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ABSTRACT 

In the Rocky Mountains, most streamflow results from snow

melt and the demand for water in the western United States makes the 

value of accurate streamflow forecasting high. Studies have shown that 

snowpack depletion-runoff relationships have the potential to improve 

various streamflow forecasting techniques. However, the use of these 

relationships in streamflow forecasting has been limited by the difficulty 

in obtaining measures of areal snow cover 

The Earth Resources Technology Satellites (ERTS) have shown 

potential for measuring areal snow cover. Therefore, a study was con

ducted to determine the feasibility of using ERTS imagery to measure 

changes in snow cover in east-central Arizona for use in developing 

snowpack depletion-runoff relationships. 

Results indicated that, despite some difficulties, ERTS-l 

imagery could be interpreted for areal snow cover. Also, a highly signif

icant relationship existed between measures o£ areal snow cover from 

ERTS-l imagery and subsequent runoff during the snowpack depletion 

period. However, quality ERTS-l imagery cannot presently be obtained 

frequently enough to be the sole source of data for monitoring changes 

in areal snow in Arizona. In addition, a delay in obtaining ERTS imagery 

ix 



must be overcome before the data from ERTS imagery can be used for 

practical applications. 
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INTRODUCTION 

The increase in demand for water in the western United States, 

and the construction of multipurpose reservoirs to control and regulate 

snowmelt runoff requires accurate streamflow forecasting. Forecasts are 

needed to determine allowable releases from reservoirs for power, irriga

tion, municipal us e, recreation, pollution abatement and flood control. 

The economic value of accurate streamflow forecasting is high 

due to savings realized by user and environmental concerns. For exam

pIe, it is estimated that accurate streamflow forecasting may be worth 

40,000,000 dollars annually to California alone (Barnes, Bowley, and 

Simmes 1974). Increases of five percent in the accuracy of streamflow 

forecasts may result in savings of millions of dollars to interests associ

ated with drainage basins such as the Columbia and the Colorado (Earth 

Satellite Corp. 1974). 

In the Rocky Mountains, most streamflow results from snowmelt. 

However, the processes which produce runoff from snowmelt are varied 

and complex. As a result, relatively simple relationships have often 

been derived to empirically relate important factors in the hydrologic 

cycle to snowmelt runoff. Included in these relationships are correlations 

between snowpack depletion and streamflow. 

1 



2 

Many investigators have attempted to use snowpack depletion

runoff relationships for streamflow forecasting. The earliest attempts at 

using such relationships for streamflow forecasting were made over 30 

years ago by Gross (1937), Parshall (1941), and Potts (1944). In the 

1950's, several investigators developed snowpack depletion-runoff fore

cast curves (Brown and Dunford 1956, Garstka et El. 1958, Miller 1953, 

Parsons and Castle 1959). Thoms (1961) discussed how areal snow cover 

measurements of various subbasins within the Columbia River Basin could 

be used in residual volume forecasting. More recently, residual volume 

forecast curves, using measures of snowpack depletion, have been de

veloped for small watersheds in Arizona by Ffolliott and Hanson (1968) 

and in Colorado (Leaf 1967, Leaf 1969). Snowpack depletion-runoff cor

relations have been incorporated into streamflow simulation models 

(Rockwood 1964, Schermerhorn and Kuehl 1968). Finally, methods have 

been described for using areal snow cover measurements in water balance 

methods of seasonal volume runoff forecasting (Corps of Engineers 1956, 

Earth Satellite c'orp. 1974). The results of these investigations indicate 

that areal snow cover measurements have the potential to improve 

various runoff forecasting techniques. 

Areal snow cover measurements may be an especially valuable 

input to streamflow forecasting in Arizona. Snowmelt runoff accounts for 

roughly two-thirds of the mean annual streamflow from the Salt-Verde 

Watershed (Warskow 1971). However, in contrast to most Rocky 



Mountain States, the Arizona snowpack is shallow and intermittent. 

Because of the nature of the snowpack, measures of snowpa:.:k depletion 

in Arizona may have a high correlation with the volume of snowmelt 

runoff . 

Despite its scientific and economic potential, the use of 

measures of snowpack depletion in runoff forecasting has been limited 

because of the difficulty in obtaining measures of areal snow cover 

(Meier 1973). 

3 

Ffolliott and Hanson (1968) utilized ground reconnaissance, 

which is limited in use to small watersheds, to measure areal snow cover. 

Over a large watershed, ground reconnais sance is impractical because 

areas may be inaccessible, obstructions to vision such as forests and 

mountains may exist, and it is time consuming and expensive. 

Early attempts to measure snow cover used index observations 

of a snowpack through ground photos (Gross 1937, Parshall 1941, and 

Potts 1944). This method allows observations to be made frequently. 

Among the disadvantages associated with this method are that a suitable 

vantage point is required to photograph index areas from the ground. 

This vantage point may not exist in some drainages because of mountains 

or forests obscuring the view. Also, because this is an index method, a 

suitable index area needs to be chosen. One area may not exist that 

would be representative of an entire watershed of interest. Furthermore, 

a considerable amount of time and data would be required to establish 
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one area as reliably indexing an entire watershed. Finally, the frequen

cy of obtaining photos could be limited by low visibility weather con

ditions, and interpretation would be slowed by photographic development. 

Leaf (1969) used aerial photography to measure snow cover on 

several small watersheds on the Fraser Experimental Forest in Colorado. 

Aerial photographs offer the advantage of putting an entire watershed on 

a permanent record which can be carefully analyzed after the flight. Also, 

flights may be flown at desired intervals. Unfortunately, there are draw

backs associated with aerial photography. Flying at low altitudes offers 

high resolution, but many photos are required to obtain complete cover

age of a watershed. Flying at high altitudes reduces the number of 

photos needed to obtain complete coverage of a watershed at the expense 

of high resolution in the photos. However, flying at high altitudes may 

also require specialized aircraft which may not be available when needed. 

To photograph a watershed at high or low altitudes requires commission

ing and absorbing the cost of a flight. Finally, aerial photography is 

limited to clear weather conditions, and interpretation is delayed by 

photographic development. 

Aerial reconnaissance may be used to map the snow cover of a 

watershed (Corps of Engineers 1956, Warskow 1971). Flights can be 

flown frequently and the extent of areal snow cover obtained rapidly. 

However, an experienced observer is needed to obtain an accurate snow 

cover estimate. Also, no permanent record is available to check an 



observer's subjective interpretation. Clouds and adverse weather con

ditions limit the frequency and the success I in determining extent of 

snow cover I of aerial reconnaissance flights. Finally I the cost of the 

flight must be absorbed by the group or agency using the data. 

5 

The Earth Resources Technology Satellites (ERTS) have shown 

potential for use in determining areal snow cover (Barnes et.lli.. 1974 I 

Meier 1973). ERTS has the advantage of offering small scale photography 

while maintaining high resolution. Each scan by ERTS views a swath 

180 kilometers wide I and features greater than 70 meters in diameter can 

be detected on the imagery (Rango et al. 1974). ERTS operates continu

ously and I with ERTS-l and ERTS-2 in orbit I scans are repeated every 

nine days. With the availability of ERTS imagery I individual flights for 

photographing or reconnaissance of a snowpack need not be commissioned I 

providing ERTS proves satisfactory in monitoring changes in areal snow 

cover. 



DESCRIPTION OF THE STUDY 

Objectives 

A study was conducted to determine whether ERTS-l imagery 

could be used to monitor changes in areal snow cover for use in develop

ing snow cover-runoff relationships in east-central Arizona. The obj ec

tives were to: 

1. ascertain the availability of quality ERTS-l imagery to 

monitor changes in areal snow cover; 

2. determine whether ERTS-l imagery could be interpreted for 

areal snow cover by employing manual or semi-manual methods 

of interpretation that could be available to those who would 

use snow cover data; 

3. compare estimates .of areal snow cover obtained from ERTS-l 

imagery with estimates obtained from low-altitude aerial snow 

surveys; and 

4. determine whether a relationship existed between measures of 

areal snow cover and subsequent runoff during the snowpack 

depletion period. 

Study Area 

The Black River Watershed above the Black River Pumping 

Station I an area of roughly 1450 square kilometers I was chosen as the 

6 
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study area (Figures 1 and 2). Three considerations went into the selec

tion of this study area. First, daily runoff data at the Black River 

Pumping Station was available. Second, the Watershed ranges in 

altitude from 1745 meters at the Black River Pumping Station to 3533 

meters at the top of Mt. Baldy and, therefore, receives sizeable amounts 

of snowfall during the winter. Third, the Black River is the maj or con

tributor to the Salt River, which is an integral part of the reservoir sys

tem that provides water to Phoenix, Arizona (Barr with associates 1956). 

Seasonal flow from the Black River Watershed averages over 125 million 

cubic meters per year. 

Vegetation on the Black River Watershed is primarily montane

conifer forest with smaller areas in the spruce-fir, mountain meadow 

and pinyon-juniper types. Soils have igneous materials, aIm ost exclu

s ively, as parent material. The watershed is almost totally basaltic in 

respect to geologic formation. 

Interpretation of ERTS-1 Imagery for Areal Snow Cover 

Before ERTS-1 imagery could be interpreted for areal snow 

cover, the format of imagery and a time period for interpretation needed 

to be selected. Also, methodologies had to be established for interpret

ing ERTS-1 imagery for areal snow cover. 
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Figure 1. Location of Black River Watershed in Relation to the 
Snow Zone of Arizona 
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Description of ERTS-l 

The ERTS-1 satellite was launched on July 23, 1972 into a 

near-polar, sun-synchronous orbit at an altitude of 910 kilometers. The 

orbital" configuration of ERTS-1 provides day-to-day sidelap of the view

ing swaths of 14 percent at the equator to more than 80 percent at high 

latitudes. ERTS-1 data are gathered and relayed in a digital format 

which may then be processed into imagery. ERTS-1 imagery, in both 245 

millimeter and 70 millimeter formats, was the data source for this study. 

The imagery was obtained from the Western Aerial Photography Labora

tory, Division of the Agricultural Stabilization and Conservation Service, 

Salt Lake City, Utah. ERTS-1 scans in four spectral bands: green 

(0.5-0.6 Mm), red (0.6-0.7 Mm), and two near infra-red bands 

(0. 7-0.8 Mm and 0.8-1.1 Mm). Imagery used in this study was in the 

red band (0.6-0. 7 Mm) because previous studies have indicated that 

snow cover can be most eas ily detected in this band (Barnes and Bowley 

1973, Evans 1974, Rango ~Ql. 1974). 

Time Period 

The time period analyzed was November I, 1972 to June 12, 

1973. A near record snowpack accumulated in Arizona during the 1972-73 

winter, with estimates of snowpack water equivalent 300 percent above 

normal in early April on the Salt River Watershed (Barnes et~. 1974). 

This time period was selected because imagery from ERTS-1 was 
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available, and it was felt that a heavy snow year would provide the most 

snow cover data. 

Watershed Overlay 

A watershed overlay was developed for the interpretation of the 

ERTS-I imagery. The scale of the 245 millimeter positive transparencies 

is 1:1, 000, 000 and, to interpret this imagery for snow cover on the Black 

River Watershed, the Watershed boundary had to be known. Therefore, 

the Black River Watershed boundary was delineated on a 1 :250, 000 scale 

u. S. Geological Survey topographic map and reduced to a 1: I, 000, 000 

scale through a photographic process. "Zip-a-Tone,,1 shading film was 

laid over the 1: I, 000, 000 scale outline of the Watershed and cut with a 

fine razor knife along the Watershed boundary. The shading film over-

lying the Watershed was then removed and, by photographing the Water-

shed, a 1 :1, 000 i 000 scale overlay of the Watershed was developed, with 

the Watershed area being transparent and areas beyond the Watershed 

opaque. The river channel was opaque on the Watershed overlay to facil-

itate location of the overlay on the ERTS-I imagery. 

Snow Interpretation 

Snow covered areas were determined on the ERTS-I imagery by 

comparison of the brightness level on the Watershed with the edge of the 

ITrade names and company names are used for the benefit of the 
reader, and do not imply endorsement and preferential treatment. 
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snowpack. If areas within the Watershed appeared brighter than areas 

just beyond the edge of the snowpack I they were judged snow covered. 

When not obliterating view of the snowpack on the Watershed I clouds 

were differentiated from snow by pattern recognition I shadows I recogni

tion of terrestrial features I and pattern stability. 

Methods of Interpretation 

The four methods used in the interpretation of areal snow cover 

from ERTS-l imagery were a dot grid method I squares grid method I 

planimeter method I and densitometer method. 

Dot Grid Method. The first method employed was a simple dot 

grid method. A dot grid I with dots approximately 0.1 millimeter in 

diameter and with a density of 50 dots per square centimeter I was devel

oped through a photographic reduction process. Black and white positive 

transparencies with a 245 millimeter format were viewed on a light table I 

with the Watershed overlay used to delineate the Watershed on the 

imagery. A dis secting microscope at 7X power was used for dot counting 

because the microscope I at this power I made viewing of the dots easier 

and still allowed the observer to see patterns on the Watershed. A total 

number of dots over the entire Watershed was determined by randomly 

dropping the dot grid on the Watershed overlay and counting the number 

of dots on the Watershed. This process was repeated ten times to obtain 

a mean total of dots. Percent of snow cover on the Watershed was 
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determined by randomly dropping the dot grid on the imagery, covered 

by the Watershed overlay, counting the number of dots landing on snow 

'covered area, and dividing by the total number of dots on the Watershed. 

This process was repeated three times to obtain a mean percent of snow 

cover. 

Squares Grid Method. A second method of interpretation utilized 

a grid of squares, six millimeters per side, drawn on a sheet of clear 

mylar. Black and white positive transparencies with a 245 millimeter 

format were viewed on a light table. The squares grid was placed over 

the Watershed located on the ERTS-1 imagery by the Watershed overlay. 

The squares grid was located in the same position, with respect to the 

Watershed overlay, each time it was used. Percent of snow covered 

area was determined by estimating the amount of snow cover in a full 

or partial square to the nearest twenty percent, multiplying that estimate 

of snow cover by the area of that full or partial square, and dividing by 

the total area of the Watershed at the 1:1, 000, 000 scale of the imagery. 

Planimeter Method. A third method employed for the interpreta

tion of snow cover from ERTS-1 imagery was a planimeter method. 

Planimetering snow cover on the Black River Watershed directly from 

1:1,000,000 scale imagery was found to be difficult. Therefore, it was 

necessary to transfer the imagery to a larger scale. To accomplish this 

transfer, 70 millimeter negative transparencies of the Black River Water

shed area were used to make 35 millimeter positive slides. The slides 
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were projected to a 1:250 I 000 scale base map of the Black River Water-

shed I and the proj ector was moved until the stream channels of the 

imagery and the base map matched. Boundaries of snow covered areas 

were traced onto the Watershed base map and planimetered to determine 

the snow covered area. Percent of snow cover on the Watershed was 

determined by dividing the snow covered area by the total area of the 

Watershed at a 1:250 I 000 scale. 

Transfer of imagery to different scales may be more easily 

accomplis hed by use of a "Zoom Transfer Scope" 2 if available (Wiesnet 

and McGinnis 1974). 

Densitometer Method. Finally I the fourth method of interpreta-

tion utilized a densitometer. Black and white positive transparencies 

with a 245 millimeter format were viewed on a light table with the Water-

shed overlay blocking out all areas outside the Watershed. A camera I 

above the light table I viewed the imagery and projected it to a televis ion 

screen where it was zeroed-in and brought to full scale. The densitom-

eter I in viewing an image I splits the shades of gray on the imagery into 

twelve discrete levels. False colors can then be assigned to these 

discrete levels and I by flipping a switch on the densitometer I the image 

on the screen goes from black and white to false color. Using this 

switch I the densitometer can be calibrated to a particular photo with the 

2Trade names and company names are used for the benefit of the 
reader I and do not imply endorsement and preferential treatment. 
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obj ective I in this case I of making a given set of false colors occupy 

the snow covered area. When a given set of false colors occupied what 

the interpreter considered to be snow covered I switches above those 

false colors wer.e flipped to the percent scale I and the densitometer gave 

area of snow cover as a percent of the total area of the Watershed 

proj ected on the screen. 

Analysis of Interpretation of ERTS-l Imagery 

An analysis of the interpretation of ERTS-l imagery for areal 

snow cover was made to satisfy Objective 1. To analyze whether ERTS-l 

imagery could be interpreted for areal snow cover I tests were run on the 

basis of estimates of areal snow cover by one observer and on estimates 

of areal snow cover by four observers. 

Analysis Based on One Observer 

Areal snow cover estimates on the Black River Watershed were 

made by one observer I using all four previously described methods of 

interpretation. Measurements of areal snow cover were made within a. 

one week period. After a set of meas urements was completed I a week 

was allowed to pass before once again analyzing the imagery. This 

process was repeated three times. A split plot analysis of variance 

evaluated at a 95 percent Significance level was used to test for differ

ences among methods and differences among estimates of snow cover with 

time. 
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Analys is Based on Four Observers 

Areal snow cover estimates of the Black River Watershed were 

also made by four observers using the dot and squares grid methods of 

interpretation. All observers were instructed to interpret snow covered 

areas by the methods previously described. The dot and squares grid 

methods were selected for interpretation because these were the methods 

that were judged to be most readily available to those who would use 

areal snow cover data. A split plot analysis of variance evaluated at a 

95 percent significance level was used to test for differences among 

observers and differences between methods. 

Comparison of ERTS-l and Snow Survey Data 

To satisfy Objective 1, a comparison was made between 

estimates of areal snow cover obtained from ERTS-l and estimates ob

tained from mapping by low-altitude aerial snow surveys. 

Because of the near record snowpack in the winter of 1972-73 

and the transient characteristics of the snowpack on the Salt-Verde 

Watershed, low-altitude aerial snow surveys were flown frequently by 

the Salt River Project throughout the snow season. Areal snow cover, 

obtained from the snow surveys, was mapped on a 1: 1,000,000 scale 

base map of the Salt-Verde Watershed. Percent of areal snow cover on 

the Black River Watershed was obtained from the snow survey maps by 

locating the Black River Watershed overlay on the snow survey map, 
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planimetering the snow covered area on the Watershed, and dividing by 

the total area of the Black River Watershed at a 1: 1,000,000 scale. 

Percent of areal snow cover obtained from the snow survey maps was then 

compared to estimates of areal snow cover obtained from ERTS-1 imagery 

by use of a paired i-test evaluated at a 95 percent Significance level. 

Developing Regression Relationships 

To fulfill Objective i, attempts were made to ascertain whether 

a relationship existed between areal snow cover and subsequent runoff 

during the snowpack depletion period. Before it could be ascertained 

whether such a relationship existed, measures of areal snow cover and 

runoff subsequent to a date of snow cover measurement needed to be 

determined. 

A single value of areal snow cover for each date of ERTS-l 

imagery that could be interpreted was obtained by taking a mean of 

values obtained from all methods of interpretation that were judged to be 

feasible for measuring areal snow cover. 

Runoff subsequent to each date that snow cover was measured 

was obtained by summing daily runoff records through June 12, 1973. 

This date was arbitrarily chosen as the termination date for summing of 

runoff data because it was judged to be the last day that Significant snow

melt runoff occurred from the Watershed. This judgement was made 

because: (1) the hydrograph was approaching base flow (Figure 3), 
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suggesting that no significant amounts of snowmelt runoff were occurring; 

(2) examination of ERTS-1 imagery on June 5, 1973 indicated little snow 

cover remained on the Watershed; and (3) a heavy rainstorm occurred 

over the Watershed on June 13 and 14, so runoff after that storm would be 

largely from rainfall rather than snowmelt. 

The snowpack depletion period was arbitrarily chosen when the 

general trend of the data appeared to indicate a decrease in snow 

covered area over the Watershed. 

Simple linear regression, evaluated at a 95 percent Significance 

level, was used to test for a relationship between areal snow cover and 

subsequent runoff during the snowpack depletion period. 



RESULTS AND DISCUSSIONS 

Availability of Quality ERTS-l Imagery 

Arizona has more days per year suitable for aerial photography 

than any other state (Avery 1968). Also, the sidelap of viewing swaths 

of ERTS-l and the position of the Black River Watershed in the viewing 

swaths allowed coverage of the Black River Watershed on two consecu

tive days for each sweep of the region by ERTS-l. Despite these advan

tages, only photos from seven of 13 possible two day photo periods 

could be interpreted for snow cover, with clouds obscuring all, or 

significant portions, of the watershed on the remaining photo periods. 

A summary of the availability of quality ERTS-l imagery to monitor changes 

in areal snow cover, in fulfillment of Objective.L is presented in 

Table 1. 

All ERTS-l scans from November I, 1972 to May 19, 1973 that 

could be interpreted were used in determining the feasibility of using 

ERTS-l imagery for areal snow cover interpretation. The June 5, 1973 

scan was not used in evaluating the use of ERTS-l imagery for snow 

cover interpretation because of the lack of a sizeable snowpack on that 

date. However, the June 5 scan was used in attempting to develop snow 

cover-runoff relationships. 

20 



21 

Table 1. Availability of ERTS-l Imagery for Areal Snow Cover Interpreta
tion from November I, 1972 through June S, 1973 

Able to Unable to 
Photo Periods Interpret Interpret 

for Areal for Areal 
Snow Cover Snow Cover 

November 1 and 2, 1972 X 

November 19 and 20, 1972 X 

December 7 and 8,1972 X 

December 2S and 26, 1972 X 

January 12 and 13, 1973 X 

January 30 and 31, 1973 X 

February 17 and 18, 1973 X 

March 7 and 8, 1973 X 

March 2S and 26, 1973 X 

April 12 and 13, 1973 X 

April 30 and May I, 1973 X 

May 18 and 19, 1973 X 

June 5 and 6, 1973 X 
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Results of Interpretation of ERTS-l Imagery 

To satisfy Objective 1., results of observations by one observer 

and by four observers were used in determining the ability to interpret 

ERTS-l imagery for areal snow cover, using manual or semi-manual 

methods of interpretation. 

Results Based on One Observer 

Values of percent snow cover on the Black River Watershed 

obtained from each of the methods of interpretation by one observer for 

six dates throughout the 1972-73 snow season are shown in Figure 4. 

Significant differences were detected among the four methods of interpre

tation (Appendix A). A Student-N ewman-Keul multiple range test (Steel 

and Torrie 1960), evaluated at a 95 percent significance level, was used 

to determine which methods differed (Table 2). No single method can be 

considered to be unfeasible because none of the results from a given 

method of interpretation are unreasonable in relation to results obtained 

by the other methods. 

Each of the methods of interpretation has advantages and dis

advantages. The squares grid method required approximately 25 minutes 

per date of imagery and only a light table for interpretation. The dot grid 

method yielded results in roughly the same amount of time as the squares 

grid method and required a microscope, in addition to a light table, for 

interpretation. The planimeter method yields a map of areal snow cover 
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Table 2. Differences Among Four Methods of Interpretation for Areal 
Snow Cover on Black River Watershed 

Densitometer 
Method 

Dot Grid 
Method 

Squares Grid 
Method 

Planimeter 
Method 

percent of areal snow cover over the six dates analyzed 

69 71 72 74 

Note: Line connecting means indicates no significant difference. 
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but required approximately 45 minutes per date of imagery for interpreta.-

tion. Also I a "Zoom Transfer Scope" is needed with the planimeter 

method if more accuracy is needed than can be obtained from the avail

able imagery (Wiesnet and McGinnis 1974). Finally, the densitometer 

method yields an estimate of snow cover in the least amount of time I 

approximately 15 minutes per date of imagery I but requires a high initial 

investment and may yield less precise values than the other methods. 

No difference in estimates of snow cover in time was discerned 

among the methods of interpretation on the basis of one observer 

(Appendix A). This lack of difference would indicate that I once an ob

server has guidelines in mind as to which areas to consider snow covered I 

these measures can be reliably repeated at a later time. 

Results Based on Four Observers 

Values of percent snow cover on the Black River Watershed I 

obtained by four observers I using the dot grid and squares grid methods I 

respectively I are presented in Figures 5 and 6. Differences were noted 

among observers and between methods when four observers used the dot 

and squares grid methods to determine percent of areal snow cover (Ap

pendix B). The differences among observers indicated that individual 

observers have different interpretations of snow covered areas despite 

having followed the same guidelines for areal snow cover interpretation. 

The spread of areal snow cover interpretation among observers is 
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consistent with results of a study by Evans (1974). The difference 

between the dot and squares grid methods may indicate indecision as to 

which areas were snow covered. Previous tests on the basis of one ob

server f familiar with the imagery f indicated no difference between dot 

and squares grid methods. 

Problems in Interpretation. The results of the tests among the 

four observers indicated that interpretation of snow cover from ERTS-1 

imagery was not necessarily a Simple matter of distinguishing black from 

white. Specific problems were encountered in the interpretation of snow 

cover. The ERTS-1 imagery varied in density and contrast within and 

among the dates of interpretation. Differing types and densities of 

vegetation often cause snow covered areas to appear in differing shades 

of gray. Patchiness of snow cover may create problems in deciding 

whether an area is snow covered. Poor illumination due to shadowing 

effects may cause an observer to misinterpret snow covered areas. 

Clouds f in addition to totally preventing interpretation f can also create 

problems on dates when cloud cover is not severe enough to prevent 

interpretation. 

Assessment of which factors caused the greatest problems is 

difficult without ground truth data. Problems in interpreting ERTS-1 

imagery for snow cover were not unique to this study f as other investi

gators have encountered similar problems (Barnes et §.l. 1974 f Meier 

1973) . 



Results of Comparison of ERTS-l and Snow Survey Data 

A comparison of estimates of areal snow cover from ERTS-l 

imagery and low-altitude aerial snow surveys is presented in Tables 3 

29 

and 4 and illustrated in Figure 7. These comparisons were made to satis

fy Objective 1. On the basis of a pairedJ.-test evaluated at a 95 percent 

significance level, no difference was found between estimates of percent 

snow cover on the Black River Watershed obtained from a mean of values 

from all four methods of interpretation of ERTS-l imagery and from low

altitude aerial snow surveys. These results are in accordance with re-

sults from a study conducted by Barnes et ill. (1974) to compare measures 

of snow cover from ERTS-l imagery and measures from low-altitude aerial 

snow surveys over the entire Salt-Verdi Watershed. These results would 

indicate that an experienced observer who was familiar with a particular 

watershed could obtain comparable measures of snow cover extent from 

ERTS-l imagery and aerial reconnaissance. 

Barnes et al. (1974) noted that more detail can be mapped from 

ERTS-1 imagery than can be mapped from low-altitude aerial reconnais

sance. Results of this study also showed snow cover being mapped in 

more detail from ERTS-1 imagery than from snow surveys. However, this 

does not imply that greater accuracy can be obtained in mapping snow 

cover from ERTS-l imagery. The lack of detail on low-altitude snow sur

vey maps may Simply be a function of the time the observers chose to 

spend mapping rather than an inability to map in detail. The less 



Table 3. Observation Dates for Measures of Areal Snow Cover on Black River Watershed Obtained 
from ERTS-l Imagery and from Low-Altitude Aerial Snow Surveys 

Date of Interval Between ERTS-l 
Date of Low-Altitude Aerial and Aerial Snow 

Case ERTS-l Imagery Snow Survey Survey Observations 
Observation Observation (in Days) 

1 December 26, 1972 December 19, 1972 7 

2 January 13, 1973 January 12, 1973 1 

3 February 18, 1973 February 15, 1973 3 

4 March 25, 1973 March 26, 1973 1 

5 April 12, 1973 April 1 2, 1 9 7 3 0 

w 
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Table 4. Values of Percent Snow Cover on Black River Watershed Obtained from ERTS-l and from 
Low-Altitude Aerial Snow Surveys 

Case 

1 (December) 

2 (January) 

3 (February) 

4 (March) 

5 (April) 

Mean Difference for All Five Cases 

ERTS-l Imagery 
Observation 

Low-Altitude 
Aerial Snow Survey 

Observation 
Difference 

percent of areal snow cover on Black River Watershed 

64 93 29 

79 96 17 

94 100 6 

81 83 2 

76 85 9 

13 

W 
I-' 
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detailed snow survey maps may possibly be a truer portrayal of the areal 

snow cover than areal snow cover maps derived from ERTS-l imagery. 

Regression Relationships 

To fulfill the final objective of this study, it was first neces-

sary to select the beginning of the snowpack depletion period. The 

general trend of the snow cover data appeared to indicate a decline in 

snow covered area beginning on February 18, 1973 (Figure 8). Therefore, 

this date was arbitrarily chosen as the beginning of the snowpack deple-

tion period. 

A significant linear relationship was determined to exist between 

areal snow cover and subsequent runoff during the snowpack depletion 

period, based on four observations of areal snow cover from ERTS-l 

imagery (Figure 9). The relationship between areal snow cover and sub-

sequent runoff during the snowpack depletion period is: 

II 
where Y = subsequent runoff in cubic meters 

x = areal snow cover in square kilometers 

The coefficient of determination (r2) was 0.995. 

As mentioned earlier, measures of snow cover from ERTS-l 

imagery and from low-altitude aerial snow surveys were similar. There-

fore, data from the two sources we-re combined to assess what effect an 

increased amount of snow cover data would have on the regression 
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analysis. The general trend of the combined snow cover data appeared 

to indicate a decline in areal snow cover beginning on February 15 I 1973 

(Figure 10). Therefore I this date was arbitrarily chosen as the begin-

ning of the snowpack depletion period. 

A significant linear relationship was found to exist between 

areal snow cover and subsequent runoff during the s nowpack depletion 

period based on nine combined observations of areal snow cover from 

ERTS-l imagery and low-altitude aerial snow surveys (Figure 11). The 

relationship between areal snow cover and subsequent runoff during the 

snowpack depletion period is: 

" where Y = subsequent runoff in cubic meters 

x = areal snow cover in square kilometers 

The coefficient of determination (r2) was 0.971. 

The pair of simple linear regreSSions I evaluated for the vari-

abIes of areal snow cover and subsequent runoff based on data from 

ERTS-l imagery alone and on a combination of ERTS-l imagery and low-

altitude aerial snow survey data I indicated that a highly Significant 

relationship existed between the tested variables. Therefore I the in-

creased amount of areal snow cover data available because of the com-

bination of data from the two sources did not change the results of the 

regression based on data from ERTS-l imagery alone. 
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Because of the highly significant linear relationships between 

areal snow cover and subsequent runoff, it was deemed unnecessary to 

try to improve the regressions by using additional inputs into linear re

gressions (e. g., snowpack water equivalent, precipitation, etc.) or 

developing curvilinear regres sions. 

Limitations of Developed Regres sion Relationships 

39 

The results of the linear regression relationships appear en

couraging for using measures of areal snow cover obtained from ERTS-l 

imagery for snowmelt runoff forecasting, especially residual volume fore

casting. However, the olftcomes of the regres sion analysis should be 

viewed with some restraint. First, the limited amount of source data 

might not have accurately monitored changed in areal snow cover. Tem

perature variations in Arizona may cause the snowpack to advance and 

recede many times throughout the winter. For example, measures of areal 

snow cover from ERTS-1 imagery indicate a peak in extent of areal snow 

cover in February or March, but snow course measurements of water 

equivalent throughout the Salt-Verde Watershed indicated that the peak 

seasonal snowpack occurred in early April (Barnes et~. 1974). It is 

possible that measures of areal snow cover from ERTS-1 imagery may have 

been too infrequent to detect the peak accumulation. 

Another limitation of the data was that it represented a year with 

a near record snowfall. Therefore, the regres sions between areal snow 
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cover and subsequent runoff may have been influenced by the unusual 

nature of the winter, possibly limiting their overall usefulness. Previous 

studies have shown that snow cover-runoff relationships must be devel

oped on the basis of several years of data to be substantiated (Brown and 

Dunford 1956, Miller 1953, Leaf 1969). 

A technical difficulty encountered in use of ERTS-1 imagery was 

the time necessary to obtain the imagery. A minimum wait of two weeks 

was encountered after an order was submitted. If attempts were made to 

use ERTS imagery in real-time monitoring changes in areal snow cover, 

this delay would have to be overcome. 

For the convenience of those readers who prefer the English 

system to the metric system, a conversion table is presented in Appen

dix C. 



CONCLUSIONS 

ERTS-1 imagery I by itself I cannot effectively be used to 

monitor changes in areal snow cover in Arizona. Arizona IS snowpack is 

shallow, intermittent I and large changes in areal snow cover can occur 

rapidly (Warskow 1971). To serve any functional purpose in monitoring 

changes in areal snow cover I reliable estimates may need to be deter

mined for periods of twenty-four hours or les s during the snowmelt season. 

The two Earth Resources Technology Satellites presently in orbit repeat 

scans of an area once every nine days. In this study I nearly one-half of 

the scans of ERTS-1 were obscured by cloud cover. Therefore, the 

possibility of not obtaining an estimate of areal snow cover for weeks at 

a time precludes dependence on ERTS imagery for monitoring snow cover 

depletion in Arizona. 

If geo-synchronous satellites or additional sun-synchronous 

satellites were launched I satellites might possibly be able to effectively 

monitor changes in areal snow cover in Arizona. 

Differences among observers in estimating areal snow cover 

indicates difficulty in using ERTS-1 imagery to measure areal snow 

cover. However I if an observer is familiar with an area I he may be able 

to obtain estimates of snow cover from ERTS imagery that are similar to 

estimates of snow cover obtained by low-altitude aerial reconnaissance. 

L11 
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In this way I ERTS imagery may be used in combination with low-altitude 

aerial snow surveys to monitor changes in the extent of snow cover in 

Arizona. 

N one of the manual or semi-manual methods of interpretation of 

ERTS-l imagery employed to measure snow cover could be ruled unusable 

by the results of this study. The particular method a user may ultimately 

choose for interpretation would depend upon the investment he cared to 

make I the level of precision he desired I the time he cared to spend in 

interpretation I and whether he wanted a map of snow cover extent. 

The highly significant linear relationship between areal snow 

cover and subsequent runoff during the snowpack depletion period 

determined to exist by the results of this study suggests that measures 

of areal snow cover may become a valuable tool in forecasting snowmelt 

runoff in Arizona. However I the results of the regression analysis should 

be viewed with some restraint because of the nature and limited amount 

of data. 

Regardless of the frequency that ERTS imagery might be obtained I 

any usefulness of ERTS imagery for measuring changes in areal snow 

cover and forecasting runoff is dependent on the turn-around time for 

obtaining ERTS imagery. If imagery from ERTS cannot be obtained within 

twenty-four hours after a scan of an area I the snow cover information ob

tained from ERTS may be limited in practical application. 



APPENDIX A 

SPLIT PLOT ANALYSIS OF VARIANCE, TEST FOR DIFFERENCES 

Source of 
Variation 

D 

M 

Em 

T 

TxD 

T x M 

Et 

Total 

AMONG METHODS OF INTERPRETATION AND 
AMONG ESTIMATES WITH TIME 

df SS 

5 23690 

3 298 

15 73 

2 26 

10 109 

6 79 

1.Q. 254 

71 24528 

D = dates of interpretation 
M = methods of interpretation 

Em = error associated with methods 
T = time of interpretation 

Et = error associated with time 
d = tested at = .05 
* = statistically significant 
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MS 

4738 

100 

5 

13 

11 

13 

8 

Fd 

20* 

1.5 

1.3 

1.5 



APPENDIX B 

SPLIT PLOT ANALYSIS OF VARIANCE I TEST FOR DIFFERENCES 
AMONG OBSERVERS AND BETWEEN METHODS OF INTERPRETATION 

FOR AREAL SNOW COVER 

Source of 
Variation 

D 

0 

Eo 

M 

OxM 

Em 

Total 

df SS 

5 10748 

3 2263 

15 989 

1 169 

3 193 

.fQ 171 

47 14533 

D = dates of interpretation 
o = observers 

Eo = error associated with observers 
M = methods of interpretation 

Em = error associated with methods 
d = tested at = .05 
* = statistically significant 
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MS Fd 

2150 

754 11* 

66 

169 20* 

64 7* 

9 



APPENDIX C 

ENGLISH SYSTEM CONVERSION TABLE 

Used Multiply by English Equivalent 

1 millimeter . .03937 1 inch 

1 meter 3.281 1 foot 

1 kilometer .6214 1 mile 

1 square centimeter .155.0 1 square inch 

1 square meter 1.196 1 square yard 

1 square kilometer .3861 1 square mile 

1 cubic centimeter • .061.02 1 cubic inch 

1 cubic meter 35.31 1 cubic foot 
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