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ABSTRACT

Almost all runoff-producing rainfall on small watersheds (100

square miles and less) in southeastern Arizona results from air-mass

thunderstorms. On large watersheds (1,000 square miles and greater)

frontal systems which may include thunderstorm activity or snowmelt

produce the major flood peaks as well as much of the annual runoff.

Air-mass thunderstorms are of short duration and limited areal extent,

and generally occur in the late afternoons and early evenings in July,

August, and September. Runoff-producing rainfall may occur from

frontal-convective systems at any time although they are most common

in southeastern Arizona in September.

Rainfall and runoff records have been collected from the 58-

square-mile Walnut Gulch rangeland watershed near Tombstone in south-

eastern Arizona by the Agricultural Research Service since 1954.

These data represent the best information available on thunderstorm

rainfall-runoff relationships in the Southwest. At present there are

95 recording rain gages and 22 permanent runoff-measuring stations on

the Walnut Gulch watershed.

Runoff-producing thunderstorm rainfall is extremely variable

both in time and space, and is therefore difficult to measure accu-

rately and define precisely. Isohyetal mapping for rainfall from in-

dividual thunderstorms both for total rainfall and shorter durations

within the storm provides good qualitative information, and also
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provides some quantitative limits on storm movement, intensities and

volumes, and areal extent.

Runoff records from Walnut Gulch and other Arizona watersheds

indicate that peak discharge and runoff volume from individual thunder-

storms decrease with increasing watershed size because of the limited

areal extent of runoff-producing thunderstorms and because cf the in-

creasing channel abstractions with increasing watershed size. Channel

abstractions greatly alter runoff hydrographs as flood surges move

through the ephemeral channel system.

Five major runoff-producing thunderstorms on Walnut Gulch be-

tween 1957 and 1967 were used to develop a model for the maximum ex-

pected rainfall in southeastern Arizona. The model was based on

maximum 30-minute point rainfalls within the average 60-minute runoff-

producing thunderstorm.

Over 2.5 inches of rainfall has been recorded in 30 minutes on

Walnut Gulch during 3 thunderstorms in 15 years of record (1955-1969).

A thorough search of U.S. Weather Bureau and other records indicated

that no storms of this combined intensity and magnitude have been re-

corded in Arizona. Therefore, for design purposes, the expected mean

30-minute rainfall for southeastern Arizona was estimated as 3 inches.

Regression analysis was used to estimate peak discharges for

major runoff events on Walnut Gulch and to develop a rainfall-runoff

model for Walnut Gulch. Peak discharges were correlated with the

maximum 30-minute rainfall, which was considered the core of runoff-

producing rainfall for major runoff events. Antecedent channel con-

ditions and distance between watershed outlet and runoff-producing
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rainfall had little effect on the correlation. The coefficients of de-

termination for the regression equation correlating thunderstorm rain-

fall and peak runoff were 0.92 and o.84 for watershed 5 (8 square miles)

and watershed 1 (58 square miles), respectively.

With the model for maximum expected rainfall and the rainfall-

runoff model for estimating peak discharge from maximum 30-minute rain-

fall, maximum discharge for the 58-square-mile Walnut Gulch watershed

was 23,000 c.f.s. Assuming a normal distribution of errors, within 95

percent confidence limits, the limits were 19,000 and 27,000 c.f.s., and

assuming the Chebyshev inequality, the limits were 15,000 and 31,000

c.f.s.

Recurrence intervals for 20-, 50-, and 100-year storms and the

maximum peak discharges were developed for small watersheds (100 square

miles and less) from Walnut Gulch data. The curves were compared to a

family of curves for Arizona watersheds up to several hundred thousand

square miles. The family of curves based on Walnut Gulch data were much

steeper, strongly suggesting that there are 2 families of curves, one

steeper family for the small watersheds (100 square miles and less)

which is based on runoff peaks from air-mass thunderstorms, and another

flatter family of curves for the large watersheds (1,000 square miles

and greater) which is based on runoff peaks from frontal-convective

systems and snowmelt. The 2 families of curves probably intersect be-

tween 100 and 1,000 square miles.



CHAPTER 1

INTRODUCTION

The magnitude, frequency, duration, and time of occurrence of

rainfall on small watersheds and the runoff consequent to this rainfall

are of interest to many. In particular, the magnitudes of the flood

peaks that may be expected with varying probability is often the char-

acteristic of concern to the designer. For small watersheds, especially

in the Southwest, the runoff-producing rain giving rise to "floods" is

the thunderstorm.

Petterssen (1956) made the following distinction between

thunderstorm types.

Outside the intertropical belt, thunderstorms are Observed
to occur in three easily recognized patterns. (1) When an air
mass is convectively unstable, sufficiently warm and moist,
thunderstorms will be released in the upglide motion associated
with frontal zones. Although the storms may be widely scattered,
the general pattern moves along with the fronts with which they
are associated. They are usually referred to as frontal thunder-
storms. (2) Within more or less uniform air masses one finds an
irregular pattern of individual storms, or clusters cf such
storms. These, which are usually referred to as air-mass thunder-
storms, show a pronounced diurnal variation with a maximum in the
afternoon and early evening. (3) Analyses of radar scopes show
that thunderstorms not associated with fronts often have a ten-
dency to be arranged in lines or bands more or less along the
direction of the wind at low levels. These are called line
thunderstorms. In strong cases the storms develop along distinct
sheer lines, or squall lines, in the low-level wind field (p. 157).

1
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In southeastern Arizona, almost all intense rainfall results

from summer air-mass thunderstorms; in other regions in the Southwest,

frontal-convective thunderstorms occur more often.

A paper by Luna B. Leopold (19)4 ), and the spirited discUssions

by several persons which were published along with his paper, provide

the earliest comprehensive information on thunderstorm rainfall in the

Southwest. Leopold compiled available precipitation data from scattered

rain gages throughout Arizona and New Mexico and calculated volumes for

the maximum expected 24-hour storms for intervals of 5 to 100 years for

scattered stations in the Southwest. For example, the 24-hour, 100-year

rain for Tucson was estimated to be 3.60 inches. He also discussed the

topographical and meteorological features that he felt influenced pre-

cipitation in the Southwest. He admitted, and others agreed, that his

task was made difficult by the lack of long records and the scarcity of

rain gages. These two problems still exist in most parts of the South-

west.

Since Leopold's paper, several persons have studied and pub-

lished information on thunderstorm rainfall in the Southwest. Among

these were McDonald (1957 ), Woolhiser and Schwalen (1959), Sellers

(1960), Workman (1962), Fogel (1968), and Fogel and Duckstein (1969).

Also, several papers which were based on thunderstorm rainfall on the

Walnut Gulch Experimental Watershed have been published. Osborn and

Reynolds (1963) discussed the extreme variability of thunderstorn rain-

fall in general in the Southwestern United States; Osborn (1964) studied

the effect of rainfall duration on runoff; Kincaid, Osborn, and Gardner

(1966) described the extreme variability of thunderstorm rainfall on
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even very small watersheds (one square mile and less); Schreiber and

Kincaid (1967) reported that rainfall completely dominated rainfall-

runoff relationships for 72-square-foot rangeland plots; and Osborn

and Lane (1969) found rainfall dominated rainfall-runoff relationships

for very small semiarid rangeland watersheds (10 acres or less), as

well.

Woolhiser and Schwalen (1959) used three years of rainfall

records from the Atterbury watershed near Tucson, Arizona to develop

a model for thunderstorm rainfall. In their model, rainfall depths de-

creased rapidly with distance from the center, and areal extent increased

proportionally with increasing center depth.

"Arizona Climate," edited by Sellers (1960), includes excellent

qualitative descriptions of thunderstorms and thunderstorm rainfall in

Arizona. Sellers pointed out that there were, in effect, two overlap-

ping thunderstorm seasons, one in July and August when moisture moves

into Arizona from the Gulf of Mexico, and one in September, when moist

air may be pushed into Arizona by tropical storms in the Pacific.

Fogel (1968) pointed out that Wisler and Brater (1959) and Chow

(1964) have included chapters on arid land hydrology in their books,

but that these chapters provided only general information. Fogel fur-

ther reported that Linsley (1953) and Wisler and Brater (1959) recog-

nized that the fundamental difference between the hydrology of the arid

and semiarid Southwest and the humid East was the extreme variability

of precipitation both in time and space that is encountered in the pre-

dominantly semiarid Southwest.
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Relatively little information is available on thunderstorm run-

off in the Southwest. Fogel (1968) stated that "small watersheds,

those under 100 square miles in area, are probably subjected to greater

variations in response to precipitation than are the larger watersheds."

The best source of data on thunderstorm runoff from small watersheds in

the Southwest is probably the 58-square-mile Walnut Gulch Experimental

Watershed in southeastern Arizona where rainfall and runoff records

have been collected since 1954.

In this paper, models are developed through use of Walnut Gulch

data and multiple linear regression to predict peak discharges from

air-mass thunderstorm rainfall for small (100 square miles and less)

semiarid rangeland watersheds in southeastern Arizona. Possible limits

on the maximum intensity, duration, and areal extent of runoff-producing

thunderstorm rainfall for this region are investigated. Maximum ex-

pected peak discharges are predicted for small watersheds from maximum

expected runoff-producing rainfall and the rainfall-runoff models.

The uncertainty in recurrence intervals for "record" peak discharges

due to relatively short periods of record, and the sensitivity of max-

imum predictions because of possible errors in sampling or inadequacies

in the rainfall-runoff equation are investigated. Possible applicabil-

ity of results to other watersheds and regions is discussed.

Mechanics of a Thunderstorm 

Haltiner and Martin (1957) gave a brief summary of the "life"

of a thunderstorm based on the results of a thunderstorm research

project by the U.S. Weather Bureau (1949). The structure of an air-mass
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thunderstorm was described as being composed of 3 to 7 cells, not

necessarily concurrent in development, with each cell going through a

life cycle of 3 stages--cumulus, mature, and dissipating--and with the

entire thunderstorm lasting on the order of 3 hours.

In the cumulus stage there is an updraft that is warmer than

the environment and extends through the developing cumulus cloud. Gen-

tle winds converge over the surface toward the slightly lower pressures

below the updraft. There is no precipitation in the cumulus stage.

The updraft continues, and the size of the water droplets and

ice crystals increase until some can no longer be supported by the up-

draft. The falling droplets enlarge, primarily by collision with

smaller droplets, and tend to drag air downward, causing a downdraft

adjacent to the updraft within each cell. The transition from cumulus

to mature stage may be identified with the first rain reaching the

ground surface. Very high rain intensities may be observed in the

mature stage. As the rain continues, the downdraft spreads both ver-

tically and horizontally from the lower central portion of the cell.

Cool air moves out from the downdraft at the ground surface and even-

tually cuts off the supply of warm air to the updraft. Temperatures

drop, and gusty winds are observed at the surface. When the updraft is

cut off, the mature stage has ended. The mature stage normally lasts

approximately 15 to 30 minutes, but may last for almost an hour.

The dissipating stage lasts approximately 20 minutes. The

spreading downdraft virtually eliminates upward movement, and precipi-

tation decreases to very low intensities or ceases altogether.
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Workman (1962) pointed out frcm his observations in western New

Mexico that a runoff-producing thunderstorm "requires a vast amount of

space from which to derive its water and energy" (p. 409). He further

stated that although it was difficult to analyze thunderstorms quantita-

tively, a good estimate would be that "a convective thunderstorm typical

of the Southwestern United States requires a region of atmosphere cover-

ing 1,000 or more square miles of land to develop and sustain its action"

(p. 409). Workman did not estimate the time involved in development of

a thunderstorm, but did imply that only one major thunderstorm could oc-

cur within the region of "1,000 square miles" in one afternoon.

Current Practices in Engineering Design 

Designers today use several methods to determine flood peaks and

frequencies. Linsley, Kohler, and Paulhus (1958) reported that "the

most widely used design equation for small basins is given the mislead-

ing name of 'rational formula,'

q = CiA	 (1.1)

where qp is in acre-inches per hour, i is average rainfall intensity in

inches per hour for a duration equal to the time of concentration of

the basin, and A is area in acres" (p. 212). In the rational formula,

C is runoff coefficient based on watershed characteristics.

The Soil Conservation Service has developed two methods for

estimating volume and rate of runoff--one for watersheds of about 2,000

acres and less, and one for watersheds of more than 2,000 acres. Kent

(1968) states that one S.C.S. method is limited to small watersheds,

while the second is used "primarily for planning and designing
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measures--larger than those for farm and ranches--in watersheds planned

under the Watershed Protection and Flood Prevention Ace (p. 1).

A widely used method for flood-frequency analyses has been de-

veloped over many years by the United States Geological Survey. The

method applies generally to larger watersheds than those investigated

by the S.C.S. and is limited to determining expected peak discharges

for given recurrence intervals.

Linsley, Kohler, and Paulhus (1958) pointed out that the ration-

al formula has the advantage of simplicity and its physical meaning is

reasonably clear, but that it may involve serious errors for watersheds

over a few acres in size. The rational formula is rational if the

watershed is small enough so that the rain is uniform over the entire

area and lasts long enough so the runoff is equal to the rainfall ex-

cess. Since these very restrictive conditions are seldom met, judge-

ment in choosing the "C" value must consider many, many factors--few

of which are simple and straightforward. Studies based on data from

the Walnut Gulch Experimental Watershed in southeastern Arizona suggest

that since runoff-producing thunderstorm rainfall in the Southwest tends

to be dominant over watershed characteristics for very small watersheds,

the Rational Formula may be applicable for watersheds of about 100 acres

or less, but probably not for ones very Much larger.

The two S.C.S. methods are probably the most sophisticated of

those that are widely used. These methods are based on rainfall amount,

hydrologic soil-cover complexes, and antecedent moisture conditions.

The hydrologic soil complex consists of four major soil groups which are

grouped as to infiltration and soil-water movement. The four groups,
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listed A (the lowest runoff potential) through D (the highesL runoff

potential) contain every soil series found in the United States. The

cover complex is determined by land use and treatment classes. The

land use and treatment of an area is further divided into 3 hydrologic

conditions--poor, fair, or good. Antecedent moirture condition is

based on the summation of 5-day antecedent rainfall. Knowing the water-

shed conditions and characteristics, one can determine the appropriate

runoff curve number from the S.C.S. Hydrology Handbook. Kent (1968) ad-

mitted large differences in peak rates determined under similar con-

ditions, but attributed these differences to choices of coefficients

in the methods. However, at least for the Southwest, differences may

be largely because of rainfall variability and channel abstractions,

rather than from differences in watershed characteristics.

A graphical method of flood frequency analysis developed by

the U.S.G.S. for use on the Colorado River Basin was outlined by

Patterson and Somers (1966) in Water Supply Paper 1683. The paper in-

cludes description of flood frequency regions and hydrologic areas

within the Basin. The regions and areas were determined by plotting

the mean annual flood as determined from data at gaged stations and

grouping stations that plotted together. Peak discharges for desired

recurrence intervals are then directly determined from two sets of

curves in Water Supply Paper 1683. The first set of curves gives the

mean annual flood versus watershed area for certain bounded hydrologic

regions; and the second set of curves gives the ratio of peak discharge

at different recurrence intervals to the mean annual flood. Patterson

and Somers wrote that "the range of these curves is limited by the data
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upon which the curves are based; extrapolation of the curves beyond in-

dicated basin size, basin altitude, and recurrence intervals exceeding

50 years is not dependable" (p. 27). They also stated that "extrapola-

tion of curves to small areas at low altitudes could lead to serious

error." However, the method is widely used by engineers faced with de-

sign decisions and very little data of their own. Also, by necessity,

the method is extrapolated to recurrence intervals of greater than 50

years. For watersheds of less than 100 square miles, engineers generally

use other methods, including the Rational and S.C.S. methods.



CHAPTER 2

RELATED STUDIES

This section deals with some pertinent studies in related areas

of hydrologic research. This literature review falls roughly into four

categories--rainfall, rainfall-runoff relationships, extreme rainfall

and runoff values, and the question of uncertainty and error in peak

discharge predictions.

Rainfall 

Bell (1969) restated a well-known but sometimes overlooked

fact that "the magnitude of a rainfall event is given by the total

depth occurring in a particular duration. In some past analyses the

mean intensity has been used instead of the total depth but this has

sometimes given the misleading impression that rainfall intensities are

approximately constant throughout the specified duration. In reality

the intensity is highly variable and rarely remains constant for more

than a few minutes." Bell went on to point out that "the rainfall as-

sociated with the extreme floods of large streams is of relatively long

duration while the rainfall associated with the floods of smaller

streams is of shorter duration" (p. 311).

Leopold (19)
-2) described several exceptional rains in Arizona

and New Mexico. Isohyetal maps of total rainfall were based primarily

on 24-hour records, with estimates of duration. He reported a 2-hour

10
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rainfall of 5 inches in the White Mountains of Arizona and about 7

inches of rainfall in 4 hours in Las Cruces, New Mexico.

Woolhiser and Schwalen (1959) and Fogel and Duckstein (1969)

developed models for thunderstorm rainfall from records from the

Atterbury watershed near Tucson, Arizona. In these models areal extent

was taken as directly proportional to center depth. There are 26 stan-

dard and 6 recording rain gages on the 20-square-mile rangeland Atter-

bury watershed. The Atterbury and Walnut Gulch watersheds are the only

two densely instrumented experimental watersheds in southern Arizona.

Fogel and Duckstein (1969) assumed that 24-hour rainfall amounts

in southern Arizona in July, August, and September usually resulted from

short-duration, high-intensity thunderstorm rainfall. They did not de-

termine a duration for individual thunderstorms, however, since they did

not have enough recording rain gages to do so.

Rainfall-Runoff Relationships 

Chow (1962) compiled, classified, and commented on equations

used in design of drainage structures in small drainage basins. Among

the close to 100 formulas were 24 based on rainfall intensity similar

to the Rational method. Most of the 24 were developed for small urban

or agricultural watersheds, but none were developed specifically for

aird and semiarid watersheds.

Reich and Hiemstra (1965) estimated maximum flood peaks for

watersheds from 1/5 to 5 square miles from 12 localities in the United

States, based on the maximum 30-minute point rainfall, estimates of in-

filtration, and the time of concentration. One of the localities was
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in southeastern Arizona- Reich assumed runoff-producing rainfall cov-

ered the entire watershed. He also assumed that design storms for very

small watersheds must result from summer thunderstorm rainfall. Al-

though this might not be true for all regions, Reich felt that it was

true for many parts of the world, and that his results applied to re-

gions outside as well as inside the United States. Reich blamed the

considerable scatter in his results primarily on difficulties in clas-

sifying or identifying soil types. He admitted that rainfall variabil-

ity also was a problem in correlating rainfall and runoff.

Rainfall Extremes 

Rainfall extremes and predicted maximum rainfall for many re-

gions have appeared in various U.S. Weather Bureau technical papers in

the past 10 years. U.S. Weather Bureau Technical Paper 38 (1960) gave

generalized estimates of probable maximum precipitation for the United

States west of the 105th meridian. The maximum recorded 1- and 24-hour

rainfalls for southeastern Arizona up to that date were 2.4 and.6.1

inches, respectively. The theoretical probable maximum precipitation

for one hour for southern Arizona was given as 12 inches. This esti-

mate resulted primarily from transposing a "record" frontal-convective

storm at Campo, California, which is in the mountains about 25 miles

east of San Diego, across southern Arizona.

The following statement was also included in U.S. Weather

Bureau Technical Paper 38 (1960): "While there is a tendency for per-

sistence in weather, major storms are rare events that, in a sense,

may be regarded as exceptions to persistence. Therefore, while it is
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physically possible for outstanding storms to repeat at intervals of

something like 4 to 5 days, there is relatively little probability of

the occurrence of such a series" (p. 52).

Hershfield (1961a)in U.S. Weather Bureau Technical Paper 40

determined depth-frequency curves for the United States. For south-

eastern Arizona, the 30-minute, 100-year rainfall ranged from 1.75 to

2.5 inches. Miller and Frederick (1966) in U.S. Weather Bureau Tech-

nical Paper 59 estimated the chance of occurrence of 24-hour rainfall

exceeding 1, 2, and 4 inches. For southeastern Arizona for each of the

summer months, July, August, and September, they estimated less than

0.01 chance of exceeding 4 inches of rainfall in 24 hours. No estimates

were available for shorter durations.

Hershfield (1961a) also estimated probable maximum precipitation

values for the United States. He used an entirely statistical approach

from which he concluded that the probable maximum precipitation was

within 15 standard deviations of the mean. (This is the same as saying

that chances are roughly one in 50 billion that the rainfall will ex-

ceed that determined by this method.) In his study, the maximum re-

corded 24-hour rainfall for a long-term station in Arizona was 4.1

inches at Yuma.

In an extension of his earlier work, Hershfield (1962) arrived

at several conclusions concerning maximum rainfall:

Several hypothetical examples indicate that the magnitude
of a rainfall equal to the mean plus 15 standard deviations is
equivalent to a rainfall that is approximately three times the
maximum observed from a long period of record. The mean of a
series cf annual maximum rainfalls multiplied by seven will en-
velop the maximum rainfall at the corresponding station. The
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maximum observed rainfall multiplied by a factor of 3.3 will
provide an estimate of the maximum rainfall that is likely to
occur at a station that might be too large but certainly not
too small (p. 92).

According to Hershfield, therefore, maximum probable 24-hour rainfall

at Yuma, for example, would be about 13 inches, as opposed to 12 inches

in one hour as suggested in U.S. Weather Bureau Technical Paper 38.

Hershfield felt that he did not have sufficient data to predict probable

maximums for shorter durations of rainfall.

A few years later, Yevjevich (1968) revived the controversy over

the concept of maximum probable precipitation. He stated that "persis-

tent use of the concept of maximum precipitation and maximum probable

precipitation for which there is no physical proof, has discouraged re-

search into the structure and probability of extreme events, and may

have led to an unwarranted sense of security concerning flood-control

works" (p. 225).

Wilson (1968) in a discussion of Yevjevich's paper felt that

Yevjevich had overstated his case. Wilson pointed out that people tend

to concentrate in flood plains whether flood-control structures are

built or not, and that rather than discourage research, the use of.

probable maximum precipitation has probably encouraged research on

rainfall and rainfall mechanisms. More important, however, was the

analysis of the problem as stated by Wilson (p. 1145):

The problem of estimating beyond the range of Observed data )

by any method, involves many uncertainties. Advocates of the
deterministic approach are not unanimous in their philosophy,
terminology, or even methodology. Advocates cf the stochastic
approach do not necessarily agree cn choice cf distribution, how
to handle wide confidence limits, or where to cut the . uail of the
distribution. The word 'probable' in 'probable maximum precipi-
tation' is deliberate. It should remind users of the uncertain-

ties in such estimates and should dispel any notions of zero risk.
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Wilson also discussed probabilities of occurrence of rare

events.

It is believed that no one has succeeded in assigning mean-
ingful probabilities to transposed rare events. This possibil-
ity should perhaps be investigated, but, in the meantime, it seems
reasonable to examine the record of storms and other infolmation
with which to decide that this storm could happen here while there
is no evidence that a much larger storm can occur (p. 11 )45).

Maximum Expected Peak Discharge 

Linsley, Kohler, and Paulhus (1958) stated that design of major

structures is often based on hydrometeorological studies because fre-

quency analyses of strearflow data which are generally relatively short

may not be satisfactory. The extrapolation of the known record depends

both on the correctness of the chosen distribution and the accuracy of

the measurements. Furthermore, the extrapolation will not indicate

whether the flood magnitudes estimated in this fashion are meteorolog-

ically or hydrologically possible.

Ogrosky (196)4) discussed the minimum spillway design used by

the S.C.S. "Because nearly all sites for small dams are located in

watersheds for which there are little or no hydrologic data available,

the minimum (allowable) spillway design criteria are based on rainfall

data analyses performed by the U.S. Weather Bureau (p. 295).

There have been several publications in the past ten years that

have dealt either wholly or partially with the occurrence of extreme

peak discharges in Arizona. Grove (1962) reported a survey of flood

peaks from 'Arizona drainages going back to the 1880s. A portion of

one figure from this report with Walnut Gulch peaks added is shown in

Fig. 2.1. Lewis (1963) reported on the floods in late September 1962
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in southern Arizona. This storm produced the greatest measured peak

discharges in the Santa Cruz Basin. Some of the maximum recorded and

estimated peak discharges from watersheds south and west of Tucson

during the 1962 storm are shown in Table 1.1.

Table Li. Maximum peak discharges for selected drainages
for a major storm near Tucson, 1962

Drainage Area
(sq.	 mi.)

Peak Discharge
(c.f.s.)

5.3 2,700

4.o 4,000

11.9 13,800

1,080.0 38,800

1,780.0 53,100

Lewis also plotted the peaks on the same figure used by Grove

a year earlier (Fig. 2.2). He stated, however, that "it must be em-

phasized that this illustration is not intended to define the maximum

flood that may occur in the desert lowlands of Arizona, but is offered

as a graphic representation of floods for which records are available."

As stated in Chapter 1, Patterson and Somers (1966) outlined

methods by which the magnitude and frequency of expected floods from

1.1 to 50 years could be determined for most cf the Colorado River

Basin. They were unable to determine frequencies for most of south-

central and southwestern Arizona, but they did establish flood frequen-

cies for southeastern Arizona.
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Alexander, Karoly, and Susto (1969) showed that there was a

tendency for extreme-value probability distributions used to predict

extreme floods to converge in their long tails. They stated that

"once it is recognized that rare floods can be analyzed using statis-

tical procedures, given sufficient incentive, we should ultimately be

able to dispense with subjective methods such as the estimation of floods

using the so-called 'probable maximum precipitation' (p. 354). There

are no known illustrations of actual data analyzed by their method. At

present, they report that they are analyzing precipitation and floods

given by Dalrymple (1965) with their model, but no report on this anal-

ysis is as yet available.

The hydrology committee of the Water Resources Council (1967)

recommended the Log Pearson Type III method as the standard technique

for determining flood flow frequencies. However, the hydrology com-

mittee agreed that "the state of the art with respect to flood flow

techniques, as with most other hydrologic techniques, has not advanced

to the point where complete standardization is feasible or appropriate"

(p. 6). For that reason, the Committee recommended that "a base method

be adopted with provisions for using other methods where adequate justi-

fication is presented" (p. 6). The Committee chose the Pearson Type III

method as their 'base" method, but did not state that it was the best

method available. Benson (1968) summarized the report cf the Hydrology

Committee, but also allowed for "provision for departures frcm the base

method where justified" (p. 904).

Sangal and Biswas (1970) discussed the advantage of using a

3-parameter lognormal distribution on frequency analyses of floods,
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annual flows, and monthly flows. They compared flood magnitudes for

10 Canadian rivers by 5 distributions, including the 3-parameter log-

normal distribution for 5-, 10-, 50-, 100-, 1,000-, and 10,000-year

recurrence intervals. The ratio of high to low predicted magnitudes

of the 1,000-year flood flow ranged from 1.2 to 1.5. For the 10,000-

year flood flow the ratio ranges from 1.2 to 1.8, with most ratios

over 1.5.

Uncertainty and Error

Alexander, Karoly, and Susto (1969) quoted Moran (1957):

In the first place the form of the distribution of floods
is not known and any distribution used must be guessed. This
may have a considerable effect since the part of the distribu-
tion we are interested in is well away from the part where the
observations provide some information about the shape. It is
therefore easy to construct two different distributions--both
of which fit the observation closely but for which the tails
are of quite different shape. This difficulty cannot be really
surmounted, but we can try to fit several distributions and see
how the choice affects the results. It would also be desirable
to use some measure of goodness of fit on the fitted distribu-
tion (p. 325).

Benson (1964) used statistical multiple-regression techniques

to investigate factors affecting flood occurrences in the Southwest;

however, Arizona was not included in this report. The standard error

for the predictions ranged from 43 to 62 percent. In his conclusions,

Benson stated that "we would like to believe that we can predict floods

of given recurrence intervals within closer limits than are represented

in the standards that have resulted from this study. However, our

present state of knowledge and conditions within this area now preclude

any appreciable improvement for a long time to come" (p. 65).
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Nash and Amorocho (1966) found that the standard error of es-

timate due to sampling variance for the magnitude cf an assumed normal

and double exponential distribution of floods far in excess of records

available was not as great as might have been expected. However, the

value of this study to others depends on choosing the correct distribu-

tion, and this is generally now known. They admitted that "the problem

of error due to failure of the universe to conform to an assumed dis-

tribution is not treated" (p. 191).

Bell (1969) made several observations on the accuracy of re-

currence intervals for floods of given magnitude. For example, he

pointed out that within a 65-percent confidence interval, with 25 years

of good record, the actual recurrence interval for the estimated 100-

year event lies between 25 and 400 years.

Yen (1970) reported on the risks in hydrologic design of

engineering projects:

In the hydrologic design of engineering projects there are
other risks and uncertainties involved in addition to the basic
simple calculated risk previously mentioned. These risks and
uncertainties arising from transformation of rainfall data to
runoff information, from using a point record to represent an
area, from considering the hydrologic system as a cuasideter-
ministic system or a stochastic system, and from the uncertainty
of the mathematical techniques in handling the data and measure-
ment errors. The hydrologic data cf a limited period may not
and usually do not represent exactly the true case of the complete
population which usually consists of an infinite number of data
over an infinite period (p. 963).

The quoted material from Yen (1970) is a good qualitative sum-

mary of the errors that may be hidden in any estimate of peak discharge

for a desired recurrence interval. However, such estimates must be made
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in every-day engineering practice. Such estimates should be accom-

panied by both an estimate of possible error and some comparison with

other popular methods.



CHAPTER 3

DESCRI12ION OF EXPERIMENTAL WATERSHED

Walnut Gulch is an ephemeral stream located in the San Pedro

River drainage in southeastern Arizona. Southeastern Arizona is here-

in defined as the area bounded by Mexico on the south, the Huachuca,

Whetstone, Rincon, and Catalina Mountains on the west, the Gila River

on the north, and New Mexico on the east. If Arizona were divided

into nine approximately equal sections, the southeastern section would

cover approximately the area defined above. The Southwest Watershed

Research Center of the Agricultural Research Service established a

rUnoffaSur'ing station in 1954 on Walnut Gulch about two miles from

the confluence of Walnut Gulch and the San Pedro River (Fig. 3.1).

In this paper, the drainage area above this station, the Walnut Gulch

Experimental Watershed, is referred to as the Walnut Gulch watershed,

or simply Walnut Gulch.

The 58-square-mile Walnut Gulch watershed is representative of

much of the brush-grass rangeland in southeastern Arizona and south-

western New Mexico. The lower two-thirds of the watershed is largely

brush covered. Almost all of the watershed is grazed year round. Most

of the watershed consists of gently rolling low hills. There are a few

steeper hills on the southern boundary of the watershed below the small

city of Tombstone, and also in the headwaters of the watershed in the

Little Dragoon Mountains. The watershed ranges in elevation from 4,000

23
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Fig. 3.1. Location cf the Walnut Gulch Experimental
Watershed near Tombstone Arizona
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feet at the outlet to slightly over 6,000 feet at the headwaters. Al-

most all runoff occurs from the natural grazed rangelands. There are

relatively small amounts of urban runoff from the city of Tombstone.

Walnut Gulch was established by the Agricultural Research

Service in 1953 to measure water yield from semiarid rangeland water-

sheds in the Southwest. A few recording and standard rain gages were

set out in late 1953. In 1954 and 1955, five concrete shell structures

were built to measure runoff in the ephemeral channels. As stated pre-

viously, Flume 1, with a drainage of 58 square miles, was constructed

about two miles from the confluence with the San Pedro River. Flume 2,

which drains about 36 square miles, was also built on the main stem of

Walnut Gulch. Flume 3 (3-square-mile drainage), Flume 4 (560-acre

drainage), and Flume 5 (8-square-mile drainage) were located on tribu-

taries of Walnut Gulch within the 58-square-mile watershed (Fig. 3.2).

The structures were generally underdesigned, and by the end of

1955, all except Flume 4 had been totally or partially destroyed.

Flume 1 was totally destroyed by the middle of the 1955 rainy season,

and Flumes 2, 3, and 5 were badly damaged. The concrete shells were

undermined, and all or partially washed out.

Because of this early experience, a permanent concrete flume-

weir structure was designed ex-bressly to measure runoff from the

sediment-laden ephemeral streams of the Southwest. The first of these

structures with about 10 times the previous capacity was built in 1958

replacing the badly damaged structure at Flume 3. In all, eleven of

these flume-weirs have been built on the Walnut Gulch watershed

(Figs. 3.3 and 3.4).
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Records of peak discharge are available for all or part of the

period from 1955 through 1969 at five stations on Walnut Gulch. Of

these stations, only 4 and 5 provided continuous records for 15 years

from one type of structure, but both these records were only fair.

The runoff records at station 1 were very poor in 1954 and 1955, non-

existent in 1956, fair from 1957 through 1963 (a temporary station was

established at 1 in 1957), and good from 1964 to the present. Ratings

are presented here primarily to show differences in the quality of rec-

ords between stations.

Records of peak discharge at station 2 were very poor from 1955

through 1957, nonexistent in 1958, poor in 1959 and 1960, and fair from

1961 to the present. For station 3, records were poor from 1955

through 1957, and good from 1958 to the present. In general, individual

records on Walnut Gulch are classified about one degree lower than com-

parative U.S.G.S. classifications. In other words, good on Walnut Gulch

would be excellent by U.S.G.S. standards, and so on. However, there are

few U.S.G.S. records for watersheds as "small" as Walnut Gulch.

In general, the record is good for the stations that were estab-

lished after 1960, but these records are relatively short. Obviously,

the runoff records vary considerably in length of record and in accu-

racy of measurement. In this paper runoff records for Flumes 1, 3, 4,

and 5 for the period 1955 through 1969 (15 years) were used to develop

rainfall-runoff models and for frequency analyses. The record at

Flume 2 was used to aid in estimating peak flows at 1 for the 1955 and

1956 seasons. Peak discharges at several stations for the storms of
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July 22, 1964 and September 10, 1967 were used in estimating maximum

flood peaks.

Originally, a network of about 60 recording rain gages was

planned for the Walnut Gulch Experimental Watershed. Twenty-four

weighing-type, 24-hour recording rain gages were placed on the lower

and central parts of the watershed prior to the 1955 rainy season

(Fig. 3.2). Because of limited funds, however, the network could not

be completed at that time. Only a few gages were added to the network

before the 1956 season, and the originally planned network was not com-

pleted until 1961. Several gages were placed outside the watershed

boundary befOre the 1961 rainy season to facilitate isohyetal mapping

of the summer thunderstorms (Fig. 3.3).

From 1961 to the present, recording rain gages have been added

to fill obvious "gaps" in the network and for special studies on very

small watersheds. In 1969 there were 95 weighing-type recording rain

gages on or immediately adjacent to the Walnut Gulch watershed (Fig.

3.4). Of these, 91 were 24-hour recording rain gages; the other four

were 6-hour gages.

Peak discharges are listed by rank for Stations 1, 5, 3, and 4

(Tables 3.1-3.4). In this study, all peak discharges were listed above

700 COrIOSID, 300 c.f.s. 200 c.f.s., and 100 c.f.s. for 1, 5, 3, and 4,

respectively.

Maximum peak discharges at Stations 1, 3, 4, and 5 were plotted

in Figure 3.5. Maximum peak discharges were also plotted for three

Walnut Gulch stations with seven or eight years of record--6, 11, and



Table 3. 1. Peak discharge greater than 700 c.f.s. for
watershed 1 (58 square miles), Walnut Gulch
(1955-1969)

Date
Time
of peak

c.f.s. *c.f.s. per
acre

8-17-57 2200 11,500 0.340
8-02-57 1742 6,550 .194

7-19-55 2330 5,200 .154
7-22-64 2035 4,700 .139
9-10-67 1736 4,700 .139
8-22-61 1532 3,900 .115
8-16-58 2004 3,400 .106
8-14-58 1501 3, 000 . 089
7-22-55 1915 2,990 . 088
9-10-64 0120 2,980 .088
7-26-55 0100 2,900 . 086
9-11-64 2014 2,870 ' .085
7-20-55 1350 2,800 .083
7-26-59 2142 2,770 .082
8-19-63 1150 2,710 .080
9-07-63 2311 2,600 .077
8-25-63 2130 2, 070 .061
8-17-61 2255 1,970 .059
8-31-63 1920 1,670 .049
8-07-69 1849 1,280 .038
8-08-57 1815 1,270 .038
8-14-66 1940 1.25 0 .037
7-21-59 1720 1,240 .037
8-22-63 1700 1,170 .035
7-26-62 0025 845 .025
9-08-64 2040 830 .025
8-23-58 2235 770 .023
9-24-62 1716 760 .022

9-04-62 1650 750 .022
9-04-65 1805 740 .022

7-29-62 2302 730 .022
8-19-66 1746 710 .021

31

*Based on an effective runoff-producing area of
33,800 acres.



Table 3.2. Peak discharges greater than 300 c.f.s. for
watershed 5 (8.0 square miles), Walnut Gulch
(1955-1969)

Date
Time
of peak

c.f.s. **c.f.s. per
acre

*10-4-54 1950 5,300 1.293
8-17-57 2120 3,140 .766
7-26-59 2030 2,240 .546
8-08-47 1657 1,170 .285
8-10-55 2037 820 .200
8-31-68 1352 749 .183
8-31-63 1725 737 .180
8-19-66 1549 685 .167
8-16-58 1937 646 .158
8-21-58 2225 620 .151

8-03-67 1753 587 .143
7-19-56 0105 570 .139
9-08-57 1826 552 .135
8-19-63 1010 435 .106
9-04-65 1639 423 .103
7-25-62 2241 410 .100
8-09-55 0304 405 .099
8-14-58 1400 400 .098
8-02-57 1737 389 .095

9-08-64 2005 364 .089

7-31-61 1242 346 .084

7-20-59 2209 318 .078

7-07-67 1454 300 .073

*Station was established during 1954. Record not

complete for 1954, but rainfall and runoff records
available on Oct. 4, 1954.

**Based on an effective runoff-producing area of

4100 acres.
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Table 3.3. Peak discharges greater than 200 c.f.s. for
watershed 3 (3 square miles), Walnut Gulch
(1955-1969)

Date
Time
of peak

c.f.s. *c.f.s. per
acre

7-19-55 2219 2,800 1.783

7-22-55 1745 1,800 1.146

8-16-58 1921 1,250 .796

7-26-55 0049 1,o4o .662

7-20-55 1220 980 .624

8-17-61 2209 970 .618

7-25-55 1235 845 .538

8-14-58 1406 710 .452

9-10-64 0145 480 .306

8-23-58 2111 450 .287

8-16-64 1610 275 .175

7-22-64 2005 200 .127

*Based on an effective runoff-producing area of
1600 acres.
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Table 3.4. Peak discharges greater than 100 c.f.s. for
watershed 4 (560 acres), Walnut Gulch
(1955-1969)

Date
Time
of peak

c.f.s. c.f.s. per
acre

7-19-55 2214 1,270 2.268

7-22-55 1743 541 .966

7-26-55 0050 456 .814

8-17-61 2218 355 .634

7-25-55 1235 343 .612

7-20-55 1200 273 • 490

8-3-55 1555 200 .357

7-31-55 1351 194 .346

8-16-58 1926 178 .318

8-14-58 1355 132 .236

7-28-55 1742 131 .234

8-17-57 2138 114 .203

7-22-64 1913 110 .196

9-10-64 0000 110 .196

7-29-56 0337 102 .182

34
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K-1--for the storms of July 22, 1964. On the largest watershed, 1, the

maximum peak discharge occurred August 17, 1957. The maximum peak dis-

charge at 5, October 4, 1954, occurred when there were only two record-

ing rain gages on the lower boundary of the watershed. The maximum

flood peaks at Stations 3 and 4 (4 is a aubwatershed of 3) resulted from

a storm on July 19, 1955. The line sketched on Figure 3.5 indicates an

apparent decreasing maximum flood peak per unit area with increasing

watershed size for stations with 15 years of record. The maximum re-

corded peak discharge for watershed 11 appears to have a recurrence

interval considerably longer than 15 years.

Peak discharges were plotted against recurrence intervals for

15 years of record for Watersheds 1, 3, 4, and 5 (Fig. 3.6). Lines

were drawn through the 4 sets of values simply to tie the points to-

gether for easier visual inspection. Runoff between July 20 and

August 3, 1955 was not included for 1, 3, and 4, since the record was

extremely poor for these watersheds during this period. Eliminating

this period did not appreciably affect the calculations for Watershed 1.

Furthermore, since by far the highest peak discharge in 1955 for sta-

tions 1, 3, and L. occurred on July 19, the first day of the "wet"

period, eliminating the "wet" period would not affect calculations for

annual maximum peak discharge.

Expected annual maximum peak discharges were determined for

selected recurrence intervals of 10, 25, 50, and 100 years for Water-

shed 1 from several standard statistical distributions--Hazen, normal,

log-normal, Gumbel, and log-Gumbel. Also, the log Pearson Type III

method which has been recommended for standard use by Federal agencies
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was used to calculate peak discharges for recurrence intervals of 10,

25 ) 50, and 100 years. For the log Pearson Type III method,

Y = Arithmetic magnitude of an annual flood event.
X = Logarithmic magnitude of Y.

N m Number of events in the record being used 15
(for Walnut Gulch)

M Mean of the X's = 3.31

x = X-M

S Standard deviation of the X's = 0.40

g .7 Skew coefficient = 0.17

K = Pearson Type III coordinate from Table 1, Bull. 15
for recurrence intervals of 10, 25, 50, and 100 years

1.30, 1.82, 2.16, and 2.47, respectively

Q = Computed peak discharge for 10, 25, 50, and 100 years
7,000, 11,000, 15,000, and 20,000 c.f.s., respectively.

Curves for the six methods are shown in Figures 3.7-3.9, and

peak discharges for 10-, 25-, 50-, and 100-year recurrence intervals,

as determined by the 6 methods are presented in Table 3.5. Interesting-

ly enough, the Hazen method, which was first proposed in 1914, appeared

by eye to fit the distribution of values as well as, or better than,

the other 5 methods.

All six methods are based on infinite statistical distributions

in which the chance of occurrence is always greater than zero no matter

how great the prediction. For 100 years the range of estimated peak

discharge was 15,000 to 35,000 c.f.s. If recurrence intervals are re-

quired for longer periods, as often is the case, the range of predicted

values would be much greater. The problem of predicting peak discharges

from short periods cf record is illustrated by an arithnatic plot of Q
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Table 3.5. Comparison of estimated peak discharge (c.f.s.)
for watershed 1 on Walnut Gulch by six standard
methods

Recurrence Interval (years)
Method 10 25 50 100

Hazen 7,000 10,500 14,000 18,000

Normal 9,500 12,000 13,500 15,000

Log-Normal 8,000 13,000 17,000 23,000

Gumbel 8,500 12,00 14,500 17,000

Log-Gumbel 8,000 14,000 23,000 35,000

Log-Pearson 7,000 11,000 15,000 20,000

Type III

42
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versus recurrence interval for several distributions for Walnut Gulch 1

(Fig. 3.10). The known values are clustered in the lower left-hand

corner of the plot.. Extrapolations to even the 50-year flood cover far

more distance than the complete range of known values. Obviously,

slight initial differences in the fit of the known values is magnified

with increasing recurrence interval.

Finally, the method described by Patterson and Somers (1966) is

included for comparison with the six statistical methods. From extrapo-

lation of curve 21 on Figure 17 in Water Supply Paper 1683 to a smaller

area, the mean annual flood for the 58-square-mile Walnut Gulch water-

shed was 2,300 c.f.s. From Figure 2, Curve C, the ratios of peak dis-

charge to mean annual flood for 10, 20, and 50 years were 2.3, 3.2, and

4.4, respectively, and expected peak discharges were 5,000 c.f.s.,

7,500 c.f.s., and 10,000 c.f.s., respectively (Fig. 3.11). By extrapo-

lation, the 100-year storm would be 12,500 c.f.s. For Walnut Gulch,

the U.S.G.S. method appeared to underestimate the magnitudes for given

recurrence intervals.

As stated by Patterson and Somers, use of the curves is not

recommended for recurrence intervals of greater than 50 years or for

watersheds of less than 100 square miles (for southeastern Arizona).
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CHAPTER L.

THUNDERSTORM RAINFALL-RUNOFF MODELS

Because there are more rainfall records than runoff records,

and because rainfall is supposedly much less affected by watershed

characteristics, those who must estimate runoff look with a hungry eye

at rainfall. In order to convert rainfall data into runoff estimates

there must be a relationship between the two--a model in today's par-

lance. Such a model is of necessity a simplified model of physical

reality, because reality is too complex and too unknown.

Woolhiser (1970) ouoted Rosenblueth and Wiener (1945):

No substantial part of the universe is so simple that it
can be grasped and controlled without abstraction. Abstraction
consists in replacing the part of the universe under ccnsidera-
tion by a model of similar but simpler structure. Models,
formal or intellectual on the one hand, or material on the
other, are thus a central necessity of scientific procedure (p. 7.1).

Rainfall-Runoff Relationships 

The complexities of rainfall-runoff relationships on semiarid

rangeland watersheds are illustrated in Figure 4.1. The hydrographs

represent what might be expected first from uniform rainfall on a

hypothetical watershed, then with increasing realism in both the water-

shed model and rainfall input, and finally from thunderstorm rainfall

on a 60-square-mile rangeland watershed such as Walnut Gulch.

First, a theoretical watershed of about 60 square miles, simi-

lar to Walnut Gulch, with the time of concentratfon on the order of

46
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4 hours was assumed. 'Slope of the principal channels was about 1 per-

cent. Channel abstractions were part of the watershed losses before

rainfall excess in the theoretical application, and rainfall excess was

uniform both in space and time over the entire watershed. If rainfall

excess continued at the same rate indefinitely, an equilibrium condition

would be approached after about 4 hours. If the system were linear, an

S-curve would result. The lower part of the S-curve is shown as the

dashed line identified by the numeral 1.

If rainfall ceased after one hour and was assumed uniform over

the watershed, Hydrograph 2 might result.

A more realistic, but still idealized, situation occurs if

runoff-producing rainfall covers only part of the watershed. If the

upper half of the watershed were covered with uniform rainfall for one

hour, and the runoff were measured at a station at the lower edge of

the runoff-producing stolhl, Hydrograph 3 might result. Primarily be-

cause of the reduced watershed size and time of concentration, the

rising limb of Hydrograph 3 would be expected to be steeper than for

Hydrcgraph 2. If runoff as represented by Hydrograph 3 were routed

from the upper station to the watershed outlet without channel abstrac-

tions, Hydrograph 4 would result. Because of channel storage, Hydro-

graph 4 would be expected to have a longer base and lower peak than

Hydrograph 3, although the volume of runoff would be the same under both

hydrographs.

To add more realism to the problem, the channel abstractions

between the upper and lower stations were included in the next step,

while still assuming that runoff-producing rainfall (rainfall excess)
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occurred only on the Upper half of the watershed. The steep rising

limb of Hydrograph 5 results from the channel abstractions; there would

also be smaller but significant abstractions in the recession limb of

the hydrcgraph. In Hydrograph 5, peak discharge was not reduced appre-

ciably, since it was assumed that there was enough discharge in the

rising limb of Hydrograph 4 to satisfy most of the channel abstractions.

Hydrographs 6 and 7 more closely resemble what might actually

be measured at the watershed outlet. These hydrographs would result

from either shorter durations of the same intensity rainfall on the up-

per part of the watershed, from runoff-producing rainfall (uniform

rainfall excess) covering less than 1/2 of the watershed, or some com-

bination of the two. Actually, on many occasions, channel flows in

the upper reaches of the watershed do not reach the watershed outlet.

Quantitative analysis of the thunderstorm rainfall-runoff

relationship illustrated here is extremely difficult for several rea-

sons. For one thing, rainfall is not uniform in time or space, and

rainfall input can only be estimated from rainfall measurements within

certain limits of accuracy and precision. Furthermore, peak discharge

does not increase proportionally to rainfall intensity. Also, channel

abstractions may account for much or all of the initial onsite runoff.

For example, thunderstorm runoff from the 58-square-mile Walnut Gulch

watershed is only about 7 percent of thunderstorm rainfall.

However, it should be possible to develop models and possibly

establish frequencies for major runoff events. The more intense longer

lasting thunderstorms produce a core, or pulse, of runoff-producing

rainfall. Reich and Hiemstra (1965) estimated flood peaks from maximum
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30-minute rainfall. Fogel (1968) and Bell (1969) and others suggested

that flood peaks from small watersheds may be best correlated to short-

duration rainfall, but did not suggest exact durations-. Osborn and

Lane (1969) found that peak discharges on very small watersheds (11 acres

and less) were best correlated to the maximum 15-minute rainfall. Bell

(1969) also stressed that using average intensities rather than rainfall

depths for given durations, could be misleading. Furthermore, in the

Rational Formula, runoff is based on rainfall for the time of concen-

tration, and the time of concentration increases with increasing water-

shed size. In general, the required duration for runoff-producing

rainfall should increase with increasing watershed size for very small

watersheds where the peak runoff is correlated to the rainfall of dura-

tion equal to the time of concentration. If a shorter rainfall duration

can be enough greater, the relationship is not so simple.

The direction that the storm moves, or propagates, and the loca-

tion of the storm center should affect both the magnitude and the time

of the peak discharge. However, observations of real events indicate

that storm direction and location (assuming that the storm is largely

contained within the watershed) nay not be a significant factor for peak

discharges from the larger runoff-producing events. The greatest ab-

stractions occur with the advancing flood front and the wave fronts of

later contributions move more rapidly through the already wetted chan-

nels. Therefore, the contributions from the subwatershels from the same

storm tend to accumulate as one peak at the watershed outlet. The mag-

nitude of this peak seems to be relatively unaffected by the order in

which runoff from each subwatershed enters the main channel. Also, as
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suggested by comparing hydrographs 4 and 5 in Figure 4.1, channel ab-

stractions from major storms centered well upstream from the measuring

staticn are accounted for largely in the rising limb of the hydrograph,

and there is no measurable difference in the peak discharge between a

storm located just above the stations and well upstream.

To illustrate the extreme variability in rainfall-runoff rela-

tionships on the Walnut Gulch watershed, peak discharges were plotted

versus maximum 30-minute point rainfall depths for all storms that pro-

duced peak discharges of more than 700, 300, 200, and 100 c.f.s. for

Watersheds 1, 5, 3, and 4, respectively (Figs. 4.2-4.5). Watershed 2

was not included because of generally poor records, and 6 was not in-

cluded because of a shorter period of record. These storms were the

major runoff events from each of the four watersheds. The correlation

between peak discharge and the maximum 30-minute point rainfall was very

poor, but did suggest increasing peak discharge with increasing rainfall.

Regression Models 

Based on the discussion earlier in this chapter and some pre-

liminary trials, the maximum 30-minute rainfall measured at individual

points within the runoff-producing area of each storm was chosen as the

best rainfall variable for correlating rainfall and runoff for water-

sheds of 1 to 58 square miles.

Peak discharge was chosen as the dependent variable, because

only peak records were available from some of the "record" storms during

the early years of record. Although it might be more appropriate to

correlate volume of rainfall with volume of runoff, Diskin and Lane



DO	 D	 0

GOOD RECORD
0 FAIR RECORD
0 POOR RECORD

.2

0 	2000	 4000	 6000	 6000	 10000	 12000	 14000
PEAK DISCHARGE 0(0FS)

Fig. 4.2. Maxi= 30-minute storm rainfalls versus peak
discharges, Walnut Gulch 1, 1955-1969

(J)

a_
W 2
o

a 0

o

o D GOOD RECORD

(R
2

= 0.53) D FAIR RECORD

0 POOR RECORD

3-Z
0	 1000	 2000	 3000	 4000	 5000

	
6000
	

7000

PEAK DISCHARGE Q(CFS)
Fig. 4.3. Maximum 3 0-minute storm rainfalls versus peak

discharges, Walnut Gulch 5, 1 955-1565



a_
o

••••n•

L GOOD RECORD
2	 (R

2
= 0.16)	 1-3 FAIR RECORD

D
2	 0 POOR RECORD

>7( 0	 I	 1	 I	 f	 !	 (	 '	 ' 	I	 I	 f	 )	 4
<:( 0	 1000	 2000	 3000
.2

PEAK DISCHARGE Q(CFS)
Fig.. 4.4. 1:aximurn 30-minute storm rainfalls versus peak

discharges, walnut Gulch 3, 19 55-1969

0

D 0 o

0	 GOOD RECORD
0 8

(R2 0.24 )	
FAIR RECORD= 0 POOR RECORD2

-o I	 11 

o	 I	 '500	 1000	 1500

PEAK DISCHARGE Q (C FS)
Fig. 4.5. Maximum 30-minute storm rainfalls versus peak

discharges, Walnut Gulch 14, 1955-1969



(1970) found that there is high correlation between peak and volume

of runoff on Walnut Gulch, and therefore rainfall volume could be

directly correlated to peak discharge.

Because of previous good ex-cerience of Schreiber and Kincaid

(1967) and Osborn and Lane (1969), a stepwise multiple linear regres-

sion program (MLR) was utilized to correlate rainfall and runoff vari-

ables. The dependent variables were peak discharge in c.f.s. (Q) and

c.f.s./acre (Qa ). The regression formulas that were developed were

generally based on Q
a
, since discharge per unit area indicated the

large decrease of runoff per unit area with increasing watershed size.

In the MIR program the basis of best fit by least squares is

indicated by R2 . Mendenhall (1963) defined R
2
, the coefficient of

determination, as "the ratio of the reduction in the sum of squares

deviations obtained by using the linear model to the total sum of

-
squares of deviations about the sample mean, y, which would be the

predictor of y if x were ignored." The means are heavily biased by a

preponderence of "low" values for thunderstorm runoff. Therefore, de-

viations from the means are much less for "low" values than for "high"

values, and the linear model will be influenced much more strongly by

one, or a few, high runoff peaks than by a larger number of lower peak

discharges. This is advantageous for models predicting maximum peak

discharges, as long as the high peaks are "good" records. The standard

error of estimate of 0 was also determined as an indication of the

standard deviation of estimated values.

Initially several input variables were included in the regres-

sion analyses. The most important, maximum 30-minute rainfall volume )
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was broken down into estimated volumes between the 0.5-, 1.0-, 1.5-,

2.0-, and 2.5-inch isohyets (V0) , V10 	, \, V1 _
`) '20' 

and Vo „y respectively).

Rainfall values were calculated in square-mile inches per 30 minutes.

Other variables that were included in the first regression equation

were the maximum 30-minute point rainfall depths for 1-, 2-, and 3-gage

averages (1P
30' 

2P
30' 

and 3P
30' 

respectively), the distances from the

stream flow measuring station to the center and nearest edge of runoff-

producing rainfall (D
cent 

and D
edge

)
' 
and an antecedent runoff index

(AR' )

The following series of trials illustrates the development of

the models for peak discharge on Walnut Gulch. The trials are described

as they were made.

First Trial 

For Trial No. 1, the antecedent runoff index was calculated on

the basis of the number of previous significant runoff events and the

time of incidence of these events during the nine days prior to the

given event. Runoffs during the previous 24, 48, 72, 90, 120, 144

168, 192, and 216 hours were assigned values of 0.9, 0.8, 0.7, 0.6,

0.5, 0 • 4, 0.3, 0.2, and 0.1, respectively. The antecedent index for

each designated flood event was the addition of antecedent runoff val-

ues from the nine days prior to the event. For example, if significant

runoffs were recorded 2 and 4 days before the designated storm, the ARI

would be 0.8 + 0.6, or 1.4.

All rainfall variables were included in correlating rainfall

and runoff on Walnut Gulch 1. Since there were no storms in which the



56

maximum 30-minute depths exceeded 2.0 inches on watersheds 3 and 4,

V
20 and V25 were not used for correlation on these two watersheds.

Also, only the single maximum 30-minute rainfall (1P
30

) and the dis-

tance to the nearest edge of runoff-producing rainfall D
edge were used

on W-3 and W-4. All variables except 3P
30 ) Dcent) and Dedge were used

on W-5.

For 1, the largest watershed, the rainfall variable that best

explained the variability in peak runoff was the volume of rainfall

for depths of rainfall greater than 2.0 inches ( 1120 ). The coefficient

of determination, B 2 	the rainfall-peak runoff correlation using

only Q
a 

and V
20 

was 0.61. By adding a second variable, V10 , the corre-

lation was improved with R2 equal to 0.73. By adding a third signifi-

cant variable
' 1125' R

2 was raised to 0.79. The equations were

Qa 	0.058+ 0.032 V20 ,	 (4 .1)

Qa 7. 0.034 + 0.005 V10 -{- 0.022 V20 ,	 (4.2)

and	 Qa 0.033 + 0.006 V30 -+ 0.043 V25 - 0.003 V20 . (4.3)

Equations 4.1 and 4.2 made sense; Equation 4.3 did not. In all analy-

ses using MLR programs, one must check computer results for reasonable-

ness. Quite often, meaningless equations such as Equation 4.3 do occur.

Also, the coefficients in the regression equations may not have physi-

cal meaning.

For 5, the second largest watershed, the input variable that

best explained the variability in runoff was again V
20' 

and the input

variable that most improved the initial equation was again V10' The

third best variable, 
2P30'

 did not significantly improve the equation.
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The resulting significant equations were

Qa =
•
0.167	 0.287 V20 , and
	

(4.4)

Qa 	0.054 -I- 0.208 V20 4- 0.062 V10 .	 (4.5)

For Equations 4.4 and 4.5, R2 was 0.75 and 0.87, respectively.

These equations were definite improvements over similar equations for

watershed 1.

For 3, the third largest watershed, the single input that best

defined the variability between rainfall and peak runoff was V15 . For

the simple regression equation R
2 
was 0.66. By adding V05 , the corre-

lation was improved, with R
2 

equal to 0.78. When a third variable,

D
edge

, was added, R
2 

was 0.87. The fourth variable added to the corre-

lation did not significantly improve the regression equation. The

equations for watershed 3 with 1, 2, and 3 significant input variables

were

Qa	 0.489 -IF 0.001V15 ,	 (4.6)

Qa = 0.018	 0.001v05 	0.001v15,	 (4.7)

and	 Qa	 0.151 -IF 0.001V05 	0.001V15 - 0.204Dedge . (4.8)

All 3 equations appeared reasonable since V
05 

and V
15 

should

affect runoff positively, and D
edge 

should affect it negatively.

For 4, the smallest watershed, V
15 

also best explained the

variability in runoff with R
2 

equal to 0.79. The next 3 variables that

2
were added each improved the correlation with R increasing about 0.05

for each, which was barely significant. By adding ARI, V10 , and V05 ,

in that order, R
2 
was 0.84, 0.89, and 0.93. Because of poor rainfall

records for earlier events, only the simple equation
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Q -- 0.414 + 0.002 V	 (4 •9)a	 15

was meaningful.

In comparing the results for the four watersheds, apparently

V
20 

for watersheds 1 and 5 and V
15 

for watersheds 3 and 4 were the most

significant input variables of those chosen for the analysis. Further-

more, adding V10 to the equation for 1 and 5, and V05 for 3, improved

the correlations significantly. Only on 4 was antecedent runoff the-

oretically a significant variable.

Therefore, either antecedent channel conditions are not a fac-

tor in correlating rainfall and runoff peaks on Walnut Gulch, or the

available data and method of analysis do not identify the effects of

	antecedent runoff. Possibly, th ' 	correlations for rainfall and

runoff for watershed: 1 than for 5 could be partially explained by the

increased importance of antecedent channel conditions. At any rate,

antecedent runoff is an essential part of rainfall-runoff relationships

for smaller runoff events, so further analysis was undertaken.

The actual estimated values for runoff peaks as calculated by

the MIR program in the first trial are shown in Tables 4.1-4.4. Be-

cause of the relatively small sample sizes, the estimated peaks are

based on the same storms from which the equations were developed.

These are the estimated values for the equations with all variables

added. They did not represent the values as estimated from only the

significant input variables.

Using Equation 4.2 for watershed 1 and Equation 4.5 for water-

shed 5, estimated peaks were determined for the listed major runoff



Table 4.1. Major estimated versus actual peak discharges for
watershed 1, Walnut Gulch, 1955-19°9

Date Rank	 Actual
(c.f.s.	 acre)

Estimated
.f.s./acre)

Deviation

19-07-55 3 .154 .158 - .004
29-07-55 12 .083 .028 . 055
22-07-55 8 .088 .064 .024
26-07-55 10 . 086 .063 .023
02-08-57 2 .194 .171 .023
08-08-57 19 .038 .032 .006
17-08-57 1 • 340 .336 .004
14-08-58 8 .089 .083 . 00 5
16-08-58 7 .106 .097 .009
23-08-58 25 .023 .039 -.016
21-07-59 21 .037 .044 -.007
26-07-59 13 .082 .110 -.028
22-08-61 6 .115 .112 .003
26-07-62 23 .025 .047 -.022
29-07-62 29 .022 .041 -.019
04-09-62 27 .022 .033 -.011
24-09-62 26 .022 .018 .004
19-08-63 14 . 080 .057 .023
22-08-63 22 .035 .066 -.031
25-08-63 16 .061 .042 .019
31-08-63 17 .049 .031 .018
07-09-63 15 . 077 .037 .040
22-07-64 4 .139 .110 .029
08-09-64 24 .025 .051 -.026
10-09-64 9 .088 .073 .014
11-09-64 11 .085 . 088 -.003
04-09-65 28 .022 .053 -.031
14-08-66 20 .037 .056 -.019
19-08-66 30 .021 .038 -.017
10-09-67 5 .139 .154 -.015
07-08-69 18 .038 . 077 -.039

59
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Table 4.2. Major estimated versus actual peak discharges for
watershed 5, Walnut Gulch, 1955-1969

Date Rank Actual
(c.f.s./acre)

Estimated
(c.f.s./acre)

Deviation

*04-10-54 1 1.293 1.293 .000
09-08-55 17 .099 .065 .034
10-08-55 5 .200 .211 -.011
19-07-56 12 .139 .255 -.116
02-08-57 19 .095 .179 -.084
08-08-57 4 .285 .192 .093
09-08-57 13 .135 .170 -.035
17-08-57 2 .766 .569 .197
14-08-58 18 .098 . 078 .020
16-08-58 9 .158 .123 .035
21-08-58 10 .151 .100 .051
20-07-59 22 .078 .162 -.084
26-07-59 3 .546 .546 .000
31-07-61 21 .084 .011 .073
25-07-62 16 .100 .152 -.052
19-08-63 14 .106 .136 -.030
31-08-63 7 .180 .105 .075
08-o9-64 20 .089 .293 -.204
04-09-65 15 .103 .139 -.036
19-08-66 8 .167 .058 .109
07-07-67 23 .073 .097 -.024
03-08-67 11 .143 .o84 .059
31-08-68 6 .183 .246 -.063

*Station installed during 1954 season.



Table 4.3. Major estimated versus actual peak discharges for
watershed 3, Walnut Gulch, 1955-1969

Date Rank Actual
(c.f.s./acre)

Estimated
(c.f.s./acre)

Deviation

19-07-55 1 1.783 1.722 .061

20-07-55 5 .624 .559 . 065

22-07-55 2 1.146 .822 .324

25-07-55 7 .538 .454 .084

26-07-55 4 .662 .838 -.176

14-08-58 8 .452 .468 -.016

16-08-58 3 .796 1.009 -.213

23-08-58 10 .287_ .445 -.158

17-08-61 6 .618 .574 .044

22-07-64 12 .127 .026 .101

16-08-64 11 .175 .259 -.084

10-09-64 9 .306 .335 -.029
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Table 4.4. Major estimated versus actual peak discharge for
watershed 4, Walnut Gulch, 1955-1969

Date Rank Actual
f.s .	 acr

Established
c.f.s.	 acre

Deviation

19-07-55 1 2.26,8 2 .268 .000

2o-o7-55 6 .497 .381 .116

22-07-55 2 .966 .802 .164

25-o7-55 5 .612 .533 .079

26-o7-55 3 .814 .728 . 086

28-07-55 11 •234 .455 -.221

31-07-55 8 .346 .288 .058

03-08-55 7 .357 •234 .123

29-07-56 15 .182 .243 -.061

17-08-57 12 .203 .191 .012

14-08-58 10 .236 .341 .105

16-08-58 9 .318 .589 -.271

17-08-61 4 .634 .499 .135

22-07-64 13 .196 .086 .110

10-09-64 14 .196 .417 -.221

62
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events. Estimated and actual peaks were then compared in Figures 4.6

and 4.7. The deviation for estimated values varies about 0.05 c.f.s./

acre for 1. For 5, the estimated value for the second largest event on

record was approximately 0.3 c.f.s./acre feet too low. Otherwise the

comparison between estimated and actual peaks was quite good. The sec-

ond largest event also had the "wettest" antecedent channel condition

of any of the large peaks, and the firs+ and third peaks occurred after

relatively dry periods, so the larger ARI for the second largest peak

decreased the spread between estimated and actual peak discharges.

Second Trial 

Only data from watersheds 1 and 5 were used for Trial No. 2.

Since the maximum 30-minute depths cf rainfall did not significantly

improve the rainfall-peak runoff correlations in Trial No. 1, only

1P
30 

was retained as an input variable in Trial No. 2. Also, both the

antecedent runoff index and the maximum 30-minute volumes of rainfall

were calculated differently.

For antecedent channel conditions, each runoff event during the

season was assigned a value equal to the peak discharges divided by

1,000. At the same time, an estimate of channel "losses" was assigned

for each day without runoff. The values for each day without runoff,

representing rough estimates of losses in evaporation, transpiration,

and percolation from the upper channel alluvium were 0.8 and 0.1 for

1 and 5, respectively. In other words, main channels on Walnut Gulch

can extract much more water from flows than do the channels on water-

shed 5. The ARI was calculated for each major event by adding the
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previous runoff values and subtracting the assumed losses continuously

through each rainy season, with the limitation that the AEI could not

be negative.

Maximum 30-minute volumes of rainfall were changed slightly to

represent a better estimate of the actual volume of rainfall between

each pair of isohyets. Each added level of rainfall should contribute

a larger percent of its volume to streamflow. For example, a greater

percentage of V as compared to V should contribute to channel flows,
10	 05

since much of V
05 

should go to satisfying surface retention, detention,

and infiltration capacities, as well as providing the transmission

losses in the smaller channels.

As was expected, V
20 

was still the single variable which best

explained the variability of runoff on 1 and 5, and adding V10 still

most improved the initial correlation between Qa and V20 .

For watershed 1, the regression equation for Q correlated
a

with V and V was
10	 20

Q- 0.036 4- 0.095 V
20
+ 0.008 V10

a -	 1
(4 .10

with an R
2 

of 0.72. For Q
a
 and V

20	 "
alone, R

2 was 0.61. Therefore,

adding V
10 

significantly improved the regression equation.

With ARI added, the equation became

Q
a 

= 0.019 + 0.095 V
20	

0.010 V10 -1- 0.007(ARI). (4.11)

Adding ARI further improved the correlation significantly with R
2

increasing to 0.79. Also, the coefficients for the variables seemed

reasonable.
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The coefficient of 0.007 for ARI appeared reasonable. For the

largest ARI of record, about 12, the added contribution to the peak

discharge would be about 0.08 c.f.s./acre, which is roughly 25 percent

of the maximum peak discharge of 11,500 c.f.s. (0.34 c.f.s./acre).

This would have added about 3,000 c.f. . on August 17, 1957. The ARI

for August 17, 1957 calculated ty the method described on the previous

page was zero.

The estimated peak discharge for the maximum event of record,

August 17, 1957, using Equation 4.11, was 0.30 c.f.s./acre.

When a fourth variable was added, V25, R2 increased tc 0.82,

which was not a statistically significant improvement in the correla-

tion. However, the resulting equation (4.12) was reasonable and gave

a better estimate of the maximum peak discharge. Also, the coefficient

for ARI was still reasonable.

Qa = 0.019 4 0.018V20 	0.012V10	 0.172V25 -- 0.006(ARI) (4.12)

The predicted peak for August 17, 1957 from this equation was

0.335, which is essentially identical to the actual peak of 0.340.

The estimated versus actual peak discharge as computed from

Equations 4.11 and 4.12 are shown in Figures 4.8 and 4.9, respectively.

Equation 4.12 gave a better estimate of the maximum peak discharge for

the period of record and seemed to be better than Equation 4.11 for

estimating the lesser peak discharges as well.

For 5, antecedent channel conditions also improved the rainfall

2
peak runoff correlations significantly. The values of R were 0.75,

0.86, and 0.92 for one, two, and three variables, respectively. These

variables were V20 , V10 , and ARI, in that order cf significance.
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The equations for Qa correlated with V20 and V10 , and for Qa

correlated with V
20'	 ' 

and ARI were10

Qa = 0.055 + 0.836\1 .20 4- 0.122V10 ,	 (4.13)

and	 Qa	 0.046 -I- 0.946V20 -1- 0.094V10 	0.180(ARI)	 (4.14)

The estimated versus actual peak discharge for 5, as calculated

from Equation 4.14 are shown in Figure 4.10. The maximum estimated and

actual values were identical, 1.30 c.f.s./acre.

In Trial No. 2, ARI contributed significantly to the correlations

for both watersheds which was extremely promising, since almost all the

major flood peaks occurred when antecedent channel conditions were dry.

The second largest event on 5 also had the largest ARI for the period

of record, while for the first and third events, the ARI equaled zero.

/With such a high correlation Oi2 = 0.92) and a relatively low

standard error of estimate (about one-third of the mean), it was doubt-

ful that the regression equation for 5 could be improved any further.

The poorer correlation for I was probably because none of the runoff-

producing storms covered the entire watershed and because most covered

less than one-half of the watershed, and because of the much greater

transmission losses. Also, the records for I were very poor in 1955

and only fair through 1963. From the available data, no significant

difference could be defined in peak discharge from major storms occur-

ring on different parts of the watershed. Other than rainfall variables,

only antecedent channel conditions significantly affected rainfall-peak

runoff correlations.
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A realistic regression equation for predicting peak runoff

might be

Qe k aV05 -E bVio	cV15-4- dV20 -E eV25 + f(ARI)	 gpedge.(4.15)

The analyses of the available data with the MIR program eliminated the

variables that did not add significantly to the equation. Thus, V05 ,

V
15' 

and D
edge 

dropped out of the eauation for 1 and 5; V10 , V20 , and

V
25 

dropped out cf the equations for 3; and only V
15 

was significant

for 4. The equations which resulted for each of the four watersheds

were reasonable. Logically, an increasing fraction of each level of

rainfall should go to runoff.

Third Trial 

Data for watersheds 3 and 4 were included in Trial No. 3.

ART values were calculated similarly to the method used for water-

shed 5. Rainfall volumes were calculated in square-mile inches, per

30 minutes, as was the case with 1 and 5.

Two equations for watershed 3 which were significant were

a 
n 0.016 -1- 1.995V

15 
-I- 0.526Vo
	 (4.16)

and	 Qa = 0.149 -I- 1.843V15 + 0.475V05 - 0.205Dedge .	 (4.17)

For Equation 4.16, R2 was 0.79; for Equation 4.17, R2 was 0.88.

Adding Dedge to the variables V15 and V05 significantly improved the° 

regression equation. As was the case in Trial No. 1, V
15 

was the best

single variable, and adding V most improved the simple equation. As

can be readily seen in Equations 4.16 and 4.17, the coefficients for
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V
15 

and V
05 

do not indicate the percent of runoff from each volume of

rainfall. This is true for all regression eouations in this chapter.

Plots of predicted versus actual peak for Equations 4.16 and

4.17 show marked improvement for Eauation 4.17 as opposed to Equation

4.16 (Figs. 4.11 and 4.12). The maximum peak was predicted with equal

accuracy, but the scatter is much less for lower peaks for Equation 4.17

as would be expected because of the higher R
2

.

The only significant input variable for watershed 4 in Trial

No. 3 was again 1115.
 The resulting equation was

0 - 0.414 A- 4.214V
15a - (4.18)

with R2 equal to 0.80. Since 1.5 inches of rainfall in 30 minutes was

recorded only once during the period of record, and since the one event

so completely dominated the correlation between rainfall and peak run-

off, a plot of the predicted and actual peaks was not very valuable.

The equation was based on two points, the maximum peak discharge, and

the average of all the other peaks (Fig. 4.13). The coefficient of

0.414 was about the average of the other 14 peaks. Because of the rela-

tively poor record and the one dominant storm, no better equation, or

correlation, would be expected from 4 with the available data.

Fourth Trial 

The results from Trial No. 2 indicated that duration of runoff-

producing rainfall might have a significant effect on the rainfall-peak

runoff relationship. Therefore, the total times in which maximum 30-

minute depths were recorded on the watershed were determined for 30 of



1.6

0
0

TRIAL 3 

MEAN = 0.626 CFS/ACRE

n.	
/)"'	 S.E.E. =0.236 CFS/ACRE

D
o /

-R =0.(9)
CZ

I	 t 	I 	 n 	 t

0.8	 1.6

Fig. 4.11. Predicted (Equaticn 15) versus actual peak
discharges, Walnut Gulch 3, 1955-1969

0

,Omer.     

TRIAL 3  /D    

Ui
c.D   //       

IS       

c)	 /
0-) 0.8-
-	 /

/	 MEAN = 0.626 CFS/ACRE
0	 0

A /	
S.E.E. =0.188 CFS/ACRE0

Y	 L.)• / D
<	 /0UJ	 _

Cf.)/n._	 /
d	 (Ra= 0.88)
/

/n
0 /	 I	 I	 1	 I	 1

0	 0.6	 1.6
ACTUAL PEAK DISCHARGE (CFS/ACRE)

Fig. 4.3_2. Predicted (Equaticn 16) versus actual peak
discharges, Walnut Gulch 3, 1955-1969



Lia_

//
0 /	 1	 t	 t	 I	 1	 1

0	 0.6	 1.6	 2 • 4
ACTUAL PEAK DISCHARGE (CFS/ACRE)
Fig. 4.13. Predicted (Equation 17) versus actual

peak discharges, Walnut Gulch 4, 1955-1969

c2, m o o
(R2 =0.80)

MEAN =0.5 3 7 CFS/ACRE

S.E.E. =0.2 5 3 CFS/ACRE

n

06

cr)
TRIAL 3 

Lai
(.9

1 6 -=

75



76

the 31 major peaks on 1. The storm on August 19, 1963 was deleted from

the original 31 runoff events, since it was the only frontal-convective

event of the 31. The values for storm duration, T, ranged from 30 min-

utes to 75 minutes. The averap:e duration was 55 minutes.

Also, several minor errors were found in the original rainfall

volumes and were corrected. These corrections were expected to change

the coefficients and R
2 

slightly, but not expected to change the rank

of the variables.

The results from Trial No. 4 were inconclusive. There were no

significant changes through the first three variables--V20,
 V10'

 and

ARI in Equation 4.19, which was

- 0.016 + 0.01V
10

+ 0.104V + 0.008(ARI).	 (4.19)
20

Because of the corrected data, R
2 
was 0.81, as compared to 0.79 in

Equation 4.11.

In Equation 4.20, storm duration, T, improved the R2 to

which was not significant.

Q - 0.069 + 0.011V
10

+ 0.011V
20

+ 0.007(ARI) - 0.001T (4.20)
a -

However, since duration should be negatively correlated to peak dis-

charge, the resulting equation was reasonable. If 30 were subtracted

from each value of T, the constant would be reduced to 0.039, which

would be more appropriate than 0.069.

Actually, neither ARI nor T can be used directly in a linear

regression equation; although they may appear in the constant "k".

Obviously, there must be rainfall before there can be runoff. The
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coefficients and values for ARI and T should give some indication of

the role of antecedent channel ccnditions E.:n storm duration on storm

peaks as determined from a regression equation relating only rainfall

volumes with peak runoff, but the form of the equation is not correct.

An equation of the following form which might apply for water-

sheds 1 and 5 could be

Qa 	aVio	 bV15	 cV20 dV25 ) (R)(C),	 (4.21)

which can be interpreted as a variation of the Rational Formula,

Q/A - Ci. The coefficients correspond to the rational "C" and V10 ,

V
15' 

V
20' 

and V
25 

are intensities in volumes per 30 minutes. R is some

measure of antecedent channel conditions, and C is some measure of

storm duration. For dry antecedent conditions and average storm dura-

tions, R and C would equal one.

Fifth Trial 

To best determine coefficients for rainfall values, V , V 1
10 15

V 1 and V
25

, and the value of the constant R, only rainfall values
20
for V

10' 
V
15' 

V
20' 

and V
25 

were used to develop a regression equation

for watershed 1 in Trial No. 5. This regression equation was

Q	 0.0354- 0.009V10 	0.040V20-4- 0.142V25 	(4.22)
a

which did not add much to previous knowledge. When V
15 

was added to

the equation, the coefficient for V20 
became negative, and the equation

was no longer reasonable.
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Sixth Trial 

An equation similar to Equation 4.21 was developed frcm study

of Equations 4.3, 4.11, 4.12, 4.19, 4.20, and 4.22. Several possible

combinations of coefficients were assumed and the equations were checked

by determining the peak discharges and plotting them against the actual

peak discharges. After several trials, three equations were developed

for watershed 1 that appeared to give good results (Figs. )4.14-4.16).

These equations were

Qa 	(0.02+ 0.01\7'
10 

-h 0.01V154 0.03 1120+ 0.14V25 )(R),	 ( 4.23)

0 = (0.02	 0.011110 + 0.01V15 + 0.03V
20 

+ 0.15V
25

)(R)(C), (4.24)
-a

and
Q = (0.01540.01V

10 
4- 0.01V

15
4 0.03V

20
4 0.17V )(R)(C)	 (4.25)

a	 25

The results were plotted against the actual peak discharges,

and then compared with the results from Equation 4.19. Also, the re-

sults were compared statistically by least squares correlation to see

which equation gave the best fit to the data. For Equations 4.23, 4.24,

and 4.25, R
2 
was 0.820, 0.844, and 0.837, respectively.

Although values from Equation 4.24 gave the highest R2 , there

was no statistically significant difference in the equations. However,

with more and better data ) R and C might become more important, so

Equation 4.24 was chosen since it was as good as could be developed at

this time. Also, R2 for Equations 4.20 through 4.25 was essentially the

same, which seemed to be as good a correlation as one could expect from

the available data.
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Seventh Trial

In Trial 7, equations for peak runoff from watershed 5 were

investigated similarly to Trial Nos. 5 and 6 for watershed 1. First,

only the rainfall volumes for V
10' 

V
15' 

and V
20 

were used to develop a

regression equation for peak runoff. Second, an equation was developed

from available information which best described the rainfall-peak run-

off relationship.

An equation was developed by trial and error from past informa-

tion, particularly from Equation 4.9. The final form of this equation

was

Qa 	(0.05-f- 0.117 4 0.15v 
5
-F 0. )-t-0V

20
)(R)-f- 0.60V

25 
.	 (4.26)

10	 1

The coefficients for Equation 4.26 were much larger than those for

Equation 4.24 because of lesser channel abstractions on the smaller

watershed. Antecedent channel conditions for smaller watersheds such

as 5 probably affect the smaller volumes of channel runoff more than

the larger volumes. Rainfall volumes of more than 2.5 inches in 30

minutes were assumed to be unaffected by antecedent channel conditions.

A plot of the predicted peaks from this equation versus the actual

peaks indicated a very good fit of the data (Fig. )4- .17). The peak val-

ues from Equation 4.26 were also compared to the actual values by least

2
squares, and the R was 0.925.

The extremely good correlation was due to two factors. First,

the best fit for the equation depended essentially on fitting 4 points--

the three highest peaks and the average of all other peaks (Fig. 4.17).

Second, since antecedent conditions were dry for the first and third
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highest peaks, and relatively wet for the second; and the low peaks

didn't make any difference, the ARI factor, R, increased the magnitude

of the second peak, which improved R2 .

Observations on Regression Eauations 

The MLR program is not sensitive to realities, but simply picks

the variable that best explains the variation in the dependent variable

and then adds variables that best improve this primary relationship.

However, the program will not go back and determine whether, for exam-

ple, the second and fourth variables in combination might be better

than the first and second variables. The form of the equation must be

assumed. However, as indicated earlier, the MIR program is extremely

helpful in indicating which of many variables are most likely to have

a significant effect on the overall rainfall-runoff relationship.

Reasonable equations were developed to predict peak runoff from

rainfall for watersheds 1 and 5. The equations were based on the ef-

fective drainage areas-33,800 acres for 1 and 4,100 acres for 5.

These equations could be used to predict higher peaks within certain

degrees of accuracy. For 1, the highest peak on record was 11,500

c.f.s.; for 5, the maximum peak of record was about 5,300 c.f.s. Ap-

proximate equations might be developed for similar watersheds other

than watersheds 1 and 5 by estimating coefficients from differences in

watershed size.

From Equations 4.24 and 4.26 and available data on channel

abstractions approximate rainfall-Peak discharge equations  (4.27 and

4.28) were estimated for watersheds 2 and 6. All four equations were
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listed for comparison according to watershed size starting with water-

shed 1 (58 square miles), watershed 2 (43 square miles), watershed 6

(37 square miles), and watershed 5 (8 square miles), respectively.

The equations were

Q (0.02+ 0.01V	 +	 0.01V
15

-F 0.03V20 -I- 0.15V
25 

) (R) (C)	 (4.24)
a -

- (0.02 4Qa -
0.012V

10
+0.015V

15
-i- 0.04v

20 
4 0.20V

25
)(R)(C) (4.27)

Qa = (0.03 0.015V10 40.02V15 +0.05V20 + 0.25V25 )(R)(C) (4.28)

Qa r. (0.05+ 0.10V
10

-1-0.15V
15

+ 0. )-0V
20

) (R) 4 0.60V
25

(4.26)

Increasing coefficients for decreasing watershed size were almost en-

tirely because of lesser channel abstractions with decreasing watershed

size. The equations and available data suggest that there are much

greater differences in rainfall-runoff characteristics between the

8.0-square-mile and 37-square-mile watersheds than between the 37-

square-mile and the 58-square-mile watersheds. Unfortunately, only

very short records are available on Walnut Gulch for watersheds between

8.0 and 37 square miles.



CHAPTER 5

THUNDERSTORM RAINFALL MODELS

Runoff in southeastern Arizona results almost entirely from

summer thunderstorm rainfall. Therefore, mathematical descriptions

or models of thunderstorm rainfall are particularly important to re-

searchers and others involved in hydrologic investigations in the

Southwest.

Atterbury Models 

Of particular interest in developing rainfall models for

southeastern Arizona are models developed by Woolhiser and Schwalen

(1959) and Fogel and Duckstein (1969). These models were developed

from thunderstorm rainfall on the 18-square-mile Atterbury watershed

near Tucson, Arizona. Although there are significant climatological

and topographical differences between the Walnut Gulch and Tucson

areas, considerable similarity would be expected in the areal extents

and magnitudes of thunderstorm rainfall at both stations.

Both the Woolhiser-Schwalen and Fogel-Duckstein models were

smooth-domed. That is, the representation rainfall by depth-area was

almost constant near the storm center. The Woolhiser-Schwalen model

dropped to zero rainfall rather rapidly with increasing distance from

the center, while the Fogel-Duckstein model dropped and then became

asymptotic to the surface with zero rain at infinity.

86
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The Woolhiser7Schwalen model was based on 18 storms in a

three-year period with a maximum recorded center depth of 2.5 inches.

The regression equation was

log Y L.: 1.57 log X-1-1.08,	 (5.1)

where Y isohyetal area in square miles

and	 X .7.. storm center depth minus the isohyetal depth
in inches.

The Fogel-Duckstein model was based on 12 years of record with

2 storms with maximum recorded center depths of 2.5 inches. The area-

depth formula was 
- r2b (5.2 )

R • Roe 
-0.67R 0

where b 0.27e

R o 7: storm center depth

R 

▪ 

depth of rainfall along an isohyet which is
at a distance r from the center.

The two models were very similar (Fig. 5.1), as would be ex-

pected, since they were based on data from the same watershed. The two

models differ considerably for low values because of the mathematical

method of fitting the data, but are essentially equal in the ranges of

runoff-producing rainfall. Both models refer to rainfall volume from

individual thunderstorms, but do not suggest a design duration for

these thunderstorm rainfalls.
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Fig. 5.1. Comparison of Woclhiser-Schwalen and Fogel-
Duckstein models for a 2-inch storm
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Walnut Gulch Model

Total Storm Rainfall

Osborn (1970) stated that depth-area relationships for storms

on Walnut Gulch are important for runoff analysis from thunderstorm

rainfall. Also, the shape of the rainfall pattern and the total area

covered by runoff-producing rainfall are important in determining

rainfall-runoff relationships and runoff frequencies, particularly if

the runoff record is relatively short.

From 1961 through 1968, good rainfall records were available

from an 80-gage-network on the Walnut Gulch watershed. From these

records, isohyetal maps were plotted for all the runoff-producing

storms. These, basically, were storms in which more than 0 .6 inch of

rainfall was recorded at some point or points on the watershed and

point intensities of at least 0.5 inch per hour were recorded some time

during the storm. In this period, 1961 through 1968, there were about

50 storms of over 1 inch of rainfall, and these storms were used in the

initial development of models of the total storm rainfall on Walnut

Gulch.

From these 50 storms, about 45 stcrm centers were well enough

defined to include in the analysis. However, no storm in which more

than 1.2 inches of rainfall was recorded at some point on the watershed

was completely defined within the watershed. In other words, the storms

overlapped the rain gage network for depths of greater than 0.8 inch.

However, for about 45 of them enough rainfall fell on the watershed to

make determinations of shape versUs depth.
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In a significant number of the storms no rainfall was recorded

on at least some part of the watershed. Court (1961) believed that, for

a logical rainfall model, as one moves away from the center of the storm,

an asymptotic type of model develops, and there is some rainfall to an

almost infinite distance. This appears to be incorrect for purely con-

vective storms. There were enough storms on the watershed that did not

record rainfall at some points to determine that whatever model was used,

it theoretically should not be asymptotic to the zero surface.

Storm rainfall on Walnut Gulch appeared to be more elliptical

than circular in form. In general, one side or edge of the storm, as

represented by isohyetal mapping, was much steeper than another side.

This steep side was represented by tightly spaced isohyets and is re-

ferred to in this paper as the short radius of the storm. The widely

spaced isohyets are referred to as the long radius. Although the long

and short radii of the rainfall were not generally at right angles,

they were enough so that the storms did appear to be more elliptical

than any other simple shape.

Distances were measured from the storm center to each decreas-

ing isohyet. By far the greatest rainfall, in both maximum recorded

depth and volume was recorded on the afternoon of September 10, 1967.

About 3.45 inches of rain was recorded at the storm center. The next

three largest storms produced 2.65 inches, 2.62 inches, and 2.53 inches

of rainfall at their centers. In Figure 5.2, the long and short radii

for the four largest storms are compared. The next two figures repre-

sent the September 10 storm as opposed to average storms in lower

ranges of rainfall, 2.21 inches to 2.40 inches; 2.01 inches to
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2.20 inches; and 1.81 inches to 2.00 inches and to average storms in

the ranges from 1.41 inches to 1.60 inches; 1.21 inches to 1.40 inches;

and 1.01 inches to 1.20 inches (Figs. 5.3 and 5.4).

From these figures, it appeared that the largest storm,

September 10, 1967, did not cover significantly more area at the 0.6

inch isohyet than did the next three largest storms. This was particu-

larly true on the short radius where the larger storms appeared to pile

rainfall volumes one upon another and the isohyets in these storms be-

came more and more closely packed as the depth increased. On the other

hand, as indicated by the next two figures, as the storms decreased in

maximum depth, they also appeared to decrease in the length of their

longer radius.

Composite storms were developed from these three figures

(Fig. 5.5). The composites were: (1) the largest event; (2) an aver-

age of the three next largest storms; (3) an average of the 14 storms

between 1.61 and 2.40 inches; (4) an average of the 13 storms between

1.41 and 1.60 inches; and (5) an average of the 14 storms between 1.01

and 1.40 inches. The composite storms were made as representative as

possible by taking the same size sample for each of the lower 3 storms,

by averaging the 3 larger events that were "grouped" together, and tak-

ing the maximum event as it was. Straight line extrapolations of the

composite storms in Fig. 5.6 from 0 .6 to zero inch strongly suggest

that thunderstorm rainfall covered about the same area for all events

in which center rainfalls of more than 1.0 inch were recorded. For

less than 1 inch, thunderstorm rainfall covered less area. It might be
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noted, on the other hand, that frontal storms, which generally produce

less than one inch of rainfall, cover much larger areas.

Woolhiser and Schwalen (1959) assumed a circular pattern or a

true bell-shaped volume of rainfall for their models. Fogel (1968)

suggested that rainfall from individual thunderstorms appeared to be

elliptical, but that the 1-1/2 to 1 ratio of long to short axis was

small enough to assume circular models. Therefore, Fogel and Duckstein

assumed a circular pattern for their model. On Walnut Gulch, the pat-

tern appeared to be more elliptical with ratios of 2 or 3 to 1. When

the 2-inch-storms for each of the three models were compared, the vol-

umes of rainfall were almost the same above 0.6 inch (Fig. 5.6). This

indicated, or at least suggested, that both models were in the right

order of magnitude in representing thunderstorm rainfall. The four

Walnut Gulch models for different depths cf rainfall were plotted as

partial isohyet maps assuming elliptical shapes (Fig. 5.7). The

Woolhiser-Schwalen model appeared to represent an average of the short

and long radius of the Walnut Gulch figures (Fig. 5.8).

The shape, orientation, and areal extent of thunderstorm rain-

fall are important in determining the relative frequency with which such

storms could occur on a watershed of given size and shape. However,

one must decide whether runoff is better correlated to some other short-

er duration within the storm than to total storm rainfall before further

development of rainfall-runoff relationships. In this respect, the best

duration to use may vary with watershed size. Shorter durations of

rainfall might be expected to be best correlated with runoff on very

small watersheds, with the duration increasing with watershed size.
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Maximum 30-Minute-Rainfall 

All storms on Walnut Gulch in which more than 2.0 inches of

rain fell in 30 minutes were investigated in developing a model for

runoff-producing rainfall. Only storms that appeared to be centered

within the Walnut Gulch watershed boundaries were used. There were

five storms in this category--August 17, 1957; August 14, 1958;

August 22, 1961; July 22, 1964; and September 10, 1967 (Figs. 5.9-5.13).

Only one other storm during the period of record (July 26, 1959) ex-

ceeded 2 inches of rainfall in 30 minutes. This storm appeared to be

centered on or just south of the watershed boundary. The five storms

described here produced five of the eight largest peak discharges of

record from Walnut Gulch. The peaks ranked as 1, 4, 5, 6, and 8 for

the record 1957, 1958, 1964, 1967, and 1961 storms, respectively

(Table 5.1).

Table 5.1.	 Rainfall area for five major events on
Walnut Gulch watershed

Date
Peak
R.O.
rank

Area of rainfall for given isohyets
(sc.	 mi.) Maximum 30-min.

depth cf rainfall0.5 1.0 1.5 2.0 2.5
(inches)

8-17-57 1 32 18 7 4 2 2.63

8-1 )-i--58 8 25 10 4 1 2.35

8-22-61 6 18 10 6 1 2.27

7-22-64 4 30 14 4 1 2.06

9-10-67 5 31 17 9 1.5 0.5 2.52
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Four of the largest 15 peaks, including the third largest, oc-

curred in July 1955, but because of poor runoff records and inadequate

rainfall data, they were excluded in the development of the conceptual

model. The second largest peak discharge (August 2, 1957) was produced

from rain concentrated on and around the lower end of the watershed.

Because cf the overlap onto watersheds outside the Walnut Gulch water-

shed, this storm also could not be used to develop a conceptual model.

Areal extent for varying isohyetal depths for the five model events are

listed in Table 5.1. Average cross sections based on areal extent at

each 0.5-inch contour for the five storms were plotted to show the

similarity between maximum events (Fig. 5.14).

Rainfall of more than 2.5 inches in 30 minutes was recorded

August 17, 1957 and September 10, 1967. During these two storms,

greater rainfall volumes were recorded above 0.5, 1.0, 1.5, and 2.0

inches than for any of the other five major events. A composite max-

imum storm was constructed from 0.5-, 1.0-, 2.0-, and 2.5-inch isohyets

for the 1957 storm and from the 1.5-inch isohyet for the 1967 storm.

Actually, up to 1.5 inches, these two storms are almost identical.

The higher peak discharge on August 17, 1957 than on September 10, 1967

resulted from much greater rainfall volume above 2.0 inches on August 17,

1957. The 1967 storm was also centered several miles farther from the

watershed cutlet, so there were greater channel abstractions.

Based on data from the Atterbury Watershed near Tucson, Fogel

(1968) suggested that rainfall from individual thunderstorms appeared

to be elliptical (when plotted by ischyetal mapping), but that the 1.5

to 1 ratio of long to short axis was small enough to assume circular
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models. On Walnut Gulch, rainfall from individual thunderstorms ap-

peared to be more elliptical with ratios of 2 or 3 to 1. However, the

core of runoff-producing rainfall as represented by the maximum 30-min-

ute depth of rainfall was less elliptical and closer to the 1.5 to 1

ratio that Fogel observed for total rainfall.

Two possible models of 30-minute rainfall were developed from

the composite rainfall data from Table 5.1. Both were based on 32-,

18-, 9-, 4-, and 2-square-mile areas for the 0.5-, 1.0-, 1.5-, 2.0-,

and 2.5-inch isohyets, respectively. One model consisted of circular

isohyets with diameters of 6.4, 4.8, 3.4, 2.3, and 1.6 miles for the

0.5-, 1.0-, 1.5-, 2.0-, and 2.5-inch isohyets (Fig. 5.15). The result-

ing bell-shaped volume was extrapolated to a diameter of 8 • 4 miles for

zero rainfall which appeared reasonable when compared to recorded events

on Walnut Gulch. The area covered by rainfall of less than 0.5-inch in

30 minutes was not significant in predicting flood peaks, so only vol-

umes above 0.5-inch in 30 minutes were used.

The second model was elliptical, with the major axis chosen as

1.5 times the minor axis (Fig. 5.16). Values for d and D, the minor

and major axis, respectively, are shown in Table 5.2.



io8

AREA SCALE : I II = 2 MILES

Fig. 5.15. Suggested circular model of maxi= 30-minute
rainfall for maximum expected thunderstorm rainfall, Walnut
Gulch

2.0

1.5

1.0

0.5

0.0



r

109

Lo	 Lo	 in 0
dd

12.5

2.0

1.5

1.0

0.5

0.0

Fig. 5.16. Suggested elliptical model of maximum 30-minute
rainfall for maximum expected thunderstorm rainfall, Walnut Gulch



Table 5.2. Shape factors for elliptical thunderstorm
model

Rainfall isohyet
Area	 sq. mi. .5 1.0 1.5 2.0 2.5

Area (sq. mi.) 32.0 18.0 9.0 4.0 2.0

D (miles) 7.8 5.8 4.4 2.8 2.0

d (miles) 5.2 3.9 2.9 1.8 1.3

In general, data from both Walnut Gulch and other sources have

indicated that rainfall patterns form a thunderstorm tend to be more

elliptical than circular. However, the significance on small water-

sheds is uncertain. Also, for two major events on Walnut Gulch, iso-

hyets with higher values (2.0 and 2.5 inches) appeared to be more

circular than elliptical. However, an elliptical tendency is more

common, and in this study, the elliptical model and the regression

equations (Chapter 4) were used to predict the magnitude of the runoff

peaks.
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CHAPTER 6

THUNDERSTORM RUNOFF

In previous chapters thunderstorm rainfall and thunderstorm

rainfall-runoff models were discussed. In this chapter the occurrence

of thunderstorm runoff is investigated.

Runoff on Walnut Gulch, 1955-1969

The various subwatersheds of Walnut Gulch provide good exam-

ples of the effect of watershed size on thunderstorm runoff (Table 6.1).

The average durations of runoff for 0.9-, 3.2-, 8.5-, 37-, and 58-

square-mile watersheds for five years of record were 1.0, 5.4, 7.3

4.6, 3.8 hours, respectively. The average duration of storm runoff

per event for these five watersheds increased from 1 hour for the one-

square-mile watershed (4) to approximately 7 hours for the 37-square-

mile watershed (6), and then decreased approximately to 4 hours for the

58-square-mile watershed (1).

Some of the differences, between individual watersheds, how-

ever, were not because of differences in size. For example, many of

the channels on the watershed 5 are underlain by relatively impervious

conglomerates within a few inches, or feet, of the surface. The

alluvium above these impervious layers is saturated relatively quickly.

Recession low flows, rather than percolate to deeper levels, move

downstream. This creates a lmger recession on the hydrograph for

111
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watershed 5 than is generally present on the other four watersheds.

Also, for short periods of record, rainfall pre:belly would net be

random over the watersheds.

There are other differences in watershed characteristics, but

there was an apparent real increase in average runoff duration from the

one- to the 37-square-mile watershed, and an apparent real decrease

from the 37- to the 58-square-mile watershed.

The average values for the annual number of events and the an-

nual duration of runoff were also revealing. The fewest number of

events and shortest duration of runoff were recorded on the smallest

watershed. The average number of events and the average duration of

annual (seasonal) runoff increased with watershed size up to the 37-

square-mile watersheds, and then decreased for the 58-square-mile

watershed.

Thunderstorm rainfall in southeastern Arizona occurs primarily

in the afternoon and early evening. Runoff, naturally, follows rain-

fall, with more peak discharges occurring later in the afternoon and

evening as watershed size increases. The 31 major runoff events

(1955-1969) on the 58-square-mile watershed 1 occurred generally in

the late afternoon and evening hours, with almost all peaks recorded

between 4:30 p.m. and 1:30 a.m. (Fig. 6.1). By chance, only one major

peak was recorded between 8:30 p.m. and 9:30 p.m.

All of the 31 major runoff events on watershed 1 occurred be-

tween July 15 and September 25 (Fig. 6.2), except for a storm en

October 4, 1954. The 1954 storm produced a record peak discharge of

5,300 c.f.s. from watershed 5, and also produced a significant peak
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Fig. 6.2. Occurrence of significant rainfall and major
flood peaks, Walnut Gulch, 1955-1969
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discharge from watershed 1. Because of large transmission losses and

the limited areal extent of the storm, however, the peak discharge from

1 was probably only about 2,000 c.f.s. which would rank it about twen-

tieth on the list cf major runoff events, and would not have changed

the analyses for 1 significantly. Since the 1954 records were frag-

mentary for all stations, this storm was not included in the listing

of major peak runoffs on watershed 1.

The seasonal occurrence of major runoff events on Walnut Gulch

followed a similar pattern to that of significant rainfall, as would

be expected. For 15 years of record there appeared to be three peri-

ods of increased thunderstorm runoff within the thunderstorm season--

July 20-31, August 15-25, and September 1-15. As mentioned earlier,

there may be a sound meteorological explanation for the observed vari-

ation, particularly for the increase in September (due to the occurrence

of tropical storms off Baja California), but the record is tco short to

substantiate it.

There appeared to be about a 7 percent chance of a major runoff

event occurring on any day between July 20 and 25 and August 15 and 20.

On the other hand, there appeared to be less than a 2 percent chance

of a major runoff event occurring between August 1 and 5 and August 25

and 31.

Three principal assumptions are made to predict thunderstorm

runoff peaks in southeastern Arizona. First, the climatology and

meteorology of southeastern Arizona will not change with time; that is,

the same general thunderstorm conditions prevailed during the period
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of record and will continue to prevail in the future, or at least

within the design life of the project. Without this assumption, any

limits on the maximum possible runoff would be invalid. Second, data

from Walnut Gulch are representative of thunderstorm runoff throughout

southeastern Arizona. Third, the surface character cf southeastern

Arizona will not change with time.

Maximum Peak Discharge

Maximum Expected Peak Discharge, Walnut Gulch 

An apt description was sought for the maximum expected peak

discharge from a rangeland watershed in southeastern Arizona. Such

terms as "probable" and "possible" are used in the literature. However,

a more appropriate description for the maximum design peak discharge,

which is based primarily on known rainfall and runoff records in

southern Arizona might be the "maximum expected peak discharge (WG),"

where 'VG" stands for Walnut Gulch.

The maximum expected peak discharges for watershed 1 (57

square miles) and watershed 5 (8.5 square miles) were determined from

a combination of known rainfall records in Arizona, the model for max-

imum expected rainfall which was developed from Walnut Gulch rainfall

data, and the rainfall-runoff relationships also derived from Walnut

Gulch records. The equation used for watershed 1 was the same as

Equation 4.24, except that C and R equalled one, and 0.30V30 was added.

Qa .7 0.02 4 0.011.710 ± 0.011715 	0.03V20 -+ 0.15V25 + 0.301130 	(6.1)
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There were several assumptions that were essential to the

goodness of the estimates of maximum expected peak discharge (WG).

First, the maximum point rainfall that is expected to occur on Walnut

Gulch in 30 minutes is 3 inches. Second, the Walnut Gulch rainfall

model developed in Chapter 5 is a good estimate of runoff-producing

thunderstorm rainfall. Third, the rainfall-runoff relationship devel-

oped in Chapter 4 can be extrapolated, within reason, to greater val-

ues than those used in deriving the equations. Fourth, the maximum

expected peak discharge will occur in a relatively dry channel. Fifth,

differences in infiltration rates for rangeland watersheds in rela-

tively dry conditions do not appreciably affect maximum peak discharges.

Fogel and Duckstein (1969) reported that a thorough search of

U.S. Weather Bureau data for Arizona indicated that no known gage had

ever recorded over 4.5 inches Df rainfall during a 24-hour period.

The maximum for a single storm on the Atterbury watershed was about

2.5 inches. They did not comment on shorter durations. A thorough

search of U.S. Weather Bureau data for Arizona did not uncover a gage

where over 2.65 inches of rainfall had been recorded in one hour other

than on Walnut Gulch. The maximum one-hour point rainfall on Walnut

Gulch was 3.5 inches on September 10, 1967. The maximum 30-minute

rainfall for the same storm at the same point was 2.52 inches. Be-

tween 2.5 and 2.65 inches of rainfall in 30 minutes was recorded at

three points almost simultaneously on August 17, 1957. Also, just

over 2.5 inches of rainfall in 30 minutes was recorded at 2 rain gages

on Walnut Gulch on October 4, 1954. These are the only known occur-

rences of rainfall exceeding 2.5 inches in 30 minutes on Walnut Gulch
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in 15 years or record.  If each U.S. Weather Bureau recording rain gage

is assumed an independent sampling point, there are about 1,000 gage-

years of record in southern Arizona. If all recording gages on Walnut

Gulch are independent points there are also about 1,000 gage-years of

record from Walnut Gulch. The U.S. Weather Bureau record for southern

Arizona includes several stations with 30 or more years of record and

about 30 stations with 20 to 30 years of record. One might expect to

find greater recorded intensities in the U.S. Weather Bureau record,

since it generally covers a longer period, a wider range cf topographic

and climatic locations, and the stations are almost certainly indepen-

dent sampling points, at least for sampling air-mass thunderstorm rain-

fall. Yet, three separate events on Walnut Gulch greatly exceeded

anything recorded at USWB recording rain gages in southern Arizona.

This fact suggests that something other than chance is responsible for

the difference between the 1,000-gage-year USWB reccrd and the 1,000-

gage-year Walnut Gulch record.

Two possible explanations are that (1) southeastern Arizona

experiences more air-mass thunderstorm rainfall than occurs in south-

central and southwestern Arizona, and that (2) the gages on Walnut

Gulch are independent points, at least for sampling "record" rains,

and the dense network on Walnut Gulch is, in some way, a more efficient

"measure" of maximum point rainfall than is the 1,000-gage-year USWB

record.

For the first hypothesis, summer rainfall as recorded at USWB

stations generally decreases from east to west across southern Arizona.

In general, the elevation of the recording rain gage stations also
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decreases from east to west across southern Arizona, which may be the

primary reason for decreasing rainfall. For examrle, Walnut Gulch

gages (4,000-6,000 feet) record about 60 percent more summer rainfall

than Tucson (2,600 feet). The three long term (over 30 years) USWB

recording stations in southern Arizona are Tucson (2,600 feet), Phoenix

(1,100 feet), and Yuma (near sea level), and there is considerably less

summer rainfall at Phoenix than at Tucson, and much less at Yuma than

at Phoenix. Also, Walnut Gulch is closer to the prime source of sum-

mer moisture, the Gulf of Mexico.

It is difficult to argue that the 1,000-gage-year record for

Walnut Gulch is a more efficient "measure" of maximum point rainfall

than the 1,000-gage-year record for southern Arizona. At present, it

seems that some element of chance combined with more summer rainfall

on Walnut Gulch is the probable answer. However, one might say that

the network of rain gages on Walnut Gulch represents a 58-square-mile

"rain gage" located in a region that receives more summer rainfall

than do most USWB recording rain gage stations in southern Arizona.

Therefore, the Walnut Gulch assumptions for intensities from

short duration air-mass thunderstorms—those which produce maximum

peak discharges from small watersheds in the southwest—may be, if

anything ; on the "safe" side for design pulposes for watersheds at

elevations of less than 6,000 feet throughout southern Arizona. Wal-

nut Gulch records suggest that on a 58-square-mile watershed in south-

eastern Arizona air-mass thunderstorm rainfall of 2.5 inches or more

in 30 minutes might be expected about once in five years. Rainfall of

2.75 inches or greater in 30 minutes has never been recorded on Walnut
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Gulch or at any USWB recording rain gage in southern Arizona. (No

storms with such magnitudes of shcrt duration rainfall as these re-

corded on Walnut Gulch have been measured at USWB recording rain gages

in northern Arizona, as well.)

Reich and Heimstra (1965) felt that 30 minutes was the proper

duration for correlating thunderstorm rainfall and runoff on small water-

sheds (1.5 to 5 square miles). Other reasons for using 30-minute dura-

tion were discussed in Chapter 4. The final decision to use 3 inches in

30 minutes as the maximum expected point rainfall was somewhat arbitrary,

but was influenced by the aforementioned facts.

The validity of predictions of maximum expected peak discharges

for Walnut Gulch is dependent upon the validity of the rainfall model

developed in Chapter 5. For cemparison, assuming that rainfall models

developed by Woolhiser and Schwalen (1959) and Fogel and Duckstein

(1969) apply to the maximum 30-minute rainfall as well as total storm

rainfall, the three models were plotted together for the 3-inch design

rainfall (Fig. 6.3). The models were obviously quite similar, but the

Walnut Gulch model was appreciably more slender. The importance of

the differences was indicated when peak discharges were calculated.

The maximum expected peak discharges as determined by Equation 6.1 for

the 57-square-mile watershed were 23,000 c.f.s., 33,000 c.f.s., and

35,000 c.f.s. for the Walnut Gulch, Wcolhiser-Schwalen, and Fogel-

Duckstein models, respectively.

However, it would seem logical that models for 30-minute rain-

fall for the Atterbury watersheds would be more slender then the models
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Fig. 6.3. Comparison of Woolhiser-Schwalen, Fogel-Duckstein,
and Walnut Gulch rainfall models for a 3-inch, 30-minute rainfall
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for storm totals, since this was apparent when total rainfall was

compared to maximum 30-minute rainfall on Walnut Gulch.

Most designers would be happy with a range of 23,000 to 35,000

c.f.s. for a design peak discharge. However, the answer isn't quite

that simple, since if either of the Atterbury models is the "correct"

model, the Question of accuracy must be applied to 33,000 or 35,000

c.f.s. The maximum expected peak discharge of 23,000 c.f.s. could be

in error by 50 percent and still not exceed 35,000 c.f.s. while a

50-percent error on 35,000 c.f.s. would suggest a possible maximum

expected peak discharge of over 50,000 c.f.s. Although this may still

be as close as one can hope for under the circumstances, further ef-

fort in justifying the Walnut Gulch model as opposed to the Atterbury

watersheds might be warranted.

For the 8.5-square-mile watershed 5, the maximum expected peak

discharge, using the 3-inch in 30 minute rainfall and Equation 4.26

was 17,000 c.f.s. The equation used was similar to Equation 4.26.

Qa = 0.05	 0.10V 	0.15V15 -1-0.40V20 -+ 0.60V25	0.80V30 	(6.2)

Maximum Expected Peak Discharge, Southwest 

The maximum expected peak discharge (SW) is defined as that

discharge which could occur on Walnut Gulch from a greater than expect-

ed 30-minute rainfall as determined from records from Arizona and New

Mexico. The greater rainfall would be unlikely to occur, but could not

be considered impossible. The equation for watershed I was similar to

Equation 4.24.
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Qa 	0.02-}0.01V10 4 0.01V15 4 0.03V20 4 0.15V25 4 0.30V30 0.45V35 (6.3)

Essentially the same assumptions are made to determine the max-

imum expected peak discharge (SW) as are made to determine the maximum

expected peak discharge (WG), except that rainfall records from New

Mexico as well as Arizona are included in determining the magnitude of

the maximum point rainfall at the storm center. Also, the question of

the effect of overbank flow on peak discharge and the reliability of

rainfall-runoff relationships when applied to overbank flow are

considered.

Benson (196 )-i- ), Reich and Hiemstra (1965), and Fogel (1968) and

others have pointed out that floods from small rangeland watersheds

(such as Walnut Gulch) result from short-duration, high-intensity

thunderstorm rainfall. Fogel (1968) stated that thunderstorm runoffs

occurring about 24 or more hours after a previous runoff were rela-

tively unaffected by antecedent conditions. For 15 years of record

on Walnut Gulch, all "record" peak discharges have occurred after at

least several relatively dry days.

It was stated in U.S. Weather Bureau Technical Paper 38 (1960)

that extreme events could occur no more often than 4 or 5 days apart.

This referred to frontal activity which, as will be shown later, is

important in determining the maximum expected peak discharge (SW). As

described in Chapter 4, for air-mass thunderstorms, heavy rainfall on

one day tends to decrease the potential for extreme events to occur on

following days. Antecedent conditions were therefore excluded from

determinations of maximum expected peak discharges.
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The maximum known 30-minute rainfall recorded on a recording

rain gage in the Southwest was 3.5 inches on Alamogordo Creek in

northeastern New Mexico. The rainfall resulted from combined convec-

tive heating and a weak, fast-moving cold front moving across the

watershed on th,J afternoon of June 5, 1960. The combination of avail-

able moisture, convective heating, and frontal activity appeared ideal

for producing an extreme thunderstorm rain.

On Alamogordo Creek, there were four storms in 15 years in

which over 3.0 inches of rainfall was recorded in 30 minutes at one or

more points on the watershed. This suggests a recurrence interval for

such an event of about four years. Point rainfall of over 3.0 inches

has been recorded nine times in 15 years and about 800 gage-years of

record. This suggests a point recurrence interval for a rainfall of

over 3 inches in 30 minutes of about 100 years. No storms in which

3.0 inches or more was measured have been recorded at USWB recording

rain gages in New Mexico. There are fewer recording rain gages in New

Mexico than in Arizona, and the network of rain gages on Alamogordo

Creek is less dense than the one on Walnut Gulch. The occurrence of

four "greater than 3.0-inch" storms on Alamogordo Creek and none great-

er than 2.75 inches on Walnut Gulch would appear to be for some unknown

reason other than chance.

Reich and Hiemstra (1965) and Fogel and Duckstein (1969) both

cut off their rainfall predictions at 5 inches in one storm. Their

justification for doing so was based on available rainfall records and

was to some extent arbitrary. No recorded rains of more than 3 inches

in 30 minutes were reported in either of the two papers.
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The best available information on extreme rainfall events is

the U.S. Weather Bureau. Unfortunately, there are relatively few good

estimates of extreme rainfall in the Southwest. As discussed in Chap-

ter 2 in U.S. Weather Bureau Technical Paper 38 (1960), the probable

maximum 1-hour rainfall for southern Arizona was estimated as 12 inches.

This value was not based on theoretical atmospheric conditions, but on

recorded historical events. At first, this appeared to be more desir-

able, as one might put more confidence in such records than in a theo-

retical development. However, a thorough search of the literature led

to considerable uncertainty as to the reliability of the estimate for

maximum probable precipitation in southern Arizona.

The following statements are from U.S. Weather Bureau Technical

Paper 38 (1960).

The occurrence of outstanding thunderstorm rainfall at
Fort Mohave, near the Arizona-Nevada border, and of other
severe storms throughout Arizona is believed to justify trans-
portation of the Campo (California) storm throughout this
entire region south cf the first major orographic barrier (p. 50).

The Fort Mohave record (1898) was described as follows:

On the 28th we had the biggest rain in 10 or 15 years,
and to my regret, between the rain and furious wind, my
rain gage was upset. To give an idea of the amount of rain
that fell, and which lasted only 45 minutes, I had a wash
tub set out on the mesa, clear of everything, and the water,
after the rain, measured 8 inches (p. 58).

The reference to "other severe storms throughout Arizona" in

the first quotation was apparently a general statement since no ether

Arizona records approached the magnitude of the event reported from

Fort Mohave in 1898. There was a report of 8 inches of rainfall in

two hours in the White Mountains on July 19, 1955. Also, Lewis (1963)
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reported close to 7 inches of rainfall in one frontal-convective storm

(two bursts--about 12 hours apart) near Tucson, Arizona. Justification

for transposing the fairly well documented Campo, California storm

across southern Arizona appears to be weak.

Therefore, 3.5 inches in 30 minutes was chosen as the maximum

runoff-producing rainfall that could occur if the same atmospheric con-

ditions that can occur in eastern New Mexico did occur in southeastern

Arizona. As stated, this is unlikely, but cannot be ruled as impossible.

The 3.0-inch and 3.5-inch rains are shown in Figure 6.4. The

estimated expected peak discharge (SW) for watershed 1, based on ex-

trapolation of rainfall-runoff Equation 4.24 developed in Chapter 4

would be 54,000 c.f.s. This estimate depends on the reliability of

Equation 4.24 for overbank flow and the reliability of the rainfall

model developed in Chapter 5, as well as the possibility of such a

storm occurring.

It is difficult 'to determine the effect of overbank flow on

peak discharge. However, the increased storage should decrease the

estimated peak discharge appreciably. A reduction of 25 percent, which

is not unreasonable, would indicate a peak discharge of about 40,000

c.f.s. Without a complete study of the channel and overbank hydraulics,

a more accurate estimate is impossible.

For comparison, the 3.5-inch rain on June 5, 1960 on Alamogordo

Creek, which was used to predict the maximum expected peak discharge

(SW) on Walnut Gulch, produced a peak discharge of possibly 10,000

c.f.s. on the 67-square-mile Alamogordo Creek watershed. However, the

channel slopes are only about 25 percent as steep as these on Walnut
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Fig. 6.4. Comparison cf 3- and 3.5-inch rains with Walnut
Gulch model
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Gulch, and the channel capacity about one mile upstream from the

gaging station is only a few thousand c.f.s. Major flows spread out

over large areas, thus decreasing peak discharges tremendously.

The effect of overbank flows on Walnut Gulch (over about 15,000

c.f.s.) should be considerably less than on Alamogordo Creek, but still

very appreciable. A search of the literature suggests that further

studies on overbank discharges are warranted, since very little in-

formation is available in this area.

Recurrence Intervals 

For watersheds 1 and 5, maximum annual peak discharges versus

recurrence intervals were plotted, and the maximum expected peak dis-

charges (WG) were indicated (Fig. 6.5). Smooth curves based on the

plotted points and the limits indicated by the maximum expected peak

discharges were then constructed by eye. Estimates of recurrence

intervals for storms with various peak discharges could be made from

these two curves for watersheds of various sizes (approximately 3 to

60 square miles). The shape of these magnitude-frequency curves would

tend to put most engineering hydrology problems into one of two cate-

gories. One would be designs based on frequent floods--about 10 years

or less--with a check on what might happen with a larger, rarer, flood.

The other would be designs for which the loss due to failure is rela-

tively great--unacceptably--in which case the maximum expected flow

(WG) or the maximum expected flow (SW) would be reasonably conservative

estimates.
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In Chapter 2, flood peaks in Arizona were compared. In

Figure 6.6, Figure 2.1 from Chapter 2 has been duplicated, with the

maximum expected peak discharges and the estimated 10-, 20-, 50-, and

100-year storms drawn in. The estimate for the maximum expected peak

discharge (WG), for watersheds of less than 100 square miles, encom-

passes all but one of the "record" events for small watersheds in Ari-

zona. The one higher peak was a "miscellaneous flood observation"

made near Yuma, Arizona.

A possible use for Figure 6.6. would be to estimate the recur-

rence interval for an exceptional event on a watershed with relatively

short record. For example, a maximum peak discharge of 5,000 c.f.s.

has been recorded in 8 years on watershed 11 (3 square miles) on Wal-

nut Gulch (see Fig. 3.5). Peak discharges determined from Figure 6.6

for 10-, 20-, 50-, and 100-year storms and the maximum expected peak

discharge (WG) were plotted on Figure 6.7. A smooth curve was drawn

through the points, and the maximum recorded 8-year storm was plotted.

The estimated recurrence interval for the maximum recorded storm was

on the order of 25 years, as indicated by the arrow. Also, the maxi-

mum recorded peak discharge was about one-half of the maximum expected

peak discharge (WG).

Peak discharge per unit area decreased morc:: rapidly with in-

creasing watershed size for the family of curves based on Walnut Gulch

data than for the family of curves indicated in Figure 2.1 which is the

usual Q/A versus IT relation. This suggests that there may be two

families of curves; one for the small watersheds where air-mass
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thunderstorms dominate peak discharge, and the other for large water-

sheds where snowmelt or frontal-convective storms produce the major

flood peaks. The curves probably intersect between 100 and 1,000 square

miles. For runoff design for intermediate sized watersheds two proba-

bility estimates may be needed--the probability of storms of certain

intensities falling on most of the watersheds, and the probability of

more intense storms developing over several tributaries of the water-

shed in such patterns as to produce "record" peak discharges.



CHAPTER 
•

RISK, UNCERTAINTY, AND ERROR

In Chapters 4 and 5, rainfall-runoff relationships and rainfall

models were developed primarily from data from Walnut Gulch. In

Chapter 6, maximum peak discharges were estimated from equations and

models developed in Chapters 4 and 5. There are uncertainties and pos-

sible errors in these models and equations which should be understood

before they are used in design.

Uncertainty of Recurrence Interval 

There are essentially two types cf risk involved with recurrence

intervals. The first assumes that the recurrence intervals for various

magnitudes of flow have been correctly determined, but that there is a

risk that the design storm may occur at any time, rather than at regu-

lar intervals. The engineer must decide what losses will occur if the

design flood is exceeded, and assess the probability that these greater

flows will occur during the life of the structure.

There is also risk because of uncertainty in the estimated re-

currence interval for a given flood discharge. As Bell (1969) pointed

out, the actual recurrence interval for a 100-year event may range from

well under 50 years to several hundred years, depending on the length

of record; and, all records are too short to limit the range within 50

to 200 years. For example, there were only 15 years of Walnut Gulch
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data from which to make these analyses, so the estimated 100-year

event may have a real recurrence interval of anyplace from 20 to 30

years to several hundred years.

Finally, recurrence intervals are determined from data that

may contain appreciable errors. For example, the maximum recorded

peak discharge from Walnut Gulch for 15 years of record was 11,500

c.f.s. This peak was estimated to be within no worse than plus or

minus 15 percent, or the actual maximum peak discharge was no greater

than 13,000 c.f.s. or less than 10,000 c.f.s. The possible range in

the recurrence interval, from Fig. 6.5, would then be about 10 to 22

years. The possible range for the 15-year flood within 95 percent con-

fidence limits assuming a normal distribution of error would be 9,500

to 13,500 c.f.s. Without the assumption of normality, the range would

be 7,500 to 15,500 c.f.s.

However, as illustrated in the first three chapters, predictions

of peak discharge for the 100-year flood on Walnut Gulch range from

12,000 to 35,000 c.f.s. depending upon the chosen frequency distribution.

Assuming the worst possible distribution of errors within the 95 percent

confidence limits (about a plus or minus 33 percent) the range would in-

crease to 8,000 to 47,000 c.f.s. Thus, knowledge of the correct dis-

tribution would appear to be extremely important as the spread of the

estimate is greater for different distributions than for the probable

error in the measured data.
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Error of Estimate 

If a limit can be set on the maximum peak discharge, the pos-

sible range of values for floods of given recurrence intervals is also

constrained. More important, if the limit forces the curve of peak

discharge versus recurrence interval to bend abruptly with an asymptotic

approach to the limit, the need for, or usefulness of, the estimate of

the 50-year or 100-year flood, for example, will be greatly reduced.

Since a major conclusion of this study includes estimates of

maximum peak discharge, the possible range of error of these estimates

must be considered. Possible errors generally are of two types--(1)

errors in the data, and (2) errors in the models. Accuracy of the

regression equations depends largely on accuracy of estimates of rain-

fall volumes and peak discharge for a few extreme events, and on the

accuracy with which the model represents the true physical processes.

Yen (1970) described these errors in the context of risk and uncertain-

ty. "These risks and uncertainties include the risk due to limited

available data and the uncertainties include the risk due to limited

available data and the uncertainties arising from transformation of

rainfall data to runoff infolmation, from using a point record to repre-

sent an area , ....„ and from the uncertainty of the mathematical tech-

niques on handling the data and measurement errors" (p. 963).

Errors in measuring peak discharge, particularly the few major

peaks, are directly transmitted to the rainfall-runoff equation. The

effect of errors in estimating rainfall volumes is more subtle. The

fraction of rainfall volume contributing to peak discharge increases
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with increased rainfall depth, but the volume of rainfall above each

succeedingly higher depth decreases. Also, because there were a large

number of measured points within the runoff-producing rainfall, errors

in rainfall volumes between and within each 0.5-inch level are not apt

to be cumulative, and may be compensating. Therefore, in the prediction

equations "plus" errors would not be carried through all the rainfall

volumes ' V10' V15/ V20' and V25/ but would probably apply only to one

of the four volumes.

The possible errors in the estimate for maximum expected peak

discharge for Walnut Gulch 1 (58-square-miles) were investigated in two

ways. First, the sample of 30 points was divided randomly 8 times into

equal 15 point records. Coefficients for V10 , V15 , V20 , and V25 in the

equation Qa = 0.02+ bV10. -+ CV15	dV20	 eV25 were varied until the

maximum R2 was found for each of the eight, 15-point samples. Then the

second half of each sample was used to determine the R2 and the standard

error cf the estimate of the predicted versus actual peak discharges,

and to predict the maximum expected peak discharge (WG)(Table 7.1).

Coefficients of b, c, d, and e varied from 0.008 to 0.010, 0.010 to

0.015, 0.020 to 0.025, and 0.120 to 0.170, respectively, and the es-

timate of the maximum expected peak discharge (WG) varied from 19,000

to 25,000 c.f.s. with the estimate from the full sample 23,000 c.f.s.

The range of predicted maximum peaks was less than might have been ex-

pected. Obviously, different sets of 15 points would give different

results, but this nontheoretical random test did suggest that the data

were generally good and that the rainfall-runoff equation as developed

for watershed 1 was consistent.



Table 7.1. Range of values for coefficients in the regression
equation Q = a	 bVio	 dV15	 dV20 -I- eV25 and
predicted maximum peak discharge for watershed 1,
Walnut Gulch

Trial a d e	 Trial R
2

(cfs/acre)(cfs)

Pred.
S.E.E.	 Max.

8-1 * .020 .010 .010 .020 0.150 8-2 .54 .029 22,000

9-1 * .020 .010 .012 .022 0.140 9-2 .56 .031 22,000

10-1 ** .020 .010 .010 .020 0.120 10-2 .87 .030 20,000

11-1 * .020 .008 .014 .023 0.140 11-2 • 47 .034 19,000

12-1 * .020 .008 .014 .022 0.140 12-2 .56 .031 19,000

13-1 ** .020 .010 .015 .025 0.170 13-2 .80 .038 25,000

14-1 ** .020 .010, .010 .020 0.120 14-2 .88 .032 20,000

15-1 ** .020 .008 .010 .020 0.140 15-2 .83 .037 21,000

* E uation developed included storm of 8-17-57
** R and SEE include storm of 8-17-57
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Second, David and Neyman (1938), Draper and Smith (1966), and

others have suggested methods for determining variances for predicted

values from regression equations of the form Y = k + C1X1

4- C2X2	....CnXn. These methods employ least squares fitting of the

sample data. The methods generally indicate the variance of the mean

of the predicted value, since the variance of the mean is what is

usually wanted by statisticians. Hydrologists and engineers, however,

are quite often interested in the variance of an individual predicted

value.

In this section, the variance of the mean predicted value is

estimated, using matrix methods described by David and Neyman (1938).

Then the variance about the regression line, calculated as the sum of

squares of residuals over the residual degrees of freedom, is used to

convert the variance of the mean predicted value to the variance for

a single predicted value.

Using matrix notation from Draper and Smith (1966), the mean

predicted value assuming normality and the desired confidence limits

i s

where

Y = + t(v, 1 - 1/20<) • s 11/n+ X io CX0

Y = the predicted value

n number of observations

s	 standard deviation about the regression line, calculated

as the square root of the sum of squares of residuals

over the residual degrees of freedom



X 0 = column vector for specific value

C	 (X'X) -1

X = matrix of all points.

For a single predicted value, within 95 percent confidence

limits, assuming normality,

Y =	 + t(.025, 0.975) • s \i/1 + l/n + X CX

Assuming the Chebyshev ineauality, which would hold for any distribution,

within the 94 percent confidence limits,

Y =	 + 4 • s v/1	 l/n -1-X 1 CXo o

For the 58-square-mile Walnut Gulch watershed, assuming normality,

Y = 0.62 + 0.11 c.f.s./acre, or 23,000 + 4,000 c.f.s.,

and

Y = 0.62
—
 0.22 c.f.s./acre, or 23,000 +-8,000 c.f.s., assuming

the Chebyshev inequality.

Therefore, confidence limits at about the 95 percent level for

the predicted maximum expected peak discharge (WG) are at best (19,000,

27,000 c.f.s.) and at the worst (15,000, 31,000 c.f.s.). The first in-

terval represents the best -possible conditions with normally distributed

errors and the second interval represents the worst possible conditions

based on Chebyshev's inequality.

The extrapolated 100-year peak discharge (Fig. 6.5) would be

less than 23,000 c.f.s. and, therefore, the possible error less than

8,000 c.f.s. as compared to the range of 100-year peak discharge of

12,000 to 35,000 c.f.s. (plus possible error) assuming various distribu-

tions. This is assuming that the error in estimate because of the
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simplified MIR model is small. Since the correct relationship between

rainfall and runoff on Walnut Gulch is unknown this possible source of

error cannot be assessed.

If a particular project can be satisfied with the best guess

of the maximum expected peak discharge (WG), then the value of 23,000

c.f.s. would be a good figure. If the project demands a more conserva-

tive estimate based on the estimated risk, some higher value, possibly

based on the 95 percent confidence limits, might be required. However,

the extent to which a "conservative" estimate is demanded is a diffi-

cult choice. The extent of the loss, and the kind of loss, which could

occur will to a large extent determine the conservativeness demanded of

the design.



CHAPTER 8

OBSERVATIONS AND DISCUSSION

In Chapters 4 and 5 thunderstorm rainfall-runoff models were

developed, based primarily on data from the Walnut Gulch watershed

near Tombstone, Arizona. Models based on maximum 30-minute-rainfall

(considered the core of runoff-producing thunderstorm rainfall) were

correlated with runoff for various sized watersheds within and in-

cluding the 58-square-mile Walnut Gulch watershed. The results using

these models may give reasonable estimates of flood magnitude-frequency

for watersheds with similar characteristics between 1 and 100 square

miles.

Maximum Peak Discharges 

The lack of long term records and the questionable accuracy of

some of the data hampered development of recurrence intervals for max-

imum peak discharges from small watersheds in southeastern Arizona.

Most efforts for this region have been to predict peak discharges for

intervals up to 50 or 100 years by fitting one of many probability

distributions to relatively short reccrds and extrapolating.

For Walnut Gulch the range for the 100-year storm from 6 stan-

dard methods was 15,000 to 35,000 c.f.s. (Chapter 2). None of the

standard methods shown in Chapter 2 should be used to predict peak

discharges for recurrence intervals of more than 100 years without full
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realization of the uncertainties of the estimate. With only 15 years

of record, there is considerable possible error in the 50-year pre-

diction, much less the 100-year flood. Maximum events may be predicted

either by assuming a different model for "record" events, or by devel-

oping limits on what can be expected under different conditions. The

latter method has been used by various persons and agencies to develop

models such as the "probable maximum storm" and "maximum possible

storm." Such a method was introduced herein with limits placed on

wetness of the channels prior to the occurrence of the maximum event.

By this method, the maximum expected peak discharge for Walnut Gulch

was estimated to be 23,000 c.f.s., which was about the average 100-

year storm from the methods shown in Chapter 2, and slightly higher

than the 100-year prediction by the log-Pearson Type III method.

In southeastern Arizona, air-mass thunderstorms produce the

maximum peak discharges on small (less than 100 square miles) range-

land watersheds, and frontal-convective storms or snowmelt (or a com-

bination of both) produce the maximum peak discharges on large

watersheds (over 1,000 square miles). Obviously air-mass thunderstorms

produce some runoff from large watersheds and frontal-convective

storms produce some runoff from small watersheds. Therefore, there are

two storm populations from which recurrence intervals for peak dis-

charges should be developed. Maximum peak discharges plotted from each

population probably intersect someplace between 100 and 1,000 square

miles, but the two populations should not be treated as one. However,

the two populations are not readily divisible, primarily because the
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length, accuracy, and diversity of streamf low messurements are inade-

quate to do so.

Transferability of Rainfall-Runoff Relationships 

Thunderstorm rainfall models developed from Walnut Gulch data

probably could be applied throughout much of the Southwest, particu-

larly in south central and southeastern Arizona, southwestern and

south central New Mexico, and parts of north central Mexico. The Wal-

nut Gulch models should apply as long as air-mass thunderstorms domi-

nate flood producing rainfall in the region. Variation cf the maximum

expected point rainfall depth from west to east and with elevation in

southern Arizona might be a refinement to be considered.

Use of rainfall-runoff relationships from Walnut Gulch on

other watersheds is more uncertain. Rainfall-runoff models from Walnut

Gulch can probably be transferred with considerable success to similar-

sized rangeland watersheds as long as the stream slopes are about the

same. The models would be applicable primarily because of the domi-

nance of thunderstorm rainfall over differences in surface infiltration,

soils, and geology of the rangeland watersheds. Also, the relatively

coarse alluvial channels on Walnut Gulch are typical of rangeland

watersheds in much of the Southwest. Rainfall-runoff relationships

for Walnut Gulch would not apply for flat cultivated watersheds or for

watersheds with physical controls on runoff.

Rainfall-runoff relationships developed for Walnut Gulch may

be usable for similar-sized watersheds in the foothills of major moun-

tain ranges and possibly throughout lower mountain ranges. Although
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both average watershed and channel slopes tend to be greater in the

foothills than in the valleys, mountain channels still contain large

volumes of alluvial material. The mountain channels also contain

flatter reaches that are controlled by rock barriers, which tend to

both store and hold back runoff. For example, a maximum peak discharge

of 8,00 c.f.s. for 38 years of record was recorded from the 36-square-

mile Sabino Creek watershed in the Santa Catalina Mountains in Septem-

ber 1970. This peak, which resulted from a "record" frontal-convective

storm, would be about a 10- to 15-year event, according to the runoff

relationships developed from Walnut Gulch data.

Rainfall-runoff relationships developed for Walnut Gulch may

not hold for timbered watersheds, but there are few records for

comparison-
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SUMMARY AND CONCLUSIONS

Fifteen years of rainfall and runoff records from a 58-square-

mile watershed were used to analyze thunderstorm runoff in south-

eastern Arizona. Rainfall models were developed, thunderstorm rainfall

was correlated to major runoff events, and limits for expected peak

discharges were determined.

Summary of Results 

Total rainfall from individual thunderstorms in southeastern

ArizOna represented by isohyetal mapping tends to be elliptical with

the long axis about 2 to 3 times that of the short axis. Within the

major runoff-producing thunderstorms there is a core of rainfall that

tends to be elliptical in shape, with the long axis only 1.5 times

that of the short axis. Since volumes and peaks from individual

thunderstorms are highly correlated, this core of runoff-producing

rainfall can be correlated directly with either the peak or volume of

runoff.

The runoff-producing core of thunderstorm rainfall can be

approximated for major runoff events from the maximum 30-minute point

rainfalls within the runoff-producing area of the watershed. Runoff-

producing rainfall lasts for an average of 55 minutes on a 58-square-

mile watershed for the major runoff events, but is reduced to a

maximum 30-minute rainfall in the model.

1117
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The maximum 30-minute rainfall model is applicable on the 58-

square-mile watershed because of the nature of thunderstorm rainfall

and the characteristics of ephemeral rangeland channels. Runoff-

producing rainfall lasts on the average of approximately one hour for

the major events on Walnut Gulch. Channel abstractions slow the move-

ment of the flood front over dry channels, with later contributions

tending to override the advancing front. Therefore, major flood peaks

are the accumulation of discharges from subwatersheds that arrive at

about the same time at the watershed outlet, regardless of the direc-

tion the storm moves, the shape of the rainfall pattern, or whether

the storm lasts for a longer or shorter than average time.

The nature of thunderstorm rainfall controls major peak dis-

charges on the smaller (less than 100 square miles) watersheds, where

channel abstractions are outweighed by the runoff-producing core of

thunderstorm rainfall.

Because of the nature of thunderstorm rainfall and because the

alluvial channels on Walnut Gulch are typical of many rangeland water-

sheds throughout the region, specific equations that were developed

to calculate peak discharges from thunderstorm rainfall for 58- and

8.0-square-mile watersheds should be applicable to similar rangeland

watersheds throughout southeastern Arizona. Extrapolations of these

equations should also be applicable for similar watersheds from

approximately 3 to 100 square miles.

Annual maximum expected peak discharges were determined for

Walnut Gulch for 10-, 25-, 50-, and 100-year recurrence intervals

from 6 standard statistical methods and the U.S.G.S. graphical method.



Values for the 100-year storm ranged from 15,000 to 35,000 c.f.s. with

the suggested government agency method, Log-Pearson Type III, pre-

dicting a 100-year peak discharge of 20,000 c.f.s. The Hazen method

appeared to fit the data as well or better than the other methods,

but none of the methods could be said to best describe the data, and

none of the methods could be used to predict peak discharges for longer

recurrence intervals with any reasonable degree of accuracy.

Therefore, two limiting curves were developed for expected max-

imum peak discharge versus watershed drainage, one from Walnut Gulch

and other data for southeastern Arizona and the second including data

from New Mexico. These curves were designated as the maximum expected

occurrences for flood peaks from watersheds of 100 square miles or less.

Both curves were based on maximum expected 30-minute thunderstorm rain-

fall with relatively dry antecedent channel conditions. Rainfall

records from Walnut Gulch and other areas in the Southwest indicate

that "record" runoff-producing thunderstorms tend to occur on water-

sheds with relatively dry antecedent channel conditions, because wet

antecedent conditions tend to reduce convective heating and thus reduce

the potential for a "record" thunderstorm to occur.

Maximum peak discharges from 15 years of record on Walnut Gulch

and the maximum expected peak discharges for Walnut Gulch and for the

Southwest were compared to flood peaks throughout Arizona. The maximum

expected discharge for Walnut Gulch (which should apply for watersheds

of about 100 square miles and less) has been exceeded only once (on a

41-sauare-mile watershed) in Arizona, and that was a miscellaneous
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measurement near Yuma, over 200 miles west of Walnut Gulch. The maxi-

mum curves for peak discharge versus watershed drainage may be useful

design curves for watersheds of 100 square miles and less.

Maximum discharges result from frontal-convective storms, and

occasionally snowmelt, for watersheds of 1000 square miles and greater.

Determinations of maximum expected discharges for small and large

watersheds (100 square miles and less as opposed to 1000 square miles

and greater) result from different storm systems and should be devel-

oped separately. "Steeper" curves for small watersheds that result

from air mass thunderstorms and "flatter" curves for large watersheds

that result from frontal convective systems, probably intersect between

100 and 1000 square miles.

As 

There were several sets of rather broad assumptions in this

paper basic to the development of the rainfall-runoff model. These

sets of assumptions are grouped here according to: (1) development

of the model for maximum 30-minute rainfall; (2) the applicability of

the rainfall model to a rainfall-runoff model; (3) development of the

rainfall-runoff model; and (4) use of the model for prediction.

Assumptions in Developing the Rainfall Model 

1. The recording rain gage network on Walnut Gulch was dense

enough to adequately define air mass thunderstorm rainfall.

2. The individual recording rain gages recorded point thunder-

storm rainfall with acceptable precision.
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3. Isohyetal maps of individual major thunderstorm rainfall

could be "avera ged " without distorting the true input beyond acceptable

limits.

Assumptions Relating Rainfall to Runoff 

1. Thunderstorm rainfall produced the major peak discharges

on Walnut Gulch.

2. For major peak discharges, individual cells within the

multi-celled thunderstorms occurred so closely together both in time

and space that the maximum 30-minute rainfall was an acceptable es-

timate of the runoff-producing core of rainfall.

3. There was little or no groundwater discharge.

Assumptions in Developing the Rainfall-Runoff Model

1. Multiple linear regression was a suitable means of analysis

for thunderstorm rainfall-runoff relationships on a semiarid rangeland

watershed.

2. Watershed characteristics that might affect peak discharge

could be adequately defined quantitatively.

3. If any of the 8 previous assumptions were both invalid and

essential to the relationship, correlations for the regression equa-

tions would be poor. In other words, good correlations at least sug-

gested good assumptions.
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Assumptions in Using the Model 

1. Because of the dominance of intense thunderstorm rainfall,

the model is applicable to other rangeland watersheds of similar slope

in similar climatic regions.

2. The model can be extrapolated to estimate greater peak

discharges than have been recorded as long as there is little out-of-

bank flow.

Recommendations for Future Study 

Future studies are recommended from records from both existing

hydrologic instrumentation on Walnut Gulch and needed new instrumen-

tation in other areas of southeastern Arizona. Hopefully, with more

diversified instrumentation, findings from Walnut Gulch could be

transferred with greater confidence to other watersheds, or at least

compared more quantitatively with data from watersheds throughout the

Southwest.

Specifically, future study is recommended to develop stochastic

models of both thunderstorm rainfall and runoff; and, as the length and

amount of hydrologic data increase, to develop better deterministic

models to calculate runoff from thunderstorm rainfall. Further study

is also needed to determine the relationships between thunderstorm

runoff from watersheds with extreme differences such as semiarid

rangeland versus forested mountain watersheds.
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Stochastic Approaches

Stochastic models based on the generally random nature of

hydrologic processes (such as the air mass thunderstorms of the South-

west) should be developed. Models predicting peaks and volumes of

runoff from individual thunderstorms should be developed from existing

Walnut Gulch and other data and continually improved as more data be-

come available. Because of the independent nature of thunderstorms

and the relatively minor effect of antecedent channel conditions, such

models may be developed solely from runoff and watershed parameters

without regard to rainfall. More data probably are needed before an-

nual volumes and annual maximum peak discharges can be predicted suc-

cessfully with stochastic models, because a 15-year record, such as

that on Walnut Gulch, may not include the extremes that are necessary

to develop such models.

Most stochastic models of thunderstorm runoff are relatively

simple when compared to extremely complex stochastic models for

thunderstorm rainfall. Where some stochastic models for thunderstorm

runoff have been developed, stochastic models for thunderstorm rainfall

are in the development stage. A simplified model, as developed in this

paper, can be assigned a rough probability of occurrence of being cen-

tered on a particular watershed, and the components that produced this

simplified model may be defined well enough to "build" the core of

thunderstorm rainfall.

One objective for study would be to develop a stochastic model

for thunderstorm rainfall that includes probabilities of being centered
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on ; or intruding onto, watersheds of different shapes and sizes and

then calculating resulting runoff by using a deterministic model.

The probability of storms of various magnitudes and areal extents oc-

curring within a given region might be based on meteorological

conditions.

Deterministic Approaches 

There are three principal approaches to hydrologic modeling:

(1) constructing a physical model of a watershed and introducing rain-

fall to this model, (2) representing the watershed by electric analog

model, and (3) developing mathematical equations to explain or describe

the watershed as an operator on rainfall, from which runoff is calcu-

lated by a digital computer. Although physical models are interesting

to view and may have some qualitative value, it is doubtful that they

will add anything to the knowledge of thunderstorm runoff. However,

analog and digital models may be important tools in recreating the

extreme variations in thunderstorm rainfall-runoff relationships.

Use of Electric Analogs. A joint project between the Agricul-

tural Research Service and Utah State University to develop an analog

model for the Walnut Gulch watershed has been under way for several

years. An electric analog was used by Amisial and others (1970) to

predict runoff from a 3-square-mile subwatershed of Walnut Gulch. Al-

though the model showed promise, the two storms that were tested were

very small (peak discharges of 20 and 30 c.f.s.), and more tests are

needed to see if the assumed dominance of the watershed and channel

friction factors control the large flows as they appeared to control
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the very small ones. Possibly, a different, but similar, model may

be needed where more emphasis is placed on rainfall intensities and

overriding characteristics of channel flows in the relatively steep

ephemeral channels on Walnut Gulch.

Use of Digital Computers. Models developed for digital com-

puters, take much the same form as do analog models, at least on paper.

The significant parameters are usually the same. Digital models may

be faster and more useful than analog models for Walnut Gulch and other

semiarid rangeland watersheds, because there are generally no ground-

water discharge and return flow components on small semiarid watersheds

(100 square miles or less) in southeastern Arizona. The delay or lag

features of the electric analog may be best suited to runoff that in-

cludes such contributions as snow melt and groundwater discharge,

while the rapid movement of thunderstorm runoff overland and through

channel system may be better suited to analysis by digital computers.

Channel Abstractions 

Better definition of thunderstorm rainfall is essential in

developing better models for thunderstorm rainfall-runoff relation-

ships. Also important for developing better models is a better un-

derstanding of the flow abstractions in the ephemeral channels.

Further study on channel abstractions is essential to developing better

rainfall-runoff models for thunderstorm runoff in the Southwest.
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