack water equivalents and
subsequent snowmelt rates among the lysimeters on forested and open sites.

Theoretical Studies

Thecretical studies of interactions of snowpack conditions and forest
overstories have been undertaken to supplement and refine information obtained
from the empirical and process-criented investigations. These theoretical
studies have centered on synthesis of models to describe short-wave and long-
wave solar radiaticon exchanges between snowpacks and forest cancpies (Bohren
1973, Bohren and Thorud 1973, Bohren and Barkstrom 1974). Short-wave and
long-wave radiation components to a snowpack vary, in large part, as functions
of a forest canopy structure. Therefore, if models can be formulated to
describe the effects of manipulating forest canopies on short-wave and long-
wave sclar radiation transfer, build-up and ablaticn of snowpacks could become
more predictable.

Lack of relationship between physical properties of a snowpack and its
solar albedo has been a prcblem in predicting snowmelt and runoff regimes. To
learn more about this relationship in terms of the conditicons encountered in
the southwestern United States, observaticns were made on the relation of
short-wave reflectivity of recently deposited snow to its physical properties
(Bergen et al. 1383). Observed sclar albedo values aver a "wet" snow were




compared with those estimated from measurements of surface density, air
permeability, and the total-to-diffuse-flux ratio by mean of several models
described in the literature and by using empirical correlations to estimate
grain size. Unfortunately, results of this research suggest continued
difficulty in the validation of snow albedo models with on-site measurements
of snow cover.

RUNOFF EFFICIENCIES

Ancther importanmt step in development of snow management quidelines for
increased amounts of recoverable water involved identification of
physiographical and climatological factors which affect the quantity of
snowmelt and runoff. Comparable forest management activities on two sites
with similar vegetative characteristics often yield different amounts of
runoff, if the sites have differing slope-aspect combinations, soil
characteristics, and precipitation-temperature regimes. It is desirable,
therefare, for watershed hydrologists to implement water yield improvement
programs on sites with the greatest water yield potential. In this case, the
decision would be based, in large part, upon physicgraphical and
climatological factors, since vegetative conditions would be the same.

One measure of the effects of physiographical and climatoclogical factors
an the amount of runcff yielded from a site is "runoff efficiency,” that
portion of a snowpack that is converted into recoverable surface runoff
(Ffolliott and Hansen 1968, Thorud and Ffolliott 1572). BRoth fixed and
variable factors determine runoff efficiency values, Fixed factors are slope
percent, aspect, soil depth and type, and watershed configuration, while
variable factors include year-to-year differences in rates of snowmelt and
antecedent moisture conditions.

To develop an understanding of magnitudes and ranges of runoff
efficiencies, runaff efficiency values have been determined for watersheds
where snowmelt water yields are a significant contributor to annual water
outputs (Solomon et al. 1973a). No distinct pattern of runoff efficiencies is
apparent. It was found that runoff efficiencies vary greatly from year-to-
year on a given watershed, and from watershed-to-watershed in a given year.

To illustrate this point, runcff efficiencies for the pericd of peak seascnal
snowpack accumulation to cessation of snowmelt runoff can range from 20 to 45
percent on a given watershed, depending upon amounts of snowfall and timing of
snowfall events in differing years. Runoff efficiencies vary from 25 to 85
percent among watersheds in a given year, with much of this difference
attributed to physiocgraphical features.

Knowledge of runcff efficiencies is useful in predicting the amount of
snownelt runoff that originates on forested watersheds. Therefore, empirical
predicting equations have been synthesized to estimate the portion of a
snowpack on a watershed that is converted into runoff during the snowmelt
season (Solomon et al. 1975b). Equations that predict runoff efficiency from
inventory-prediction variables measured before peak seasonal snowpack
accumulaticn, and equations to estimate runoff efficiency following the
completion of runoff have been developed, The first set of equations are used
to estimate propertions of snowpacks convertad into runoff during a season,
while the second set has utility in characterizing a watershed in terms of
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past runcff efficiency history and water yielding patentials.

Sclutions of these equations Suggest that watersheds with the areatest
peak seasonal snowpack accumulaticns and at the highest elevations are most
efficient in terms of snowmelt runoff. Consequently, management activities
implemented to increase snowpack water equivalents at peak seasaonal
accumulation would have the greatest potentials for snowmelt water yield
impravement.

On large watersheds, runcff efficiencies can be affected by the timing of
runaff from different vegetative types and topocgraphies. Greater snowpack
accumulations have been chserved in high elevation spruce-fir forests and
grasslands as compared to low elevation Dauglas-fir and aspen types (Gary and
Coltharp 1967).  In both elevational zones, however, snowpack water
equivalents were greater on northerly aspects than on southerly aspects. From
these results, management for delayed snowpack depletion and runoff would
favor spruce-fir cover and limited cutting in old-growth forest stands.
Conversely, management for maximum snowmelt rates and peak runoff would
indicate clearcutting.

REMOTE SENSING OF SNOWPACK CONDITIONS

Althaugh quantities of water yielded from forested watersheds vary from
year to year, demands for water in the southwestern United States normally
exceed supplies. To satisfy the demands for water, intensive watershed
management should be practiced, requiring better inventory techniques for
determining quantity and distribution of water held in snowpacks under the
farest overstories. Downstream reservoir managers, although largely concerned
with maximizing amcunts of stored water at the end of the snowmelt runoff
period, must not allow reservoirs to reach capacity too soon, since this could
create flood hazards.

Intensive inventories of snowpack conditions are uneccnomical. However,
an alternative can be to estimate snowpack conditions indirectly from
measurements cbtained through remote sensing techniques. It is possible, for
example, to relate peak seasonal snowpack accumulation to forest overstory and
topographic attributes measured on 1:15,840 aerial photographs (Larson et al.
1974). Knowledge of peak seascnal snowpack accumulation is a key criterion to
estimating potential snowmelt water yields from watersheds in the region
(Ffolliott and Thorud 1972).

Measures of snowpack depletion are correlated highly with volume of
snocwmelt runoff. Because the snowpacks in the southwestern United States are
shallow and intermittent in contrast to the conditions in most Rocky Mountain
states, measures of snowpack depletion also are related to extent of snow
cover. To evaluate the hypothesis that runoff can be estimated from knowledge
of the extent of snow cover, measures of the extent of snow cover, obtained
from satellite (LANDSAT) imagery, have been related to runcff during snowpack
depletion pericds (Aul and Ffolliott 1975, Ffolliott and Rasmussen:1976).
Snowmelt runcff can be forecast from these relationships, using measures of
the extent of snow cover from satellite imagery. These relationships
consequently have been incorporated into snowmelt runoff forecasting
procedures.
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FEEDICTION TECHNIGRUES AND SIMULATION MODELS

SCS snow courses in the region are measured routinely throughout the
winter months to provide an index of snowpack conditions within larger
watersheds. To determine whether these measurements also could be used to
predict snowpack water equivalents on a small watershed-basis, a comparative
analysis between SCS data from selected snow courses and measurements of
snowpack conditions on experimental watersheds was undertaken (Gottfried and
Ffollictt 1981). SCS data could not be utilized directly to describe
watershed situaticns, except when the SCS snow course had been established
within the watershed in question or when the watershed was located at a higher
elevation. Haowever, highly significant relationships could be developed from
the paired data. These relationships could be used to estimate snowpack water
equivalents on watersheds and, as a conseguence, reduce or eliminate the need
foar intensive surveys of snowpack conditicns.

Snowpacks at a point-in-time represent integrated effects of all
accumulation, redistribution, and melt processes that have taken place befare
the time of assessment. To better understand the complexities of these
processes and to allow for the prescription of management activities to
manipulate snowpack conditions, an interactive computer simulaticn medel ,
called SNOW, has been developed (Ffolliott and Fasmussen 1979). While this
simulation model has been structured to facilitate applications by
noncomputer-oriented watershed managers at remcte locations, the simulator
does provide the required flexibility tao quantify integration of snowpack
accumulation, redistribution, and melt processes within a dynamic framework.
Ta encourage user applications, input requirements of SNOW are generated from
readily available data sets.

A modification of a snowmelt simulation model for Colorado subalpine
forests (Leaf and Brink 1973) provides for modeling relatively shallow and
intermittent snowpacks in the southwestern United States (Solomon et al.
13976). This modified and more generalized model, termed SNOWMELT, requires
anly limited knowledge of "laocal" watershed and snowpack parameters. The only
"driving" variables required are daily values for maximum and minimum air
temperatures, precipitation, and sclar radiation. Verification of SNOWMELT on
watersheds representing a range of conditions that are common to high
elevation, forested watersheds in the region has proven satisfactory.

Solar radiation measurements, as required in SNOWMELT, are not available
routinely. Therefore, a method is needed to estimate this parameter from
readily available information. To this end, relaticnships between solar
radiation components and commonly observed cloud-cover characteristics have
been develcped (McAda and Ffalliott 1978). These relationships have been
incorporated into SNOWMELT as subroutines to index the required solar
radiation variable. It has been determined that cloud observations can be
used as direct inputs to predict the amount of sclar radiation that impinges
upon a snowpack, when actual measurements of solar radiation are not
available.

A computer simulation model also has been developed for estimating

impacts of management activities on water yields in snow covered areas (Larson
et al. 1979, Rasmussen and Ffollicott 1981). The primary "driving" variable in
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this mcdel, named YIELD, is daily precipitaticon. Initial values for amounts
of moisture stored in the scil and for average forest density conditions alse
are required. Outputs are values representing daily runcff, changes in scil
moisture storage, evapotranspiration, and deep seepage. YIELD has been
structured in an interactive format to facilitate cperatiocn by watershed
managers at remote locations, using readily available data sets.

SUMMARY

Empirical field work, related process and thecretical studies, and
assaciated remote sensing and simulation investigations which have been
undertaken in the southwestern United States over the past 25 years provide
management guidelines to enhance snowmelt water yields on nigh elevation,
forested watersheds. 1t seems poesible that management activities can be
designed to increase the amount of recoverable water derived from snowpacks on
watersheds with high runcff efficiencies and, at the same time, furnish wood,
forage, wildlife, and amenity values, in some optimal combinmation, required by
the people in the region.
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