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ABSTRACT

This snow hydrology study was based on measurements taken on the

South Fork of the Thomas Creek Watershed, near Alpine, Arizona,

during the 1982 and 1983 snow seasons. The objectives of this study

were to quantify mathematical expressions of snow pack dynamics at

peak accumulation for the mixed-conifer forests of Arizona, and to

develop watershed management parameters that could be used to optimize

specific water resource objectives. Results from this study suggest

that increasing potential solar radiation and the size of openings in

a forest will enhance the ability of a forest opening to accumulate

snow. Further, by controlling the relative size of the opening, a

watershed manager could possibly control the timing and peak discharge

in streams resulting from snowmelt runoff.

vi



INTRODUCTION

Describing the impact that a forested watershed has on snowpack

accumulation, retention, and melt factors has been a topic of interest

to watershed researchers for nearly a century (Jaenicke and Forester

1915, Connaughton 1933, Wilm 1948, Packer 1962, Berndt 1965, Meiman

and Dietrich 1975, Harested and Bunnel 1981). Near Flagstaff,

Arizona, Jaenicke and Forester (1915) first noted that small forest

openings tended to accumulate more snow than the surrounding forest

area. This same general observation was reported by other watershed

researchers in other regions of the country (Niederhof and Dunford

1942, Packer 1962, Gary 1975, Gary and Troendle 1982, Golding and

Swanson 1978).

Based on the results from these earlier studies, applied

research in forest snow hydrology was initiated in Arizona in the

early 1960's (Hansen and Ffolliott 1968, Ffolliott and Thorud 1969,

Thorud and Ffolliott 1972, Tennyson, Ffolliott and Thorud 1974, Warren

1974, Aul and Ffolliott 1975, Gottfried and Ffolliott 1980, Timmer,

Ffolliott and Baker 1984). The intent of much of the early research

was to develop forest management techniques to optimize the quantity

and timing of snowmelt runoff (Thorud and Ffolliott 1972). To achieve

these optimizations, quantifications of snowpack accumulation-melt

relationship were necessary to predict behavior in the forest

opening. These initial studies concentrated on the ponderosa pine
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forest type, with relatively little research in the mixed-conifer

forest type (Ffolliott 1986).

In an exploratory snow hydrology study in mixed-conifer forests,

Warren (1974) developed estimates of snowpack accumulation and melt

dynamics in an undisturbed forest in east-central Arizona. He found,

using a "storage-duration index" described by Wilm (1948), that:

1. a decrease in forest densities led to increased snowpack

accumulation;

2. a decrease in forest densities led to a reduction in the

length of storage for the snowpacks;

3. potential daily radiation was a controlling factor in

snowmelt; and

4 • a watershed manager could obtain desired runoff

characteristics from the snowpack if the forest was cut in an

appropriate manner.

On the South Fork of Thomas Creek, an experimental watershed

contiguous to that which Warren (1974) analyzed, small irregularly

shaped patch cut openings were created. The study described herein

utilized these openings to compare the snowpack dynamics within the

openings with that of the surrounding forest.



DESCRIPTION OF STUDY

The objectives of this study were:

1. to utilize or modify mathematical relationships previously

developed by Gopen (1974) in ponderosa pine forests or, if

necessary, develop new mathematical relationships to describe

the forest opening-snowpack interelationships in the

mixed-conifer forests; and

2. to develop watershed management guidelines that can be used

for planning timber harvests in a manner that will benefit water

resource objectives.

Study Area

The South Fork of Thomas Creek, located approximately 20 miles

south of Alpine, Arizona, was the study area. This watershed is 560

acres in size, ranges in elevation from 8350 to 9150 feet, and is

easterly in aspect. Average annual precipitation is 29 inches, of

which approximately one-half is snow. Soils are developed from a

basaltic parent material (Gottfried and Ffolliott 1981).

The mixed-conifer forests on the watershed include white fir
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(Abies concolor), Engelmann spruce (Picea engelmanii), Douglas-fir

(Pseudotsuga menziesii var. glauca), ponderosa pine (Pinus ponderosa),

southwestern white pine (Pinus strobiformis), corkbark fir (Ables 

lasiocarpa var. arizonica), blue spruce (Picea pungens), and aspen

(Populus tremuloides).

Nine study plots were established on the study area. By

definition, a study plot consisted of a small forest opening, 0.25 to

1.6 acres in size, and the forested area surrounding the opening.

These plots were northeasterly in aspect and located above 8900 feet

in elevation. The average forest densities surrounding the openings

ranged from 95 to 165 square feet of basal area per acre, with a mean

basal area of 120 square feet per acre.

At each plot two sampling lines, which crossed at right angles

in the center of the opening, were established (Figure 1). For each

sample plot, an estimate of average forest tree height (H) was

developed, with sample points spaced along the sampling lines at

approximately 1H intervals. At each opening edge, sample points were

extended a distance of 3H into the forest at 1H intervals. All snow,

descriptive forest inventory, and physiographic measurements were

taken at these sample points.

Data Collection

Preliminary snow measurements were collected in three of the
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openings in March of 1982 for the purpose of developing a sampling

design for subsequent measurements. Primary source data for the study

were collected from October 1982 to October 1983.

Snow measurements were obtained on six dates during the period

of January to May of 1983. The specific dates of snow sampling were

January 11, March 15, April 2, April 23, May 5, and May 14. A set of

snow measurements consisted of an estimate of snow pack depth and the

associated snow water equivalent (WE) at all sampling points on each

of the nine plots. The snow measurements were scheduled to obtain two

sets of data prior to peak accumulation of the snowpack, one to two

sets of measurements near peak accumulation, and two to three sets of

measurements following peak accumulation.

Snow samples were obtained with a Federal snow tube, an

instrument that allows an estimate of depth and WE (in inches) of the

snowpack. The sampler is utilized by forcing the tube vertically into

the snowpack, with care taken not to drive the tube into the frozen or

semi-frozen soil.

Initially, the data were analyzed graphically for trends that

would warrant changes in the scheduling of subsequent snow sampling

for the 1983 season. By plotting the data points, it was possible to

determine whether the plot was accumulating or depleting with respect

to the previous sets of measurements (Figure 2). These graphs, in



7

conjunction with site reports from U.S. Forest Service personnel, were

utilized to ascertain that the prescribed sampling frequency was met.

In July 1983, a descriptive forest inventory was conducted,

using horizontal point sampling with a basal area factor (BAF) of 25.

Estimates of basal area per acre, stem diameter at breast height

(d.b.h.), and tree height for the sampled trees were developed.

Estimates of average slope and aspect at the study plot were also made

at this time.

Alternate expressions of forest density, stem density and bole

area were developed to compliment the density estimate of basal area

per acre. Stem density is an estimate of forest density related to

the cumulative d.b.h. in a forest stand (Husch, Miller and Beers

1982). Bole area is based on the cumulative bole surface area ( Lexen

1943). These alternative estimates of density were developed because

they might be more "sensitive" to variations in size, height, and

diameter common in an uneven-aged mixed conifer forest, as these

variations are related to snowpack dynamics.

From slope-aspect measurements obtained at the sample points,

estimates of the average daily potential solar irradiation were

obtained from tables developed by Frank and Lee (1966). This estimate

of solar radiation was used because most longwave and shortwave

radiation terms are self-canceling in a long term radiation budget,
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leaving direct incoming solar radiation as the variable that often is

the "driving" term.

The size of the opening (in acres) was determined from 1:8000

black and white aerial photography of the watershed.

The final variable derived from the source data was an estimate

of the "net effect" of the opening on snowpack dynamics. This

variable represented the cumulative difference between an opening and

surrounding forest in terms of whether the opening had more, less or

the same amount of snow as the surrounding forest. A positive "net

effect" meant the opening had accumulated more snow than the forest, a

negative "net effect" meant the forest accumulated more snow than the

opening, and a zero "net effect" indicated no difference in

accumulation.

Gopen (1974) developed a technique that allows for the

quantification of the "net effect" variable. By his method, the "net

effect" is quantified by determining the weighted average WE for the

forested area snowpack, and then summing the difference between the WE

for each sample point versus the weighted WE in the forest. This

technique was employed in this study.

The U.S. Forest Service, maintained daily precipitation records

and stream flow hydrographs for the South Fork of Thomas Creek. These

data, in conjunction with estimates of the average WE for the snowpack
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were utilized in derivation of the indexing variable watershed

response. The watershed response index relates the percentage of

total precipitational input that results in stream outflow for a

specified time period.

Analytic Techniques

To satisfy the first objective, estimates of the "net effect" of

the opening were developed for the South Fork of Thomas Creek study

plots, utilizing the equation developed by Gopen (1974). These

estimates were then compared to the estimates of "net effect"

developed from the snow course data, using correlation technique.

An additional estimate of "net effect" was developed for peak

snowpack accumulation, utilizing multiple regression technique. This

analysis employed "net effect" as the dependent variable, with

expressions of potential solar radiation, forest density, and the size

of the opening as independent variables. Other data, such as daily

temperature, precipitation input and elevation, were not utilized

since these measurements were not available for each study plot.

Following a multiple regression analysis for peak accumulation,

it was determined that it would be beneficial to develop alternative

estimates of "net effect" for all sampling periods using simple

regression techniques. Again, "net effect" was the dependent

variable, with estimates of cumulative radiation in langleys, size of



the opening in acres, and average forest density surrounding the

opening as estimated by square feet of basal area per acre, as

independent variables.

From the snow data obtained in March 1982 initial estimates of

"net effect" were developed. These estimates then were compared to

Gopen's equation, the multiple regression estimate developed from the

1983 snow data for peak accumulation, and finally new estimates of

"net effect" developed using simple regression techniques.

RESULTS AND DISCUSSION

As previously mentioned, six complete sets of snow measurements

were obtained from January to May, 1983. Two sets of data were

obtained prior to peak accumulation, one set at peak accumulation, and

three sets following peak accumulation. The single set of snow

measurements in March of 1982, represented approximately the peak

accumulation for the 1982 snow season.

Snow Season Characteristics

To place this study in proper perspective with other snow

seasons and other snow hydrology research, it should be interpreted

with an understanding of the snow season characteristics for 1982 and

1983 on the South Fork of Thomas Creek Watershed.

1 1
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The 1982 snow season total of 15.1 inches of precipitation was

less than the average precipitation for the watershed, 15.9 inches,

based on a record of nearly 23 years (Figure 3). Precipitation was 4

inches above average for the months of January, February, and March.

The October, November, and December precipitation total was 4.9 inches

below average. Peak accumulation occurred in mid-March. Runoff

efficiency for the snow season was estimated to be 18 percent.

The 1983 snow season, the season of primary data collection, was

above average with 23.5 inches of precipitation falling on the

watershed (Figure 3). Above average precipitation was recorded for

nearly all months, with a monthly high of 5.80 inches in March, in

excess of twice the monthly average. Peak snowpack accumulation

occurred during the first week of April, roughly 2 to 3 weeks later

than the 1982 season. Snowpack densities were less than 35% up thru

the April 2, measurements. However, by April 23, the densities were

in excess of 35% indicating a "ripe" snowpack. Runoff efficiency for

the 1983 season was 48%, with peak discharge from the watershed

occurring on May 9.

Comparison With Previous Study

The qualitative assessment that the openings were accumulating

more snow than the surrounding forests was quantified by analyzing the

"net effect" variable. All nine study plots maintained a positive

"net effect" in total during the snowpack accumulation phase.
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However, a few individual transects did show a negative "net effect"

during this period. During the melt phase variable rates of "net

effect" decline were observed (Table 1).

Estimates of the "net effect" developed from measurements

obtained on January 11, April 2, and May 5, 1983 were compared to the

predicted estimates of "net effect" utilizing Gopen's equation.

Gopen's equation of "net effect" is (Gopen 1974):

Y = 117.0 - 0.226(X1)(X2) + 0.471(X3**2) - 0.119(X4)

where Y = "net effect" of water equivalent in the opening
compared to the water equivalent in the forest

X1 = basal area, in square feet per acre

X2 = opening width

X3 = precipitation, in inches

X4 = daily potential insolation, in langleys

R**2 = 0.561
The estimates of "net effect" predicted through solutions of

Gopen's equation were compared to the estimates of "net effect",

listed for transects "A" and "B" in Table 1, for the previously

mentioned sampling dates using correlation technique. For the January

and May estimates, the correlations were non-significant (alpha =

0.10). The peak accumulation estimates, on April 2, 1983, were

significantly correlated, with a correlation coefficient of -0.83.

However, the usefulness of Gopen's equation was suspect, since a

negative correlation meant that Gopen's equation was predicting the

lowest "net effect" when the highest "net effect" was "measured".
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Table 1: "Net Effect" Of Snowpack 1983 Sampling Dates 

Sample
Plot

JANUARY 11 MARCH 15 	APRIL 2 	APRIL 23 MAY 5 MAY 14
(inches of water)

lA 12.8 9.6 17.3 8.4 8.9 0.0
B 0.7 -3.0 -10.4 13.1 7.2 -5.1

PLOT 15.0 6.6 6.9 -4.7 16.1 -5.2

2A 9.3 26.3 19.5 24.4 15.5 -1.5
B 7.6 5.6 20.9 16.0 7.2 1.8

PLOT 17.3 32.8 41.1 41.4 22.8 0.3

3A 12.9 18.1 15.2 6.2 -6. 0 -4.8
B 7.7 43.3 25.2 19.2 37.8 20.9

PLOT 23.7 45.3 40.1 27.8 31.6 16.2

4A 24.5 49.7 47. 0 48.8 23. 0 -1.8
B 1.2 6.1 8.6 9.8 9.5 6.4

PLOT 21.4 54.3 52.6 55.0 36.1 -6.8

5A 8.1 5.4 22.1 7.2 -7.0 3.5
B 0.2 -0.1 9.5 -2.8 7.2 8.2

PLOT 8.2 5.3 31.6 4.6 0.1 11.8

6A -1.2 0.2 9.8 12.3 15.9 4. 0
B 2.2 0.7 3.7 2.0 -6.9 0.3

PLOT 1.4 1.9 13.7 14.8 7.3 3.7

7A 6.6 2.6 28.5 3.6 -2.4 -10.2
B 6.4 6.9 7.9 9.6 -5.5 -1.3

PLOT 14.6 4.9 37.3 15.9 -6.4 -9. 0

8A 29.3 36. 0 51. 0 35. 0 2.6 -7.9
B 7.4 16.5 12.0 35.9 -9.1 -15.9

PLOT 32.8 51.6 61.3 50.0 -4.9 -25.0

9A 18.9 26.1 36.1 41.8 34.1 5.1
B 6.8 10.5 13.1 14.1 9.8 -0.5

PLOT 21.1 32.2 41.8 44.2 31.6 -2.2

**A refers to the transect primarily oriented from NE to SW
**B refers to the transect primarily oriented from NW to SE
**PLOT refers to the estimated "net effect" for the entire

sample plot
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Development of a New Equation

Due to the poor correlation with Gopen's equation, a new

multiple regression estimate was developed, with "net effect" as the

dependent variable and seasonal cumulative irradiation, size of the

opening in acres, and the forest density expressed in square feet of

basal area as the independent variables. Estimates of the "net

effect" of the plot, as tabulated on Table 1, were developed from the

peak accumulation, April 2, 1983, snowpack measurements. The

empirical relationships developed sequentially by the step forward

technique were:

Step 1

Y = -144.0 + 0.00263(X1)

Y = "net effect" of the opening in inches of water

X1 = seasonal cumulative solar irradiation, in
langleys

R**2 = o.468

Step 2

Y = -163.0 + 0.00302(X1) + 22.1(X2)

X2 = size of opening, in acres

R**2 = 0.675

Step 3

The addition of forest density variables regardless of
expression, did not improve upon the multiple
regression developed in step two.
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Review of these empirical relationships suggested that a

positive "net effect" at peak accumulation is a function of increasing

solar radiation and increasing size of the opening. Increased

accumulation with a larger opening is consistent with previous

research (Golding and Swanson 1978, Gary and Troendle 1982). However,

to obtain an increased "net effect" with increasing solar radiation

had not been previously reported. Furthermore, in general, this

result did not seem logical since it would infer that "warm" sites

accumulate more snow. However, as indicated in Table 2, the values of

solar radiation were within a narrow range due to similar site

characteristics. In part, the irregular results for this study were

partially explained by this similarity.

As a test of the applicability, the 1982 estimates for "net

effect" were compared to those estimates of "net effect" predicted

from the above equation (Table 3). This test would serve to show

whether this equation would be valid for predicting "net effect" on

the South Fork of Thomas Creek. The estimates and prediction were

correlated significantly; however, the correlation coefficient was

correlated negatively. This result was surprising both in the strong

correlation and in the correlation being negative. Again, the result

might be explained by the limited spatial variability between the

three plots.
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Table 2: Values Used In Multiple Regression, Peak Accumulation

April 2, 1983

Plot	 Opening Size	 Cumulative Insolation 	 Basal Area

# 	acres 	langleys 	square feet

1	 1.2	 47914	 110

2 	0 .8	 59482	 100

3	 1.1	 57322	 129

4	 1.1	 57322	 120

5 	0 .8	 56536	 121

6 	0 .3	 56536	 115

7	 1.1	 59482	 96

8	 1.0	 66116	 165

9	 1.6	 53047	 141

Due to these differing results between snow years it was

determined that additional analysis of the independent variables would

be warranted. Utilizing simple regression technique, cumulative solar

irradiation, size of the opening and forest density were further

analyzed as independent variables for each of the six samplings in

1983 and the single sampling obtained in 1982. However, additional

significant expressions were not developed from this analysis.
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Table 3: "Net Effect" 1982 Peak Accumulation

March 17, 1982

SAMPLE
PLOT 1

SAMPLE
PLOT 2

SAMPLE
PLOT 5

A 23.86 15.50 10.14

B -1.82 7.03 3.50

Plot 22.50 5.82 12.38

**A refers to the transect primarily oriented NE to SW
**B refers to the transect primarily oriented NW to SE
**Plot refers to the estimated "net effect" for the entire

sample plot

Management Guidelines

The development of specific watershed management guidelines was

not achieved, due to the difficulty in developing a rational model.

However, it was possible to develop "rule of thumb" guidelines.

In general, at peak accumulation, as the size of the opening

increased so did the "net effect" of the opening. Although the upper

range of this relationship was not established the data would suggest

that openings of 2 acres in size would continue to exhibit increased

opening "net effect".

As previously reported, approximately 8.0 more inches of snow

fell in the 1983 snow season than fell in the 1982 snow season, a 36%

increase. Likewise, runoff efficiency for the 1983 season was 48%
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while the 1982 runoff efficiency was 18% or as expressed as a

percentage change, a 63% increase in runoff efficiency. Although the

total amount of snow to a watershed in a given year is not influenced

by the creation of small openings, the "total available water" on a

small sub-basin of the watershed could be influenced by silvicultural

practices. While this study did not analyze the specific impacts to

the stream flow hydrograph, it was hypothesized that runoff efficiency

also would be impacted through the use of these same silvicultural

practices. The following general guidelines were deemed appropriate

based on qualitative observations and general hydrology principals.

If one of the watershed management objectives is to increase

water yields, a watershed manager could clear-cut the entire watershed

and treat the soils to enhance runoff. However, this extreme measure

would not be allowed in most circumstances. If the use of small patch

cut openings is a viable alternative, the watershed manager should

consider a harvesting scheme that would concentrate the patch cuts on

a sub-basin of the watershed, along a defined flow path or within a

reasonably short overland flow distance to the defined flow path.

Although at this time, no guidelines are available that would dictate

what percentage of a sub-basin to cut to optimize runoff efficiency

intuitively as you approach the clear-cut condition runoff efficiency

will continue to increase.



Likewise, if a watershed manager was concerned about rapid

runoff and potential downstream flooding harvesting should be limited

to thinnings. If clear-cutting is required, due to silvicultural

needs or the economy of logging the site, than harvesting should be

limited to patch cuts, spaced thru out the watershed so as to not

concentrate the cuts on any given sub-basin.

CONCLUSION

The first objective of this study was to utilize, modify, or

develop mathematical relationships that adequately describe forest

opening snow pack dynamics for the mixed conifer forests.

Satisfaction of this objective was attempted in two different ways:

comparison with Gopen's (1974) equation, and development of multiple

regression equations for peak snowpack accumulation. Unfortunately

neither of these approaches met the objective of providing rational

modeling for use in the mixed conifer forests. This result was

partially explained by the limited range in spatial variability

between study plots used in this study and the use of only spatial

data in developing the model.

The second objective of this study was to develop watershed

management guidelines that can be used for planning a timber harvest

in a manner that will benefit specific water resource management

goals. However, due to the lack of a rational mathematical model,

specific management guidelines were not developed although general

21
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guidelines were suggested based on qualitative observations and basic

hydrologic principals.

If further studies are initiated to assist in the development of

watershed management guidelines, it would be beneficial to:

1. quantifying the upper size of the opening where an increase

in size of the opening beyond that threshold would result in a

decreased "net effect" in snowpack dynamics; and

2. analyze how small openings and the way in which they are

grouped impact the snowmelt runoff hydrograph, the timing of the

peak discharge, the total volume of runoff from the watershed,

and the runoff efficiency for the watershed.
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