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ABSTRACT

The increasing demand for water in Arizona has

caused man to evaluate possibilities for increasing surface

runoff from high elevation snow accumulation areas. To

date, a consistent method of predicting snow melt in field

situations, for runoff estimation, has not been developed.

In an attempt to alleviate this demand for water,

snow melt indices based on median and maximum air tempera-

tures were evaluated using Arizona ponderosa pine overstory

crown closure as an inventory-prediction variable. Regres-

sion analysis was used to develop the prediction relation-

ship, with degree day snow melt factors as the dependent

variables and percent crown closure as the independent

variable.

The median temperature prediction relationship was

non-significant. The maximum temperature prediction rela-

tionship was significant, although it explained only 12

percent of the variation in degree day snow melt factors.

Validation of the maximum temperature relationship indicated

it may not be adequate for snow melt prediction in field

situations.

On the basis of this study, crown closure (as an

inventory-Prediction variable) did not appear to be an
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adequate predictor of median or maximum temperature degree

day snow melt factors in Arizona ponderosa pine.



CHAPTER 1

INTRODUCTION

Water is one of the factors limiting man's economic

and social development in the arid regions of the Southwest.

In Arizona, water demands have been temporarily met by de-

veloping large reservoirs in which to store water for drought

periods. However, current water demands are depleting man-

made surface storage systems and natural ground water sys-

tems (Harshbarger et al. 1966). As domestic, industrial and

agricultural sectors of the state's economy expand, deple-

tion rates may be expected to increase. One approach to al-

leviating Arizona's current and future water supply problems

is the application of land management practices designed to

increase surface water production from high elevation areas

which receive large amounts of precipitation.

The Central Highlands, extending from east-central

to north-western Arizona, receive 10 to 35 inches of pre-

cipitation annually and supply valuable surface runoff to

the arid lowlands (Harshbarger et al. 1966). Runoff from

this forested region flows southward in the Salt, Verde and

Gila Rivers, and north-westward in the Little Colorado River.

At least 60 percent of the annual runoff in the Salt and
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Verde River Basins originates as snow melt between January

and April (Harshbarger et al. 1966). Thus, land management

programs designed to increase surface water production from

snow melt may yield significant contributions.

Numerous studies have evaluated snow melt character-

istics under Arizona ponderosa pine (Pinus ponderosa)

(Lejcher 1969; Garn 1969; Ffolliott 1970). To date,

these studies have not produced a dependable method for pre-

dicting snow melt in field situations. Possibly, this is

because snow melt is a complex process depending on inter-

acting energy components and their relationships to the snow

melt processes. Under forest conditions, air temperature

approximates the heat transfer components which contribute

to snow melt, and is often used as a single index of snow

melt (Corps of Engineers 1956). Furthermore, air tempera-

ture data are easily obtained for most areas from climato-

logical records. Melt indices based on air temperature

values are usually expressed in terms of degree day snow

melt factors above a base temperature.

The objective of this study was to evaluate snow

melt indices based on air temperature, using Arizona

ponderosa pine overstory crown closure as an inventory-

prediction variable.



CHAPTER 2

LITERATURE REVIEW

Snow Melt Process 

Snow melt is a complex process dependent upon heat

transfer between the atmosphere and the snowpack. The heat

transfer components of importance are net solar radiation,

net longwave radiation, sensible heat from the atmosphere

and latent heat of vaporization (Corps of Engineers 1956;

Butler 1957). Sensible heat from soil and rain are often

small and are usually ignored in melt determinations (Butler

1957). If vapor pressure gradients are normally toward the

atmosphere, as they may sometimes be in arid climates, con-

densation melt could possibly be ignored in snow melt deter-

minations. On the other hand, net solar radiation may be

the most important heat transfer component for snow melt in

openings in Arizona (Wisler and Brater 1959), partly due to

the southerly latitude of Arizona, which is associated with

higher potentials for net solar radiation (Frank and Lee

1966).

Heat transfer components vary with time and locale;

e.g., the components are dependent in part upon physiographic

and vegetation variables. Thus, these variables effect the

melt of a snow pack.

3



Physiographic Effects on Snow Melt 

Increases in elevation may result in increased snow

accumulation and decreased melt rates, caused by greater

precipitation and lower temperatures (Gary and Coltharp

1967; Packer 1962; Neiman, Froehlich, and Dils 1968).

Snowpack conditions associated with aspect indicate

accumulation is greater and melt rates are lower on "cool"

aspects than on "warm" aspects. In New Mexico, Gary and

Coltharp (1967) found that Douglas-fir (Pseudotsuga 

menziesii) stands on north aspects accumulated greater

amounts of snow and retained it longer than south aspects at

the same elevation with similar vegetation.

Vegetation Effects on Snow Melt 

As forest density increases, net solar radiation

reaching the ground decreases, while net longwave radiation

from the forest to the ground increases (Corps of Engineers

1956; Reifsnyder and Lull 1965). Boyer (1954) found that 50

percent of the variation in snow melt under a dense forest

was attributed to longwave radiation, 20 percent to sensi-

ble heat, 15 percent to latent heat of condensation and 15

percent to shortwave radiation. Longwave radiation becomes

the major heat transfer component in dense forests because

shortwave radiation incident on the forest canopy is con-

verted to longwave radiation. A portion of this longwave
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radiation is trapped below the forest canopy and is con-

tinually reradiated between the forest and the snowpack.

Many empirical studies have been conducted to evalu-

ate the effect of forest cover on snow melt. Vegetation is

the only variable effecting snow melt which can be directly

manipulated for management purposes. In general, the re-

sults of these studies show that dense forest areas accumu-

late less snow and snow melt rates are lower than areas of

sparse density (Connaughton 1935; Wilm and Collet 1940;

Haupt 1951; Kittredge 1953; Anderson 1956; Hoover 1960).

In California, Anderson (1956) evaluated the effect

of forest radiation and shading on snow melt in an opening

surrounded to the north and south by forest cover. These

forest variables explained 40 percent of the variation in

melt rates. Shading from trees to the south was about twice

as effective in preserving the snowpack as radiation from

the north was in reducing the snowpack.

In New York, Eschner and Satterlund (1963) reported

greater melt rates in lower than higher crown density hard-

wood stands, and decreasing melt rates as hardwood forests

graded into high crown density conifer stands.

In Arizona, densely stocked ponderosa pine forests

accumulate less snow and have slower melt rates (Ffolliott

and Hansen 1968; Ffolliott, Hansen and Zander 1965).
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The fact that longwave radiation and sensible heat

account for the majority of the variation in snow melt under

dense forest conditions has been documented (Corps of

Engineers 1956; Boyer 1954). Air temperature is often con-

sidered an adequate index of net longwave radiation and sen-

sible heat components for forested areas (Corps of Engineers

1956). Not only are air temperature indices readily devel-

oped, but, in many areas, they are the only indices avail-

able for melt calculations.

Snow Melt Temperature Indices 

Air temperature indices are often based on either

mean or maximum daily temperature. A base temperature of

32 ° F. is frequently used in developing these indices because

most of the snow melt in . forests results from the transfer

of sensible heat from the air, when air temperatures exceed

32 ° F. (Corps of Engineers 1956). Snow melt per degree day

is often expressed in terms of a degree day melt factor

(Corps of Engineers 1956).

Mean (Median) Temperature Indices

Mean daily temperature is generally determined by

summing maximum and minimum temperatures and dividing by two

(Corps of Engineers 1956). Actually this temperature value

may more accurately be defined as median daily temperature

(Steel and Torrie 1960).
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Horton (1915), in a laboratory study, found mean

degree day snow melt factors ranged from 0.04 to 0.06

inches. Clyde (1931) reported degree day snow melt factors

varied from 0.05 to 0.07 inches in the laboratory, and

averaged 0.05 inches in a field study in Utah, Church

(1941), using five years of melt data from California, found

that the degree day snow melt factor was equal to 0.05

inches.

Degree day snow melt factors reported above were

determined at single points. They do not necessarily ex-

press average snow melt for a watershed.

The Corps of Engineers (1956), attempting to develop

a watershed value, investigated the possibility of deter-

mining the mean degree day snow melt factor on several

California snow courses. The study involved a number of

seasons of snow melt records at various elevations, expo-

sures and crown densities. The mean degree day snow melt

factors for all snow courses ranged from 0.06 to 0.106

inches over several seasons. Within and between season melt

rates exhibited a wide range of values for each snow course.

However, the mean degree day snow melt factor for all snow

courses and all seasons showed much less variation. The

snow courses with heavy forest density had a more consistent

degree day snow melt factor than those with lower forest

density.
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In California, Kittredge (1953) reported the mean

degree day snow melt factors above 32 ° F., ranged from 0.03

to 0.66 inches. Also in California, Anderson (1956) found

the mean degree day snow melt factors above 35 ° F. ranged

from 0.063 to 0.255 inches. In both of these studies, the

large variability in degree day snow melt factors was caused

by snow course variation and between season variation. Snow

course variation was a result of site differences, i.e.,

elevation, aspect and vegetation, while between season varia-

tion was caused by snow and weather conditions peculiar to a

given year.

A California study, conducted by Anderson and

. Pagenhart (1957), was designed to evaluate the inter-

relationships between topography and vegetation, and deter-

mine their relative importance on snow melt. It was found

that variation in degree day snow melt factors above 32 ° F.

was explained by three variables: shortwave radiation re-

ceived, exposure of the snow course and density of the for-

est within one-quarter of a mile to the south of an opening.

These three variables are listed in order of decreasing

importance in explaining variation in degree day snow melt

factors.

In Arizona, Lejcher (1969) found degree day snow

melt factors ranged from 0.03 to 0.07 inches in ponderosa

pine stands with greater than 50 square feet, and from 0.101
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and 0.137 inches in stands with less than 50 square feet of

basal area per acre.

Maximum Temperature Index

A maximum daily temperature index was developed in

an attempt to improve on the variable mean (median) tempera-

ture relationships discussed above (Corps of Engineers 1956).

The Corps of Engineers (1956) developed point snow melt

rates based on maximum daily temperature in excess of 32 ° F.
These point melt rates were averaged for each snow course to

produce mean snow course melt. The mean degree day snow

melt factors for all snow courses ranged from 0.034 to 0.045

inches. These snow melt values are approximately half of

those based on mean daily temperature.

Crown Closure as an Inventory-
Prediction Variable 

Lull and Rushmore (1960) explored the possibility of

using crown closure as a predictor of degree day snow melt

factors based on mean (median) daily temperature. Snow melt

measurements were obtained from 32 snow courses over a

single snow season. Temperature measurements were obtained

from Paul Smith College, which is within ten miles of the

study area. Crown closure measured with a spherical densi-

ometer (Lemmon 1957) ranged from 20 percent in hardwood

stands to 100 percent in conifer stands. A linear prediction
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relationship was developed, with mean (median) snow melt

per degree day as the dependent variable and percent crown

closure as the independent variable. This relationship in-

dicated snow melt decreased at a consistent rate of 0.005

inches per degree day for each 10 percent increase in crown

closure. The relationship between mean (median) snow melt

and crown closure accounted for 76 percent of the variation

in melt rate, thus it showed promise for snow melt

prediction.

Crown closure of forest overstory effects the energy

balance of a wooded area (Reifsnyder and Lull 1965), and

thus, is important in the management of timber and water

resources (Vezina and Pech 1964; Anderson 1967; Skau 1964;

Fames 1971). However, it may be impractical to apply crown

closure relationships to a management sized area because

crown closure measurements are not normally obtained in

forest inventory.

An alternative would be to develop relationships

between crown closure and simple, readily available measure-

ments of forest density (Lull and Rushmore 1960).

In Arizona, Clary and Ffolliott (1970) developed a

relationship allowing crown closure to be estimated from

basal area, a commonly obtained expression of forest density.

This relationship enables the land manager to employ basic

inventory data to estimate crown closure.



CHAPTER 3

DESCRIPTION OF STUDY

Objectives 

This study was designed to evaluate snow melt

indices based on air temperature, using ponderosa pine over-

story crown closure as an inventory-prediction variable.

The specific objectives of this study were:

1) To develop median and maximum air temperature

melt indices for Arizona snow melt and compare

them with air temperature melt indices developed

in other parts of the country.

2) To develop a melt prediction relationship between

percent crown closure and degree day snow melt

factors using Arizona snow course data.

3) To test this predictive relationship with actual

snow melt data.

Location of Study 

This study utilized source data from 17 U. S. D. A.

Soil Conservation Service (SCS) Cooperative Survey snow

courses and 13 climatic index stations in Arizona and New

Mexico. These snow courses, located throughout the ponderosa

11
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pine type (Figure 1), consist of 5 to 14 measurement points.

The SCS arbitrarily established these and other snow courses

to forecast spring runoff volumes. The snow courses are

often located in areas of prolonged snow retention and,

thus, might not necessarily index mean Arizona snow melt.

Daily temperature and precipitation on each snow

course were estimated from one of eight climatic index sta-

tions (Table 1). These stations were selected on the basis

of similar elevation, similar forest cover and close proxim-

ity to the snow courses.

Physiography

The ponderosa pine type ranges in elevation from

6000 to 9000 feet in Arizona and is characterized by gentle

slopes and rolling topography. Snow courses used in this

study, range in elevation from 6430 feet at Forest Dale to

8500 feet at Nutrioso (Table 2). Slope on these snow

courses varied from 0 to 5 degrees while aspects included

all cardinal directions (Table 2).

The respective climatic index stations ranged from

5410 feet at Prescott to 8000 feet at Alpine (Table 1).

Vegetation

Snow course forest density, expressed as percent of

crown closure, ranged from 9.1 percent at Forest Dale to
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Table 1. Climatic Index Station, Elevation
and Snow Course Indexed

Climatic Index	 Elevation
	

Snow Course
Station
	

(ft.)
	

Indexed

Mt. Lemmon	 7780	 Bear Wallow

Mt. Lemmon	 7780	 Rose Canyon

Alpine	 8000	 Nutrioso

Showlow	 6410	 Forest Dale

Heber R. S.	 66 00	Heber

Heber R. S.	 6600	 Canyon Creek #2

Flagstaff	 6900	 Mormon Mountain

Flagstaff	 6900	 Mormon Lake

Flagstaff	 6900	 Happy Jack

Fort Valley	 7350	 Fort Valley

Flagstaff	 6900	 Newman Park

Williams	 6750	 Chalender

Prescott	 5410	 Mingus Mountain

Prescott	 5410	 Copper Basin

Heber R. S.	 66 00	Gentry

Flagstaff	 6900	 Munds Park

Alpine	 8000	 Frisco Divide

14
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Table 2.	 Descriptions of Snow Course, Elevation,
Slope and Aspect

Snow Course Elevation
(ft.)

Slope
(%)

 Aspect

Bear Wallow 8100 5 NE

Rose Canyon 7300 5 NW

Nutrioso 8500 5 sw

Forest Dale 643 0 5 NE

Heber 7600 0

Canyon Creek #2 7500 5 N

Mormon Mountain 7500 0

Mormon Lake 7350 5 NW

Happy Jack 7630 0

Fort Valley 7350 5 s

Newman Park 6750 5 E

Chalender 7100 5 N

Mingus Mountain 7100 5 SW

Copper Basin 6720 5 NE

Gentry 7650 0

Munds Park 6500 0

Frisco Divide 8000 * *

*Descriptions not available.
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73.0 percent at Bear Wallow, with a mean of 34.5 percent

(Table 3). Percent crown closures on Mormon Mountain and

Frisco Divide snow cOurses are illustrated in Figures 2

and 3, respectively. Crown closure on Mormon Mountain snow

course was 24.8 percent, while Frisco Divide snow course had

a crown closure of 56.7 percent. Ground views of these two

snow courses are illustrated in Figures 4 and 5, respec-

tively.

Climate

The Central Highlands, which includes most of the

snow courses and climatic index stations used in this study,

receive between 10 and 35 inches of precipitation annually

(Harshbarger et al. 1960). Large amounts of this precipita-

tion fall as snow in the high elevation ponderosa pine and

spruce-fir forests.

Temperature in these high elevation forests tend to

be 25 to 35°F. cooler than the desert lowlands (Sellers

1960). Diurnal variation in the air temperature for these

high elevation forests is approximately 30 ° F. during the

winter months. The distribution of average January tempera-

tures ° F. for Arizona is illustrated in Figure 6.

Snow is the most common form of winter precipitation

at high elevations because low air temperatures during

winter months tend to favor snow precipitation. Elevation,



Table 3. Snow Course Forest Density Expressed
as Percent Crown Closure

Snow Course Crown Closure
(%)

Bear Wallow	 73.0

Rose Canyon	 49.9

Nutrioso	 49.8

Forest Dale	 9.1

Heber	 33.3

Canyon Creek #2	 44.7

Mormon Mountain	 24.9

Mormon Lake	 14.6

Happy Jack	 29.2

Fort Valley	 38.7

Newman Park	 18.3a

Chalender	 22.3

Mingus Mountain	 37.9

Copper Basin	 20.1

Gentry	 42.4

Munds Park	 22.3a

Frisco Divide	 56.7

aPercent crown closure obtained by
converting basal area to crown closure
(Clary and Ffolliott 1970).

17
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Figure 2. Canopy Photograph of Mormon Mountain Snow
Course.

Crown closure density equals 24.8 percent.

Figure 3. Canopy Photograph of Frisco Divide Snow Course.

Crown closure density equals 56.7 percent.



Figure 4. Ground View of Mormon Mountain Snow Course.

Figure 5. Ground View of Frisco Divide Snow Course.

1 9
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45

Figure 6. Map of the Average January Temperature
° F. for Arizona.

Source: Sellers 1960.
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because of its close correlation with temperature, in turn,

effects the form of precipitation. These low temperature

high elevation forests are characterized by heavy snow

accumulation (Figure 7).

Methods 

To evaluate snow melt indices based on air tempera-

ture using crown closure as an inventory-prediction vari-

able, descriptions of snow melt, climate and crown closure

are needed for each snow course study site.

Description of Snow Melt

Snow melt data were obtained from available long-

term SCS snow course records (Enz 1970). Snow melt water

equivalent on these snow courses was taken with the federal

snow sampler on approximately the first and fifteenth of

each month, starting on January 15th and continuing through-

out the snow melt season. Individual snow course water

equivalent measurements were averaged to determine mean

water equivalent on each snow course.

Snow melt values were collected for measurement

intervals free of intermittent precipitation. Measurement

intervals in which intermittent precipitation occurred were

excluded from the study because intermittent precipitation

could result in melt estimates which are lower than actual
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the Ponderosa Pine Type of

Central Arizona.
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Source: Beschta 1971.
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melt. Thus, designated melt periods were compared to daily

precipitation data during the corresponding measurement

intervals. If these measurement intervals were not compli-

cated by intermittent precipitation, daily maximum and

minimum temperatures were recorded for each interval.

Description of Climate

Climatic data were required to identify daily tem-

peratures and precipitation on each snow course. The loca-

tions of the climatic index stations with respect to the

corresponding snow courses are illustrated in Figure 8.

Differences in elevation between snow courses and

climatic index stations necessitated development of lapse

rate values applicable to the study area. Lapse rate is

defined as the rate of temperature change with elevation

changes. Lapse rates for maximum and minimum temperatures

were developed for the months of January, February and

March, using nine years of temperature data, 1951-1960.

Thirteen climatic index stations in the ponderosa pine type

were used in developing lapse rates for both maximum and

minimum temperatures (Table 4 and Figure 9). These 13 sta-

tions include those used for temperature and precipitation

estimates on each snow course. Lapse rate development in-

volved linear regression analysis, with maximum and minimum
A

temperature as dependent variables (Y) and elevation as the
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Table 4. Climatic Index Stations and Elevations
Used in the Development of Lapse Rates
for the Ponderosa Pine Type of Arizona

Climatic Index Station Elevation
(ft.)

Prescott	 5410

Forest Dale	 6100

Heber Ranger Station	 66 00

Springerville	 6964

McNary	 7280

Maverick	 7800

Alpine	 8000

Showlow	 6410

Flagstaff	 6900

Fort Valley	 7350

Williams	 6750

Pinedale	 6500

Burrus Ranch	 6800

2 5
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independent variable (X). Temperature data were regressed

on respective elevation data for each climatic index station.

Regression coefficients (b's) represented lapse rate values.

January, February and March lapse rate equations for

maximum and minimum temperatures are listed in Appendix A.

The maximum temperature lapse rates for January,

February and March were -1.28, -2.35 and -3.29°F. per 1000

feet, respectively. These lapse rate values were compared

to determine statistical differences using a test for homo-

genity of regression coefficients (Steel and Torrie 1960).

The test for homogenity of regression coefficients is:

b 1 - b
2

VS 2 (1/EX 2 . + 1/X)lj	 2j

where

b. = regression coefficient for a given month

S 2 = pooled variance

EX2. = sum of squares for X (elevation) from a given

month

The maximum temperature lapse rates were not signif-

icantly different (a = 0.10) between January and February or

between February and March. However, the test between

January and March showed a significant difference.
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Minimum temperature lapse rates for January,

February and March were -5.1, -5.6 and -5.0 ° F. per 1000

feet, respectively. These values showed no significant

differences (a = 0.10) in all comparisons for the three melt

months.

Maximum temperatures were adjusted by months based

on the January, February and March maximum temperature lapse

rates. Average minimum temperature lapse rate for the three

months was used in adjusting minimum temperatures.

Maximum and minimum temperature estimates were

adjusted for each snow course using the respective monthly

lapse rates for each day in the melt interval. The adjusted

temperatures were retained for calculation of median and

maximum temperature degree days. Median or maximum daily

temperature above 32 ° F. equals the number of degree days.

These calculations were conducted for each day, and the

total number of degree days was obtained by summing the

number of degree days over the entire melt interval. Since

positive degree days generally indicate available heat for

snow melt and negative degree days generally indicate cool-

ing of the snowpack, 24-hour periods with zero or negative

degree days were assumed to be free of snow melt.

Degree day snow melt factors for both median and

maximum temperatures were obtained by dividing snow melt in
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inches of water equivalent by the total number of degree

days in the melt interval.

Description of Crown Closure

Crown closure data used in this study were obtained

by the SCS, using a spherical densiometer (Codd, 1959).

Mean crown closure was calculated for each snow course.

Crown closure data were not available for Munds Park

and Newman Park snow courses (Table 3). To include these

courses in the study, basal area measurements were obtained

and converted to percent crown closure using an unpublished

relationship (Clary and Ffolliott 1970) based on the follow-

ing regression equation:

= 12.5 + 9.3X

where

= predicted crown closure in percent

X = basal area in square feet per acre

r = 0.70 .

Analytical Methods

Degree day snow melt factors based on median and

maximum temperature and percent crown closure for each snow

course were regressed to produce two snow melt prediction

relationships. Initially, median and maximum temperature

degree day snow melt factors were graphed against percent
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crown closure to determine the scatter of the data. Both

scatter diagrams indicated a non-linear relationship, which

was subsequently determined to be semilogarithmic.

Simple regression analysis, with degree day snow

melt factor as the dependent variable and a logarithmic

transformation of percent crown closure as the independent

variable, was used. The regression model used for both

relationships was:

= a + b log X

where

= predicted degree day snow melt factor

X = percent crown closure .

Average degree day snow melt factors (group means)

for each snow course were not regressed on respective snow

course crown closure, because of the variable number of snow

melt periods for each snow course. Each snow melt period

was treated as an individual observation in this regression.

Also individual observations were used instead of group

means because the grouped means were assumed to have hetero-

geneous variances. Group means of unequal sample size and

heterogeneous variance yield biased estimates of the true

error variance and produce spurious estimates of the corre-

lation coefficient (Fruend 1971). In order to develop a
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valid regression using this type of grouped data, each mean

must be weighted by the respective groups sample size and

variance. Since this procedure produces a regression which

is not applicable for prediction purposes, it was not

employed.

The applicability of the prediction relationships

developed as described above was evaluated using degree day

snow melt factors and crown closure values from Beaver Creek

Watersheds 12, 15 and 17 (Brown 1971). Snow melt data on

these watersheds were collected with a federal snow sampler.

The procedures followed in collection of snow melt and tem-

perature data from Watersheds 12, 15 and 17 were described

by Ffolliott and Hansen (1968), Garn (1969) and Thorud

(1969), respectively. Since all three validation watersheds

were located at essentially the same elevation, lapse rate

adjustments were not necessary. Conversion of snow melt and

temperature data into degree day snow melt factors was

carried out in the same manner used in the development of

the basic relationships. Crown closure estimates for vali-

dation Watersheds 12 and 17 were obtained by converting

basal area estimates to percent crown closure (Clary and

Ffolliott 1970). Crown closure estimates for Watershed 15

were obtained with Brown's (1962) Canopy Camera (Garn 1969).
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Median and maximum temperature degree day snow melt

factors and percent crown closure from Watersheds 12, 15

and 17 were used in testing the two prediction relationships.

First, a simultaneous confidence band (a = 0.10) was con-

structed around both median and maximum temperature regres-

sion equations. The simultaneous confidence band used was

(Scheffe 1959):

*± S	 1/2F(2,n-2) (1 + (X - )7)2 1y.x ns 2	 j

where

= predicted degree day snow melt factor

= standard error of estimatey.x

s 2 = error variance

X = observed individual value of crown closure

X = mean value of crown closure

Since the objective of this study was to evaluate

snow melt indices using ponderosa pine crown closure as an

inventory-prediction variable, a conservative confidence

band was used for validation. This confidence band enabled

bounds to be placed around all possible points along the

regression line. This conservative confidence band allowed

for all possible predictions of degree day snow melt factors

(Scheffe 1959).



CHAPTER 4

RESULTS AND DISCUSSION

Snow Melt Index Values 

The degree day snow melt factor developed for median

temperature index in this Arizona study was lower than those

developed in California (Corps of Engineers 1956), New York

(Lull and Rushmore 1960) and Arizona (Garn 1969). In this

Arizona study the median temperature degree day snow melt

factor ranged from 0.001 to 0.201 inches with a mean of 0.04

inches. The average median temperature degree day snow melt

factor in California, New York and Arizona was 0.08, 0.047

and 0 . 0 84 inches, respectively (Corps of Engineers 1956;

Lull and Rushmore 1960; Garn 1969).

The maximum temperature degree day snow melt factor

developed in this study was also lower than that developed

in California (Corps of Engineers 1956). The maximum tem-

perature degree day snow melt factor in this study ranged

from 0.002 to 0.28 inches with a mean of 0.008 inches while

the Corps of Engineers' (1956) California mean value for the

maximum temperature degree day snow melt factor was 0.04

inches.

Differences in both median and maximum degree day

snow melt factors between this and other studies may be a

33
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result of two factors. The lower Arizona degree day snow

melt factors may be due to biased snow course location. SCS

procedures dictate that snow courses be located in areas of

prolonged snow retention as these courses are established

to index and forecast spring runoff. Spring runoff esti-

mates required that snow courses maintain snow cover well

into the melt season. Therefore, snow on these courses

might tend to be lower than other areas, and thus, not re-

presentative of overall mean Arizona melt rates.

The location of climatic index stations with respect

to the snow courses could have also contributed to the lower

melt values observed in Arizona. Often, climatic index sta-

tions used to estimate intermittent precipitation were

located at considerable distances from the snow courses.

Undetected intermittent precipitation occurring on these

snow courses but not measured at the climatic index stations

could yield low estimates of actual melt.

The maximum temperature degree day snow melt factor

developed in this study was but one-fifth as large as the

Corps of Engineers' (1956) estimate. This large difference

may not necessarily be attributed solely to biased snow

course location and undetected intermittent precipitation

during melt intervals. The magnitude of the difference was

large enough to suggest that unexplained variation was

present.
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Inventory-Prediction Equations 

The melt prediction equation based on maximum tem-

perature was a statistically significant (a = 0.10) regres-

sion, while the median temperature melt prediction equation

was not statistically significant.

The prediction equation (Figure 10) for the maximum

temperature model was:

= 0.025 - 0.012 log X

where

Y = predicted degree day snow melt factor

based on maximum temperature

X = percent crown closure.

The unbiased estimate of the true variance about the

regression is the residual mean square, which was 0.000038

inches of degree day snow melt. The correlation coefficient,

(r), which measures the degree of association between the

two variables, was 0.35.

This maximum temperature regression equation can not

be compared to the median temperature relationship developed

in New York (Lull and Rushmore 1960). Apparently in Arizona

maximum temperature provides a better index of snow melt

than median temperature. The apparent advantage of using

maximum temperature as a melt index has not been explained.
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Figure 10. Maximum Temperature Inventory-Prediction
Equation, with Degree Day Snow Melt Factor as the

Dependent Variable and Percent Crown Closure
as the Independent Variable.
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The Arizona median temperature degree day snow melt

factor relationship was a non-significant regression. In

contrast to the results of this study, the Lull and Rushmore

(1960) median temperature degree day snow melt factor pre-

diction equation accounted for 76 percent of the variation

in melt (Figure 11), allowing it to be considered for use in

field predictions of degree day snow melt factors. This

large discrepancy in predictive capacity between the two

models was possibly a result of major differences in the two

study procedures.

In Arizona, the snow courses evaluated were located

throughout the state. The wide aerial spread required

selection of climatic index stations in the vicinity of

each snow course. In New York, however, snow courses used

were located within ten miles of Paul Smith College, which

was the location of the one climatic index station used for

all temperature adjustments and intermittent precipitation

estimates (Lull and Rushmore 1960). The widely dispersed

snow courses in Arizona possibly index a more heterogeneous

population than the relatively small cluster of snow courses

used in New York; thus, melt values in Arizona might be more

variable.

The large number of climatic index stations used to

estimate temperature and intermittent precipitation in
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Figure 11. Median Temperature Prediction Equation,
with Degree Day Snow Melt Factor as the
Dependent Variable and Percent Crown
Closure as the Independent Variable.

Source: Lull and Rushmore 1960,
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Arizona represent a larger source of potential variation

than the single climatic index station used in New York.

Another difference between the two studies is that

source data were collected for one snow melt season in New

York, while the Arizona relationship was developed from

data representing many snow melt seasons.

In Arizona, seasonal degree day snow melt factors

exhibited wide variation on the same snow course. This

variation might be a result, in part, of climatic changes.

Thus, climatic variation should possibly be considered along

with physical site characteristics as a factor effecting

degree day snow melt factors.

The variation in degree day snow melt factors among

snow seasons in Arizona was possibly responsible for the

statistically non-significant relationship developed. If

seasonal climatic changes account for the great variability

in degree day snow melt factors, future attempts at develop-

ing show melt prediction techniques should possibly consider

climatic variables.

One way to identify climatic change, as a factor

effecting snow melt, would be to develop the prediction

relationships over a single season. However, if seasonal

variation is large relative to total variation, a predictive

relationship based on a single season may not be applicable

for snow melt prediction in future years. It is possible
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that seasonal variation will need to be accounted for in any

snow melt prediction relationship which is to be applied to

future prediction situations.

The maximum temperature melt prediction relationship

was subject to the same sources of variation as described

for median melt, i.e., wide aerial spread of snow courses

and climatic index stations, and between season snow melt

variation. Thus, the maximum melt prediction relationship

although a significant regression, was not suitable for snow

melt prediction, possibly due to the above sources of varia-

tion. The correlation coefficient, (r), which measures the

degree of association between maximum melt per degree day

and percent crown closure was 0.35. This indicates some

association, but not enough for prediction purposes.

Validation of Technique 

The maximum temperature degree day snow melt factor

validation data for Beaver Creek Watershed 12 and 17 fell

within the confidence band, while validation data for

Watershed 15 was outside the confidence band. Maximum tem-

perature degree day snow melt factors and percent crown

closure for Beaver Creek Watersheds 12, 15 and 17 for the

validation periods are given in Table 5.

The wide confidence band suggests an unsatisfactory

prediction relationship for maximum temperature degree day

snow melt factors; therefore, validation data from



Table 5. Maximum Temperature Degree Day Snow
Melt Factors, Percent Crown Closure and

Period of Melt for Watersheds
12, 15 and 17

Degree Day	 Crown
Watershed	 Snow Melt	 Closure	 Period

Factor (%)

12 0.010 41.3 March 4-20,	 1966

15 0.019
0.011

33.9
33.9

February 17-24, 1967
March 16-29,	 1968

17 0.011 51.6 March 15-29,	 1969
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Watersheds 12 and 17, which fell within the confidence band,

do not necessarily indicate acceptance of the relationship.

Validation data for Watershed 15 were plotted at

mean crown closure of the prediction equation. The fact

that the validation data from Watershed 15 fell outside the

confidence band at the best prediction point (mean crown

closure of the prediction relationship) also indicates that

the relationship is not adequate for predictive purposes.

Sources of Error 

Measurement and temperature extrapolation errors

were common to this Arizona study and to Lull and Rushmore's

study (1960). Degree day snow melt factor determinations

were subject to random errors in snow measurements; the

accuracy of the federal snow sampler is ± 0.5 inches of

water equivalent (Work et al. 1965). In Arizona, this may

have been a large source of error, considering the magnitude

of many melt intervals was less than 0.5 inches of water

equivalent.

Another error common to both studies may have

resulted from extrapolating temperature measurements between

climatic index stations and snow courses. The extrapolation

technique was based on the assumption that, after lapse rate

adjustment, climatic index station temperature was equiva-

lent to snow course temperature. The greater the
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extrapolation distance, the less accurate the temperature

estimate may be. Monthly lapse rate adjustments were devel-

oped for the entire ponderosa pine type in Arizona. These

lapse rates were used for adjusting maximum and minimum tem-

peratures from each climatic index station. Undoubtedly,

lapse rate values developed for this large area introduced

error into estimates of snow course temperature in Arizona.

In New York temperature extrapolation error was possibly

small because all snow courses were located within ten miles

of the climatic index station.



CHAPTER 5

SUMMARY AND CONCLUSIONS

The median temperature degree day snow melt factor

developed in this Arizona study was lower than those devel-

oped in California, New York or Arizona. This low median

temperature value was possibly due in part to biased snow

course location and undetected intermittent precipitation.

The maximum temperature degree day snow melt factor

developed in this study was also low with respect to that

same melt index developed in California. In fact, the

Arizona maximum degree day snow melt factor was much too

small to be explained solely by biased snow course location

and undetected intermittent precipitation. Some source of

unexplained variation was probably present in the develop-

ment of maximum temperature degree day snow melt factor.

The inventory-prediction relationship involving

median temperature degree day snow melt factors and percent

crown closure produced a non-significant regression. A

similar relationship, developed by Lull and Rushmore (1960)

in New York, explained 76 percent of the variation in melt.

The median temperature relationship developed in

this study and the relationship developed by Lull and

44
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Rushmore (1960) differed in predictive capabilities possibly

because of basic dissimilarities in the two studies. The

Arizona study showed greater variability in degree day snow

melt factors perhaps due to the wide aerial distribution of

the snow courses and the use of one of eight climatic index

stations for estimating temperature and intermittent pre-

cipitation on each snow course. In addition, melt intervals

from different seasons were used in the Arizona study, while

the New York study included only one season of measurements.

Wide variation in Arizona melt values for a given

snow course from different seasons suggests that snow melt

is not solely a function of a particular forest site, but is

also a function of climatic variation from season to season.

It is possible that in Arizona, seasonal climatic variations

have a greater effect on degree day snow melt factors than

physical site characteristics such as crown closure.

Maximum temperature melt developed in Arizona,

although a significant regression relationship, explained

only 12 percent of the variation in melt and, thus, may be

considered of little value for snow melt prediction. Possi-

bly this inadequate melt prediction relationship was a re-

sult of the same sources of variation discussed under the

median temperature relationship.

Future efforts designed to develop degree day snow

melt factor prediction relationships, probably should include
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climatic variation as well as physical site characteristics.

Proper evaluation of climatic variation would require large

numbers of degree day snow melt factors for different snow

seasons. This would increase the sample size and reduce the

variation due to between season climatic differences. Hope-

fully, a large portion of the remaining variation in the

prediction relationship could be explained by physical site

characteristics, e.g. crown closure.

The extreme variation in degree day snow melt

factors resulted in a wide acceptance area on either side

of mean crown closure. Therefore, even though the valida-

tion data for Watersheds 12 and 17 fell within the band, the

relationship was rejected for inventory-prediction purposes.

The fact that Watershed 15 validation data fell outside the

band substantiated rejecting the relationship. Thus, based

on the results of this study, crown closure does not appear

to be an adequate inventory-prediction variable of maximum

or median temperature degree day snow melt factors in

Arizona ponderosa pine.



APPENDIX A

MAXIMUM AND MINIMUM TEMPERATURE LAPSE RATE
REGRESSION EQUATIONS FOR JANUARY,

FEBRUARY AND MARCH
1951-1960

Table 1-A. Regrssion Equations of Maximum
Temperature (Y) Regressed on Climatic

Index Station Elevation (X)

Month	 Equation

January	 = 54.35 - 0.00128X

February	 = 63.53 - 0.00235X

March	 Y = 75.27 - 0.00329X

Table 2-A. Regression Equations of Minimum
Temperature (Y) Regressed on Climatic

Index Station Elevation (X)

Month	 Equation

January	 Y = 51.89 - 0.00516X

February	 = 55.59 - 0.00558X

March	 Y = 56.27 - 0.00498X
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