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ABSTRACT

A study was undertaken to determine the effect of urbanization

on the rainfall-runoff relationship of a semiarid region. A concentrated

network of rain gages was installed on the urban Tucson Arroyo-Arroyo

Chico Watershed located in the city of Tucson, Arizona. Rainfall data

from this watershed were compared with that of the non-urban Atterbury

Experimental Watershed located to the southeast of the city of Tucson

in order to determine if there were significant differences in the

runoff from these two watersheds. In addition, test plots were con-

structed by the researcher for the study of the effects of intensity of

precipitation, season, antecedent moisture, and percent of impervious

cover on the rainfall-runoff relationship. Data from the test plots

were compared with that of the Tucson Arroyo-Arroyo Chico Watershed.

A prediction model was developed for the Tucson Arroyo-Arroyo Chico

Watershed. The feasibility of retaining urban runoff for more

beneficial uses was investigated.

It was determined that the runoff from the urban Tucson Arroyo-

Arroyo Chico Watershed was 4.75 times greater per square unit of area

than that from the non-urban Atterbury Experimental Watershed.

Significant factors in the rainfall-runoff relationships of the test

plot data were found to be intensity of precipitation and amount of

impervious cover. Season was found not to be significant. Antecedent

viii
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moisture was a significant factor in the analysis of variance of the

data. However, it was not significant in the regression analysis.

In the comparison of the test plot data and the data from the

Tucson Arroyo-Arroyo Chico Watershed, it was found that intensity of

precipitation was the predominant factor in the rainfall-runoff rela-

tionship. In plotting the effects of intensity of precipitation versus

runoff, the resulting graph indicated an increasing effect of impervious

cover and intensity of precipitation on runoff from the test plots.

A regression model was developed from the data of the Tucson

Arroyo-Arroyo Chico Watershed. The factors of average precipitation

and intensity of precipitation accounted for 82 percent of the variation

in the analysis. Of these two factors, intensity of precipitation

accounted for 68 percent of the variation. Duration of precipitation

and the antecedent moisture index did not significantly increase the

correlation coefficient of the regression analysis when they were

included.

The projected runoff from the city of Tucson would amount to

less than 10 percent of the present yearly use. The treatment

necessary for the domestic use of urban runoff would be greater than

the present cost of producing municipal water from well-sites.

Recharging this water into the groundwater supply appears to be the

most feasible method of utilizing urban runoff at this time.



CHAPTER 1

INTRODUCTION

Man is a relatively new member of the earth's biota. Only

recently, through great increases in population, cultural changes, and

technological advances, has man become the dominant organism over

nearly the entire earth, according to Vincent (1965). It is true that

man is not free of nature in the sense that he is able to control such

phenomena as earthquakes or weather. However, he does possess the

ability to alter the existing environments to a great extent as well as

to construct vast artificial environments.

Water Supply—Quality and Quantity 

Man-altered environment is a result of human activity and is

also, to a lesser degree, a determinant of his activity. Thus, a

circular interaction is formed not unlike other such interactions

which may be found commonly in nature. Alteration which is precipitated

by non-human sources is usually slow, less frequent, and of a lesser

magnitude. Self-regulatory mechanism tend to keep the community in

balance. Sudden man-induced changes disrupt the community beyond

natural control. Such man-induced changes have been responsible to a

great extent for the alteration of both the quality and the quantity of

the world's water supply.

1
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Vincent (1965) has indicated that water quality is the

culmination of many interactions among man, water, aquatic organisms,

and physical features that are associated with water. High quality

water, in order to meet all interpretations thereof, must be capable

of supporting a variety of uses. Some of these uses are essential to

man's survival; others enhance his enjoyment of life. It is difficult

to maximize all uses of water, however, since through its utilization,

the quality of the water is lowered for succeeding use.

It cannot be denied that water is the most important resource

on the earth. Without water, • life would soon cease to exist. However,

not only is the quality of water a source of great recent concern, but

the quantity available for use is equally important. Although the

supply of fresh water is being renewed constantly, the demand for

water continues to increase at a rapid rate.

Wright (1966) has stated that the growth in population is

obviously a major reason for the greater demand for water. However,

even more serious is the increase in per capita consumption of water.

For example, in 1900, the total per capita use of water in the U.S.

was approximately 525 gallons per day. By 1960, this figure had risen

to 1,893 gallons, representing an increase of more than 3.6 times the

amount used per day in 1900.

By 1980, it is projected that the total dependable fresh water

supply available will be approximately 515 billion gallons per day.

The total fresh water requirements will have reached approximately

700 billion gallons or more per day. Considering the optimum foreseeable
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advancements in water purification and engineering, the maximum fresh

water supply available will not amount to more than 650 billion gallons

per day. By the year 2000, it is expected that the fresh water needs

of this nation will exceed 1,000 billion gallons per day. This may

well exceed the 1,150 billion gallons per day total average runoff

from the lakes and streams of the United States. If the total runoff

could be kept pure or in a fresh water state, the demand could be met

without the reuse of water. As it is, the fresh water supply will

have to be utilized twice. Also, the methods used to provide the

fresh water supply will have to be improved continually.

Effects of Urbanization 

There are more than 200 million people in the United States

at the present time. According to Wright (1966), two-thirds of Che

population, or approximately 133 million people, live in urban areas.

More than 40 million of the remaining 67 million people live in towns

which are too small to be classified as urban areas. Cities and towns

cover more than one-tenth of the total area of the United States. Of

the 1,903,800,000 acres contained within our borders, more than

194 million acres are now under the burden of cities, towns, and

highways. New land for urban uses is being absorbed at the rate of

nearly 2 million acres annually. The problems resulting from the

urbanization of watersheds are localized when viewed from the stand-

point of the total national land area.

The American Society of Civil Engineers has reflected an

increasing concern for the problems of urban hydrology. In 1964, a
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Task Force was established by the Society to study the "Effects of

Urban Development on Flood Discharge." This Task Force has reported

that the urban population of the United States may make up three-

fourths of the total population of the nation by 1980, and perhaps as

much as four-fifths of the population by the year 2000.

When precipitation falls on paved urban areas, it runs off or

evaporates with very little infiltration into the soil to resupply the

fresh water reservoirs. Many areas depend upon groundwater for their

municipal water supplies. Nearly all of these cities report dwindling

water levels. For example, Houston, Texas has reported the lowering

of its water wells at the rate of 8 feet per year. In Tucson, Arizona,

wells have been lowered 70 feet in order to reach water. In Phoenix,

Arizona, soma wells have had to be drilled 120 feet deeper than they

were originally in order to obtain water.

If the runoff from urban areas could be secured for future use,

perhaps the days of serious water shortages could be postponed.

Runoff from urban covered watersheds is greater than that from

undeveloped areas. How much greater the runoff is depends upon

various factors.

Urbanization affects the characteristics of a watershed in

more ways than just the obvious physical surface changes of streets

and buildings. The changes in surface characteristics will alter the

flow of water from the area. With less permeable surface exposed,

the runoff from an urban area will increase. An increase in runoff

will not be the only change that takes place, however. The quality

of water will differ from what it would have been without urban
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development. The influence of man's actions in everyday life will

change the quality of the runoff water. For example, overzealous

yard maintenance, including the use of fertilizers, herbicides, and

insecticides, may affect the quality of runoff from urban areas.

As the demands upon the available sources of water increase,

more attention will be given to the yet untapped sources of useable

water, for example, urban runoff. Therefore, more information about

the availability of this source of water is needed.

Many hydrologic models have been advanced as evidenced by the

compilation and grouping of such models by Chow (1962). The formulae

listed were specified for such places or areas as London, St. Louis,

New York state, Pennsylvania, Indiana, Italy, and India. None were

suggested as being appropriate for arid areas. The recognition of

arid or semiarid problems is evidenced by Chow (1964) and Wisler and

Brater (1959), as they have included separate chapters on arid land

hydrology in their books.

Osborn, Lane, and Hundley (1972) reported that for a more or

less circular watershed of ten square miles, a network of five evenly

spaced rain gages is required for correlating rainfall and runoff on

finite watersheds. This would require a spacing of rain gages at

intervals of one and one-half miles. Except for experimental water-

sheds, rain gages or weather reporting stations in the western U.S.

would rarely be found to exist in such close proximity. Data from

scattered rain gages around the Tucson Arroyo-Arroyo Chico Watershed

are available from previous years. A continuation of the rainfall-

runoff relationship of this watershed could be conducted using the



6

scattered rain gage network if it has a significant correlation with

the temporary concentrated rain gage network established on the water-

shed.

Objectives of the Study 

There were three primary objectives of this study. The first

objective was to develop an urban watershed runoff model for semiarid

regions. The second objective was to determine the difference in

runoff between a selected urban and a non-urban area. The third

objective was to ascertain the feasibility of retaining runoff from

urban areas for more beneficial uses. In order to accomplish the

latter objective, a review of work previously conducted in urban

runoff quality was undertaken.

A secondary objective of the study was to validate the use of

data from previous years obtained from a scattered rain gage network

for determining rainfall-runoff relationships in semiarid regions.



CHAPTER 2

A REVIEW OF THE LITERATURE

Most surface hydrologic studies have been conducted in the

more humid areas (Fogel 1968), and there is a paucity of literature

pertaining to semiarid and arid hydrology. This chapter is limited

to pertinent hydrologic studies applicable to semiarid regions. It is

divided into three sections. The first section reviews runoff studies.

The second contains data on water quality. The last section is con-

cerned with water treatment processes and costs.

Overview of Runoff Studies

In the United States, the rational method of cowputing storm

water runoff has been the most commonly used procedure. This method

first appeared in approximately the year 1900 and has served as the

basis for projects that have amounted to millions of dollars. The

rational method was adopted almost universally for storm-sewer design.

No further advances in technique were made until the 1930s when the

work of Sherman on the unit hydrograph led to other significant

developments in the science of hydrology (Van Sickle 1969).

The use of the rational method is by far the most simple

procedure for obtaining an answer to the rainfall-runoff relationship

(Brater 1967). The rational method formula is usually expressed in

the following manner:

7
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Q = CI
a 

A
	

(1)

where A is the area in acres which contributes runoff to the point of

design, I a is the average intensity of precipitation for the period

equal to the time of flow from the most remote section of the drainage

area to the point of design, Q is the peak rate of runoff in cubic

feet per second, and C is a coefficient that takes into account the

many interdependent variables in the watershed.

Tholin and Keifer (1959, p. 48) include the following factors

as the main interdependent variables which contribute to runoff:

1. Character of land use
2. Extent of land coverage by impervious surfaces
3. Slope of ground surface
4. Infiltration capacity of the remaining pervious areas
5. Cumulative volume of surface storage
6. Length of overland flow
7. Roughness coefficient of all overland flow surfaces and

channels

Horner and Flynt (1936) found that the coefficient "C" in the

rational method is equal to 0.4 for flat residential areas with

30 percent of impervious cover. In built-up areas of 70 percent of

inyervious cover, the value for "C" is 0.80.

MacDonald and Mehn (1963) found that the value for "C" f a

typical suburban area is 0.455.

Hittman Associates, Inc. (1968) developed a plan for using storm

runoff for the developing town of Columbus, Maryland. This project was

supported by a $200,000 contract with the Federal Water Pollution

Control Administration. Hittman Associates, Inc. developed the follow-

ing runoff formula:
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Q = A + BR + CR2 + DR3 	(2)

where Q is the runoff in cubic feet per second-days per square mile,

R is the rainfall in inches per day, and A, B, C, and D, are statistical

regression coefficients based on seasonal data.

The Soil Conservation Service (1964) formula for runoff from

small agricultural watersheds has been widely accepted. The relation-

ship which has been derived follows:

Q = (R - 0.2 S) 2 / (R + 0.8 S)	 (3)

where R is greater than 0.2 S and where Q is runoff, R is storm rain-

fall, and S is the infiltration characteristic factor. The infiltra-

tion characteristic factor includes a vegetative component. Therefore,

S is a measure of the soil-vegetative complex and varies with the

antecedent soil moisture conditions at the time of the precipitation

event.

Schreiber and Kincaid (1967) studied runoff from 6 X 12 foot

plots at the Walnut Gulch Experimental Watershed located near Tombstone,

Arizona. Multiple linear regression techniques were used to study six

variables which have an effect on runoff. These variables included

depth of precipitation, duration, maximum five-minute intensity, basal

area and crown spread of vegetation, and antecedent soil moisture. The

most significant variables were found to be depth of precipitation and

maximum five-minute intensity.

Fogel (1968) used multiple regression techniques to test the

effects of various rainfall characteristics on runoff from a semiarid
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watershed. Assuming the linear form of the regression equation, the

model for convective storms was written as:

Q = B
o 

+ B 1
R + B

2
T + B

3
S + e
	 (4)

where Q is the storm runoff, R is the storm rainfall, T refers to the

time distribution factor, S is the space factor, B subscripts are the

coefficients to be estimated, and e is the error of estimation.

The regression equation used for frontal type storm events

was as follows:

Q = B
o 
+ B

l
(R + Ra) + B 2

i
30

t
m
1/3
	

(5 )

where Q is the storm runoff, R is the mean rainfall over a given area,

R
a 
refers to the antecedent rainfall index, i is the rainfall intensity,

t
m 
is the time to mass center of storm, and B subscripts are the

coefficients to be estimated.

The use of these regression models accounted for up to

92 percent of the variance of multiple regression techniques. The

estimation of these regression coefficients of Fogel (1968) and

Hittman Associates, Inc. (1968) makes these procedures difficult to

extrapolate to other areas.

Water Quality 

History of Federal Interest in Water Pollution

The awareness of the extent of pollution in this country is

indicated by the increase in the activities of the Federal government

in the past few years. The first legislation concerned with water
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pollution was passed in 1912. It was during this year that a Water

Pollution Control Act was passed which gave the United States Public

Health Service the specific authority to conduct investigations of the

pollution of streams and lakes by sewage and other causes. In 1948,

another act was passed which gave the U.S. Public Health Service

increased authority to expand its activities. In 1956, the Federal

Water Pollution Control Act was passed. It was a revision of the

1948 act which, in addition, extended the role of the Federal govern-

ment in an effort to control increasing water pollution.

A 1961 amendment to the Federal Water Pollution Control Act

gave sanction to the principle of stream flow control for the purposes

of water quality control. The Water Quality Act of 1965 included the

requirement of the establishment of water quality standards for all of

the national, interstate, and coastal waters, and provided the

authority for the enforcement of these standards.

In 1966, the second Reorganization Plan went into effect. This

Act transferred the duties of water pollution control to the U.S.

Department of the Interior.

Executive Order number 11288 was issued in July of 1966. This

order was concerned with the prevention, control, and abatement of

water pollution by federal activities. Existing and new sewage

facilities were to meet all pollution abatement requirements.

The Clean Water Restoration Act of 1966 was of a more financial

nature. It authorized three and one-half billion dollars to be spent

over a five year period for research and sewage treatment plants. For
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the fiscal year 1968, $295,800,000 was appropriated for water pollu-

tion control work.

Water Quality Standards

The basic requirements for municipal water supplies are that

no visible sediments should be found in the drinking glass or bath and

that no water borne organism which can cause disease should be present.

Palatability and hardness are of secondary consideration. The U.S.

Public Health Service ( 1969, p. 5) has set up these criteria:

1. Of all the standard 10 milliliter samples examined per
month, not more Chan ten percent may show the presence of
coliform organisms.

2. Of all the standard 100 milliliter samples examined per
month, not more than 60 percent may show the presence of
coliform organisms.

3. The turbidity of the water shall not exceed 10 ppm, nor
shall the color exceed 20 on the platinum-cobalt scale.

4. The water shall have no objectionable taste or odor.
5. The water shall not contain an excessive amount of

soluble minerals or chemicals used in treatment.

The presence of lead, fluoride, arsenic, selenium, or

hexavelent chromium in excess of set standards provides grounds for

rejection of the municipal water. Such substances as copper, iron,

manganese, magnesium, zinc, chloride, sulfate, and phenol compounds

preferably should not exceed the standards if other more suitable

water supplies exist.

Dissolved Solids and Sediments

Dissolved solids are mineral substances that are dispersed

throughout the water as molecules or ions. In order to remove these

mineral substances, it is necessary to determine which minerals are
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involved since specific treatments are used for the different

minerals.

Sediments are usually soil particles in suspension. Sedi-

ments offer no real problems as their removal is accomplished by

settling, flocculation, and filtration. Such streams as the Colorado

River, with greater than 2,500 milligrams per liter (mg/1) of dissolved

solids, and the Rio Grande River, with greater than 50,000 mg/1 of

sediments (Klein 1962), have been used for many years without serious

problems.

Pesticides

The use of pesticides has continued to increase each year.

Pesticides are of interest because evidence indicates that precipita-

tion is one of the vehicles for the dispersing of pesticides, in

addition to water transmission and the food chain.

Cohen and Pinkerton (1966) identified the pesticide content

of dust by several methods. Their findings were similar to the work

accomplished by Weibel, Weidner, Cohen, and Christianson (1966).

Concentrations in ppm of several pesticides were as follows:

DDT 0.6
Chlordane 0.5
DDE 0.2
Ronnel 0.2
Heptachlorepoxide 0.04
2,4,5-T 0.04
Dieldrin 0.003

Cohen and Pinkerton (1966) also found 26 ppm of arsenic in

the dust samples. They were able to confirm the origin as natural

sources in the soil or compounds used in defoliants.
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Organic chlorine is used in many pesticides and is, therefore,

an indicator of their presence. Weibel, Weidner, Cohen, and

Christianson (1966) found average concentrations of organic Chlorine

to be 1.70 mg/1 and 0.43 mg/1, respectively, from urban and rural land

runoff. On a spot check, they found that the runoff from the first

half of an urban storm contained eight times as much organic chlorine

as the runoff from the last half.

Because of the nature of their analyses, both Weibel, Weidner,

Cohen, and Christianson (1966), and Cohen and Pinkerton (1966)

estimated that up to one-half of the organic chlorine remained on the

sampling devices and thus was not included in the figures obtained.

Studies of Urban Runoff Quality

Several widely scattered studies of urban land runoff quality

have been made All reports indicate that pollution concentrations

are of significant size. Palmer (1963) conducted a study of runoff

from downtown Detroit in 1949. He found a biological oxygen demand

(BOD) of 96 to 234 mg/1 and coliform counts of 250,000 to 930,000

per 100 ml. Total solids were 310 to 914 mg/l. In a 1950 study by

Palmer, the results were essentially the same.

Wilkinson (1965) reported the findings of up to 100 mg/1 of

BOD and up to 2045 mg/1 of suspended solids. He also indicated that

the BOD's tend to rise with increased dry periods of up to 8 to

10 days. After this length of time, further increases were found to

be minor.
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A report of the results of studies in Moscow and Leningrad,

U.S.S.R. (Shigorin 1956) indicated BOD's of 186 to 285 mg/1 and

36 mg/1, respectively. Suspended solids were 1,000 to 3,500 mg/1

and 14,541 mg/1, respectively. It might be noted that the Leningrad

study included an area of cobblestone streets with less traffic than

the Moscow study.

In Sweden from 1945 to 1948, levels from individual samples

were as high as 200,000/100 ml for coliforms; 3,000 mg/1 total solids;

3,100 mg/1 chemical oxygen demand (COD); and 80 mg/1 BOD, according to

Akerlinch (1950).

Sylvester and Anderson (1964) conducted a study of runoff from

the street gutters of Seattle, Washington. They found turbidities of

up to 1290 units; color of 350 units; BOD's of 10 mg/1 after having

been diluted with the waters of Green Lake; and coliform counts of

16,100/100 ml. Sylvester and Anderson also analyzed the runoff for

nutrient content. These values were up to 9 mg/1 for organic

nitrogen; up to 2.8 mg/1 for nitrate nitrogen; and 1,400 mg/1 of total

phosphorus.

Weibel, Weidner, Christianson, and Anderson (1966) studied a

small residential and light commercial watershed in Cincinnati, Ohio.

Their findings compare with previous studies. However, they added

another dimension to their study since they sampled the runoff with

relation to time. Their findings indicated a flush-off effect in

that the concentration of pollutants decreased with time. Bacterial

analysis revealed that there were more streptococcus bacteria in the
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runoff than coliform bacteria. This indicates that there were more

non-human sources of bacterial pollution than human sources.

Mische and Dharmadhikari (1970) have reported higher values of

COD from runoff in Tucson areas as opposed to those found in runoff

from other cities such as Cincinnati and Detroit. These higher COD

values were attributed to the refuse dumps on the banks of the

channels from which the samples were taken and possibly to a less

efficient garbage collection system. When samples of runoff water

were filtered, the COD levels were reduced by 67 to 80 percent. This

follows the results reported by others that sediments have a high

affinity for various elements and compounds. Tests from lake and

stream bottoms have shown higher concentrations of various elements

including pesticides in the sediments. In addition, Mische and

Dharmadhikari reported higher fecal conforms with increasing popula-

tion densities and higher concentrations of these organisms in arid

areas as compared with other areas.

Resnick and DeCook (1970) reported that runoff from urban

areas required a reduction in turbidity before it could be used. By

holding the runoff water in storage and by using a coagulation agent

such as alum, the water could be returned to use for many purposes,

as this method reduced bacterial density, chemical oxygen demand, and

amount of phosphates. Further treatment with chlorine will render

the water useful for the irrigation of produce and for water-contact

recreation. Before this water could be utilized for domestic purposes,

however, it would have to be subjected to a filtration process such

as that employing activated carbon.
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Water Treatment Processes and Costs 

Granular Activated Carbon

Granular carbon waste treatment systems have been developed

which could be applied to municipal and industrial waste problems

either for abatement of pollution or for the reclamation of water

(Cooper and Hager 1967).

Of all the processes which have been evaluated for advanced

treatment of waste water, granular activated carbon has emerged as

one of the most efficient. The ability of activated carbon to remove

organic pollutants and especially to remove biologically resistant

compounds, makes it one of the most promising methods from the stand-

point of economy. Treatment of municipal waste with granular

activated carbon yields a final effluent with 99 percent BOD removal

as compared with 90 percent removal by usual secondary treatment.

Total organic carbon found in the effluent is in the range of

1 to 3 mg/liter as contrasted with 15 to 20 mg/liter for the typical

secondary treatment now used. Total operating costs from a carbon

filtration system range from 15.3 cents/1,000 gallons to 3.5 cents/1,000

gallons for operations of one million gallons/day to 100 million

gallons/day, respectively.

According to Sproul et al. (1967, p. 135), the advantages of

granular carbon waste treatment systems are the following:

1. Organic compounds are reduced to minimal concentrations.

2. No additional pollution problems are created.

3. Unexpected impurity concentrations can be processed by an
excess capacity system.

4. Reuse of carbon beds for many cycles can be accomplished

by thermal reactivation.
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5. Quality of effluent can be adjusted to meet reuse or
discharge requirements.

6. The process has been proven by many years of use in the
sugar and chemical industries.

7. The process shows promising results of virus removal.

Monke and Goodrich (1968) reported encouraging results in

pesticide removal with the use of activated carbon filters. Radio-

active labeled Dieldrin was introduced into deionized water and then

passed through a column of granular activated carbon. Analysis

indicated that up to 99 percent of the pesticide had been removed.

Ionizing Radiation

When aqueous solutions are exposed to light particle radiation,

the chemical change which takes place occurs in the solute rather than

in the water, although it must have absorbed most of the energy

initially (Spragg and Curtin 1967). Today it is generally believed

that the free radicals H and OH produced by ionization of water

molecules react with solvent and solute molecules.

In studies conducted by Unidynamics as reported by Spragg and

Curtin (1967, p. 140), it was found that it was possible to increase the

rate of sedimentation of sewage effluent by 20 percent. This increase

in sedimentation was sufficient to raise the economical sedimentation

capacity of a treatment plant by 9 percent. Other potential

advantages of radiation are:

1. There is a significant increase in the biodegradability of
the solids sedimented from the irradiated water.

2. Irradiation constitutes a highly unfavorable environment
for viral contaminants.

3. There is a reduction of organic compounds. (This could
result in production of other organics.)
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Water Spreading

Water spreading as a method of recharge and treatment has been

practiced for some time, especially in the state of California. In

Southern California, 140,000 acre-feet were recharged in 1956

(Coe 1957). Of this amount, 81,000 acre-feet consisted of water

imported from the Colorado River.

Storm water has been spread successfully at various locations

in California. During the winter storm season of 1956-57, storm waters

in excess of 3,000 acre-feet were recharged by the Los Angeles Flood

Control District (Laverty 1957). One of the sites is designed to

accommodate the fifty-year rainfall in the tributary drainage area.

Water spreading activities of the United States Bureau of

Reclamation during 1951 through 1955 at Fresno, California have

increased the ground water supply in all areas which received excess

water (Sieckman 1957). The increase in water levels was as great as

110 feet in the Lindsay area. Water levels fell by nearly this same

amount in areas which did not receive excess water for recharge.

Balch and Jans (1957) indicated that in spreading operations,

the infiltration rate decreases in the upper layer of soil when

inundated for prolonged periods of time. By permitting the recharge

areas to undergo a drying period, the infiltration rates were

recovered.

Wilson (1971) conducted pit-recharge tests of both cyclic and

constant inundation of a pit. The cyclic recharging was apparently

more effective in pit-recharging due to the effect of the drying cycles
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regenerating an open surface allowing the recovery of higher infiltra-

tion rates.

Balch and Jans (1957) found that occasional silt loads of up

to 300 ppm can be spread on areas with a substantial cover of

vegetation without harmful effects. Wilson (1967) indicated that

grass filtration is an effective and economical method for reducing

sediments in flood water. The chief advantage is that subsequent treat-

ment costs are reduced. The length of the grass filter, initial

turbidity, rate of application, slope, grass height, degree of sub-

mergence and degree of ramification, all effect sediment removal.

Bermuda grasses were the most effective vegetative covers used in the

grass filtration tests.

Water containing up to 575 ppm suspended solids has been used

without surface sealing. Bliss and Johnson (1957) reported costs of

$6 to $9 per acre-foot for salvaging and percolating water. According

to Laverty (1957), others have indicated values of $15 to $35 per

acre-foot of waters in ground storage. Waters imported into the

Los Angeles area cost at least $40 per acre-foot. BOD's of 20 to

60 ppm and suspended solids of greater than 60 ppm applied in spread-

ing operations yielded BOD's of 1 to 5 ppm and suspended solids of

10 to 20 ppm (Laverty 1957).

Recharge Wells

Investigations into the possibility of recharging runoff

waters which collect in playa lakes have been conducted for several

years in the high plains area of Texas. Clyma (19 64) conducted a
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study to determine Che effects on well yield. Results indicated

that approximately 90 percent of the sediment introduced into the well

during 24 hours of recharge remained after one hour of pumping. After

three years of operation, the yield of the well was reduced to 2 gpm/ft

of draw down from the original 20 gpm/ft. Only after surging the well

did any significant improvement in yield occur.

The results of tests made by Price, Hart, and Foxworthy (1965)

indicated that surplus waters can be recharged successfully. Possible

problems, however, are sediments, dissolved and entrained air, and

mineral content in the surplus waters. Sediments can be removed by

filtration and minerals can be treated. Dissolved air can be removed

by deaeration equipment and entrained air by incorporating a foot

valve in the injection pipe.

Successful experiences with sand filtration of water are ample.

It is an established fact that parasites and intestinal bacteria are

eliminated by slow filtration through shallow depth sand filters.

Caspi, Zohar, and Saliternik (1967) indicated success in effluent

filtration studies conducted in Israel. Withdrawal from wells drilled

at distances from the recharge system to give a time of travel for the

water of 100 to 150 days resulted in samples well below safe standards.

In a Cincinnati study by Clarke et al. (1962), virus control

by detention showed that after an adequate period of time hardy viruses

are inactivated in a water bearing aquifer.



CHAPTER 3

DISCUSSION OF RUNOFF MODELS

The mathematical model has been used for a very long time.

Newton's laws of motion are mathematical models representing the

mechanics of particles. However, the identification of an equation or

a series of equations representing a physical phenomenon as a

mathematical model is of relatively recent origin. A model is a

representation by means of equations of a phenomenon in terms of the

relationship between input and output or cause and effect. The nature

of the equations depends upon the characteristics of the problem. In

some cases, a simple algebraic equation will suffice. The model can

also be used in the form of a deterministic or stochastic model.

A deterministic model is that of a system in which the inputs

are definite, specific functions and the output is a determinable

function in response to the input. The inputs, being precisely

determinable, are homogeneous, easily reproduced, and result in

definite, reproduceable outputs. Examples of this type of model are

a spring-mass system and the deflection of a beam with a given loading.

The stochastic model differs from the former in that the

inputs have certain statistical properties such as mean values,

variations, and other probabilistic characteristics. The stochastic

model has no single response to a stochastic input that is sufficient

22
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to characterize the general response to the input. The value of a

model should be considered in terms of the adequacy of its predictions.

Watershed Characteristics 

According to Chow (1962), it is difficult to differentiate

between small and large watersheds using only size as a criterion. Two

watersheds of the same size may exhibit different hydrologic character-

istics. Normally, in a small watershed, the overland flow has a

greater effect upon the peak runoff. In a larger watershed, the effect

of channel flow is the predominant factor affecting the peak runoff.

Small watersheds exhibit the characteristic of being sensitive to high-

intensity rainfalls of short duration and to land use. On large water-

sheds, channel storage is the main factor and, therefore, larger

drainage areas do not exhibit such sensitivities. A watershed is

considered to be small as long as it has these sensitivities and may

contain as little as a few acres or as much as 50 square miles.

The runoff from a watershed is influenced by climate and

physiographic factors. The climatic factors include the effects of

rainfall, snow, and evapotranspiration. The physiographic factor

includes the watershed and channel characteristics. Watershed

characteristics include size, shape, and slope of the watershed,

together with the permeability and capacity of ground water reservoirs,

and the presence of lakes, swamps, and land use. Channel character-

istics are the hydraulic properties which control the flow of water in

the channel. These include the size and shape of the cross section,

slope, roughness, and storage capacity of the channel.
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Because overland flow is the dominant characteristic of small

watersheds, land use has an important role in Che runoff phenomenon.

Factors that influence overland flow are the same as those for hydraulic

flow of the same type. Overland flow is most often turbulent and these

factors are depth of water, surface roughness, and slope of the ground

surface. The depth of overland flow is also governed by the length of

flow, duration of excess rainfall, intensity during the time of excess

rainfall, infiltration capacity, and volume of depression storage.

Formulas have been developed to determine overland flow, but these are

unsatisfactory when applied to natural conditions. Chow (1962) states

that the best approach to evaluating hydrologic phenomena of a water-

shed is the use of statistical and hydrologic analyses of data gathered

from the area.

Runoff from a watershed is influenced by the climatic and

physiographic factors mentioned above. The runoff is not constant but

varies with time and reaches a maximum discharge and then falls off.

If the discharge is plotted versus time, a hydrograph for the water-

shed results. The hydrograph is an integral representation of both the

climatic and physiographic characteristics that affect the precipitation-

runoff relationship for the watershed. In the case of ephemeral streams,

the hydrograph is the direct runoff from the watershed. In other cases,

the base flow must be separated from the hydrograph to obtain the direct

runoff of the rainfall excess.

The unit hydrograph has been used for hydrologic analysis. It

is the hydrograph of direct runoff from one-inch of rainfall excess
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generated uniformly over the watershed at a uniform rate during a

specified time period. The following assumptions are implied in the

unit hydrograph concept. First, the rainfall excess is uniformly

distributed within the specified time period. Second, the rainfall

excess is also uniformly distributed throughout the entire watershed.

Third, the ordinates of the hydrographs of a common time period are

directly proportional to the total amount of runoff represented by

each hydrograph. Under normal conditions of rainfall these assump-

tions are not perfectly satisfied.

The method of unit hydrographs was developed for large water-

sheds. However, the assumptions made in its use would more closely

fit small watersheds. Hickok, Keppel, and Rafferty (1959) and

Brater (1940) have shown that the unit hydrograph is applicable to

small watersheds.

Since the actual distribution of rainfall intensity is rarely

uniform in a storm, the Soil Conservation Service (1964) recommends

an average pattern of rainfall distribution. From studies conducted

by the Soil Conservation Service, the peak discharge from a non-

uniform rainfall distribution should be increased by some percentage.

A method of calculating the percentage is recommended and in most

cases it will not increase peak discharge by more than 10 percent.

Prediction Methods 

Chow (1962) has classified existing methods of hydrologic

determination of waterway areas as follows: Method of Judgment;

Classification and Diagnosis; Empirical Rules; Formulas; Tables and
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Curves; Direct Observations; Correlation Analysis; and the Rational

Method. Chow further states that the Judgment method may be satisfac-

tory if the judgment of the individual utilizing this method is

reliable. However, no judgment is perfect because of the many

variables involved and because conditions change continuously. The

judgment of beginners or those with little practical experience would

not be valid. With the Classification and Diagnosis method, drainage

areas are classified and prescribed for different sizes and kinds of

waterway entrances. The limits for various entrances allow variations

to be made according to the local conditions of topography, soils,

land slopes, rainfall, and so forth. This method is advantageous when

tables are prepared for the varying conditions of specific territories.

It also relies on individual judgment for each individual application.

The method of Empirical Rules was employed quite extensively in

earlier times. However, this method has become obsolete because of

the crudeness of the rules of thumb involved. Also, more reliable

methods have taken its place. In the method of Formulas, a formula

was developed to determine the required waterway area. The formulas

which have been derived range from simple to complex. Some formulas

that were developed earlier are still in use, for example, the Talbot

formula published in 1887. The greatest advantage of formulas is the

ability to determine quickly the probable minimum, maximum, and average

values for waterway areas. The greatest disadvantage is the uncertainty

in the selection of the proper coefficient in the formulas in order to

arrive at a solution. In some instances, the coefficients are average
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values for the many factors that influence rainfall-runoff relation-

ships. In others, a range may be given for the coefficient depending

upon some deterministic value that affects this relationship.

The method of Tables and Curves replaces formulas with tables

and curves which represent the rainfall-runoff relationship.

Simplicity of solutions, after development of the tables and curves,

is the chief advantage. These tables and curves generally do not

include many of the factors involved and are generalized when used for

large areas of the United States. In some instances, tables and/or

graphs are utilized in conjunction with a formula. The Direct Observa-

tion method involves an on-site survey of the drainage area and stream

characteristics. A hydrologic analysis and hydraulic study is then

made of the area to determine the waterway area needed to carry the

runoff water without causing either scouring or deposition in the

channel.

The method of Correlation Analysis involves the correlation of

hydrologic factors by statistical analysis, the results of which may

be represented by a formula or nomograph for practical applications.

Hydrograph Synthesis is another method that is being used at the

present time. Hydrograph theory is employed to derive a synthetic

hydrograph from which waterway areas are designed. Both the

Agricultural Research Service and the Soil Conservation Service have

developed and used this method.
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Rational Method

The Rational Method is based upon the rational formula.

Researchers have modified the basic formula and have determined various

values for the coefficient term in the formula. Also, many formulas

have been advanced for estimating rainfall intensity. The rational

formula is:

Q = CIA	 (6)

where Q is the discharge in cubic feet per second, C is the runoff

coefficient depending upon the characteristics of the drainage basin,

I is the rainfall intensity in inches per hour, and A is the drainage

area in acres.

The general form of the formulas used for estimating the

rainfall intensity (I) in the rational formula is:

KFm
I = (t+b)n (7)

where t is the duration of rainfall in minutes, F is the frequency

factor indicating the frequency of occurrence of the rainfall, and K,

b, m, n are coefficients, constants, and exponents depending upon

conditions which affect the rainfall intensity.

The rational foLmula is based upon the following assumptions

as stated by Krimgold (1946):

1. The rate of runoff resulting from any rainfall intensity is a

maximum when this rainfall intensity lasts  as long or longer

than the time of concentration.
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2. The maximum runoff resulting from a rainfall intensity, with

a duration equal to or greater than the time of concentration,

is a simple fraction of such rainfall intensity; that is, it

assumes a straight line relation between Q and I, and Q equals

zero when I equals zero.

3. The frequency of peak discharge is the same as Chat of the

rainfall intensity for the given time of concentration.

4. The relationship between peak discharge and size of drainage

area is the same as the relationship between duration and

intensity of rainfall.

5. The coefficient of runoff is the same for storms of various

frequencies.

6. The coefficient of runoff is the same for all storms on a given

watershed.

According to Chow (1962), it is believed that these assumptions

might hold true for paved areas with gutters and sewers of fixed

dimensions and hydraulic characteristics. Therefore, the Rational

Method has been popular for the design of drainage systems in urban

areas and for airports.

The values of C recommended by the joint committee of the

American Society Of Civil Engineers and the Water Pollution Control

Federation as reported by Chow (1962) are shown in Table 1.



Table 1. Values of C in the Rational Formula

Type of Area	 Runoff Coefficient-C

Businesses in
downtown areas	 0.70-0.95
neighborhood areas	 0.50-7.00

Residential areas
single-family dwellings 	 0.30-0.50
multi-family units	 0.40-0.75
apartment units 	 0.50-0.70
suburban	 0.25-0.40

Industrial
light areas
	

0.50-0.80
heavy areas
	

0.60-0.90

Parks, Golf Courses, Cemeteries	 0.50-0.80

Playgrounds	 0.20-0.35

Railroad yards	 0.20-0.40

Unimproved areas	 0.10-0.30

Streets
asphalt	 0.70-0.95
concrete	 0.80-0.95

Lawns
sandy soil, 0-2% slope
sandy soil, 2-7% slope
sandy soil, 7% slope or more
heavy soil, 0-2% slope
heavy soil, 2-7% slope
heavy soil, 7% slope or more

0.05-0.10
0.10-0.15
0.15-0.20
0.13-0.17
0.18-0.22
0.25-0.35

30
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Agricultural Research Service Method

The Agricultural Research Service has developed a method for

estimating flow characteristics from small arid land watersheds, as

reported by Hickok et al. (1959). A method of hydrograph synthesis is

utilized to estimate the flow characteristics. The development of

this method is based upon an analysis of precipitation and runoff

records for fourteen experimental drainage areas in the states of

Arizona, New Mexico, and Colorado.

This method involves the following steps. First, an estima-

tion of a characteristic lag time from the watershed parameters is

determined. Next, the basin lag time is used to predict the hydrograph

peak rate for an assumed total value of runoff. Then, the hydrograph

is synthesized by using the lag time, the estimated peak rate, and a

standard dimensionless hydro graph.

In the process of developing the method of hydrograph synthesis,

a multiple correlation technique was employed. Such factors as basin

and channel slopes, lengths, drainage density, shape, and size of

watershed were correlated with lag time. The formula derived for lag

time is:

t = 1.75K 0
0.61
	(8)

where t is defined as the time interval in hours as measured from the

center of mass of a block of intense rainfall to the resulting peak of

the hydrograph. Ko is a lag time factor or

K =
O 	s /D.D.

A0
.3

o

	 (9)
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where A is the drainage area in acres, S
o 
is the average land slope of

the drainage basin in percent, and D.D. is the drainage density.

D.D. is defined as the total length (L0 ) of visible channel in the

watershed divided by the total drainage area (A) and is expressed in

feet per acre.

The lag time was found to be a major factor in the determina-

tion of the hydrograph shape. A correlation of the lag time with the

ratio of the peak rate of runoff to the total runoff volume was

determined as follows:

q = 90.8 —
v	

(10)

where q is the peak discharge in cubic feet per second, V is the

total runoff volume in acre-feet, and t is the lag time in hours.

A standardized dimensionless hydrograph was developed during

this study. By use of this hydrograph and the estimated values of

t and q as determined by the previous formulas, the synthesized

hydrograph can be determined.

Chow (1962) states that for regions other than Arizona,

New Mexico, and Colorado, new correlation formulas may be necessary.

This method generalizes rainfall patterns, soil conditions, land uses,

and other factors. The frequency of occurrence of rainfall is ignored

in this process.
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Bureau of Public Roads Method

The Bureau of Public Roads method (Chow 1962) of . estimating

peak rate of runoff is based upon the product of four factors as shown

below:

Q
desi

gn. = RF x LF x FF x Q

where RF is the rainfall factor, LF is the land use and slope factor,

FF is the frequency factor, and Q is the peak rate of runoff for mixed

cover in humid areas with a frequency of 25 years and a rainfall factor

of unity, Qdesi
gn is the design peak discharge.

The development of this method is based upon data provided by

the Soil Conservation Service from small agricultural watersheds of

less than 1,000 acres in the humid region of the eastern United States.

Utilizing a statistical analysis of the peak rates of runoff from

these watersheds and the Soil Conservation Service rainfall intensity

data, the Bureau of Public Roads (BPR) developed its design formula.

Also developed was a rainfall factor (RF) map of the United States

and a log-log graph which gives the peak rates of runoff (Q) for

watersheds of 1,000 acres and less.

The peak rate of runoff (Q) is determined from the curve of

the log-log graph corresponding to the watershed area in acres. The

curve is applicable to areas which have a 25-year frequency and one-

hour intensity of approximately 2.75 inches per hour. For other areas,

the peak rate of runoff has to be increased or decreased in proportion

to the one-hour intensity for the 25 year frequency. This ratio
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change is applied to the rainfall factor (RF) which is equal to one

(1.0) for the watersheds for which the formula was developed.

The land use and slope factor is most reliable for steep land

since the data utilized in this study were for steeply sloping land.

The factors for flat and very flat land are estimated from the runoff

of test plots under simulated rainfall conditions. Allowances have

been made for increased channel storage in watersheds of less slope.

Since the watershed data used in developing the BPR method

is from different geographic areas, its application gives general

estimates for a specific region. The Bureau of Public Roads developed

the following formula for determining the peak rate (Q) for specific

regions and watersheds of 100 to 350,000 acres:

Q = 0.038A 1.170 T-0.554W
	

(12)

where Q is the 10-year discharge in cubic feet per second, A is the

drainage area in acres, W is a given rainfall factor, and T is a slope

factor given by

T - 0.7L	 0.3L 
X/0.7L	 Y/0.3L

where L is the length of stream channel in miles, X is the difference

in elevation in feet of the stream bed at the outlet and at 0.7L

upstream, and Y is the difference in elevation in feet of the stream

bed at 0.7L and at the headwater.

The main advantage of the BPR method is its sifflplicity of

application. However, the land use factor is subject to personal

judgment and error.
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The British Road Research Laboratory Method

The British Road Research Laboratory method (RRL method) is a

simplified mathematical solution for determining the runoff from an

urban watershed. The method, as developed by the British Road

Research Laboratory, has been reported by Terstriep and Stall (1969).

This method transforms a given rainfall pattern into a resulting out-

flow hydrograph by considering runoff from the connected impervious

areas of the watershed.

A major advantage of the RRL method is the ease with which

runoff from a basin can be predicted. This method can be applied to

areas of future development when slopes, lengths of flow paths,

roughnesses and other hydraulic properties can be determined. The

effect of increased urbanization on existing drainage systems can be

predicted by employing this method.

The RBI method is based upon the following assumptions. First,

it assumes that the area contributing to runoff is composed entirely

of the directly-connected impervious areas. All impervious areas not

directly connected to the drainage system and all pervious areas are

ignored in the runoff calculations. Tholin and Keifer (1959) have

indicated that the hydrograph peak is dominated by runoff from the

impervious areas. Pervious areas contribute less than 15 percent of

the total runoff. This assumption seems warranted when considering

short-duration and light to moderate storms. Considerable error may be

introduced when long-duration or high intensity storms contribute

significant amounts of runoff from pervious areas.
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Second, the rainfall is assumed to be uniformly distributed

over the watershed. Also, the rainfall is assumed to be uniformly

distributed in time increments. For small basins and frontal type

storms, the assumption of uniform spatial distribution appears to be

valid. However, for larger basins and/or convective thunderstorms,

considerable variation in rainfall volume is possible.

Third, the relationship between time and area contributing to

runoff is assumed to be constant and independent of intensity and

duration of rainfall. The time-area relationship is mainly hydraulic

in nature. Thus, such hydraulic properties as length of overland

flow, length of gutter flow, slope, shape, and dimensions of the

drainage system will influence this relationship. Hicks (1944) has

shown that travel time for overland flow has an inverse relation to

storm intensity or supply rate. If overland flow dominates the runoff

system or if the length of overland flow to the drainage network is

great, the travel time for runoff to reach the outlet from any point

In the watershed will be affected significantly. Therefore, time of

overland flows will depend upon the intensity of the storm.

Fourth, a constant discharge-storage relationship is assumed

to describe the variation of discharge with storage for both rising

and falling limbs of the hydrograph. During the rising limb of the

hydrograph, the inflow is greater than the outflow and thus, the change

in storage is positive. During the recession limb, the inflow is less

than the outflow and the change in storage is negative or storage is

depleting. The two storage-discharge relationships generally do not
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follow the same curve. Linsley et al. (1958) have pointed out that

larger amounts of storage normally exist on the rising side of the

hydrograph for a given discharge.

Last, it is assumed that the use of a one-step storage routing

technique is valid for translating the inflow hydrograph into the

outflow hydrograph. Although this method of routing simplifies the

calculations, it introduces a major source of inaccuracy. Additional

accuracy could be obtained by using multiple-step routing techniques.

However, these techniques would require the use of a computer.

Computer Simulation Method

Watershed computer modeling involves the coubining of a series

of equations representing hydrologic processes occurring within a

watershed into a computer program. The result is a simulated stream-

flow from the watershed. The more closely this streamflow matches the

gaged records for the watershed, the more valuable is the computer

simulated model.

The MIT Catchment Model is an example of a couiputer simulation

model (Harley, Perkins, and Eagleson 1970). The Computer Simulation

method has not been widely used by practicing hydrologists because it

has not improved upon other less-complex prediction methods sufficiently

to warrant its use.



CHAPTER 4

DESCRIPTION OF THE WATERSHEDS

The Tucson area is typical of southern Arizona valley floors.

The topography consists of low hills separated by drainage networks

that change from gently sloping to well-defined channels. The vegeta-

tion is sparse and consists primarily of creosote bush, cacti, and

mesquite. Some grasses grow in the area also. These are of the short

grass varieties.

The soils are sandy loam or gravelly on the hills, changing to

loam in the upper reaches of the drainage ways. Youngs et al. (1931)

identified the soils in the Tucson area as Tubac, Mohave, Laveen, Pinal,

and Tucson loam. Infiltration tests on some of these soils were

performed by Beutner, Gaebe, and Horton (1940). They found wide

variations in the infiltration capacities of soils within the same

soils series at different sites. Final infiltration capacities for

Laveen and Tucson soil types were found to be 0.35 and 0.4, respec-

tively. The initial infiltration capacity of the Laveen soil was

greater than that of the Tucson soil.

This chapter provides information about the precipitation

patterns of the area, and descriptions of the Tucson Arroyo-Arroyo

Chico Watershed and the Atterbury Experimental Watershed. The follow-

ing chapter describes construction of and procedures for the experi-

mental plots.

38
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' Precipitation Patterns 

The climate of much of Arizona is semiarid (Sellers 1964).

The average annual precipitation is 7.83 inches in the southwest and

14.44 inches in the southeast sections of the state. The city of

Tucson receives an average of 10 to 11 inches of rainfall per year.

This precipitation appears in two distinct periods yearly. July and

August constitute the wettest period. The other period extends from

December through the middle of March.

The summer rains occur from convective type thunderstorms.

The moisture for this period comes almost exclusively from the Gulf

of Mexico. However, most of the record rainfalls have occurred as a

result of tropical surges of air from the Pacific Ocean up through the

Gulf of California.

The winter rains occur as frontal storms. These storms

result from a westward movement of the high pressure system in the

Pacific and a low pressure trough over the Western United States.

This combination directs the storms south along the West Coast. These

often reach as far south as San Francisco before moving inland and

they continue to move south and east before swinging northeastward.

When these storms move through the area, they produce about two days

of continuous precipitation. The intensity of precipitation is

generally light to moderate.

The Tucson Arroyo-Arroyo Chico Watershed 

The analysis of rainfall and runoff data collected from the

Tucson Arroyo-Arroyo Chico Watershed since 1959, together with data
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from experimental plots constructed by the researcher, formed the basis

for this study. This section provides a description of this watershed

and the procedures used in gathering data.

Location and Physical Features

The Tucson Arroyo-Arroyo Chico Watershed is located in the

south central portion of the city of Tucson, Arizona. The watershed

drainage area contains either wholly or in part, sections 8, 9, 10,

14, 15, 16, 17, 18, 20, 21, 22, 23, 24, and 28 of T.14S., R.14E., as

shown in Figure 1. The south boundary follows the Southern Pacific

Railroad yard and the northern limits of Davis-Monthan Air Force Base.

The east boundary angles northwest from a short distance north and

east of the main entrance to Davis-Monthan, crossing Craycroft Road,

Twenty-second Street, Swan Road, and east Broadway. The watershed

boundary lies north of Broadway, from east of Alvernon Way to west of

north Tucson Boulevard. It then crosses east Broadway and south

Cherry Avenue to the U.S. Geological Survey gaging station on the

Tucson Arroyo. From this point, the boundary proceeds in a south

easterly direction to the west end of the Southern Pacific Railroad

yard.

The total area enclosed in the drainage basin is 8.2 square

miles (U.S. Geological Survey 1965). The gaging station is located

one-quarter mile downstream from Che Tucson Arroyo-Arroyo Chico

junction. As measured from a U.S. Geological Survey map of the Tucson

quadrangle of Pima County, there are approximately 3.75 miles of

improved stream channel flow within the drainage area. The change in



Croycraft

41

\	 ,,,,93 6

66b7 2	4-0	 )
0 ... 0
out__	 )c."-fin , uLts

I

ai

a)

D14, 0 , a œ . s, I.' <2 o -611-.__..-7 E,	 -set 1;43 0 e / te e J "e° 0 9

a
a	

)
,	

o t (', —. ,0,9 	y	 I 'f3 0	 01
'''	 e E.:1	 4 	,Pc 	,	 e I e :	 a)	 o

1;s,s,ss	
>-, u)	 T:

e e	 0 -;',3 I	 .,.. i;)	 I	 0	 1,...

I	 • r, .>	 1016016,6	 1011	 0 n	 0 0

".	 -0 0 0	 .2)	 u)

1	
0	 i ce \i,'" 41,11.0 : . i an ;

	% 	 e `0 0	 r's I s":,' ';':	 -	 . - —.5	

•

o03 -.-- ,
o
ID t_ a,

0 4-

0, es
.._ 

a) -II '
c c 

cc
1	 Q

o
as
, ln

0
CD 

0

•
4	OZ	 e e 01-",-.',,-\,V46(616 	 ,4 4

	

4 '	 , r12,4 e	 0 ) •-,-	 ,,	
-o	 C.)	 o.)

	

s	 o '''q

	

.	 —

	

1-11	 ell _i 5, .0	 0 ''z

	e+ ' '91 ...,... ,	

0

.	 i	
.1.3 	 ....,

; i - L..).- i - 62 'o 	 - C; 
	1 	 6 7 ' Il  	 j e 	0 0 f 1	 .	 :	 .--

0 0 a> c) _a a) c)
-C D C.1 C.)• /t

e	 t	 .1's	 e a! 9 _J fj"-;'%'	 : (; J ,3̀ i, ,	 -.9 . +7. 'i:
s• Ct. CL C.) u CC u) c_.) OC >

	

n 4	 j

1

0	 g v'-' n 	 i-,•1 	-) '' 0	 5'	 9 1 i	 4
',e e 4 ' '" ,j- [A3 4e 04	 2/il IO

I . .3 ..,eeOee - y c- ,	 (.2i1E1 0 1, , n fa P7 Cl r; Er) Eo	 Alvernon

	

Ee 0 0 ir,:, 	0 0 C13,1;; E:',3 Li Ei
A' 	e r. . ab ., IZ,;',Tr".... ev ce e. cr 0 ,--).,,

0 .-2) C-.c . . t..'ele	 3 ,. ,

6	 -7)43 -''" 4 E5 6
A,

. n, oz ». 0 -4
- a

ai
-E,

0>
')	 ut

3.._
3	 .1-	 I .	 n	 4_...

o	 o
4_9	 1

4	
y '• , "----„.....y.

s
i	 ..,/ \o

4...--s	 -t -') 4 ,.,, ) ,; Y s 4 i	 4 4 4 -,- 7:1

' 6	 6	 D	 " ,,ii-1.01.1 A

b	 ,.
6	 t	 e	 --,

r) e '4- 	, -1; '-- '	 ...	
(4 6	 ,, 2. 6 6 ç'	 s_

D	 tg
'`J 6 ''' , 6

	 4	 CL
• '6

,
66;0 et	 y	 .i	 ---,'	 ).; il b	 e

62	 . -‘..,.., ,:( , , 1- .\ .?.-, -).....J (2) 6	„,	 eneeet1''N'.

a 0 a o a oro- ‘ -ea e 0 ki. -;, c, :3ts 6 4 0 0 0 0 c

1	 4	 : 0 e	 6
LI g	 n 	 f

Ci 6 i I e clia 0
P 0
D0
0 e CS , a
Ege	 es "---`--V)	 0	 o 0 4

e'2 P0,6 ¢ 6 /1 -'' )	0	 :C./ 6	6 0

00	 l'.-  6. +mg	 .4' Il ° 4 o

C)0-1,3 ,	 o ° 0	 ..+6	
,- .

ô o,`' 0
E2 ,„Q-- --	 ,o	 ';9b1-	

a
o	 ° 0 e.-0

3 .'" t .ri	 L11, 0 ..... \a; ';'.. as 0 t 0
/ Q0.04 0 6;1, 0,766	 DEllt13L0

4	 ) ..	 0
De, 000)1	 ,.' 6 g o/	 \

, —

'CO &Y% Ou ) t. 7t3 Cg it8 a ta C:1 -/,



42

elevation from the crest of the stream gage to the most remote and

highest point is approximately 208 feet.

Sections 8, 9, and 10 have very little area within the water-

shed. This area includes only that portion of the watershed north of

Broadway. The boundary crosses the El Con Shopping Center in an

east-west direction and contains more than half of the shopping center

within the watershed. The southwest portion of section 14 lies within

the boundary. Nearly all of section 16 is within the watershed.

Sections 14 and 15 are primarily residential. Section 16, wholly

within the watershed, contains Randolph Park and Golf Course.	 This

takes up three-fourths of the area. The remaining portion of section

16 is widely spaced residential. Section 17 is mainly residential.

However, approximately 15 percent of the area is commercial and public

school property. Section 18 contains the athletic field and

maintenance buildings for the Tucson Public Schools. Except for a

few residential and commercial buildings, the remainder of the section

within the watershed is vacant property. Slightly over half of section

20 is within the watershed boundary and half of this area is occupied

by the Southern Pacific Railroad yard. Most of section 21 is con-

tained in the watershed. It is predominantly residential, with the

remainder divided evenly among commercial, industrial, and vacant

property. The Southern Pacific Railroad yard extends into the south-

west corner of this section. Approximately 50 percent of section 22

within the watershed is vacant area, with the remainder largely

industrial with some residential property. Section 23 is predominantly
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vacant with most of the remainder devoted to industrial uses. Section

24 has only a small portion within the watershed and it is divided

between residential and commercial uses. The southernmost boundary

of the Tucson Arroyo-Arroyo Chico Watershed extends into section 28.

This section contains the eastern end of the railroad yards. The

railroad yards and industrial uses cover approximately 50 percent of

the area within the watershed, with the remainder of the area being

vacant. Table 2 provides a summary of land use in the watershed.

It provides the percentages of the residential, commercial, industrial,

and public uses as well as the percentage of the area in streets and

alleys and total portion of each section in the watershed.

Population Density

The population of the Tucson Arroyo-Arroyo Chico Watershed

varies considerably in the different sections. This is due to the

varied land use within the watershed which includes residential,

commercial, and light industrial operations. The population figures

(Faure and Tsaguris 1967) are shown in Table 3.

Vine Avenue Gaging Station

The Tucson Arroyo Vine Avenue gaging station is located at

latitude 32 °13'00", longitude 110 057'00", which is in section 18,

T.14S., R.14E. The gage is a water-stage recorder with a concrete

control. Datum of the gage is 2,411.9 feet above mean sea level

referenced from the city of Tucson bench marks. The gaging records

are rated as good on a poor, fair, good, excellent rating scale.
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Table 3.	 Summary of population in the Tucson Arroyo Watershed

Section
Population

(1967)
Population in
the Watershed

8 4400 280

9 3250 605

14 3600 1558

15 6000 5400

16 450 450

17 4400 4240

18 1550 60

20 2300 1350

21 5700 5700

22 3700 3700

23 3550 3550

24 7200 205

28 80 0
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The error in the daily records is less than 10 percent for a station

rated as good (U.S. Geological Survey 1965).

Rain Gage Sites

Three 8-inch recording rain gages were placed along the main

axis of the watershed as shown on the map in Figure 2. One recording

rain gage was placed in the enclosure of Tucson well-site b-8 located

on Cherry Avenue. Another was placed in the pump enclosure in Randolph

Park. The third recording rain gage was placed on Turfgrass Farm

located on east Twenty-second Street. Two-inch square plastic tapered

rain gages were used on the other locations as shown on the map.

These locations are also city well-sites. The city well-sites

selected offered the best exposure and protection available for the

gages.

Precipitation data from The University of Arizona, Davis-

Monthan Air Force Base, and the personal data of Mr. Thomas M. Davey

who is employed by the U.S. Geological Survey were used in this study.

These sites are not shown on the map in Figure 2. The location of the

Davey gage is east of the watershed and south of Twenty-second street.

The Davis-Mbnthan Air Force Base site is south of the watershed and

toward the east end. The University of Arizona site is northwest of

the watershed.

Atterbury Experimental Watershed 

The Atterbury Experimental Watershed is comprised of 17.9

square miles and is located southeast of the city of Tucson.
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Figure 4 illustrates the Atterbury Experimental Watershed and was

drawn from information furnished by the University of Arizona Water

Resources Research Center and city of Tucson maps. The largest

portion of the watershed is within T.15S. R.15E., which is one town-

ship south and one east of the location of the Tucson Arroyo-Arroyo

Chico Watershed. Portions of the Atterbury Experimental Watershed

lie within T.14S. R.15E., T.15S. R.16E., and T.16S. R.16E.

The watershed is drained by two ephemeral streams. Main Wash

is a natural stream. Davis-Mbnthan Wash is an artificial channel

formed when a levee was built to prevent flooding to the west of the

present watershed. A rain gage network was originally installed on

approximately a one-mile grid. This network consisted of 29 gages.

Three more gages were added to the network from 1959 to 1964. Six of

the 32 gages are of the 8-inch recording type. The remainder are

12-inch standard rain gages. Runoff volumes from the watershed are

determined by the levels in three volumetrically-calibrated catchments

and a critical depth flume.

The development that has taken place in the Atterbury Experi-

mental Watershed has been in sections 28, 29, 32, and 33 of

T.14S. R.15E. Most of this development has occurred since March of

1971.

At present, of the portion lying within the watershed of each

of the following sections, 23 percent of section 28, 63 percent of

section 29, 37 percent of section 32, and 14 percent of section 33

is developed for residential use. The remainder of the watershed is
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Figure 3. Atterbury Experimental Watershed



primarily undeveloped. The area immediately south of the present

development is occupied by the eastern portion of Davis-Monthan Air

Force base.
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CHAPTER 5

DESCRIPTION OF THE EXPERIMENTAL PLOT STUDY

Laboratory experimental test plots were constructed by the

researcher to supplement the data from the Tucson Arroyo-Arroyo Chico

and Atterbury Experimental Watersheds and to correlate the results

from these plots with those data. The test plots provided a means

whereby the effects of precipitation intensity and percent of

vervious cover on the precipitation-runoff relationship could be

studied. Intensity, duration, and frequency of precipitation were

controlled rather than permitting these factors to depend upon natural

rainfall for data collection. The amount of impervious cover for the

various plots was selected. This allowed a more precise study of the

effect of impervious cover on runoff. The experimental plots also

enabled the researcher to collect data during periods of no rainfall.

These plots were constructed on the Agricultural Engineering portion

of the University of Arizona Campbell Avenue Farm located in the

northern part of the city of Tucson, Arizona.

Plot Configuration 

Sixteen individual plots were utilized in this study. This

allowed four treatments for impervious cover and four replications for

the statistical analysis of the data obtained. See Figure 4 for the

plot plan and cross sectional view.
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Each plot measured 3.5 feet by 6.0 feet for a total surface

drainage area of 21.0 square feet. Four plots were placed side by side

on each of the four sides of the centrally located collection containers.

These collection containers were placed in • the center of the area for

two reasons. First, when the spacing and calibration tests of the

sprinklers were conducted, it was noted that the center portion of the

area received less water than the outer area. Second, it was simpler

to excavate one cavity in the center for the collection containers

than to place the containers outside of the area in separate locations.

A portion of the surface area of three of the plots within

each group of four plots was covered with an impervious material. The

material used for this cover consisted of a mixture of epoxy cement

and sand with a curing agent. A concrete sealer was applied after the

material had hardened. The portion of the areas covered with the

impervious material was 25 percent, 50 percent, and 75 percent,

respectively. One plot in each of these groups remained as a natural

pervious surface. The treatments for each plot within each group of

four were randomly selected.

Plot Construction 

Sixteen containers for collecting the runoff from each of the

sixteen plots were placed in the ground in the center of the test

area. The ground surface around the containers was sloped away from

the center of the test area. However, a lower area was maintained in

the center around the containers to provide drainage to the containers

from the test plots. A drain was provided for the area around the
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containers and a pump was operated during tests to ensure that no water

other than that from the plots entered the containers.

Sand was placed on the sloping surface to provide subsurface

drainage for the top soil of each plot. The borders for the plots

were placed on top of the sand and then the top soil was placed in

each plot. This top soil was obtained from the Atterbury Watershed

which contains the same type of soil as the Tucson Arroyo-Arroyo Chico

Watershed. After the final elevations of the borders were determined,

the top soil was excavated in the areas where the impervious material

was to be placed. After placement of this material, the top soil was

replaced to the same height as the impervious material. Water was

applied to the test plots with the sprinklers in order to get the top

soil to settle to a more natural condition. More top soil was added

as necessary to maintain the desired height within the plots.

The borders of the test plots were constructed of 24 gauge

galvanized steel. The sides and one end were cut to a height of

eight inches. This allowed a six inch border above the surface of the

top soil and two inches below the surface. The other end of each plot

provided an outlet along its entire length. A trough was placed

under the lip of each of the outlets to collect the runoff water.

A plastic hose conducted the water from each plot to a respective

collection container. A shield was provided over each lip and

collector to prevent water other than that from the plot from entering

the collection system. This shield also provided the fourth sharp edge,

even with the top of the other three sides of the borders. Rain gages



55

were installed strategically around the plots to measure the distribu-

tion pattern of the applied precipitation during each test.

Rain Simulator 

For the simulation of rain on the test plots, Rainbird number

14V and number 25 sprinklers were used. Various nozzle sizes were

utilized for the tests and depending upon the number of sprinklers

used, combinations of nozzle sizes were employed.

Each sprinkler was checked for rotation speed and number of

strikes of the impact arm prior to the experimental tests. According

to Hinz (1968), these factors are important for evenness of distribu-

tion of water between sprinklers. Table 4 gives the final adjustment

of each sprinkler head. The number 25 sprinkler heads were equipped

with travel control mechanisms. By adjusting these mechanisms, the

sprinklers could be set for either a full circular pattern or any

portion of a full circular pattern desired. This allowed a greater

control of intensity in application of water to the test plots.

After the individual sprinklers had been adjusted for rotation,

water distribution tests of Che various combinations of nozzle sizes

and sprinklers were conducted. A system of rain gages was set up on

a 6 X 6 foot grid pattern to check the distribution. Hinz (1968)

indicated that no improvement in results was obtained with a closer

spacing in tests conducted by Rainbird, Incorporated. After several

trials, a 24 X 24 foot corner spacing for the sprinklers was decided

upon. The results of these tests indicated that the evenness of

distribution for the various combinations was 90 percent or greater.
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Table 4.	 Rainbird sprinkler tests

Sprinkler
Number Strokes

Rotation
(sec/rev)

1-14V 245 15.0

2-14V 230 18.0

3-14V 220 17.3

4-14V 245 20.0

5-14V 230 20.0

6-14V 240 16.0

7-14V 220 15.6

8-14V 220 19.3

1-25 240 18.5

2-25 245 19.0

3-25 240 19.1

4-25 235 18.2
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When the center portion of the test area was eliminated from the

results, the coefficient of distribution improved further.

A pump and valve were installed in the system to provide and

control the pressure at the sprinkler nozzles. A pressure gage was

installed also. The pressure at the nozzles was checked with a special

nozzle gage. The results of the gage readings indicated very little

drop in pressure between sprinklers.

It should be noted that the terminal velocity of droplets

from the rain simulator was not obtained. Terminal velocity of water

droplets is reached at approximately 35 feet of fall. The maximum

height of the waterstream from the sprinklers was approximately 12 feet.

Therefore, the impact of the droplets on the test plots differed from

that of natural storm events.

Runoff Test Procedures 

The simulated rainfall-runoff tests were conducted during the

summer of 1968 and the winter of 1968-69. All tests were conducted

between 6 A.M. and 7:30 A.M. in order to eliminate the wind factor as

much as possible. No tests were conducted on days during which wind

would have affected the distribution of water from the rain simulator.

Tests were conducted with six levels of precipitation during

both the summer and the winter seasons. All six levels of precipita-

tion were tested during both seasons with no antecedent moisture

during the seven days prior to the tests. These same tests were

repeated with antecedent moisture just prior to each test.



58

The runoff from the plots was collected and weighed to the

nearest one-hundredth of a pound immediately following each trial.

The tests were considered successful if no erratic results were

obtained. When an erratic result occurred, an investigation of the

system was made in order to determine the cause. Some of the

problems were attributed to stopped up drains, collector troughs

which were out of position, or sinks in the soil of the test plots.

Erratic test results were eliminated from the analysis of the data.

Tests were conducted for 15 minute intervals. This time

increment was selected for several reasons. When the records of the

recording rain gages on the Tucson Arroyo Watershed were examined,

it was noted that many of the storms occurred in short duration bursts

of precipitation. Also, work conducted by the U.S. Agricultural

Research Service indicated that short intense periods of precipitation

have been shown to have a correlation with runoff results. Osborn and

Lane (1969) reported that runoff was most strongly correlated with

the maximum 15 minute depth of precipitation. Finally, longer duration

tests would have resulted in storage capacity problems of the runoff

from the test plots at the highest intensity tests.



CHAPTER 6

RESEARCH FINDINGS

The data for this study were drawn from two sources--a controlled

laboratory experiment and a field evaluation. The watersheds used in

the field study were described in Chapter 4 along with the procedures

employed in gathering data. The controlled laboratory study was

explained in Chapter 5. In this chapter, the statistical techniques

utilized in the study will be reviewed and the analysis of the data from

both the laboratory and field studies will be discussed.

Discussion of Statistical Techniques 

Analysis of Variance

Statisticians have designed the analysis of variance technique

in order to determine differences among multiple groups of data. If

one wishes to test the difference between two subsamples, the F or

t-test could be used However, when multiple groups are involved, the

task of testing subsamples two at a time would become too cumbersome.

Also, the analysis of variance technique takes into account the inter-

action between sets of subsamples. This technique makes estimates of

the variance due to interaction.

The general null hypothesis of no difference among the means of

the various groups is tested. In simple analysis of variance, there

are two types of variation. By taking all data at once, a total

59
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variance is obtained. If the groups of data are taken separately and

the mean and variance of each group are obtained, the means and

variances of the groups will vary. The variation of the group means

from the mean of the total is referred to as "between groups" variance.

The average variability of the data points within each group is called

the "within group" variance. If the groups are random samples from

the same population, the "within" and "between" variances are unbiased

estimates of the same population variance. The significance of the

difference of the two variances can be tested by the use of the F-test.

The following assumptions should be met when the analysis of

variance technique is used:

1. The subjects in the various subgroups should be selected on

the basis of random sampling from normally distributed popula-

tions.

2. The variances of the subgroups should be homogeneous.

3. The samples comprising the groups should be independent.

Analysis of variance allows the researcher to determine the

significance of factors that are entered into the analysis. Multiple

factors can be analyzed simultaneously, together with the interaction

between factors. This technique can be utilized to determine how

much influence a factor has in a particular experiment.

The major disadvantage of analysis of variance is that it is

not a prediction technique. The factors entered into the study are

not predictors but are representative only of the experiment or study

conducted.
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Regression Analysis

Correlation methods of analysis enable a researcher to determine

the strength and direction of the relationship between two variables.

Correlation techniques may indicate that there is no appreciable rela-

tionship between variables which might have seemed to be very strongly

related. On the other hand, these techniques may reveal a strong

relationship existing between two variables. Any increase in knowledge

regarding the variables in a research study will be of value.

In addition to knowledge regarding the relationships of

variables, the researcher may wish to make predictions from the vari-

ables. The statistical technique which allows the researcher to

accomplish this is called regression. It is closely related to

product-moment correlation. However, with correlation, both of the

measures involved represent random variables, while with regression

only one measure is variable, the other is a given. In making predic-

tions, the variable from which the prediction is made is referred to

as the independent variable or predictor variable. The variable that

is predicted is the dependent or criterion variable.

The regression equation takes this form:

Y = a + bX e	 (14)

where Y is the predicted variable, a is the intercept, b is the

regression coefficient, X is the independent variable, and e is the

error term.
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There are several assumptions which must be satisfied in

order to use regression legitimately. First, there must be a linear

relationship between the X and the Y variables. Second, the require-

ment of homoscedasticity must be met. In other words, the spread of

the Y values for corresponding values of X must be similar. Finally,

there must be an approximately normal distribution of the X and Y

variables.

The standard error of estimate reflects the strength of the

relationship between the independent and dependent variables. With any

statistical prediction scheme, it is not possible to make errorless

predictions. However, the researcher is able to define and quantify

the amount of error present in his predictions. This is accomplished

through the application of the standard error of estimate. The use of

the standard error of estimate is somewhat similar to that of a

standard deviation as a unit of measurement along the baseline of a

normal distribution. In general, the size of the value of the

standard error of estimate increases as the size of the correlation

coefficient of regression decreases. The stronger the relationship

between the variables, the smaller the error of prediction will be.

With a perfect correlation of one (71 1.0), the standard error of estimate

goes to zero.

Multiple regression prediction utilizes two or more independent

variables which are related to the dependent variable by incorporating

them into a more complex scheme of prediction. The accuracy of pre-

diction is increased by using more than one independent variable.
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The formula used is similar to the simple linear regression

formula. When utilizing two independent variables the formula takes

the form:

Y = a + b 1X1 + b 2X2
	 (15)

where Y is the dependent variable, a is the intercept, b l and b 2 are

the regression coefficients of the independent variables, X1 and X2 are

the independent variables, and e is the error term.

The main disadvantage of multiple regression is the amount of

computation necessary without the use of a computer. The prediction

efficiency of regression usually increases up to the addition of a

fourth or fifth independent variable. After that, only slight increases

are made. As with other statistical procedures, the assumptions made

for the test are often violated. If the assumptions for this technique

are met, the error term is zero. When they are not met, the error

term may not have a normal distribution.

In this study, the independent variables used in the regression

were average precipitation, intensity of precipitation, duration of

precipitation, and the antecedent moisture index. It was recognized

that average precipitation and intensity of precipitation are not

independent of each other. Duration of precipitation would have a

similar relationship to the two aforementioned factors. The antecedent

moisture index used would be independent of the other factors since

precipitation events do not depend upon each other.
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Stepwise regression is the process of introducing the

independent variables into the regression analysis in the order in

which they account for the maximum amount of the variation. The

process of stepwise regression analysis is no different from other

methods of regression except that in the stepwise technique, the

independent variable which accounts for most of the variation is

entered into the regression analysis first.

Test Plot Analysis 

The justification for the inclusion of the simulated rainfall-

runoff test plots was to determine the significance of certain

variables in rainfall-runoff relationships.

An analysis of variance and a stepwise regression analysis

were conducted on the data obtained from the simulated rainfall-runoff

plots.

Results of Analysis of Variance

The analysis of variance conducted on the data included

antecedent moisture, season of the year, percent of impervious cover,

intensity of precipitation, and replications. The results of the

analysis of variance indicated that season of the year was not a

significant factor in this experiment. Intensity of precipitation,

antecedent moisture, and percent of impervious cover all resulted in

significant F ratios at the 10 percent level of significance. Intensity

of precipitation demonstrated the greatest significance with an F ratio

of 17,239 and 5/141 degrees of freedom as shown in Table 5. The results

of the interaction between these factors are indicated in Table 6.
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Table 5.	 Abbreviated analysis of variance

Source of Variation
Degrees of
Freedom Mean Square

Antecedent moisture 1 98859974 8225*

Season of the year 1 115578 12

Percent cover 3 35085885 2919*

Precipitation intensity 5 207180479 17239*

Between 141 1694603

Within 144 1337928

* Significant at the 0.1 level.
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Results of Stepwise Regression Analysis

The stepwise regression analysis shown in Table 7 determined

the effect of intensity and percent of impervious cover on runoff from

the test plots. From this analysis it was determined that 94.47 per-

cent of the variation in runoff was due to intensity and impervious

cover, with 85.42 percent of this as a result of intensity. The run-

off data with antecedent precipitation improved upon these values

only slightly. These values were 95.94 percent and 86.23 percent,

respectively.

Further analysis of the test plot data indicated an increasing

effect of percent of cover on runoff. Holding percent of cover

constant while increasing intensity resulted in a high coefficient of

determination. The coefficient of determination increased as percent

of cover was incremented from 0 to 75 percent of impervious cover.

When intensity of precipitation was held constant across the differing

percents of cover, there was a decrease in the coefficients of

determination with respect to an overall increase in intensity. This

indicated a greater effect of percent of cover with increasing precipita-

tion. However, the highest intensity test conducted resulted in an

increase in the coefficient of determination once more. This could

indicate that at some point of intensity the effect of impervious cover

is minimized. With a greater intensity of precipitation, both pervious

and impervious areas would be contributing substantially to the amount

of runoff.
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Table 7. Stepwise regression analysis coefficients for cover (b1) and
intensity (b2) and coefficients of determination for test
plots*

a b 1 b2 R2

No antecedent precipitation -.2022 .18330 .7207 .9447

Antecedent precipitation -.0987 .20310 .7461 .9594

No antecedent precipitation -.1399 .7826 .8542

Antecedent precipitation -.0226 .7461 .8623

Cover

0 % -.0320 .6153 .9701

25% -.0536 .7402 .9920

50% -.0785 .9363 .9971

75% -.0727 .9773 .9977

Intensity
(inches/15 minute
interval)

.11-.14 .0216 .1350 .9832

.19-.22 .0755 .1222 .9923

.25-.27 .0932 .1336 .9828

.32-.36 .1472 .1329 .9563

.52-.56 .2732 .3094 .9428

.68-.71 .3647 .3659 .9689

* In this table, b l is the change in runoff per percent change in
cover, b 2 is change in runoff per change in intensity of rainfall,
and a is the intercept constant.
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Figure 5 shows the relationship of percent of cover and

intensity with respect to runoff from the test plots. The sloping

lines representing different intensities are essentially the same

for the lower intensity tests. At the intensity of 2.2 in/hr and

above, the slopes become steeper. This change corresponds with the

change in regression results obtained from the data of the Tucson

Arroyo-Arroyo Chico Watershed. The latter data indicated a change at

intensities of 0.4 inches of precipitation and more for 15 minute

intervals. It should be noted that these changes could have been

related as they may have been due to a minimized effect of impervious

cover at the higher intensities of precipitation. This could also

have been the result of exceeding the infiltration rate at intensities

of precipitation of 0.4 inches or more. After exceeding the infiltra-

tion rates, the total area would be contributing to the runoff from

the watershed,

Precipitation-Runoff Comparison 
of Two Watersheds 

Table 8 provides a summary of the precipitation, runoff, and

percent of precipitation resulting in runoff from the Tucson Arroyo-

Arroyo Chico Watershed from 1957 through 1969. These data were

compared with data from the essentially undeveloped Atterbury

Experimental Watershed as shown in Table 9. No significant difference

was found between the amount of precipitation received by either

watershed. However, the average precipitation of the Tucson Arroyo

Watershed was slightly higher for the period under study. There was
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Figure 5. Simulated rainfall-runoff relationships with intensity of
precipitation for test plots



72

Table 8. Summary of rainfall and runoff data for the Tucson Arroyo
Watershed*

Water
	

Precipitation**
	

Runoff
	

Runoff % of
Year
	

inches	 acre-feet
	

Precipitation

1957 9.62 320 3.4

1958 14.42 803 5.7

1959 11.0 781 7.3

1960 10.93 428 4.1

1961 9.44 1210 13.2

1962 11.68 595 5.2

1963 10.00 259 2.7

1964 10.47 428 4.2

1965 9.25 429 4.8

1966 17.43 1290 8.1

1967 8.82 274 3.2

1968 15.80 410 2.8

1969 12.98 340 2.7

Average 11.67 582 11.4

* University of Arizona and Davis-Monthan precipitation records
obtained from U.S. Department of Commerce Environmental Data
Service, Ashville, North Carolina. Runoff data obtained from
U.S. Geological Survey, Surface Water Records.

** Precipitation determined by the Thiessen polygon method using The
University of Arizona, Davis-Monthan Air Force Base, and Davey
precipitation records (1957 and 1958 did not include Davey records).
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Table 9. Summary of rainfall and runoff data for the Atterbury
Experimental Watershed*

Water	 Precipitation	 Runoff
	

Runoff % of
Year	 inches	 acre-feet

	
Precipitation

1957 10.10 192 2.0

1958 15.52 416 2.8

1959 8.50 250 3.1

1960 12.05 391 3.4

1961 9.45 447 4.9

1962 11.29 162 1.5

1963 9.63 80 0.9

1964 12.46 308 2.6

1965 10.30 134 1.4

1966 19.00 400 2.2

1967 9.01 209 2.4

1968 16.19 413 2.6

1969 8.36 77 1.0

Average 11.60 268 2.4

* Data obtained from the Water Resources Research Center of The
University of Arizona.
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a significant difference in runoff from the two areas. The runoff

from the Tucson Arroyo Watershed was almost two and a fourth times as

much as from the Atterbury Watershed. The runoff per square mile for

the Tucson Arroyo Watershed was 71 acre-feet and for the Atterbury

Watershed, only 15 acre-feet. This is 4.75 times as much runoff for

the developed urban area as for the undeveloped watershed. The

Thiessen polygon method of determining precipitation was used for the

Tucson Arroyo Watershed because only three precipitation stations

were available for the time period under study. A point of interest

is the fact that during the water year of 1961, the highest ratio of

runoff to precipitation was during a year of below normal precipita-

tion for both of the watersheds.

An answer for this high runoff rate for the water year of 1961

was obtained by investigating the rainfall-runoff records of the Tucson

Arroyo Watershed for that year. On two occasions during the year it

was determined that high intensity rains had occurred. On July 22,

the first event occurred which resulted in a runoff peak flow of

1,140 cfs and a daily average of 83 cfs. The amount of precipitation

which occurred during this storm was 1.51 inches (University of Arizona

Station), 1.39 inches (Davis-Monthan Station), and 1.65 inches (Davey

Station), the latter station having indicated that the entire amount

fell within a period of 25 minutes. The second event occurred on

August 22-23. During this storm, a peak runoff flow of 5,000 cfs was

recorded. A daily average of 390 cfs resulted on August 22. The

precipitation recorded was 1.58 inches (University of Arizona Station),
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2.16 inches (Davis-Monthan Station), and 1.68 inches (Davey Station),

the latter station having indicated that 1.15 inches of this amount

fell within a 30 minute period. Prior precipitation had occurred

within two days of both of the storm events. The average precipita-

tion computed by the Thiessen polygon method for these two events was

3.26 inches. This was more than one-third of the total precipitation

received on the watershed for the entire water year of 1961. Table 10

offers a summary of these data.

Table 10.	 Summary of rainfall-runoff data for two storm events of the
water year 1961

Date of
Events

Peak Flow
cfs

Daily
Average

Precipitation--inches

U.	 of A.	 D.M.	 Davey*

July 22

August 22-23

1,140

5,000

83

390

	

1.51	 1.39	 1.65

	

1.58	 2.16	 1.68

* 1.65 inches fell in 25 minutes on July 22, and 1.15 inches of the
1.68 inches which occurred on August 22-23 fell in a period of
30 minutes.

The area of the city of Tucson is approximately 76 square miles

(Faure and Tsaguris 1967). The area of the Tucson Arroyo-Arroyo Chico

Watershed is 8.2 square miles and has yielded 582 acre-feet of water

per year over a twelve-year period. If the entire area of Tucson were

to yield this same amount proportionally, on the average there would be

5,395 acre-feet of runoff per year. However, since the yield of

larger watersheds is normally less per unit area, this amount would
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not be expected to result. According to the 1969-70 Annual Report of

the City of Tucson Department of Water and Sewers, 57,361 acre-feet

of water were pumped by the department during that year for city users.

The amount of runoff calculated for the city amounts to 9.4 percent

of the total water pumped by the Water Department. However, the runoff

from the city of Tucson is not totally lost. The water reaches the

Santa Cruz River, Rillito Creek and Pantano Wash where a part of it

recharges naturally. At the present time, the detention and reclama-

tion of the runoff water may be more costly than the pumping of water

from the city wells which requires no treatment of the water.

In the future development of the city and county, provisions

should be made to maintain the flood plains of the various drainage

areas free of development. Detention reservoirs could then be built

in these areas to salvage the runoff water either by treatment and

direct use or by regulating the flow into the natural recharge areas

of the Pantano Wash, Rillito Creek, and Santa Cruz River. By regulat-

ing the flow into the recharge areas, the retained water could be

recharged with a minimum of loss. However, the sediments remaining

in the water would tend to seal the recharge sites. If the recharge

channels were left free of detention dams, the runoff from the upper

reaches would tend to flush the sediments from the recharge areas.

The detention reservoirs would act as recharge areas also. The

frequent dewatering would allow these sites to maintain an infiltra-

tion rate near the original with infrequent cleaning operations. Parks

that would be developed in the flood plain areas could also be
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irrigated with the salvaged water to reduce the use of water from the

city's fresh water supply.

Field Study Analysis 

The Tucson Arroyo-Arroyo Chico Watershed was cut to its present

size in 1956. Therefore, runoff data prior to that time were not

included in the present study. Data available from 1959 to 1969

included daily precipitation records from the National Weather Service

and T. M. Davey, as well as runoff records from the U.S. Geological

Survey. In July of 1968, a concentrated network of rain gages was

installed on the watershed by the researcher. Three of the gages were

of the eight-inch recording type and the remaining eight were standard

plastic gages. Recording rain gages record precipitation on a duration-

depth basis and thus intensity, duration, and depth of precipitation

records were available for the period of July 1968 to September 1969.

These records enabled the researcher to employ multiple linear regres-

sion techniques in determining a rainfall-runoff model for the water-

shed. Simple linear regressions were conducted with the data obtained

from the National Weather Service and the U.S. Geological Survey for

the period from 1959 to 1969 as well as the data collected by the

researcher from the rain gage network for the period of July 1968 to

September 1969. The regression technique was utilized in order to

estimate the relative effect of the factors involved in the rainfall-

runoff relationship.
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Simple Linear Analysis of Data for 1968-1969

The simple linear regression analysis model was as follows:

Q = a + bX e	 (16)

where a is the intercept, b is the regression coefficient, and X is the

variable being correlated with the runoff Q, and e is the error of

estimation. Q, X, and e are the stochastic components, and a and b

the deterministic components in this model.

One of the first items checked was precipitation data from the

concentrated rain gage network versus data from the three sites operated

by The University of Arizona, Davis-Monthan Air Force Base, and T. M.

Davey, for the period of July 1968 to September 1969. A high coefficient

of determination was obtained. See Table 11 for a summary of these

results.

One of the next items checked was that of runoff volume versus

peak flows. Again, a high coefficient of determination was obtained.

This indicates a high correlation between total runoff and peak flows.

As with the rain gage networks, either of the sets of data values

could be used in further linear regression analysis.

The data were then grouped according to number of days since

the previous storm event and intensity of precipitation. High

coefficients of determination were obtained for data of events with

two days or less since the last storm event and for precipitation

intensities of four-tenths of an inch and greater per 15-minute

intervals. Results of antecedent precipitation and intensities of

precipitation were obtained for both the concentrated network and the
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three rain gage network. The concentrated network resulted in higher

coefficients of determination for the low intensities and for three

days or more without precipitation.

In addition, simple linear regressions were conducted with the

variables transformed into log space. The log model of the transformed

variables was as follows:

Q = axb	e
	

(17)

where a is the intercept, b is the regression coefficient, and X is

the independent variable being correlated with Q.

The results followed the same general pattern as those obtained

for the data in the original form except for the data of storm events

grouped into that of three days or more since the last storm event

for the three rain gage network. The coefficients of determination

were more than doubled in each instance. This indicates that the

variables were either erratic or curvilinear. However, if the

variables were curvilinear, a higher coefficient of determination

would be expected from the log transform of the data. It appears that

the three raingage network may not have been sufficiently sensitive to

measure volume of precipitation accurately. From these results, it

would seem that the log transformation does not improve the relation-

ship between the variables.

Multiple Linear Regression Analysis

of Data for 1968-1969

The linear model was selected because in the preliminary trials

of the simple linear regression the log transform did not improve the
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relationship of the variables being correlated. Also, a curvilinear

model was tested and again it did not improve upon the correlation of

the variables.

The multiple linear regression analysis was of the form:

Q = a + b 1X
1 
+ b

2
X
2 + b 3

X
3 
+ b

4
X
4 

e
	

(18)

where a is the intercept, b b
2' b 3' and b4 are the regression

coefficients of the various independent variables, X1 , X2 , X3 , and

X4 are the independent variables correlated with the runoff, Q, and e

is the error of estimation. In the multiple regression analysis

conducted on the data from the Tucson Arroyo Watershed, it was assumed

that the variables introduced into the regression were independent

variables.

Multiple linear regression extends the usefulness of simple

linear regression. By introducing other factors which may or may not

have a determining influence on the dependent variable, one can

ascertain the extent to which another variable will affect the dependent

variable. When additional variables are included in the multiple

linear regression analysis, the coefficient of determination (R
2 )

reflects the effect of the introduced variable. The amount of change

is an indication of the effect the newly introduced variable has on the

variation of the multiple regression model. A low value for R
2

indicates a great amount of variation, whereas a high value for R
2

(near 1.0 on a scale of 0.0 to 1.0) is an indication that most of the

variation is accounted for by the variables in the multiple regression
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analysis. When a high value of R2 is obtained, most of the factors

that can influence the variation will be accounted for in the study.

If the researcher begins with a low value for R2 and adds other

variables which increase the value of R2 , then these variables are a

contributing factor.

In studying the rainfall-runoff relationship of the Tucson

Arroyo-Arroyo Chico Watershed, four factors were available from the

rainfall data. These factors were average precipitation over the

watershed for each storm event, intensity of precipitation, duration

of the storm event, and the antecedent moisture index. The antecedent

moisture index used in the analysis is the basin-accounting technique

as described by Linsley et al. (1958). Table 12 provides a summary of

the multiple linear regression analyses performed with the rainfall-

runoff data for the period of July 1968 through September 1969.

The first multiple regression analysis conducted was for all

events in which precipitation could be identified for the related

runoff event. A reasonably high R
2 
value of .8230 was obtained for

these data. The regression equation took the form:

Q = -10.48126 + 44.2390X1 
+ 71.63759X2 

+ 0.00144X3

-4.30493X
4
	 (19)

where X1 is the average precipitation in inches, X2 is the highest

intensity of precipitation during a 15-minute period for the storm

event in inches per 15 minutes, X3 is the duration of the precipita-

tion event in minutes, and X4 
is the antecedent moisture index in inches.
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Table 12. Multiple linear regression coefficients and coefficients
of determination for independent variables from July 1968
through September 1969*

b l b2 b3 b4 R2

44.2390 71.6375 0.0014 -4.3049 .8230

46.0986 70.3045 -4.6100 .8229

44.541 72.2121 0.0209 .8212

47.9806 69.7777 .8207

92.2634 0.0195 -4.8674 .7744

108.5075 0.0324 -8.2837 .6177

109.9163 0.0308 .6110

97.0455 0.0209 .7722

81.8302 1.0198 .6104

87.6381 -14.3713 .7707

Events including
all variables

Duration deleted

Antecedent moisture
deleted

Duration and
antecedent moisture
deleted

Average precipita-
tion deleted

Intensity of
precipitation
deleted

Intensity and
antecedent pre-
cipitation deleted

Average and
antecedent pre-
cipitation deleted

Intensity and
duration deleted

Average precipita-
tion and duration
deleted

* In this table, b 1 is average precipitation, b 2 is intensity of

precipitation, b3 is duration of precipitation, and b4 is the

antecedent moisture index.
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The same data were analyzed deleting one variable at a time

and combinations of variables in order to determine the relative

influence of each in the regression analysis. Deleting duration of

precipitation from the analysis had no significant effect in that the

R2 value was reduced from .8230 to .8229. When the antecedent moisture

index was deleted from the regression analysis, the R2 value was reduced

slightly more to a value of .8212. When both duration of precipitation

and antecedent moisture were omitted from the analysis, the R
2 
value

was reduced to .8207, indicating that both of these variables accounted

for only a small portion of the variation of the regression analysis.

The remaining factors of average precipitation and intensity accounted

for all but a small part of the variation of the multiple regression

analysis. The regression equation with the factors of average precipita-

tion and intensity of precipitation took the form:

Q = -11.5270 + 47.9806X, + 69.7777X
2
	 (20)

where X1 is average precipitation and X2 is intensity of precipitation.

Deleting average precipitation from the regression analysis

reduced the R
2 
value from .8230 to .7744, thus indicating some effect

on the variation accounted for by the various factors of the multiple

regression analysis. Deleting intensity of precipitation reduced the

R
2 
value from .8230 to .6177. This indicated a much greater effect of

intensity of precipitation on the variation in the original multiple

regression analysis.
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When intensity and antecedent moisture were both deleted, the

R
2 

value was reduced only slightly more than when intensity was the

sole variable omitted from the analysis. When average precipitation

and antecedent moisture were the factors omitted from the regression

analysis, the R
2 
value again was reduced only slightly more than when

average precipitation was the only variable deleted. When the

combinations of average precipitation-duration and intensity-duration

were deleted, the R2 values were again reduced slightly more than

when each of the factors of average precipitation and intensity were

the sole factors omitted. This further substantiates the previous

analysis which indicated that average precipitation and intensity of

precipitation are the dominant factors and that intensity of precipita-

tion has a greater influence on runoff than average precipitation.

Analysis of Precipitation-Runoff
Data for 1959-1968

The data from 1959 to 1968 for the Tucson Arroyo-Arroyo Chico

Watershed were grouped to determine if the various groupings would

improve the coefficient of determination of the linear regression.

The groups consisted of data of season--winter and summer, antecedent

precipitation- -with and without, and period events--storm events of

2-3 days where precipitation runoff events overlapped in time. The

simple linear regression and the log transform were used as in the

initial analysis of the data for 1968-69. Average precipitation was

regressed with runoff, since detailed precipitation information was

not available from all three stations for this time period.
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Summer events included those occurring during the months of

July, August, and September. As mentioned earlier, this is the time of

year during which convective type storms occur. Winter events included

the months of December, January, February, and March. This is the time

of year when frontal type storms occur. These storms are generally

assumed to cause a more evenly distributed precipitation system than

convective type storms. However, with frontal type storms, cumulus

clouds may occur as in convective type storms. It is the cumulus

formations which are responsible for the heavier intermittent precipita-

tion rates that occur during frontal type storms.

Winter-summer groupings of events was accomplished to determine

if season would have an effect upon the rainfall-runoff relationship.

From the results obtained, it appeared that season had very little

effect. This was substantiated by the analysis of variance of the

test plot data which indicated that season was an insignificant

factor in the results. The greatest difference of values for R
2 
noted

was that between summer events with and without antecedent precipita-

tion. This was true for both the results of the standard data and the

transformed log value data. The R
2 
values were .7532 and .6729 for

the summer events with and without antecedent moisture, respectively.

With the log transformation, the R
2 
values were .8419 and .7122 with

and without antecedent moisture, respectively. There was less

difference found in the results of the winter events. The R
2 

values

determined were .7221 and .7008 with and without antecedent moisture,

respectively, for the standard data, and .8662 and .7819, respectively,

for the data in log space.
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The period events showed very little difference between the

R
2 
values. Since there was a small number of summer events, these were

combined with the winter events in order to obtain a valid test. The

change in R2 values was found to be insignificant. The standard value

for R2 was .8620 whereas the log value was found to be .8934. Tests of

the period events were conducted in order to attempt to determine the

effect of more immediate precipitation. Greater R
2 
values were

obtained for the period events than for the summer and winter events

with antecedent precipitation. However, the R2 values were not as

large as those cbtained for the two days and less of antecedent pre-

cipitation resulting from the analysis of data during the period of

July 1968 to September 1969. The explanation for this may have been

the effect of the first event in the period without recent antecedent

precipitation. The results of data from storm events during other

times of the year fell within the range of results of both summer and

winter events. Table 13 provides a summary of these data.

Comparison of Data-Test Plots and
Tucson Arroyo Watershed

In order to compare the test plots with the Tucson Arroyo

Watershed, the data from each were plotted as shown in Figure 6.

Intensity of precipitation was plotted against runoff. The data of

the Tucson Arroyo Watershed indicated lower runoff rates for a given

intensity. This can be attributed to the pattern of precipitation

that occurred on this watershed. During any storm event, the intensity

of precipitation is not uniform for the storm nor does it cover the
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Figure 6. Comparison of simulated rainfall-runoff for test plots with
rainfall-runoff from the Tucson Arroyo Watershed
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entire watershed uniformly. For the test plots, the simulated rainfall

covered the entire plot and was much more uniform. In addition, on the

watershed there were more abstractions that reduced the amount of water

which could occur as runoff. Therefore, the difference between the

runoff data from the test plots and the Tucson Arroyo Watershed can be

attributed to the abstractions which reduce the effective precipitation

as related to runoff as well as to the difference in size of the test

plots and the watershed.

The analysis of data from the test plots and from the Tucson

Arroyo Watershed indicated that intensity of precipitation was the

predominant factor in the runoff relationship. For the test plots,

intensity accounted for approximately 85 percent of the variation.

Intensity accounted for 68 percent of the variation in the regression

analysis for the Tucson Arroyo Watershed. According to Chow (1962),

small watersheds are sensitive to high-intensity rainfall. A greater

sensitivity to intensity was exhibited by the test plots than by the

Tucson Arroyo Watershed as indicated by the regression analysis.

Cover was not entered into the analysis of the data of the Tucson

Arroyo Watershed. But an indication of its importance is noted when

comparing the results of the Tucson Arroyo Watershed with those of the

Atterbury Experimental Watershed. The runoff produced per unit area

was nearly five-times as great for the Tucson Arroyo Watershed as it

was for the Atterbury Watershed.

As shown in Figure 6, the slope of the lines increases with

increasing cover on the test plots. The slope of the line for the
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Tucson Arroyo data is less than that for the plots. With an increase

in percent of impervious cover on the Tucson Arroyo-Arroyo Chico

Watershed, an increase in slope would be expected to occur.

From the analysis of the data for the test plots, season was

not determined to be a significant factor in the runoff relationship.

Data from the Tucson Arroyo Watershed were grouped in an attempt to

determine if season would improve the coefficient of determination in

the regression analysis. However, this was not the case.

Antecedent moisture was a significant factor as determined

by the analysis of variance of the data of the test plots. However,

when the antecedent moisture index was entered into the multiple regres-

sion analysis of the Tucson Arroyo Watershed data, it was found not to

be a significant variable.

Summary of Research Findings 

Experimental Plot Study

The analysis of data from the experimental plots indicated that

season and replications were not significant in this study. The non-

significance of replications is as expected for this type of controlled

experiment. Erratic results were immediately investigated to determine

the cause and the entire test was repeated. Season was determined not

to be significant from the results of this study. However, no change was

made in the type of precipitation applied for the different seasons.

Since different types of storms occur under natural conditions, the

assumption of nonsignificance for a natural watershed may not be valid.
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Analysis of the data from the Tucson Arroyo Watershed did indicate a

slight difference in season.

The regression analysis of the test plot data included pre-

cipitation intensity and percentage of impervious cover. When these

two terms were combined in the regression analysis, the R
2 
values were

determined to be .9594 and .9447, respectively, for the data with and

without antecedent precipitation. The regression equation for the

data without antecedent moisture took the form:

Q = -20.2253 + 18.3309X
1
 + .7207X

2
	 (21)

where X
1 
is the percent of cover and X

2 
is the intensity of precipita-

tion.

When the impervious cover factor was deleted from the analysis,

the R
2 
values decreased to .8626 and .8542 for the data with and without

antecedent moisture, respectively. This indicated a high reliability

of the intensity of precipitation factor in the analysis whereas only

about nine to ten percent was accounted for by the percentage of

impervious cover when the two factors were combined. Season was not

entered into the analysis because of the results of the analysis of

variance for this same data which indicated that season had no effect.

When percentage of cover was held constant in the analysis,

an increase in R
2 
values was obtained from the zero percent of cover

through 75 percent of cover. The small change of R
2 
values is not

significant.
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Comparison of the Two Watersheds

During the time period in which data was collected from the

non-urban Atterbury and the urban Tucson Arroyo Watersheds, there was

very little development in the Atterbury Experimental Watershed. The

Tucson Arroyo Watershed development consisted of 80-85 percent of the

watershed area. Only about one percent of the Atterbury area was

developed prior to 1969. The amount of impervious area in the Tucson

Arroyo Watershed is just slightly more than 20 percent of the area.

In comparing the urban and non-urban watersheds, very little

difference was noted in the average precipitations. An increase in

precipitation over large metropolitan areas has been noted by some.

This was not the case, however, for the two watersheds in the present

study. The developed area in and around Tucson may not be large enough

to be a factor. Also, the Atterbury Watershed is in sufficiently close

proximity to the Tucson Arroyo Watershed as well as to the developed

area of Tucson that any effect of increased precipitation may influence

both watersheds.

Runoff from the Tucson Arroyo Watershed was more than double

that of the Atterbury Watershed. This difference in runoff is more

significant when the size of the two watersheds is considered. The

Atterbury Watershed is slightly more than twice the size of the Tucson

Arroyo Watershed. Since both watersheds exhibit many of the same

natural characteristics such as in soil, vegetation, location, and

general topography, it can be assumed that the rainfall-runoff relation-

ship was nearly the same prior to the development of the Tucson Arroyo
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Watershed. The difference in shape of the two watersheds is

minimized to SOUE extent by the catchment basins of the subwatersheds

within the Atterbury Watershed. The predominant difference is the

urban development which has taken place in the Tucson Arroyo Watershed.

Therefore, the difference in the rainfall-runoff relationship of the

two watersheds can be attributed to the urbanization of the area.

Field Study

The regression analysis of the comparison of the precipitation

from the concentrated rain gage network versus the three station

network resulted in a high R2 value of .8803, indicating a small

degree of variation between the two network systems for measuring

precipitation on the watershed.

The simple linear regression analysis conducted on the data

indicated that a great amount of variation existed in the comparison

of the amount of runoff versus the total amount of precipitation on

the watershed. Therefore, simple linear regressions were conducted

on the data in an attempt to isolate some of the factors in the rainfall-

runoff relationship. By separating ranges of intensity for the

regression analysis, a definite increase in correlation was obtained.

Greater values resulted as the range of intensity increased in the

analysis. Following the same procedure of separation of data into

groups, the data were tested for the effects of antecedent precipita-

tion. It was determined that grouping the data according to antecedent

precipitation within two days of the events being tested was required

to produce consistently high correlations.
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The data of the Tucson Arroyo Watershed for the period 1959

through 1968 were grouped according to season. The results indicated

a small difference in the correlations for the two seasons. The

values obtained were less when compared to data for the period of

July 1968 through September 1969. Although the same separation of

data into seasons was not made for the 1968-69 data because of the lack

of sufficient data for all categories, there was a notable difference in

the correlation coefficients for the periods of recent precipitation

and those without recent precipitation. These lower values could be the

result of the longer period of study which would allow more opportunity

for greater extremes in the values of the data. The period events for

the data of 1959 through 1968 resulted in higher coefficients of

correlation than those of the data separated into seasons and with and

without antecedent moisture. These higher values could be the result

of the more recent antecedent moisture. However, the R
2 
values were

lower than those obtained for the 1968-69 data of two days or less of

antecedent moisture. These lower values could be due to the effect of

no recent precipitation prior to the first event of the period or to

the opportunity for greater extremes in the data for the longer period

of study.

Multiple linear regression analysis offers a much more meaning-

ful result from analysis of the data because multiple factors may be

introduced. When the factors of average precipitation, intensity of

precipitation, duration of precipitation, and the antecedent moisture

index were entered into the analysis of the rainfall-runoff



97

relationship, the results indicated that duration and the antecedent

moisture index were not significant factors.



CHAPTER 7

SUMMARY-CONCLUSIONS AND RECOMMENDATIONS

Summary-Conclusions 

The primary objectives of this study were threefold. The

first objective was to develop an urban watershed runoff model for

semiarid regions. The second objective was to determine the difference

in runoff between a selected urban and non-urban area. The third

objective was to ascertain the feasibility of retaining runoff from

urban areas for more beneficial uses.

A watershed runoff model for semiarid regions was obtained

through the use of multiple linear regression analysis. Using data

from the Tucson Arroyo-Arroyo Chico Watershed, the significant

independent variables for predicting watershed runoff were found to

be average precipitation and maximum 15-minute intensity of precipita-

tion. Duration and antecedent moisture were found to be of insufficient

significance to be included in the final analysis. The model took the

form:

Q = -11.52	 + 47.98 X1 + 69.77 X2
	 (20)

where X1 is 
the average precipitation and X2 is the intensity of

precipitation. Intensity of precipitation (X2) accounted for

approximately 68 percent of the variation, whereas average precipita-

tion (X1) 
accounted for 14 percent of the variation in the regression

98
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analysis. A high correlation was found to exist between peak flow and

total volume of runoff. Therefore, either of these variables could be

used in the regression analysis.

During the water year of 1961, two high intensity storms

occurred on the Tucson Arroyo-Arroyo Chico Watershed. These storms

accounted for approximately one-third of the total runoff from this

watershed for that year. Both storms exhibited high average precipita-

tion and high intensity of precipitation. Therefore, this lends

credence to the conclusion that high average precipitation and intensity

of precipitation are dominant factors in the rainfall-runoff relation-

ship.

From the stepwise regression analysis conducted with intensity

of precipitation versus runoff, it was determined that the greater the

intensity of precipitation, the more it influenced the results of the

regression analysis. Also, when all values were included in the final

step of the regression, the amount of variation accounted for was

significant. Therefore, intensity of precipitation was a dominant

factor in the analysis.

In couparing the runoff from the Tucson Arroyo-Arroyo Chico

Watershed located in the urban area of the city of Tucson with that of

the Atterbury Experimental Watershed located east of the city of

Tucson in a non-urban area, there was a significant difference in the

amount of runoff from the two watersheds. The runoff from the urban

watershed was more than twice that of the non-urban watershed. This

difference was determined to be even more significant when the size of
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the two watersheds was considered. The non-urban watershed is slightly

more than twice the size of the urban watershed. Thus it was concluded

that urbanization is a significant factor in increasing the runoff from

watersheds.

The Tucson Basin is filled with semiconsolidated deposits from

the surrounding higher elevations. Clausen (1970) reported that these

deposits have been found at depths of up to 2,000 feet in the basin.

The stream channels are hydraulically connected to the groundwater basin.

It is through this connection that surface runoff waters recharge the

groundwater. According to Lewis, Laursen, and Beard (1963), virtually

all recharge to the groundwater basin is caused by water percolating

from the stream channels. Rainfall that infiltrates into the soil

reaches depths of only a few feet and is subsequently lost. Therefore,

groundwater recharge does not occur as a direct result of rainfall on

the soil. It is estimated that 100,000 acre-feet of water are lost by

evapo-transpiration from the stream channels of the entire Santa Cruz

basin. A reduction in this loss could amount to a significant volume

of water.

One means of reducing the loss from the stream channels would

be to install a gallery of wells along these channels. This would lower

the water table which reaches to within a few feet of the surface in the

flood plain areas (Clausen 1970). It would permit more recharge into

the dewatered areas when runoff waters are available.

Since evaporation losses are high in the Tucson area, long term

surface storage of water would result in excessive losses. By construct-

ing retaining structures on the tributaries of the Santa Cruz River,
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Rillito Creek, and Pantano Wash, runoff from the Tucson area could be

regulated to stream channels. The detained runoff could be released in

the vicinity of wells along the channel recharge areas. No treatment

of the water would be necessary as sedimentation would reduce the

sediment load. According to Harshbarger (1959), water of this quality

could be recharged readily in the stream channels.

Another possibility would be the injection of runoff water

into the aquifer by means of wells. Abandoned well-sites could be

utilized for direct recharge into the aquifer. Short term storage

would allow the larger sediments to settle out of the collected runoff

water. The remaining sediments could be coagulated or filtered from

the water. The removal of sediments improves water quality, as

indicated by Mische and Dharmadhikari (1970). Wiebel, Weidner,

Christianson, and Anderson (1966) reported a 99.99 percent kill of

bacteria in urban runoff with dosages of 4.6 mg/1 of chlorine. This

could be done in the injection conduit. With Che use of abandoned wells,

further assurance of high quality water would be attained because of

the distance the water would have to travel through the aquifer to the

surrounding wells.

Pressure injection tests of untreated agricultural runoff water

have been conducted by Crawford and Johnson (1971). Some difficulty

with the injection system was encountered. However, no detrimental

effects to the aquifer were reported after repeated tests. Farmers in

the area noted increased yields from their irrigation wells after these

tests. Runoff was injected into the formation both above and below the
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water table. A pump capable of developing a high head is necessary for

injecting the runoff. The injection conduit has to be securely

anchored and sealed to prevent blow out.

Complete treatment of runoff water could be performed to enable

its direct use in the municipal water system. One treatment installation

could be utilized by connecting the detention reservoirs with conduits

to transfer water to a single location. These reservoirs would serve

as sedimentation basins. Flocculation of the remaining sediments would

also remove other materials that adhere to the sediments. Resnick and

DeCook (1970) reported a reduction in bacterial density, chemical oxygen

demand, and phosphates with the removal of sediments. Activated carbon

filters could then be used to further reduce impurities. As a final

step, treatment with chlorine would be necessary before the water could

be introduced into the municipal water supply.

At the present time, the amount of treatment necessary for

reclaiming runoff water for inclusion in the city of Tucson water

supply would be prohibitive. The present cost of producing water by

the Tucson Water Department is approximately $19.00 per acre-foot (City

of Tucson Department of Water and Sewers, 1969-70). When the expense

of constructing water treatment facilities, together with manpower

requirements and the intermittent use of the facilities are considered,

the cost of producing domestic quality water would be excessive.

However, in the future, if no other more economical sources of water

become available to supply the city of Tucson with its needs, then the

treatment of runoff water might become necessary.
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A secondary objective of the study was to validate the use of

data from previous years obtained from a scattered rain gage network

for determining the rainfall-runoff relationship in semiarid regions.

In the analysis of precipitation data from a concentrated rain gage

network and a scattered rain gage network, a high correlation was

found to exist. However, it should be noted that this result was

obtained from a study of a short duration of time, July 1968 through

September 1969.

The results of the test plot analysis indicated that intensity

of precipitation was the most significant variable in the rainfall-

runoff relationship. It accounted for approximately 85 percent of the

variation in the regression analysis. Cover was also found to be a

significant variable, contributing another 10 percent of the variation

accounted for in the regression.

An increase in percent of impervious cover on the test plots

resulted in an increased slope of the plot of the data. An increase

in slope would also be expected with an increase in impervious cover on

the Tucson Arroyo-Arroyo Chico Watershed. The other factors of season

and antecedent moisture were found not to be significant in the

regression analysis. However, antecedent moisture was found to be

significant when analysis of variance was performed with the data.

The relationship of the data from the experimental test plots

and the Tucson Arroyo-Arroyo Chico Watershed was shown graphically by

plotting intensity against runoff. It was concluded that the difference

in the amount of runoff from the two sources was due to the abstractions
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of the Tucson Arroyo Watershed. The results of this study would be

applicable to areas which exhibit the same characteristics. Its use-

fulness could be extended by including other urban watersheds of

different sizes and possibly characteristics.

Recommendations 

The following recommendations seem appropriate from the results

of this study:

First, further verification of the use of scattered rain gage

network data for predicting the rainfall-runoff relationship is needed.

This study was limited in duration of time for the comparison of a

concentrated rain gage network with a scattered rain gage network.

Since the scattered rain gage network was located in close proximity

to the watershed, the same results may not be obtained if the network

is located more remotely from the watershed. Therefore, this factor

also indicates the necessity for further verification.

Second, the findings of the study indicated that antecedent

moisture of two days or less is significant in the rainfall-runoff

relationship. Thus, further refinement of this time period should be

made over a longer duration of study and for different types of

watersheds.

Third, the comparison of data from other urban watersheds

with the experimental test plot data should be conducted in order to

extend the usefulness of this relationship to determine the effect of

percent of cover and intensity on runoff from other watersheds.
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Fourth, since this study was limited in the types of water-

sheds under consideration as well as the duration of time, it would

appear desirable to repeat the field analysis portion of this study

for different types of watersheds and for longer periods of time.

Fifth, as cities develop, more consideration should be given

to collecting the increased runoff from urban areas for beneficial

uses. This would appear particularly crucial in arid and semiarid

regions where water is at a premium.
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