
THLSIS

STC404 hUNCIF CRA2ACTERIZT1CL CF TERLL CMALL WATLEZHF,DS

1N ,,;#EZT.Liiil Oki-XCI1

..-:*)ubraitted by

Loyd C. Barnett, Jr.

In Fartial Fulfill:eat of the Requirelaenta

for the Degree of Naster of L;cieace

Colorado ::,tate Ulliver4;ity

fort Collins, Colorado

%pril, 19615

0
z
0
z
0-3

0
0

w

w
0

m
0



COLORADO STATE UNIVERSITY

1963

WE HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER OUR

SUPERVISION BY	 Loyd O. Barnettp  Jr, 
ENTITLED	 STORM RUNOFF CHARM;TEBISTIQS OF Tirali SMALL	

WATERSHEDS IN WESTM4 OICON

BE ACCEPTED AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE

DEGREE OF MASTER OF SCIENCE

Committee on Gradua e Work

Major Professor

Head of Department

xamination Satisfactory

mittee on Final Examination 

();11.0t...","---121/4."."..-

Permission to publish this report or any part of it
must be obtained from the Dean of the Graduate School.

4,1

•
ii COLORADO STATE UNIVEitre

FORT, COLLINS. COLORADO

Li ERAIY



ACKNOULEDGEnNTS

The writer wishes to acknowledge the assistance, advice, and

encouragement on the part of many individuals -- personnel of the UPSc

Forest Service, Colorado State University, and others -- who have

helped to make this study possible.

In particular, the writer would like to thank the Papifie Northwest

Forest and Rangy Experiment Station which furnished the data used for the

study and provided a summers employment, part of which was devoted to

this study. Specific thanks are extended to Mr. Jack Rothacher t Research

Forester„ who was of great assistance in formulating the problem and

initiating the study and who furnished much hydrologic data awl informa-

tion on the study area after the writer left the study area and return©d

to Colorado States University.

Appreciation is expressed to Professor Bernard Frank, who served

as Major Professor, and to the other members of my graduate committee.

Their su.:;gestIons added greatly to the content and clarity of the thes4s.

would also like to express my sincere appreciation to Dr. R.F. Dils,

Pack Professor of '6atershed Manarement, for his continued suggestLors

and encouragement throughout the duration of the study.

Finally, i would like to thank the staff members and graduate

students of the Cooperative Watershed Mana q,ement UnLt for their comments

and uw:gestions and many other friends for their encouragement.

ii i



TABLE OF CONTOrfS

fir
'' _■••••••,.

Ili

v5.

Problem . enc.* non	 nor	 on, 0	 0 .1	 ,	 *	 • 2

	

II	 REVIEW O LIMRATURE

Subsurface Flow and Ground later . . . . , , . • 5
Unit Hydrograph . . • 	 .	 , o•• 0•00	 ,	 0 0 11

Effect of Viatershed Characteristics 0•*0 . *o 12

Other Methods of Analysis 	 • a g e o•• .e 	 a • 15

	

III	 METHODS AND MATi.hIALS

Study Area •	 • ••	 ***** • 4 0	 • o p	 A	 •• 17

Topography . . •	 •	 . .	 .	 . • • •	 • .a	 eo• 19
Geology and soils. 	 4, •	 .	 • •••enoo•• 23
Vegetation *******	 . 4 • a	 • 27
Climate and hydrology 	 .	 . • o3••• ••■ 27

Instrumentation

Precipitation •	 • • • r• • • 23
Runoff •	 • • • •	 •	 • •	 o• • 28*

Data Reduction

i	 Storm runoff and precipitation .. . '01440 30

i	 Lag 	  32
Pecession coefficient	 • • • * 0	 • • •	 * • 32
;.:atershed characteristics • • •	 • • f,	 0	 •	 • 32
Other•• *******	 .•• noo*Oo• 33

;i
1
1	 iv

-	 ..

ACKNOViLEDGTS © „ „	 •	 ,	 •	 •	 •	 0•0 1•**0.	 .

LIST OF TABLES . an w 9int, e04n eenl lina 	,	 0	 f

LIST OF FIGURES C^	 V 4 0	 *	 P	 et	 t°,	 cb	 *In	 r)	 4	 •

INTRODUCTION . 0 o * v	 a■	 •	 9	 o	 a	 a	 a	 a	 s	 00•••



TABLE CE CCNTENTS (Continued)

Chapter iaza

	

IV ANALYSIS • • • 0 tb . 	. 0 H r .	 c .	 .	 f .	 .	 ,	 4„	 35

	

Unit Eydrograph	 . . • m s	 . 0 •	 0	 •	 0 a	 V	 f•	 35

Runoff Volume and Peaks	 • 0 0	 . 	.	 ..	 c	 38

Time Distribution of Runoff 	  to

	

Recession Analysic. C N 0	 • e 0	 •	 e	 •	 .	 49

	V	 DISCUSSION . © • 0 7	 • • • C e	 • 6 e	 C	 G.	 • 6	 Al	 •	 P	 56

	VI	 SUMMARY AND CONGLUSIUN:: • . . 	 . • 0	 a	 e	 • ,	 •	 •	 •	 72

	LITERATURI. CITiLD • •	 • • •	 • . 7	 .	 76

APPENDIX . • . . •	 . . s —	 . t	 s.	 .	 .	 .	 80



LIST OF TABUS

Table	 i'....Litt
I	 liaterslled slopes 0 . *. e 0 . . . t • • 0 . .	 •	 20

2	 i$atersae6 shape and topographic characteristics. 	 ,	 22

3	 Art:a cf soil depths . • • . . • . . •• , . .	 .	 24

4	 bturra oata used ih stuOy . e . . . . I. q • t 0 •	 .	 36

5	 Average tiile distribution of runoff by
perceat ia three-hour periods 	  46

536	 Six-hour recession coefficients • • •	 .

7	 Bulk density ond soil porosity ........ s	 83

vi



LIST CF FIGUiiES

Fig

i	 Location and contour map of experi=ental
waterhedz ► 0 . .	 • • , ♦	 •	 o Ir.	 •	 •	 •	 c	 e	 .	 6 •	 .	 e	 13

	

-)	 Slope-area curves	 0 0 . •	 •	 .	 21

	

,..	 0	 e.	 •	 e	 e	 • •	 •	 s
Soil depth alap • e	 • * C a	 R	 • •	 •	 •	 •	 •	 R	 •	 • 4.	 .	 .	 25

Monthly distribution of precipitation and runoff . • 	 29

Storm runoff versus precipitation	 •	 • 4	 •	 • 0	 •	 .	 39

Peak flow vertl. ue store: runoff •	 *	 t	 •	 t 0	 . 	.	 41

Coc ponite time distribution hydrograph of runoff
Eix-ctorm average	 a • • •	 e	 o e	 .	 •	 •	 •	 *	 •	 • •	 a	 e	 44

Co post tie distribution hydrograi:h of runoff --
five-storm average	 . • . .	 •	 . e	 .	 .	 •	 .	 .	 *	 Lt)

	

9	 Cuzulativa ti a dic;tribution of runoff • 	 •	 •

	1G	 Hydroeraph rece::sion3 of	 terbhud 4,1	 	  50

	

11	 hydro6raph recetikiion2 of Waterehed	 51

	

12	 Eydrozrapt receacdows of Aaterbtied 	 •	 •	 0 0	 a	 Q 52

	

1.5	 cc,aparix;on of receich coefficients .	 •	 • •• 55

	

14	 1Rainfall intenzity and runoff for storm 4	 •	 • •	 ••	 60

	

1.5	 Eainiall intensity and runoff for utorc► 5	 	  61

	lb	 Rainfall intenz;ity and runoff for etorm 3	 •	 0 •	 0	 •	 67

6

7

vi i



INTRCIDUCTICA

The science of hydrology, though young, is rapidly

increasing in importance as demands on the water resources of this

and other countries accelerate. Much has been learned about water

and the hydrologic cycle, yet many basic questions remain unanswered.

The complexities and interrelationships within the hydrologic cycle

defy simple measurement and analysis and such categories as precipi-

tation, infiltratioh, runoff, and ground water are so brcad as to

merit voluminous lit rature on each. This study is concerned pri-

marily with runoff -- yet it takes into consideration precipitation,

infiltration, and ground water, each in some detail.

It is widely recognized that there are a number of factors

affecting the runoff from any watershed. These factors differ from

watershed to watershed and even adjacent watersheds invariably have

some difference between them. Besides the normally expected varia-

tions in precipitation and other climatic factors, such things as

slope and topography, geology, soils, vegetation, drainage, size,

and shape of watersheds vary widely and in doing so vary their

effects on hydrologic characteristics.

In recent years much work has been done by research

scientists in attempting to evaluate and give quantitative expression
to tee effec which the above-cited and other factors have on the

end eroduct -- water received at the mouth cf a watersned. Many

useful methods and technieues of analysis have been developed which

-4.



2

have allowed a better understanding of the processes involved as

well as giving a basis for more accurate prediction of runoff, its

volume and timing, etc. However, application of research techniques

and findings has been hampered by tae fact that the hydrologist must

usually start with runoffs the integrated product of many factorst

and work backward in an attempt to determine how these factors have

contributed to the process of converting precipitation into stream-

flow.

In watershed nenagealent research it is practically

impossible to control all of the factors involved in order to study

the effect of one particular factor. Rather the researcher must

observe and measure all apparently significant factors and attempt

to account for their effects and interactions. This is no simple

task for many are difficult to measure and express quantitatively.

The probability of accurate research and correct interpretation is

consee,uently enhanced when watersheds with several siieilar charac-

teristics are available for study.

Of necessity, tee hydrologist has often turned to

statistics as a tool to evaluate these factors. such analysis

usually requires data from a large number of watersheds or else a

large number of events from one or several watersheds. (1),

Problem.

This study is an attempt to describe and compare the runoff

characteristics for tnree experimental watersheds in the H. J.

Andrews Exeeliciental Forest, Blue elver, Oregon, during winter, or

wet season, stone periods, as virtuelly all floods and high flo-is
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occur during the prolonged wet seazon. It also attempts to explain

how several watershed characteristics may affect differences in the

resultant hydrcegraphz of storm runoff.

On the weatern slopes of the Caacade Mountains large un-

burned areas which have heretofore remained inacceseible are nor

being opened up by loggiage The predominetat practice of patch clear

cutting and the accompanying vegetative changes undoubtedly produce

some hydrologic changes in the immediate are 	 Ieesearch foresters

are presently trying to evaluate those hydrologic changes brought

about by logging and road building. The usual method is to use a

control watershed -- a nearby undisturbed watershed resembling as

closely as possible the experimental watershed -- and after a period

of calibration, ettempt to measure and attribute the differences

broue,ht about by harveetihr, practices. A better knoeledge and

underetanding of the hyurologic interrelationshipe of watersheda in

their natural state would be useful in oore uccurately evaluating

effects of zeana8emeut practices.

This study takes data frog a nine-year period before any

major treatment was initiated. Further studies will be conducted

by the Pacific Norteweat Iorest end eanae Experiment Station follow-

ing a period of treatmeut. Several techniquee of hydrcgraph analysis

developed in oteer areas, and under eoelewhat different condition:3

have been tried. Fromiaeht among these is the tail hydroeraph,

which waeorieinally intended ae the principal means of coeparieon of

store: runoff characteristice. Eoeever, during thisdy it was

found tnat the unit hydroraIh technique did not lon g: itself readily

to analysia of the lon6	 low-intenaitj storms which are of
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primary concern in these watersheds. Therefore, several other

methods were tried for characterization of storm runoff character-

istics.

Because of the small nulaber of watersheds and the few

storms analyzed for each watershed, no statistical analysis is used.

Rather, :Host results are presented graphically or in tabular form.
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REVIEW CF LITERATURZ

Subsurface. Flow and Ground eater
■^".......rmewousw

While much has been written on runoff and its correlation

with precipitation, antecedent condition, watershed characteristics,

etc., only a small portion of this literature has been devoted to

the actual mechanics of the transformation of rainfall into quickly

available streamflow0 Since Horton put forth his theory of infil-

tration capacity (22), most studies have been concerned with surface

runoff. Some have taken ground water into consideration, though

usually for the purpose of more accurately determining surface

flow. Though subsurface flow, a component of runoff which is

neither surface runoff nor normal ground water, has often been

recognized, it has been studied relatively little and attempts to

isolate and measure it have been very few. As an example, Horner

(21) in a discussion of the role of land in transforming rainfall

into streamflow includes subsurface detention and subsurface

storage among the many factors which affect this process but they

are treated qualitatively and quantitative determination is restricted

to infiltration and surface runoff.

C. R. Hursh (24) was one of the first to recognize and

describe the iAteno2lenon which he defined as "subsurface-storelflow,"

"...that portion of the stormflow which in-
filtrates into the surface-soil but moves away
from the area through the upper soil horizons
at a rate much in excess of normal ground-
water seepage."
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He stated tnat although surface infiltration rates might exceed

rainfall intensity, lower permeability of subsurface profiles would

cause a lateral movement in the upper soil much more rapid than

ground water flow but not as fast as flow over the ground surface,

Later, Hursh and Brater (26) working on a 40-acre water-

shed at the U. S. Forest Service Coweeta hydrologic Laboratory in

North Carolina, tested for subsurface stormflow by plotting 1/4 to

1 hour depletion ratios -- ratio of flow at time, t, to flow 1/4

or 1 hour earlier -- following the cessation of channel precipita-

tion flow and found them to be much higher than those known to be

true of surface runoff. They concluded that at the sharp break in

the depletion ratio curve a distinction could be made between that

part of subsurface flow which behaves more nearly like channel

precipitation and that part which resembles ground water flow.

Several ground water wells located near the stream peaked at about

the point of break in the depletion ratio line, then followed a

recession similar to that of the stream hydrograph. In discussion

they suggested that in storms with negligible surface runoff storm-

water came from:

Channel precipitation.

Contributions froin areas of normally shallow water

tables located in close proximity to the stream and

occurring in soil profiles quickly saturated.

3) Storm water moving through layers of porous soil

material and under a considerable gradient, reaching

the stream during the period of storm hydrograph.



Storm seepage froLa large bodies of colluvial or

other porous soil material wnich has filled in along

streambanks.

Seepag e as a result of piling up a high water table

in talus slopes in close feeding relation to a surface

stream. These are fed by rapid seepage or percolation

from steep slopes and would contribute to the upper

portion of the recession curve.

Barnes (2), (25) stated that streamfiow could be separated

into coelponents of surface flow, storm seepage (subsurface flow),

and base flow by means cf a semi-log plot of the recession curve.

he found that each of these cceaponents had a distinctive and con

stant depletion factor and their recession curves were of the form:

= ioK
t

where	 and 4o are discharge at two instants separated by the

time period t, and K is a constant or depletion factor.

In one of the few recorded :eeasurements of subsurface

flow, Hursh and hoover (28) measured flow at 2" and 12" depths on

runoff plots in the southern Appalachians. Under forest cover they

found much more flow in the 2-12" layer than in the 0-2" layer, but

on abandoned cultivated land flow was greatest in the surface layer

or "plow depth." They concluded that the :lost important soil

hydrologic characteristics were trace cohcernin porosity and in-

cluded detention and retention storage capacity and the transmission

rate of water.
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acrking with volcanic ash soils in northern new Zealand,

van't Woudt (4f-A measured lateral leovement on a 32 degree slope with

"windowed" vertically oriented lysieeters. He found greatest lateral

movement high on the slope and concluded that subsurface flow was a

result of three factors which tended to obstruct rapid vertical

infiltration at some depth in the soil profile. These factors are:

A relatively thin layer at the surface which has

become wetted during the course of a rainstorm on

top of still unwetted soil.

A buildup of moisture in the A horizon due to a low

infiltration capacity of the B horizon as compared

with the	 which results in lateral flow through

that layer to the foot of the slopes

3) A similar buildup and lateral flow where application

of water to the surface is not rapid enough to in-

crease the pressure potential sufficiently for water

to nova from a fine top soil into underlying coarcer

soil.

Riesbol (34) reported the results of studies at Coshocton,

Ohio in which the downward rate of percolation was measured in eight

foot deep lysimeters. He found that the lag between center of

mass of precipitation and center of elaes of the percolation hydro-

/ graph was 15-29 hours. He went on to describe a method which

could be used to compute lag or tieee between infiltration and

reappearance as runoff using recession, storage-discharge, and

ground water level-discharge curves.
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Eursh and Fletcher ('7) working on a 7-acre watershed

at Coweete. ao.‘alyzed deep soil, as a reservoir sillar to a ground

water aquifer and had considerable succeas in correlating grovo4

water veil elevations with hydro6rapn peak rates and times. By

comparing strewn and ground water well nydrographs they computed

detention storage opportunity within each successive foot of

saturated soil profile as the ground water declined. Using labora-

tory determined macro-porosity data they calculated that an aquifer

of 2 acres iu size wan necessary to zlaintain flow.

In 1944 liurh (.5) reviewed the available literature on

tie subject and pointed out the need for better :iethcds of separ-

atln6 the components of flow on the hydrograpn. He suggested two

possible explanations for sunnurface flow:

1) "...rapid spilling of the over-charged ground-
water quifer torou6n extrex.ely porous wiper
soil-bori'zons."
"...relatively onallow penetration of storto-
water into porous upper soil-horizons and its
rapid lateral flow with the slope to natural
outlets."

Several writers nlve suE,geatcd that .mucn of what

often terned autssurface flow is actually ground water flow .greatly

increased during storm perioda. Horton	 says that ground

water :itage reaches a maxirlufl when inflow equals diocnarge and

the discharge ai..proacnes a theoretical 4axi=u% equal to rain

intenolty. Toporaphic features oucn as the intersection of the

water t4Aole by i,u1i es fa:tj lower tne stage Lc waion it ;oight otner-

witie rice, and runoi.: a -,-.crib-<d to tne "soil becoalin6 saturated"

may actually bo du© to eround water inflow 11:oting oeco g;e en.ival to

outfloN. in Li oport of tno i-ole of ground water durin t, ntormo,
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Wenzel (46) states that ground water flow may react very quickly

to precipitation and may reach a peak of 10-20 times normal base

flow. A small rise in ground water level along a reach of stream

will cause a large increase in cross section of aquifer discharging

into the stream. In addition, subsurface floe; from up slope may

cause a sharp increase in the slope of the water table at the

stream edge.

Roeosel (35) also believed that ground water was often

more important in producing storm runoff than subsurface flow and

suggested that ground water might be affected almost immediately

by rainfall (late in a storm) through a change in hydrostatic

pressure.

":then the field moisture deficiency is satisfied,
a drop of rain doer not need to traverse the
zone above the caeillary fringe to exert its
influence. Its added pressure at the top will
permit a drop at the bottoa to reach the fringe
and make the water table Vd.6."

lie reanalyzed the classic Swiss experiments at Rappeugraben and

Sperbelgraben and suggested that the reason Rappengraben was ceore

sensitive to rainfall aee yielded greater runoff from an equal

aiiount of rain was because it had idore and larger springs -- thus

water flowed a shorter distance to an outlet -- rather than because

of a difference in vegetative cover. To support his hypothesis he

ran laboratory tests on sand aquifers of different lengths. The

shorter aquifers were found to be more sensitive to water applica-

tion and had a much lower deteetien capacity.

Theu6h sustained et:ea:allow fros large ground water

ageifers has been demceetrated ie sany areas, it is difficaet to
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visualize extensive water tables existing on very steep slopes as

are found in many mountain watersheds. Yet base flow continues

through prolonged dry periods on many such watersheds, with a low

rate of recession. Such is the case at Coweeta (and at the H. J.

Andrews). In order to test the theory that this flow could be

sustained through long, slow drainage of soil moisture Hewlett (17)

constructed an artificial soil profile 32 1 long on a. 40 degree

slope. The soil was saturated with water and allowed to drain to

a water table at the foot of the slope constructed to simulate a

stream bed. Water continued to drain from this profile for 71 days.

Though most of the discharge came during the first part of the

period (20% in the first three days), the discharge during the last
50 days was equivalent to a rate of 0.3 csm or about

the order of magnitude of observed minimum flows at Coweeta.

Unit hydro;;raph

Sherlean (3) first put forth the concept zf

unit aydrograph in 195eLe it has become an almost universally

accented theory and has received *lee applicatien. Bernard's

addition of the distribution graph (5) greatly increased its use-

fulneeT,s and made possible coalparisoa of unit hydrographs from

different siAe matersheds through expression of runoff volumes as

perctnt of total runoff. :Averal geaeral dimensionless hydrographs

have been developed on a regional basis and euccecsfully used to

Eeoerete synthetic unit hydregrai,hs (9)(31)(4).

r,any xodificatione of the unit hydrogrph have been

mace in order to mieen its rene cf applicebility. Thou ;h
on ina1ly deeiLned for large Katersheds on.*rich daily precipitation
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records could be used, several early authors tested it on small

watersheds (e.g., less than 10 square miles) and concluded that

where rainfall intensity records were available the unit hydrograph

was a valuable tool for the analysis of surface runoff (7)(16).

Determination of tae unit hydrograph as originally outlined is

dependent upon having a relatively short storm which is uniform in

both time and areal distribution -- the storm duration must not

exceed the period of rise or time of concentration. Often no such

story; is available and it is necessary to develop the unitgraph

from a long period complex storm. Several techniques have been

developed for tais purpose including trial and error (8), least

squares (40), and "progressive addition" (3). Linsley, Kohler, and

i'aulnus (30) outline cne of tne more common elethods of determination.

This was tne principal method attempted in this study.

Because of its widespread popularity and usefulness, the

limitations of tne unit hydrograph have sometimes been overlooked.

Barnes (3), in discussing several of the assumptions on which it

is based, states that a large percentage of volume treated as

surface runoff is actually interflow or subsurface flow, and that

the time base is not constant for unit storms of different runoff

volumes. hawkins (17) points out that it falls short on the

/assumption that the entire waterstea Is contributing runoff.

1

iAfect of 4atershed ChareLeteristics

In ad itioL to its uee ia . reJictien of flood runoff

and desi;n storels tile unit hyJrceraph has served r,1s a useful tool

t• eharaeteriz,e etrie runoff frc give water!-anedti mad rA.ute it to

•easurabie watershed enaracterletics. The .lost sidely used
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expressions of runoff are p eak, flow -- in cam or distribution

percentage for the peak period -- and some expression of the time

lapse between rainfall and runoffs i.e., lag, time of concentration,

period of rise, etc. Variously defined units of lag have usually

been related to watershed size, shape, and channel, slope. In a

study of watersheds in tne Appalachian Mountains, Snyder (39) found

that basin lag, which he defined as time from centroid of rainfall

to the hydrograph peak, could be expressed by the formula

tp = C t (LLc ) 03

where tp is lag in hours, L is length of tne main stream from

outlet to divide in miles, Lc is distance from the outlet to a

point on the stream nearest the centroid of tae basin, and C t is

a basin constant. lie thee useu lag and area to determine pe;:l.k flow.

Lag was found to be affected by storm characteristics, i.e., varia-

tions in time and areal distribution.

Taylor and Sca►arh (41) related unit hydrograph lag and

peak flow to duration of rainfall excess and to tae watershed

characteristics of length of main streaak, lengta co centroid of

area, a u caaanel slope.

hickok, Keppel, and .difierty (16) analyzed a number of

hydrographs from 14 small watersheds in the southwest and found

lag	 to col. relate best with area, average land slope, and

drainage density. Lag time and time of rise varied considerably

anu it was eoncluded Lnat lag time gave a much more reliaoie index

of viatersheu influence, being less affected by rainfall intensity

ahu ouration.
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In its hydrology handbook the Soil Coneereation Service

(+k) estimates lag empirically as 0.6 tiales the time of concentra-

tion. Time of concentration is determined either by analysis of

the bydrograph recession or calculated from length and slope of

the main streams

Most of these determinations have been empirical in

nature and resultant formulas included constants which are appli-

cable mainly to areas of similar geology and climate, then limiting

their use in other areaa.

The synthesis of dimensionless hydrographs through the

use of watershed parameters has come into quite common usage.

However, Gray (14) criticizes the validity of the common means of

relating unit hydrographa to topography and other watershed charac-

teristics because of the interrelationship of the parameters usually

used under the assumption that they are independent. For examples

and Lc
 which are often used in combination are related to each

other and to area When regional influence was given consideration

he found that the slope of the main stream could also be correlated

with these three factors. In a study of 340 clrainge basins in

the northeast, Langbein (29) confirmed some of these relationships

and also found that drainage density usually increased with average

land slope, and that steep channel slopes were usually associated

with steep land slopes.

In a study at Co'eeta, Hoover and Hursh (19) found that

higher elevation watersheds, which had steeper slopes and shallower

soils, produced much higher peaks than did lower elevation water-

sheds which had generally gentler slopes and deeper soils (68-167

csm as compared to 22-32 csm).
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Other Methods of  Analysis

In recent years several writers have attempted to

represent the nydrogralll of runoff with a mathematical formula.

The advantages of such a formula in characterizing runoff are

obvious. Edson (10) used a two-paraeter equation in which peak

discharge and time of peak are determined frou watershed_ character--

 In a refinement of this method Reich (33) took 47 hydro-

graphs from 14 watersheds and fitted a three parameter mathematical

model to them. Multiple regressions were then developed for

predicting each of the three hydrograph parameters from storm and

watershed characteristics and antecedent moisture.

The recession curve of a hydrograph after precipitation

has ceased is made up of depletion from storage and as such should

reflect watershed characteristics. It was through analysis of this

recession curve that Barnes (2) suggested separation of the three
components of flow. In a comparison of snowmelt strew :flow from

the Fool Creek and East St. Louis Creek watersheds of the Fraser

Experimental Forest in north-central Colorado, Goodell (13) sug-

gested comparison of the recession curves as a means of calibration

prior to treatment of one watershed. In a later study on the same

watersheds, recession analysis was used to separate individual

daily contributions to stream flow and to determine whether base

flow had been affected by management practices (12).

Many graphical methods have been used to compare runoff

characteristics between watersheds or between time periods --

usually before and after treatment -- on a single watershed. These

are fairly simple to carry out alid ive a visual indication of
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similarities and differences. The Tennessee Valley Authority has

utilized a number of these methods in evaluation of land treatment

effects on watershed hydrologic characteristic E3 (42)(k3). Among

these are: peak discharge va. runoff surface runoff ya. preapi-

tation and antecedent moisture, and percent runoff timed

Horton (22) and Horner (20) have used the technique of plat:in&

mass precipitation and mass runoff on the sam2 t.lmm ovale in df4e g

-mining watershed inliltratior: capacity from the hydrograph,
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METHODS AND MATERIALS

.§.112111.21FM

The study was conducted on experimental watershede

#2, and #3 of the He J. Andrew le.xperimehtal Vorest wbich is

located approximately 45 miles east of Eugene ) Oregon a* shown

Figure 1. The experimental forest is located on a tributary of the

McKenzie River which in turn flows into the Willamette River near

Eugene. The H. J. Andrews Experimental Forest was established in

1948 for the study of forest and watershed problems aseociated

with the conversion of mature and overmature Douglae-fir and upper-

slope (mountain hemlock-noble fir) forests to productive young . -

growth stands. A number of studiee covering a wide variety of

problems in forest and watershed management are presently being

carried out by the Pacific Northwest Forest and Range Experiment

Station in cooperation with the Willamette National Forest,

The three experimental watersheds wore chosen for studies

of the effect of logging on streamflow end sedimentation. Trape-

zoidal flumes were installed in 1952 and all threo watersheds re-

mained in an undisturbed state until 1959 when roads for logging

and access purposes were constructed on Watershed #3. Further

treatment planned is as follows: Watershed #2 will be held in an

undisturbed condition as the control. Watershed #3 will be logged

by the standard staggered-setting system as practiced on National
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Forests west of the Cascade Summit. Under this system approx,emately

25% of the area is clearcut in patches during the first cutting

cycle. Watershed #1 will be 100% clearcut and will be logged by

the Wyssen skyline method. This system involve iti a minimea of road,

construction and soil disturbances

IsEsaaaw--The topography of the theee watershede AA:

geologically young and is generally rough with average slope

greater than fifty percent. Side slopes dropping into major

stream channels are steep to precipitous. Slopes of 80-100% err

not uncommon and rock outcrops are frequent. Areas of benches and

gentle slopess probably a result of past colluvial activity are

present and alternate with steep, thin-soiled slopes, particularly

on Watersheds #2 and #30 Figure 1 illustrates the topography of

the three watersheds and Figure 2, the elope-area curve, gives

some indication of the relative slope of the watersheds. As Figure

2 and Table 1 show, Watershed #1 has considerably more area at a

slope of greater than 30% than either of the other watersheds(

The eatershads are oriented with drainage from southeast

to northwest and range in elevation from about 1500 foot at the

gaging stations of #1 and #3 to over 3500 feet.

The drainage pattern is dendritic. Drainage density has

been computed by two method3 -- one utilizing stream lengths as

A large slide occurred on Watershed #3 in December /961,
depositing more than 5,000 cubic yards of mud, rock, and log debris
in log jams in the main channel and scouring nearly 3,000 feet of
creekbed to bedrock. Cause of the slide :Jae believed to be a steep
and unstable soil mantle, a logging road constructed across the
water shed, and a eequence, cf snow and reinsZores which tnorouehly
wet the soil (11).
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Table I

    

WATERSHED SLCPES a

   

Watershed #1	 Watershed #2 Watershed #3
Acres % Area

0 to 20% slope

20 to 40% slope

40 to 60% slope

bo to 80% slope

>80% slope

Exposed rock

12.1

23.0

33.4

90,7

54.0

18.8

5.1

9.7

16.2

38.3

22.8

7.9

Total 237.0 100.0

Acres Area

16.7 11.2

31.0 20.8

2408 16.6

48.4 32.5

26.2 17.6

2.0 1.3

149.1 100.0

Acres % Area

	

41.5	 16.6

	

44.3	 17.7

	

41.7	 16.7

	

57.3	 22.9

	

45.0	 13.0

	

20.3	 8.1

25001 10000

Weighted average
sloceb 66.C% 55.4% 54.8%

 

....11.1riall,■1■110111kNICMOYOCZasli

 

TIPOMMI,10,--ar

 

lesommesnoretsw-vmesmoce-v.c.

   

Average slope by c
contour method 63.5% 57.0% 56.0%

aAreas from map by Wollum (49).
bAverage determined by _eultiplying midpoints of slope classes by
percent area within each class and computing a veiguted average.
For hydrolo k-Jic purposes exposed rcck was included within the::::>80%
slof:e class. Midpoint of this slope class as taken as 90%.

cDetermined by formula, S = DL/A, as explained in text.

■■■•■■■•■■••■■•1111.-.10111MIMIM.1111

determined froza a topographic map with a scale of 16"/mile 3 including

intermittent streams; the other using lengths as measured in a

survey during the dry season. The drainage densities are included

in Table 2 and it is interesting to note the difference between

methods, particularly on Watershed #1.
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Watersheds #1 and #3 are more or less fan-shaped and have

compactness coefficients (watershed perimeter/circumference of a

circle with equal area) of 12,5 and 1.30, respectivelye Watershed

#2, being between them and having the gaging station located further

upstream from the mouth, is relatively ovoid in shape and has a

compactness coefficient of 1.18.

212121721ndsoils;--The area and the three watersheds

are underlain by igneous and volcanic rock with a complex history.

No detailed work has been done in the area but it has been described

generally. Geologically, the area lies within tho western Cascades

which are marked by volcanic activity of eruptive fissures forming

narrow, irregular dikes (47).

Soil surveys on the experimental watersheds have confirmed

the presence of basaltic and andesitic lava flows at the higher

elevations overlying tuffs, breccias, and aggloaerates at lower

elevations*

Like tne volcanic parent material, the pattern of soil

distribution is quite complex. however, the soils can be generally

grouped into three types:

A residual clay loam formed from andesito and basalt

which is common on the steeper slopes and ridgetops;

A residual silty clay loam formed fre!a agglomerates,

tuff, and breccia which is characteristic of mid-

slope and low-ridge positions;

3) A clay loan foreled from colluvial materials which

occupies gentle slopes and benches. (6)
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Soil structure has generally been described as being

medium to fine subangular blocky in the upper horizons grading to

massive or structureless in the C horizon of several series.

Except for some of the colluvial soils forming bench

areas, the soils are generally shallow, often less than two feet

in depth. Figure 3 shows areas of deep and shallow soils on the

watersheds. As can be seen from this figure and Table 3, 65% of

the area of Watershed #1 is in shallow soils and exposed rock while

Watersheds #2 and #3 are between 40-45% shallow soil and exposed

rock.

Table 3

SOIL DEPTHS

Watershed #1 4atershed *2 Watershed #3
■••■••11......011.41.7,

            

Acres % Area

 

Acres Area Acres % Area

Deep soils

Shallow soils

Exposed rock

80.1

138.0

18.8

33.8

58.3

7.9

80.8

66.3

2.0

54.2

44.5

103

149,7

80.1

20.3

59.9

32.0

8.1

Total 237.0 100.0 149. 1 	100.0 250.1 100.0

Data from soils-vegetation survey report by Wollum (49).

`Deep soil :rapped as that deeper than two feet.
••■•••••■••••••■•■■••■•••.•■■•••••••■••••••• *nowvammo.m.sawnes.

Two soil surveys have been conducted on the area, one in

1960 by 11u (49) and one in 1562 by a Forest :Arvice soil-survey

team. A brief resume of the soil types as described in the most

recent survey is given in the appendix.
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The soil survey which mapped depth differentiated between

deep and shallow soils at a depth of two feet. Thus both residual

and colluvial soils are included within the deep soils classifica-

tioa. Sore of the colluvial soils are quite deep -- more than ten

feet -- as the soil series descriptions in the appendix indicate.

These deep colluvial soils probably have considerable hydrologic

significance, as will be discussed later.

Most of the soils are well drained to moderately well

drained with moderate to moderately rapid permeability. The one ex-

ception is the Slipout series, mapped as occupying a small area of

Watershed 7'3, which is described as being imperfectly drained and

having moderately slow permeability. Bulk densities have been deter-

mined on several soils and generally averaged between 0.8 and 1.1.

Some idea of the potential for detention storage can be

obtained from determinations of non-capillary pore space in the top

four feet of the soil at three sites in Watershed #3. Using soil

moisture-tension measurements and bulk densities, the total non-

capillary pore space was determined to be 7.8, 5.5, and 5.4 inches in

the top four feet of soil at these three sites 	 Approximately half

of this non-capillary pore space, or potential detention storage, was

in the top foot of soil. Though these figures cannot be used to re-

present the watershed as a whole, they do illustrate the large

storage capacity of the soil and help explain why surface runoff is

virtually non-existent, even during prolonged intense storms.

1
Non-capillary pore space was assuAed to be the difference between
volume of water held in the boil at saturation (total pore space)
and at a tension of 60 centimeters of water. Total porosity was

	 1.1
determined fro bulk density by the formula

T	 Bulk Density )otal porosity (in percent) = 100 (1 	 2.0
Data for bulk density and porosity is shown in the appendix.

	,••■••■■■■■■■••••••■........•■•••••■
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Vegetation:- Although ve3etaticn changes progressively

with altitude within each watershed, it is not noticeably different

among the three watersheds. It consists primarily of old-growth

Douglas-firl/with an underatory of hemlock, yew, chinquapin,

dogwood, and vine maple. Hemlock and western redcedar, the site

climax species, become more abundant at higher elevations at the

expense of the Douglas-fir. Western rcdcedar, incense cedar, big-

leaf maple, and alder are found along creeks and near marshy spots

where soil moisture conditions are favorable. Common shrubs are

rhododendron, salal, Oregon grape, and huckleberry. Due to the

dense crown canopy (about 90%) herbaceous vegetation is sparseo

Among the iiore common species are twinflo:7er, oxalis, swordfern,

goldthread, and beargrass (39).

Climate and hydroloav--The climate of the area is

generally mild. It is quite rainy in the late fall, winter, and

spring but warm and dry during the sneer months. The mean teaper

ature in July is about 65 0 F. and in January about 39° F. Temper-

atures usually exceed 100 degrees for a brief period in the suumer

but rarely reach 0 degrees in the winter. Mean water year orecipi-

tation over a 7-year period averaged 92 inch©s with a range of

?3.6 to 109.8 inches; primarily in the forts of rain. Rainfall

intensities are low -- usually less than C.2 inches/hour, with few

storms reaching 0.50 inches/hour, even for short periods.

During the 7-year calibration period annual runoff from

the three watersheds averaged about 60 inches or about 6).;-.,; of

1/— For a list of scientific names of co:aaon species see appendix.
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precipitation, varying fro::: 45.4 to 61.1 inches. Water balance

studies have indicated that the remaining 3.5% may be broken down

into interceetion -- 12%, and evapotranspiration losses --

Lowest periods of strea=flow occur in late suamer prior to fall

rains and have varied from Auguet to early November. To date the

recorded extremes of high and low flow indicate a ratio of nearly

1000 to I (37). Figure 4 shows the monthly distribution of preci-

pitation and runoff of Lookout Creek, the stream into which all

three experimental watersheds drain.

According to observers there is no visible surface runoff

during even the heaviest rains but temporary etreams flow in every

possible channel and water "literally squirts out of the road cuts

from top to botton." During prolon6ed, intense storms runoff rates

on Watershed /11 have reached 803 off" rainfall intensity (36).

Instrumentation

Precipitation:--Rainfall intensity records are available

from a Leupold and Stevens ;4-12 recording rain gaga located at a

climatic station below the mouth of 4aterened #2. Four additional

standard rain gages and two rain and snow storage gages are located

within the three watersheds and around their periphery. Precipita-

tion recorded at different elevations was compared and, over the

short period of concurrent record -- 1-2 years, found to be approxi-

mately 5% greater at the highest elevation then the climatic station

for annual precipitation. Little difference was found for short

period trieter storm precipitation.

Runoff:--Runoff from the experimental eatersheds has been

gaged eince 1932 with trapezoidal flueles. Rcthacher (37) describes
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Figure 14 . Average annual distribution of precipitation and runoff
from the Lookout Creek drainage, H.J. Andrews Experimental
Forest. (from Derrsten and Rothacher (6))
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the installations as follows:

Each of the small watersheds is gaged with a trapezoidal
flume 9 feet long and 14 feet wide with epproxieeately a 9-
inch-wide flat floor. Side slopes of the flume were
constructed at approximately 25 degrees to a height of
three feet. The floor of the flume has a 3 to 5 degree
slope downstream. This design, based on laboratory tests,
gives a lay: inar flow through the control section at all,
stages& A trapezoidal flume was used rather than a sharp-
crested weir because it is self-cleaning and has a rela-
tively large capacity. The flumes as described can handle
approximately 100 cfs.

The flutes are equipped with standard Leupoid and Stevens A-35

stage recorders. Stage-discharge ratings have been made in the

field by means of the velocity head rod.

Data Reduction

Store runoff anqprecipitatioh:--Stage hydrographe for

the period of record since 1952 were examleed for storms which

could be isolated arid analyzed. Six storms were selected and used

for the study. The maximu:a recorded flows were not included as

theee were usually from loher-period, more covaplex storms which

are more difficult to analyze.

Since the exact recession curves of the three watersheds

were not known, base flow had to be arbitrarily separated from

stone runoff. In vice. of the disagreements regarding hydrograph

se paration in the literature and the reeults of later recession

anal:J. 61e, it is felt that any separation of base flow without con-

siderably ;Tore leforreation than was available would be arbitrary.

A censte.at tie of storaflow ruaout Iron time of peak was applied

to each watershed for all six storxis. This tie period for each

watershed was arrived at by exaininG the hydrogrnphs and subjectively
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estimating the point at which storm runoff appeared to cease. At

this point there is noneally a visible break in the recession curve.

For each watershed the average time of these recensions aas eom-

puted and then applied to all six storms for .eparation of base

nowt

The method of separation used is explained by Linsley,

Kohler, and Paulhue (30) and consists of extending the recession

existing prior to the storm to a point under the hydrograph peak(

A straight line is drawn from this point to the point on the

recession hydrograph at which storm runoff is determined to have

ceased.

Although the accuracy of base flow separation by this

method for a particular storm may be questioned, it was felt that

since the method used was constant throughout the study it would

not greatly affect the accuracy of the storm hydrographs for compari-

son purposes or interpretations. Runoff volumes were then calcu-

lated from stage-discharge relations.

For one storm, that of November 16-20, 1960, a distinct

second storm following the peak by 6-8 hours was separated as

oulined by Linsley, Kohler, and Paulhus (30).

For each storm the hyetograph of hourly rainfall intenei-

ties was plotted on the same tiele scale as the storm hydrograph in

order to examine the hydrograph reactions to rainfall intensity

fluctuations. The rainfall intensity was assumed to be constant

over tne three watereheds. This assuelption is based on the fact

that the storms expeeienced here are of the widespread frontal type

with low intensities. Examination of records frore the rain cage
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network showed no orographic effect and little variance in total

precipitation from this type stora. Since . there is no effect on

total storm precipitation, there is no reason to believe that

there is an effect on intensity of precipitation,

w--The definition of lag adopted for this study was

the time froa centroid of the period of effective rainfall to the

tine when 50% of storm runoff has occurred The centroid of

effective precipitation was determined graphically from a mass

plot of preci pitation and storm runoff,

Recession coefficient: The term, recession constant,

is normally used for this value. However, as the values determined

were anything but constant, recession coefficient was settled upon

as a more appropriate term.

In order to eliminate the effects of channel precipitation

and channel storage, the period of recession was taken as beginning

three hours after the peak or three hours folloain8 cessation of

rainfall, whichever was later. Recessions of total flow were

plotted)on semi -log paper and recession coefficients computed for

periods during which the semi-log recezzion plot approximated a

straight line. For purposes of computation a time-period of 6 hours

was chosen. Thus recession coefficients were determined by the

formula
qt+6R

qt.

where Rc is the 6-hour recession coefficient, is discharr,se

at any time t, and fat+oc is discharge 6 hours later.- 
Viatershed characteristics:--The basin characteristics

which were thou,,ht to hav(: a L:i t;nificant effect on sera runoff --
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both volume and time distribution of runoff -- were measurede

Watershed perimeters and stream lengtns were measured with an

opisometer from a map constructed by research foresters of the

H. J. Andrew Experimental Forest from a compass and chain survey

The centroid of area was determined by the standard means of

vertically suspending a cardboard outline of the watershed sepa-

rately fro re several points and finding the point of intersection

of plumb lines froal these points of suspension.

Average basin slope was measured as outlined by W.sler

and Brater (46), i.e., by the formula

DLS = 100 A-A

Where S is the average slope of the basin in percent, D is the

contour interval in miles, L is total length of contours in wiles,

and Q is the basin area in s•ivare miles. Data for the slope-area

curve was obi.ained from area within slope classes as zapped by

Vollum in his soil-vesetatica survey.

Other:--Data on soils was obtained from a soils-vegetation

survey conducted in the summer of 1960 as rei,orted by Viollum (49).

Parallel transects were taken across the watersheds (at right

angles to the main drainage) at ten and twenty chain intervals.

Soil depth, slope, aspect, and vegetation were recorded on plots

at two chain distances, and mapping by soil series, soil depth,

and slope one done in the field usin:: aerial photoeraphs.

Base flow at the beginning of storm periods was meaured

arc: need as an i,dex of antecedent moisture conditions. This index

may not Lull) account for recent rains vehich heve reduced available
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moisture storage without materially increasing base flow. However

most of the storms selected followed a period of at least a week

with no appreciable.rainfall.
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ANALYSIS

The six storms selected for analysis as described in

chapter III varied from 2,39 to ',7 67 inches of rainfall and storm

runoff as separated from base flop ranged from 0.57 to 4,59 ipchea,

Table 4 lists the storms used and principal, data from these stormsc

Unit I1 dror raph

When the study was initiated the unit hydrograph was

planned as the principal means of characterization and comparison

of runoff characteristics of the three watersheds. With tree low

intensity rainfall, highly porous soils, and high infiltration

capacities there is very little actual surface runoffs but rather

subsurface flow. liov;ever, the subsurface flow behaves differently

than nn ormal ground water base flow and is easily distinguishable

as storm runoff. Therefore, it was believed that the unit hydro-

graph would be applicable for purposes of analysis with the

principal difference being the much longer title periods than would

be necessary with surface runoff from the same size watersheds.

As even the shortest storm had a duration of effective

precipitation longer than the estimated time of concentration, the

storm period was broke.; into "unit" store) periods. After examina-

tion of the hydroerapns, three hours was chosen as a convenieat

time unit to use. Accordin;;;ly, analysis of the complex hydroraphs

began witn estimates of the amounts of effective, cr excess,
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precipitation,	 1 9 '42 9 .	, tent resulting from successive

three-hour storm periods. This was done by examining the rainfall

hyetographs and the stage hydrographsc taking into consideration

the antecedent moisture conditions, As outlined by Linsley, Kohler,

and Paulhus (28), the equation for any three-hour ordinate, qn,

of the total hydrograph in terms of excess precipitation, 4, and

unit hydrograph distribution ordinates, 	 U , is

(in =U	 U	 U	 c
n 1	 -n.-1 2	 n-2 3	 qlün

Thus the distribution grapb ordinate, Un can be determined by

the formula:

Un = qn (4nU1 	 -11i2 4n-21:	 Q2Un-1)

Using this method, each computation depends on all previously

computed values of U, which in turn depend upon the values of ex-

cess precipitation, Q, initially assigned. Any errors become

cumulative and may eventually lead to large negative ordinates.

When this occurs, the excess precipitation is redistributed among

the three-hour storm periods, giving new values for Q . The process

is repeated until the computed final hydrograph ordinates give a

fair approximation of the actual recorded hydrograph.

This method was attempted on all three watersheds on

storm 2 and on Watershed #2 for storm 3. In every case negative

values of U developed before the peak section was reached. Some

8-15 distributions of excess rainfall were used in each trial but

little improvement in results was obtained over the original dis-

tributions which were assigned through a knowledge of the storms
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and antecedent conditions. Since this method is quite laborious

and time-consuming, it was decided not to pursue it further.

The "progressive addition" method outlined by Barnes (3)

was also tried. This is similar to the above but begins on the

recession side of the hydrograph and works backward until a com-

plete set of positive runoff ordinates is obtained. This sequence

of excess precipitation volumes is then used for a forward run and

the runoff ordinates computed. The ordinates computed by reverse

and forward runs are plotted on the same time scale. The distribu-

tion of excess rainfall is adjusted between sets of runs until the

hydrograph ordinates computed by forward and reverse runs agree

favorably. This method was also tried on storms 2 and 36 Barnes

found that this method was successful in developing unit graphs

which coincided very closely in a maximum of 4 to 5 trials. How-

ever, as many as 8 to 10 trial distributions were used on these

storeis without visible improvement. On storm 2, Watershed 41,

reasonable looKing hydrograph ordinates were developed on the

reverse run; however, in every case the forward run developed large

negative ordinates immediately following the peak.

After considerable expenditure of time with no fruitful

results, it was decided to abandon the unit hydrograph approach in

favor of other means of comparison.

Runoff Volume and Peaks

As might be expected there was considerable variation in

storm runoff, both in amount and in runoff expressed as percent of

precipitation. Figure 5 shows storm runoff versus precipitation.
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Though Watershed #1 usually produced the greatest volume of runoff

from a given storm, there was little difference between watersheds

on several storms. The relative effect of antecedent moisture as

indicated by base flow at beginning of storm can be seen in Table

1+. Storm 3 which has the lowest percentage runoff has the lowest

antecedent flow. Variation in percentage runoff is not completely

explained by the index of antecedent moisture, however, as is

demonstrated on storm 1.

Peak flow in csm for the six storms correlates quite well

with storm runoff as is shown iu Figure 6. The correlation is

particularly good on Watershed #2. From the regression lines which

have been fitted visually, it appears that 'datershed #1 has the

steepest regression line, i.e. peak flow increases most per increase

in storm runoff, while ?watershed #3 shows the least response of

peak to increase in runoff.

Time Distribution of Runoff

In order to criaracterize ana compare storm runoff for the

three watersheds composite distribution graphs were constructed

froei average three-hour distribution percentages of the six storms.

In oraer to reduce the variation caused by differences in duration

of effective precipitation, the time of peak flow was taken as a

starting point and time measured in both directions from peak.

The amount of cumulative storm runoff was measured at three-hour

intervals from 6 hours before peak to 12 hours following peak flow

and the three-hour increments converted to percent of total runoff.

Because of the progressively slower rate of change in the recession
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side of the hydrograph, measurements were taken at six-hour intervals

between 12 and 24 hours following the peak and at twelve-hour intervals

between 24 and 48 hours. Measured increments over this period were

converted to average equivalent three-hour distributions. The instan-

taneous peak rate was converted to the equivalent three-hour distribu-

tion percent and an average peak rate determined. Table 5 shows average

three-hour distribution percentages and Figure 7 shows the composite

distribution hydrographs for the three watersheds. The average period

of rise -- time interval froth beginning of effective precipitation to

peak -- was determined for each watershed and used to locate the peak.

Because of variations in rainfall duration and period of rise, three-

hour distribution percentages were not calculated for the portion of

the composite hydrographs prior to -o (6 hours before peak); this part

of the composite hydroraphs was estimated from hydrograph examinations

and fitted so that the area unuer the curve was equal to the average

percent of runoff during this period. That portion of the storm runoff

hydrographs more than 46 hours following peak flow was not included as

this last 30-42 hours contained only 5-9% of the total storm runoff

and would have required greatly reducing the time scale. The composite

hydrographs as shown in Figure 7 are plotted on a tiele scale with the

start of effective precipitation as zero.

As Figure 7 shows, the composite distribution hydrograph of

Watershed	 has a very sharp peak flow section. Examination of the

data showed that this high average was caused by storm 3 in which an

instantaneous peak of 19.3% was reached as compared to the next highest

peak of 11.3%. Watersheds #1 and ,;2 also had higher peak distribution

percentages on this storm but not to the extent of Watershed #3. The

reason for this differeece is the low storm runoff of 0.37 inches on

iietershed n3 as compared to 0.73 and 0.71 inches on iatersheds Sa and
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#2. As all five other storms contained more than twice this amount

of runoff, another set of composite hydrographs was constructed using

storms 1, 2, 4, 5, and 6. It was felt this would give a set of hydro-

graphs more representative of runoff from the large storms which are

typical of the wet season. Table 5 includes the three-hour distri-

bution percentages of the five-storm average. An indication of its

improvement over the six-storm average can be determined by the reduc-

tion in variation * as shown by the maximum/minimum ratios, "V", of

the two analyses. The reduction in variation is most pronounced on

Watersheds #2 and #3. Figure 8 shows the composite hydrographs derived

from the five-storm average. As this figure shows, Watershed #1 has

the highest peak, peaks first, and has the steepest recession limb o

iiatershed :42 peaks latest, has the lowest peak percentage, and sus-

tains the highest percentage flow throughout most of the recession.

Watershed 43 is intermediate between the two but more closely resembles

Watershed #2. Figure 9 shows the cumulative runoff in percent and

further points out the faster runoff of Watershed #1

Examination of Table 5 snows that Watershed #2 has the

le3st variation in distribution percentages among storms, i.e.,

lowest maximuVminimum ratio, V, and that Watersheds #1 and w..3 are

almost equal in this respect.

*Not to be confused with the statistical term, variance, Because of
the small number of samples in each group (5 or 6) it was not felt
justifiable to use statistical methods of analysis. However, this
does not limit presentation of data to the mean values only, and
the ratio of maximum value to minimum value was chosen as a means
of giving a relative indication of the range in values. This
metnod is presented as a tool in distribution graph analysis by
.sler and 3rater (45)•
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As might be expected from storms with a wide range of

time durations, the time from beginning of effective precipitation

to peak flow varied considerably. If storm 3 which had a time to

peak of 12, 10, and 10 hours, respectively, is omitted, variation

is reduced and watershed 	 again shows the lowest V value.

The time from 10% of peak flow to peak has been sug-

gested (3) as a more accurate index of the period of rise of the

hydrograph. This tine was measured and averaged 2 to 4 hours less

than total time to peak. Nith the exception of Viatershed ,4t2

(excluding storm 3) it gave a wider range of variability than total

time to peak.

The lag time, as computed from ce!itroid of effective

precipitation to the time when 50% of runoff has occurred, gave

one of the ►uost accurate indices of storm runoff. It is interesting

to note that the longest lag periods occurred on the storms having

shortest duration. Watershed /^1 had the smallest range of varia-

bility and Watershed 3 the greatest. Elie nation of storm 3 had

no effect on the ralle of variability for 'atersheds #2 and #3 and

negligible effect on Watershed #1. Thus lag time seems to be

primarily affected by watershed characteristics. Evaluation of

the watershed characteristics which affect lag presents a difficult

probleuis however. The parameters most commonly quoted in the

literature as being related to lag are L Lc , and stream slope,

S , with lag time being proportional to some power of LL c and

inversely proportional to the square root of S . These paraneters

have beet: related to watershed lag where surface flow was the

principal source of storm runoff. On the experimental watersheds
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of the H. J. Andrews Experimental Forest where subsurface flow is

the dominant process, no clear relationship could be shown. Water-

shed #2 which had the lowest values of L and L c and the highest

value of S (as measured to the divide)v had the longest lag time,

18.1 hours as compared to 13.0 and 15.4 hours on Watersheds #1 and

//3. Values of LLc/6'4 were computed and found to be 1,04, 0.39,

and 1.16 for Watersheds #1, #2, and #3, respectively.

Recession Analysis

Because of the arbitrariness of the method of base flow

separation, total flow rather than storm flow was used for recession

analysis. .4hen total flow was plotted on semi-log paper it was

found that the recessions did not lend themselves to an obvious

simple breakdown into two or three straight lines. Rather, they

were still roughly curvilinear overall, but could usually be broken

down into four to six straight line segments. Figures 10, 11, and

12 show the recessions plotted so that the six recessions for each

watershed coincide at discharges of 3.70, 2.33, and 3.91 cfs,

respectively, which are the equivalents of a flow of 10 csm. As

these figures show, there is a considerable variation in the reces-

sion slopes. On all three watersheds storm 2 has the lowest overall

recession slope (or highest recession coefficients) and storm 3

the greatest recession slope. Again, Watershed #2 shows the least

variation between storms and Watershed #1 the greatest amount as

is pointed out by Figures 10-12 and Table 6.

Recession coefficients over comparable ranges of es:I.

(on the same storms) have been plotted for Watersheds 4. and 113

versus Watershed 42 and approximate regression lines fitted.
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Figure 13 indicates a closer overall correlation between recession

coefficients for Watersheds 42 and #3 than between 42 and 410

There also appears to be a significant difference in slope between

the two lines, i.e, the recession coefficients of Watershed 41

increase at a faster rate with respect to the recession coefficients

of Watershed i/2 than do those of ► Watershed 43 z This means that

during the early portion of the recession the discharge of Water-

shed 41 decreases at a much faster rate than the other two water-

sheds, then flattens out, approaching the recession rates of

Watersheds 42 and #3.
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Figure 13 indicates a closer overall correlation between recession

coefficients for Watersheds #2 and #3 than between #2 and #1.

There also appears to be a significant difference in slope between,

the two lines, i.e. the recession coefficients of Watershed #1

increase at a faster rate with respect to the recession coefficients

of Watershed ;/2 than do those of Watershed #3. This means that

during the early portion of the recession the discharge of Water-

shed /;:1 decreases at a much faster rate than the other two water-

sheds, then flattens out, approaching the recession rates of

Watersheds #2 and ht3.
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DISCUSSION

As indicated previously, the large number of variables

and the small number of observations precluded a statistical means

of defining the relationship between watershed parameters and runoff

characteristics. However, a number of observations can be made and

a rational approach applied to these observations.

From the differences in soil depths as shown in Table 3
and Figure 3 it can he assumed that there are similar differences

in the amount of available storage in the soil. (The most recent

soil survey did not indicate any great difference in areas of soils

with similar porosity and permeability among the three watersheds.)

Therefore, it can be postulated that Watershed #1, having the least

amount of available storage, will yield the greatest amount of

runoff from a given storm and, its storage being filled faster,

will rise at a more rapid rate during the early portion of the

storm. Similarly, because of the reduced effect of storage on

Watershed	 it should reach a peak rate of flow sooner following

cessation of effective precipitation and should recede more rapidly

following the peak due to the lower volume of storage available to

sustain flow.

The slightly greater average slope of Xatershed gl should

also allow more rapid subsurface flow according to Darcy's Law,
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V = KS , where V is velocity of flow, S is the hydraulic

gradient, and K is a coefficient determined primarily by per-

meability.

The timing of runoff on Watershed #1 was found to be as

expected, i.e., a faster rise, earlier peak, and steeper recession

than on the other two watersheds. Watershed #1 produced the most

runoff on five out of six storms; however, on only one storm was

the volume of runoff from Watershed #1 found to be more than 10%

greater than the next highest watershed.

Extending this line of reasoning, it can be further

postulated that, on normal storms, Watershed #1 should have the

highest peak flow. This assumes a theoretical maximum peak rate

of loss to deep seepage (or percolation to a ground water aquifer)

-- this rate of loss or percolation to a lower strata should approach

a constant value much as surface infiltration rates do. In order

to reach this theoretical aaximum, a storm of sufficient intensity

and duration to completely fill all available storage would be

necessary. If this occurred, the hydrographs would flatten at the

peak and runoff would continue at this rate until the rainfall

iintensity decreased or effective precipitation ceased. Under such

conditions, then, differences in peak rates of flow would reflect

differences in deep percolation rates rather than in available

storage.

Examination of the hydrographs used in the study indicated

that on none of the storms studied did peak flow reach its theo-

retical maximum for the rainfall intensity. Thus effective preci-

pitation always ceased before available storage was filled. Because



of its lower total storage Watershed #1 would be more nearly filled

when rainfall ceased and would be expected to be flowing at a higher

rate at this time and thus reach a higher peak, This was found

to be the case on all six storms as Table 4 shows, The greater

response of peak flow to increases in runoff volume on Watershed

than on the other two watersheds, pointed out earlier, could

also be attributed largely to a lower detention storage on this

watershed.

Although this difference in available storage would seem

to give an explanation for the high peak flow of Watershed ,!,1, it

cannot be assumed to be the only causative factor. Differences in

deep percolation rates could also contribute to such an effect,

Although peak flow of Watershed 2. (in csm) averages slightly less

than tnat of Watershed 0, it was greater than Watershed 03 oa

three of the six storms. Thus it appears that peak rate differ-

entials may be affected by both differences in available storage

and differences in percolation rates.

Available soil moisture storage may also help explain

differences in interstorm variability of runoff time distribution.

Watershed #2, with most storage, would exert the most control over

storm runoff. Watershed #1, with the least amount of storage to

affect runoff, would be most affected by storm variables such as

duration, intensity, and volume. The maximum/minimum ratios, V,

shown in Table 5 bear this out for Natersheds #1 and "12 but not

quite so well for Natersned 43. ‘Natershod #2 has the greatest

maximum/minimum ratio of actual peak flows in C31,1 (Table 4) due

to its low peaks on small storms -- again largely a result of
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greater storage. Variability of peak flows expressed as percent

of storm runoff is least on i4atershed 	 however.

Figures 14 and 15 show storm runoff hydrographs in

inches per hour and rainfall intensity b y hourly averages for

storms 4 and 5 and are included here to illustrate the differences

in hydrographe as affected by fluctuations in rainfall intensity.

Examining storm 4 (Figure 14), it can be seen that

Watershed #1 rises continuously for almost 24 hours, then peaks

when rainfall intensity drops from 0.24"/hr. to 0019"/hr. As

rainfall intensity drops rapidly to less than 0.10"/hr. it recedes

steeply and describes a smooth recession curve. All three water-

sneds are affected by the three-hour decrease in intensity (to 0.15"

/hr.) from 1000 to 1300 (1;00 p.m.) on December 6, This effect

takes the form of a reduced rate of rise on Watershed #1 and a two

to three-hour flattening of the hydrograph on Watersheds #2 and 3.

A two-hour decrease in intensity of smaller magnitude from 1600 to

1300 caused a teuporary hydrograph depression on Watersheds /,:2 and.

#3, though more noticeable on #3. The next major decrease in

intensity, starting at about 1900, caused a hydrograph flattening

on ratersheds j and #3 with ;;atershed 43 being affected first

(or at a greater rainfall intensity). Watershed 0 then peaked at

2200 and Watershed #2 at 2330 (11:30 p.m.), just one-half hour

later than 7;atershed ml, following a brief period of increased

rainfall intensity.

Storm 5 (Figure 15) exhibits a fairly similar pattern of

reaction to fluctuations in rainfall intensity. Again, Watershed

kl rises smoothly and, prior to the peak period, its rate of rise
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is affected only slichtly by a decrease in rainfall intensity.

Hydrograph depressions are caused on Watersheds #2 and #3 by a

decrease in intensity between 1600 and 1800 on November 23. An

irregular decrease in intensity from 0000 to 0300 on the 24th

causes a leveling, then a marked depression on Watershed #3 while

only causing a reduced rate of rise on Viatershed #2. A one-hour

increase from 0300 to 0400 raises Watershed #3 to ite peak at 0445.

The hydrograph of Watershed #2 begins to level off at this time and

finally peaks at 0615. A second discernible block of effective

precipitation which begins at about 1300 on the 24th causes a

sharp double peak on Watersheds #2 and #3. Watershed #1 has a

smoother hydrograph through this period and recedes very slowly

until precipitation ceases. Separation of runoff caused by this

second "storm," as described earlier, revealed 0.50" of runoff froid

this storm on Watershed 41 as compared to 0.36" on both dater sheds

#2 and #3. This would further sup port the premise of greater

storage available on 4atersheda t2 and ^,t3. The evidence on the

relative sen:itiveities of the three watersheds to rainfall inten-

sity fluctuations is further borne out by examination of the other

storm hydrographs of the study.

From the foregoing illustrations several observations

can be made:

During the rising lib of the hydrograph Watershed #3

requires the greatest rainfall intensity to maintain

rise while Yiatershed #1 will continue rise with the

least intensity of rainfall.

Reactions to major rainfall intensity fluet*ations

are usually reflected in the hydrograph approximately
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one-half hour earlier on 'iiatershed #2 than tatershed

0. This may be partially due to the shorter length

and more compact shape of Watershed a.	 Gradual

decreases in intensity usually show up earlier on

the hydrograph of aatershed ./3, indicating that this

watershed is more sensitive to minor decreases in

intensity than is Watershed k2. No clear pattern of

timing is evident on Watershed #1 in relation to the

other watersheds. It may be surmised here that

jatersheds #2 and #3 behave more nearly alike than

do Watersheds //1 and k2 or 4-.3. For example, fluctua-

tions which greatly affect Watersheds	 and m3 may

not noticeably alter the hydrograph of ;;atershed

3) For all three watersheds a greater rainfall intensity

is needed to maintain a rising hydrograph at high

flow than at low flow. This points to the necessity

of a differential occurring between input to deten-

tion storage and runoff (or outflow from detention

storage) in order to maintain a rise in streamflow.

At higher runoff rates a greater rate of input, or

rainfall intensity, is necessary to maintain a

differential.

It might be inferred from such a hydrograph analysis that

there is a difference in watersned infiltration capacity among the

three watersheds; not surface iufiltration but, rather, percolation

into strata from which water is released slowly and does not appear

as storm runoff. Thus watershed et1 would have the lowest infil-

tration capacity and Watershed 4-13 the highest. It must be kept
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in mind that such an analysis takes into account infiltration

capacity of the watershed as a whole and it cannot be assumed that

a soil on Watershed #3 would have a. greater rate of percolation

than one on Watershed ;iel.

Analysis of the recession limb of the hydrograph would

indicate that Watershed	 held the greatest amount of detention

storage and Watershed #1 the least amount, as evidenced by the high

six-hour recession coefficients of Watershed 	 and the low reces-

sion coefficients of Watershed #1. Table 3 indicates little

difference in soil depths between Watersheds #2 and #3; however,

not separately accounted for are the presence and distribution of

large areas of deep colluvial eoils, particularly on eatershed #2.

This difference in soil detention storage is further supported by

the fact tnat summer minimum flows in can are greatest on Viatershed

-4=2 and lowest on Watershed

A difference in soil detention storage would also help

account for the difference between total stream lengths in wet and

dry seasons on Watershed #1 as compared to the other two watersheds

(Table 2). Because of low storage on Watershed 	 many wet weather

streams would be dry in summer and would not have been measured in

a summer survey.

As mentioned previously, the unit hydrograph was not

found to be applicable for cnaracterizing storm runoff from these

watersheds. One of tue teoet important assumptions of the unit

hydrograph is that all storms of unit duration (i.e., -less than or

equal to the period of rise of a unit hydrograpn), regardless of

their magnitudes, produce nearly identical distribution graphs.
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This is because of the constancy of such factors as size, shape,

slope, drainage density, etc. which control storage and transit of

surface runoff. This same assumption is basic to the derivatioa

of unit hydrographs from complex storms• 	i.e., that the time dis-

tribution of runoff derived from precipitation during one part of

the storm is the same as the time distribution of runoff from pre-

cipitation during any other equal time period of the complex storm.

Rash (32) expressed it through his theory of the instantaneous

unit hydrograph in which he routs an instantaneous input of runoff-

producing rainfall through the linear storage imposed by watershed

characteristics. The instantaneous unit hydro6raph then gave a

characteristic time distribution of ruacff from the watershed.

This assumption of equal tide distributions of runoff

does riot seem to be valid for runoff derived from subsurface flow.

It appears that the principal reason that unit hydrographs could

not be derived from these stors was that the tine distribution of

runoff from three-hour storLa periods was not constant throughout

individual storms. It was particularly variable during the rising

limb of the hydrograph, The reason for this variability can best

be explained by the variation in storage through which the subsur-

face flow is routed and the variation in the area of the watershed

which is actually contributing runoff. This is affected primarily

by antecedent -moisture conditions.

An example can be considered of a storm occurring when

soil moisture is low. (It must be reme::,bered that soil moisture

will not be constant throughout a watershed but will be greatest

in depressions, at the foot of slopes, and along stream hanks.)
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During the early part of this storm the only portions of the

watershed contributing to storm runoff will be the channel --

through channel precipitation -- and the areas adjacent to stream

channels which had a higher moisture content at the beginning of

the storm and thus less available storage. As the storm continues

and soil storage is gradually filled, the area of watershed con-

tributing to runoff increases. As the contributing area increases

the time base of the runoff distribution graph will also increase

because of the greater distance through which water travels under

the surface. Thus the time distribution graph of runoff derived

from an early portion of the storm will have a steeper rising limb,

higher peak, and steeper recession than the time distribution graph

of runoff from a later portion of the storm. If the storm continues

for a sufficient duration, then runoff should approach a constant

time distribution when all of the watershed is contributing runoff.

The condition of a low antecedent moisture as indicated

by base flow at the beginning of a storm is present in the case of

storms 3 and 4. Storm 3 (Figure 16), with only 2.39" of precipi-

tation and an effective duration of 11 hours, caused streamflow to

rise rapidly and recede very rapidly following peak flow, the upper

third of the recession being almost as steep as the rising limb.

Storm 4, with 5.88" of precipitation and a 20-hour effective dura-

ticn, caused streamflow to rise almost as rapidly during the early

part of the storm as did storm 3s As the storm continued the rate

of rise decreased and following the peak the hydrograph receded at

a considerably slower rate than that of storm 3 (as indicated by

the higher six-hour recession coefficients on storm 4 sho rnn in
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Table 6.) Apparently a smaller watershed area contributed runoff

on storm 3 than storm 4 because of the aiealler volume of rainfall

available to go into storage.

Some indication of the increase in storage from storm

rainfall can be obtained from the losses column in Table 4. As

the table shows, losses on storm 4 are almost double those of

storm 3. Storm 2, which had a rainfall volume intermediate between

storms 3 and 4 (4.01"), had losses considerably lower than storm 3,

yet had much higher recession coefficients than either storm 3 or

storm 4. This seeming paradox can be explained by the difference

in antecedent moisture as indicated by the antecedent flow, also

shown in Table 4. The available moisture storage at beginning of

storm 2 was greatly reduced and the accretions to storage, though

considerably less than theSe from storms 3 and 4, raised the total

storage to greater volumes and thus gave slower recessions.

' Differences in recession coefficients between storms

appear to be explainable largely by the factors of antecedent

moisture (with antecedent flow as an index) and storm losses. The

one exception is storm 6 which has an antecedent flow considerably

greater than the next highest, storm 2, and losses of about the

same magnitude as storm 4, yet has recession coefficients very

similar to storm 2. The relationship between antecedent moisture

(cr available storage) and antecedent flow may not be the same for

this storm as for the other storms due to the fact that 2.66" of

precipitation were received in the three days prior to this storm,

whereas the periods precedine the other storms were relatively

precipitation free.

r.
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The relationshi p between storage and discharge has been

developed by many writers (e.g., Riesbol (34), hursh and Brater

(26)) and is usually assumed to be a relatively fixed relationship

for a watershed. Nost such relationships have been deters fined for

either ground water flow or for surface runoff and/or cnannel

storage. However, this study did not indicate a fixed relationship

between. storage and discharge for subsurface flow froo these water-

sheds. If such a relationship existed, the recessions from a

given watershed would be expected to coincide closely over the

same ranges of flow. This was not found to be the case as pointed

out and discussed earlier.

It appears that distribution of storage is more important

than total watershed storage in determining discharge. The examples

cited earlier apply here also. Storms with relatively intense

rainfalls ay cause nigh aischarges without greatly increasing

watersheu storage. Tse recessions of such storms then overlap with

recessions cf storms having colae wuch nearer to filling the storage

capacity -- thus the variation in recession rates occurs through

tue caLie range of discharges.

This situation brinks into question the accuracy of using

composite recession curves for subsurface flow ccnstructed by

either synthesizing individual stora recessions or by drawing

envelope curves encoL:passing points plotted for qo vs. Cit (both
"

of these methods are illustrated by Linsley, Kohler and Paulhus

( -;;0). it would seeiii tout these complete composite recession

curves woulu api,ly only to oepleticu of full, or nearly full,

storage ano theretore would nave wiue applicability only in the
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lower segments which would represent drainage from areas near

stream channels -- the areas which will have their storage filled

most often.

If there were an accurate method of separating ground

water flow -- i.e. i flow frog a continuous, coapletely saturated

medium -- from "subsurface flow" or lateral flow through the non-

capillary pore space of the upper soil horizons, a more accurate

and consistent recession analysis might be poSsible and might give

results sore in line with those reported for ground water or channel

storage alone. Technically speaking, much of the storm runoff is

probably ground water at the point where it actually eaters a

stream channel, as the banks and itemediate areas ad a.ceat to the

streaEn become saturated. However, the distance through which it

has traveled as ground water is probably very snort. As hewlett

(17) has uemonstrated, unsaturated flow in the range of field capa-

city can be sufficient to maintain base flow from a steep watershed.

It Lei:pears likely that fecst ci the stream bank ground water tables

are fed durini; stone periods by unsaturatec flow froel upslope areas

in the range between field capacity and saturation. The continuous

"hyaraulic pathways" created by biological activity, as described

by Hursh and Fletcher (27) are probably quite ireportant in in-

creasing the speed of this flow.

The nature of the apparent percolation into base flow

feeding strata ehich affects hydreraph reactions to rainfall

eluctue,tiens is a matter CA cen;,ecture. It eeeele unlikely that it

etrictly a vertical LeoveLeent. 	 .vossiLle explanatioe is perco-

latioe jato tne deep colluviel aey.)eite present ca 'ivaters'eeds if2
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andand	 Percolation rates (both vertically and laterally) would

the determining factor here rather than volume of storage avail-

able in the deposits.

As pointed out earlier, lag time seemed to be relatively

independent of storm characteristics; however, it could not be

shown to be related to the watershed parameters commonly used for

predicting lag time of surface runoff. Again, it appears that the

factors controlling subsurface flow and their interrelationships

are different than those controllinG surface flow, and that formulas

and methods of analysis developed for use with surface runoff should

be used with caution where storm runoff is derived from subsurface

flow.

Cne factor not evaluated, but probably of considerable

sinificance, is the distribution of soils (deep, shallow, and

bare rock) and of slopes. Langbein (29) has pointed out that the

distribution of slopes, channel segments, and storage areas is often

more ioportant hydrologically than total or mean values. It is

quite probable that this holds true here -- that this factor makes

iLterpretation of the effect of other factors more difficult and

may acccunt for some of the unexplainable differences in runoff

characteristics.



SUMMARY AND CONCLUSIONS

This study analyzed data from experimental Watersheds

#1, #2, and #3 of the H. J. Andrews Experimental Forest in west-

central Oregon to determine runoff characteristics from winter

storms, which produce the only flood runoff of consequence in this

area 	 The watersheds are small in size, being 237, 149, and 250

acres, respectively, but are fairly representative of large areas

of undisturbed Douglas-fir forests on the western slopes of the

Cascade Mountains in Oregon. Topography is steep and rough.; soils

and parent material are of volcanic origin and have a complex his-

tory and pattern of distribution. Predominant soil textures are

clay loans, silty clay loans and clays. Of especial importance to

this study is the occurrence of deep colluvial deposits, often

alternating with thin-soiled steep slopes.

Precipitation and runoff were analyzed for six winter

atoms varying from 2.39 to 7.67 inches of rainfall. Storm runoff

as separated from base flow varied from 0.57 to 4.59 inches.

Composite distribution hydrograpts were constructed for

each watershed using inters torn average distribution percentages

for three-hour periods. Average time from beginning of effective

precipitation to peak was used for time placement of these hydro-

graphs. Recessions of total flow were plotted on semi-log paper

and six-hour recession coefficients computed for straight line

72
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segments of the recessions. Other methods of analysis used in-

cluded comparisons of storm runoff with precipitation and peak

flow with storm runoff, plus a comparison of reactions to fluctua-

tions in rainfall intensity..

Data relating to a number of watershed characteristics

including slope, drainage density, and soil depths was analyzed

anu an attempt made to interpret the effect of some of these char-

acteristics on storm runoff.

The major results and conclusions reached can be sum

marized briefly as follows:

Watershed #1 had the highest peak flows -- both in

csm and in distribution percentage, usually peaked

first, and had the steepest recessions. 	 atershed

#2 had the loeest peaks and the most sustained

recessions. Yatershed #3 was intermediate but more

closely resembled 'Iatershed 442 in timing of runoff.

The differences seem to be attributable primarily to

differences in soil moisture storage capacity --

Watershed f2 having the greatest amount of storage

and Watershed #1 the least.

Interstorm variability in time distribution of runoff

was least on itershed //2 and greatest on Watershed

#1. The influence of subsurface storage in regu-

lating storm runoff is suggested as the most probable

reason for this difference.

3) There is an apparent difference in percolation

capacities to base flow feeding strata which causes

Watershed 0 to be the most sensitive to fluctuations
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in rainfall intensity and Watershed #1 to be least

affected. Exact cause of this hydrograph reaction

could not be isolated.

Recession analysis did not indicate a fixed storage-

discharge relationship for subsurface storm flows

Differences in antecedent conditions and the changing

area of watershed contributing to recession flow

are believed to be the reason for the varying rela-

tionship.

In view of the above factors, the unit hydrograph

was not founc to be applicable for characterizing

storm runoff derived from subsurface flow. The unit

hydrograph assumption of identical time distributions

of runoff from all unit storms was not mot -- a

consequence of differences in moisture conditions.

6) Lag time was found to be relatively constant for

each watershed. However, watershed characteristics

commonly related to lag time of surface runoff and

used for prediction purposes could not be related

to lag time for subsurface runoff. This finding

emphasizes the limitations of using regionally

developed empirical correlations for predicting

storm runoff characteristics in areas where storm-

water travels largely beneath the soil surface, and

also the need for accurate information on the extent

and characteristics of subsurface flow.

In order to better understand the process of water move-
ment beneath the surface, more actual measurements of this flow
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and determination of the factors which control it are needed.

Such information, in combination with hydrograph analysis, may

lead to more accurate methods of predicting storm runoff, whether

for the purpose of evaluating effects of watershed treatment on

runoff or for other purposee.
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Soil Series Descriptions'

The following is a brief sux.asary of the soil series

mapped on the experimental watersheda by a Forest Service soil

survey team in 1962. The clasAfication (leries naldes) is strictly

provisional at the prevent til e. Watershed 63 was mapped in great-

est cictail becauz.:.a of i-.1-..endini; logging operations a part of the

p lanned treutzent and iiatershed 41 was ;sapped	 least detail.

3ocause of thib difference in istapiAnz intensity, the soil &Lap is

not included here. The series are listed iu order of decreasing

area Fiithia tkie experiental watersnedt.

1. Li=berloot series:--Regcs-o13 iatergradin6 to Brown

PodLolic sils forded	 colluviu:a fro:A 1.. (i.enisn tuff and breccia

bedrock. Texture it a 6ravol1y cls .j loala to heavy clay loam pith

jC-60% gravel and stones by volulze. Structure is strong fie sub-

fl6ular blocky in upper horizons grading to weak very fine oub-

aa;ular blocky in the C horizon. Thin soil is well drained and

has a moderately rapid pereability. Dept. is 2 to Clore than 10

fe ,it. It occur:3 on ridzes, steep and dissected slopes, and

to slopes. It ia lsapped as occupying most of c;aterohed .1 plus

large are ,;As in -aid to loser 7iatersheds 42 and ./;3.

Inforzaation i .:rovided by	 T. Dy1 aes:3,
Northwest Forest 	 Lx2erilat:It iAation.
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budwor= series: . '-Yellowiali Brown Latecitic to Brown

i'odzolic soil° forced in reniduu3 and colluvivai from greenish tuff

and breccia bedrock. Texture grades frcfa a gravolly clay loam to

heavy Clay and silty clay lc 	 (in lower horizons) with 0-50S gravel

and stones.	 Structure i6 atrons tine subahcular blocky grading to

Massive. This coil is aioderately well drained ana has a zoderate

perzeutility.	 £eptn	 tnree to more than six feet. It uB14aily

occurs on uneven rise biopes and ridgea. It °couplet; a szall area

on	 torated #1 arc relatively large areaz on mie portions of 'hat4r-

sneds G and A3.

Flunky series :--Lithoaols to Brown 1-cdzo1ic 6ol1s

forr:ledire colluviuw and residuuia frox basalt. Texture is a •ary

grvolly	 to clay loan with gravel	 atones co:tprising 50-90;-;,

by volume. ,Etructura i6 aioderate to weak line :.nd very fine sub-

an. 	 blocky. This zoil it well drained with a moderately rapid

per ..;:eability. Depth to brocit is	 ten to thirty inones. Its

oocurreiice 16 on stevi., 5,7 ..00tA	 slope6 and ridsez. raia soil

is .1apped in salz,.11 areas g loa tL,	 tne upper rid tle of all tnree water-

ched:3.

4. Fris6ell tieriea:--egoaola to Brown rodLolic coils

for1:2ed in colluvival	 reddisn breccia.	 TeAturk! is a gravelly

loo- to 6ravIly lignt clay	 *ita	 atkineci and e.ravel.

ztruct,Are	 strong .zediula 6r:Inular gradin is to zas6ive. This &oil

aell dralaee with uo .Jerat,:ly rapid per.:4e:Ability.	 to

alore	 tilan l0 fact (average of 1t feet). It is found on steap

r.loces,	 aloi)e:., and colluvial to=1 slope,i. It la ,:aapped

lu TI:tOt	 portioh of	 .atera:led



ilipout serieb:--t,e0dish Brow.. Laterit4.,

foruled in resiouum in cciluviu from greenish tuff

itud breccia bedrock. Texture is a light clay Iowa to silty clay

143c4 al40. :_ilt;1	clay with 10-4073; gravel and ctonet. Etructure is

clocierata fine aagular blocky to iLassive. This cil is imperfectly

draiced *i.th czcderatly L:low i ' er:neatility and azreines are o1 tea

: . resent. It occurs on uneven side slopes aut; is :capped un two etuall

area's of Oiatershed

Andre vs zeries --Reddin Brown Lateritic to Brown
••■•■•■••■

.:; odzo1io soils formed in residuuu and colluviu::, fro g reddish breocia

bedrocit. Texture is a 6ravelly loaLt to hc3vy silty clay loan ?iith

1C-A; grav?1 to '70-6(A tulfaoecus Lc oasalt etones. :structure is

str:,116	 ;.:ranular inc ,:overate 	 sut,angular blocky grading

to z,ssaive. T;lis soil 	 orainet-1	 nas aoderattay elow per-

meabilit7. :e i.th is 4 to wreatvr tnan 1() feat. It occurs	 site

1oFee, rioe, Jaci LiLuficws. it i, 7.1.ap,e.; at. occu;yin6 a small

a; e9 on ,:atere,:le,:i



1)e2thClass Density
Capillary
PorosityTotal korosity

inches (inches)

Non-capillary
Porosity
(inches)No. (inches)

	 1...1111P.P.10

0-12
12-24
24-48

0.87
1.04
1.06

67.2
60.7
60.0

Total

0-12 1.02 61.
12-24 1.15 56.6
24-43 1.02_
Total

0-12 0.97 63.4
12-24 1.00 62.3
44-46 1.16 50.2
rotill

-11No..1.6.0.1.111.11•••■•-•■•••••17,16

5.9 4.2
5.7 1.6

12.4 2.0
22.0 7.8

4.3 2. 6

5.4 1.4
12.6 1.5
2203 5.5

4.7 2.9
5.1 2.4

15.4 0.1
23.2 5.4

6

9

11

8.1
7.3

14.4
29.8

7.1
6.8

14.1
46.5

7.6
7.5

13.5
28.6

Table 7

Bulk Density ant;	 Porosity
From Three Sites on. isatershed

Total porosity computed from bulk uensity; capillary porosity computed
fro.:1 noit moisture-tensiou data. Data furniced 	 L. Yredriksetl,
i-(e6earcia iorestar, H. J. Andrews Lxperi!Liental sorest.
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..P.511121.111111•113110MR11.17.30rFNWOW.P.ErM2,1r,11, 	..,-`1,4.1.11710.104.00Vid,WIPSItfrY ITIA11.1111119.101.11.11111MAJWAILSAWSIN

Vegetation

Common and scientific ram 	 of speciea mentionfld in texts

313

Scientific Name

Trees

Acer wacro!41,I1lual
Alnub ruora
Caztancsizi cnrIrophylla
Cornua auttalii
Li*oceruz, deourreno
Pseutiote;aia meuziesii
T'ixxus breviiclia 

plicata
...,•••■■11.~Tzua neteroonylla

■•wa■■.J.L.+.•

Shrubz

Acer circiaatum 
Berberis nervcsa
Guulteria 	
Vtiododenc:ron macrotnyilun
V3ccit31u.%

Forlaz

lactnata
Linnua3 borealis var. Americana

•■.•■•••

(/)uilis ort^ i.>una

x '3112.2Lil 1i3 tenax 

Cox on Namc

bis-leaf maple
red Alder
chinquapin
dogwood
iiicoase cedar
Douglas- fir
/acific yew
western redcedar
wet,tera he:Jlock

vine :aaplo
Qreson grape
nalal
rnododeadrou
red huckleberry

ro,dturead
twinflower
oxL.1is
swordfern
bearsrass

oz:; oil 6urvoy report by o1? um (49).



Abstract of Thesis

STORN RUNOFF CHARAGTERI6TICS OF THR.E alALL WATAL:;HEDS fl INIZTLRN OR.GON

This study was undertaken to characterize and compare storm runoff

from three small watersheds in the Douglas-fir region of western Oregon

and to account for differences in these runoff characteristics through

watershed characteristics. Runoff and precipitation were anal:ned for

six winter storms on the experimental watersheds of the 11„,j, Andrews

Experimental Forest. he watersheds range in size fro• 1L9 to 2S0

acres and are characterized by steep and rough topography with shallow

soils on tha steeper slopes, often alternating with deep, bench-like

colluvi al. deposits.

In order to characterize storm runoff, composite distribution

hydrographs were constructed for each watershed using interstorm avera7e

distribution percentages by three hour per1ods. :n addition, recessions

of total flow were plotted on semi-log paper and six hour recesaion

coefficients computed for straight line segments of the recessions.

Further analysis included comparisons of storm runoff with precipitation

ArIci peak flow with storm runoff, plus a comparison of reactions to fluctu-

ations in rainfall intensity. Available data on soil depth, slcre, and

several. other watershed characteristics was analyzed ard an atte .ipt made to

interpret the effect of sonle of these characteristics on storm runoff.

The rlajor findings and conclusions were as follows:

1. Differences in peak flow -- in CSM and in percent of total, tire to

peak, and rato of recession here attributed primarily 	 •to differences in

soil moisture storas capacity as indicated by relative areas of deco and

shallow &oils.
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