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ABSTRACT

The water budget for a period of one year on a small instrumented

semiarid subwatershed was evaluated. The evaluation was accomplished

by identifying and quantifying the primary components of the water budget,

rainfall, surface runoff, soil moisture content, and (collectively) other

water losses. In addition to the evaluation of the water budget, re-

gression models of surface runoff, soil moisture content, and suspended

sediment were developed. Finally, chemical analysis of the runoff

waters and an evaluation of a water balance simulation model were made.

The study site, a 6.5-hectare subwatershed which lies on the

southeastern portion of the Atterbury Watershed, is located about 16 km

east of Tucson, Arizona. It has an elevation of about 3200 feet (975 m),

with an average slope of about 3 percent. The mean annual precipitation

is about 28 cm falling during two distinct seasons, summer and winter.

The soil textural classification on the Atterbury Watershed ranges

from sandy to clay loam.

The evaluation of the water budget provided an index of how much

of the total precipitation for the study year is attributed to each of

the primary components of the water budget. Surface runoff, soil

moisture content, and other water losses accounted for about 2, 55, and

43 percent of the total rainfall.

Rainfall and related rainfall characteristics, such as intensity

and duration, were found to be significant variables in regression models

predicting surface runoff, soil moisture content, and suspended sediment.
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The chemical constituents of the waters were either within or lower than

the limits set by the United States Public Health Service, World Health

Organization and the United States Environmental Protection Agency. The

usefulness of the BUM water balance model in simulating surface runoff

from the study area was inconclusive.



INTRODUCTION

Water is a vital natural resource for living organisms. It is a

universal medium in which the intricate metabolic processes of life takes

place. Without water, the life and development of the earth's biotic

component would be impossible.

Man's own existence depends greatly upon water. The human body

comprises between 75 and 90 percent water (Miller and Leavell 1972).

While water influences the existence of biotic organisms, its usefulness

is not limited to these roles. Water may influence the growth and

development of communities and countries as well. Many areas of the

world are not used because of water shortage (Cluff et al. 1972). Many

semiarid lands must depend on agricultural production for their economic

development. Unfortunately, the production of agricultural crops often

needs some type of irrigation, which is usually limited on most semiarid

areas (Kelso 1970). As such, the shortage of water on most semiarid lands

hinders if not totally precludes their development for man's benefits.

On semiarid lands where groundwater is tapped for domestic,

agricultural and industrial uses, water supplies are becoming scarce.

The water table is falling rapidly. In Tucson, Arizona, groundwater

wells have been lowered about 20 meters to pump water. Similarly, wells

have to be drilled about 35 meters lower than they were originally to

obtain water in Phoenix, Arizona (Wright 1966). Continuous use of the

groundwater supply will eventually lower the water table to a point that

makes it uneconomical to pump groundwater for even domestic uses.

1
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Once the groundwater supply is exhausted, alternative water

sources must be tapped to minimizes, if not prevent, productive

lands from becoming unusable deserts. Surface runoff harvesting appears

to be a viable alternative to provide such water supply.

Surface runoff harvesting may include: (1) direct diversion of

surface runoff into reservoirs without artificial treatment on the

drainage surface area; and (2) diversion of surface runoff into reser-

voirs after artificial surface area treatment. Whether or not to treat

the drainage surface area to increase surface runoff depends, in part,

on the hydrologic characteristics of the area. Drainage areas with a

high runoff-rainfall ratio may not need artificial surface treatments.

On the other hand, when the runoff-rainfall ratio is low, surface treat-

ment to increase surface runoff may be necessary.

The runoff-rainfall ratio may be influenced by several hydrologic

factors. These factors include evaporation, infiltration, evapotrans-

piration, soil moisture content and interception.

The hydrologic factors such as precipitation, soil moisture

content, interception, and surface runoff are the major components of

the total water budget on a watershed. Identifying and quantifying

these components may provide a useful index of their relative influence

on the total water budget. More specifically, the extent of the runoff-

rainfall relationship may be influenced by the relative magnitudes ac-

counted for by the components of the water budget.

In this study, the water budget was evaluated. In addition, re-

gression models of surface runoff, soil moisture content and suspended



sediment were developed. Finally, chemical analysis of runoff waters

and an evaluation of a water balance simulation model were made.
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REVIEW OF THE LITERATURE

This section highlights literature on the water budget. The

discussion has been divided into three sections: water income, water

losses and surface runoff models. Primary emphasis has been on

methodology.

Water Income 

The water income on most watersheds comes from precipitation

falling either as rain or snow (Satterlund 1972). In arid and semiarid

regions, the incidence of precipitation has been described as low and

erratic (Milthorpe 1960). While measured precipitation on any area

provides an index of water income, the true quantity of areal rainfall

is hardly known (Allis, Harris and Sharp 1963).

Precipitation Measurement

Precipitation measurements are made on either recording or non-

recording gauges. Recording gauges record the rate, quantity, time, and

date of every precipitation event. Several types of recording rain

gauges (such as the tipping bucket and weighing types) are used. Non-

recording rain gauges measure precipitation quantity. An example of a

nonrecording rain gauge is the U. S. Weather Bureau Standard rain gauge

(Gray 1973).

The amount of precipitation varies in time and space (Gray 1973;

Hiatt and Schloemer 1955). Coupled with this variation is the vari-

ability of on-site precipitation measurement. On-site precipitation

4
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may be influenced by wind, slope, aspect, elevation, gauge orifice,

evaporation and other factors (Linsley 1958; Specht 1958; Deacon,

Priestley and Swinbank 1958).

Wind generally causes gauges to undercatch precipitation. Very

exposed rain gauges, because of turbulence, may undercatch rainfall up

to 50 percent or more (Gray 1973). Conventionally placed rain gauges

on steep slopes undermeasure rainfall. Precipitation catch is also in-

fluenced by the diameter and altitude of gauge orifice. Huff (1955) re-

ported that variations in the tube diameter or slight errors in orifice

diameter may cause large percent errors in small-diameter gauge measure-

ment.

Gauge shields also improve precipitation catch. A modified

Alter shield has been found very effective in wind with less than 24 km/h

velocity (Warnick 1953). Evaporation losses may introduce substantial

errors in precipitation measurements. Gill (1960) reported a 0.05 to

0.30 in/day (0.13 to 0.76 cm/day) loss from wedge-shaped gauges.

Precipitation variation in time and space imposes further problems

of measurement and sampling. A network design to account for the vari-

able nature of precipitation is therefore necessary. Gray (1973) re-

ported that (at the 5 percent significance level) 10 gauges were as good

as 158 gauges in assessing the mean daily rainfall for a 1,130-square

mile (1818 km
2
) watershed. In South Africa, Reycroft (1947) found that

9 to 553 gauges were needed to measure mean monthly rainfall with a

standard error of 2.5 percent over an area of 67 acres (27 ha). Over

large areas, at least one gauge per 5 square miles (27 km2 ) is recommended

(Middleton and Spilhaus 1953). For smaller basins (98 to 335 km2),
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reducing gauge density is not advisable. As the gauge density is de-

creased, the accuracy of estimating the areal mean precipitation is

likewise decreased. Milthorpe (1960) recommended that denser gauge

networks be designed on arid areas because of the erratic distribution

of rainfall in time and space.

The preceding discussion on precipitation network densities

indicated that one network design may not necessarily serve different

purposes and objectives. As such, it is essential that specific ob-

jectives be stated when designing a gauge network to measure precipita-

tion.

Water Losses 

Water losses are important in the synthesis of the water budget.

In this study, the assumed water losses are soil moisture content and

other water losses (which collectively include evaporation, interception,

and evapotranspiration).

Soil Moisture Content

Soil moisture content, as used in this study, refers to the

amount of precipitation absorbed by the soil after each precipitation

event. In evaluating a water budget, the water absorbed by the soil

during a precipitation event would constitute a water loss in the total

water balance.

Several methods of measuring the day-to-day changes of soil

moisture were identified by Haise (1955) as:

1. methods based upon gravimetric measurement;
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2. methods involving the measurement of equilibrium tension

between water in a porous ceramic cup and the soil water;

3. neutron scattering method; and

4. methods based on the electrical resistance of soil and

certain porous media.

The gravimetric method involves either the determination of

soil moisture content in soil samples or in porous media in moisture

equilibrium with soil water. The general procedures involved in deter-

mining the soil moisture content by this method were outlined by Haise

(1955) and by Cope and Trickett (1965). Among the shortcomings of the

gravimetric method are the considerable time, labor and equipment needed

to sample the soil, drying, weighing and computations. Notwithstanding

its limitations, the gravimetric technique is one of the most commonly

used methods of soil moisture determination.

The tensiometer method measures the tension of water in the soil

and compares it with the tension of water in the porous ceramic cup

(Taylor 1952). A tensiometer is usually an accurate instrument for

measuring the tension of the soil; in addition, they are simple and

relatively inexpensive. Tensiometers are mostly used as a reference

instrument in the measurement of soil moisture content alaise 1955).

The necessity of a calibration curve, limited range of tensions that can

be measured, and the differential soil moisture readings may limit the

usefulness of tensiometers in measuring soil moisture content.

In the neutron scattering method, moisture measurements are

based upon the principle that hydrogen is relatively unique in its
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ability to drastically reduce the speed of fast-moving neutrons and to

scatter them (Brady 1974). The neutron moisture meter consists of a

probe containing a source of fast and slow neutron detectors. The re-

corded change in the neutron movement is measured by a detector tube

and a scalar. The measured change in the movement and speed of the

neutron is related to the soil moisture content (Brady 1974). Although

the neutron moisture meter is expensive and delicate, it is versatile

and gives reasonably accurate measurements of the soil Moisture content

(Holmes 1958; Brady 1974).

The electrical resistance method is based upon the principle

that the electrical resistance of some porous materials (such as gypsum

and fiberglass) is related to their water content (Brady 1974). Estab-

lishing a relationship between the resistance reading and the soil mois-

ture percentage provides an indirect measure of soil moisture content.

Electrical resistance instruments are reasonably inexpensive, and measure-

ments are made on-site. Among the limitations of this method include

lag effects, necessity of calibration curve, and the difficulty of

maintaining soil-unit contact.

In the penetration technique, soil moisture content at a given

depth is indicated by the penetration of a pointed probe. Allyn (1942)

reported that this method measures soil moisture content within 0.5 per-

cent accuracy for a probe having a diamond-shaped blade. Penetrometers

are simple, cheap, and may be used rapidly. However, penetrometers are

confined to moderate depth and to relatively stone-free soils. In addi-

tion, calibration is needed for each soil and accuracy may be low.
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The magnitude of soil moisture storage varies with soil. The

difference between field capacity and wilting point may be used as an

index of soil moisture storage. Using this relationship, Lehane and

Staple (1953) obtained values of 36 mm/m for coarse sand, 150 mm/m for

sandy loam, 180 mm/m for clay loam, and 230 mm/m for a heavy soil in

Canada.

Soil moisture retention varies with soil texture. A general

relationship between soil moisture content and soil texture has been

reported by Brady (1974); he reported that percent soil moisture content

increases from coarse to fine textured soils (sand to clay). In a

ponderosa pine
1 forest floor, Clary and Ffolliott (1969) found that the

H-layer contained about 85 percent of the water held in the forest

floor. In a Springerville soil series located on the Beaver Creek

watershed in northern Arizona, Skau (1960) discovered that this soil

series has a water holding capacity of about 6.3 cm per 0.31 m. Dyr-

ness (1969) reported that the average retention storage capacity of

the top 4 feet (122 am) of soil ranged from about 15.2 to 35.5 cm in

a loamy soil in the western Cascades of Oregon.

The above values indicate that soil moisture storage is a vari-

able entity. As such, in the synthesis of the water budget, it is use-

ful that this component be accounted for properly.

Evaporation

Gray (1973) reported that 75 percent of the total annual pre-

cipitation in the United States is returned to the atmosphere by

1. Common and botanical names of plants mentioned in the text

are given in Appendix A.
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evaporation and transpiration. Evaporated water constitutes a direct

loss from both surface and subsurface storage. Evaporation is primarily

influenced by climatic factors such as solar radiation, wind conditions,

atmospheric pressure, and water supply.

The general methods of estimating evaporation from free water

surfaces were grouped by Gray (1973) into: mass transfer method,

energy budget method, water budget, empirical formulae, and measurements

from evaporation pans.

The mass transfer method involves the determination of the amount

of water vapor transferred from the water surface to the atmosphere.

Equations to estimate evaporation using the mass transfer method have

been given by Gray (1973), Penman (1956) and Satterlund (1972).

The energy budget method is based upon the principle of energy

conservation. Evaporation is estimated using the elements of the thermal

budget of the body of water. Gray (1973) gave an equation to estimate

evaporation using the energy budget method.

In the water budget method, evaporation is estimated using the

principle of the continuity equation as synthesized and discussed by

Gray (1973). In general, the continuity equation evaluates the principal

components (inflow, outflow and change of storage) of the water budget.

Evaporation as estimated by this approach is essentially a residual term.

The development of empirical formulae to estimate evaporation is

generally based on either the energy-balance or the mass-transfer methods.

The aerodynamic equation given by Gray (1973) is the basis for most

empirical formulae used to estimate evaporation. Among the more common
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empirical formulae used to estimate evaporation are those given by

Kuzmin (1957) and Meyer (1915).

Evaporation pans are containers with free water surface exposed

to the air; evaporation is estimated from the changes in the water level

measured at specified intervals. Evaporation pans have become popular

because they are inexpensive and require simple instrumentation. Var-

ious types of evaporation pans are the surface, floating and sunken pans.

Currently, the U. S. Weather Bureau Class A pan is used as the standard

surface pan (Avery 1975).

The magnitude of evaporation is variable. In general, maximum

potential evaporation occurs from water surfaces. Evaporation from free

water surfaces is always greater than from vegetation (Milthorpe 1960).

Penman (1956) gave ratios of vegetation to open water evaporation of 0.6

and 0.8 for winter and summer, respectively. Makkink (1957) reported a

ratio of 0.6 in May to August and 0.8 in October.

The extent of evaporation from open water surfaces varies from

place to place. Using Arizona as an example of a semiarid region in

the United States, records from Sierra Ancha Experimental Forest from

1937 to 1941 indicated an average yearly minimum evaporation of 182.0 cm.

Conversely, a maximum evaporation of 264.5 cm was observed from 1932 to

1940 at Yuma Evaporation II Station, Arizona (Horton 1943).

The extent and rate of evaporation from soil have been the sub-

ject of many previous studies. An average evaporation rate of 0.01 cm/

day for a period of 1547 rainless days was found in California by Veih-

meyer and Brooks (1954). Holmes and Colville (1968) also reported that

in southern Australia, winter evaporation in the soil profile were 230 mm
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under grassland and about 150 mm beneath forest cover. Shaw and Smith

(1927) concluded that evaporation from soil columns more than 3.1 m deep

in California was negligible. Richards, Gardner and Ogata (1956) re-

ported that the evaporation from the 0-10 cm soil layer in California

was 5.6 cm over a period of 59 days. Some studies also show that

evaporation from bare soil in tanks decreases as the depth of the water

table from the soil surface decreases (Veihmeyer and Brooks 1954).

Soil evaporation is also influenced by the availability of soil

water. Staple and Lehane (1944) observed in Canada, that 70 mm of water

was lost from wet soil at a fairly rapid 'rate. Conversely, only 7 to 8

mm of water could be evaporated from the soil after a prolonged duration

of rainless days.

Interception

The volume of water caught, retained, and evaporated on vegeta-

tive surfaces is called interception loss (Satterlund 1972). Intercep-

tion changes the amount of precipitation reaching the ground and in-

fluences the distribution of precipitation over the soil surface. The

amount and magnitude of intercepted precipitation is often neglected in

studies of major storms and floods, but it may be a very significant

factor in small water balance studies (Wigham 1973).

Some equations have been developed to estimate interception loss

(Wigham 1973; Meriam 1960). These equations are generally used to

estimate interception loss during a storm.

Interception equations are developed by evaluating total precipi-

tation, throughfall and stemflow. The difference between measured total
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precipitation and throughfall plus stemflow is considered as inter-

ception loss.

The extent of interception loss for a given storm event is in-

fluenced by the type and density of vegetal cover, surface storage

capacity, wind condition, precipitation intensity, and evaporation. It

is difficult, if not impossible, to quantify the relative influence of

each factor on the total interception. Therefore, the magnitude of

interception loss is assumed to be the result of the combined effects

of all the above factors.

Helvey and Patric (1965) suggested that in humid forested regions

in the eastern United States, the annual interception is about 25.4 an.

In a fully stocked 65 to 75-year old second growth ponderosa pine in

California, Rowe and Hendrix (1951) computed the annual interception

loss to be 12 percent of the 119 cm average annual precipitation. In

a young ponderosa pine stand in Colorado, Johnson (1942) indicated that

about 18.8 percent of the precipitation was lost through interception.

Rainfall interception by high elevation aspen and herbaceous vegetation

in Utah averaged 10.3 percent of the gross summer rainfall (Johnston

1971).

It is evident that water loss by way of interception is variable.

An understanding of the magnitude of interception may be useful in the

synthesis of the total water budget.

Evapotranspiration

Evapotranspiration refers to the amount of water used by vegeta-

tion through the combined process of transpiration and evaporation.
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Evapotranspiration may be influenced by climatic, vegetation and soil

factors (Thornthwaite and Mather 1955). Evapotranspired water is

directly unavailable to man but may eventually reappear somewhere on

earth as precipitation.

Some methods to measure evapotranspiration were given by Gray

(1973) as:

1. soil moisture depletion studies on plots;

2. tanks and lysimeter experiments;

3. study of groundwater fluctuations; and

4. soil moisture budget.

Evapotranspiration estimates from plot studies involve an in-

ventory procedure. The amount of evapotranspired water is the differ-

ence between water input and surface runoff, including changes in the

soil moisture storage. In this method, plots are assumed not to extract

moisture from the underlying water table (Gray 1973).

Evapotranspiration has been estimated from measurements of water

income to and losses from lysimeters where plants are growing. The dif-

ference between water inflow and outflow plus soil moisture changes in

the tanks or lysimeters is assumed as evapotranspiration. Some examples

of lysimeters are the weighing type, filled-in, and monolith or soil

block lysimeters. Pelton (1961) reported that lysimetric data from

lysimeters installed following certain minimum standards should provide

reliable information on plant evapotranspiration over short time periods.

Equations have been developed to estimate evapotranspiration

using the groundwater fluctuation method as described by Gray (1973).
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An example of such an equation is given by White (1932). Determining

evapotranspiration by the groundwater fluctuation method generally ap-

plies to areas where the water table is near the soil surface.

Evapotranspiration estimates by the soil moisture budget in-

volves evaluation of the soil moisture changes. The water input from

precipitation and water depletion by percolation and evapotranspiration

are evaluated. However, an accurate description of evapotranspiration

as affected by soil moisture is difficult. Simulating potential rates

of evapotranspiration is necessary to provide reasonable relationship

between actual evapotranspiration rates and the soil moisture status.

Some methods of simulating potential rates of evapotranspiration to

predict soil moisture depletion were discussed by Robertson and Holmes

(1959) and Taylor and Haddock (1956).

Evapotranspiration is a dynamic and variable entity. Fletcher

and Elmendorf (1955) stated a general rule that evapotranspiration is

greater than evaporation from bare soil. The rate and extent of evapo-

transpiration varies with plant species. Potential evapotranspiration

ranges from less than 45.7 cm in western high mountains to 152.4 cm in

some desert areas of Arizona and California (Thornthwaite and Mather

1955). In the southwestern United States, Babcock and Pugh (1969) ob-

served water consumption by phreatophytes to be twice the annual flow

of the Colorado River. Water consumption by phreatophytes in the

western United States can approach 31 million m
3 
per year (Blaney 1961).

In northern Arizona, Skau (1960) reported that the average evapotrans-

piration by Utah juniper exceeded the average total precipitation by
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about 7.6 cm. An orange grove on the coastal plains of Israel tran-

spired about 3.5 mm per summer day (Oppenheimer 1953).

The above values indicate that evapotranspiration is an important

component of the water budget. Therefore, an understanding of its

magnitude is essential in the synthesis of the water budget.

Surface Runoff Models 

Surface runoff is a dynamic process. On a given watershed, the

amount of surface runoff varies widely (Burford and Lillard 1966). This

variation may be due to the interactive influence of climate, physiog-

raphy and vegetation.

Estimating surface runoff may involve both simple and relatively

complex methods, depending upon the degree of precision desired (Schoof

and Crow 1968). Surface runoff may be estimated directly from runoff

plots, weirs and flumes. Surface runoff models or mathematical equations

may also be employed (Pierce 1961).

Surface runoff plots vary in design, specification and size.

Schreiber and Kincaid (1967) used 6 x 12 foot (1.83 x 1.66 m) plots to

study on-site runoff from short-duration convective storms in Arizona.

Surface runoff plots are inexpensive, simple and require minimum instru-

mentation.

Generally, weirs are obstructions in a channel that cause up-

stream storage and flow to pass over or through the obstruction. Weirs

may include spillways and drop structures which can be rated and used to

measure water flows (Gray and Wigham 1973). Among the more commonly

used types of weirs for flow measurements are the sharp-crested,
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triangular or rectangular, cippolleti, and broad crested weirs. Surface

runoff equations for the different weirs were given by Gray and Wigham

(1973).

Flumes are generally critical-depth structures used to measure

flows. Some types of flumes are the HL flume, Parshall flume, San Dimas

flume, and the trapezoidal flume. Some flumes are commercially avail-

able in smaller sizes and can be constructed easily. Extensive ratings

for specific flumes, such as the Parshall flume, are available. The HL

flume is not suitable for flow measurements where significant surface

debris occurs. The San Dimas flume is suitable only where steep

gradients or drops in head are available.

Surface runoff may be estimated through the use of mathematical

models or equations. Pierce (1961) defined a mathematical model as a

simplified construction of a real world which aims to explain and pre-

dict events. Young (1968) stated that to establish a mathematical model,

a thorough understanding of the properties of the system and the funda-

mental equations about the behavior of the system is necessary.

Several models or equations have been developed to predict sur-

face runoff from rainfall and runoff records. Schreiber and Kincaid

(1967) developed regression models to predict on-site runoff from short-

duration convective storms on semiarid sites. They reported that rain-

fall is one of the most important variables in predicting runoff. Os-

born and Lane (1969) also developed regression models to predict runoff

from small (0.23 to 4.45 ha) semiarid rangeland watersheds. The model

indicated that runoff volume was most strongly correlated with total

precipitation. Applying analytical methods, Betson, Tucker and Haller
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(1969) developed a surface runoff model to meet specific objectives

(which included model rationality, coefficient consistency and goodness

of fit). This model was based on the concept of the U. S. Weather

Bureau's graphical surface runoff model. An approach to compute direct

runoff amounts from storm rainfall for small watersheds was also

developed by Hamon (1963).

Using multiple regression technique, Fogel (1968) studied the

effects of various rainfall characteristics on runoff from a semiarid

watershed. A runoff model for convective storms was developed. One of

the more common expressions of the rainfall-runoff relationship is the

"Rational Formula," discussed by Brater (1967) and Hudson (1971). This

formula has been commonly used for the design of drainage systems in

urban areas and for airports. It assumes that rainfall intensity is

uniform over the entire area for the duration of the storm (Gray 1973).

Adopting the principle of the unit hydrograph, Minshall (1960)

proposed a method of estimating storm runoff volumes from rainfall pat-

terns and antecedent rainfall. Storm runoff volume is estimated as the

vertical distance between the time retention and mass rainfall curves.

In another approach, Renard and Keppel (1966) used peak discharge

records to predict runoff volume in ephemeral streams of the southwestern

United States. They reported that total runoff volume for simple events

was highly correlated with peak discharge for the event.

It is apparent from the above overview of surface runoff models

and mathematical equations that there is no single, accurate and uni-

versally applicable method to predict surface runoff. As such, the use

of any model or equation should be based on overall predictive quality.



DESCRIPTION OF STUDY

This section of the dissertation describes the objectives of the

study, the characteristics of the study area, and the field and analytic

procedures employed in the study.

Objectives 

The primary objective of this study was to evaluate the water

budget on a small semiarid watershed. This objective was accomplished

by identifying and quantifying the relative amounts of water accounted

by the components of the water budget associated with a small instru-

mented watershed. The primary components of the water budget considered

in this study were rainfall, surface runoff, soil moisture content, and

(collectively) other water losses. These other water losses may be due

to the combined effects of evaporation, transpiration, and interception.

To establish a framework to satisfy the primary objective of the

study, the water budget was expressed as:

P = SRO + SMC + L	 (1)

where:

P = rainfall (cm);

SRO = surface runoff (cm);

SMC = soil moisture content (cm); and

L = other water losses (cm).

In addition to the primary objective, the study aimed to satisfy

the following secondary objectives:
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1. to develop regression models of surface runoff;

2. to develop regression models of soil moisture content;

3. to develop a regression model of suspended sediment;

4. to analyze the chemical quality of water sample; and

5. to evaluate a hydrologic water balance simulation model.

The Study Area 

The study site, a 6.5-hectare subwatershed which lies on the

southeastern portion of the Atterbury Watershed, is located about 16 km

east of Tucson, Arizona (Figure 1). The watershed drains into the upper

Santa Cruz River, in the geologic area of Arizona known as the basin and

range province (Fogel 1968).

Physiography

The study site has an elevation of about 3200 feet (975 m). A

relatively flat, single-slope terrain characterizes the entire watershed.

The average slope is about 3 percent, ranging from 1 to 6 percent. The

aspect is northwest. The general landscape of the study site is shown

in Figure 2. The soils, climate, and vegetation of the study area are

essentially the same as those of the entire Atterbury Watershed.

Soils

Youngs et al. (1931) identified the major soil series on the

Atterbury basin as Tubac, Mohave, Laveen, Tucson and Final. The soil

textural classification ranges from sandy loam to clay loam. Gelderman

(1964) reported sandy and gravelly soils on the ridges of the western

and central parts of the watershed. A cemented zone of lime accumulation
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Figure 1. The Atterbury Experimental Watershed and Instrumentation.
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Figure 2. General landscape of the Atterbury Watershed.
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occurs about 15 to 60 cm below the surface. On the eastern side of the

basin, the soils are characterized by sandy loam and loam surfaces under-

laid by accumulation of clay. A zone of lime accumulation is found about

50 to 75 cm below the soil surface. Soils along the almost level drain-

age channels are characterized by loamy surfaces. These bottomlands are

underlain by clay barns.

Soil infiltration characteristics on the watershed vary. The

sandy and gravelly sandy soils on the ridges of the western and central

parts of the watershed have good infiltration rates. Good infiltration

rates occur along the drainage channels. However, infiltration rates on

the eastern side of the area may be restricted by the clay subsoil

(Gelderman 1964).

Climate

The Atterbury Watershed has a semiarid climate. The mean annual

precipitation is about 28 cm, falling during two distinct seasons: sum-

mer and winter. Approximately 55 percent of the mean annual precipita-

tion falls during the summer months, primarily July and August (Fogel

1968). Winter precipitation occurs mostly from December to February.

Summer precipitation is usually characterized by short duration,

high intensity thunderstorms. These summer thunderstorms are the major

source of surface runoff from small semiarid watersheds. Fogel (1968)

reported that summer thunderstorms in southern Arizona are primarily

produced by the condensation of water vapor, which is slowly advected

into the area by a light but steady flow from the Gulf of Mexico and

the Atlantic Ocean.
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Winter precipitation events are normally of low intensity and

long duration. These winter precipitation events are generally the most

important source of runoff, and the resulting streamflow contributes

largely to groundwater recharge. Winter precipitation results from the

condensation of water vapor carried over the area by migratory cyclones

as they move in a west to east direction (Fogel 1968).

Vegetation

The watershed has a very sparse vegetation which offers little

protection to the soil. The leaves of the dominant plant species are

usually widely dispersed, thin, and small which makes them ineffective

in intercepting precipitation.

The major plant species are creosote bush, white thorn, jumping

cholla, catclaw, mesquite and a few palo verde. Few forbs, shrubs, and

grasses, such as fluffgrass, gray thorn and zinnias are also present,

but are insignificant in terms of the total plant composition. The per-

cent composition in terms of crown cover of the plant species on the

study area is given in Table 1.

Field Procedures 

The following discussion outlines the field procedures employed

in the collection of data needed to evaluate the water budget. Specif-

ically, these data were rainfall, surface runoff, soil moisture content,

and other water losses (which collectively include evaporation, inter-

ception and transpiration). Data collection for the development of re-

gression models of surface runoff, soil moisture content and suspended

sediment are also described. Finally the data needed for water quality



Table 1. Percent composition of plant species on the study area.

Plant Species	 Composition
(percent)

Creosote bush
	

80

White thorn
	

5

Jumping cholla
	

6

Catclaw
	

2

Mesquite
	

3

Palo verde
	

2

Forbs, shrubs and grasses
	

2
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analysis and the evaluation of a hydrologic water balance simulation

model are discussed.

Rainfall

Rainfall data were collected in a Belfort weighing-type recording

gauge from January 1972 to December 1976. In addition, rainfall was

measured by three plastic Tru-check non-recording rain gauges from

January through December 1976.

The recording rain gauge was installed by the Office of the Water

Resources Research Center, The University of Arizona, to obtain a long

term record of rainfall (Figure 3). The three non-recording rain gauges

were systematically installed on the site to index the variability of

rainfall on the study site (Figure 4). Rainfall readings on the three

non-recording gauges were made the morning following a rainfall event.

Surface Runoff

Surface runoff was measured on an Hl flume (Belfort Portable

Liquid Level Recorder FW-1) from January 1972 through December 1976.

The HL flume was installed by the Office of the Water Resources Research

Center, The University of Arizona (Figure 5) to record surface runoff

from the study area.

Surface runoff was also measured on three 4 x 6 feet (1.22 x

1.83 m) runoff plots from January through December 1976. The runoff

plots were installed adjacent to the non-recording rain gauges to obtain

a measure of the magnitude of on-site surface runoff (Figure 6). Runoff

was collected after each storm in a 18.6 liter plastic bucket installed

at the lower ends of the runoff plots. A sheet of plywood was used to
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Figure 3. Belfort weighing-type recording rain gauge.
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Figure 4. Tru-check plastic rain gauge.
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Figure 5. HL flume (Belfort Portable Liquid Level Recorder FW-l).
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Figure 6. A surface runoff plot.
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prevent rainfall entry. The runoff plots were bounded by aluminum

sheets buried about 12 cm deep to prevent water inflow and outflow from

the plots.

Soil Moisture Content

Soil moisture content was determined by the gravimetric method,

as discussed by Raise (1955), Cope and Trickett (1965) and Black et al.

(1965). Soil samples were collected at points along four transects

established systematically on the study area. The interval between

points was about 25 meters.

Three soil samples were gathered on each sampling point using a

soil collector tube at depths of 0-5.1, 5.1-10.2 and 10.2-15.2 cm. The

collected samples were placed in cans, weighed, oven dried at 110 ° C for

24 hours, and reweighed. Soil samples were collected approximately be-

fore and after each rainfall event from February through December 1976

to index the changes in soil moisture content. Rainfall was also measured

at times of soil sampling.

Other Water Losses

Other water losses of the water budget were assumed to be those

of the combined effects of evaporation, interception and transpiration.

Measurements of these losses were not made because of the lack of

instrumentation. This component of the water budget was evaluated as a

residual term in the total water budget.
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Regression Models

Regression models of surface runoff, soil moisture content, and

suspended sediment were developed. The independent variables used in

the development of surface runoff models were rainfall, rainfall dura-

tion, and maximum ten-minute rainfall intensity. The same independent

variables were used in the development of soil moisture content regres-

sion model. Rainfall, maximum ten-minute rainfall, rainfall duration,

and surface runoff were the independent variables used in the regression

model of suspended sediment.

The procedures used in the collection of the values of the

independent variables were discussed in the synthesis of the water

budget.

Water Quality Analysis

Water samples used to analyze the water quality were collected

from March through December 1976 in the 18.6-liter plastic bucket pre-

viously described. Before the samples were collected, the water in the

bucket was thoroughly stirred manually. Then, plastic bottles were

submerged in the bucket until they were filled with water. The water

samples were analyzed at the Soils, Water and Plant Tissue Testing

Laboratory, Department of Soils, Water and Engineering, The University

of Arizona.

Evaluation of Hydrologic Water Balance Simulation Model

The BURP2 water balance simulation model (Hill 1976) was evalu-

ated. The model was chosen for evaluation because of the following:



33

1. input parameters (climatic, hydrologic and watershed) may be

easily obtained and measured;

2. a range of constant values that may be used in varying

climatic and hydrologic conditions are provided;

3. smaller computational effort and expense is needed compared to

other models;

4. model documentation is simplified; and

5. the model may be made applicable to watersheds of varying size,

climatic, hydrologic and vegetative characteristics.

The input data needed to run the BURP2 model include rainfall,

minimum and maximum daily air temperature and degree day factor. The

model also can accomodate snowmelt and snowfall temperatures, but these

values were not applicable to this study. The rainfall data were the

same as where obtained and used for the development of the surface runoff

regression models.

Minimum and maximum daily air temperature data from January

through December 1976 were obtained from the records of The University

of Arizona Weather Station.

The data required by the model on watershed characteristics are

total area, latitude of the area, slope, aspect, field capacity, base-

flow and interflow constant, summer and winter interception, total soil

water storage, and evapotranspiration storage. The area of the water-

shed is about 6.5 hectares. The latitude of the area is about 32 °N.

The average of all slope readings (3%) between a series of points along

the close traverse and the stream channel was used as the slope value.
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The aspect of the area (285 ° ) coincided with the general direction of

the major ephemeral stream channel.

The baseflow and interflow constants were assumed zero for the

study area. Total soil water storage and evapotranspiration storage

were approximate values based on the soil and vegetation characteristics,

as suggested in the model's User Guide (Hill 1976).

Approximate values for summer and winter rainfall interception

were based from an inventory of the plant species on the area. The

inventory was made on three parallel 2.55-meter wide strips established

across the study area; the distance between strips was about 75 meters.

The total crown area of the dominant plants were determined by measuring

the length of the vertical projection of their crown canopies. The

average height of the dominant plants were also estimated using an

abney hand level. An ocular evaluation of the leaf characteristics,

particularly leaf size and distribution of the plants was made.

Analytic Procedures 

Synthesis of the water budget, regression models of surface run-

off, soil moisture content, and suspended sediment, water quality analysis,

and evaluation of hydrologic water balance simulation model were made.

All the regression models discussed in this study were evaluated at the

0.05 alpha level.

Synthesis of the Water Budget

The inventory method (Gray 1973) was used to evaluate the water

budget for the entire watershed. The magnitude of the major components

of the total water budget were evaluated. Rainfall and surface runoff
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were evaluated directly from field data. Soil moisture content was

determined using the soil moisture accounting procedure (Gray 1973).

In addition, the soil moisture content (in percent) was converted into

cm of water following the procedure described by Blake (1965). It was

assumed that the difference in the soil moisture content before and

after a rainfall event is the rainfall amount absorbed by the soil for

that time interval. As mentioned above, other water losses, was eval-

uated as a residual component of the total water budget.

Regression Model of Surface Runoff

Regression models of the HL flume and plot surface runoff were

developed using stepwise regression analysis. Dependent and independent

variables were analyzed with the CDC 6400 digital computer, The Univer-

sity of Arizona, using a stepwise multiple linear regression computer

program (Nie et al. 1975). In the stepwise procedure, one variable is

entered into the regression at each stage, in this case using an alpha

level of 0.05. The computer program enters variables from best to

poorest in terms of explaining the variance in the dependent variable.

The variable that explains the greatest amount of variation at

a specified F-level is entered first. Then, the variable explaining the

greatest amount of residual variation will enter the equation at each

step. If no additional variables are to be examined, or the specified

F-level significance is not satisfied, the process is terminated.

Regression Model of Soil Moisture Content

Regression models of the soil moisture content were also

developed using a stepwise multiple linear regression analysis. The
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variables used in the regression models were discussed in the field

procedures.

Regression Model of Suspended Sediment

Regression model of suspended sediment was developed using a

stepwise multiple linear regression technique described earlier. The

variables used in the regression analysis were previously discussed in

the field procedures.

Water Quality Analysis

Water samples were analyzed for electrical conductivity, soluble

salts, calcium, magnesium, sodium, chloride, sulfate, nitrate, flouride,

bicarbonate, and carbonate. The concentrations of all the chemical

elements were expressed in mg/l.

Evaluation of Hydrologic Water
Balance Simulation Model

The BURP2 hydrologic water balance simulation model was used.

The model simulates monthly and yearly surface runoff, potential and

actual evapotranspiration, interception and subsurface flow. It requires

climatic and watershed data.



RESULTS AND DISCUSSION

The results are presented as: (1) synthesis of the water budget;

(2) regression model of surface runoff, soil moisture content, and sus-

pended sediment; (3) water quality analysis; and (4) hydrologic water

balance simulation model.

Synthesis of the Water Budget 

A water budget for the 6.5-ha subwatershed during 1976, the

year of detailed on-site measurement was evaluated. The total annual

rainfall for the study year was 20.2 cm, 6 cm lower than the 5-year

(1972-1976) mean annual precipitation on the Atterbury Watershed.

Approximately 55 percent of the total annual rainfall occurred

during the summer months. The preponderance of summer rainfall on the

entire Atterbury Watershed has been reported by Fogel (1968) and Sariah-

med (1969). Ffolliott and Thorud (1975) also reported greater occur-

rence of summer than winter rainfall on southern desert shrub vegeta-

tion in Arizona, which typifies the vegetation type on the study area.

Out of 34 rainfall events, 10 events produced measurable runoff.

The runoff-producing rainfall events occurred during the summer months

(primarily July and August). These runoff-producing rainfall events were

formed as convective cells resulting in intense and localized rainfall.

The occurrence of intense and localized rainfall on the Atterbury Water-

shed has been reported by Fogel (1968).
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The total surface runoff for the study year was 0.4 cm. The

runoff-rainfall ratio was about 2 percent. The ratios for individual

events ranged from 1 to 8 percent and closely resembled the runoff-

precipitation ratio for the entire Tucson drainage as reported by

Sellers (1965). However, the lower range of the runoff-rainfall ratio

(1 percent) was smaller than the lower range (3 percent) for the entire

Tucson drainage. This result suggests that a lower amount of rainfall

is needed to initiate surface runoff from the smaller drainage of the

study area (compared to a larger area of similar hydrologic character-

istics).

A comparison of runoff-rainfall ratios for the different vege-

tation zones in Arizona is shown in Table 2. The runoff-rainfall ratio

for the study area was low in comparison with other vegetation zones in

Arizona. The low ratio may be attributed to the high evaporation poten-

tial and low precipitation input on the area. High evaporation potential

and low precipitation in the desert shrub vegetation zone of Arizona has

been reported by Ffolliott and Thorud (1975).

Generally, runoff-rainfall ratios decrease with declining eleva-

tions. The decreasing trend may be expected for the existing climatic

and physiographic conditions associated with the different vegetation

zones. The higher the elevation, the greater occurrence of precipitation

events, amount, and (generally) water yield (Beschta and Thorud 1973).

The total amount of rainfall absorbed by the soil (soil moisture

content) within the 0-15.2 cm upper soil zone was 11.1 cm, or 55 percent

of the total rainfall for the study year.
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Table 2. Mean runoff-rainfall ratio associated with various vegetation
zones in Arizona. a

Vegetation zones
Mean runoff-rainfall

ratio
(percent)

Alpine vegetation 36

Mixed conifer forest 33

Aspen forest 24

Ponderosa pine 19

Pinyon-juniper 5

Chaparral 4.5

Desert grassland 4

Desert shrub 2

Study area (desert shrub) 2

a. Abstracted from Ffolliott and Thorud (1975).
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This value (55 percent) was about 25 percent higher than what

was reported by Dyrness (1969) in his study of the amount of moisture

held by the loamy soil in the western Cascades of Oregon. A study by

Lehane and Staple (1953) reported that the moisture retention of a

sandy loam soil between field capacity and wilting point was about 45

percent lower than the moisture absorbed by the soil on a study site

in Canada. The lower soil moisture retention found by Lehane and Staple

(1953) may have been due to the coarser soil texture (sandy loam) that

they studied, compared to the loamy texture of the soil on the Atterbury

Watershed study site. It has been reported by Brady (1974) that soil

moisture retention increases from coarse to fine textured soil (i.e.,

sandy loam to loam).

The high amount of rainfall absorbed by the 
soil may suggest

"good" (about 8 cm/hr) infiltration and percolation of the 
soil on the

study site. A good infiltration characteristic 
of the soil up to a

depth of about 0-20 cm at the eastern part of the 
Atterbury Watershed

(where the study site is located) was observed by 
Gelderman (1964).

An evaluation of the amount of 
moisture absorbed by the soil at

three different soil depths (0-5.1, 5.1-10.2, 10.2-15.2 
cm) indicated a

decreased soil moisture content at the 
deeper soils immediately after

rainfall. This result may be due to a 
decreasing trend of moisture in-

filtration into the deeper soils due to 
the increasing occurrence of

lime accumulation and clay subsoils, and 
also the lack of precipitation.

The occurrence of lime accumulation and 
clay subsoil below the soil

surface has been reported by Gelderman (1964) 
at the eastern side of

the Atterbury Watershed.
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The other water losses component of the water budget was deter-

mined as a residual term. The total amount of rainfall attributed to

these losses was 8.7 cm, or about 43 percent of the total rainfall for

the study year.

The apparent high amount of the other water losses component may

be due to the high potential rate of evaporation on the study site. The

high potential rate of evaporation on the area may be enhanced by the

almost complete absence of grass cover during the study period. High

potential evaporation rate on semiarid areas in Arizona, which typify

the study area, has been cited by Ffolliott and Thorud (1977). In addi-

tion to the high potential rate of evaporation on the soil surface,

intercepted rainfall contributes to the total water supply that would

be available for evaporation.

Another potential component of the other water losses is moisture

percolation below the 15.2 am soil depth, which is the deepest soil

depth considered in the study. However, it was assumed that rainfall

percolation below the 15.2 cm soil depth was negligible. This assump-

tion was based on field observations of impermeable lime accumulation

on the study site at depths of about 10-15 cm.

The mean ratios of total surface runoff, soil moisture content,

and other water losses over total rainfall for the study year are il-

lustrated in Figure 7. Surface runoff was 27 and 22 times smaller than

soil moisture content and other water losses, respectively. Soil

moisture content was 12 percent higher than other water losses.
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Figure 7. Mean ratio of surface runoff, soil moisture content, and
other water losses over total annual rainfall.
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Surface Runoff Regression Model 

Two empirical regression models designed to predict surface

runoff from the study area were developed. One model involves summer

runoff-producing storms recorded at the HL flume gauging station from

1972 through 1976. This model may serve to evaluate surface runoff from

the entire watershed. Another model consists of on-site surface runoff

measured on the runoff plots. The plot runoff model may be used to

evaluate the extent of on-site runoff contribution to the surface runoff

from the entire watershed.

The surface runoff regression equation for the entire watershed

is:

RO = -0.24 + 0.26 P + 0.19 MXTR	 (2)

where:

RO = surface runoff (cm);

P = rainfall (cm); and

MXTR = maximum ten-minute rainfall (cm).

Almost 77 percent of the variation in surface runoff (r
2 = 76.3, n = 35)

is explained by rainfall and maximum ten-minute rainfall.

Schreiber and Kincaid (1967) reported a comparable finding in

their study of on-site surface runoff from short-duration convective

storms at the Walnut Gulch Experimental Watershed, Arizona. Osborn and

Lane (1969) also found comparable results in their investigation of

precipitation-runoff relations on small semiarid rangeland watersheds in

Arizona.

The average value of the maximum ten-minute rainfall for the

study year was used so that the regression equation of surface runoff
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may be solved to determine the minimum amount of rain needed to initiate

runoff from the entire watershed. The regression equation was equated

to zero and solved. The solved equation indicated that at least 0.65 cm

of rain is needed before surface runoff is generated at the HL flume

gauging station. The initiation of surface runoff with the minimum rain

of 0.65 cm may be true with the assumption that rain fell as suggested

by the average ten-minute rainfall. This minimum rainfall is expected

inasmuch as runoff occurs only with sufficient rainfall. The needed

minimum rainfall to generate runoff from the watershed may help explain

why only about 30 percent of the total rainfall events for the study

year produced measurable runoff.

The regression equation of surface runoff from the runoff plot

is:

RO = -0.35 + 0.81 P	 (3)

where RO and P were as defined previously. About 87 percent of the

variation in the plot surface runoff (r2 = 86.7, n = 27) is explained

by rainfall.

To determine the minimum rainfall needed to generate runoff from

the runoff plots, the runoff regression equation was equated to zero and

solved. This equation indicated that at least 0.43 cm of rain is needed

before runoff is initiated from the runoff plots. This minimum rainfall

is about 30 percent smaller than what was needed to generate runoff from

the entire watershed since it is generally assumed that the smaller the

drainage area, the smaller amount of rainfall is needed to initiate sur-

face runoff. This general assumption was based on the smaller channel
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losses and abstractions on smaller drainage areas (compared to a larger

area of similar hydrologic characteristics).

Soil Moisture Content Regression Model 

Regression equations to predict soil moisture content of soil

samples gathered from the study sites after rainfall at three soil

depths (0-5.1, 5.1-10.2 and 10.2-15.2 cm) were developed.

The regression equation of soil moisture content at a soil

depth of 0-5.1 cm is:

SMC = 3.55 + 0.04 RDUR	 (4)

where:

SMC = soil moisture content (percent); and

RDUR = rainfall duration (minute).

Rainfall duration explained about 74 percent (r
2 = 73.7, n = 27) of the

variation in soil moisture content.

At the soil depth of 0-5.1 cm, the minimum soil moisture content

is about 3.6 percent. This minimum soil moisture content approaches the

wilting point level for sandy loam soils, as reported by Brady (1974).

A low soil moisture content was expected because of the high evaporation

ratio on the study area. Precipitation input which can supply soil

moisture is also limited on the study site. The low minimum soil

moisture content is perhaps one of the major factors that limits the

occurrence and growth of grass species on the study site.

At a soil depth of 5.1-10.2 cm, the regression equation 
of soil

moisture content is:

SMC = 2.74 + 0.02 RDUR 	 (5)
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where the abbreviations in the equation were as defined previously.

Over 75 percent (r
2 
= 75.3, n = 27) of the variation in soil moisture

content is accounted for by rainfall duration.

The minimum soil moisture content at this soil depth (5.1-10.2

cm) was about 2.7 percent. This minimum soil moisture content is about

0.8 percent lower than the minimum soil moisture content at the 0-5.1 cm

soil depth. This lower soil moisture content may be attributed to the

delayed redistribution of moisture into the lower soil depth (Gelderman

1964). In addition, soil moisture infiltration to recharge the soil

moisture reservoir at the 5.1-10.2 cm soil depth may not take place when

rainfall is limiting.

At the third soil depth (10.2-15.2 cm), the regression equation

of soil moisture content is given as:

SMC = 2.5 + 3.13 P	 (6)

where:

SMC = soil moisture content (percent); and

P = rainfall (cm).

Almost 85 percent (r2 = 84.8, n = 27) of the variation in soil moisture

content is accounted for by rainfall.

At this soil depth (10.2-15.2 cm), the minimum soil moisture

content is 1.05 and 0.24 percent lower than the minimum soil moisture

content at the 0-5.1 and 5.1-10.2 cm soil depths, respectively. This

result may have been due to the combined effects of redistribution of

moisture and the limited amount of rainfall.
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Suspended Sediment Regression Model 

A regression equation to predict suspended sediment of the run-

off waters from the watershed was developed. The regression equation is

given as:

S = 1066.5 + 755.1 P 	 (7)

where:

S = suspended sediment (mg/1); and

P = rainfall (cm).

Rainfall accounted for about 77 percent (r2 = 77.3, n = 51) of the varia-

tion in suspended sediment of the runoff waters.

The regression equation of suspended sediment indicated that

surface runoff from the watershed carries over a thousand mg/1 of sus-

pended sediment. The suspended sediment from the study area was about

10 times higher than the suspended sediment concentration of runoff

from undisturbed and forested watersheds in northern Michigan, as reported

by Striffler (1964). It is also over 10 times greater than the acceptable

level for aquatic life as proposed by the United States Environmental

Protection Agency (USEPA) (Campbell 1976).

High soil losses from desert shrub vegetation zone in Utah were

also reported by Croft, Woodward and Anderson (1943). Furthermore, in

California, Raymond (1967) has reported serious sedimentation in chapar-

ral areas.

In Arizona, Ffolliott and Thorud (1975) characterized the sedi-

ment yields from the various vegetation zones. A generalized descrip-

tion of sedimentation problems associated with the different vegetation

zones in the state is shown in Table 3. It was reported by Ffolliott and



Table 3. Generalized description of sediment yields from various
vegetation zones in Arizona. a

Vegetation Zone	 Sediment Yield
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Alpine

Mixed Conifer

Aspen

Ponderosa Pine

Pinyon-Juniper

Chaparral

Desert Shrub

minimal sedimentation and high run-
off water quality

low sediment losses and runoff water
quality is considered high

low sediment losses and runoff water
quality is high

sediment yields from forested zones
are generally lower than from the
other vegetation zones

sediment yields from the pinyon-
juniper on the Beaver Creek Water-
shed varied from 0.01 to 0.31 tons
per acre

sedimentation is relatively low for
undisturbed chaparral particularly
in comparison to the high rate ob-
served immediately after disturbance
of the type by fire and herbicide
treatments

some of the highest rates of sedi-
ment movement in Arizona occur in
the northern desert shrub type,
primarily because of the sparse
ground cover and highly erodible
soils

Study site (Desert Shrub)	 high sediment yield (at least 1000
mg/1).

a. Abstracted from Ffolliott and Thorud (1975).
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Thorud (1975) that little quantitative and descriptive information

exist to characterize sediment yields from the various vegetation zones.

However, in general, the sediment yield from the Atterbury Watershed

study site is generally higher than those from the different vegetation

zones.

The high sediment concentration of the water could be expected

because of the predominance of bare and easily erodible soil surface on

the study area. In addition, the direct splash and dispersal effects of

intense storms dislodge soil particles that may cause excessive soil

movement and erosion (Hudson 1971). As runoff begins, the dislodged

soil particles are carried along easily by the flowing water. Soil

movement and transport is further enhanced by the almost complete ab-

sence of grass cover on the area which could minimize soil movement.

Water Quality Analysis 

A summary of the mean and range in chemical constituents of

the water samples collected on the study area are shown in Table 4.

The mean electrical conductivity of the water samples was about

three times lower than the required amount in irrigation, as reported

by Dutt and McCreary (1970) in Arizona. The total soluble salts of the

water samples are almost 50 percent smaller than the total dissolved

solids recommended by the United States Public Health Service (USPHS)

in domestic water supplies; the recommended upper limit of total dis-

solved units is 500 mg/1 (Dutt and McCreary 1970).

The pH of the water samples are within the levels of accept-

ability for aquatic life, irrigation and public water supply as
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Table 4.	 Chemical constituents of water samples.

Constituents Meana Range

Electrical conductivity 0.27 0.13 -	 0.53

Soluble salts 237.00 104.00 -	 371.00

Hydrogen ion 7.10 7.00 -	 8.00

Calcium 47.00 21.00 -	 90.00

Magnesium 2.50 0.70 -	 5.00

Sodium 3.30 0.90 -	 12.00

Chloride 4.50 0.60 -	 15.00

Sulfate 10.00 3.00 -	 44.00

Bicarbonate 168.00 68.00 -	 293.00

Carbonate 0.00 0.00 -	 0.00

Fluoride 0.08 0.02 -	 0.20

Nitrate 0.30 0.02 -	 1.70

n=39

a. All table entries are expressed in mg/1, except the pH and
electrical conductivity.
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proposed by the United States Environmental Protection Agency (Campbell

1976). The pH is also within the range of less than 6.5 and 8.5, con-

sidered as low and high pH values, respectively, that would affect the

taste, corosivity and chlorination of water for domestic applications.

The water samples have low calcium content compared to the

standard value set by the World Health Organization (WHO) (Dutt and

McCreary 1970). The calcium content of the water samples is almost 5

times smaller than the recommended lower limit for drinking water and

almost 20 times lower than the recommended upper limit (Dutt and Mc-

Creary 1970).

For domestic water supplies, the magnesium concentration of the

water samples is also very low. Cobleigh (1934) reported a limiting

range of 100 to 200 mg/1 for domestic water supplies. Compared to this

range, the magnesium concentration of the water samples is almost 50

to 100 times lower than the reported lower and upper limit, respectively.

The sodium concentration of the water samples is also low. It is

almost 65 times lower than 200 mg/1 which is considered as a harmful

level for people with cardiac, renal or circulatory diseases (Laubusch

and McCammon 1955). The sodium concentration isabout 15 times smaller

than 50 mg/l. A sodium content of 50 mg/1 is considered to cause foam-

ing, flotation and dispersion problems in industrial waters (Dutt and

McCreary 1970).

The USPHS recommended limit for chloride concentration in

drinking water is 250 mg/1 (Dutt and McCreary 1970). This limit is

about 55 times higher than the chloride concentration of the water

samples. The chloride concentration of the runoff waters is also about
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50 times lower than the recommended limit in public water supply as pro-

posed by the United States Environmental Protection Agency (Campbell

1976). For sulfate concentration in drinking water, the USEPA recom-

mended limit is 250 mg/1 (Campbell 1976). This limit is about 10 times

higher than the sulfate concentration of the water samples.

The bicarbonate concentration of the water samples is a little

over three times higher than the recommended maximum level of 50 to 60

mg/1 (Dutt and McCreary 1970). This maximum level applies in indus-

trial water used for drinking, ice making and boiling. In terms of

carbonate ion, the water samples have zero concentration. A concentra-

tion greater than 2.5 is considered not suitable for irrigation (Eaton

1950).

The fluoride concentration of the water samples is 
about 10 to

15 times lower than the USPHS recommended level in 
domestic water sup-

plies and for irrigation as proposed by the USEPA (Campbell 1976). The

mean fluoride concentration is lower than 1.0 mg/1, which is considered

to cause problems in industrial waters. Finally, 
the mean nitrate con-

tent of the water samples is about 150 times lower than 
the concentration

recommended by the USPHS in all domestic 
waters (Dutt and McCreary 1970).

The result of the water analysis indicates that, except 
for bi-

carbonate concentration, the concentration of 
all the other ions are

either within or lower than the respective 
limits set by the USPHS,

USEPA or the World Health Organization for 
different water uses. This

finding would indicate that the runoff 
waters from the watershed may be

suitable for a number of uses 
(including livestock, wildlife, irrigation

and other water uses).
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Hydrologic Water Balance Simulation Model 

The BURP2 hydrologic water balance simulation model was evaluated

using data collected from the study site. The parameters and values

used in evaluating the model on the study site are shown in Table 5.

The water budget balance in the watershed as evaluated by the BURP2 is

given in Table 6.

The result of the evaluation indicated that on a yearly basis,

the total simulated surface runoff for the study year was lower than the

total actual surface runoff by only 0.54 cm. The small difference be-

tween the total simulated and actual surface runoff for the study year

may suggest that the BURP2 model may be useful in simulating surface run-

off from the study site on a yearly basis. However, it also appears

that the favorably comparable values between the total simulated and

actual surface runoff for the study year may be the result of coincidence

because of two reasons: (1) the differences between the monthly simu-

lated and actual surface runoff values were high, ranging from -0.02 to

1.30 cm; and (2) the simulated surface runoff during the summer months

were at least 50 percent lower than the actual surface runoff. This re-

sult is especially unfavorable considering that most surface runoff

from the study site is expected to occur during the summer months.

The high differences between the monthly simulated 
and actual

surface runoff values may be attributed to the generally erratic result-

ant surface runoff from intense short duration convective storms 
on

semiarid areas, which typify the study site. This 
general characteristic

of semiarid areas has been reported by Milthorpe (1960).



Table 5. Hydrologic, climatic, and watershed parameters for the BURP2
water balance simulation model.
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Total watershed area

Snowmelt temperature

Snowfall temperature

Basef low constant

Precipitation slope

Temperature adjustment

Total storage

Evapotranspiration storage

Initial evapotranspiration

Field capacity

Daily maximum and minimum temperature

Actual precipitation

Aspect

Slope

Degree day factor

Interflow constant

Summer interception

Winter interception

6.5 hectares

0 ° c

0 ° c

0.00

1.00

.90

15.24 cm

.72 cm

5.08 cm

.72 cm

285.0 °

3 percent

.250

.00

.02 cm

.01 cm
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Another possible explanation of the unfavorable simulated monthly

surface runoff is the way some input parameters were treated in the model.

Infiltration and rainfall intensity parameters are not inputs in the

model. Infiltration capacity is known to be an important factor in-

fluencing surface runoff.

Using the ring infiltrometers, the average infiltration at the

study site (7 cm/hr) was about three times greater than reported (2.3

cm/hr) by Powers (1969) at the Atterbury Watershed. In a relatively

high intensity storm (4 cm/hr) that occurred during the study year,

approximately 47 percent of the total rain infiltrated based on soil

moisture content. Assuming that infiltration is unimpeded, it could be

expected that all the rain would infiltrate with a 7 cm/hr infiltration

capacity. However, there was surface runoff for this event. Infiltra-

tion capacity for soils at the Atterbury Watershed varies in both time

and space. Thus, not using an infiltration capacity directly (as was

done in the model) could be one of the reasons for the wide discrepancy

between the monthly simulated and actual surface runoff.

Rainfall intensity, considered as an important factor that in-

fluences surface runoff, is also not included as an input parameter.

The maximum ten-minute rainfall intensity during the study year was

about 4 cm/hr, and this storm did produce runoff even though the ob-

served infiltration capacity was about 7 cm/hr. High intensity rainfall

disperses fine soil particles that tend to seal off pore spaces, re-

ducing infiltration and increasing surface runoff. The sealing effect

of the high intensity simulated summer rainfall may account for the low

infiltration capacity reported by Powers (1969) at the Atterbury
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Watershed. On the other hand, winter storms are usually of the low

intensity type. The model implies constant rainfall intensity through-

out the year. However, winter storms are usually of low intensity

while summer storms are of the high intensity type on the study site.

Consequently, it is expected that the model would overpredict and

underpredict surface runoff during the winter and summer months, re-

spectively. Therefore, the exclusion of rainfall intensity as an input

parameter may have further reduced the relative effectiveness of the

model in simulating the actual surface runoff.

The simulated monthly surface runoff during the winter months

was greater than the actual surface runoff. During the winter months,

there is a marked reduction in the simulated evapotranspiration and

interception. This result may be expected because the model considers

that most vegetation shed their leaves, becomes dormant, and thereby

minimizing if not eliminating transpiration and interception during the

winter season. This situation may tend to increase simulated surface

runoff during the winter months. On the contrary, plant dormancy may

not be applicable on the study site because the major plant species do

not shed their leaves. Possibly, this situation further reduces the

actual surface runoff because of continuous evapotranspiration which

tends to dry out the soil. It is known that dry soils have higher in-

filtration capacities than wet soils, at least during the early stages

of a storm.

The simulation showed a total minimal value (1.52 cm) of sub-

surface flow. This result appears contrary to what is expected on the

study site. The occurrence of simulated subsurface flow may be attributed
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to the assumed total storage capacity and the relatively high total

precipitation during the summer months. It is possible that the assumed

total storage capacity may have been smaller than what is actually

present in the area. As a result, the high precipitation may have

saturated the model storage capacity. The excess precipitation could

have been routed by the model as subsurface flow instead of going to

percolation or evaporation. Hence, the occurrence of simulated sub-

surface flow.

In summary, the above situations illustrate the inadequacies of

the model for semiarid conditions. Neither infiltration nor rainfall

intensity are considered directly by the model, and evapotranspiration

and interception are not appropriately represented for the studies.

These situations could help explain the difference between the observed

and predicted values.



CONCLUSIONS

The results of the study lead to the following conclusions:

1. Over 30 percent of the total rainfall events produced

measurable runoff. These runoff-producing rainfall events occurred

during the summer months, primarily July and August.

2. The runoff-rainfall ratio was about 2 percent. The ratios

ranged from 1 to 8 percent. The runoff-rainfall ratio for the study

area was low in comparison with other vegetation zones in Arizona.

Generally, runoff-rainfall ratios decrease with declining elevations.

3. Soil moisture content accounted for about 55 percent of the

total rainfall for the study year. Soil moisture content immediately

after rainfall decreases with increasing soil depths.

4. About 43 percent of the total rainfall was attributed to

other water losses. The high value of this component of the water

budget may have been due primarily to the high potential rate of

evaporation on the study site.

5. Rainfall and maximum ten-minute rainfall were the significant

variables in the regression equation of surface runoff from the entire

watershed. Rainfall alone was the significant variable in the regression

equation of plot surface runoff.

6. Greater amount of rainfall was needed to generate surface

runoff fram the, .eutire watershed than from the runoff plots.
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7. Rainfall and rainfall duration were the significant variables

in the regression equation of soil moisture content. The minimum soil

moisture content decreased at lower soil depths.

8. Rainfall was the significant variable in the regression

equation of suspended sediment. The suspended yield from the study site

was largely higher than those from the different vegetation zones in

Arizona.

9. Except for bicarbonate ion, the concentration of all the

chemical constituents present in the runoff waters were either within

or largely lower than the limits set by the United States Public Health

Service, World Health Organization and the United States Environmental

Protection Agency for various uses of water.

10. There was a favorable comparison between the total simulated

and actual surface runoff for the study year. Conceivably, the comparable

values of the surface runoff may be the result of coincidence.

11. There are inherent inadequacies of the BURP2 model that may

make it ineffective for semiarid conditions. Neither infiltration nor

rainfall intensity are considered directly by the model. In addition,

evapotranspiration and interception are not appropriately represented

for the study site.



APPENDIX A

COMMON AND BOTANICAL NAMES OF PLANTS1

Common Name	 Botanical Name 

Aspen	 Populus tremuloides Michs.

Catclaw	 Acacia greggii Gray

Coldenia	 Coldenia canes cens DC

Creosote bush	 Larrea tridentata (DC) Colville

Fluffgrass	 Tridens pulchellus (H.B.K.)

Gray thorn	 Condalia lycioides (Gray)

Jumping cholla 	 Opuntia fulgida Engelm.

Mesquite	 Prosopis juliflora (Swartz) DC

Palo verde	 Cercidium microphyllum Benth.

Ponderosa pine	 Pinus ponderosa Lawson

Utah juniper	 Juniperus utahensis Engelm.

White thorn	 Acacia constricta Benth.

Zinnia	 Zinnia pumila Gray

1. From Kearney and Peebles (1969)

61



LIST OF REFERENCES

Allis, J. A., B. Harris and A. L. Sharp. 1963. A comparison of per-
formance of five rain-gauge installations. J. Geophys. Res.
68:4723-4730.

Allyn, R. B. 1942. A calibrated soil probe for measuring field soil
moisture. Soil Sci. 53:273-285.

Avery, T. E. 1975. Natural resources measurements. McGraw-Hill Book
Co., New York, 339 p.

Babcock, H. M. and C. A. Pugh. 1969. The phreatophyte problem in
Arizona. Proc. Arizona Watershed Symposium, pp. 34-38.

Beschta, R. L. and D. B. Thorud. 1973. Climatology of the pine type in
central Arizona. Arizona Agric. Exp. Sta., Technical Bulletin,
58 p.

Betson, R. P., R. L. Tucker and F. M. Haller. 1969. Using analytical
methods to develop a surface runoff model. Water Resources Res.
5:103-111.

Black, C. A. (Ed.), D. D. Evans, J. C. White, L. E. Ensminger and F. E.
Clark (Asso. Eds.). 1965. Methods of soil analysis. Amer.
Soc. of Agron. Inc., Madison, Wisc., No. 9, pp. 279-381.

Blake, G. R. 1965. Bulk density. In Methods of soil analysis. (C.
Black, Ed.; D. D. Evans, J. L. White, L. E. Ensminger and F. E.

Clark, Assoc. Eds.). Amer. Soc. of Agron. Inc., Madison, Wisc.,
No. 9, pp. 374-380.

Blaney, H. F. 1961. Consumptive uses and water waste by phreatophytes.
ASCE, Journal of the Irrigation and Drainage Division. 3:37-46.

Brady, N. C. 1974. The nature and properties of soils. McMillan

Publishing Co., Inc., New York, pp. 175-179.

Brater, E. F. 1967. Steps toward a better understanding of urban
runoff processes. Water Resources Res. 4:335-347.

Burford, J. B. and J. H. Lillard. 1966. Relation of selected charac-

teristics to hydrologic performances of two small watersheds.
Trans.ASAE. 9:394-397.

62



63

Campbell, R. E. 1976. Water quality as affected by forest management
treatment in the Beaver Creek pine watersheds. Beaver Creek
National Multiple-use Evaluation Project, Study Plan, FS-RM-
1611, Rocky Mountain Forest and Range Exp. Station, Flagstaff,
Arizona, 27 p.

Clary, W. P. and P. F. Ffolliott. 1969. Water holding capacity of
ponderosa pine forest floor layers. Jour. of Soil and Water
Conservation. 24:22-23.

Cluff, C. B., G. R. Dutt, P. R. Ogden and J. K. Kuykendall. 1972.
Development of economic water harvest systems for increasing
water supply. Phase II. Project Completion Report OWRR
Project No. B-015-AMZ, University of Arizona, 57 p.

Cobleigh, W. M. 1934. Utilization of alkali water. Jour. AWWA.
26:1063-1064.

Cope, F. and E. S. Trickett. 1965. Measuring soil moisture. Soils
and Fertilizers. 28:201-208.

Croft, A. R., L. Woodward and D. A. Anderson. 1943. Measurement of
accelerated erosion on range-watershed land. Jour. of
Forestry. 41:112-116.

Deacon, E. L., C. H. Priestley and W. C. Swinbank. 1958. Evaporation
and the water balance. Climatology Reviews of Research, Paris,
UNESCO (Arid Zone Research X), pp. 9-34.

Dutt, G. R. and T. W. McCreary. 1970. The quality of Arizona's
domestic, agricultural and industrial waters. Report 256,
Agricultural Experiment Station, University of Arizona, 83 p.

Dyrness, C. T. 1969. Hydrologic properties of soils on three small
watersheds in the western cascades of Oregon. U. S. Forest
Service, Pacific Northwest Forest and Range Experiment Station,

Res. Note PNW-111, 17 p.

Eaton, F. M. 1950. Significance of carbonates in irrigation waters.
Soil Sci. 69:125-133.

Ffolliott, P. F. and D. B. Thorud. 1975. Water yield improvement by

vegetation management: Focus on Arizona. National Technical
Information Service, USDC, Virginia, 14 p.

Ffolliott, P. F. and D. B. Thorud. 1977. Water resources and multiple-

use forestry in the southwest. Jour. of Forestry. 75:469-472.

Fletcher, H. C. and H. B. Elmendorf. 1955. Phreatophytes: -a serious
problem in the west. In Water (The Yearbook of Agriculture),
pp. 423-434.



64

Fogel, M. M. 1968. The effect of spatial and temporal variations of
rainfall and runoff from small semiarid watersheds. Ph. D.
dissertation, The University of Arizona. 90 p.

Gelderman, F. W. 1964. A soil survey report of the Atterbury Water-
shed, Pima County, Arizona, Special Report, Soil Conservation
Service, Tucson, Arizona, pp. 1-4.

Gill, H. E. 1960. Evaporation losses from small orifice rain gauges.
J. Geophys. Res. 65:2877-2881.

Gray, D. M. 1973. Handbook on the principles of hydrology. A general
text with special emphasis on Canadian conditions. Water Informa-
tion Center, Inc. 13.57 p.

Gray, D. M. and J. M. Wigham. 1973. Peak flow-rainfall events. In
Handbook on the principles of hydrology. A general text with
special emphasis on Canadian conditions. Water Information
Center, Inc. (D. M. Gray, Ed.), pp. 8.90-8.96.

Haise, H. R. 1955. How to measure the moisture in the soil. In
Water (The Yearbook of Agriculture), pp. 362-371.

Hamon, W. R. 1963. Computation of direct runoff amounts from storm
rainfall. Int. Assn. Scientific Hydrology, Symposium Surface
Waters, Pub. No. 63, pp. 52-62.

Helvey, J. D. and J. H. Patric. 1965. Canopy and litter interception
of rainfall by hardwoods of eastern United States. Water
Resources Res. 1:193-206.

Hiatt, W. E. and R. W. Schloemer. 1955.	 How we measure the varia-
tions in precipitation. In Water The Yearbook of Agriculture),
pp. 78-84.

Hill, J. J. 1976. BURP2. USDA Forest Service, Fort Collins,
Colorado, 42 p.

Holmes, J. W. 1958. Aspects of soil moisture measurement with reference
to arid soils. Climatology and Microclimatology. Proceedings
of the Canberra Symposium, Climatologie et microlimatologie,
actes du colloque de Canberra, Paris, UNESCO (Arid Zone
Research XI) pp. 295-300.

Holmes, J. W. and J. S. Colville. 1968. On the water balance of grass-

land and forest. Trans. Int. Congress of Soil Science, 9th,
Adelaide, Australia, 1:39-46.

Horton, R. E. 1943. Evaporation maps of the United States. Trans. Amer.
Geophys. Union. 24:743-753.

Hudson, N. 1971. Soil Conservation. Cornell University Press, Ithaca,
New York, pp. 107-113.



65

Huff, F. A. 1955. Comparison between standard and small orifice rain
gauges. Trans. Amer. Geophys. Union. 36:689-690.

Johnson, W. M. 1942. The interception of rain and snow by a forest of
young ponderosa pine. Trans. Amer. Geophys. Union. 23:566-569.

Johnston, R. S. 1971. Rainfall interception in a dense Utah aspen
clone. U. S. Forest Service Intermountain Forest and Range
Experiment Station, Res. note INT-143, 4 p.

Kearney, T. H. and R. H. Peebles. 1969. Arizona flora. University
of California Press, Berkeley and Los Angeles, 1085 p.

Kelso, M. M. 1970. Economic growth opportunities and constraints.
Arid lands in Transition, Publications 90, American Assn. for
the Advancement of Science, Washington, D. C., pp. 73-88.

Kuzmin, P. 0. 1957. Hydrophysical investigations of land waters. Int.
Assn. Scientific Hydrology, Int. Union of Geodesy and Geo-
physics. 3:468-478.

Laubusch, E. J. and C. S. McCammon. 1955. Water as a sodium source
and its relation to sodium restriction therapy patient response.
Amer. Jour. of Public Health and the Nation's Health. 45:1337-
1338.

Lehane, J. J. and W. J. Staple. 1953. Water retention and availability
in soils related to drought resistance. Can. Jour. Agric. Sci.
33:263-273.

Linsley, R. K. 1958. Correlation of rainfall intensity and topography
in northern California. Trans. Amer. Geophys. Union. 39:15-18.

Makkink, G. F. 1957. Ekzameno de la formula de Penman. Netherlands
Jour. Agric. Sci. 5:290-305.

Meriam, R. A. 1960. A note on the interception loss équation. J. of
Geophys. Res. 65:3850-3851.

Meyer, A. F. 1915. Computing runoff from rainfall and other physical

data. Trans. ASCE. 79:1056-1155.

Middleton, W. E. K. and A. F. Spilhaus. 1953. Meteorological Instru-

ments. Toronto, University of Toronto, 286 p.

Miller, M. A. and L. C. Leavel. 1972. Anatomy and Physiology. Mc-
Millan Publishing Co., Inc., New York, New York, pp. 528-529.

Milthorpe, F. L. 1960. The income and loss of water in arid and semi-

arid zones. Arid Zone Research-XV. Plant-water relations in arid
and semiarid conditions. Reviews of Research. UNESCO. pp. 9-36.



66

Minshall, N. E. 1960. Predicting storm runoff on small experimental
watersheds. Proc. ASCE, Journal of the Hydraulics Division.
86:17-37.

Nie, N. H., C. H. Jenkins, S. G. Steinbrenner and D. H. Bent. 1975.
Statistical package for the social sciences, McGraw-Hill Book
Co., New York, pp. 320-360.

Oppenheimer, H. R. 1953. Water requirement and irrigation of citrus
grove. Report of the Thirteenth International Horticulture
Congress, London Royal Horticultural Society. 2:1267-1274.

Osborn, H. B. and L. Lane. 1969. Precipitation-runoff relations for
very small semiarid rangeland watersheds. Water Resources Res.
5:419-425.

Pelton, W. C. 1961. The use of lysimetric methods to measure evapo-
transpiration. Proc. of Hydrology Symposium No. 2. Evaporation.
Queen's Printer, Ottawa, pp. 106-122.

Penman, H. L. 1956. Estimating evapotration. Trans. Amer. Geophys.
Union. 37:43-50.

Pierce, J. R. 1961. Symbols, signals and noise, the nature and process
of communication. Harper and Brothers, New York, pp. 1-30.

Powers III, W. R. 1969. The influence of sodium chloride and gravel
treatments on infiltration. M. S. Thesis, The University of
Arizona, Tucson, 80 p.

Raymond, F. H. 1967. Controlled burning in California wildlands. Tall
Timber Fire Ecology Conference Proceedings. 7:151-162.

Renard, K. G. and R. V. Keppel. 1966. Hydrographs of ephemeral streams
in the southwest. Proc. ASCE. J. of the Hydraulics Division.
92:33-53.

Reycroft, H. B. 1947. A note on the immediate effect of wild burning
on stormflow in a Jonkershoek stream catchment. Jour. South

Afr. For. Assn. 15:80-81.

Richards, L. A., W. R. Gardner and G. Ogata. 1956. Physical processes

of determining water loss from soil. Proc. Soil Sci. Soc. Amer.

20:310-314.

Robertson, G. W. and R. M. Holmes. 1959. A modulated moisture budget.
Monthly Weather Review. 87:101-106.

Rowe, P. B. and T. M. Hendrix. 1951. Interception of rain and snow by
second-growth ponderosa pine. Trans. Amer. Geophys. Union.

32:903-908.



67

Sariahmed, A. 1969. Synthesis of sequences of summer thunderstorm
volumes for the Atterbury Watershed in the Tucson Area. M. S.
Thesis, The University of Arizona, Tucson, 170 p.

Satterlund, D. R. 1972. Wildland watershed management. The Ronald
Press Co., New York, pp. 5-10.

Schoof, R. R. and F. R. Crow. 1968. Precise discharge measurements
for hydrologic research. Trans. ASAE. 11:458-460.

Schreiber, H. A. and D. R. Kincaid. 1967. Regression models for pre-
dicting on-site runoff from short duration convective storms.
Water Resources Res. 3:389-393.

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

Shaw, C. and A. Smith. 1927. Maximum height of capillary rise starting
with a soil at capillary saturation. Hilgardia. 2:399-409.

Skau, C. M. 1960. Some hydrologic characteristics in the Utah juniper
type of northern Arizona. Ph. D. Dissertation, Michigan State
University. 156 p.

Specht, R. L. 1958. Micro-environment (soil) of a natural plant
community. Climatology and microclimatology. Proceedings of
the Canberra Symposium/Climatologie et microclimatologie, actes
du colloque de Canberra, Paris, UNESCO (Arid Zone Research XI)
pp. 152-155.

Staple, W. J. and J. L. Lehane. 1944. Estimation of soil moisture

conservation from meteorological data. Soil Sci. 58:177-193.

Striffler, W. D. 1964. Sediment, streamflow, and land use relation-

ships in northern lower Michigan. U. S. Forest Service Res.

Paper LS-16. 12 p.

Taylor, S. A. 1952. Use of mean soil moisture tension to evaluate the

effect of soil moisture on crop yields. Soil Sci. 74:217-226.

Taylor, S. A. and C. S. Haddock. 1956. Soil moisture availability

related to power required to remove water. Soil Sci. Soc.

Amer. Proc. 20:284-288.

Thornthwaite, C. W. and J. R. Mather. 1955. The water budget and its

use in irrigation. In Water (The Yearbook of Agriculture),

pp. 346-357.

Veihmeyer, F. J. and F. A. Brooks. 1954. Measurements of cumulative
evaporation from bare soil. Trans. Amer. Geophys. Union. 35:

601-607.



Warnick, C. C. 1953. Experiments with windshields for precipitation
gauges. Trans. Amer. Geophys. Union. 34:379-388.

White, W. N. 1932. A method of estimating groundwater supplies based
on discharge by plants and evaporation from soil. Results of
investigation in Escalante Valley, Utah. U. S. Geol. Survey
Water Supply Paper 659-A, pp. 1-6.

Wigham, J. M. 1973. Interception. In Handbook on the principles of
hydrology. A general text with special emphasis on Canadian
conditions. Water Information Center, Inc. (D. M. Gray, Ed.)
pp. 4.1-4.7.

Wright, J. 1966. The coming water famine. Coward McCann Inc. 247 p.

Young, D. F. 1968. Simulation and modeling techniques. Trans. ASAE,
11:590-594.

Youngs, F. O., A. T. Sweet, A. T. Strahorn, T. W. Glassey and E. N.
Poulson. 1931. Soil survey of the Tucson area, Arizona.
USDA, Bureau of Chemistry and Soil, No. 19. Washington
Government Printing Office. pp. 1-16.

68


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79

