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INTRODUCTION 

The purposes of this report are twofold. First; to 

derive, describe. and test a number of different methods 

for predicting storm runoff from a Colorado Front Bange 

watershed, and second; to relate runoff characteristics 

to the storm producing it. In short, to both predict and 

explain the runoff on the watershed in question. 

The need for prediction equations in watershed work 

1s urgent. Such equations can be used by both the researcher 

and the practitioner. In present watershed research the 

effect of treatment on a watershed is usually ~asured by 

paired wateraheds--one treated, one untreated. An accurate 

prediction equation might eliminate the need for a second 

or control watershed. The effects could be measured 

directly, comparing observed runoff after treatment with 

computed runoff representing no treatment. Estimates of 

storm yield might also be useful for the manipulation of 

reservoir storage in water supply systems and flood control 

structures. Further, a prediction equation might show the 

relative importance of each factor concerned in prodUCing 

runoff. These factors might then be altered accordingly 

to control runoff. 

It was also hoped that if a sufficiently accurate 

prediction equation (or system) could be produced for a 

given watershed. that the constanta in a prediction 



equation (or system) would be functions of the phyeical 

character1stic. of the watershed. These, for example, 
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aight be the gradient of the channel, percent cOTer, average 

or mean eleTatian, or dra1nage dens1ty. If equatlons of 

the sa.e fora and accuracy could be developed for a number 

of different watersheds, their characterist1cs could then 

be related to the constants. For further studies, the 

runoff for a giT8n Bet of conditions could be predicted 

using standard topographic map., COTer type maps, and 80il 

surveys of the watershed. Thus, it is considered that 

this study is the first step of a larger study on the 

effect of watershed variables in runoff prediction. 

It is a known fact that ralnfall produces runoff. 

The rainfall, however, usually follows a varied but 

tortuous path to the stream channel, allowing sany losses 

a~ng the way. For a given storm, a substantial amount of 

potential storm runoff is lost through vegatatlTe inter­

ceptlon. That whlch is not lost in this fashion reaches 

the ground surface, to be detained aga1n by the litter. 

Of the rainfall that reaches the eol1 ~tle, a portion 

satisfies 80il moisture requirements or becomes part of 

ground water storage. In some cases water may be held 

temporarl1y in the 8011, and soon enter. the channel as 

surface water. That whlch is not lost or deta1Ded thus far 

ls aTal1able for surface runoff, aDd once the cbannel is 

reached, transportiTe losses occur. The entlre process ls 

subject to heaTY eTaporatiTe losses, fro. either the soil, 



the vegetatlon, or the channel. Thus only a fractlon of 

the ralnfall from a storm survives to reach a potnt of 

stream flow measureaent. In any case, the 8t~ runoff ls 

the dlfference between the preclpltatlon and the losae. 

lncurred. 

J 

As the above outllne of the hydrologlc cycle suggests, 

losses vary, dependlng upon the characterlstics of the 

storm produclng the ratnfall, the so11, the vegetal cover, 

the topography, and a number of other factors. Rany of 

these are lnterdependent, dlff1cult to measure, and of 

var1ed importance. 

Other thtngs being equal, the volume of runoff varles 

wlth the volume of rainfall. Also, runoff 1ncreases as 

the intenslty of ralnfall increases. It follows that 

runoff lncreases as the storage potentlal decreases. In 

general, as losses decrease, runoff 1ncreases. 

This study attempts to est1mate the effect of three 

factors (storm volume, storm lntensity, and antecedent 

basin molsture conditions) on the production of storm 

runoff. Thls ls the equlvalent of estlmatlng losses, as 

that which i8 lost does not appear as runoff. 

The study was conducted on a Colorado 'ront Bange 

watershed, "lsaourl Gulch, about 10 al1es north of WoodlaDd 

Park, Colorado. The stream ls a .1nor trlbutar, to the 

South Platte Rlver, and ln 11ght of the ever lDCre.a1Dg 

demand for water on Colorado'S Eastern Slope, aome research 

ln runoff productlon fra. a representatlve Front Bange 

watershed seems Justlfled. 
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Review of Literature 

The prediction of water yields from a single storm 

has merited little attention in the literature. More often, 

interest has centered around monthly, seasonal, or even 

annual yields. Considerable attention has been devoted to 

the prediction of peak flows from a storm, mainly for 

engineering and design purposes. A few of the more perti­

nent of these studies are reviewed to proTide background 

for this thesis. 

A number of methods of relating storm precipitation 

to storm runoff have been developed. These and several 

proposed methods will be discussed. 

Estimating Peaks 

Perhaps the most widely used method of computing 

peak flows is by means of the rational formula (Wil11ams, 

1949): 

Q = C I A 

where I is the storm intensity for the time of 

concentration in inches per hour, A is the area of the 

watershed in acres, and Q is the ultimate peak discharge 

in cubic feet per second. C is the coefficient of runoff, 

defined as the ratio of the volume of runoff to the volume 

of precipitation. This method is applicable only to small 

aress, where the storm can be assumed to COTer the entire 

watershed, and 1s of long enough duration to allow the 



runoff to reach 1ts ult1mate peak. Typ1cal values of C 

range from 0.1 to 0.2 for "forested areas" to 0.5 to 0.9 

for concrete or b1tuminous pavement (Hewes and Oglesby, 

1957). Much work has been done 1n an atteMpt to f1nd 

accurate and descr1pt1Te values of C (Gregory, 1952; 
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Tyler, 1950; W1lli s, 1949), but 1t 1s generally concluded 

that runoff 1s equal to ra1nfall minus losses, not ra1nfall 

t1mes a percentage factor (W1sler and Brater, 1949), as 

the rat10nal formula implies. That 1s to say, the Talue 

of C is not constant. 

Another popular formula 1s the Talbot formula 

(Society of Amer1can Foresters, 1955): 

A = Ca3/ 4 

where A 1s the required culvert cross sectional area 

in square feet, a is the area drained 1n acres, and C is 

the coeffic1ent whose value depends on the topography. 

Th1s method, although used by 35 state highway departments 

in 1951 (Exum, 1951), is also recognized as inadequate. 

Many similar formulas have been used for predicting 

peak flows 1ncluding the McMath formula (Steel, 1955) and 

the Burk11-Ziegler formula (Steel, 1955). These are as 

follows: 

McMath Q = ARC (S/A)l/5 

Burkli-Z1egler Q = ARC (S/A)' 

in which Q 1 the peak flow 1n cub1c feet per second, 

A 1s the area drained in acres, R 1s the aTerage rate or 

ra1nfall 1n 1nches per hour, S 1s the aTerage slope of the 



watershed in feet per 1000 feet, while C is the rational 

coeff1cient of runoff. These formulas have been used 

pr1marily in urban situations for the des1gn of sewerage 

works. 

All of the above formulas predict the ultimate peak 

flow, or the maximum flow that could occur. 

Estimating Annual ~ Seasonal Runoff 

~ydrolog1sts have also been called upon to predict 

seasonal and annual y1elds. Cg1hara (1957) suggested a 

new formula to express the relationship between annual 

rainfall and runoff: 

y3 - x3 + ay = 0 

where y 1s annual runoff, and x is annual rainfall, 
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while a is a constant. However, he also warns that in most 

cases annual runoff plotted over annual rainfall approaches 

a straight line (in contrast to the above formula), and 

cites reasons: 

Every place on earth has its own cli.tnat ic condi tions ..•. 
Precipitation, being of local character, fo~lows a 
more or less established pattern .••• Consequently •.•• 
the relationships between annual precipitation and 
the annual runoff may also vary within a certa1n 
limited range, and if so, the relationsh1p Detween 
the two can be represented by a linear equation. It 
is important to recognize, however, the s~ggest10n of 
the application of a stra1ght line is only an attempt 
to show this relationship graphically. 

In the early 1900's, Jr. J.E. Church of the Jnlver-

sity of Nevada studied the prediction of seasonal runoff 

from snowmelt (Stafford, lq59). ~e attempted to correlate 

the spring level of Lake 1ahoe with the water content of 
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the snow an nearby Mount Rose. His equations predicted the 

level within ten percent until 1916, when the actual rise 

exceeded the predicted by 29 percent. 

More recently. research was conducted in the Central 

Rocky Mountains of Colorado to investigate the relation of 

snowmelt to solar radiation, air temperature, wind, and 

relative huaidity. Correlat1on analys1s determined that 

the temperature factor alone was at least as good, and 1n 

many cases better than a combinat1on of factors. (Qarstka 

et al •• 1958). 

Est1mat1ng Storm Runoff 

~ult1Dle Regress1on: Th1s method has been used to 

advantage many t1mes for relating peak flows and sed1~ent 

yields to storm and watershed characteristics. It is 

summar1zed by the U.S. Forest Service (1959): 

The method combines the least squares f1tt1ng of the 
best equat10n to the data and g1ves a measure of the 
s1gn1ficance of each of the effects, the probable 
range in error in the 1ndividual effects, and the error 
1n the total effect. The tests of significance give a 

'criterion to judge whether a given ind1vidual variable 
should be retained or dropped from an analysis •••• The 
overall results are expressed in the form of an 
equation. 

An excellent example of the application of the multlple 

regression approach is a study by Anderson and Trobltz 

(1949), who sald: 

Multlple regress10n analysis was des1gned to glve 
est1mates of the degree of associatlon between 
varlables, w1thout regard to cause and effect. 
However, in the app11catlon of regresslon results 
some degree of cause-effect may soaetlaes be 
inferred. In a strlct statistical sense such an 
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inference is justified for an independent variable only 
if all other variables correlated with it are either 
included in the analysis or are known to bear a cause­
effect relationship to the independent variable. Such 
a condition can rarely be attained in practice; howeTer, 
the reliability of estimates as to association and the 
possibility of reasoning as to cause are materially 
increased if the variables are set up on logical 
grounds and all the variables expected to be important 
are tested. 

In a later work on sediment yields, Anderson (1957) 

defends the use of multiple regres ions in the logarithmic 

form. It is also noted that the multiple regression method 

has been found useful by several research workers. The 

multiple regression will tell two things: 

1. " •••• how the parts and characteristics of the 
watershed contribute to sediment yields." 

2. " •••• how well we can predict the yield fro a 
watershed by a study of the parts." 

The log transformations were used for two chief 

reasons. First, if one variable is changed, the net 

effect on sediment yield depends upon the values of each 

of the other Tariables. When this is the case, the log 

form gives the simplest form of the function. Second, 

the variability of sediment depends upon the magnitude of 

the variables. When this is true, the log transformation 

gives a more Talid estimate of error OTer the range of 

estimated sedimentation. 

Finally, Anderson noted that "neglected" Tarlablea 

are not really neglected, but are hidden in other 

variables and distort the relationships found. 
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Potter (1955) stud1ed the effect of topographic and 

rainf 11 factors on peak runoff 1n the Allegheny-Cumberland 

Plateau through ult1ple regression, and expressed the 

relat10nshlp 1n the follow1ng equat1on: 

Log q = -1.421 + 0.01701ogA - 0.5441ogT 

+ 0.9291ogP + 0.4991ogS 

where q 1s the peak rate of runoff in cubic feet per 

second, A 18 the area 1n acre , wh11e T, P, and S were 

respectively factors descr1b1ng topography, intensity of 

precipitation and frequency of storm occurrence. An 

analysis of covar1ance showed all the 1ndependent Tariables 

to be sign1f1cant beyond the 0.1 percent probab11ity 

level. Potter concluded that the re11ab11ity of est1mates 

could be 1ncreased by the careful select10n of independent 

var1ables. 

More recently, an analys1s of storm runoff of the 

Delaware River bas1n 1n Kansas by Sharp et ale (1960) by 

the mult1ple regress10n method provided several interest1ng 

conclusions: 

1. " •••• Ithough the mult1ple regr ss10n approach 
w111 result in a 11ne of best f1t and best 
est1mattng equation for hydrolog1c data, 1t 1 
not safe to place too much reliance on Talues 
est1mated by such equations, particularly at 
leTels far reaoTed from the mean, despite high 
correlat1on coeff1cients." 

2. " •••• some of the more modern stati tical 
procedures aay be better tools than the aultiple 
regression approach for eTaluat1nc effect. of 
watershed parameters on water y1e14." 
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Dimens10nal Analysis: This is a comparatively recent 

process, that attempts to determine a fvnct10n through the 

use of dimensionless ratios. Although not a method Rer ~, 

it can be used as a helpful device in certain instances. 

Through a process of judicious select10n all variables are 

grouped into a series of dimens10nless terms that are then 

u ed in attempts at correlation. Simans et al. (1960), 

descr1bed the use of dimenSional analys1s in solving 

problems of flow in alluvial channels, and noted three 

ways in which d1mensional analYSiS can be helpful: 

1. Reduce the number of variables. 

2. Make the results applicable regardless of the 

system of units used. 

3. Systematize the research and the analysis of data. 

It has been said that dimensional analysis is based 

on a s1ngle premise: That a phenomenon can be expressed 

by a dimensionally correct equation among the var1ables 

(Langhaar, 1951). This premise is both the strength and 

the weakness of th1s method. Dimensional analysis can 

give a partial solution with little work, but does not 

yield a complete solution. The process also reveals little 

of the inner workings of the pheno enon. 

Dimensional analysis was applied to runoff from a 

watershed by Erzen (1949), who derived a relationship 

between rainfall, watershed area, and runoff for three 

watershed areas in Illinois. The relationsh1p was as 

follows: 



where Q 11 the d1 charge at t1ae t, g 1s the aooel­

erat10n of g Y1ty, A 1s the area of the watershed, H 11 

the areal yoluae of rainfall, t is the t1me froa the 

begtDn1ng of runoff, and ~ 1s the kinemat1c v1soos1ty of 

water. Brzen alsuaed th t 11 the rainfall fell at ODe 
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1ntant, that basln a01sture cond1tlons are 1noon .. quentlal, 

that all ra1nfall runs off, and that 1ntens1ty of ralnfall 

does not have an effect. Desplte all thiS, three water­

sheds were cal lbrated , and a close fltt1ftg curTe der1Yed 

(see Flgure 1). The followtag subst1tutlons were ma4el 

Y ,. Q gt A-3/4 H-1 X :It tgt A-t K =V2 g-1A-3/2 

Then Y ,. j(X,K) 

Because the three watersheds were in slml1ar geolog1 c 

and geomorphic areas, X was assu.oaed to 'be the lie 1n all 

three case stud led • It should be noted that If A,1.1, and 

g can be con 1dered as constant for a g1ven watershed, 

the re 1ntng yarlables X and Y can be reduced to yaK1 (Q/H), 

and X .. K
2
(t). 

Mo mentlon was de as to the 8ultab111ty of the 

technlque. 

GraRhlcl P rhapi the .oat successful aDd proa1stac 

.ethod 11 that of coaxial graphlcal correlatls. The 

• thod ls desorlbed by zeklel (1941), aa4 s enlarced 

upon by Kohler aDd L1nsley (1951). The .. thod .1ght alao 

be called -graph1cal succe.slye ella1Dat10D-. It has th 

advantage cf haY1ng oonslderable fr do. 1n 1ts f1o&1 fora, 
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and adjust.ents for yarlous factor. are ea.lly seen 

through graphlcal means. How Yer, appllcat10n ls both 

labor1ous and tlme consum1ng. 

The .ethod 1s based on the pre 1se that 1f an 

1mportant factor 1s left out of the correlat1on 1t w1l1 

be ey14ent 1n the catter of po1nts on a plot of the 

relat1on. That ls, the scatter can be explalned through 

the 0 1tted faotor (~ohler and Linsley. 1951). 

~ohler and Llnsley (1951) made an analys1s of the 

storm runoff fer the R ocacy Rlver at Jug Brldge, 

Maryland, and eyolyed what .... ed to be f lrly accurate 

result. (No mathe t1cal cr1ter1a of accuracy are 

proy1ded by th1s m thod.) An 1mproyesent of the .. thod 

was made by M11ler and Paulhus (1957), and 1t ... postu­

lated that certain of the rel t1onah1ps der1yed could be 

used on oth r a 11 basins in a g1yen reg1on. 

Success!Ye Eli 1nat1onz No preY10uS app11cat1on of 

th1s method to the est1mat1on of stor. runoff could be 

found 1n the l1terature, but Ezek1el (1941) coyers the 

ubject adequately, and suma&rlzea that ••••• (succ sslYe 

e11mlnat1on) can gradually det r.lne the net as.oe1at1 

of eaoh f ctor, but the method 11 long labor1ou •• 

Ezeklel al 0 states that a horter sathe t1cal method 1s 

ayal1able whloh g1yes the saae results. Th1s shorter 

method ls lmotm a8 aul t1pl. regre s1em. 

1) 



Other " thod' ~ I tl"tlpg Stora Runoff 

A number of other methods have been consldered. 

Although they fall outslde the scope of thls paper, they 

are of merlt fro. the standpolnt of sclentlflc tnterest. 
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Infiltration: The infl1tratlon capaclty approach 

has recelved a great deal of attention in the past, but 

lnterest has receded ln recent years. Thls method postu­

lates th t the ralnfall that does not infl1trate into the 

so11 (r lnfall excess) wl11 appear as runoff. The present 

state of knowledge was sumaed up by Cook (1946), and some 

of hls more important potnts are 11sted below: 

1. Only surface runoff can be det ralned fro. lnfl1-

tratlon data. 

2. Runoff sust be eparately calculated from each 

co plex, and these values summed to obtain the 

runoff from a multl-complex area. 

J. The only ratlonal way to calculate the runoff 

from a slngle complex ls by the uae of lnfil­

tratlon curves. 

4. Infl1tratlon data should be accompanled by a 

full descrlptlon of the process us d ln thelr 

deters1nat1on. 

Coltharp (1955) applled the lnfl1trat1on c pac1ty 

approach to water heds falrly close to the study area ot 

thls paper, and found that only Ofte-tenth of the ra1nfall 

excess appeared as runoff. Altho~h the so11 are 

d1fferent, the topography and vegetat10n are seaewhat 



similar to parts of the study area. In the light of 

this, and item 2 above, the infiltration approach was 

not used in this paper. 

3l!1ll HydrograB,h: The unit hydrograph or uni tgraph 

(Sherman, 1932), has been in use for a number of years as 

a method of predicting storm runoff, and was thought by 

some to be a panacea for hydrologic problems. The popu­

larity enjoyed by this method may be in part an explan­

ation for a lack of development of other methods. In 
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any case, time has shown it to have notable shortcomings 

(Barnes, 1959). Often the successful application of the 

unit hydrograph method calls for an amount of personal 

judgement for success, and the method falls down on a 

number of different assumptions. Two of the most important 

Of these assumptions are that the entire watershed is 

contributing runoff, and the lag time is a fixed period 

for a given watershed. Informal studies on the nature 

and amount of data available as well as the character­

istics of rainfall and runoff have indicated that the 

unit hydrograph method is not applicable to this study. 

Others: A number of recent efforts center around 

soil moisture as a key parameter. For a set of agri­

cultural watersheds near Edwardsville, Illinois, Minahall 

(196o) developed time retention curve8 for each 80il­

cover combination, based on antecedent precipitation and 

season. Then, storm runoff was esti_ted fro. the 



precipitation pattern and the time retention curves. It 

was concluded that runoff from the most important storms 

could be estimated with "reasonable accuracy" from the 

mass rainfall diagram and the time retention curves. 
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In a northern Misslssippl study, surface runoff was 

strongly correlated with storage opportunity in the upper 

six tnches of solI. The pred1ctions were most accurate 

for the wlnter period, and least accurate for the hlgh 

intenslty storms (Thames and Ursic, 1960). 

Previous Studies 2n th~ Missouri Gulch ~aterBhed 

Although the study area was instrumented for 

twenty years (1939 through 1959), comparatively little 

has been written on it. Annual Reports of the Rocky 

Mountain Forest and Range Experiment Station (U.S. Forest 

Serv1ce, 1949, 1950) mention the physical and hydrologic 

characteristics of the Missouri Gulch waterShed. An 

attempt at relattng storm runoff to storm volume and 

six-day antecedent runoff was published in the 1949 

Report, where it was found that volume of precip1tation 

and antecedent flow accounted for 80 percent of the 

variation in stor. runoff, with precip1tation alone 

accounting for more than half. 

Rosa (1954) carried out some spec1allzed 1nvesti­

gations of runoff on Missouri Gulch, and found from a 

study of eight storms, that lag time varied from eighteen 

to thirty-five mlnutes, with an average of twenty-eight 



minutes. It was also determined that 50 percent of the 

storm runoff occurred within about twenty-two minutes of 

the start of runoff, while storm runoff generally ended 

about ninety minutes after it began. 

17 

Dortignac and Love (1960) described some of the 

characteristics of infiltration on Missouri Gulch, 

acknowledging that the aspen sites had the highest infil­

tration rates . Berndt (1960) ~de a general study of 

precipitation and runoff on Missouri Gulch, describing 

the nature and character of runoff, both on an annual 

basis and for individual storms . Some of Berndt's 

conclusions are dealt with more specifically in a 

description of the study area. 



Methods and Materials 

Study ~ 

General: The study area for this thesis is the 

Missouri Gulch Watershed, in the Manitou Experimental 

Forest, located about eight miles north of Woodland 

Park, Colorado. The watershed is 4600 acres in Size, 

and is located in parts of Douglas, El Paso, and Teller 

Counties. The Experimental Forest is administered by 

the U.S. Forest SerVice, under the direction of the 

Rocky Mountain Forest and Range Experiment Station, 

located in Fort Collins. The ExperiMental Forest and 

some of its functions .. described in some detail by 

Love (1958), and more detailed descriptions of the 

watershed follow in this section. The general location 

of the study area is shown in Figure 2. 
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History and Present ~ ~: Although relatively 

inaccessible, the watershed has been used in the past for 

a variety of purposes. It has been grazed for years, and 

logging and burning have also taken place in parts, while 

other parts contain lands of overmature timber. There are 

a number of mine prospecting holes throughout the .. tershed, 

but the area is now closed to mining explorat10n. 

The watershed is presently grazed a8 part of a 

regular Forest SerTice allotment, and there 1s a small 
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a ount of recreational uses 

of Missouri Gulch, and so 

fishing in the lower reache 

hunting dur1ng the fall 

20 

months. The eastern edge of the aterahed coincldes wlth 

the Baapart Bange Boad, which is popula during the 

summer months as a scenic drive from nearby Colorado 

Springs. No doubt there is some picknlcklng and other 

similar recreational use during the umm r months. 

However, the primary purpose of the watershed is 

that of r search in land use and watershed management. 

The watershed ls thought to be somewhat typical of the 

Colorado Front Range. 

Solls ~ VegetatiQaz The soils of the wat rshed 

are derived pr1 rily from Plke's P k granite, w1th a 

small area of 011s f rm d fro d1so limestone. 118 

derived directly from these sources compr1se about 66 

percent of the total ate shed area. 

The granlte der1ved 011s t nd to be aCid, Lnfertile, 

low in organlc terial, and highly erodible, while 

extremely porous. Some area of these soils exist with 

little or no vegetation, and on slopes hich r nge up 

to 60 percent. The Burface soils are shallo , with 

loose gravel co .. only making up more t~ 50 percent of 

the soil. 

The limestone derived 8011s, are generally fertile 

and have excellent moisture relations. They contain 

high pe~centage of calcareous rock, with a suhstrat of 
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rock fragments wlth flne soil materials in the flssures. 

Erosion is not a serlous problem on thls so11, and gullles 

usually grass over in a short tlme (Retzer, 1949). 

Alluvial so11s occupy about 16 percent of the land 

area of the watershed, and are found ln stream bottoms 

and alluvlal fans. These soils are usually occupled by 

pure stands of quaklng aspen, and exhibit a very hlgh 

infiltration capacity. 

Less than 1 percent of the watershed is in meadows 

and bogs, while close to 18 percent is exposed rock, 

mainly bare unweathered granite. Much of this bare rock 

is concentrated in a sheer rock ridge along the eastern 

wall of the maln valley of the North and South Forks. 

(See Figure ) 

The distributlon of the so11s and surface condi­

tions are shown 1n Figure 4 and Table 1, while a more 

detailed description of the soils with their relation 

to vegetatlon is found in the Appendix. 
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Table 1 

DISTRIBUTION OF SOILS AND SURFACE CONDITIONS 
IN THE MISSOURI GULCH WATERSHED 

So11 or Surface Con!ltlon 

Grani te Sg.U S 
Edloe grsTelly sandy 108M 
Stecum grsTelly sandy loam 

Limestont So11s 
Chubbs stony loam 

Alluvlal So11s 
Meadows and Bogs 
Bare Hock 

Area (Acres) : 

212) 
787 

114 

725 
26 

Totals 
~ 
~ 

Source: Berndt (1960) 

Percent 
Are! 

46.1 
17.1 

2.5 

15.8 
0.6 

17.9 
100.0 

Timber COTers about 84 percent of the land area of 

the Mlssourl Gulch watershed. There is some oTermature 

timber tn the South Fork drainage, however much of the 

watershed is covered with scattered ponderosa pine and 

Douglas-fir, or small dense lodgepole pine stands, 

reflect1ng past logging and burn1ng. The bottoms are 

generally in either grass or aspen, or a comb1nat1on of 

the two. On north exposures ponderosa pine and Douglas­

fir predom1nates, wh11e south facing slopes tend to be 

free of trees, and the cover consisting mostly of bruah 

and grass. The remainder of the watershed (9%) ls bare 

rock and erosion pavement. 
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The porosity of the soil mantle is reflected in 

high inf11tration rates. Test results froa rune w1th the 

Hocky Mounta1n inflltrometer are shown tn Table 2. 



Table 2 

INFILTRATION RATES POR THREE COVER TYPES. 
MISSOURI GULCH WATERSHED 

Cover Type 

Quak1ng Aspen 

Mounta1n brush 

Ponderosa p1ne 

: Inf1ltrat1on Rate· 
(Inches per hour) 

4.30 

3.22 

3.1l" 

*Last twenty m1nutes of a f1fty m1nute run 
Source: Berndt (1960) 
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F1gure 5 shows the d1str1bution of nat1ve Tegetation 

in Missouri Gulch. The areal extent of the vegetation 18 

summarized in Table 3. 

Table 3 

EXTENT OF VEGETATION, 
MISSOURI GULCH WATERSHED 

COTer Type : Area 
'Acr!sl 

Lodgepole p1ne-EngelDl&ml spruoe 1119 

POl'ldero8a p1ne-Douglas-f1r 1372 

Quak1ng aspen 392 

M1xture 966 

Brush and grass 352 

Eros1on paTeent 316 

Bare rock ~ Totals 
Source: Berndt (1960) 

Percent 
Ar 28 

24.3 

29 . 8 

8.5 

21.0 

7.7 

6.9 

~.8 10 .0 
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Figure 5 

Dominant Plants 

Manitou Experimental Forest 
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TopogrsRhx: The Missouri Gulch watershed heads at 

approximately 9400 feet elevation in the Rampart Range, 

and flows generally westward to its confluence with Trout 

Creek at about 7500 feet elevation. The waters of Trout 

Creek join the South Platte river near Deckers, Colorado. 

The drainage pattern is a combination of trel11s 

and dendritic. This 1s thought to be due to a sheer rock 

ridge 1n the eastern part of the watershed (See Figure », 
and a comb1nat1on of erodible soils and steep slopes 

elsewhere. Because of the presence of this rocky ridge, 

the eastern part of the watershed 1s a semi-plateau, 

be1ng several hundred feet above the maln stems of the 

North and South Forks. This upland is thought to be a 

remnant of the Rocky Mounta1n peneplain (Worcester, 1946). 

The area-elevation curve for the watershed (See Figure 6) 

reflects the presence of this plateau w1th an aberration 

in the curve, which occurs at about 8800 feet elevation. 

Slopes in the watershed range from 10 to 60 percent. 

The maximum elevation in the watershed is 9)62 feet, 

while the minimum is 7700 (at the Lower Missouri Gulch 

gaging station); the mean elevation 1s 8676 feet. 

Some concept of both the shape and the drainage 

characteristics of the watershed is illustrated in 

Figure 7. About 80 percent of the land area is w1th1n 

three miles of the mouth, while no point is greater than 

3.72 miles away. 
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Figure 6 

Area- elevation Curve 

Missouri Gulch Watershed 
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The watershed 1s roughly triangular ln shape, with 

three chlef tributaries to the main stem. The North Fork 

joins the South Fork to form M1ssouri Gulch proper. Th1s 

stream is Joined about two mlles downstream by Llttle 

Mlssouri Gulch, which is the last major tributary. Thls 

stream pattern ls shown ln Figure ). 

Cllmate and Hydrology: The nearest climatologlcal 

s~ation to the study area ls located at the Experimental 

Forest headquarters, about 2t miles from the Lower 

Missouri Gulch gaging station. Thls climatological 

station, at an elevation of 7740 feet, has an average 

temperature of 40.6oF., and the climate has been described 

as mild (Love, 1958). 

No temperature measurements were taken on the study 

area. The annual precipitation on the watershed for the 

period 1940 to 1959 was 18.27 inches (Berndt, 1960). 

~uch of thls precipitation comes during the summer Months 

in the form of thunderstorms, yielding rain of high 

intensity but short duration. Most of the storms studied 

in this paper are of this type. 

From the headquarters temperature data and the 

Missouri Gulch ralnfall data, an estimate of the water 

balance was determined by Berndt (1960) for the study 

area. This is shown in Figure 8. Typically, there is a 

surplus of moisture in the winter, and a deficiency in the 

summer, starting about the middle of May. 
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The average thunderstorm on Missouri Gulch yields a 

low percentage of streamflow, frequently less than 1 percent 

of the storm preCipitation. Similarly, on an annual basis, 

less than 10 percent of the preclpitation becomes runoff. 

More than half the annual runoff comes ln May and June, 

as the result of sprlng snowmelt, while most of the storm 

flow comes during the summer months, as the result of 

thunderstorm activity. 

An observer on the watershed during a typlcal 

thunderstorm would witness little surface runoff ~ !!. 

Due to the geologic nature of the watershed, i.e., deep, 

porous, and uniform subsoil condltlons, it ls believed 

that most of the prec1pitation enters the so11, and 

becomes 1nterflow, or subsurface flow, and that there ls, 

in fact, very little overland flow. The high infiltratlon 

rates (Table 2) suggest thls explanation. 

Missouri Gulch flows most of the year, but disappears 

underground in some places during periods of low flow. 

The North and South Forks dry up in places, but a few 

pools can usually be found ln their courses. Little 

Missouri Gulch is also a perennial stream, in fact,showing 

some signs of being a more efficient water producer than 

the two previously mentioned sub-watersheds. 

Instrumentation 

Stream Gaging: The stream gaging system in the water­

shed consists of a two-foot San Dimas flume at the mouth 

of the watershed (See Figure 9), and two 900 V-notch weirs, 





lnstalled an the Horth and South Forks, Just above thelr 

confluence (See Figure 10). 
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The San Dl s flume rests on bedrock, and therefore 

measures the total flow at thls point. However, lee 

collects ln the wlnter, and no acourate record of w1nter 

runoff 1s aval1able. The streamflow records cover the 

per10d from ' 1940 to 1959. and the gag was usually in 

operat10n from Aprl1 1 to November 1. 

The V-notch welrs were lnstalled ln 1951 to easure 

trlbutary flow. These welrs, however, dld not .aasure 

total flow, 88 they were on alluvium r ther than bedrock. 

It ls estlaated that about 90 peroent of the flow was 

gaged. The water level recorders were operated durlng 

the same lIonth • • a the San 01 s fl wae. Al though the 

stl11ing wells froze durtng the wlnter, the flow was of 

sufflc1ent veloc1ty to keep the welr blades free of lce, 

and staff gage read1ngs were taken per1od1cally to provlde 

an estlmat of the flow. 

Precipitation Measure!! t81 The watershed was 

originally provided with a rather denae network of rain 

gages, lnclud1ng flve recordlng gages aDd over a dozen 

standard gages located strateglcally throughout the water­

shed. Over the years, sOlie of the staDdard gages were 

found to be r,edundant, and were oonsequentl, e1111inatect 

froa the system. When the Mlssourl Gulch studies were 

concluded (Septe.ber, 1959), only nine ataadard gages 

and five recording gages were 1n operation. However. for 
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the purpose of th1s study, the prec1p1tat1on for the 4600 

acre watershed was m asured by a system of eleven gage , 

five recording gages and six non-recording (standard) 

gages. 

In 1955, one recording gage was mOTed to a more 

accessible location. and the stat10n name changed from 

1&2 Common to Feldspar. 

The location of the various rain gages, 8S well as 

the location of the stream gaging station are shown on 

Figure 11. 

Data Reduction 

Storm Volqme ~ Intensities: The individual storm 

information was taken from the recording rain gage charts 

and several weekly standard rain gage records. Fro each 

of the record1ng gage charts intens1ty information and the 

s1ze of the storm was compiled. A storm is defined as 

continuous r infall with no intens1ty less than 0.05 

inches per hour for an hour's duration. The intensity 

1nformation was averaged using a Thiessen Mean for the 

gages reporting, and th1s value was used 8S the intensity 

of the storm. Both the maximum twenty-minute and the 

maximum th1rty-m1nute intensit1es were computed for each 

storm (i20 , 130 ), but only the th1rty minute intens1ty 

was used 1n the final analys1s. 
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Storm pr 01 ltatl0 t ken fro the r cordi g gage 

,... nal'ts wa xpres d a a P 'C ..... nt of the eo 's tot 1 

rainf 11 at th t tat1o:1.. Thl!lse value "ere then plott d 

on a p of Mis ourl GulCh, and l1nes of eqU21 percent ge 

w re dr \Iffi (S ppendlx). Percen ge v lu IS were then 

interpol ted .or tne st ndard gage station, and th 

lnterpolaved ro ntage wao mul tiDll d by wee~ ly rain all 

to give the storm r~lnf 11 at th t at tlon. Then, r~vin~ 

the storm ra1nf 11 for 11 selected stations 1n toe 

water h·d, the Tnle. 3 n Je n alue of th rainfall ~s 

deter.lne , ana this ~igure wa u ed s th star r inf 11 

(¥) for the w ters ed. 

Th on day ante-

~edent p ~ci" 1 tion (Ii) pro 1d.d n 1 de ~ of 80 1 

moi ture. y ntec~d nt prec1pltation W B U ed 

af~,r prellmi'>~Y a . is of the t 0 y. f 1. e dll Y • r d 

sev n d y teced nt preclp1t t.lon. The ; par .t IS 

ShO' eo e1ther Iltt14 value a index, or a strong corr -

latlon lth the on day antecedbnt pr cipltatlo~. lh 

data for lnd.lvid storms were co put d Irom tne Ml 80 rl 

Gulch recording r in g ge charts. In mo t cas all 

stations had record , and only a fe t e' IS the infor-

mat10n for 1 ss t.an the total number of at t10n u d to 

rpresent the ntlr.e ,tersh d. 1'he infor t·O'l a 

ve aged using a ~ iej en M~ n. nd ~he r_Bults CDn ia .&~ 
as an antece ent plec pita~i 1n ex; sure of 

Clntecedent b sin olsv.lre c{)lldltl0 
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Runoff. The reoorder onarts at the Lower IUllourl 

gaging statlcm (Sall 01_1 flUlle) for 20 yearl .. re 

1nspeoted to rlnd nydrographs whlcn would lend thea­

selTel easl1y aDd accuratel, to separatlon. All see.lngly 

usable hydrographs were BOt used, as so.e resulted fra. 

snow, some had no ralnfall a loclated w1th tne., sa.. had 

no rainfall reoords wlth whloh to be correlated, and loae 

were thought to be the relult of bursting beaTer daas. 

The hydrographs whlch were u ble in 11ght of the 

aboTe restr1ctlams were separated froa tne1r baeeflow by 

the method. of Barnes (1940). This aethod utillzel three 

stra1ght 11nes an the reood1D.g 11l1b of a hydrograph a 

se.1-1og plot, and 11 111ustrated in the Append1x. Run­

off TolUMS were theJ1 calculat d fro the records and 

expressed 1n tho~sandthl of are.l 1DChes (BO). 

Others. The tweaty-four antecedent runoff (~4) 

was taken troll the rlmoft recorda at Lower IUssour1 Guloh, 

and exprelsed 1a thousandths ot areal inChes. The pero At 

runoff (C) was co.puted trOll preT10ue coaputat1ons of the 

ra1ntall and rUJI.ot't'. It should be .oted that generally 

les8 than one peroent of the ra1ntall appeared as rUDort. 

Exallples ot all the aboTe oalculat1aas are ah 1a 

the Appendlx, am the cOlipleted data are bulate4 in • 

"-ster Data Sheet, Table 4. 
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Table 4 

MASTER DATA SHEET, 
MISSOURI GULCH WATERSHED 

Storm gO T i~g Q~4 I 
De.te 0.001 in. in. 0.0 1 in. in. C -

7-29-40 4.549 0.66 0.72 3.314 0.07 0.00682 

8-22-40 2.066 0.59 0.96 2.249 0.04 0.00349 

9-22-40 0.291 0.16 0.26 2.295 0 0.00182 

7-26-41 4.579 1.~8 1.70 1.871 0.05 0.00290 

8-12-41 1.319 0.67 0.59 3.341 0.07 0.00194 

9-1-41 3.122 0.63 0.91 9.386 0 0.00496 

7-18-44 1.447 1.04 0.55 9.347 0 0.00139 

7-20-44 0.923 0.36 0.56 10 .. 683 0.29 0.00256 

6-17-46 0.233 0.22 0.28 2.714 0.03 0.00106 

7-15-46 1.498 0.66 0.96 3.057 0 0.00224 

9-1-46 0.370 0.18 0.15 5.415 0.36 0.00206 

7-29-47 2.529 0.41 0.74 5.520 0 0.00632 

7-29-51 0.358 0.57 0.81 1.108 0 0.0006) 

6-16-59 2.900 0.63 0.99 3.222 0.01 0.00461 

For symbols, see ~ of Symbols, p vi. 
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Analyse!! of De.ta 

The data obtained in this study were analyzed by 

four different techniques; two statistical, one graphical, 

and one semi-graphical. These techniques were, in order 

of analysis: 

1. Multiple Regression Analysis 

2. SuccessiTe Elimination 

3. Empirical Analysis 

4. Graphical Coaxial Correlation 

In atte~pting to find a common base with which to 

compare the accuracy of the four prediction systems, 

some compromises in statistical semantics were made. The 

measure of prediction accuracy for an ind1vidual sample, 
A 

is the deviat10n of the computed value (y) from the actual 

(y) for that sample. This 1s 

y - Y 

or, 1n this paper, 
.A 

RO - RO 

In the statistical methods (Multiple Regression 

Analysis and Successive Elimination), the standard measure 

of error from a series of pred1cted values is the standard 

error of estimate, Sy.x. which 1s 

J 
A 2' 

s = ~(y - y) 
y.x N 



Another parameter of error in predict10n is the 

average deviation, A.D., which lends itself more easily 

to interpretation. This is 

yAo/ 
A • D. = ....;'£~I y~~...:...-

N 
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For the two remaintng methods, measures of error 

similar to the standard error of estimate can be computed. 

The computation of this parameter involves scaling values 

from a graph or chart. The computed value, although it 

may be the equivalent of the above outlined Sy.x' would 

imply strict statistical analysis if called the standard 

error of estimate. Thus, for the Graph1cal Coax1al 

method and Empirical AnalYSiS, the squared deviations 

were summed, divided by N, and the square root extracted. 

This is the Root-Mean-Square value of the deviations, 

and is used in the follow1ng analysis. 

Since the prediction equations in the statistical 

analyses are in logarithmic form, the standard error of 

estimate is a logarithmic value. The Root-Mean-Square, 

value of deviations Similar to that outlined for the 

non-statistical methods was computed. An average deviat10n 

was also computed for all four techn1ques. 

Multiplg Regression Analysis 

The data were analyzed by multiple regression c 

Attempts were ~de to fit the data to both l1near and loga­

rithmic equations, using both 11 and ~4 al expressions of 

antecedent moisture. The regression equations cOllputed are: 
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~ 

(1) &0 = O.46~ + 0.068Qe4 + 2.549i30 - 0.544 R2 - 0$7546 

(2) 

(3) 

BO = 0.676X + 0.39211 + 2.30i30 - 0.253 g2 = 0.7455 
~ 

logRO x 0.336log¥ + 0.525log~4 + 1.069logi30 + 0.124 
2 g = 0.8634 

~ 

(4) log gO = 0.8l8log~ - 0.132logIl + 0.483logi
30 

+ 0.356 

g2 = 0.8226 

It should be noted that although the logarithmic 

prediction equations provide a higher g2, this is only a 

relative &2. That ls, th~ squared devlations minimized 

in the process of least squares fitting were logarithmic 

dev1atlons, and not arithmetic devlations. Thus, the 

logarithmlc equations will not always provide the best 

arithmetic fit to the data. However, there is usually 

little error in the results obtained by assuming that the 

logarithmic flt,wlll provide the best arithmetic fit also. 

Logarithmlc equations become meaningless when any 

of the variables have a Talue of zero, as the logarithm 

of zero is minus inf1nity. Therefore, equation (4) is 

invalid for all values of Ii = 0, a sltuation that occurs 

several times in the data for the fourteen selected 

storms. 

Equatlon (3), by virtue of lts having the highest 

&2 was selected as the equation of best fit, and pred1ction 

results obtained by it were compared wlth the other three 

prediction systems used in the analysls of data. Pre­

diction results obtained by the use of equation (3) are 

contrasted with other methods 1n Table 10. and shown 

graphically in Figure 14. 



The actual COilputat1on for thle IHthod wae done bY' 

the Comput1ng Center at Colorado State On1Yere1ty, Port 

Coll1ns. 

Succe~s1ve E11m1nat10n 
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The relat1on. of the independent var1ables to rtmoff 

was determ1ned through the procese of success1ve 11m1-

nation (Ezek1el and Fox, 1959). 

Attempts were made to correlate runoff to d1fferent 

factors in both l1near and logarithm1c fashions. For the 

first attempt, in which runoff was correlated to a single 

independent variable, the followtng results were obta1ned. 

Table 5 

CORRELATION COEFFICIENTS FOR THE 
FIRST APPROXIMATION IN SUCCBSSlVE ELIRINlTION, 

JIIISSOUBI GULCH WATERSHED 

PSctor Correlated 
to Runoff 

~ 

?4 
1 

130 

Factor Corr lated 
to log (Runoff) 

logY' 
log~4 
log130 

Valu~ 
of R 

0.3234 
0.0087 
0.0609 
0.5185 

0.5823 
0.1965 
0.6081 

From these f1rst result t the logar1tha1e relat10n 

between the th1rty m1nute storm 1ntensity &ad ruDeff 1. 

the ost pronounced. Therefore, for the f1rst approx1-

~tion or runoff, a log-log relat10n between tntenl1t1 



and runoff was used. This was: 
~ 

log BO = 1.255 log i)O + 0.)60 
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r2 = 0.6081 

The significance of thie relation was tested by an 

analysis of variance, and was found to be significant 

beyond the 10% level. A level of 10% was chosen as a 

criterion of rejection, as the total error of measurement 

(observation) was considered to be in the neighborhood 

of 10%. 
~ 

The deviations (log RO - log BO) for each storm were 

computed, and these were correlated w1th a second inde-

pendent variable. The results of this attempt are shown 

in Table 6. 

Table 6 

CORRELATION COEFFICIENTS FOR THE 
SECOND APPROXIMATION IN SUCCESSIVE ELIMINATION, 

MISSOURI GULCH WATERSHED 

Factor Correla~d to 
log RO - log BO 

Value 
of r2 

0.1157 
0.0509 
0.0467 

0.2706 
0.0427 

The add1tion of each variable was tested for 

sign1ficance by analysis of variance, and only logQ24 

was found to be significant beyond the lot level. Thus, 

logQ24 was added as the second independent variable in 

the prediction equation. The equation was then: 



,. 
log BO = 1.255 log 1)0 + 0.510 log ~4 + 0.079 

a2 :: 0.7158 

For the third approxl tion. the above equat10n 

was used to compute the dev1ation for each etorm. and 

these were correlated to storm ra1nfall, ¥. The resulte 

are shown belolf2 

Table 7 

CORRELATION COEFFICIENTS FOR THE 
THIBD APPBOXIKATION IN SUCCESSIVE ELIMINATION, 

MISSOURI GULCH WATERSHED 

Factor Correla~d to 
log BO - log BO 

• log-¥-

Valu~ 
of r 

0.0966 
0.0)24 

In testing the add1t1on of the aboTe Tari.bles, 

neither wal Sign1f1cant at the 10% level. Therefore, no 

addit10n to the predict10n equation was made at the th1rd 

approx1utton, and the equat10n cOllputed after the second 

approximat1on was accepted. No further analysis .. s 

practical, as the supply of variables had been exhausted. 

The analysis of variance for the maximum thirty 

minute rainfall tntens1ty and twenty-four hour antecedent 

flow is summar1zed below. Final pred1cted value. of 

storm runoff for indiv1dual storms are shown 1n Table 10, 

and shown graphically 1n Figuro 14. 



Table 8 

ANALYSIS OF VARIANCI FOR ACTUAL RUNOFF 
FOR FOURTEEN SELECTED STORMS, 

MISSOURI GULCH WATERSHED 

Source of Sum of Mean 
Variation Squares df Square 

i30 1.580299 1 1.580299 
Q24 0.279781 1 0.2798791 

Error 0.738492 12 0.067135 
Total 2.598662 14 0.067135 

*Significant beyond the 10% level 

Empirical Analysis 

F 

17.702* 
4.167* 

Through a process of grouping terms utilizing the 
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Buckingham-Pi theorem in a fashion similar to dimensional 

analysis, a series of dimensionless parameters were 

created, and these were used in attempts at correlation. 

In a functional equation, this was 

or 

RO = f2(lJ., Ii' 130 , g). 

Some problems arose in the analysis, due to the 

fact that some values of Ii were zero, and in the process 

of grouping terms, some terms would be zero or infinity, 

depending upon whether Ii was in the numerator or denomi­

nator of the term. Therefore, Ii was dropped from the 

analysis, and Q24 was used as the expression of ante­

cedent moisture. 



The grouping of the variables yielded the following 

iimens10nless parameters, or Pi-terms: 

ITl = EC/~ 

112 = ~24/~ 
IT":) = 2 I 

1":(0 1 ¥g 
..-' ..-' 

The different Pi-terms for each storm were compu~ed 

(See 'fable l), and the results plotted on log-log paper, 

using lTz as the independent variable, IT, as tne 

:iependent variable, with 11, as the second. inriP.'pendent 

v9.riable which defined families of data on tile .:Jlot. 

l 'n is plot is sho\>,L1 in Figure 12. 

In general, the data seemed to fall into families, 

with only a few exceptions. 

It should be noted in this method of1.n.alysis, "-hat 

:'24 is intended only as an index of antecedent L>asin 

moisture conditions. As an index, it may reflect not 

only basin mOisture, out other factors as well, pri:narily 

channel interception. 

This method of rWloff prediction proved to oe rather 

accurate for the storms studied. The EMS value of the 

deviations was 1.14xlO-J inches. If one exceptiona~:y 

poor prediction could be excluded, this could be red~ced 

to 0.J4xlO-J inches. Some of the storms, due to tne 

na t ure of the construct 1 on of the fami Ii ~ 1 ne s, snoweJ 

no error of preJict10n w·la~. soev~!", ·"h';.:e other ~' , ormf' 

slJowed prediction:~r:,or~ of '.p t" J.qJxlO ./ :!icnes. 

~'he actual and pred lctel runoff are shown in '!'able 

10, and illustrated in Figure 1a • 



Storm 
Df!tte 

7-29-40 

~-22-40 

9-22-40 

7-26-41 

8 ... 12-41 

9-1-41 

'7-18-44 

7-20-44-

6 ... 1, ... 46 

7-15 ... 46 

9-i d 46 

7-29-47 

7-29 ... 51 

6 ... 16-59 

Table 9 

PI-TEaKS POB BKPIBICAL ~YSIS, 
MISSOUB.I GULeS WATDSKBD 

{lOO • . ~ 
0.682 5.021 0.0244-

0.)49 ).811 0.0481 

0.182 14.344 0.0131 

0.290 1 .. 184 0 .. 0569 

0.194 4 .. 996 0 8 0162 

0.496 14,898 0.0409 

0,,139 8.988 0.0091 

0.256 29 .. 675 0.0271 

0 .. 106 12~))6 0 .. 0111 

0.224 4 .. 6)2 0.0434 

Oe206 30,,08; 0~OO)9 

0 .. 632 136463 0&0415 

0.060 1 .. 94J.J. 0 .. 0)58 

0.461 5,,114 o I!! 04S4 
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£-,\!!.xi~l Qr~~l~l ~9X"_r~J,,~~*_~~ 

The ralmtlon bet'-feen the YAx-i.oUI! independent 

Tarlabl~s and .,torll nmof'l ~3 fitud1ad using cO&Jllcl 

graph1.OIAl corr~l~ti'Onp C\~ oytlin~d by KohlElX' cuAd, Linalay 

(1951)" T'1<a Gild r~ ylt of thi~ .nt.lyelB to ~hOt.rn. in 

li'lguX"0 1 J II ~hJ.ch pro"1d~ IS • gr~ ph leal means of !ltcX'm 

runoff p~Gdictlone 

All f Dlily l1nes ars Bt~aighto Th:ls 1l.1p1.1ee a 

much B1~pler relationBh1p t~ p~obably rQally GXist8 

1n nnture 9 b~t the Io~ numbG~ of samplGs ~rrant8 no 

more lntrlc.o,tG IUJflUoopt10il o 

In tho proc~sB of cooBtructing th~ gr.ph~ it ~6 

noticed th~t Q24 eSGm~d to ~ A Much mora signifiC&nt 

factor than Il~ ~nd alec t~t ~4 seamed to be the 

blggoet slngle fa.ctor accounting for Tari tiona in 

l'u.noff 0 HO~~TSr'1l dua to the nat'W'"e of th~ system.!) no 

eta ti8tlcAl ~xpre~Bion of thi@ reI t tonahlp ~8 ar-nAl1mbl~ il 

"nd COJO,Cll~l,jiffi'l13 ~n OR1ly b~ tnf~i:"r9d l1Y the 1001 'fldl~l 

con~tI"u.ct1ng th@ gX"~ph ~, ~c,X"'k1.ng ~1 th thG data" 

For th~ rov~ pr~dictl~ Byote~~ ~tudiado the cOQ~l~l 

gr ph pT{l~.1ctGld J."'Wcloff m.o~t ~C~1.u:.,~tal,,, Th<a prGd 1ctQd 

1f~ Twas of 'l'VJ'10ft' .. 8 &l~l~d. tlfO!l!l tM~ c~xl!tl gTlI'.ph Bli"0 

ar,,~ h'l T~ble lOr; aM 111u.AtX"~t~d in Flg\.U"'e 140 Th~ 

Bl1S ~~1l,!~ of: th;!'; dev1.&t100.' fTOS pr~dlct~d ?Vlnoff m~ 

()of.J91f:l0- 3 incr19!!'1 v s.nd the ~W?f'i:',~'3 dewi&t1on t-ma 004~10-3 

:nc~~~o ~o~t cf the pTodlctl~ ~I"r?r ~~ th~ rG~u1t of 

three part lG\l.1.arly poer pr~d 1.:. t loX). 0 thQ t7' tot~l ",bl;lol vt~ 



fE' ~ r?:l 
t' ~ ~ \l,JH? ~l hJ) 

ROl~~fon= futn@lff f@~~r~~oo f@f ~t~~~~tf~ GfW~C~ . 

o 
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~~~or bQi~ 5008~1~=3 ~~~~o tor ~ @w~~~ ot 1066%10=3 

iJ~ch~iJo If thQJN oce~~~~~ W@l1"a to 'b$ ~~cloo~o thQ 

~wQr~~ d~wi~tiCD could b~ rQ~~~~~ t© Oo14~10~J l~h~~D 

or ~b~~t JOO ~~~~t~ 

Th'9 ~tClf'~ @'l July 1161) 1959 1[8 t~i;{~Jl]. ~" @. ~i!lpl~ to 

~hlC*' th~ 1tT©lf't~~ ot tfl\~ oO@x<i.;\l glJ."'4lFJh 0 'rolfil th~ ri!\~~l?' 

~t& Sh@~t «~bl~ It;)!) ths 'loll~~ tator~tlOD 1~ 

Ob&jEH'''T~d ~ 1JO 8; 0 0 99 1nch~!JI p'@/f ho1.1l.i"p Q24 x 3,,222%1@=3 

inchae 9 ¥ I!!!! 0.,63 mohQ Ent~rlng 'lg~ i) w thl~ l~~ll" 

axle at ~ - 006)0 the intercept with 130 - 0099 18 

lo~tad" FrOl1l thi~ point!) proo~~ding ho&"1~ontAl11 to 

Q24 = ) 022 0 m .~C~ p©int i~ 1~~t6dg ~ th~ ~torR 

runotf i~ rQ~d ~R"tOIR ttl"" tOJP ~Jki~ directly Ilbo1"G this 

point!) 80 IS 2oB5:J.tl0~3 inch~H'o For th1" stQ/f~D th~ .. ct~l 

r~!noft was 2090%10=3 l~ch~~o 
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Actual 
Storm Runoff 
Date inoxlO-J 

7-29-40 40549 
8-22-40 2 0066 
9-22-40 0 0 291 
7-26-41 40579 
8-12-41 1-319 
9-1-l.!.1 30122 
7-18-h4 10447 
7-20-4h 00923 
6-17-46 0 0233 
7-15-46 10498 
9~1-46 0 0370 
7-29-47 20529 
7-29-51 0 0358 
6=16-59 20900 

RMS of Deviations 
Average DeViation 

Taole 10 

PREDICTED VALUES AND DEVIATIONS Foa 
DIFFERENT METHODS, FOURTEEN SELECTED STORMS 

Multo RSgNl88 0 Succ ~ 81im ~ Dllaeno A.nB.ly 0 

Compo [)ev o Compo 1Jev ~ COlJlpo Dev o 

10523 3.,056 10462 30087 0 062 3093 
10631 0 0435 10721 0 0 345 2 .. 06 0 0 01 
0 0 266 0 0025 0034 0 00049 0022 0 007 
30798 0 0781 30224 10355 4.,90 0 032 
10238 00081 10146 0 0 173 0 048 0 084 
30323 0 0 201 30335 0 0213 3012 0 
20296 0 0849 10767 00320 0.,97 0051 
10761 0 0838 10942 10019 1019 0 0 26 
0 0349 0 0116 0 0 402 0 0 169 0 026 0 003 
10982 00484 2 0 029 0 0 531 1078 0,,28 
0 0239 0.,131 0 0264 0.104 0 032 0 0 05 
10750 0 0779 2 0 080 0 0449 2011 0 042 
0 0923 0 0565 0 0 968 0 0610 0 046 0 0 10 
2 0082 0 0818 2.156 0?744 2.90 0 

0 .. 96 1 001 1014 
0 065 0 .. 65 0 049 

Graphical 

Compo Dev o 

1.89 2066 
2 0 16 0 0 09 
0 0 07 0.,22 
4054 0 004 
1,,46 0 0 14 
3020 0008 
L,80 0 0 35 
2018 1 026 
0 036 0 0 13 
2066 1 0 16 
0 0 78 0 041 
2042 0 001 
0 0 2 0 006 
2087 0 0 03 

0,,89 
0045 

'-" +:-
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Diacussion and Conclusions 

The resulta of thls study indicate soae tnteresting 

facts concernlng the hydrology of Mlssourl Gulch and the 

ablllty to estlmate star. runoff by means of the proce­

dures studled c 

Flretp it must be ooncluded that a Tsry saall 

percentage of the storm rainfall became storm runoffc 

For the storms studied~ the percentage of storm runoff 

(RO/V) averaged about Oc) percent p with a maxlmum of 

about Oe7 percento SLnoe the percentage of storm runoff 

1s ~C~ fro. the rational formula (Q c C I A)g great 

errors in flood peak prediction might result ln using the 

rational formula on watersheds similar to Mlssouri Guloho 

The casual ob8er~er9 or fleld englneer mlght estlmate a 

"C~ Talue to be tn the nelghborhood of Oe)Op or about 100 

times its real value~ Consequent structures would then 

be overdesigned by a factor of 10pOOO percent 0 The Talue 

of wC~ for the storms studied seemed to be independent of 

the slze of the stormo 

In atte pttng to explain thls low storm yleld~ 

investlgations were made as to the possibility of the 

entire runoff being the result of channel interceptlOtt 

aloneo According to Berndt (1960)p there are 6 0 1 mile. 

of ~llTew channels in the ~lssourl Gulch ~terah&de If 

the aTerage width of these channels 18 a=~UBod to bo 1t 
feeto the total surface area of the straa.s would be 



56 

As a percentage of the total arM of the watershed, 

this amounts to 

"" 0 0 024 percent 

S1nce about twelve t1mes aa much runs orf~ ohannel 

interoept1on could account for only 1/12 of the total 

storm runoff o Thus, the quest10n 1s still unanswered. 

why is the runoff so lows and what 1s its souroe' 

Some of the 108S to streamflow may be explained 

through vegetative interceptiane Johnson (1942)0 found 

on studies elsewhere at Manitou Experimental Porest that 

about 0 0 0) to 0005 inches of precipitation MaS required 

to saturate the forest canopy during a stormo For the 

small storms studied, interception losses of this magni­

tude would be a fairly large percentage of the total 

ra1nfall o laSTing Tery 11ttle available for streamflowQ 

On the larger stormsD however p this becomes inSignif1cant 

in light of the accuracy of the measureaent. and the 11zG 

of the storliBo 

The 6xtreaely porous nature of the eoils all01ls 

very little oTe~land flow o Since nanG of the stor •• 

studied exhibited intensities greater than the infiltration 

rates given in Table 2p it il possible that there ~8 no 

surfaoe runoff during these stor.g o The 4Gpth of loila 

allows deep seepage and the opport~1t1 tor the Mater to 
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flow down through the soil~ rather than across the soil 

to strea. channels. 

That runoff which did occur might be the result of 

rainfall and runoff on the bare rocky ridge (See Figure 3)~ 

and an tho ser~1ce roadse Stnoe a portion of the RisBouri 

Gulch Trail 18 adjacent to strea. channels p and the afore­

mentioned ridge runs parallel and 010 •• to the North and 

South Forks, this possibility i8 auggestedo 

The method of Coaxial Graphical Correlation seeas 

to proTide the best prediotion results» &S it exhibited 

the lowest BKS value of the deTiatlons p and the lowest 

average deviationo Conclusions a8 to whioh athod 

proT1ded the second beat fltg etcev are dependent upon 

which parameter i8 chosen as a sa.sure of accuracYe 

EMpirical analysis provides the second loweat average 

deTiatlon p but the multiple regression provided the 

second loweBt RMS Talue of the deviationso The 

ranktngu are tabulated 1n Table 118 

1 
2 

4 

Table 11 

PREDICTION ACCURACY FOB FOUR TKCHNIQUISo 
POURTEEN SELECTED STORRS.;, 
MISSOURI GULCH WATERSHED 

Graph" Coax. 
Jl!W.t" Regress .. 
Sueco Eli.in" 
Empire ADa110 
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It should be noted that a good deal of the error 1n 

each of the techn1ques is incorporated 1n one exception­

ally poor predict10n (Stora of July 29, 1940). 

The definite effect of each of the independent 

variables upon runoff 8 not determined conclusiTelyo 

The multiple regression seemed to indicate that the thirty 

minute 1ntens1ty (130 ) 1s the molt 1mportant Single factor 

produc1ng runoffo Succes81Te el1atnatlon encourage. 

the same concluslon, whlle work w1th the coaxlal-graph1cal 

system encouraged the author to judge either twenty-four 

hour antecedent flow (~4) or storm preclpltation (¥) as 

the most 1 portant factoro In no caae S the one day 

antecedent prec1p1tat1on (I l ) found to be of great iapor­

tance 1n the predlct10n of runoffe 

In contrasttng the methods of mult1ple regress10n 

and succe.slTe el1mination, generally simllar results are 

obtained 0 In this case, the exponents of the lndependent 

var1ables should be the same 0 Inspectlon of the two 

prediction equat10ns shows th1s to be approx1mately the 

case~ D1!fer.no ~ are accounted for by the facts that. 

1) 'lTe place logar1thm were used in the multiple 

regresslon analys1s, whlle only three placea were asod 

in succe.siTe el181nation; and (2) Exponent1al Talue 

of the iDd pendent Tar1ablea wore oalc~lat.d with a 

log-log sllde rule in the approxlaatlon stope in 8yooea­

s1Te elim1nat1on. The s1gn1f1cance ot these arrora ls 

subject to queat10n D but in llght or the accuracy of the 

mea ure.ents o th Be 11 error ~oTld. little dlatortian o 



A number ot tac1 t 8SBWlpt1ons _de in th18 type ot 

study can also be ohallenged. As the data enco.passed 
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8 per10d of twenty years, 1t must be assumed that water­

shed cond1 t10na were unchanged during the per10d of study., 

Th1s 1s not necessar11y the case e as no doubt there .as 

some vegetative change over the twenty years, and channel 

cond1t10ns cannot be assumed to remain conotant for suoh 

a long period. Vegetat1ve changes could 1nclude e1ther 

an increase of vegetat10n and 1ts by-products, or a decrease 

due to drouth and/or grazing.. Channel obstructions _y 

have per10dically been accumulated and swept out by spring 

floods, and different cond1t1ons may have been present 

for the dlfferent storms stud1ed .. 

In computing the storm prec1p1tat1on it .as necessary 

to assume that the torms were d1strlbuted evenly oyer the 

watershed. both in time and in amount.. Inforraal studles 

indicated that both of these assumpt10ns were seldom 

matched by f1eld cond1tiansc Variatlons ln these con­

dltlons aay have affected storm runoff considerably. 

Also~ the analysls waa hampered by the small range 

of data, and in some cases p poor recorda fro. whlch to 

obtain data.. The lntensi ty calculations in partloular!) 

were subject to error p as th1rty minutes on so.e recorder 

charts represented 0 0 03 lnch~ whioh 1s about the same •• 

the width ot the pen trace on the reoord p and not _\10ft 

more than the pene 11 point used to extract the intOMlla t ione 



Finally. although some of the teohniques studied 

herein provide see.ingly aocurate prediotion results, 

these results should not be taken at faoe value, as no 

independent population was set as1de at the beg1nning 

of the study to check the results. That 1s; the data 

should fit the pred1ction s1ste~8. as the data were used 

to derive the systems. That the pred1ction syste.s 

provide accurate an~ers is not an indication that the 

relat10nships presented are valid, as no 1ndependent 

check on the systems has been provided. 

Th1s study has provided conclus1ons of only the 
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most general nature, and leaves many quest10ns unanswered. 

Certainly additional stud1es on the disposition of 

prec1pitat1on an watersheds s1m1lar to Mi •• ouri Gulch 

would be necessary before defin1te conclus1ons explaining 

the low yield of the watershed could be stated. Siailarlyo 

the prediction techniques studied were hampered in their 

efficiency by the small number of samples which they 

utllizede It is not assumed that conclUSive statements 

concerning the teohniques stud1ed can be drawn on four­

teen samples alone. 
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Summary 

Thls study was conducted ln an effort to explain the 

runoff phenomenon on the Mlssourl Gulch watershed, and to 

determlne a suitable method for predlctlng storm runoff 

in terms of rainfall characteristics and antecedent basln 

moisture condltlons 6 

The study area ls a part of Manitou Experlmental 

Forest 9 eight ml1es north of Woodland Park, Coloradoo 

The study watershed has steep slopes, scattered vegetation, 

and deep granltlc so11s. The baslc data used; lee., 

rainfall and runoff records were obtalned through the 

cooperatlon wlth the Rocky Mountaln Forest and Range 

Experiment Statlon, with headquarters in Fort Colllns, 

Colorado. 

Values of storm runoff~ storm preclpltatlon, storm 

intenslty, twenty-four hour antecedent flow, and one day 

antecedent preclpltatlon were obtained for fourteen storms p 

and used in attempts to establish a runoff predlction 

system through the followlng technlquesl 

le "ultlple Regression Analysis 
2. Successive Elimination 
3 ... Empirical Analysis 
4 Graphical Coaxial Correlation 

The study ind1cates that less than one percent of 

storm rainfall on Mlssouri Gulch becomes storm runoffo 

Losses to runoff cannot be explained through Tegetat1Te 

lnterceptlon~ nor can storm runoff he accounted tor 
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entirely through channel interception. It was postulated 

that losses to storm runoff could be explained ln terms 

of the nature of the predomlnant solI mantle on the water­

shed. 

The findings indlcated that the coaxial graphical 

correlation method provided the most accurate runoff 

predlctions, and that the three remaining methods varied 

in accuracy, depending upon the measure of accuracy usede 

No conclusive statements could be made as to the suit­

ability of the techniques due to the low number of samples, 

and the lack of an independent population for checking the 

prediction systems. 
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Appendix A. 

Sample Calculations Storm of July 10, 1949 

Rainfall Computations (~) t All rainfall in inches 

Gage Storm Rainfall Weekly percent of 
from com- rain from week's rain 

record~ Euted records in storm 
1 1.65 2.85 48* 2 1 .. )5 2.76 9* 
) 0.80 2.98 27 
5 0.43 1.88 23* 
7 0.81 2.20 37* 
9 0.63 1.96 ,2* 

12 0.8) 1 .. 97 2* 

fa 1.16 2 .. 09 46 
0.97 1.98 9* 

LMG 0.24 2.07 12 
1&2 Comm. 0.92 1. 86 49 

*Interpolated value 

By Thiessen Mean, ~ = 0.864 3, say 0.86 .. 

Intensity Computations (i)o): 

Gage Thiessen Thirty min. 
factor(f) Statton rainfall 

(tnches)(PJo ) (PJo)(f) 

1 N 0 B .5 COR D 
) 0.544 0.65 0.)5)6 

13 S T o P P E D C L o C K 
LM(} 0.150 0.15 0.0225 

1&2 COIBII. 0.~06 0.47 0!14~8 
1.000 0.5199 

~ i30 =~6 = 1.0)98 say 1.04 inches per hour 

Antecedent Precipitation Computations (I1 )t 

Gage Thiessen 
Mean 

Factor(f) 

3 
LMG 

1&2 Comma 

0.544 
0.150 
0.~06 
L 00 

Station Rainfall 
(inches)(I1 ) 

11 = 0.01 inch 

o 
o 

0,012 
6.0t2 
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Th1es.en Mean Pactors for Var10us S1tuat1ons 

M1ssour1 Gulch Watershed 

~ Th1essen Mean Factors 

I 0.0)1 0.0)1 0.086 

2 0.011 0.011 

3 0.147 0.147 0.289 0.279 0.544 

5 0.103 0.103 

7 0.126 0.126 

9 0.135 0.135 

12 0.083 0.083 

13 0.109 0.109 0.308 0.371 

14 0.045 0.04 5 

l&2colUl. 0.011 0.247 0.)06 

L. lIIo. 0.039 0.039 0.095 0.103 0.150 

Feld. 0.065 0.222 

Totals 1.000 1.000 1.000 1.000 1.000 
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rcent Ji 
Weekly Rainfall 
Storm of July 10,1949 

+ 

MISSOURI GULCH 
WATERSHED 

Manitou Experimental Forsst 

Woodland Pork, Colorado 

i 

o I ml 

Source PantoQraph reduction 

of U.S. Forest Service Legend 
planimetric map (I: 7920), 

50 

by H.W. Berndt 11956. .49 Known percentage 

\ \+ 
40 

o 49 Interpolated percentage 
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Example of Hydrogroph Seporation 

Storm of ,.Iv Iy 29, 1947 
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APPENDIX B. 

SOILS AND VEGETATION INFORMATION 
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APPENDIX B 

SOILS AND VEGETATION (From Berndt, 1960) 

Soils are derived ~ainly from Pikes Peak granite 

and Madison limestone, with alluvial fills in the drain­

ageways . Edloe and Stecum* gravelly sandy loams, derived 

from granite, are the most extensive soils of the area. 

Edloe gravelly sandy loam, developed on moist north 

and east exposures and at higher elevations on all expo­

sures, has light brown to grayish surface soils of loose 

gravelly texture under well developed 1- to 2-inch litter 

layers. Surface soils rarely extend below 15 inches. 

Parent material 1s a loamy gravel with high sand content, 

reGulting from disintegrating bedrock. 

Vegetation types associated with the Edloe gravelly 

sandy loam are lodgepole pine, Engelmann spruce, ponderosa 

pine, Douglas-fir, and aspen. 

Lodgepole pine and Engelmann spruce trees occur 

either pure or mixed in dense stands at the highest ele­

vations. Where lodgepole pine occurs in pure stands, it 

is the result of past fires. The sparse understory is 

made up of low shrubs, some native grasses, and low-growing 

annuals. 

Ponderosa pine and Jouglas-fir ~rees occur in pure 

or ~ixed stands. North exposures support moderate to 

dense stands of Douglas-f~r, with scattered ponderosa 

*Soi1 names are tentative and are subject to final correlationo 
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pine. These exposures are well proteoted by dense ground 

litter and understory. A mixture of ponderosa pine, 

Douglas-fir, and quaking aspen is found along dra1nage­

ways and on other intermediate sites. These tandB_haTe 

a light to moderate cover of understory Tegetation. 

Stecum gravelly sandy loam, developed on dry south 

and southwest exposures, has a pale brown surface soil ot 

loose open gravelly loam, overlain. with a thin litter of 

needles or grass residue. In some areas, the surface is 

an exposed erosion pavement. Surface soils are rarely 

deeper than 10 inches. The parent material is a 11ght 

brown loamy gravel; the gravels are sharply angular and 

can be dug from the rotting granlte bedrock. 

Cover types assoclated with the Stecum gravelly sandy 

loam are ponderosa pine, DouglaS-fir, and on south expo­

sures, brush-grass. SOMe areas are cOTered with an 

erosion paTement. 

Ponderosa plne and Douglas-flr grow in relatiTely 

open stands, wlth a sparse understory of mountainmahog&nl, 

Arizona fescue, and mountain muhly. 

Brush-grass consists of mountatnmahogany, mountain 

muhly, and Arizona fescue, and generally occurs on outb 

exposures. Fair to poor slte protection is afforded by 

the ground cover and littere 

Erosion pavement occurs on south slopes. The .. 

slopes support extremely poor stands of ponderosa p1De, 

mountain brush, or native bunchgrass, or are barreno 



Where vegetation occurs it affords less than )0 percent 

ground cover. Inadequate COTer and litter have resulted 
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in the formation of an erosion pavement on the soil sur­

face. Immediately below the pavement, ftner soil particles 

are fOmld. 

Both the &dloe and Stecum gravelly sandy l08.S are 

shallow, coarse, low in organic matter, and relatiTely 

infertile. Surface soils are slightly acid but become 

basic with depth. 

Chubbs stony loam, a very fertile 80il, deriTed from 

Madison limestone, is found only in the lower part of the 

watershed. The reddish- or grayish-brown surface oils 

are loose loaas or stony loams with well deTeloped soft 

granular s ructure, extending 8 to 1.5 inches deep. The 

8011 is calcareous and contains a hlgh percentage of rock 

fragments. SubSOil, when present, is a reddish- or gray­

ish-brown heavy loam or clay loam, with gr ular structure, 

containing a hlgh percentage of fragmented rock. The 

parent material is a deep layer consisting of 80 to 90 

percent fragmented limestone rock, with 100S8 loa. slfted 

between the fragments. 

On Missouri Gulch watershed, pondero8& pine and 

Douglas-fir are the COTer types associated w1th Chubb. 

stony loa • 

Soils deTeloped froa recently depos1te4 alluTiua 

occur in strea beds and on alluT1al f&DB. The .urfaoe 

soils are brown or dark bror.n, ndl or graTell, loamB, 
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10 to 18 inches thick. They have weak granular structure 

and are loose when moiet but compact when dry. The 

profiles generally lack a defined subsoil. The parent 

materials are brown gravels or loamy gravels. often 

hlghly stratified. Quaklng aspen, in virtually pure 

stands, generally grows on these Bolls. The lites are 

well protected with litter, a dense anderstory of aspen 

and conifer reproduction, low shrubs, natlve bunohgra8ses, 

and numerous annual forbs. 

Wet meadows and bog so11s haTe developed from 

alluvlal deposits on small, isolated flood plainS through 

the watershed. Surface so11s are dark gray to black 

gravelly or sandy loame, high in organic matter, and 

peaty in places. They extend to a depth of 24 lnches and 

are hlghly stratified. No B-horlzon has developed. 

Parent material 1s a coarse-textured, stratified gravel 

or loamy gravel. This layer ls mottled or streaked with 

rust-brown and is characteristically poorly drained. 

Exposed parent rock, generally unweathered granite, 

occurs on the steepest elopes where there has been 11ttle 

opportunity for 80il development. The bulk of this area 

11es in the east wall of the north and south fork drainag a. 
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