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Streamflow forecasts are essential to the optimal operation of

hydroelectric and irrigation reservoirs in the Pacific Northwest.

Satellite snow cover observations would aid in these streamflow fore-

casts by providing snow cover data at regular time intervals. Unfor-

tunately, satellite capability to remotely sense mountain snow cover

conditions is indeterminate due to lack of "ground truth." This study

focuses on the development of a mountain snow cover model capable of

generating snow cover data at a scale useful as "ground truth" for

operational satellite snow cover observations.

The study area used to develop the snow cover model was Crater

Lake National Park and its surrounding environs. Both the physiography

(topography and vegetation) and snow climate of the study area were

analyzed and found to be quite dynamic. In order to take into account

the affects of the dynamic snow climate and physiography upon snow



cover conditions, multiple regression analysis was used to create the

Crater Lake Snow Model. Forty-five snow core sites were located with-

in the study area. Snow depth and snow water equivalent values were

recorded at each site. Eighteen sites located within Crater Lake

National Park were sampled on a weekly basis for the 1977-1978 snow

year. An additional 16 sites were sampled at high elevations in the

Park on a weekly basis from April through June, 1978. The remaining

11 sites comprised the historical snow core data set collected by Soil

Conservation Service (S.C.S.) on a monthly basis, January through June,

1948 through 1978. These data sets were statistically reduced using

the quasi-constant ratio theory to synthesize values for missing data

to temporally unify the data sets. Also the physiographic elements of

slope, aspect, elevation, percentage of forest canopy cover, and regional

aspect were recorded for each snow core site.

The physiographic elements (independent variables) were regressed

against the snow core data (dependent variables) to produce snow model

equations. Three different Temporal-Spatial Situations (T.S.S. 1, 2,

3) of data were entered into regression analysis. T.S.S. 1 and 2 models

were generated from the 11 S.C.S. snow core sites, T.S.S. 1 from 1978

data and T.S.S. 2 for 1948 -1978 data. The T.S.S. 3 model was generated

from the 45 snow core site data for 1978. Using the theory of the quasi-

constant ratio it was possible to combine the T.S.S. 1, 2, and 3 sets of

regression equations to produce a T.S.S. 4 snow model ( a model based

upon the 45 sites for the 1948-1978 snow seasons). Subsequently the

T.S.S. 1 and 2 snow models were utilized with this derived T.S.S. 4



snow model to produce T.S.S. 3 snow cover models for any month of any

year for the 1948 through 1978 period. Validity testing of the model

indicates that it has an average error of ± 15.7" for modeled snow

depth values and ± 8.2" for modeled snow water equivalent values.

The Crater Lake Snow Model has a combined spatial, annual, and

long term resolution unequaled in previous snow cover models. The

Model's combined high resolving properties give it capabilities of

generating mountain snow cover "ground truth." Current studies are

being conducted to couple dynamic snow meteorology and LANDSAT digital

data to the Model to increase its accuracy and reduce its dependency on

snow core data. Also, output of the Model can be used for studies on

snow cover affect upon wildlife movement and survival and the determina

tion of source regions of relative runoff from snow melt.
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AN INVESTIGATION INTO MODELING SNOW COVER
ELEMENTS AT CRATER LAKE NATIONAL PARK AND

SURROUNDING ENVIRONS AS AN IMPROVED "GROUND
"TRUTH METHOD FOR SATELLITE SNOW OBSERVATIONS

CHAPTER I

INTRODUCTION

Statement of Problem and Purpose

Streamflow forecasts are essential for optimal operation of

hydroelectric and irrigation reservoirs in the Pacific Northwest

(P.N.W.) (Meier, 1975; Limpert, 1975). These forecasts are gene-

rated from changes in the areal extent of snow cover, snow depth,

and snow water equivalent
1

(snow cover elements) in the Cascade,

Coast, and Northern Rocky Mountain Ranges (Figure 1) (U.S. Army

Corps of Engineers, 1980). Operationally, it would be advantageous

to make use of satellite data with its routine coverage and spatially

integrated values to monitor the snow cover elements (Davis, 1976.)

Currently the principle satellite systems used for snow cover analy-

sis in the P.N.W. are the LANDSAT and National Oceanographic and

Atmospheric Administration (NOAA) systems. Both satellites sense

reflected light from the earth's surface to produce an image.

Theoretically, every surface reflects light differently and there-

fore can be identified by its unique reflectance characteristics

known as spectral signature. Unfortunately, the dense forest canopy

cover and steep shadow producing slopes of the mountain ranges alter

the spectral signature of the snow cover making it difficult to

1Snow water equivalent is the amount of water that would be produced
if the snow cover were to totally melt.
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remotely sense (Meier, 1976). Thus in order to equate what the

satellite senses as snow and what actually is snow, "ground truth"

information, of the snow cover elements on the ground, is needed.

Without "ground truth" the results of any remote sensing analysis

of snow cover are indeterminate.

Two studies attempting to remotely sense snow cover conditions

in the Cascade Range have proven the need for adequate snow cover

"ground truth." The Bonneville Power Administration, NASA, and the

U.S. Army Corps of Engineers entered into a contract to study the

use of satellite data in determining mountain snow cover conditions.

As Limpert (1975) reports, the results of their analysis were in-

determinate from lack of "ground truth." Meier (1975) compared

numerous methods of monitoring snow cover elements with satellite

imagery but obtained indeterminate results because no "ground

truth" was available to check the accuracy of the methodology. In

fact, this author has read no report on remote sensing analysis of

snow cover in mountainous terrain where "ground truth" was available

to determine the validity of the sensor system.

There are a number of reasons why mountain snow cover "ground

truth" has not been available for remote sensing studies. First,

manual collection of snow data is dangerous and difficult due to

severe weather conditions and limited access to mountain snowfields.

Second, mountain snow cover elements are so spatially and temporally

dynamic that the current limited point source collection of snow

data cannot accurately portray mountain snow cover. Third, aerial
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mapping of snow cover data is done at a scale which cannot be

correlated to satellite snow cover data. Thus, the objective of

this thesis is to develop the basis for a high resolution mountain

snow cover model capable of generating data at a scale useful as

"ground truth" for operational satellite snow cover observations.

Scope of Study

The following chapters describe the development of the Crater

Lake Snow Model. At the end of Chapter 4 suggestions of how the

Model's capabilities can be coupled with computerized topographic

data to produce "ground truth" for satellite snow cover observa-

tions are discussed. Originally, coupling of the model to the

topographic and satellite data had been planned, however, because

of funding constraints and limitations in the computing capabilities

at this University such an analysis was impossible.

Study Area

The study area, Crater Lake National Park and its adjacent

environs, is located in southwestern Oregon and is approximately

830 square miles in area (Figure 2). From an analysis perspective

the study area can be broken into two subsections; Crater Lake

National Park and the lands surrounding the Park (Figure 2). Crater

Lake National Park was the section of most intensive snow cover

investigations and is the area of prime interest. The lands sur-

rounding the Park provided necessary historical snow cover data
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and thus were included as part of the study area.

This particular area was selected for the development of a snow

model for the following reasons:

1. Crater Lake National Park provides a representative profile
of the physiographic conditions found in the southern High
Cascades.

2. Crater Lake National Park has a unique road network that
remains open during the winter months thus providing easy
access to snow data collection sites.

3. Detailed vegetation analysis, a necessity in the develop-
ment of a mountain snow model, had previously been completed
for Crater Lake National Park.

4. The National Park Service encouraged our snow modeling
investigations and provided sleeping and kitchen facilities
as well as help in data collection.

5. The lands surrounding Crater Lake National Park, as pre-
vioulsy mentioned, provided necessary historical snow
cover data collected by the Soil Conservation Service or
its cooperators.

In summary, Crater Lake National Park provided a unique study

area for the development of a high resolution mountain snow cover

model.
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CHAPTER II

THE TOPOGRAPHY, VEGETATION AND SNOW CLIMATE OF
CRATER LAKE NATIONAL PARK AND SURROUNDING ENVIRONS

The topography, vegetation and snow climate profile of an area

partially determines the spatial distribution of snow cover elements

within that area and must be considered in the development of any snow

model (Gray, 1979). The purpose of this chapter is to give the reader

a better understanding of the environment in which this study occurs.

The majority of information presented describes the lands within

Crater Lake National Park as this is the area of prime interest and

most dynamic physiography.

Topography and Vegetation

The topography of Crater Lake National Park is quite diverse.

The local relief is approximately 4,000 feet with Mt. Scott located

in the east central portion of the Park, being the highest point at

8,296 feet and the "Panhandle" area, located in the south central

portion of the Park, the lowest area at 4,300 feet (Walsh, 1978). The

degree of slope within the Park ranges from 0 percent in the Pumice

Desert to 100 percent along the caldera walls. The Cascade Divide

separates Crater Lake National Park into a general east-west orienta-

tion, however, specific aspects range from 0
o

to 3600.

The vegetation of Crater Lake National Park differs in composition

and areal extent due to the diversity of micro-climates found throughout
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the Park. The following is a summary of the dominant tree species

and their location within the Park as described by Walsh (1978).

Lodgepole Pine. Lodgepole pine is the dominant species found

at mid-elevations in the Park. Major stands occur at the western

entrance to the Park and the northern entrance adjacent to the

Pumice Desert.

Mountain Hemlock. Mountain hemlock is the dominant tree species

at higher elevations in the Park. This tree species is found along

the caldera rim and near Park Headquarters occurring as both dense

forest cover and in clusters.

Ponderosa Pine. Ponderosa pine occurs in the southern panhandle,

southeast corner, and northeast corner of the Park. The panhandle

ponderosa pine is mixed with white fir and sugar pine.

Shasta Red Fir. Shasta red fir inhabits the upper regions of

the Park where it has extensively interbred with the noble fir.

Distinctive stands of Shasta red fir occur near Castle Creek and

between the Mazama Campgrounds and Park Headquarters.

White Fir. The white fir dominates those regions of low

temperatures and little moisture stress; the panhandle and southeast

corner of the Park.

The study area outside of Crater Lake National Park is comprised

of National Forest Lands (Figure 2). North and northwest of the Park

lies the Umpqua National Forest; to the northeast, east, and south,

the Winema National Forest; and to the west, the Rogue River National

Forest. These lands are managed through timber harvest and regeneration
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while the National Park Service prefers forest preservation through

minimal disturbance of the forest environment (Walsh, 1978). The

difference in management strategies has resulted in a less dynamic

vegetation cover in the National Forest lands surrounding the Park.

The Snow Climate at Crater Lake National Park

Data Set

The data used in the analysis of the Park's climate were taken

from the U.S. Weather Bureau records of climatological observations.

These data are recorded at Crater Lake Park Headquarters on a daily

basis. Thirty-one years (1948-1978) of records for January through

June (snow year) comprised the data set. This specific time period

was chosen as it contains those months which contribute most to the

build up and ablation of the snow cover and matches the historical

snow data set which will be described in the next chapter.

Monthly Analysis of Snow Climate at Park Headquarters
(all figures in this section follow the text)

January. The mean daily, mean daily maximum, and mean daily

minimum temperature for January were 24.8°F, 32.6°F, and 16.9°F

respectively. These were the coldest temperatures of any month in

the study period. The mean total precipitation was 11.1 inches with

an average snowfall of 112 inches. A mean of fifty-six percent of the

days in January recorded snowfall with 33 percent of those days occur-

ring as part of a 1-3 day event, 14 percent as part of a 4-7 day
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event, and 9 percent as part of an > 8dayevent. Rainfall was recorded

on the average of 4 percent of the days in January all occurring as

part of a 1-3 day event. The mean percentage of days recording no

precipitation was 40 of which 15 percent occurred as part of a 1-3

day event, 13 percent as part of a 4-7 day event, and 12 percent as

part of an y 8 day event.

February. The average daily temperature for February was 26.5°F

with mean daily maximum and minimum temperatures of 35.0°F and 17.9°F

respectively. The average total precipitation was 8 inches with a mean

snowfall of 81 inches. On the average, fifty-three percent of the days

in February recorded snowfall of which 30 percent occurred as part of a

1-3 day event, 11 percent as part of a 4-7 day event, and 12 percent as

part of an 8 day event. Interestingly, February was the only month

in which days recording snowfall occurred more often as part of an > 8

day event than as part of a 4-7 day event. The mean percentage of days

recording rainfall was 4 of which 3 percent occurred as part of a 1-3

day event and the remaining 1 percent as part of a 4-7 day event. A

mean of 43 percent of the days in February recorded no precipitation of

which 13 percent occurred as part of a 1 -3 day event, 16 percent as part

of a 4-7 day event, and 14 percent as part of an > 8 day event. This

particular pattern of mean percentage for the duration classes resemble

more closely those which occur in the spring.

March. The mean daily temperature in March was 26.7°F, the mean

daily maximum was 35.7°F, and the mean daily minimum temperature was

17.6 °F. The average total precipitation for the month was 8.2 inches
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with a mean snowfall of 98 inches. Snowfall was recorded on an average

of 55 percent of the days of which 28 percent occurred as part of a 1-3

day event, 20 percent occurred as part of a 4-7 day event, and 7 percent

occurred as part of an > 8 day event. March has the largest mean per-

centage of days recording snowfall as part of a 4-7 day event. The mean

percentage of days recording rainfall was 4 all of which occurred as

part of a 1-3 day event. On the average 16 percent of the no precipita-

tion days occurred as part of a 1-3 day event, 14 percent as part of a

4-7 day event, and 11 percent as part of an > 8 day event bringing the

mean percentage of no precipitation days to 40.

April. The mean daily, mean daily maximum and minimum temperatures

for April were 31.6°F, 41.6°F and 21°F respectively. The mean total

precipitation was 4.4 inches, the largest decline (-3.8 inches) in this

element from a previous month within the study period. This sudden drop

in mean total precipitation would seem to indicate that the atmosphere

is restructuring from one which delivered precipitation to one which is

drier. Mean snowfall was 45 inches for the month and was recorded on an

average of 41 percent of the days, a marked decrease from the previous

month. Twenty-seven percent of the days recording snowfall occurred as

part of a 1-3 day event, 11 percent occurred as part of a 4-7 day event,

and 3 percent occurred as part of an > 8 day event. Rainfall was record-

ed on an average of 5 percent of the days in April all of which occurred

as part of a 1-3 day event. The mean percentage of no precipitation days

was 54. April marked the beginning of a sequence in which no precipita-

tion days occurred more and more as part of an > 8 day event. Twenty-two
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percent of the no precipitation days occurred as part of a 1-3 day

event, 14 percent occurred as part of a 4-7 day event, and 18 percent

occurred as part of an 8 day event.

May. The mean daily temperature for May was 38.9°F with mean

daily maximum and minimum temperatures of 41.6°F and 21.5°F respec-

tively. Average total precipitation was 3.2 inches with a mean

snowfall of 22 inches. The mean percentage of snow days was 21 of

which 16 percent occurred as part of a 1-3 day event, and 5 percent

as part of a 4-7 day event. May marked the beginning of a period

when snow days no longer occurred as part of an > 8 day event. On

the average 12 percent of the days recorded rainfall of which 10 per-

cent occurred as part of a 1-3 day event and 2 percent as part of a

4-7 day event. Sixty-seven percent of the days in May record no pre-

cipitation of which 14 percent occurred as a 1-3 day event, 17 percent

as a 4-7 day event, and 36 percent as an > 8 day event. This pattern

of mean percentage values for the duration classes was opposite than

exhibited in January through April. Again, this is evidence of atmos-

pheric change through time.

June. The mean daily, mean daily maximum and minimum temperatures

were 46.2
o
F, 58.1

o
F, and 34.3

o
F respectively. Total precipitation

averaged 2.1 inches with a mean snowfall of 3 inches. The average per-

centage of snow days was 6 all of which occurred as part of a 1-3 day

event. June is the first month which did not record snowfall as part

of a 4-7 day event. Rainfall was recorded on 17 percent of the days

of which 13 percent occurred as 1-3 day events, 4 percent as 4-7 day
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events and 1 percent as = 8 day events. June was the only month which

recorded rainfall as part of an > 8 day event. The mean percentage of

days which recorded no precipitation was 77, the highest value for any

month in the study period. Twelve percent of the no precipitation days

occurred as part of a 1-3 day event, 18 percent as part of a 4-7 day

event, and 47 percent as part of an > 8 day event.

Snow Cover Analysis

The analysis of the snow cover as recorded at Park Headquarters

has been separated from the other climatic elements as it is of prime

importance in determining the temporal sensitivity required for the

Crater Lake Snow Model. Figure 3 shows that snow cover at Park Head-

quarters is quite variable, both monthly and from year to year. Any

snow cover model created for the study area must then be temporally

sensitive to change in snow cover on a monthly and annual basis.
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CHAPTER III

THE COLLECTION, REDUCTION, AND SYNTHESIS OF
PHYSIOGRAPHIC AND SNOW CORE DATA NEEDED FOR THE

DEVELOPMENT OF THE CRATER LAKE SNOW MODEL

Resolving Capabilities of Mountain Snow Cover Models

The dimension of snow cover elements are highly dynamic with space

and time (Gray, 1979). Snow cover models can be classified by how well

they resolve the spatial, annual, and long term dynamics of the snow

cover elements. A model's spatial resolution is defined as the scale

at which it synthesizes snow cover elements for a given area. Annual

resolution is defined as the time interval at which the snow cover

model generates its synthesized values for a given snow year. The

long term resolution of a snow cover model is defined as how far in

the past or future can the model synthesize snow values before they

become erroneous. All of these resolutions depend upon the spatial and

temporal definition of the data used to create the model, thus snow

cover models differ greatly in their resolving capabilities. The most

spatially resolute snow cover model developed to date was produced by

R.B.B. Dickinson and D. A. Daugherty of the University of New Brunswick

(Dickinson and Daugherty, 1979). Their model used mutiple regression

analysis to generate snow depth and snow water equivalent values for

every 2.5 acres of the Nashwack Experimental Watershed. However, the

data used to generate their model were collected on a bi-monthly basis

for a 5 year period (1973-1978). Thus the best annual and long term

resolution which could be obtained would be bi-monthly and the 5 year
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data collection period respectively. Other common snow cover model-

ing methods such as Theissen polygons or'isohyets can be used with

specific monthly data to produce snow cover maps of high annual and

long term resolution. Unfortunately these methods cannot accurately

distribute the synthesized snow cover over mountainous terrain (U.S.

Army Corps of Engineers, 1956). Thus, there are no snow cover models

which have combined high spatial, annual, and long term resolution for

mountainous areas.

There are two reasons why such ambiguity exists in current

mountain snow cover models. First there is an inadequate data base

(Lettenmeir, 1979). Most snow cover data in mountainous regions can

only be obtained from scant point source data. For example, Figure

10 shows the Soil Conservation Service (S.C.S.) snow course locations

in Oregon. The S.C.S. collects the snow data on a monthly basis and

has a long term record of data (31 years). However, as Figure 10

shows the number of point sources for data collection are few in

number and poorly distributed. The second reason for ambiguity is

that many modelers use equations developed from intensive snow invest-

igations for areas and time far removed from those which they are trying

to model (Adams, 1976). This technique introduces gross errors into the

snow model as equations generated from specific spatial-temporal situa-

tions are only valid for those situations (U.S. Army Corps of Engineers,

1956). Thus the data used in the development of a snow cover model

determines the applicability of that model (Gray, 1979).
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Data Base Used To Develop The Crater Lake Snow Model

In order to effectively model the snow cover elements of Crater

Lake National Park and surrounding environs those variables which

effect changes in the snow cover must be included. Topography,

vegetation, and snow climate of mountainous areas all play a role

in determining the distribution of snow cover elements through

space and time (U.S. Army Corps of Engineers, 1956). Any snow

model based upon these three variables would have to consider

their dynamic nature and how they interact to control snow cover.

Thus, a question arose: What type of data would be needed to

create the Crater Lake Snow Model? To try and develop a snow

cover model based upon the snow climate alone would be incomplete

because the knowledge of the atmospheric physical processes gov

erning the distribution and changes of snow cover elements is

incomplete. Therefore empirical relationships between topography,

vegetation, and snow cover elements might be used to create the snow

cover model the implicit assumption here being, that the dynamic

climate is "locked up" in the static point source variables; topo

graphy, and vegetation (Gray, 1979). Using this approach there

were two data sets necessary for the development of the Crater
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Lake Snow Model; physiographic (topographic and vegetative) data

and snow cover data.

Physiographic Data

There are two requirements for the physiographic data used

in snow cover modeling. First, the data must not change through

time. The reason why physiography is chosen for input to a snow

cover model is its interaction with the snow climate produces

changes in the snow cover elements. In being static, the point

source physiography provides a solid data base to which the snow

cover data can be correlated and yet still intrinsically include

the dynamic snow climate in the snow model. If the physiographic

data changed it would present the same problem to the modeler as

does the snow climate; that of being too dynamic to monitor and

therefore impossible to correlate to the snow cover data. The

second requirement of the physiographic data is it be available at

a large scale. If a snow cover model keys on certain physiographic

variables to produce a synthetic snow cover. Then areal distribution

of that snow cover depends on the scale of the physiographic data.

Thus, it is imperative that data for the physiographic variables be

available on a large scale within the study area.

Slope, aspect, elevation, percent of forest canopy cover, and

regional aspect are the physiographic variables which meet the cri-

teria presented above and have shown the greatest possibility of
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of correlating highly to changes in mountain snow cover (Anderson,

1967; Dickinson and Daugherty, 1977; Packer, 1962; U.S. Army Corps of

Engineers, 1956).

The following is a brief description of these physiographic

variables and how they interact with the snow climate to produce change

in snow cover elements.

Slope. Slope is defined as the inclination of the land surface

(Stamp, 1968). The degree of slope interacts with wind and solar

radiation to effect changes in snow depth and snow water equivalent.

The rate of snowfall is determined by the interaction between wind and

slope (Gray, 1979). Specifically, both elements combine to determine

the rate of rise of air over mountainous terrain. The speed of rising

saturated air is directly proportional to the amount of snowfall which

is a key component in determining depth of snow cover. Also, the de

gree of slope can create either a blockage or vortex tunnel to the

prevailing winds. Blockading causes the winds to eddy deposit snow

while a vortex tunnel increases the wind speed which removes snow from

the surface. Steppunn (1974) documented that the depth of snow cover

along a slope oriented in the direction of the prevailing winds tended

to decrease along its length.

The degree of slope interacts with the slope's aspect to deter

mine how much solar radiation strikes the earth's surface (Figure

11). The solar beam provides the energy which activates various

snow melting processes and thus determines the depth and duration

of the snow cover. The effect of slope on the snow melting process
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also creates changes in the amount and distribution of the snow water

equivalent. A slope that interacts with the solar beam to produce a

high degree of melt increases the per unit volume of water equivalent

of the snow cover. Also, as the degree of slope increases the amount

of water found in the snow cover decreases. Presumably the water in

the snow flows down steeper slopes and pools in more level terrain

(U.S. Army Corps of Engineers, 1956).

Aspect. Aspect, the orientation of the sloping earth's surface,

interacts with the same climatic elements as slope to produce changes

in the snow cover. Like slope, aspect affects snowfall, however, it

does so more to the frequency of snowfall than to its rate (Gray, 1979).

Aspect also interacts with the incoming solar beam and degree of

slope to determine the amount of solar loading on the land surface

(Figure 40). This aspect controlled solar loading, as with slope,

affects the depth and duration of the snow cover. However, it has

been reported that aspect is not as important a variable in affect

ing snow cover accumulation and/or distribution as is slope and

elevation (Meiman, 1970; Stanton, 1966).

Elevation. Elevation is defined as the height of the land

surface above mean sea level. The most important factor which

affects snow cover accumulation and distribution in mountainous

terrain is elevation (Gray, 1979). Within a specified location

a linear relationship between snow accumulation and elevation can

frequently be found. Investigations have shown, however, that the



29

relationships between elevation and snow depth vary through both

time and space depending upon changes in snow climate (U.S. Army

Corps of Engineers, 1956). Thus when using elevation as a snow

cover model variable it is important to recognize the influence

of climatic variation (Peck, 1964).

The key climate element which combines with elevation to pro-

duce changes in the snow cover is temperature which decreases to

below the freezing level of water as elevation increases (Gray,

1979; U.S. Army Corps of Engineers, 1956). The drop in tempera-

ture with increasing elevation also results in a decrease in snow

melt losses. This decline in melt loss allows for an increase of

snow depth and duration of snow cover. Since the moisture avail-

able for the precipitation process also decreases with elevation,

the increase of snowfall observed with height reflects the com-

bined influence of slope and elevation upon the efficiency of the

precipitation mechanism (Gray, 1979). Finally, it has been shown

that a positive linear relationship may exist between snow water

equivalent and elevation, however, more investigation is required

before this relationship can be considered valid.

Percentage of Forest Canopy Cover. The percentage of forest

canopy cover is defined as the amount of sky blocked by the canopy

of the forest in relation to a totally open sky. The large coni-

ferous forests which exist in some mountainous areas represent a

biomass that has a great effect on snow accumulation and snow water
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equivalent. The major way in which these forests affect snow cover

conditions is through interception, the trapping of snow in the

tree canopy and wind speed repositioning and intensity alteration

(U.S. Army Corps of Engineers, 1956). Interception of snowfall re-

duces the depth of snow cover and snow water equivalent found under

the forest canopy (Packer, 1962). Wind stream repositioning and

intensity alteration controls snowfall distribution and amount.

The amount of snow intercepted is primarily a function of can-

opy density (U.S. Army Corps of Engineers, 1956). Investigations

have shown that snow accumulation has an inverse relationship to

the percentage of forest canopy cover (Goodell, 1959). Thus, in

order to account for interceptions affect on snow cover elements

the percentage of forest canopy cover is commonly included as a

snow model variable.

Regional Aspect. Regional aspect is defined as the orientation

of large land areas. An example of regional aspect would be the

general orientation of the sides of a mountain range divide. Re-

gional aspect differs from aspect previously described as it is much

larger in scale and grosser in resolution. Spreen (1947) reported

that regional aspect affected the amount and frequency of precipita-

tion over mountainous terrain by interacting with the synoptic wind

flow. The four previously described physiographic variables inter-

act with this synoptically changed wind flow to produce a unique

distribution of snow cover elements. Therefore regional aspect is

a most important variable for modeling mountain snow cover.
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The text above presents a brief description of how each

physiographic variable interacts with the snow climate to effect

changes in snow cover. Of probable equal importance is how each

physiographic variable interacts with all other physiographic

variables to produce snow cover change. However, knowledge of

such interactions does not exist due to inadequate monitoring

instrumentation.

Crater Lake and Surrounding Environs Physiographic Data

Measurement of five physiographic variables were obtained

for 45 snow core sites located in Crater Lake National Park and

the surrounding environs (Figures 12 and 13) (Table 1). Slope,

aspect, elevation, and regional aspect
2
were obtained from United

States Geological Service 15 minute topographic maps. The percent

of forest canopy cover for each snow core site was obtained from

Rabbi (1979).

Snow Cover Data

There are three requirements which snow cover data must meet to

be useful in snow model development. First, the snow cover data must

be sampled at enough locations to provide a representative profile

2
See Figure 14 for location and description of regional aspect within
the study area.
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TABLE 1 PHYSIOGRAPHIC ELEMENTS OF SNOW CORING SITES

34

Site #

Slope

(Percentage)

Aspect

(Degrees)

Elevation

(feet)

Percentage of Forest

Canopy Cover

Regional Aspect

(See Figure43 )

1 .02 161 4418 0 1

2 .03 144 4750 61 1

3 .07 106 5375 21 1

4 .11 68 5722 11 2

5 .06 305 5525 73 2

6 .03 31 5875 61 2

7 .10 244 6150 80 2

8 .05 176 6028 41 1

9 .04 139 6188 0 1

10 .04 128 6350 0 1

11 .01 190 7008 0 2

12 .14 249 7028 0 2

13 .14 216 7075 0 1

14 .01 305 5781 41 3

15 .01 333 5901 41 3

16 .01 96 4700 73 1

17 .09 168 6500 0 1

18 .11 127 6850 80 1

19 .19 261 7075 0 2

20 .19 234 7100 0 2

21 .17 179 7322 0 2

22 317 7350 0 2

23 .12 283 7550 0 2

24 .19 226 7567 0 2

25 .27 327 7550 0 2

26 .12 346 7375 0 2

27 .16 351 7275 0 2

28 .06 319 7253 0 2

29 .07 325 6950 0 2

30 .06 349 6532 0 2

31 .07 358 6267 0 2

32 .01 356 5962 0 3

33 .06 133 6050 0 3

34 .07 127 6000 0 3

35 .01 346 6050 11 1

36 .05 286 5349 21 2

37 .04 320 5800 41 1

38 .01 328 4215 0 2

39 .02 62 3907 0 2
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TABLE 1 (continued)

Site #

Slope

(Percentage)

Aspect

(Degrees)

Elevation

(feet)

Percentage of Forest

Canopy Cover

Regional Aspect

(See Figure 43)

40 .03 263 3697 0 2

41 .05 341 3450 0 2

42 .10 68 4200 0 1

43 .02 272 4760 0 1

44 .06 180 6018 0 1

45 .09 168 6550 0 1
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of the physiography found in the region. If the snow cover data do

not sample a representative physiographic profile, then any snow

model based on that data will not accurately synthesize snow cover

values for those physiographic situations missing from the sample.

Second, the snow cover data must be collected at time intervals not

exceeding one month. Intervals greater that this create an annual

resolution which makes the snow model worthless for use in most

climatic investigations. Third, the length of the snow data re-

cord must be at least one climatic period (30 years). Time spans of

less than 30 years cannot take into account any long term physical

cycles which may cause sudden changes in the snow cover elements.

Thus, the larger period of data record, the more accurate the snow

model will be for historical snow cover synthesis and for use in

the future.

Crater Lake Snow Cover Data

Thirty-one snow coring sites (1-13, 17-34) were located within

Crater Lake National Park so as to give the most representative sam-

ple of slope, aspect, elevation, percentage of forest canopy cover,

and regional aspect (Figure 12). Three additional snow coring sites

(14-16) were located on Route 138 leading to the Park's north entrance.

Snow depth and snow water equivalent were collected at each site using

a Mt. Rose style snow tube (U.S.D.A., S.C.S., 1959). The procedures
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used to collect snow data within the Park varied between sites 1-18

(lower sites) and 19-34 (upper sites) (Figure 12).

Collection procedure for sites 1-18: Weekly snow cores were

taken at sites 1-18 for the 1977-1978 snow year. Five snow cores

were collected at each site from which mean weekly values for snow

depth and snow water equivalent were determined. Each weekly set

of snow cores was collected within a relatively short period of

time so the effect of changing weather conditions on the overall

sample would be minimized.

Collection procedures for sites 19-34: Snow depths exceeding

200 inches and severe weather made snow coring difficult and time

consuming at these high elevation sites. So that all sites could

be sampled on a weekly basis, only three cores were collected at

each site. From the three snow cores mean weekly values of snow

depth and snow water equivalent were determined.

Historical Snow Cover Data

An historical snow data set was obtained from 11 S.C.S. snow

coring sites located both within and outside of the Park (sites 35-

45) (Figure 13). The data record spanned 31 years (1948-1978) and

was comprised of snow depth and snow water equivalent values col-

lected approximately on the first each month. The S.C.S. obtained

8-12 snow cores for each site and used this data to determine mean

monthly values for snow depth and snow water equivalent.
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Snow Data Synthesis and Reduction

Each snow data set contained sporadic periods of missing

observations (Table 2 ). At Crater Lake National Park severe

weather and/or ice lenses occasionally prevented the collection

of snow core data. Severe weather made it impossible and/or dan-

gerous to reach the snow core sites, especially those located at

higher elevations. Ice lenses, located within the snow cover,

occasionally became so thick (up to 2 feet) the snow tube could

not penetrate them and accurate cores could not be obtained. It

is assumed that missing data for the S.C.S. snow core records were

caused for the same reasons.

In order to secure the best data base possible the method of

synthesis of a climatic data series by ratios was used to generate

the missing snow core data (Conrad and Pollak, 1950; Lettenmeir

1979). The method is described as follows.

For Crater Lake Snow Core Data Sites 1-18

(X,N) = The mean weekly snow core data for site X, with a
complete record N, for a given month. (Table 3)

(X,n) = The mean weekly snow core data for site X, with an
incomplete record n, for a given month.

(Y,N) = The mean weekly snow core data for site Y, with a
complete record N, for a given month.

(Y,n) = The mean weekly snow core data for site Y with an
incomplete record n, for a given month. (Table 3)

The value of the unknown snow core data (Y,N) is sought. On the

assumption of the quasi-constant of the ratio q which states:
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TABLE 2 MISSING SNOW CORE DATA FOR CRATER LAKE
AND HISTORICAL DATA SITES

Crater Lake Snow Core data Sites 1-18 (lower sites)

Date Sites of Missing Data

4/1/78 5,7

Crater Lake Snow Core Data - Sites 19-34 (upper sites)

Date Sites of Missing Data

1/1/78 19-34
2/1/78 19-34
3/1/78 19-34
4/3/78 23-34
4/27/78 26-34

Historical Snow Core Data Sites 35-45

Sites of Missing DataDate

1/1/48-58 35,37
1/1/40,53,54,55 39
1/1/78 42
2/1/48-58 35,37
2/1/54 39
2/1/78 36,42,45
3/1/48-58 35,37
3/1/48-54 39
3/1/48 38
3/1/77-78 41
3/1/78 36,37
4/1/48-58 35,37
4/1/52-54,78 39
5/1/48-58 35,37
6/1/48-58 35,37
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TABLE 3 SNOW CORE SITES WITH COMPLETE DATA RECORDS USED TO
SYNTHESIZE VALUES OF MISSING SNOW CORE DATA AT SELECTED SITES

Crater Lake Snow Core Data - Sites 1-18

Sites with incomplete Sites with complete
records (Y,n) records (X,N)

5,7 6

Crater Lake Snow Core Data - Sites 19-34

Sites with complete Sites with complete
records B(Y,N) (unknown) records A (X,N) (known)

19-30 12

31-34 14

Historical Snow Core Data Sites 35-45

Sites with incomplete Sites with complete
records (Y,n) records (X,N)

38,39,41 40
35,36,45,37 44
42 43
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if two stations X and Y are located within
the same climatic region then the average
difference between their recorded precipi-
tation can be explained by the physiography
of the region. Since the physiography does
not change in time or space for the region
its effect upon the two stations will be
somewhat constant. The precipitation rela-
tionship between the two stations can
therefore be expressed by the quasi-constant
ratio q, given as:

thus (Y,n) (Y N)

(X,n) q (X,N)

therefore (Y,N) = (X,N)q

To demonstrate this method the following example from the Crater

Lake snow cover data set has been worked:

X
Site 11 Site 12

Date Snow Depth (inches) SnoW Depth (inches)

2/3/78 122.50 111.20
2/10/78 135.40 124.40
2/17/78 136.50
2/24/78 123.30 109.40

(X,N) = 129.43 (Y,N) = ?

(X,n) = 127.07 (Y,n) =115.00

(Y,n) (Y,N) 115.00
(X,n) q (X,N) 127.07 '91 129.45

(Y,N) = (X,N)q = 117.78 = .91(129.43) = (Y,N) = 117.78 inches

The value of (Y,N) is very close to the known value of 118 inches

for site 12 on 2/17/78. The value (X,n) is found by leaving out

the snow core data for site X which corresponds to the missing data
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of site Y and then calculating the mean. It is important to note that

this method will not work for snow data unless the X and Y sites are

somewhat physiographically similar.

For the Historical Snow Core Data Sites 35-45

The same method of data correction was used for the historical

snow core data as for the Crater Lake snow core data. However, mean

monthly data was used instead of mean weekly thus the statistical

notation had the following definition.

(X,N) = The mean monthly snow core data for site X, with a
complete record N, for a given month. (Table 3)

(X,n) = The mean monthly snow core data for site X, with an
incomplete record n, for a given month.

(Y,N) = The mean monthly snow core data for site Y, with a
complete record N, for a given month.

(Y, n) = The mean monthly snow core data for site Y, with an
incomplete record n, for a given month. (Table 3)

For Crater Lake Snow Core Data Sites 19-34

As noted earlier sites 19 through 34 were cored from April

through June, 1978. In order to obtain the approximate snow core

values for January, February, and March, at these upper sites, the

following procedure, based upon the previously described ratio method

was used.

A(X,N) = The mean weekly snow core data for site X, with a
complete record N, for month A. (Table 3)

B(X,N) = The mean weekly snow core data for site X, with a
complete record N, for month B.



A(Y,N) = The mean weekly snow core data for site Y, with a
complete record N, for month A.

B(Y,N) = The mean weekly snow core data for site Y, with a
complete record N, for month B. (Table 3)

The value of the unknown snow core value B(Y,N) is sought.

On the assumption of the quasi-constant ratio of q:

A(Y,N) B(Y,N)

A(X,N) q B(X,N)

thus
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B(Y,N) = B(X,N)q

To demonstrate this method the following example from the Crater

Lake data set has been worked for snow depth.

A(Y) A(X) B(X)
Site 20 Site 12 Site 12

Snow Depth Snow Depth Snow Depth
Date (inches) (inches) Date (inches)

5/5/78 110.0 124.4 2/3/78 111.2
5/12/78 98.5 105.1 2/10/78 124.4
5/20/78 96.5 116.6 2/17/78 118.0
5/27/78 78.3 42.3 2/24/78 109.4

A(Y,N)=95.83 A(X,N)=96.98 B(X,N)=115.75

A(Y,N) B(Y,N) 95.83
A(X,N) q B(X,N) 96.98 .99 115.75

B(Y,N) = B(X,N)q = 115.75 X .99 = 114.59 = B(Y,N) = 114.59

Thus, for February, 1978 a mean snow depth of 114.59 inches existed

at site 20. From the methodology described above it was possible to

generate complete data sets for both the Crater Lake and Historical

snow cover records.

The reader will notice that the snow core records are comprised

of data collected at two different time intervals. The Crater Lake
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snow cover data were collected on a weekly basis while the Historical

snow cover data collected by S.C.S., was obtained on a monthly basis.

In order to make the data base temporally unified the Crater Lake

weekly snow core data were reduced to monthly data. This reduction

was accomplished by matching, as closely as possible, the date of

Crater Lake snow core data acquisition to the date of S.C.S. snow

core data acquisition (Table 4 ). When this process was completed

the entire data base was comprised of monthly snow core data obtained

approximately on the first of each month during the snow year.



TABLE 4 ACQUISITION DATES USED TO REDUCE WEEKLY CRATER LAKE

SNOW CORE DATA TO S.C.S. MONTHLY SNOW CORE DATA

S.C.S. Data Acquisition Dates for Snow Core

Values Listed as the First of each Month

(Sites 35-45)

Crater Lake Acquisition Dates for Snow Core

Values Which Most Closely Match S.C.S.

Acquisition Dates (Sites 1-18)

Crater Lake Acquisition Dates For Snow Core

Values Which Most Closely Match S.C.S.

Acquisition Dates (Sites 19-34)

January 1, 1978 12/29/77 12/30/77 Synthesized Value for January

February 1, 1978 2/ 5/78 2/ 3/78 Synthesized Value for February

March 1, 1978 2/28/78 3/3/78 Synthesized Value for March

April 1, 1978 3/30/78 4/1/78 4/3/78

May 1, 1978 4/30/78 4/28/78 4/27/78

June 1, 1978 5/31/78 6/2/78 6/3/78
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CHAPTER IV

THE CRATER LAKE SNOW MODEL

As described in the previous chapter the two snow core data sets

differ in their temporal and spatial characteristics. The Crater Lake

snow core data has a high degree of spatial sampling as 34 sites were

monitored. However, its long term record of data is poor as the snow

core sets were monitored for only 1 year. Conversely, the Historical

data set has a very poor spatial sampling with only 11 sites monitored

yet its long term record of data is good, spanning 31 years. The

Crater Lake Snow Model combines the two data sets to produce a snow

cover model with high spatial, annual, and long term resolution.

Development of the Crater Lake Snow Model

The first step in the development of the Crater Lake Snow Model

was to find the relationship between the five physiographic variables

previously described, and the snow core data. This was accomplished

through multiple regression analysis. The independent variables in

the analysis were slope, aspect, elevation, percent of forest canopy

cover, and regional aspect of each snow core site. The dependent

variables were either snow depth or snow water equivalent as measured

at each snow core site. Since the snow core data had been reduced to

monthly time intervals the multiple regression analysis was conducted

on a monthly basis. Multiple regression analysis produces an equation

which is in fact a model; with the given data a snow model. The
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regression equation or model is comprised of a series of coefficients,

one for each of the independent variables. These coefficients describe

how changes in the independent variables effect changes in the depen-

dent variable based upon the given data. Thus, when the independent

variables (physiographic elements) are multiplied by their correspond-

ing coefficients and algebraically summed the result is a synthetic

value for the dependent variable (snow depth or snow water equivalent).

Since the snow cover data used in the multiple regression analysis was

collected approximately on the first of each month, the subsequent snow

model generates values representing snow cover conditions on the first

of the month.

Three different temporal-spatial situations (T.S.S.) of data were

picked for multiple regression analysis. The three different situa-

tions were chosen to test whether or not the proper physiographic

variables had been selected, to determine which temporal situation

produced the most accurate snow model, and to aid in the statistical

coupling of regression equation to produce the best snow cover model

possible. The three temporal-spatial situations were as follows:

T.S.S. 1 = 11 historical snow core. sites (#35-45) for the
1977-1978 snow year;

T.S.S. 2 = 11 historical snow core sites (#35-45)
combined snow years of 1948-1978; 3

for the

T.S.S. 3 = 45 snow core sites (Crater Lake and historical
sites) for the 1977-1978 snow year.

3
The data input to the multiple regression analysis were the mean value
of the 31 year monthly samples of snow depth and snow water equivalent.
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When the multiple regression analysis was completed a monthly (January

through June) snow model had been generated for each temporalspatial

situation (Appendix 1).

The first test conducted with the snow models was to determine

if the proper physiographic variables had been selected to accurately

model the Crater Lake snow cover. T.S.S. 1 and 3 snow cover models

are alike in their annual and long term resolution, however, the

T.S.S. 3 model is based upon 45 snow core sites while the T.S.S. 1

upon 11. Therefore, it was assumed that the T.S.S. 3 snow cover

model would be more representative of the physiographic conditions

found in the Park and synthesize more accurate snow depth and snow

water equivalent values. However, if the T.S.S. 1 model produced

the highest multiple correlation coefficients it would indicate that

an inadequate set of physiographic variables had been selected as

they could not account for snow cover changes occurring in the Park.

The multiple correlation coefficients for both models were compared

and the T.S.S. 3 snow cover model showed the highest values for all

months. These correlations indicate that the chosen physiographic

variables adequately explain the change in snow cover elements at

Crater Lake National Park and its surrounding environs.

The next test was to determine which temporal situation produced

the most accurate snow cover model. The models for T.S.S. 1 and 2 were

compared as they were derived from the same sample sites and thus are
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spatially alike. However, their long term resolutions differed greatly

with the T.S.S. 1 model having been created from 1 year data (1977-

1978) and the T.S.S. 2 model from 31 years of data (1948-1978). Com-

parison of the multiple correlation coefficients for the two models

showed that the T.S.S. 1 models were consistently better. Results

from both tests indicated that the most accurate Crater Lake Snow Cover

Model was derived from monthly snow core data collected at 45 sites

for individual snow years or was a type T.S.S. 3 model.

From the analysis presented above it would appear that a viable

Crater Lake Snow Model would require sampling of the 45 snow core

sites on a monthly basis for every snow year. This amount of sampling

would make the Crater Lake Snow Model impractical and limit its

applicability. To alleviate this problem the method of synthesis of

a climate series by ratios was used in the following manner.

(Y,n) = T.S.S. 1 snow cover model

(Y,N) = T.S.S. 2 snow cover model

(X,n) = T.S.S. 3 snow cover model

(X,N) = T.S.S. 4 snowcovermodel (a model based upon the 45
snow core sites for the combined years of 1948-1978)

The value of the unknown snow model (X,N) is sought. Again using the

assumption of the quasi-constant ratio q:

(Y,n)

(Y,N)

therefore

(X,n) T.S.S. 1 model

(X,N) T.S.S. 2 model

T.S.S. 3 model

T.S.S. 4 model

(X,N) = (X,n) q = T.S.S. 4 model = T.S.S. 3 model q
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The quasi constant ratio technique can be used with the snow

cover models for the following reasons. The coefficients of the T.S.S.

2 and 4 snow cover models were based upon the mean monthly snow core

values throughout the climatic period of 1948-1978. These models are

termed the average snow models and are assumed constant through time

as they are based upon a climatic period (U.S. Dept. Commerce, 1978).

The coefficients of the T.S.S. 1 and 3 snow cover models were developed

from the mean monthly snow cover values for one snow year and can there-

fore change on a yearly basis. The independent variables (physiographic

elements) of all the snow cover models remain static, thus any changes

which occur in the snow cover model coefficients (T.S.S. 1 and 3 only)

must be due to changes in the dependent variables (snow depth or snow

water equivalent). Hence any difference between the T.S.S. 1 and 2

or T.S.S. 3 and 4 snow cover model coefficients are caused by differ-

ences in the yearly mean monthly snow cover values from the constant 31

year mean monthly snow core values. Changes in snow cover are created

from the interaction of the snow climate with the physiographic elements.

Again, because the point source physiographic elements remain static,

changes in snow cover for any given year must be due to changes in the

yearly snow climate. Since the snow cover models were all generated

from the same climatic region, changes in yearly snow cover values be-

tween models T.S.S. 1 and 3, are assumed constant. Thus the relation-

ships between the four snow cover models can be expressed using the

quasi-constant ratio q.

To demonstrate this method the following example has been worked

using the snow depth models for January 1974.



Percentage of Forest
Slope Regional Aspect Canopy Cover Aspect Elevation Constant
(S) (RA) (FC) (A) (E) (C)

(Y,n) = 11.3932 -3.2464 -30.4708 0.0076 0.0216 -69.9050

(Y,N) =-56.2057 4.4549 -64.5330 -00.0047 0.0224 -78.1674

(X,n) = -33.6150 0.5225 2.3611 -0.05161 0.0025 -61.2646

(X,N) = Unknown

(Y,n) (X,n)

E

0.0216 -69.9050
- -0.2027

165.8362

-33.6150 0.5225 2.3611 -0.0519 0.0225-61.2646

(Y,N q (X,N)

S RA FC A

11.3932 -3.2464 -30.4708 0.0076

-56.2057 4.4549 -64.5330 -0.0047

(X,N) = (X,n) ; q =

-33.6150 0.5225 2.3611 -0.0519

0.0224

0.0225

-78.1674

-61.2646

-0.7287 0.4722 - 1.6170 0.9634 0.8943 -

-0.7170 5.0002 0.0321 .0233 -68.5056 = XN- 0.2027 -0.7287 0.4722 -1.6170 0.9643
.

0.8943

As stated previously the (Y,N) and (X,N) values which are the T.S.S. 2 and 4 models, rspectively

are assumed constant through time. Once the T.S.S. 4 snow cover model has been generated it is
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then possible to produce a T.S.S. 3 snow model, the most accurate,

for any month of the year. The data required for the generation of

the T.S.S. 3 snowcover model is the T.S.S. 1 model for the month

and year desired. For example, if the T.S.S. 3 snowcover model for

January 1974 was desired the only information required would be the

Historical snow core data collected by the S.C.S. for that time

period. This data would then be put through multiple regression

analysis to produce a T.S.S. 1 snowcover model for January 1974

(Appendix 4a). Once the T.S.S. 1 model had been generated the

following procedure is followed.

(Y,n) = T.S.S. 1 snowcover model for January 1974

(Y,N) = T.S.S. 2 snowcover model

(X,n) = T.S.S. 3 snow cover model for January 1974 (unknown)

(X,N) = T.S.S. 4 snowcover model (as determined from above)

The value of the unknown snowcover model (X,n) is required. On

the assumption of the quasi-constant ratio q

(Y,n) (X,n)

(Y,N) q (X,N)

thus

(X,n) = (X,N)q

therefore
S RA FC A

(Y,n) = -156.2354 8.9423 -102.1678 -0.0071 0.0449 -168.9341

(Y,N) = 56.2057 4.4549 - 64.5330 -0.0047 0.0224 78.1674

(X,n) = Unknown

(X,N) = 165.8362 -.7170 5.0002 0.C321 0.0233 - 68.5056



(Y,n)
(Y,N) q (X,N)

S RA FC A E C S RA FC A

-156.2354 8.9423 -102.1678 -0.0071 0.0449 -168.9341
-

- 56.2057 4.4549 - 64.5330 -0.0047 0.0224 - 78.1674
2.7797 2.0073 1.5832 1.5106 2.0045 2.1611 =

9

165.8362 -.7170 5.0002 0.0321 0.0233 -68.5056

S RA FC A

(X,n) = (X,N)q =

S RA FC A

165.8362 x 2.7797 = 460.9749; -.7170 x 2.0073 =4.4392; 5.0002 x 1.5832 = 7.9163; 0.0321 x 1.5106 = 0.0485; 0.0233 x 2.0045 = 0.0467;

C

-68.5056 x 2.1611 =-148.0475

S RA FC A
(X,n) = 460.9749 -1.4392 7.9163 0.0485 0.0467 -148.0475 = T.S.S. 3 snow cover model for

January 1974

To obtain a snow depth value for any point in the study area the physiographic elements of that

point are needed for input to the T.S.S. 3 snow depth model. As an example, the physiographic ele-

ments at site 40 will be entered into the T.S.S. 3 January 1974 snow depth model to generate a

synthetic snow depth value for that site.
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Physiographic values for site 40:

S RA FC A
.03 2 0 263 3697

Multiplying the snow depth model physiographic coefficients by their

corresponding physiographic site values;

S RA FC
.03 X 460.9749 = 13.8292; 2 X-1.4392 =-2.8784; 0 X 7.9163 = 0;

A
263 X 0.0485 = 12.75555; 3697 X 0.0467 = 172.6499; -148.0475

Then summing the values:

S R.A. F.C. A
(13.8) + (2.9) + (0) + (12.8) + (172.6) + (-148.0) = 48.3 inches of

snow for site 40 on January, 1974.

The final step is to remove those values for the physiographic

variables which did not correlate highly (r 4.40) with changes in

snow depth. This is accomplished by examining the correlation co-

efficients of the T.S.S. 3 model for 1978 (Table 12). It was found

for the month of January that elevation was the only physiographic

variable which correlated highly to snow depth. Thus the value of

snow depth at site 40 is given as:

E C
(172.6) + (-148.0) = 24.6 inches



TABLE 5 SIGNIFICANCE OF FHYSIOGRAPHIC VARIABLES
IN SYNTHESIZING SNOW DEPTH AND SNOW WATER
EQUIVALENT FOR THE T.S.S. 3 1978 MONTHLY

56

SNOWCOVER MODELS

Month Snow Depth Models

January S A F.C. R.A.

February S R.A. A F.C.

March $ R.A. F.C. A
April S A R.A. F.C.

May S A R.A. F.C.

June S A F.C. R.A.

Most Least
CorrelatedCorrelated

Month Snow Water Equivalent Models

January S A F.C. R.A.

February R.A. S F.C. A
March $ R.A. F.C. A
April S R.A. F.C. A
May S A R.A. F.C.

June S A F.C. R.A.

Most Least

Correlated Correlated

S = Slope; A = Aspect; E = Elevation; F.C. = Percent of Forest

Canopy Cover; R.A. = Regional Aspect

r <.40
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The actual value of snow depth at site 40 for January 1, 1974 was

23.0 inches thus the Crater Lake Snow Model overestimated the real

snow depth by 1.6 inches.

From the development of the Crater Lake Snow Model above it

can be seen that snow depth and/or snow water equivalent can be

generated for the first of any month of any snow year given the

historical snow data for that month and year.

Snow Model Validity

In order to test the validity of the Crater Lake Snow Model, 20

years, months, and sites were randomly selected from the previously

described data base. A snow model was generated for each month-year

combination and physiographic data for the randomly selected sites

were input to produce synthetic snow depth and snow water equivalent

values. These modeled snow depth and snow water equivalent values

were compared to the actual values for the sites (Table 6). The

average error of the Crater Lake Snow Model for synthesizing snow

depth and snow water equivalent was ± 15.7 inches and ± 8.2 inches

respectively. The snow depth models are considered more accurate

because the numbers used to create the models were larger than for

the snow water equivalent models. Also, the multiple correlation

coefficient for the snow depth models are greater than for the snow

water equivalent models.

There are some basic problems, however, with this validity

test. First, for any snow model other than 1978, the only data
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TABLE 6 COMPARISONS OF SYNTHESIZED SNOW COVER VALUES TO OBSERVED VALUES FOR

20 RANDOMLY GENERATED SNOW DEPTH AND SNOW WATER EQUIVALENT MODELS

Year Month Site

Observed

snow depth

S.D.
o

Modeled

snow depth

S.D.
m

S.D. -S.D.
ID 0

SD

1954 1 36 23.0 30.2 + 7.2

1978 5 21 123.5 130.4 + 6.0

1948 1 42 6.0 8.9 + 2.9

1956 3 39 80.0 137.0 +57.0

1978 4 9 92.5 78.5 -14.0

1953 4 38 50.0 58.9 + 8.9

1969 1 43 24.0 53.6 +29.6

1957 2 45 79.0 89.4 +10.4

1975 6 43 00.0 -29.9 -29.9

1973 3 44 102.0 117.3 +15.3

1967 4 38 43.0 38.8 - 4.2

1961 2 45 67.0 86.4 +19.4

1977 5 38 00.0 -4.0 - 4.0

1957 4 45 142.0 129.6 -12.4

1972 5 40 00.0 -23.7 -23.7

1978 4 23 100.0 124.00 +24.0

1970 2 44 103.0 85.7 -17.3

1949 5 41 00.0 -7.6 -7.6

1978 3 13 69.8 85.9 +16.7

1963 1 37 20.0 17.1 2.9

Average Error = 115.7

Observed

snow water

equivalent

S.W.

Modeled

snow water

equivalent

S.W.
m

S.W. - S.W.
m o

A SD

5.5

60.6

1.5

21.0

30.1

20.3

4.9

25.6

0.00

30.2

15.5

24.8

00.0

57.1

00.0

37.6

33.3

00.0

31.0

7.3

10.7 + 5.2

72.5 +11.9

.1 - 1.4

54.6 +33.6

37.2 + 7.1

34.3 +14.0

14.9 +10.0

28.1 + 2.5

-16.4 -16.4

45.2 +15.0

18.2 + 2.7

25.2 + 0.4

1.9 + 1.9

60.5 + 3.4

- 8.6 - 8.6

56.5 +18.9

43.7 +10.4

- 1.5 - 1.5

27.4 - 3.6

6.2 - 1.1

I 8.2
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available for comparison were from the 11 historical snow core sites.

These sites do not contain high elevations thus the snow model's

ability to synthesize snow values for high elevations in past years

could not be tested. Second, all the data used to test the snow

cover models was the same from which they were created. A more valid

test would have been to use snow core data for sites not used in model

development. Unfortunately, this aspect of validity testing was

realized too late and snow cores at different sites could not be ob-

tained. However, such testing will become a future research effort

between the author and Dr. James F. Lahey.

Analysis of Table 6 indicated that the models tended to under-

estimate the snow depth and snow water equivalent when both values

became small. This error may have been introduced into the model

from the snow data collection method. The Mt. Rose style snow tube

becomes increasingly less accurate as snow depth drops below 2

inches and this may have affected how the snow model synthesizes

small snow cover values (Soil Conservation Service, 1959). Unfor-

tunately there is no validity data in the literature to compare with

the average errors generated from the analysis above. However, the

average errors of the Crater Lake Snow Model are quite small when

one considers the dynamics of the physiography and climate of the

study area.
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A Proposed Method of Generating Mountain Snow Cover
"Ground Truth" Using the Crater Lake Snow Model

The following method described how the LANDSAT system can be

coupled with the Crater Lake Snow Model to provide mountain snow

cover "ground truth." The LANDSAT system was selected as it has

the highest spatial resolution available for snow cover observa-

tions of the individual mountain drainage basins (Gray, 1979).

In order for the Crater Lake Snow Model's synthesized data to

be useful as snow cover "ground truth" it must be generated at the

same scale as LANDSAT sensor data acquisition. The LANDSAT multi-

spectral scanner (MSS) senses reflected light from the earth's surface

for 4 bands in the electromagnetic spectrum. The MSS gathers data for

every 1.11 acres within its 100 nautical mile scan swath. When the

1.1 acre areas of MSS data are sequentially grouped they form a pic-

ture hence the 1.11 acre areas are known as picture elements or pixels

(a constraction for picture elements). Thus, the Crater Lake Snow

Model must generate snow depth and/or snow water equivalent values for

each pixel of a Crater Lake National Park LANDSAT scene in order to be

useful as a "ground truth" method.

As previously described, the Crater. Lake Snow Model keys on either

elevation or elevation and slope to generate snow depth or snow water

equivalent data. If the Model must generate a snow cover value of

pixel resolution the elevation and slope has to be known for

every pixel of a Crater Lake National Park LANDSAT scene. This
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information was acquired through use of National Cartographic

Information Center (NCIC) digital topographic data and the

September 1974 LANDSAT MSS data of the Park. The NCIC topographic

data contains elevational data for each 208 feet of distance within

the study area. These data were converted to mean slope, aspect,

and elevation of every acre within Crater Lake National Park and

environs. The MSS data, as previously described, consists of the

four reflectance values for each 1.11 acres of the Park. These sets

of data were sent to the Berkeley Space Science Center where Mr. Greg

Smith merged the topographic data to the pixel data. When this pro-

cess was completed a mean slope, aspect, and elevation was available

for each pixel location in the Park.

Using the merged topographic-pixel data and the proper Crater

Lake Snow Model equations it would be possible to generate a snow

depth or snow water equivalent value on a pixel by pixel basis for

any Crater Lake LANDSAT scene. Once this generation of snow cover

data at pixel resolution had been accomplished numerous statistical

techniques could be used to equate the MSS spectral signatures to

the modeled snow cover elements. For example, regression analysis

using the spectral signature of each pixel as the independent vari-

able and the corresponding snow cover elements as the dependent

variable could be accomplished. The result of such an analysis

could tell which bands are most effective in monitoring snow cover

conditions and possibly produce a regression equation which given
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the spectral signature of a pixel would generate a snow depth or

snow water equivalent for that pixel. At the very least this

method would provide mountain snow cover "ground truth" for

LANDSAT imagery which at present is non-existent.
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CHAPTER V

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE RESEARCH

Summary

Satellite snow cover observations would aid streamflow forecasts

in the Pacific Northwest. Such forecasts are essential to the optimal

operation of hydroelectric and irrigation reservoirs in the region.

Unfortunately, satellite capability of remotely sensing mountain snow

cover conditions is indeterminate due to lack of "ground truth."

This thesis focused on the development of a mountain snow cover model

capable of generating snow cover elements at a scale useful as "ground

truth" for operational satellite snow cover observations.

The study area used to develop the snow cover model was Crater

Lake National Park, Oregon and its surrounding environs. This loca-

tion was selected as it is physiographically representative of the

Southern High Cascades; is accessible during the winter months allow-

ing for intensive investigation of snow cover elements; has extensive

historical climatic and snow cover data records; and has accurate in-

formation on the existing vegetation which is a necessary requirement

for the development of a mountain snow cover model.

Physiography and Snow Climate of Crater Lake National Park

The snow climate of an area combines with the physiography

(topography and vegetation) to produce changes in snow cover elements.
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Before any viable snow cover model could be developed for the study

area an understanding of the topography, vegetation, and snow climate

had to be established. The topography of Crater Lake National Park is

quite variable. Slopes vary from 0 percent at the Pumice Desert to

100 percent along the caldera walls. Aspects range from 0 to 360° and

the change in elevation is over 4500 feet within the study area. Over

54 species of trees and associated brush types are found in the study

area with densities of forest canopy cover ranging from 0 to 100 per-

cent. Thus, almost any topographic-vegetative setting can be encoun-

tered.

The snow climate of the study area was derived from U.S. Weather

Bureau climatic data recorded at Crater Lake National Park Headquarters

from 1948 through 1978. Basic descriptive statistical techniques and

trend analysis were used to study the snow climate. From the perspec-

tive of climate's effect on snow cover, the snow year (January through

June) can be divided into two three month segments. The first tri-

monthly segment (January through March) builds depth of snow cover.

This period is characterized by sub-freezing mean daily temperatures,

large amounts of snowfall, positive trends of mean daily temperature

and mean monthly rainfall, and negative trends of mean monthly snow-

fall and snow depth. February is an anomalous month within the tri-

monthly segment as its precipitation delivery system differs from

that of January and March by recording more precipitation as part of

an> 8 day event.
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The second tri-monthly period (April through June) is

associated with ablation of the snow cover. This period is charac-

terized by a gradual rise of the mean daily temperature to above

freezing, a decrease in the mean monthly total precipitation and

snowfall, a majority of days within each month recording no preci-

pitation and negative trends in the mean monthly total precipitation,

snowfall, and snow depth. April is an anomalous month within this tri-

monthly segment as its temperature and rainfall trends are opposite

those of May and June.

Collection and Reduction of Data

A review of the literature indicated that the most accurate

snow cover models are developed through multiple regression analysis

between physiographic and snow cover data. Thus, forty-five snow

core sites were established within the study area selected so as to

give the most representative sample of the dynamic physiography.

Again, literature review indicated that slope, aspect, elevation,

percentage of forest canopy cover, and regional aspect are the phy-

siographic variables which are most apt to account for changes in

snow cover elements. These five physiographic variables were recorded

for each snow core site.

Mean values of snow depth and snow water equivalent were ob-

tained for each snow core site using a Mt. Rose style snow tube.

However, temporal differences in the snow core data collection pro-

cedures stratified the snow cover data set into three sub-sets.
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Sites one through 18 (lower sites) were sampled on a weekly basis for

the 1977-1978 snow year; sites 19 through 34 (upper sites) were sam-

pled on a weekly basis from April through June 1978; and sites 35

through 45 (Historical sites) were sampled by the S.C.S. on approxi-

mately the first of each month for the snow years 1948 through 1978.

Any missing snow cover values were synthesized using a data reduction

method based upon the theory of a quasi-constant ratio existing be-

tween two climatic stations within the same climatic region. Also, in

order to make the entire data set unified temporally, the weekly snow

core data were reduced to monthly values matching the Historical data

acquisition dates.

Development of the Crater Lake Snow Model

As noted earlier, it was decided that multiple regression

analysis would be used to develop the equations for the Crater Lake

Snow Model. Three different temporally-spatial situations (T.S.S.)

of data were selected for regression analysis. In each situation the

five physiographic variables (independent variables) for the snow

cover sites were regressed against the corresponding snow depth and

snow water equivalent values (dependent variables). Comparison of the

multiple correlation coefficients indicated that a T.S.S. 3 regression

equation provided the most accurate snow cover model. Also, of the

five physiographic variables entered into the regression analysis

only slope and elevation were significant in modeling the snow cover

elements. Again, using the theory of the quasi-constant ratio it was
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possible to combine the various T.S.S. regression equations to pro-

duce a T.S.S. 3 monthly snow cover model for any year given the

physiographic and snow cover data for sites 35 through 45. Validity

testing of the Crater Lake Snow Model indicated mean errors of ± 15.7

inches for synthesized snow depth values and ± 8.2 inches for synthe-

sized snow water equivalent values.

Proposed Method of Generating "Ground
Truth" using the Crater Lake Snow Model

National Cartographic Information Center topographic data were

merged with LANDSAT M.S.S. data for a selected scene of the study

area. This merger produced a topographic data set consisting of

slope, aspect, and elevation for each pixel of the Crater Lake LANDSAT

scene. Since the required input to the Crater Lake Snow Model is slope

or slope and elevation it would be possible to generate synthesized

snow depth and snow water equivalent values on a pixel by pixel basis.

This process would provide snow cover "ground truth" which could be

statistically equated to the M.S.S. data. Such an analysis could

possibly lead to the development of a LANDSAT identification key of

snow cover elements based upon M.S.S. data. Also the modeled "ground

truth" could provide a means of determining LANDSAT accuracy in re-

motely sensing snow cover elements.

Conclusions

A snow cover model of high spatial, annual, and long term

resolution has been developed for Crater Lake National Park and its
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surrounding environs. The spatial resolution of the Crater Lake Snow

Model can be as high as desired depending upon the scale of the phy

siographic data used as model input. Annual resolution of the Model

is one month as the data used to produce the modeling equations were

acquired at monthly time intervals. The long term resolution of the

Crater Lake Snow Model is excellent as monthly snow cover values can

be generated for any year given the proper model input data for the

year in question. Other mountain snow cover models have annual and

long term resolutions which, individually, are higher than those for

the Crater Lake Snow Model. However, no mountain snow cover model,

that this author is aware of, has a higher combined spatial, annual,

and long term resolution than the Crater Lake Snow Model.

The combined high resolving properties of the Crater Lake

Snow Model give it the capability of generating mountain snow cover

"ground truth." The high spatial resolution allows pixel by pixel

generation of snow cover elements values. Also, the Model's annual

and long term resolution allows synthesis of "ground truth" data for

any satellite scene obtained approximately on the first of the month

for past snow years.

Recommendations for Future Research

The development of the Crater Lake Snow Model serves as the

focal point for the following research projects which are either

currently in progress or planned for the immediate future.
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1. The Crater Lake Snow Model will be used to develop a
synthetic snow cover on a pixel by pixel basis for a
LANDSAT scene of the study area. The pixel snow cover
element values will be entered into a multiple regres-
sion analysis with the corresponding M.S.S. data for
the LANDSAT scene. This analysis should provide infor-
mation as to how well LANDSAT can monitor snow cover
conditions.

2. The q coefficients for the Model will be entered into
a multiple regression analysis with meteorologicaldata
from the Medford, Oregon rawinsonde and Crater Lake
National Park Headquarters. Hopefully, this research
will result in the ability to generate the q coefficients
using only meteorologic data thus eliminating the Model's
dependency on snow core information.

3. If 2 above is successful, development of snow models
are planned for other locations throughout the Cascade
Range. These models would provide a large area of snow
cover "ground truth" which could be used for the NOAA
satellite systems.

4. Monthly changes in the Model's q coefficients will be
entered into multiple regression analysis with solar
loading data. If highcorrelations between solar load-
ing and change of coefficients are obtained a new snow
cover model based on sun angle, azimuth, and time of
year may be created.

5. Residual computer maps of snow cover elements will be
generated on an acre by acre scale using the Crater Lake
Snow Model. The information from the maps will be cor-
related to streamflow data of the study area. This
analysis may lead to predictive streamflow equations for
the Klamath,Rouge, and Umpqua Watersheds based upon syn-
thetic snow cover values.

6. Portrayal of the synthesized snow cover values according
to combined class intervals of elevation, slope, and
aspect within the study area will be explored. Such a
portrayal scheme may prove useful to those interested
in determining source regions of relative runoff from
snow melt or the combined effects of topography and
snow cover conditions on wildlife movement and survival.



70

BIBLIOGRAPHY

Adams, W. P., 1976. "Areal differentiation of snowcover in East-
Central Ontario." Water Resources Res. Vol. 12, No. 6, pp.
1126-1234.

Adams, W. P. and R. J. Rogerson, 1968. "Snowfall and snowcover at
Knob Lake, Central Labrador-Ungava." Proc. Eastern Snow Conf.
25; 110-139.

Anderson, H. W., 1967. "Snow Accumulation as related to meteorological,
topographic, and forest variables in the Central Sierra Nevada,
California." Int. Assoc. Sci. Hydrol. Publ., 78, pp. 215-224.

Barret, E. C., 1974. Climatology from Satellites. Methuen and Co.
Ltd., London, 417 p.

Bergeron, T., 1935. "On the physics of cloud and precipitation."
Proc. 5th Assembly U.G.G.I Lisbon, Vol. 12, p. 156.

Bilello, M. A., 1974. "Surface measurements of snow and ice for
correlation with data collected by remote systems." Advanced
Concepts and Techniques in Study of Snow and Ice Resources.
U.S. National Academy of Sciences, Washington, D.C. pp. 283-
293.

Bilello, M. A., 1969. "Relationship between climate and regional
differences in snowcover density in North America." Res.
Rept. 267, Cold Regions Res. and Eng. Lab., Hanover, N.H.

Bohren, C. F., 1972. "Theory of radiation heat transfer between
forest canopy and snowpacks." Proc. of Banff Symposia on the
Role of Snow and Ice in Hydrology, Unesco-WMO-IAHS. Vol. 1,
pp. 165-175.

Church, J. E. 1941. "The melting of snow." Proc. Central Snow
Conf. East Landsing, Michigan, U.S.A., pp. 21-32.

Cole, J. P. and C. A. M. King, 1968. Quantitative Geography, John
Wiley & Sons Ltd., New York, pp. 404-463.

Conrad, V. and L. W. Pollak, 1950. Methods in Climatology. Harvard
University Press, Cambridge, pp. 285-287.



71

Davis, P. A., 1976. "Estimation of mountain basin precipitation from
satellite data." Final Report, Stanford Research Institute,
Menlo Park, 101 p.

Dickinson, R. B. B. and D. A. Daugharty, 1979. "A square grid
system for modeling snow cover in small watersheds." In:

Proceedings, Modeling of Snow Cover Runoff, U. S. Army Corps
of Engineers, Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire, 1979, pp. 63-70.

Dickinson, R. B. B. and D
cover and topography
Watershed Project."
logy, Toronto, Ont.,
250.

. A. Daugharty, 1977. "Effects of forest
on snow cover in the NashwaQk Experimental
Preprints, 2nd conference on Hydrometeoro-
Amercian Meteorologic Society, pp. 245-

Fulkes, J. R., 1935. "Rate of precipitation from adiabatically
ascending air." Mon. Wea. Rev. 63:291-294.

Geiger, R., 1966. The Climate Near the Ground. Harvard Univ. Press,
Cambridge, Mass. 611 p.

Goodell, B. C., 1952. "Watershed management aspects of thinned
young lodgepole stands." J. of Forestry, 50:374-378.

Goodell, B. C., 1959. "Management of forest stands in western
United States to influence the flow of snow-fed streams."
Inter. Assoc. Sci. Hydrology Sympos., Hannoversch-Munden.
LASH Pub. No. 48:49-58.

Grabau, W. E. 1976. "Pixel Problems." Mobility and Environ-
mental Systems Laboratory, U.S. Army Engineers Waterways
Experimental Station, Vicksburg, Mississippi, Miscellaneous
Paper M-76-9, 38 p.

Grant, Lewis O. and J. Owen Rhea, 1974. "Elevation and meteorolo-
gical controls on the density of new snow." Advanced Concepts
and Techniques in the Study of Snow and Ice Resources. U.S.
National Academy of Sciences, Washington D.C., pp. 169-181.

Grasty, R. L., H. S. Loijens, and H. L. Ferguson, 1974. "An
experimental gamma ray spectrometer snow survey over
Southern Ontario." Advanced Concepts and Techniques in
the Study of Snow and Ice Resources, U.S. National Academy
of Sciences, Washington, D.C., pp. 579-593.



72

Gray, D. M., 1979. "Snow accumulation and distribution." In:

Proceedings, Modeling of Snow Cover Runoff, U.S. Army
Corps of Engineers, Cold Regions Research and Engineering
Laboratory, Hanover, New Hampshire, 1979, pp. 3-33.

Gray, D. M., D. I. Norum, G. E. Dyck, 1971." Densities of prairie
snowpacks." Proc. Western Snow Conf., pp. 24-30.

Harding, S. T., 1953. "Water supply of Crater Lake, Oregon."
U.S. Geological Survey Report, Surface Water Branch,
Portland, Oregon, 53 p.

Highsmith, R. M., Jr., et al. 1979. Atlas of the Pacific
Northwest, sixth edition, Oregon State University Press,

Corvallis, 135 p.

Hoover, M. D. and C. F. Leaf, 1967. "Process and significance
of interception in Colorado subalpine forest." Proc.

Internat. Sympos. Forest Hydrology, Pergamon Press. pp.

213-222.

Hutchinson, G. E., 1957. "A treatise on limnology, geography,
physics, and chemistry." V.1, John Wiley and Sons, New
York, N.Y. 1014 p.

Jones, E. B., A. E. Fritzsche, Z. G. Burnson, and D. L. Burge,
1974. "Areal snowpack water-equivalent determinations
using airborne measurements of passive terrestrial gamma
radiation." Advanced Concepts and Techniques in the
Study of Snow and Ice Resources. U.S. National Academy
of Sciences, Washington, pp. 594-603.

Kind, R. J., 1976. "A critical examination of the requirements
for model simulation of wind-induced erosion/deposition
phenomena such as snow drifting." Atmospheric Environment,
Vol. 10, p. 219.

Kittredge, J., 1953. "Influence of forests on snow in the
ponderosa-sugar-pine fir zone of the Central Sierra Nevada."
Hilgardia 22(1).

Kuz'min, P. P., 1961. Melting of Snow Cover. Gidrometeorolo-
gicheskoe, Izdatelsko, Leningrad. [Translation], U.S.
National Science Foundation, Washington, D.C., 1972, 290 p.



73

Kuz'min, P. O., 1960. Snowcover and snow reserves. Gidrometeoro-
logicheskoe, Izdatelsko, Leningrad. [Translation], U.S.
National Science Foundation, Washington D.C., 1963. 215 p.

Lahey, J. F., 1980. Personal Communication, February, 1980.

Leaf, C. F., 1975. "Watershed management in the central and
southern Rockies." A summary of the status of our know-
ledge by vegetation types: USDA. Forest Service Res.
Paper RM-142. Fort Collins, Colo. p. 28.

Lettenmeir, D. P., "Value of snow course data in forecasting
snowmelt runoff." In proceedings, Modeling of Snow Cover
Runoff, U.S. Army Corps of Engineers, Cold Regions Research
and Engineering Laboratory, Hanover, New Hampshire, 1979.
pp. 44-55.

Limpert, Fred A, 1975. "Operational application of satellite
snow cover observation Northwest United States. In,

Operational Application of Satellite Snowcover Observa-
tions, N.A.S.A. Special Publication - 391 pp. 71-85.

Mantis, H. T., ed., 1951. "Review of the Properties of Snow
and Ice." Report of the Snow and Ice Project, Engineering
Experiment Station, Institute of Technology, University of
Minnesota, Minneapolis, 140 p.

McGinnis, D. F., V. A. Pritchard and D. R. Wiesnet, 1975.
"Determination of snow depth and snow extent from NOAH -2
satellite VHRR data." Water Resources Res. 11:6, pp.
897-902

McKay, G. A., 1972. "The mapping of snowfall and snowcover."
Proc. Eastern Snow Conf. 29, 98-110.

Mckay, G. A., 1970. "Precipitation." in Handbook on the
Principles of Hydrology, D. M. Gray, ed. Secretariat,
Can. Nat. Comm. for Inter. Hydrological Decade. Nat.
Res. Council of Canada. Section II, pp. 2.1-2.111.

McKay, G. A., 1963. "Relationships between snow survey and
climatological measurements." Inter. Assoc. Sci. Hydro-
logy, IUGG Assembly. Publication No. 63, Berkeley, U.S.,
pp. 214-227.



74

McKay, G. A., and B. Findlay, 1961. "Variation of snow resources
with topography and vegetation in,Canada." Proc. of 39th
Annual West. Snow Conference.

Meier, M. F., 1976. ESIAC analysis - conclusions and recommenda-
tions Snow." In: Study of Time-Lapse Processing for Dynamic
Hydrologic Conditions, Final Report, Stanford Research
Institute, Menlo Park, pp. 43-51.

Meier, M. F., 1975. "Comparison of different methods for estimating
snow cover in forested mountainous basins using LANDSAT
(ERTS) images." In: Operational Application of Satellite
Snow Cover Observation, N.A.S.A., Special Publication -391,
215-234.

Meier, M. F., 1974. "New ways to monitor the mass and areal extent
of snow cover." Proc. Symposium on Approaches to Earth Survey
Problems Through Use of Space Techniques, Constance F.R.G.,
May 23-25, 1973, pp. 241-250.

Meiman, J. R., 1970. "Snow accumulation related to elevation,
aspect, and forest canopy." Proc. Workshop Seminar on
Snow Hydrology. Queen's Printer of Canada, pp. 35-47.

Miller, D. H., 1976. "Spatial interactions produced by meso-
scale transport of water in the atmospheric boundary
layer." Paper presented to the annual meeting of the
Assoc. of American Geographers, New York, N.Y. April.

Miller, David H.,
trees during
Paper PSW-33.

Molchanov, A. A.,
Translation:
IPST Cat. No.

1966. "Transport of intercepted snow from
snow storms." U.S. Forest Service Res.
Berkeley, Calif. pp. 1-30.

1963. "The hydrologic role of forests."
Israel Program for Scientific Translations
870.

v NASA Goddard Space Floight Center, 1976. "LANDSAT data users
handbook." Document No. 76s4258, Greenbelt, Maryland,
132 p.

National Park Service, 1970. "Draft for Crater Lake National
Park -- Environmental Statement," prepared by Denver
Service Center, National Park Service, p. 181.



75

Nelson, C. H., 1961. "Geological limnology of Crater Lake,
Oregon," M.S. Thesis - Unviersity of Minnesota, 175 p.

Odar, F., 1962. "Scale factors for simulation of drifting

snow." Proc. Amer. Soc. Civil Eng., Eng. Mech. Div.

Packer, P. E., 1962. "Elevation, aspect, and forest cover
effects on maximum snowpack water content in a western
white pine forest." Forestry Science, 8(3), pp. 225-
235.

Panofsky, H. A., and G. W. Brier, 1968. Some Application of
Statistics to Meteorology. The Pennsylvania State
University Press. 224 pp.

Peck, E. L., 1964. "The little used third dimension." Proc.

32nd Annual Western Snow Conf., pp. 33-40.

Peck, E. L., V. L. Bissell, E. G. Jones, D. L. Burge, 1971.
"Evaluation of snow water equivalent by airborne measure-
ment of passive terrestrial gamma radiation." Water
Resources Res., Vol. 7, No. 5, pp. 1151-1159.

Pernot, J. F., 1916. "Forests of Crater Lake National Park"
U.S. Forest Service Dept. of the Interior, Government
Printing Office, Washington, 39 p.

Pettit, E., 1936. "On the color of Crater Lake water." In;

proceedings of the National Academy of Science, 22 (2)
p. 139-146.

Rabbi, H. R., 1979. "An investigation of the utility of
LANDSAT 2 MSS data to the fire-danger rating area,
and forest fuel analysis within Crater Lake National
Park." Ph.D Thesis, Oregon State University, 410 p.

Radok, U., 1977. "Snow drift." Jour. of Glaciology, Vol. 19,
No. 181, pp. 123-139.

Reifsnyder, W. E., 1955. "Wind profiles in a small isolated
forest stand." For. Sci. 1:289-297.



76

Rhea, J. Owen and Lewis O. Grant, 1974. "Topographic influences
on snowfall patterns in mountainous terrain." Advanced
Concepts and Techniques in Study of Snow and Ice. Resources,.
U.S. National Academy of Sciences, Washington, D.C., pp.
182-192.

Schmidt, R. A., Jr., 1972. "Sublimation of wind-transported
snow - a model." U.S. Dept. of Agriculture. Forest Re-

search Paper, Rm-90.

Sellers, W. D., 1965. Physical Climatology. The University
of Chicago Press, Chicago, 272 p.

Solomon, S. I., J. P. Denouvilliez, E. J. Chart, J. A. Woolley,
and C. Cadou, 1968. "The use of a square grid for computer
estimation of precipitation temperature and runoff." Water
Resources Res., Vol. 4, No. 5, pp. 919-929.

Spreen, W. C., 1947. "A determination of the effect of topo-
graphy upon precipitation." Transactions, American
Geophysical Union, 28(2), pp. 285-290.

Stamp, S. D., 1968. A Glossary of Geographical Terms. William

Clowes and Sons Limited, London, 339 p.

Stanton, C. R., 1966. "Preliminary investigation of snow
accumulation and melting in forested and cut-over
areas of the Crowsnest Forest." Proc. 34th Annual
Western Snow Conf., pp. 7-12.

State Water Resources Board (Klamath Drainage Basin), 1969.
"Oregon's long-range requirements for water." p. 100.

Steppuhn, H., 1976. "Areal water equivalents for prairie
snowcovers by centralized sampling." Proc. Western Snow
Conference, 44:63-68.

Steppuhn, H. W. and G. E. Dyck, 1974. "Estimating true basin
snowcover." Advanced Concepts and Techniques in the
Study of Snow and Ice Resources, U.S. National Academy of
Sciences, Washington D.C., pp. 304-313.

Sternes, G. L., 1963. "Climate of Crater Lake National Park."
Crater Lake National History Association. National
Park Service, 12 p.



77

Storr, D. and D. L. Godling, 1974. "A preliminary water
balance evaluation of an intensive snow survey in a
mountainous watershed." Advanced Concepts and Tech-
niques in the Study of Snow and Ice Resources, U.S.
National Academy of Sciences, Washington, D.C., pp.

294-303.

Tabler, Ronald 0., 1975. "Estimating the transport of
blowing snow." Research Committee Great Plains
Agricultural Council, Univ. of Nebraska, Agric.
Exp. Station, Lincoln Nebr., Publication 73: 85-
117.

Tabler, Ronald 0., 1971. "Design of a watershed snow fence sy
system, and first-year accumulation." Proc. Western
Snow Conf., 39:50-55.

U.S. Army Corps of Engineers, 1980. Telephone conversation

with Russ George and Chuck Oswego-streamflow forecasters.

U.S. Army Corps of Engineers, 1975. Program description and
users manual for SSARR model. North Pacific Division,
Portland, Oregon. 240 p.

U.S. Army Corps of Engineers, 1956. Snow hydrology. North
Pacific Division, Portland, Oregon. 437 p.

U.S.D.A. Soil Conservation Service, 1979. Water Supply
Outlook for Oregon. Map M7-0N-22026. Portland, Oregon.
1979.

U.S.D.A. Soil Conservation Service, 1972. "Soil interpretations
for Oregon." OR-Soils-1, (12/1972).

U.S.D.A. Soil Conservation Service, 1959. "Handbook of snow

core procedures." U.S. Government Printing Office,
Washington, D.C., 33 p.

U.S. Department of Commerce, National Weather Service, NOAH,
1978. Average Monthly Weather Outlook, p. 3.

United States Geologic Survey, Department of the Interior,
1956. Topographic Map "Crater Lake National Park and
Vicinity, Oregon: Scale 1:62,500



78

Wallis, O. L., 1948. "Trout studies and a stream survey of
Crater Lake National Park, Oregon',": 120 p.

Walsh, Steven J., 1978. "An investigation into the comparative
utility of color infrared photography and LANDSAT data
for detailed surface cover type mapping within Crater
Lake National Park, Oregon." Ph.D. Thesis, Oregon State
University. 356 p.

Water Resources Research Institute, 1969. "Snow" Seminar
conducted by Oregon State University Water Resource
Research Institute, Spring Quarter, 1969, p. 3.

Widger, W. K., 1966. Meteorological Satellites. Holt,

Rinehart and Winston, Inc., New York, N.Y. 280 p.

Wiesnet, D. R., 1974. "The role of satellites in snow and
ice measurements." In Advanced Concepts and Techniques
in the Study of Snow and Ice Resources. Compiled by

H.S. Santeford and J. L. Smith. National Academy of
Science, Washington, D.C., pp. 447-456.

Williams, H., 1942. "The Geology of Crater Lake National Park,

Oregon." Carnegie Institute, Washington, D. C. Publica-
tion 540. 162 p.

Williams, H. and G. Goles, 1968. "Volume of the Mazama ash-
fall and the origins of Crater Lake caldera." Oregon
Department of Geology and Mineral Industries, 62. pp.

37-41.

Wilm, H. G. and M. H. Collet, 1940. "The influence of lodge-
pole pine forest on storage and melting of snow." Trans.

Amer. Geophys. Union, 21:505-508.

Woo, M-K and P. Marsh, 1977. "Determination of snow storage for
small eastern high-arctic basins." Proc. 34th Eastern Snow
Conf., Belleville, Ontario, Feb. 3-4, 1977, pp. 147-162.

World Meteorological Organization, 1973. "Snow survey from earth

satellites." WMO/IDH Report No. 19, WMO-No. 353, World

Meteorological Organization, Geneva.



79

World Meteorological Organization, 1976. "International working
seminar on snow studies by satellites." Final Report,
World Meteorological. Organization,. Geneva.

Young, G. J., 1974. "A data collection and reduction system."
Advanced Concepts and Techniques in the Study of Snow
and Ice Resources, U.S. Nat. Academy of Sciences,
Washington, D.C., pp. 314-328.



APPENDICES



APPENDIX 1

T.S.S. 1 SNOW MODEL COEFFICIENTS

Snow Water Equivalent

Month/Year
Slope
(S)

Percentage
of Forest
Canopy Cover

(FC)

Regional
Aspect
(RA)

Aspect
(A)

Elevation
(E)

Constant
(C)

Jan. 1948 11.32073 -13.63521 0.43361 -0.12009 2.36342 -19.81926

Feb. 1948 -4.05541 -25.28566 1.61319 0.00201 0000835 -34.01934

Max. 1948 -47.89489 -38.68483 2.79313 0.00383 0.13545 -49.890766

Apr. 1948 -50.28394 -61.81007 6.37093 -0.00131 0.01637 -66.76291

May 1948 23.47497 -76.69371 3.20714 0.02677 0.02272 -102.86966

June 1948 ******* ***Irk** *********nhk****1 ********* AAA

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1948 -36.97947 -57.3589 8.18590 0.01713 0.01434 -57.16770

Feb. 1948 -49.87822 -68.21848 4.33465 -0.00142 0.02188 -84.96784

Mar. 1948 -121.97427 -118.88920 10.31035 0.01470 0.03775 -142.82617

Apr. 1948 -199.08109 -171.17096 16.57961 0.00198 0.04645 -187.60353

May 1948 87.18761 -182.92812 9.10063 0.06176 0.05437 -249.44520
June 1948 ********** ******kk** ******* ****kk*****kkkkkkk *****10

* Snow cover model could not be generated because dependent variable was equal to 0



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA)

Jan. 1949 -21.55571 -30.82195 3.53436 0.00658 0.00656 -21.67902

Feb. 1949 -20.92401 -45.72993 3.41433 0.00557 0.01059 -35.08338

Mar. 1949 -85.34916 -76.43455 6.31247 0.00192 0.01716 -60.80241

Apr. 1949 -69.87217 -107.46783 6.27909 0.02505 0.02487 -100.81816

May 1949 16.34194 -86.15817 2.50993 0.02702 0.02284 -101.95948

June 1949 ******kkkk ********* ******** *****Irk **********

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1949 -253.99851 -156.21411 9.40725 -0.02537 0.03599 -112.24255

Feb. 1949 -176.24988 -116.65433 10.35131 -0.03836 0.00250 -64.68933

Mar. 1949 -192.11349 -181.68148 13.22861 -0.01245 0.04283 -141.89589

Apr. 1949 -211.78089 -244.01631 16.06918 0.05397 0.05819 -234.40234

May 1949 14.78421 -170.84767 5.07005 0.05404 0.04652 -206.38591

June 1949 **k***k*** ******** lo'cintdoh'c **********



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1950 -11.70989 -16.53584 1.61219 -0.00652 0.00271 -6.85781

Feb. 1950 -45.43091 -47.22103 5.78785 -0.00893 0.00906 -28.68219

Mar. 1950 -107.65979 -68.37755 4.95416 -0.01692 0.01296 -36.70617

Apr. 1950 -91.60557 -92.33843 5.68745 0.00306 0.02053 -73.04923

May 1950 -23.34814 -88.35430 3.66586 0.02106 0.02294 -99.07355

June 1950 IrielcidoWrics'c *******A-k **********kkkkk ****A** ****k****

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1950 -117.50094 -60.64713 7.49961 -0.0380 0.01190 -25.79311

Feb. 1950 -91.35671 -144.50461 12.33739 -0.00525 0.00299 -89.10022

Mar. 1950 -220.58232 -143.86818 11.04171 -0.04007 0.02972 -84.15015

Apr. 1950 -222.32375 -218.65218 18.79479 0.00350 0.05037 -188.09613

May 1950 -40.92028 -177.38636 10.37362 0.032751 0.045740 -199.22780

June 1950 ********* *********** **k***** ******** ******** *Ickidek lekkk



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1951 4.33832 -33.65473 -0.75749 0.01019 0.00948 -37.113489

Feb. 1951 -66.564155 -70.57969 3.37808 0.00028 0.01611 -58.00798

Mar. 1951 -41.44339 -62.44433 1.55625 -0.01181 0.01784 -58.56616

Apr. 1951 -140.37674 -106.16822 6.29406 -0.01375 0.02568 -92.95750

May 1951 9.51851 -95.01613 2.12180 0.02840 0.023884 -105.48229

June 1950 'ckft ***-**-*-k ****kk* ********lek***.kk*** ******AAAA

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1951 -42.43009 -78.15485 0.92010 0.00541 0.02199 -81.23731

Feb. 1951 -262.58049 -186.71281 7.14894 -0.00748 0.04497 -150.4354

Mar. 1951 -268.74183 -174.13989 4.30915 -0.03191 0.05037 -161.81329

Apr. 1951 -406.73159 -224.53721 17.201850 0.05954 0.05589 -194.90929

May 1951 21.04472 -202.89424 5.03106 0.05978 0.05155 -228.04747

June 1951 *****k*** ******** **kkkk*************** ******* *******



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1952 -37.58545 -58.35724 1.08275 0.00272 0.01592 -55.27684

Feb. 1952 -55.73796 -87.66015 4.18653 0.00062 0.02042 -69.53620

Mar. 1952 -93.58757 -102.28129 1.89283 0.00851 0002768 -87.34637

Apr. 1952 -158.98631 -126.65179 5.04480 0.00762 0.03101 -107.53201

May 1952 -89.42951 -133.52726 4.20303 0.00817 0.03696 -150.37413

June 1952 *kkkkkkk** ******* ***lc*** ********Irk

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1952 -247.13872 -146.63733 2.71125 0.03501 0.04416 -120.72399

Feb. 1952 -221.25387 -229.19742 7.66222 -0.00184 0.05687 -181.68409

Mar. 1952 -275.76882 -225.70669 3.42069 -0.02563 0.06193 -183.51871

Apr. 1952 -472.80430 -281.33461 12.86630 -0.02041 0.06784 -220.23673

May 1952 -200.41611 -232.24502 8.20657 -0.00546 0.06487 -258.06372

June 1952 ****kkk*** ***irk**)41kkkk* *kkkkk*** ******



(S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1953 -54.14021 -34.37911 0.79099 0.00580 0.00827 -20.54344

Feb. 1953 -72.93383 -58.21902 1.29734 -0.003395 0.16244 -52.95622

Mar. 1953 -129.89435 -76.50291 2.81200 -0.01216 0.02102 -68.78886

Apr. 1953 -160.73703 -93.05103 5.38564 -0.00682 0.02467 -87.39078

May 1953 32.52939 -95.22042 4.16453 0.03033 0.02693 -122.05568

June 1953 ********** ***kkk***.

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1953 -257.91576 -104.24032 -1.10287 -0.03653 0.02584 -45.52602

Feb. 1953 -170.04526 -142.78752 5.69336 -0.00846 0.04097 -137.69050

Mar. 1953 -314.43705 -144.62171 9.39600 -0.05142 0.04423 -138.54281

Apr. 1953 -355.60193 -206.59408 15.13293 -0.01288 0.05507 -201.17467

May 1953 32.02947 -188.65662 8.91855 0.05614 0.05368 -240.99188

June 1953 ****-***** ****4-1,-A-ickir **1--A--', ,dc-A-Ic A t A i A A A k Ick-kid.** **********



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1954 6.31228 -27.23623 1.74735 -0.00130 0.00604 -25.25598

Feb. 1954 -83.34970 -51.79786 4.589266 -0.01253 0.01274 -39.42836

Mar. 1954 -120.34082 -72.04837 4.82604 -0.01235 0.01774 -59.13433

Apr. 1954 102.23188 -83.47348 5.94219 -0.00781 0.02116 -78.37246

May 1954 26.49931 -89.55113 2.68732 0.02684 0.02290 -102.96632

June 1954 ********* ******* ******* ******* **************kk***

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1954 0.81446 -57.99899 4.25214 -0.00599 0.016345 -64.60328

Feb. 1954 -241.79208 -180.06858 13.37047 -0.03569 0.03992 -124.15923

Mar. 1954 -335.87073 -172.56084 13.47373 -0.03918 0.04293 -140.69662

Apr. 1954 -271.83651 -201.63520 15.15672 -0.00664 0.05087 -193.65332

May 1954 60.45602 -169.96290 6.03715 0.05089 0.04467 -202.23305

June 1954 ********** ****kk* **********Iddridek**** **kick*** ******



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1955 -2.58539 -16.91121 2.61794 -0.00440 0.00382 -14.65757

Feb. 1955 -25.32315 -36.43649 2.95164 -0.00771 0.00752 -25.08845

Mar. 1955 -65.50085 -43.72962 3.32526 -0.02025 0.009339 -25.90784

Apr. 1955 -93.45278 -52.02034 7.07204 -0.02081 0.01333 -48.92765

May 1955 -142.30821 -74.08007 6.18406 -0.02935 0.02201 -80.68229

June 1955 ***-)clo:*** Irirk-A-k*** *Hrk**** ********-A***** *kkk**kkk

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1955 -142.29823 -89.04179 10.73975 -0.04172 0.01946 -61.31506

Feb. 1955 -143.13218 -98.48148 8.79635 -0.04063 0.01983 -50.25625

Mar. 1955 -293.84296 -161.89210 12.02167 -0.05081 0.030712 -87.25029

Apr. 1955 -306.88521 -147.28307 21.19942 -0.05853 0.03594 -131.94852

May 1955 -331.30873 -172.95363 16.424148 -0.07949 0.05184 -190.34347

June 1955 *******k** ********* ******** ****************:W.-k*



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1956 -47.55457 -32.21481 0.56768 -0.00561 0.01974 -34.53429

Feb. 1956 -53.48704 -68.65915 1.86045 0.00451 0.01730 -61.62324

Mar. 1956 -124.11676 -93.73950 4.01512 -0.00242 0.02362 -78.80478

Apr. 1956 -141.85931 -105.97640 5.63535 -0.00552 0.02701 -95.89773

May 1956 15.13792 -98.43354
.
5.22339 0.03394 0.02683 -123.35770

June 1956 189.38039 -53.61744 5.26379 0.00400 0.00697 -46.83127

Snow Depth

(5) (FC) (RA) (A) (E) (C)

Jan. 1956 -129.38616 -96.95116 3.42805 -0.01656 0.03081 -99.67490

Feb. 1956 -205.50197 -163.34484 3.48269 0.00144 0.04402 -143.90506

Mar. 1956 -513.11560 -253.52728 15.102072 -0.05768 0.06395 -190.46379

Apr. 1956 -438.56547 -275.13813 13.96580 -0.01838 0.06998 -243.61684

May 1956 1.99810 -251.20667 11.91465 0.08057 0.06440 -293.11532

June 1956 335.44958 -94.97260 9.32375 0.00708 0.01234 -82.95226

8



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1957 27.40252 -17.77476 1.25548 0.00514 0.00499 -24.33223

Feb. 1957 -7.29389 -34.08990 1.90714 0.00028 0.00769 -28.62350

Mar. 1957 28.04620 -48.22776 1.19076 0.01781 0.01379 -55.69971

Apr. 1957 19.18796 -80.74779 3.50203 0.02930 0.02110 -95.24227

May 1957 31.64298 -75.99183 2.44043 0.02206 0.01899 -86.21089

June 1957 ****kkkk* ********** ******* 1c** *kirk*** *********

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1957 62.79135 -44.82431 2.700326 0.01326 0.01244 -59.72792

Feb. 1957 -22.34389 -103.26885 6.3011508 0.00165 0.02122 -73.71787

Mar. 1957 100.19086 -120.76483 4.51741 0.04220 0.03083 -138.31212

Apr. 1957 59.27776 -203.42415 10.04529 0.07172 0.05164 -235.65000

May 1957 80.97049 -150.24730 5.81176 0.04277 0.03809 -174.85725

June 1957 *****k*** ******-k*** ***lc*** ***********



Month/Year (S) (FC)

Snow Water Equivalent

(E) '(C)(RA) (A)

Jan. 1958 -4.07900 -48.17807 3.78778 0.00189 0.00968 -40.478140

Feb. 1958 -17.23860 -56.76022 2.23523 0.00336 0.01348 -49.49316

Mar. 1958 15.75380 -77.48949 0.26953 0.03637 0.02084 -84.21134

Apr. 1958 17.43804 -103.95997 2.93097 0.043910 0.02560 -110.28897

May 1958 13.17732 -119.12946 4.81268 0.04201 0.03025 -136.55627

June 1958 ******* *kkkkkkk* ****kk* *kkk*** *kk.****

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1958 -78.30916 -134.47573 10.91950 0.00531 0.02889 -112.12998

Feb.. 1958 -112.80915 -168.73786 3.28256 0.01724 0.04139 -142.5430

Mar. 1958 34.63721 -229.82696 0.68931 0.10078 0.05801 -234.22968

Apr. 1958 -0.03955 -255.00283 7.55279 0.10995 0.06293 -269.41858

May 1958 25.47817 -247.76108 12.19492 0.08848 0.06307 -287.50450

June 1958 ***-A-A-A-k A A A A-- A-***** ,Wok-A-**** **A-1.*** Ic-A-*-A ,-":149c **********

8



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

an. SOY .7.679 -0.17574 0.00137 0.00044 -1.64827

Feb. 1959 10.18601 -20.99126 -0.75066 0.01054 0.00737 -29.71252

Mar. 1959 59.54338 -27.96679 3.48500 -0.00473 0.00988 -43.25315

Apr. 1959 84.20309 -27.08689 3.84726 0.00650 0.01248 -60.18115

May 1959 22.87440 -27.30731 0.59355 0.01115 0.01151 -50.65389

June 1959 ******* *kkk************** ***kk**** **k**** *******

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1959 12.19722 33.80489 -2.58053 0.008872 0.00190 -2.11329

Feb. 1959 43.07219 -79.85756 -3.32061 0.04677 0.02481 -99.08948

Mar. 1959 175.79869 -61.42282 11.66348 -0.01459 0.02974 -131.85421

Apr. 1959 185.23069 -73.01478 7.97755 0.02309 0.03237 -150.89713

May 1959 23.81544 -53.96935 0.63668 0.02459 0.02601 -111.74387

June 1959 ********* ****k**** ******* ****** *****************



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1960 -1.49723 -6.89500 0.24739 0.000065 0.00221 -7.90886

Feb. 1960 10.24017 -14.05459 2.86313 -0.00385 0.00438 -16.83742

Mar. 1960 -6.55928 -18.58501 3.69213 -0.02056 0.00907 -30.33680

Apr. 1960 21.65635 -16.16797 6.45843 -0.01973 0.01212 -51.17391

May 1960 -55.30502 -28.78428 3.60273 0.00147 0.02029 -83.15002

June 1960 ***kkk*Idoink***** ********* ******* ***a *******

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1960 -40.61415 -14.02934 1.27106 -0.00577 0.01051 -34.93685

Feb. 1960 14.88211 -52.19207 9.81703 -0.02030 0.01576 -56.96927

Mar. 1960 -98.85763 -35.22379 9.25965 -0.06920 0.02287 -65.31320

Apr. 1960 0.10025 -55.42595 17.04416 -0.05740 0.02852 -116.49336

May 1960 -104.04433 -52.61134 9.33598 -0.00855 0.04143 -170.10828

June 1960 ********** ********* *kk***** ******** ******* *****1.1dc***



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1961 12.53561 -11.22496 0.38867 0.00149 0.00732 -27.40379

Feb. 1961 28.86672 -11.44688 1.23642 -0.00074 0.00737 -30.19037

Mar. 1961 79.91398 -23.03388 3.02015 0.00504 0.01209 -56.62076

Apr. 1961 42.63603 -44.40603 8.39659 -0.00413 0.01902 -86.69582

May 1961 69.68473 -25.64292 5.49739 0.02306 0.02196 -104.93526

June 1961 ********* *******lekirkiddric ***141thic **Id-**** 'Irkjdridd

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1961 -13.31826 -33.38526 1.00682 0.01121 0.02233 -86.27963

Feb. 1961 24.03766 -23.24667 1.41614 0.00469 0.021986 -85.60659

Mar. 1961 179.90540 -59.15944 10.70492 0.006/1/1 0.03275 -153.07934

Apr. 1961 67.26227 -80.88458 20.35092 -0.00954 0.04833 -215.80741

May 1961 38.75597 -48.16106 3.78988 0.04314 0.045258 -198.35594

June 1961 *****Iddrick****-1ddrk ******-kirk ******** ******** *ft *kith*



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1962 5.42710 -1.18280 2.32110 -0.00677 0.00900 -33.84255

Feb. 1962 7.50968 -6.25740 4.33689 -0.01702 0.00933 -34.21149

Mar. 1962 12.01138 -7.51673 4.06500 -0.02306 0.01103 -38.59154

Apr. 1962 49.56663 -18.64829 6.43256 -0.00896 0.16783 -69.83491

May 1962 43.61960 9.81979 1.91479 0.01193 0.01458 -66.20387

June 1962 ********. ********* *****k* ****kk* ***k*** *********

(S) (FC)

Snow Depth

(A) (E) (C)(RA)

Jan. 1962 -22.81098 -10.84853 8.91907 -0.01325 0.02533 -97.84066

Feb. 1962 30.99307 7.77837 9.50341 -0.03004 0.00236 -83.45756

Mar. 1962 267.07254 -16.00744 16.03575 -0.06899 0.03267 -134.83576

Apr. 1962 120.48923 -29.79234 17.90792 -0.03674 0.04487 -186.01297

May 1962 152.24107 -21.619802 6.38134 0.03529 0.04218 -194.31504

June 1962 ******** ****Irkirk **Irk****-******Iric Irkki Wrirk*** **********



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1963 24.20297 -10.86235 1.57865 0.00505 0.00408 -20.67283

Feb. 1963 28.40706 -8.00144 1.55605 -0.00121 0.00392 -17.96596

Mar. 1963 60.61770 -16.29904 1.89665 0.00111 0.00630 -31.60306

Apr. 1963 104.64153 -31.88213 3.60033 -0.00048 0.00933 -48.21492

May 1963 34.47494 -40.60855 1.37210 0.01706 0.01690 -75.21345

June 1963 ****qc**** ****kk*** **kkk** **"1:7WridririCIdowric** ****kAA

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1963 35.23636 -25.81546 3.25986 0.01498 0.01111 -53.220839

Feb. 1963 -47.08118 -26.38724 4.78967 -0.02135 0.00999 -35.42307

Mar. 1963 160.61766 -35.38021 4.84531 0.00208 0.01557 -78.72701

Apr. 1963 334.09944 -118.24792 12.48138 -0.00722 0.02864 -149.53826

May 1963 93.46076 -95.54566 3.73996 0.03899 0.04028 -180.19759

June 1963 ******** ***lc*** **AAAAkkk********** ************ **** * ***



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)
(RA)

(A)

Jan. 1964 22.40894 -10.41610 -121.61621 0.00595 0.00576 -24.07585

Feb. 1964 29.16804 -33.24208 5.54540 -0.01282 0.01038 -40.31883

Mar. 1964 6.90711 -32.53797 7.90924 -0.02357 0.01135 -43.99181

Apr. 1964 -17.42109 -41.54499 10.39214 -0.03464 0.01493 -55.19755

May 1964 -94.63371 -53.08066 7.54003 -0.01244 0.02106 -86.07709

June 1964 *Irividrink-k* ********* ******* *****is********k*** ********

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1964 15.72932 -45.59828 -0.60071 0.02319 0.02035 -82.33284

Feb. 1964 5.374137 -38.18973 16.72665 -0.03863 0.03105 -111.22581

Mar. 1964 -11.54402 -33.65139 15.37637 -0.05556 0.02828 -97.13706

Apr. 1964 -115.73848 -67.41898 25.35827 -0.09237 0.03632 -125.78115

May 1964 -155.78353 -107.09099 17.29063 -0.01954 0.04419 -186.19121

June 1964 *ft-lc***k ******** *****k* ******************** **********



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1965 9.43037 -17.25414 5.2414 -0.01351 0.01278 -53.87477

Feb. 1965 114.40499 -50.55616 8.78451 -0.01578 0.01729 -75.93619

Mar. 1965 65.22036 -44.12839 8.54870 -0.01959 0.02014 -85.72217

Apr. 1965 135.78509 -46.86367 10.18861 -0.00650 0.02175 -106.10381

May 1965 73.53992 -46.26158 2.44277 0.02348 0.02517 -113.49402

June 1965 5497.6568 -365.57286 -12.06835 2.11554 -0.15346 147.22272

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1965 13.23324 -3.28915 18.81344 -0.05829 0.03753 -156.61842

Feb. 1965 249.44257 -85.82682 15.67736 -0.02544 0.04273 -177.11807

Mar. 1965 20.92351 -67.42306 15.45762 -0.04156 0.04490 -178.88172

Apr. .1965 222.30307 -83.98139 20.88624 -0.01684 0.04637 -220.70593

May 1965 114.45676 -69.54956 4.04168 0.04127 0.04615 -205.97829

June 1965 5497.6568 -365.57286 -12.06835 2.11554 -0.15346 147.2272



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1966 -55.28892 -39.21857 3.7389 -0.00221 0.00219 -3.18867

Feb. 1966 54.68336 -25.19357 5.96537 -0.00819 0.00752 -28.25616

Mar. 1966 49.26806 -34.65887 8.29880 -0.01599 0.01052 -41.61407

Apr. 1966 -8.14575 -37.80332 10.53426 -0.04367 0.01651 -62.27161

May 1966 147.02073 -34.29048 7.99334 -0.00390 0.01667 -85.80897

June 1966 -5.72922 17.60935 -0.58742 -0.00061 -0.00003 1.44866

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1966 -144.88595 -146.23895 3.53255 0.00402 0.01547 -29.47021

Feb. 1966 98.34335 -51.27536 15.49763 -0.01423 0.02272 -82.78527

Mar. 1966 118.16626 -62.28750 18.17035 -0.03097 0.02697 -99.54209

Apr. 1966 -102.47045 -77.73498 23.29275 -0.09028 0.03951 -145.34272

May 1966 252.72317 -54.14593 14.82881 -0.00564 0.03282 -166.04006

June 1966 -12.455047 33.86450 -1.18309 -0.00097 -0.00001 2.72135



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1967 -5.99278 -16.59262 0.75575 -0.00086 0.00729 -27.13846

Feb. 1967 6.24965 -30.04797 3.7809 -0.01550 0.00956 -33.53092

Mar. 1967 4.48876 -36.17111 6.72057 -0.02937 0.01343 -50.73329

Apr. 1967 24.30628 -43.72134 8.73438 -0.03627 0.01638 -64.36277

May 1967 16.48648 -51.37836 11.01776 -0 02852 0.02022 -88.04145

June 1967 11.50485 36.99659 0.08642 -0.00309 -0.00053 2.07160

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1967 -41.29828 -37.30885 2.45532 -0.00064 0.02173 -79.65992

Feb. 1967 70.52771 -53.38138 8.18995 -0.02010 0.02958 -103.33910

Mar. 1967 -25.37297 -54.60172 11.63528 -0.06682 0.03332 -112.79564

Apr. 1967 60.26567 -95.62275 23.18021 0.09992 0.04301 -166.88465

May 1967 -0.68662 -99.22648 26.04434 -0.06827 0.04819 -205.88153

June 1967 25.86872 78.03379 0.31480 -0.00649 -0.00114 4.10912



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1968 -18.10496 -9.99653 0.54107 0.00097 0.00377 -10.60034

Feb. 1968 5.84951 -24.25277 3.51422 -0.01386 0.00618 -21.50870

Mar. 1968 52.33334 -22.46066 3.54524 -0.00749 0.01000 -42.58025

Apr. 1968 111.95888 -26.85925 5.23282 0.00128 0.01208 -62.37573

May 1968 124.05981 -29.97287 4.90950 -0.00057 0.01090 -57.61176

June 1968 -2.80274 0.72309 -0.10419 0.00042 0.00008 -0.12586

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1968 -30.99746 -26.88531 0.57920 0.00984 0.01049 -25.07780

Feb. 1968 -120.70165 -103.35845 9.39342 -0.04536 0.02052 -56.59784

Mar. 1968 121.47376 -41.36259 7.43435 -0.01122 0.02433 -102.13606

Apr. 1968 283.95375 -55.59856 13.44194 0.00042 0.02917 -152.02203

May 1968 249.49410 -58.97127 10.19110 -0.00256 0.02331 -121.56173

June 1968 -4.67123 0.12051 -0.17366 0.00070 0.00014 -209.776



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1969 6.43510 -28.48562 1.0130 0.00416 0.00816 -2.87861

Feb. 1969 39.73594 -32.40115 3.17004 -0.01135 0.01202 -39.25501

Mar. 1969 59.01547 -28.92153 4.32292 -0.01755 0.01329 -41.99430

Apr. 1969 14.70052 -27.94666 7.72753 -0.03596 0.01739 -61.66918

May 1969 118.31880 -45.82999 8.73154 -0.00312 0.02106 -101.29306

June 1969 91.04076 -34.56249 2.66825 0.00545 0.00912 -46.63103

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1969 40.15934 -75.65400 0.79878 0.01988 0.02673 -83.89063

Feb. 1969 47.22458 -80.18503 12.64718 -0.05467 0.03384 -93.13301

Mar. 1969 136.21558 -73.09306 10.78571 -0.03532 0.03823 -122.31079

Apr. 1969 3.52056 -57.84943 14.90258 -0.07587 0.04255 -148.83081

May '1969 254.28370 -79.16421 17.48979 -0.00651 0.04193 -202.12989

June 1969 145.99037 -55.41745 4.05181 0.01088 0.01613 -80.89634



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1970 3.35676 -17.45160 1.16298 0.006637 0.00687 -29.04845

Feb. 1970 13.42079 -41.30587 1.05577 0.01086 0.01542 -64.17193

Mar. 1970 108.50286 -40.55996 4.77644 0.00836 0.01576 -76.61388

Apr. 1970 154.36726 -45.33011 6.94267 0.00468 0.01815 -91.93083

May 1970 166.20801 -53.72640 7.44140 0.00020 0.01950 -98.31901

June 1970 -1168.7978 -1464.2600 316.39776 0.31626 -0.01066 -437.07665

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1970 -24.99938 -56.38242 6.50864 0.01065 0.02305 -94.06350

Feb. 1970 412.50039 -155.94654 18.58304 -0.03216 0.03324 -167.93592

Mara 1970 270.21577 -112.37047 12.43167 0.02171 0.04198 -202.69029

Apr. 1970 291.90007 -78.39818 14.61292 0.01005 0.04003 -199.19074

May 1970 356.55507 -112.74908 16.06864 0.00533 0.04497 -224.62417

June 1970 -1018.6990 -1517.0347 321.66288 0.31568 0.00107 -499.95376



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1971 -14.64063 -32.79265 0.35443 0.00407 0.01067 -35.40577

Feb. 1971 45.08684 -37.73594 5.24976 -0.00749 0.01293 -51.16099

Mar. 1971 57.63080 -49.59008 7.13260 -0.01422 0.01525 -61.49323

Apr. 1971 83.24132 -71.05837 11.71821 -0.02620 0.02273 -94.12625

May 1971 65.30995 -76.21077 14.05942 -0.01713 0.02547 -119.60347

June 1971 154.83088 -57.77888 6.45483 0.00477 0.02082 -102.48099

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1971 36.10548 -116.82974 -0.40314 0.02574 0.03567 -114.79459

Feb. 1971 102.35872 -82.44066 12.81274 -0.01746 0.03124 -121.25673

Mar. 1971 78.55771 -172.95989 21.73737 -0.03197 0.04530 -178.50483

Apr. 1971 115.69140 -135.44296 23.99771 -0.04993 0.05567 -222.56257

May '1971 161.73671 -134.88535 31.85741 -0.03858 0.05537 -262.85269

June 1971 270.11566 -110.11296 11.64145 0.01093 0.04130 -199.83231

Qr



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1972 -14.96506 -23.44090 3.56983 -0.01052 0.00912 -31.36681

Feb. 1972 -9.17175 -35.36268 7.14458 -0.01450 0.01478 -57.20837

Mar. 1972 11.61887 -36.94269 9.42454 -0.02078 0.01739 -71.80177

Apr. 1972 87.99335 -63.97854 12.86727 -0.00792 0.02363 -114.41713

May 1972 181.37175 -60.91482 11.96849 0.00173 0.02595 -131.81441

June 1972 210.99812 -68.76425 6.48334 0.00531 0.01693 -90.03817

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1972 -76.27489 -62.49004 9.10081 -0.01535 0.02727 -88.03699

Feb. 1972 11.09655 -86.46199 19.67989 -0.02964 0.04026 -156.15392

Mar. 1972 198.01017 -115.89796 26.92277 -0.04132 0.04552 -198.62742

Apr. 1972 158.45954 -117.31174 27.21751 -0.02100 0.04964 -238.05608

May 1972 390.07017 -116.77117 25.88137 -0.00457 0.05425 -275.72129

June 1972 347.30827 -112.05967 10.65717 0.01038 0.02982 -156.34384



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1973 -9.26417 -21.79782 1.48280 -0.00265 0.00670 -26.43270

Feb. 1973 38.39905 -29.89649 1.86727 -0.00541 0.00935 -36.64386

Mar. 1973 64.61312 -26.96122 1.56694 -0.00699 0.01060 -41.30767

Apr. 1973 79.50967 -43.99123 4.20452 -0.00363 0.01419 -63.02072

May 1973 101.05816 -50.94468 4.03189 0.00327 0.01427 -69.37645

June 1973 71.72018 -23.62777 2.27006 -0.00005 0.00311 -19.72156

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1973 -22.31409 -55.71303 6.68199 -0.00703 0.02161 -88.90996

Feb. 1973 47.58154 -80.18584 6.06120 -0.01554 0.02893 -108.84257

Mar. 1973 175.65814 -58.79349 2.39439 -0.02169 0.02904 -107.70616

Apr. 1973 145.53819 -105.18728 11.34576 -0.00795 0.03659 -160.89023

May 1973 211.75597 -101.56800 8.63773 0.00651 0.03112 -150.44391

June 1973 145.20112 -48.29280 4.63393 -0.00033 0.00637 -40.20062



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1974 -45.68155 -40.18129 4.11805 -0.00645 0.01557 -59.75723

Feb. 1974 54.53508 -54.59426 9.65806 -0.02119 0.01782 -78.825351

Mar. 1974 8.54592 -64.31697 12.17043 -0.04016 0.02177 -88.62137

Apr. 1974 63.50961 -104.73253 17.83889 -0.04671 0.02778 -122.87952

May 1974 201.16341 -85.35618 17.90788 -0.020015 0.03081 -155.43117

June 1974 331.11614 -83.06652 12.94850 -0.00832 0.02451 -133.65560

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1974 -156.23544 -102.16775 8.94231 -0.00713 0.04493 -168.93414

Feb. 1974 89.46394 -117.55981 23.53918 -0.04958 0.04570 -197.36578

Mar. 1974 -42.27300 -124.73132 29.68866 -0.09484 0.05810 -227.10640

Apr. 1974 99.47702 -243.35421 40.62069 -0.09888 0.06779 -295.12244

May 1974 281.82170 -139.87951 33.52150 -0.03730 0.06173 -301.49738

June 1974 561.73565 -125.61744 22.67972 -0.01357 0.04410 -238.03007



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1975 6.71074 -26.90550 3.07427 0.00093 0.00836 -35.43633

Feb. 1975 -7.65042 -31.23566 5.84948 -0.01374 0.00981 -36.70960

Mar. 1975 518.22080 -66.43975 5.79669 0.15730 0.00049 -35.93816

Apr. 1975 10.40696 -41.63691 8.05779 -0.03683 0.01905 -65.27192

May 1975 -12.88648 -54.52232 12.81147 -0.02937 0.02469 -105.36018

June 1975 463.17297 111.36017 35.96597 0.03646 0.02319 -179.61879

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1975 -64.76712 -50.39300 6.91025 -0.00285 0.02184 -77.59714

Feb. 1975 -65.68443 -65.21165 11.76859 -0.01168 0.02664 -94.94627

Mar. 1975 1066.0675 -115.05020 9.03684 0.35976 0.00802 -96.71151

Apr. 1975 1.98762 -33.74794 18.21740 -0.07742 0.05065 -170.94259

May 1975 -19.52163 -95.91833 27.98464 -0.06291 0.05554 -235.17637

June 1975 817.01545 189.44271 63.02347 0.06000 0.04269 -322.46583



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1976 4.30711 -15.27860 2.95392 -0.00588 0.00645 -26.27622

Feb. 1976 168.78289 -35.30602 5.54736 0.05800 0.00427 -31.12320

Mar. 1976 -3.70470 -31.19956 9.93763 -0.02844 0.01355 -55.5315

Apr. 1976 -4.28578 -49.64843 10.27328 -0.02789 0.01837 -75.34043

May 1976 26.95395 -31.59813 11.02079 -0.01364 0.01858 -88.93210

June 1976 47.46446 -4.99351 2.17696 0.00315 0.00847 -40.46731

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1976 -90.70173 -74.34939 7.58870 -0.00969 0.02570 -97.70424

Feb. 1976 733.58912 -10.64175 31.80931 0.17355 0.01103 -123.27290

Mar. 1976 387.15924 76.64446 54.29458 -0.08066 0.04002 -223.77952

Apr. 1976 -35.07545 -89.56723 29.77213 -0.07779 0.04931 -198.75006

May 1976 127.66801 -89.15876 27.92116 -0.03347 0.04609 -224.92178

June 1976 199.44983 -32.34277 6.87251 0.01195 0.02102 -107.81868



Mbnth/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1977 -6.38681 -2.91382 0.36803 -0.00140 0.00087 -3.36390

Feb. 1977 -4.12861 1.55276 1.31142 -0.00290 0.00105 -4.66115

Mar. 1977 1.17159 -11.920 1.3186 -0.00149 0.00326 -14.0505

Apr. 1977 -23.09862 -13.33688 3.11177 -000795 0.00526 -21.14704

May 1977 24.28971 -9.29184 0.38355 0.00509 0.00358 -17 33846

June 1977 59.02171 -18.03156 1.59667 0.00205 0.00248 -15.96020

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1977 -40.85922 -29.50492 0.55655 0.00328 0.00828 -32.41105

Feb. 1977 31.09292 6.03084 5.36040 -0.01015 0.00420 -20.14114

Mar. 1977 12.40767 -39.62515 4.30007 0.00531 0.01233 -51.53315

Apr. 1977 -15.72090 -40.46486 11.32624 -0.03179 0.01820 -77.39923

May 1977 53.13399 -34.68927 1.36946 0.00979 0.01007 -47.38396

June 1977 134.13606 -42.07273 3.59242 0.00533 0.00591 -37.40130



Month/Year (S) (FC)

Snow Water Equivalent

(E) (C)(RA) (A)

Jan. 1978 -4.07009 -8.69897 -0.58073 0.00151 0.00653 -21.90564

Feb. 1978 280.23885 37.66222 9.26228 0.01564 0.00891 -60.06129

Mar. 1978 375.44058 32.73635 9.85783 0.04790 0.00850 -66.21302

Apr. 1978 119.65937 -30.58470 2.96098 0.00281 0.01516 -70.36895

May 1978 140.27675 -53.78258 5.90929 0.00082 0.01730 -85.91527

June 1978 134.12965 -55.78850 4.71355 -0.00068 0.01051 -56.26300

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1978 11.39317 -30.47079 -3.24641 0.00763 0.02155 -69.90495

Feb. 1978 821.11423 92.09634 24.27301 0.06155 0.02605 -173.98953

Mar. 1978 933.99515 95.19447 22.27619 0.11665 0.02279 -165.62907

Apr. 1978 270.86305 -62.01142 5.49205 0.00661 0.03529 -160.22390

May 1978 274.87112 -95.351945 11.22563 0.00721 0.03792 -185.11576

June 1978 238.92171 -104.27355 8.32384 0.00100 0.02047 -107.58923

5



APPENDIX la

T.S.S. 2 SNOW MODEL COEFFICIENTS

Snow Water Equivalent

Month/Year Slope
(S)

Percentage
of Forest

Canopy Cover
(FC)

Regional
Aspect
(RA)

Aspect
(A)

Elevation
(E)

Constant
(C)

Jan. 1948-78 -6.0267 -21.85992 1.63485 -0.00065 0.0074 -26.53619

Feb. 1948-78 15.29663 -34.56958 3.84481 0.00289 0.01058 -41.00400

Mar. 1948-78 25.04615 -43.90848 4.77028 -0.00235 0.01385 -54.63273

Apr. 1948-78 5.03163 -59.52384 6.92765 -0.00807 0.01880 -77.52825

May 1948-78 41.34190 -61.29022 5.73257 0.00710 0.02107 -95.92152

June 1948-78 190.14710 -65.50296 12.0083 0.07752 0.00120 -31.81648

Snow Depth

(S) (FC) (RA) (A) (E) (C)

Jan. 1948-78 -56.20570 -64.53304 4.45485 -0.00473 0.02241 -78.16748

Feb. 1948-78 31.61160 -86.63448 10.66498 -0.0078 0.02909 -108.65979

Mar. 1948-78 55.17079 -99.48298 13.04252 -0.00938 0.03638 -141.94006

Apr. 1948-78 -22.87069 -133.71256 17.22083 -0.02176 0.04591 -187.27395

May 1948-78 78.19220 -124.07888 12.46915 0.01272 0.04508 -204.13055

June 1948-78 240.09450 -72.07585 14.16727 0.07900 0.00271 -53.73877



APPENDIX lb

T.S.S. 3 SNOW MODEL COEFFICIENTS

Snow Water Equivalent

Month/Year Slope
(S)

Percentage
of Forest
Canopy Cover

(FC)

Regional
Aspect
(RA)

Aspect
(A)

Elevation
(E)

Constant
(C)

Jan. 1978 -15.94336 -0.51044 0052672 -0.01723 0.07483 -22.87837

Feb. 1978 25.85784 -6.41874 10.86990 0.02103 0.00838 -40.92378

Mar. 1978 48.64529 -0.72820 7082844 -0.00993 0.00911 -37.02988

Apr. 1978 -34.00100 -1.13846 -0.79433 0.00055 0.01424 -50.67113

May 1978 2.54145 -7.71506 1.49598 -0.03714 0.02097 -81.69458

June 1978 54.58799 -1.93866 -0.68926 -0.30394 0.12057 -46.16636

(S) (FC)

Snow Depth

(E) (C)(RA) (A)

Jan. 1978 -33.61491 2.36113 0.52246 -0.05186 0.02254 -61.2646

Feb. 1978 76.49376 -6.00571 30.64222 -0.02736 0.02641 -120.54904

Mar. 1978 191.38241 -10.03748 28.68527 - 0.04025 0.02508 -118.45289

Apr. 1978 23.83455 -0.54875 7.50916 -0.07793 0.31976 -120.50270

May 1978 6.81450 0.65407 13.32047 -0.12645 0.03860 -153.38930

June 1978 62.52602 -3.36785 -0.30781 -0.06621 0.02359 -89.22945


