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PREFACE 

The Hydrology graduate and research program of the Civil Engineering Department at Colorado 
State University has several large research projects of a continuing nature. The research areas 
have been selected in such a way that graduate student theses, special studies by graduate s tudents. 
r esearch by staff members, either individually or assisted by graduate students, and post-doctoral 
research work can be carried out. 

One of the areas selected for this graduate and research program is small watershed hydrology. 
It was felt that small watershed hydrology warrants a variety of research efforts since a very small 
percentage of small watersheds are gaged, and rainfall-runoff relationship and prediction of runoff 
from rainfall are important subjects. 

Of all hydrologic problems related to small watersheds, the problems of floods has been the 
first singled out for attack. The relationship between rainfall and runoff in floods at small water
sheds i s the simplest of all relationships. Once this topic had been selected as a long range research 
project in the graduate and research program in hydrology, the main lines of attack were investi
gated. 

A decision was made that a three-pronged effort should be simultaneously pursued for small 
watershed floods: 

1. To assemble a large amount of hydrologic data from small experimental watersheds and 
use that data as the basic research material. This line of attack has been applied to floods of 
small experiment al watersheds, and already data on several hundred flood events have been 
processed, according to a selected methodology, and are stored on magnetic tapes. Research is 
already underway. 

2. To build a research facility for an experimental approach to watershed response to rainfall 
in floods, and use this facility for several other hydrologic investigations. 

3. To pursue analytical research for developing mathematical models of the watershed re
sponse under proper working hypotheses, and to properly integrate these three research lines. 

To implement this three-pronged research ahydrologic research data unit was established, 
an experimental approach to hydrologic investigations which are digital computer oriented has 
been organized and pursued; an extensive study of references on watc:u .. rtea response moaels has 
been carried out; and, an experimental facility has been conceived and is under construction. 
This paper presents various facets in the conception, planning and design of the facilities, and 
future research activities to be carried out using them. The basic concept of the facility is to 
take an intermediate position between laboratory scale facilities of rainfall-runoff simulators 
a nd the experimental watersheds in nature. 

Part I of this paper presents the basic philosophy in conceiving facilities and for the expected 
future research activities. Several researchers have cooperated in developing these concepts, 
among them the writer of this preface; Dr. E. M. Laurenson from Australia, while on sabbatical 
leave at Colorado State University; Dr. ,Brian M. Reich, associated with this project for two 
years and now with Pennsylvania State '\)niversity; Professor W. U. Garstka during the academic 
year 1966-67; Dr. M. E . Holland, from July 1, 1966 to the present; Professor F . C. Bell from 
Australia, from July 1, 1966 to June 1967; and several graduate students. Many visitors at the 
CSU Engineering Research Center have asked pertinent questions which have helped in finalizing 
various aspects of these facilities. Dr. M. E . Holland has made significant efforts to integrate 
various concepts with his own contributions and has written Part I of this report. 

Mr. G. L. Smith has been associated with this facility from its initiation, and has been 
involved in the planning, design anp supervision of construction. The Electronics Laboratory 
of the CSU Engineering Research Center has conceived various instruments and a data acquisition 
system. These results are presented in Part II by G. L. Smith. 

Dr. W. T. Dickinson, during his studies for a Ph. D. degree at CSU, abstracted 18 7 refer
ences concerning the theory and various aspects of river basin response to rainfall. As a special 
study, he has made an appriasal of the state of knowledge on this subject. T wo appraisals, the: 
one by Dr. Dickinson and the other by Dr. Holland, are given in Part III. Mr. Y. Erikawa, a 
graduate s tudent from Japan, has abstracted eight references of J apanese authors, which are 
included in the bibliography. These 226 references are presented as a bibliography. Dr. Holland 
has compiled an index by authors and an index by subjects. 
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The references in the bibliography do not inClude all works published in English-speaking 
countries but only those readily accessible to writers. Some references are included from other 
countries, namely F rance and Japan. Comparatively few references are included from U. S.S.R. , 
Italy, Germany, and other countries. Therefore, the bibliography is only a partial coverage 
of the world literature on river basin response. It is hoped that, in the future, this bibliography 
can be supplemented by a more systematic and exhaustive coverage. 

Experimental facilities for rainfall-runoff simulation represent basically an education tool 
at Colorado State University for training M.S. and Ph. D. candidates in hydrology. It is also in
tended to use the facility extensively for various other research activities, primarily by the 
Engineering Research Center staff members. Cooperation with other agencies has also been 
planned. It is expected that the Agricultural Research Service will take an active part in this 
cooperation under their current research objectives on small watershed hydrology. These 
facilities are also available to other researchers in the field of small watershed hydrology. 

August 18, 1967 
Fort Collins, Colorado 

Vujica Yevjevich 
Professor- in-Charge of the Hydrology Program 
Civil Engineering Department 
Colorado State Universliy 
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ABSTRACT 

Part I. An experimental facility is described for the investigation of the 

rainfall-runoff relationship. Large enough to respond as a prototype watershed, 

but small enough to permit controlled variation of watershed character istics 

and artificial applicat ion of rainfall. The criteria for the facility are related 

to (1) control of rainfall, which should be reproducible and reasonably uniform, 

(2) measurement of variables, with attention to variations in t ime and space, 

and (3) variation of watershed parameters. 

The experimental facility has potential application in studies of rainfall

runoff response, e r osion, and travel of pollutants on watersheds. It serves 

to contract time and space in generating runoff events and is applicable to 

studies of individual runoff processes and to evaluation of mathematical and 

physical models of watershed response. 

Part II. The design and construction of the rainfall-runoff experimental 

facility is described. Three phases are discussed: (1) site selection, (2) selec

tion of basic geometry of facility, and (3) design and construction techniques of 

site p r eparation, methodsof precipit ation and disch arge measurement with 

automatic digital recording of data, soil surface treatment, and proposed pre

cipitation tower s . 

Part Ill. A review and appraisal of the statu s of mathematical models of 

hydrologic watershed response is followed by an annotated bibliography of 226 

references relating studies of watershed response. 

ix 



AN EXPERIMENTAL RAINFALL-RUNOFF FACILITY 

by W. T. Dickinson, M. E . Holland and G. L. Smith 

PART I. PHILOSOPHY OF APPROACH AND OBJ ECTIVES 

by M. E . Holland* 

CHAPTER I 

INTRODUCTION 

1. Watershed Response 

The runoff process. The response of a water
shed to precipitation is the most significant relation
ship in hydrology. All the water in lakes and streams 
and nearly all the ground water entered t he field of 
interest of hydrologists as precipitation on a water
shed. The processes that act on precipitation to 
generate the runoff phenomenon are complex and in
volve many areas of fluid mechanics. 

Consider, for example, the idealized descrip
tion of runoff generation represented schematically in 
fig. 1. 

llllll l ll lllll l 

Boundary Ioyer and 
laminar flow 

Flow in porous media 

Fig. 1 Fields of fluid mechanics acting in the 
response of watersheds to rainfall. 

flow 

The first portion of rainfall wets the surfaces of soil 
and vegetation. Next, a thin film of water is built 
up on the ground surface. This part of the rainfall 
is termed interception and depression storage. 

As the surface film of water gets deeper, the 
water begins to flow in accordance with boundary 
layer fluid mechanics. At fi r s t the flow is laminar, 
but as the quantity a nd speed of flow increase the 
flow becomes increasingly turbulent. When the over
land now reaches a runoff channel, it enters the 
region where turbulent flow is fully established and 
the techniques of open channel hydraulics are applicable. 

Not all the rainfall moves to the stream by 
overland flow. Part is lost by evaporation and part 
infiltrates into the soil. The movement into the soil 
involves a three-phase air-water-soil interface. The 
movement of water under ground is governed by the 
laws of flow in porous media. One portion percolates 
directly to the g r ound water, but part moves to the 
str eam without reaching the water table. 

The response of stream runoff to precipi
tation is a result of interactions among these processes 
in which the effects of one process gradually shade 
into the effects of another. The complexity of the 
rainfall-runoff relationship is increased by the areal 
variation of geologic formations , soil conditions and 
vegetation, and by the areal and time variations of 
meteorological conditions. The movement of water 
into and under the ground is determined by soil con
ditions and geologic formations, while met~orological 
conditions affect precipitation and evaporatwn. Vege
tation influences the rainfall-runoff relationship not 
only through interception and surface detent~on, but 
also by its effect on the impact energy of rawfall, 
which may initiate turbulence in overland flow and 
increase erosion. 

In view of the complexity and interdependence 
of the processes that convert precipitation into stream 
flow, it is not surprising that the rainfall-runoff. 
relationship has not yet been related satisfactonly to 
watershed parameters. 

An ~dditional complexity enter s the rainfall
runoff relation when the precipitation is in the form 
of snow. There is, in this case, a storage of the 
precipitation on the ground.. The sno~e.lt process 
is sufficiently complicated 1tself that 1t wlll be. 
omitted from the following discussions. This 1s con
sistent with most investigations of the rainfall-runoff 
relation. 

Erosion and water quality. The description 
above indicates some of the processes affecting the 
quantity of water flowing in a st:eam, bu~ this is not 
all that is of interest. When ratnfall strikes the 
ground surface or when surface runoff from rain or 
snowmelt moves over the surface, soil particles are 
dislodged and moved. As the energy in the water in
creases, the amount of erosion increase s , and the 
turbulent flow in the s t ream channel has a great 
capacity to erode and transport material. Erosion is 
especially significant in the arid regions where ~here 
is less vegetation to shield the ground from the 1m
pact of raindrops and where rainfall freque~tly oc~urs 
in short-duration, high-intensity patterns w1th rap1d 
runoff from th,e . relatively bare soil. 

*Assistant Professor, Civil Engineering Department, Colorado State University, Fort Collins, Colorado. 



Sediment carried by rivers is deposited in 
reservoirs, decreasing their storage capacity, or 
must be removed from water diverted for irrigation 
or other water supply purposes. Thus, it is impor
tant to investigate erosion processes to improve both 
the pre diction of sediment yield and the means of 
controlling erosion. In addition, there is a strong 
interdependence between the rainfall-runoff response 
of a stream and the erosion process. Erosion develops 
as a result of the water flow, but the pattern of erosion 
influences the subsequent flow conditions. The stream 
net itself is generated through the erosion process. 

Related to the erosion process is the chemical 
quality of the stream water. Erosion makes available 
more material for dissolution, and the weathering 
associated with the dissolution makes the soil more 
easily eroded. But the quality of waters in streams 
is not determined completely by natural processes. 
Much of the dissolved material in streams results 
from man' s activities. Plowing fields, making cuts 
and fills for roads, and similar actions make avail
able more material for erosion and dissolution, and 
the use of chemicals for fertilizers, insecticides, 
pesticides and herbicides has increased the pollution 
of streams. Little is known of the travel and fate of 
chemicals in the watershed response to rainfall, but 
it is clear that significant amounts do show up in the 
streams. 

Summary on watershed response. The 
response of a watershed to precipitation is a complex 
interaction among processes affecting the quantity of 
flow, erosion and travel of chemical constituents. 
Figure 2 indicates a simplified view of the inte.ractions 
that develop the quantity and quality of t h e surface and 
subsurface outflow from a watershed. 

Precipitation 

Fig. 2 Interactions among rainfall-runoff relations~ 
erosion and travel of chemicals in determining 
the quantity and quality of basin outflow. 

Precipitation has a direct effect on erosion and also 
is the input to the rainfall-runoff relation. The run
off relation determines the quantities of flow in the 
various surface and subsurface processes resulting 
from the given precipitation. The surface flow affects 
t he erosion process and the dissolution of chemicals. 
The erosion process provides material for the dis
solved l oad a nd for the sediment load ot' the stream, 
and these two combined with the flow quantities es
tablish the stream response. The effects of chemical 
dissol ution on erosion and of erosion on the rainfall
runoff relation are usually long-term effects and are 
indicated by dashed lines. 
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2. Studies of Watershed Response 

Much more work has been done on the rain
fall- runoff process than on erosion or travel of 
pollutants. The remainder of this chapter will deal 
explicitly with the runoff process , but many of the 
comments may be applied to studies of the other two. 

Two approaches have been used in the attempt 
to establish rainfall- runoff relationships. One 
approach is the use of small laboratory-scale physical 
models either to study one of the component processes, 
such as overland flow, or to develop a response 
dynamically similar to a natural watershed. The 
other approach uses data from natural rainfall- runoff 
events on many watersheds or on an experimental 
watershed having extensive measurements of variables. 
The experimental watershed relies on the natural dis
tributions of geologic and meteorologic conditions. 
but permits manipulation of surface conditions. Some 
of the factors operating in these two approaches are 
discussed below before the intermediate approach pro
posed in this paper is presented. 

Physical models. The use of laboratory 
models is frequent in the study of hydraulics, but is 
less common in hydrologic investigations. Amorocho 
and Orlob [3] investigated the overland flow process 
by using a rectangular plane surface covered with a 
coarse gravel to study the nonlinearity of the response 
of a system qualitatively similar to the watershed 
model. They point out that if the scale of particles 
were reduced to achieve a similarity model, a fine 
sand would be necessary and the capillary retention 
in the model would be far more significant than in the 
prototype watershed. Instead of being a scale model, 
their system provided some detention and an inter
related pattern of flow paths which has a general 
similarity to the· flo w patterns in a watershed. Chow 
[8) is using model studies to delve into the nature of 
idealized overland flow combined with channel flow. 
Here again the purpose is to study the mechanics of 
a particular process rather than to model a watershed. 
Strict control of the rainfall over a surface that can 
have a size as large as 40 x 40 feet is combined with 
accurate observation of rainfall and runoff to study 
the runoff process characteristics. 

Chery (7] and Grace and Eagleson [12] have 
examined the requirements of scale models for 
dynamic similarity and applied the sc~e mo~el 
approach to simple runoff systems. D1mens1onless 
parameters may be established by dimensional analy
sis to guide the scaling of th.e model paramete:s, but 
since it is impossible to satisfy all of the scaling 
requirements s imultaneously, a selection must be 
made of the more important factors . The present 
knowledge of the response of a watershed makes the 
selectic.:l difficult. In both of the studies referred to 
above, the surface tension effect was omitted from 
the similarity m odel. The results indicated that sur
face tension plays a significant role in causing dis
agreement between model and prototype responses. 
Chery [7] describes how the water was retained on the 
surface until a sufficiently large globule was formed 
and.flowed down the surface as a slug. Thus, it is 
clear that the choice of the appropriate scaling pa
rameters for dynamic similarity needs more investi
gation. 

The use of physical models both for studying 
component processes and for modeling dynamic 
response of natural watersheds has had relati ~ely 
little application to date. It has not been poss1bl e to 
transfer the results of the studies of physical models 



to natural watersheds. Not only are the modeling 
characteristics uncertain, but also the conditions of 
natural watersheds are so varied that it would be 
difficult to demonstrate the validity of a model if 
dynamic similarity of response processes were 
achieved. The distribution of natural rainfall and 
initial watershed conditions are rarely as uniform as 
in the model and are usually not well known .. 

Natural rainfall-runoff events. Rainfall
runoff events on natural watersheds have been the 
most common source of data for studying the water
shed response. The need for extensive measurements 
to evaluate the complex processes led to the develop
ment of experimental watersheds. The experimental 
watersheds are small catchments with rather exten
sive measurements of rainfall and basin conditions 
and perhaps some control over the modification of 
the watershed characteristics by man. They are not 
models, but natural watersheds with basin conditions 
that may be distributed in a complex manner over the 
watershed area and are changing in time as the water
shed geomorphology evolves. A large amount of data 
has been collected for natural rainfall- runoff events, 
but the watershed and meteorological conditions are 
so variable that analysis has been difficult. Long 
records are required to accumulate a number of event s 
suffi cient to permit statistically significant conclusions. 
There is a need for the data from many of the experi
mental watersheds to be compiled and analyzed. A 
program to assemble such data on magnetic tape for 
convenient access by computer is now in progress at 
Colorado State University [ 16) . The information con
tained in the records of natural events has not been 
utilized to the extent that modern computers and 
statistical methods permit. However, the conclusions 
that are obtainable from analysis of natural rainfall
runoff events are limited by the uncontrolled variations 
of watershed parameters and the lack of availability 
of reliable temporal and spatial dis tributions of 
rainfall. 
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3. Rainfall-Runoff Experimental Facility 

The results of studies of watershed response 
by laboratory models cannot, at present, be trans
ferred directly to natural watersheds, while the 
studies utilizing the natural events are hampered by 
the complexity of the uncontrolled conditions. The 
approach recommended herein is an intermediate 
facility between the laboratory model and the experi
mental watershed. It would be large enough to re
spond on the same scale as a real watershed, but 
small enough so that the basin parameters could be 
modified in a controlled manner and rainfall could be 
applied artificially. This would make possible a 
contraction of space and timein generating rainfall
runoff events. The modification of basin parameters 
permits the use of one watershed to examine effect s 
that would require several experimental watersheds 
for equivalent discrimination among parameter effects. 
The artificial application of rainfall facilitates the 
generation of many runoff events in a span of time in 
which a single event might occur in nature. A series 
of events with return periods of several years in 
nature could be repeated in a few days. This would 
not be a model of a watershed, but a prototype catch
ment with simplified conditions. The runoff system 
could begin with simple geometry and an impermeable 
surface to study the influences of basin shape, slope 
and drainage pattern. More complicated geometry 
and more complex processes, such as infiltration, 
could be brought into play when there is sufficient 
urrlerstanding of the simpler system to permit evalua
tion and separation of the effects of the more complex 
processes. 

Three general areas-- rainfall-runoff rela
tions, erosion, and travel of pollutants-- were 
mentioned above in the response of a watershed. The 
usefulness of the rainfall-runoff experimentalfacility 
in studying processes under these headings will be 
considered in the next two chapters. The objectives 
and requirements of the facility in such research 
programs are discussed in Chapter 4. 



CHAPTER II 

RESEARCH APPLICATIONS TO RAINFALL-RUNOF F RELATIONS 

1. Overall Objectives 

The rainfall-runoff experimental facility pro
vides a tool for observing prototype-scale response of 
a watershed under controlled conditions . The general 
objectives are to increase the understanding of pro
cesses making up watershed response and to improve 
our ability to apply knowledge of the processes to the 
estimation of the response of real watersheds. 

In fulfilling these objectives, two types of 
studies may be used. One application of the rainfall
runoff experimental facility is in the evaluation and 
improvement of models of hydrologic response. Al
though several mathematical models and a few physical 
model s have been established to generate the response 
of a catchment tp rainfall, the comparisons with 
natural runoff events for observed rainfall have not 
been consistently favorable. The variability of natural 
conditions makes it difficult to decide whether the cause 
of the discrepancies lies in the model prediction or the 
inaccuracies of the estimates of input and state variables 

The second type of study involves the con
trolled variation of watershed parameters to generate 
information about the roles of the various processes 
in runoff generation. An additional objective of the 
initial studies with the experimental facility is the 
investigation of the range of applicability of the ap
proach intermediate between the bench scale model 
and the experimental watershed. 

The experimental facility should not be used 
where other t echniques, such as computer model 
studies, are more efficient, and the delineation of 
areas of better applicability for the facility is a sig
nificant objective in the early stages of experimen
tation. 

Some topics of research in which the rainfall
runoff experimental facility may be applied in the 
study of the rainfall- runoff relationship are con
sidered in the remainder of this chapter. Applications 
in the studies of erosion and travel of pollution are 
discussed in the next chapter and Chapter IV includes 
the discussion of the requirements that the objec
tives described above and the potential research 

. applications set for the experimental facility. 

z. Model Evaluation 

Models may be divided into three classes -
iconic (look-alike), analog and symbolic - - and all 
three are used in hydrology. The physical models 
mentioned in the previous chapter are iconic models, 
while the unit hydrograph and other mathematical 
relations are symbolic models. For the discussion 
of applications of the rainfall- runoff facility, the 
analog and symbolic models may be considered to
gether, since they both involve a conc.e ptual abstrac
tion of the physical processes of the watershed. The 
analog model is a tool for solution of the equations 
defining the response •. Analog models are omitted 
from the discussion below, but could be considered 
in a manner similar to that for the mathematical models. 

4 

Mathematical models. The methods of 
hydrologic investigation have been reviewed by 
Amorocho and Hart (Z). The symbolic models in
cluded here are in the area of parametric hydrology 
as opposed to s t ochastic hydrology. The latteruti
lizes the statistical properties of historical records 
of hydrologic events and is not concerned with the 
deterministic behavior of the rainfall-runoff processes. 
Since the rainfall-runoff experimental facility is 
intended primarily to investigate the nature of the 
processes, stochastic models may be deleted from 
the discussion. The formulations that have been used 
in the attempt to predict runoff rates and volumes 
have ranged from empirical formulas and regional 
frequency relations to complex models synthesizing 
the runoff from the component processes acting on 
rainfall. Some of the general types of symbolic models 
are briefly described below, and a summary and 
bibliography of parametric hydrology is presented in 
Part Ill of this paper. 

Unit hydrograph. The unit hydrograph i s one 
of the most widely used models of runoff response 

and the synthetic unit hydrograph is the extension to 
ungaged watersheds. Various approaches have been 
used to relate the parameters of the unit.hydrograph 
to measurable watershed parameters. Gray [ 14] and 
Reich (ZZ), for example, present different methods 
for determining the model parameters. 

Routing models. The unit hydrograph is a 
special case of the method of routing runoff through 
channel and storage elements. The unit hydrograph 
corresponds to the case of linear elements in the 
routing procedure. Routing m ethods are basically 
techniques for solving the differential (or difference) 
equations of flow through channels and storage. 
Laurenson [ 15] has discussed the requirements of in
put and storage, or runoff routing, models and pre
sented a nonlinear model that breaks the watershed 
into many small segments for approximate solution 
of the flow relations. Wooding [Z5) has considered 
the differential equations of flow for an idealized 
model of the watershed divided into an overland flow 
segment and a channel flow segment and approached 
the solution by the method of characteristics. Finally, 
Machmeier [ 18] has presented a routing model in 
which the watershed stream response is broken into a 
large number of small s tream networks which are 
then combined to give the total response. 

Synthesis models. An alternative method of 
generating the watershed response by routing ele
ments of the system utilizes component processes of 
the runoff cycle instead of sub-areas of the basi n . 
Crawford and Linsley [9, 10] and Boughton [5) have 
developed models of this type. The rainfall is 
divided among the various processes and each portion 
is routed according to a model of the component 
process. Bell [ 4] has examined some of these models 
in the light of present knowledge of component 
processes. 

Experimental testing of models. The sym
bolic-models described above and other mathematical 



models are tested by their ability to reproduce known 
hydrographs when the appropriate rainfall is fed into 
them. The use of data from natural catchments limits 
the testing because there are few basins with the re
quired data available. Thus, the range of variability 
of most of the factors affecting the hydrograph is 
limited. In addition, the symbolic model usually 
makes significant simplifying assumptions that may 
be only partially satisfied in nature. This means 
that conditions assumed in the model, such as uniform 
rainfall, may not have been true for the .{:lvent gen
erating the data with which the model is being com 
pared. 

The use of the rainfall-runoff experimental 
facility would permit a large number of runoff events 
with known parametric variations to be utilized in 
testing the hypothesized rainfall-runoff relationships. 
The ability to modify the parameters makes it possibl e 
to use the test results to improve, as well as evaluate, 
the models. 

Physical models. The use of physical models 
was mentioned in the first chapter, where it was 
pointed out that it is not possible at present to t rans
fer results directly from models to natural water
sheds. Grace and Eagleson [ 13] indicate the need for 
prototype basins having extensive rainfall-runoff 
records for comparison with model results. The 
rainfall- runoff experimental facility provides the 
means of generating a number of such basin records 
within a r e latively short time. The co ntrol of rainfall 
and watershed conditions also makes available con
ditions that are more nearly like the idealized lab
oratory model conditions. The experimental facility 
is not a model and conditions will not be as completely 
controlled as they are for laboratory models, but it 
is an ideal prototype for comparison with model 
response. 

The control over watershed conditions makes 
it possible to consider the ranges of variation of 
parameter values within which the modeling laws 
are valid. The ability to e stablish simple geometry 
with idealized conditions offers a minimum of inter
actions to confound the interpretation of model vs. 
prototype response. The use of simple systems also 
suggests the potential application of the experimental 
facility to· extending physical models of component 
processes to include moderate interactions. This 
will help in the transfer of results to natural water
s heds. 

3. Basic Research 

ApPlication of rainfall-runoff experimental 
facility. The basic processes of the. runoff response 
can be examined with the experimental facility be
cause a large number of simulated storms with a 
wide variety of characteristics can be generated 
quickly under controlled conditions. The time distri
bution of rainfall and the areal distribution of rainfall 
and watershed parameters will be dete rmined more 
completely than in natural catchments. An individual 
factor may be tested by a series of runs with the single 
parameter value varied while all others remain con
stant. If some of the data appear to be in error, a 
storm sequence can be repeated to confirm or correct 
the values. This flexibility can increase the reliability 
of individual records because in natural runoff events 
the conditions are never the same for two events and 
discrepancies cannot be checked by repetition. The 
ability to modify individual parameter values makes 
it possible to examine more closely a factor that is 
believed to have a significant effect on the runoff 
response. For example, in small watersheds the 
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overland flow system is very important in deter
mining the shape of the outflow hydrograph. The 
slopes of overland flow areas can be varied while 
stream configurations, channel slopes and catchment 
surface conditions remain fixed. The effects of the 
slope on outflow may then more easily be determined. 

Parameter variations. Only the more impor
tant parameters could be examined by the technique 
of varying one parameter at a time in a series of 
experiments because the number of factors is so 
large that varying each one individually is impractical. 
The following discussion illustrates the wide variety 
of conditions that may be established with the rainfall
r unoff experimental facility and indicates the necessity 
for efficient design of experiments to permit statis 
tically valid interpretations to be made from a series 
of experiments that does not include all possible com
binations of parameter values. Laurenson et al. [ 16] 
gave the parameters listed in Table 1 for catchment 
characteristics that should be determined for natural 
flood events. Many of the parameters listed in the 
table repeat information, such as four measures of 
average stream slope and six measures of overland 
slope. But many of the parameters can be varied 
independently for the rainfall-runoff experimental 
facility. The slopes of the stream channels and of 
the overland now surfaces can be varied to give many 
different combinations. The slopes may be made uni
form in the upstream direction or given some co·ncavity 
as is generally observed in natural cat chments. The 
general shape of the catchment and the stream con
figuration do not vary independently. Instead, there 
is effectively a conditional distribution of likely s tream 
configurations for each basin s hape. 

For any set of topographic features, there 
are significant factors that can be varied. By c reating 
artificial surface detention by means of depressions 
or barriers to flow, the nat ure of surface storage may 
b e examined. The sur face of the basins may be im
pervious or pervious and there can be spatial varia
tions in the surface permeability. For a basin with 
a permeable surface, the subsurface flow could be 
allowed to enter the stream channel or could be 
dive rted before it reaches the stream. This could 
contribute to a study of the effects and nature of 
interflow. The stream channel sides and bottom 
could be permeable or imperme able to permit investi
gation of the interactions between the channel flow and 
bank storage and/ or ground water conditions. 

Sampling parameter values. If only a limited 
set of variable·s is selected to represent the shape, 
slope and surface parameters, the need .for consid
ering statistical criteria in the selection of parameter 
values will be clear. Let the length and width parame
ters, Land W, represent the basin shape and the 
drainage density. D, measure the stream configuration. 
Taking the channel storage, K, the stream s lope, S, 
the overland slope, R. and the infiltration capacity, 
fs, as being significant to runoff hydrographgenera-

tion, there appear seven {7) parameters in a relatively 
simple runoff system. If each parameter were 
assigned three potential values the number of per
mutationsofvalues would be {3)7, or nearly 2.2.00 
experiments that would be required to run all per:
mutations. This would not include changes in the 
area of the catchment, which might be varied in con
junction with the length and width, or time and areal 
distributions of rainfall and surface conditions. It is 
evident that the selection of watershed and rainfall 
parameter values must include sampling in many 
dimensions. The use of individually varied parame
ters could then be utilized to examine in more detail 



TABLE 1 

CATCHMENT CHARACTERISTICS DURING FLOODS 

A. Constant from flood to flood 

Area 

Channel Storage 

Drainage Density 

Shape: 
Length 
Width. 
Form Factor 
Compactness Coefficient 
Length to Centroid 

Stream Slope 

Overland Slope 

= A/L 
= W/L 
= 0.28 P/ AYz 
Centroid of area 

Characteristics of shape
area curve 

Alternative slope meas ures. 
See original paper for definition 

Same as above 

B . Vary from flood to flood 
36 ti 

Antecedent Wetness 

Standard Infiltration Capacity 

Interception Capacity 

Initial Loss 

Loss Rate 

the !actors which seem to be most significant or to 
provide additional data to discriminate among effects 
of factors wher e the sampling in many· dimensions 
gives inconclusive results. It is to be expected that 
the effects of some factors that may be related, such 
as catchment shape and stream configuration, may 
not be sufficiently distinguished. If the joint effects 
are important, it will be appropriate to run a detailed 
series of experiments. However, if the combined 
effects of the factors are not significant, it is not 
necessary to discriminate among the individual effects. 

A detailed analysis of the design of experi
ments is not appropriate to this report, but the above 
discuss ionindicates that the potential variations in 
parameter values are too numerous to be examined by 
the exhaustive approach, that is, by testing all 
possible permutations of values. Instead, a sample 
of, say, 50 of the 2200 permutations will be used to 
infer the effects of the parameters. Additional experi
ments can then be designed on the basis of the results 
of the initial evaluations. The required number of 

P a :E pi 0.85 
1 

low flow in stream 

experiments can be further reduced by recognizing the 
geomorphological interactions that cause some pa
rameters to be related. 

The final results of watershed response 
studies will be compared to data from natural water
sheds, so it is appropriate to use historical data to 
establish some of the ranges and interr elations for 
the parameter values to be used in t he experimental 
runs. Initial experimental results may suggest major 
factors or groups of factors that should be examined 
in greater detail while all other parameters are held 
constant. 

4. Data Required for Est ablishing Rainfall
Runoff Relations 

The data that are needed for the study of the 
processes in the runoff system are essentially the 
same for all the applications described above. The 
distribution of rainfall in t ime at several points in 
the basin, a runoff hydrograph at the point of outflow 
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from the basin, a topogra~tlic map of the catchment 
and maps indi cating surface and soil conditions such 
as roughness and permeability comprise the basic 
data requirements. The rainfall mass-curves (time 
distributions) permit the determination of the joint 
time-space distribution of rainfall intensities. In 
addition t.othe surface runoff hydrograph, it would be 
necessary to determine any subsur-face outflow that 
might occur and it might be appropriate to obtain 
hydrographs of outflow from subareas within the basin, 
for example, to separate the effects due to streamflow 
routi ng. From the topographic maps, the watershed 
shape, stream configuration, slopes and other physio-

7 

graphic parameters may be established. Surface 
conditions such as roughness and permeability may 
also be recorded on maps when areal variations are 
permitted. 

Other data that might be appropriate to 
particular studies include the location of the water 
table under the catchment surface when permeable 
soil is used. The interaction of the stream channel 
with the water table and/ or bank storage could be 
studied if the moisture conditions were measured at 
appropriate locations . 



CHAPTER lli 

RESEARCH APPLICATIONS TO EROSION AND TRAVEL OF POLLUTANTS 

I . Concurrent Performance of Experime nts 

The topics for research have been divided 
i nto three groups-- rainfall-runoff relations , dis
cussed above, erosion and travel of pollutants. The 
classification is somewhat arbitrary and some experi
m e nts may involve subjects under more than one head
ing. In fact it may be more efficie nt to plan a set of 
experiments in which pr ocesses in more than one 
group are combined without interference between 
processes. For example, the hydraulic response of 
the system is independent of the concent ration of 
most chemicals and a study of the fate of the chemi
cals requires knowledge of the quantity o f flow per 
unit of time as well as the concentrations of chemicals 
at the times of sampling. Making two separate runs 
would lead to a duplication of data, so the two studies 
might be more efficiently planned for concurrent 
operation. 

There are, of course, many processes 
which influence each other to such an extent that the 
interpretation of results becomes more difficult in 
concurrent operations. Thus, the use of easily 
eroded surface material for erosion studies might 
change the hydraulic response significantly during 
the course of an experiment. 

It shoul d, therefore, be kept in mind that 
the classifications of research subjects under separate 
headings does not mean that processes in differ ent 
groups are necessarily independent or that the rainfall
runoff experimental facility must be limited to topics 
from a single group during any particular experiment. 
The conditions under which several topics may be 
studie d through concurrent operations depends on the 
interaction between the processes and on the avail
ability of equipment and personnel to operate the in
put- control and data -collection systems. 

2. Erosion Studies 

Need for resear ch. The need for research 
into erosion and sedimentation was discussed by 
Ackermann [ 1] in a Symposium on Watershed Er osion 
and Sediment Yields. The sediment yield of a cat ch
ment affects the useful life of hydraulic structures 
such as reservoir s and water diversion canals below 
the basin. The effects are especially significant in 
arid areas where sediment yields are frequently quite 
large. Overestimating sediment yields results in 
overdesigned structures with consequent extra cost 
and underestimating s ediment causes a decrease in the 
planned useful life of the structure or increas ed 
maintenance costs to remove the additional sediment. 
For the many small watersheds tha t represent a 
significant part of the future development in water 
resources, the understanding of the e r osion process 
within the watershed may be the only means of 
achieving accurate estimates of sediment yields. 

There are other reasons for studying erosion 
than the estimation of sediment yield. The develop
ment of stream networks is a r esult of the erosion 
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process. The character of a watershed may change 
little over a short period due to these processes, 
but there may be considerable interest in the long 
term developments . In addition to predicting effects 
in purely natural s ettings, the e stimation of the e ffects 
of man-made str uctures is becoming important. What 
conditions may future generations expect when the 
large flood-control dams of the Southwest have become 
filled with sediment? Such questions are difficult to 
answer with our curr ent knowledge of the geomor
phology of river syst ems, but they will eventually 
have to be answered. Thus, the study of the develop
ment of stream networks is an appropriate extension 
of erosion studies . 

Use of experimental facility. Many of the 
same factors that affect the rainfall-runoff relation
ship also influence the rates of erosion and sedimen
tation, so the rainfall- runoff facility is applicable to 
the study of t he latter. Since t he energy provided 
by the impacting raindrop is a primary factor in 
erosion, the drop size distribution and velocity or 
energy of impact need to be determined (21]. T he 
distributions of various sizes of particles in the soil 
and sediments o f the catchm ent and in the outflow 
from the basin must be measured and correlated with 
the flow characteristics. By using different soils on 
the watershed, studies of the effects of_ soil particle 
size and density may be purused. The effects of 
rainfall energy as opposed to overland now energy in 
promoting erosi on might be studied by providing an 
input of overland flow in s ome areas of the basin to 
change the ratio of surface flow to rainfall. The 
differences in erosion effects in different a r eas might 
suggest conditions under which one or the other 
process has the dominant influence. The differences 
in overland now rates might be established by 
actually adding inflow sour ces at the top of parts of 
the basin or by diverting the flow that develops on the 
basin to concentrate it in some sections. 

Processes of sedimentation a nd erosion on a 
macro-scale could be examined with the rainfall
runoff facility. For example , the inception of e r osion 
might be considered as a random process which has 
a probability density function distribute d uniformly 
over areas with the same soil and rainfall condit ions , 
and observed erosion patterns could be examined for 
consistency with the hypothesis. 

The progress of erosion could also be s tudied 
on a macro-scale in the basin. This could be done 
with the naturally developing erosion patterns or with 
artificially c reated initial erosion patterns . The 
results of such studies could indicate the extent to 
which mature erosion patterns are controlled by the 
early developments. For example, many rains torm 
events in the early s tages of er osion may have suffi
cient energy to modify the erosion patterns which 
the geologic processes and wind effects have initiated. 
The question may then be asked whether the rainstorm 
patterns or the initial topographic contours of the 
basin have the greater effect in establishing the later 
erosion patterns . 



Such considerations lead directly to the study 
of the generation of stream networks. The stream 
system develops as a long-term effect of the erosion 
processes that occur in a basin. With relatively easily 
eroded .material forming the basin it would be possible 
to run a series of experiments, each of which would 
result in a fully established stream network. By con
trolling the i nitial distribution of soil characteristics 
and the rainfall patterns, it would be possible to 
examine the effects of some of the processes con
trolling stream configurations. These experiments 
could help establish whether river network develop
ment should be considered a stochastic or a deter
ministic process. 

This does not exhaust the potential topics in 
erosion that might be studied with the rainfall-runoff 
facility but it does demonstrate that such studies 
should be considered in establishing the requirements 
for the design of the facility. 

3. Travel of Pollutants 

Need for research. The increasing use of 
chemicals for pesticides, insecticides. herbicides 
and fertilizers has made the fate of chemicals on the 
surface and in the soil significant for estimating the 
quantity of pollution that reaches the ground water 
table or stream. Weibel, et al., [24] found that 
pesti cides applied at the ground may be carried on 
dust particles into and through the air for considerable 
distances before returning to the ground in rainfall, so 
the question of fate of pollutants is not necessarily 
limited to the area of application of the .material. The 
pollution potential from normal agricultural activities 
has been discussed by Webb [23], and the effects from 
a wider range of land usea was considered by Bullard 
[6]. However, relatively little is known of the natural 
processes by which chemicals are r emoved from the 
soil or the extent to which they are carried, in solu
tion or emulsion, in overland flow or 'in subsurface 
flow [17]. 

The growing concern with stream pollution 
and the search for alternative methods of disposal of 
wastes will lead to new methods of waste disposal 
which may involve many different processes in the 
hydrologic cycle. The dispersal of gaseous wastes 
into the air, the land-fill disposal of solid wastes 
and t he disposal of liquid wastes by deep well injection 
affect the qualityofthe atmosphere, the watershed 
surface and the underground aquifers. There will be 
increasing need for more understanding of the travel 
and fate of pollutants in the catchment system to pre
dict whether novel waste disposal methods that may 
be developed are actually reducing pollution or are 
merely changing the location of the pollution effect 
and delaying the time at which it becomes apparent. 
For example, land disposal of wastes frequently is 
used to prevent stream pollution, but sometimes 
ground water pollution results and is more widespread 
and more difficult to abate than the stream pollution. 

Experimental facility. The rainfall- runoff 
experimental facility should be an excellent tool for 
the study of the fate of pollutants because of its ability 
to pr ovide controlled rainfall on a soil system with 
the significant variables controlled and measured. 
Miner [20) applied this general philosophy to a study 
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of runoff from cattle feed lots by using agricultural 
sprinklers for the water input and then channeling the 
flow to a single outlet for measurement a.nd sampling. 
The system did not accurately simulate the conditions 
of a rainstorm. but a qualitative idea of the progress 
of pollutant concentrations was achieved. 

The greater control over the input rainfall 
and over the runoff conditions provided by the facility 
designed to study rainfall-runoff events should im
prove considerably the value of the experimental 
results in maki ng quantitative interpretations. The 
input quantities of the pollutants can be controlled 
either by applying a known concentration in the rainfall 
or by applying a known quantity to the surface of the 
basin. With the latter approach the pollution can be 
given spatial variations. The concentrations of pollu
tants can be determined by sampling the water at 
various locati?ns in the basin _at several times during 
the runoff penod. The concentration in the outflow 
from the basin as a function of time can be used with 
the outflow hydrograph to establish the quantity of 
pollutant leaving the basin. U infiltration is occurring, 
subsurface water samples could be taken to compare 
concentrations in subsurface flow with those in over
land flow, and soil samples could be used for deter
mining the am ount of pollutant stored or trapped in 
the soil. The depth of soil above an impermeable 
boundary is one of the variables that could be con
trolled. The persistence of a chemical in the soil 
and in runoff after application of the chemical has 
been terminated could be studied with the rainfall
r unoff facility. The depletion or leaching of a pollu
tant by later rainfall is important in cons iderations of 
purging polluted systems to restore the uncontaminated 
conditions. If a large dose of pollutant wer e dumped 
on a catchment, it might be possible to purge the 
system by artificially applying rainfall at a low rate 
over a long period of time to keep concentrations in 
streamflow or ground water from exceeding the mini
mum standards, where a natural rainstorm might 
result in a slug of pollution that would cause consid
erable damage. 

As was pointed out at the start of this chapter, 
many of the experiments in the study of travel of 
pollutants can be combined with other experiments 
without any int erference. The taking of water and 
soil samples is the only additional operation during 
the experiment. Chemical analyses can generally be 
run at a later time. It is also possible to combine 
several studies of pollutants s imultaneously, by in
cluding several chemicals that do not react with one 
another, but which may have different patterns of 
travel within the watershed system. For exampl e, 
chlorides generally go into solution with little inter
action with stable soils, while some organic com
pounds may be preferentially adsorbed on soil 
particles. But care must be taken because some 
organic compounds may release chlordies in decom
posing or they may form complexes with chlorides, 
and the results might then be ambiguous. A com
promise must be made between the running of many 
experiments simultaneously for economic use of the 
facilities and the need for data on isolated processes 
for ease and clarity of interpretations. Each situation 
must be considered individually and then re-evaluated 
after completi on of the experiment to improve future 
decisions. 



CHAPTER IV 

REQUIREMENTS FOR RAINFALL-RUNOFF EXPERIMENTAL FACILITY 

1. Objectives and General Requirements 

Objectives. The objective of the rainfall
runoff experimental facility , as stated in Chapter II, 
is to provide a tool for observing prototype - scale 
response of a watershed under controlled conditions. 
The processes operating in a watershed can be ob
served under idealized conditions with a minimum of 
complicating interactions. The effects of adding the 
interactions may then be studied later. 

To the two categories of studies for the runoff 
facility -- (a) evaluation and modification of models 
and (b) idealized investigation of individual processes-
has been added a third category or research objective 
that is appropriate for the early stages of development 
of the facility. This objective is the determination of 
the range of applicability of the facility intermediate 
between a laboratory bench model and an experimental 
watershed. The research potential is indicated by the 
topics that are discussed in the preceding two chapters. 
However, the precise requirements for the facility 
are not known for all topics. Some requirements 
that are initially considered very important may turn 
out to be less significant and might be relaxed. Also, 
a facility of this size has not been utilized before for 
controlled rainfall- runoff experiments and there will 
undoubtedly be many problems that have not been 
foreseen. The improvements that are required to 
achieve more highly idealized conditions and the 
approximations that have to be accepted to progress 
in the existing project may be as important as the 
initial experimental results. The confirmation of the 
general approach as a feasible technique for studying 
hydrologic processes and the determination of the 
critical components of the experimental facilities and 
instrumentation can pave the way for an improved 
generation of facilities. 

Requirements. The requirements that are 
given b elow are derived from the concept of a facility 
large enough to respond in the same manner as a 
r eal watershed and to serve as a prototype for com
parison with laboratory scale models but small enough 
to permit control over parameter variations. The 
size requires this to be an outdoor facility, which 
makes it more difficult to achieve consistent control 
of variables and makes the measurement of variables 
more critical. The requirements of the facility will 
be presented in terms of the ideal of control that is 
desired. If the control over variations is relaxed 
to bring the facility into use, then the instrumentation 
must be adequate to determine the variations that 
occur in time and space. The requirements are pre
sented below in three general classes: ( 1) control of 
rainfall, (2} measurements of variables and ( 3} mod
ification of basin characteristics. 

2. Control of Rainfall 

Uniformity and reproducibility. The con
trolled application of rainfall is the most important 
feature of the rainfall-runoff simulator. This is the 
characteristic that distinguishes the facility from 
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experimental watersheds. The basic requirements of 
the artificial rainfall are areal uniformity and repro
ducibility. The facility should be capable of producing 
an approximately uniform spatial distribution of rain
fall over the basin to minimize the masking of the 
basin response by rainfall variations. A perfectly 
uniform distribution will not be achieved, but a close 
approximation should be possible. Natural rainfall is 
never completely uniform, but the more nearly uni
foTm the rainfall is over the entire basin, the more 
easily the effect s of the watershed response may be 
evaluated from the experimental data. Of greater 
importance than uniformity over the entire basin is 
the uniformity of rainfall over subsections within the 
basin. Since rainfall measurements are point meas
urements, it is important that the measured value be 
representative of the area around the gage. 

The reproducibility of rainfall conditions is 
more important than uniformity. A repetition of an 
experiment under identical conditions is frequently 
useful to confirm results for the observed trial or to 
fill in measurements that may have been missed when 
an instrument did not operate properly. It is not 
necessary that a specified distribution be achieved 
without a trial-and-error approach, but once the con
trol settings for a given pattern of rairU:all have been 
determined, it should be possible to reproduce the 
conditions with a high degree of reliability at any 
later time by making the appropriate control settings. 
If several trial settings are required each time the 
pattern is reproduced, the antecedent conditions for 
separate tests could vary significantly. 

Rainfall distributions. In the later phases of 
research with the rainfall-runoff facility, it may be 
useful to include variations of rainfall in both time 
a nd space. Natural rainstorms are frequently char
acterized by considerable variation in rainfall patterns 
during storms and if this type of variation can be 
achieved, the importance of rainfall patterns may be 
examined more thoroughly. This would complement 
the studies that would be made by computer simulation 
of basin response as more is learned of the natures 
of the component processes. The variations in rain
fall patterns require rather sophisticated control 
systems as is indicated by the descriptions of control 
systems for laboratory models given by Chow and 
Harbaugh [8} and Grace and Eagle son [ 13}. 

An additional requirement of the simulated 
rainfall that would be especially important for erosion 
s tudies is that the rainfall be realistic with regard to 
fall velocity and drop size distribution. The impor
tance of the impact energy of the raindrop in erosion 
process was described in the previous chapter. This 
may not be a critical factor for studies on the basin 
with an impervious surface, but extension of research 
into many of the topics for which the facility has 
potential requires that this be given serious consid
eration in designing the rainfall simulator. 



3. Measurement of Variables 

General requirements. The distributions of 
parameters and variables in both space and time are 
needed to interpret the response of the watershed 
system. If control of the input and state parameters 
of the system were perfect, their measurement would 
be of only minor significance because the values 
could be determined from the control specifications. 
Since the control is imperfect and the uniformity of 
rainfall can only be estimated before the facility is 
operat ed, the measurements will be quite important. 

The quantities that must be measured can be 
divided into two groups -- those that must be meas
ured during the experimental run and those that may 
be determined at any convenient time. The rainfall 
and runoff are the primary variables that must be 
determined during the experiment, although for some 
studies. others such as soil moisture and water level 
will be added to the list. Chemical concentrations for 
pollution studies require samples to be taken during 
the run, but the analysis can be delayed. Watershed 
topography and surface characteri stics usually do not 
change during an experiment or even for a series of 
experiments. This type of variable may be observed 
before and after the run (or runs} to confirm their con 
stancy but their measurements do not make the de
mands that the other variabl es do on the measuring 
system. 

Some general requirements shoul d be satisfied 
by the instruments used to measure variables. The 
act of measuring a variable should have a negligible 
effect on the system response. For example, in the 
runoff measurement, the backwater curve from the 
instrument should not significantly change the now 
regime in the runoff basin. The frequency response 
of the measurement instruments should be such that 
any variation in the value of a variable that is large 
enough to affect the system response is measured by 
the instrument. Eagleson and Shack [ l1) discuss the 
requirements this sets for precipitation and stream
flow measurements. Finally, the instrument readings 
from all instruments should be transmitted to one 
location for observation and as much of the data as 
possible should be recorded automatically. This is 
needed because the changes in the variables may fre
quently occur faster than a person can take down 
values. That is, the human response may be too 
slow according to the above criterion of frequency 
response. Also, when the data are recorded auto
matically, there is less chance of error in recording 
values. Since most of the data will be analyzed with 
a computer, direct digital r ecording should be utilize d 
a s much as possible to speed the assembly of the 
basic data into form for computer input. 

Special requirements for rainfall measure
ment. Rainfall input to the watershed has a con
tinuous areal distribution that must be estimated by 
discrete (point) measurement s . The distribution 
also varies with time. Thus, the joint space - time 
distribution is to be estimated. As mentioned above, 
if the di stribution were perfectly uniform, the 
measurement would be of little import ance. However, 
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one of the first requirements of the rainfall measure
ment system will be to establish the degree of uni
formity that is achieved. It will not be necessary for 
all raingages to be of the recording type and such a 
system would be expensive. A number of recording 
gages are necessary to indicate the time variations 
of rainfall in various sections of the basin, and 
these can be supplemented by a larger number of 
less expensive non- recording gages whose total 
accumulated rainfalls may be distributed in t ime 
according to the measurements of the recording 
gages. As the uniformity of the rainfall is determined 
for the operating facility, the number of gages re
quired can be adjusted. 

4. Controlled Parameter Variations 

The third requirement of the rainfall-runoff 
experimental facility is the ability to vary the basin 
paramete'rs in a controlled manner. The shape of 
the basin and the stream configuration represent large 
scal e parameters that can be varied, and the surface 
roughness and detention characteristics represent 
more readily variable parameters . The large scale 
parameters will be modified by using earth-moving 
equipment to reshape the basin, so they will be varied 
less frequently than the other variables . 

The ranges of variation that will be given to 
parameter values and the number of steps made within 
the ranges wi.ll be di!ferent for different variables . 
For some factors , there may be little change in the 
response for wide variations in parameter value, 
while for others, small variations of the parameter 
value cause significant differences in response. An 
analysis of the runoff events in the file of s mall 
watershed floods at Colorado State University [ 16) 
and existing knowledge of hydrologic responses will 
suggest approximate ranges and step sizes which can 
be adjusted as experience is gained with the rainfall 
runoff experimental facility. 

Not all considerations in parameter variations 
have been discussed here. For example, a precise 
definition of drainage boundaries is necessary to pre
vent flow from one area over-running a boundary and 
influencing the response of another area that is being 
studied. This can be applied to boundaries of sub
areas within the basin as well as to the boundary of 
the entire basin. A sharp-edged boundary, large 
enough to prevent spill-over could be used at the 
watershed boundary or around a section of the basin 
that might be isolated for a particular study. 

The major points that should be recognized 
in scheduling parameter variations are (a) that the 
research plan should be designed so the more easily 
varied parameters are modified as much as possible 
before the major features such as shape and stream 
network are changed; (b) that the ranges and step sizes 
of parameter variations should be adjusted as experi
mental data clarifies the relative s ignificance of 
various factors; and (c) the processes may be more 
readily evaluat ed if they can be physically isolated 
in the basin. 
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PART II. DESCRIPTION OF EXPERIMENTAL FACILITY 

by G. L. Smith* 

1. Introduction 

. The Rainfall-Runoff Experimental Facility (here
mafter called the Facility) represents a small proto
type watershed on which the precipitation, runoff 
hydrograph, and other hydrologic variables will be 
generated under controlled conditions. The develop
ment of the Facility has been accomplished in three 
phases: (a} Phase one was the selection of a field 
site, which could be easily converted to a generalized 
prototype small watershed; (b) Phase two was the 
establishment of the basic geometry of the Facility 
using both the published works of other hydrologists 
and a careful analysis of the physiographic character
i~tics of sixty watersheds from 0. 1 to 1. 0 sq. mi. in 
s_1ze; and {c) Phase three was the design and construc
tlOn of the Facility with anticipated modification of the 
preliminary design as dictated by results of initial 
experimental runs. The first two phases are com
pleted and the third phase is well advanced. Each 
phase is discussed in detail in the following para: 
graphs. A brief philosophy of the planned experimen
tal program concludes the description of the Facility. 

2. Facility Location 

The selection of the field site for the Facility 
was based principally upon two factors, namely: 
{a) the area should be easily converted into the 
initial generalized geometrical shape to be described 
in the next section, and {b) in order to simulate 
prototype rPSponse of a watershed to precipitation, tbe 
area should be about one acre in size. The site 
selected is shown in Fig. RR1 and is part of the 
Engineering Research Center located at the Foothills 
Campus of Colorado State University. The developed 
Facility area is shown in .Fig. RR4. 

Additional factors considered in the selection 
of the site included water supply and availability of 
electric power. The selected site location is adja
cent to a 26-in. diameter pipe line from Horsetooth 
Reservoir, which will supply water by gravity flow 
of sufficient head and quantity to develop the desired 
range of precipitation intensities. Electrical power 
is also within easy access to the site, and will permit 
the use of electronic equipment for data acquisition 
a nd recording for eventual analysis by digital 
computer. 

3. Facility Geometry 

Although no attempt was made to model a specific 
watershed, it was necessary to decide on a shape and 
slope for the Facility representative of typical small 
watersheds. .Rather than make a capricious decision, 
it was decided to study the shapes and slopes of 
actual watersheds for which data were available. 

Generalized shape. Sixty-one small water
sh_eds with a range in drainage area from 0. 11 square 
miles to 0. 97 square miles were studied. The most 
generalized composite basin shape was found to 

resemble a lemniscate [ 1, 2. 3]. The polar form of the 
equation was chosen for adaptation to the field site 
of the Facility: 

in which 

p ~cos p 8 ( 1) 

p "' radius from outlet to rim 

8 = angle between baseline and the radius 
under consideration 

~ = basin length measured from outlet to 
the most distant point on the perimeter 

p = coefficient which determines the rotund
ity of the basin ( ..yhen p = 1 , the basin 
outline is a circle) . 

Basin area A is obtained by integration of 

equation ( 1) between the limits - ..!!... and 1T 
giving 2p 2p ' 

1T ~z 
A=--4p 

and hence 

The degree of approach of the Facility form 
to the pure lemniscate form is measured by a lemni
scate ratio, the ratio of perimenter of the lemniscate 
to actual perimenter of the basin. 

To maintain prototype proportions, a mini
mum area of one acre was established for the 
Facility. Furthermore, the generalized basin indi
cated a length to width ratio of approximately 1. 8 to 
1. An arbitrary maximum length of 285 feet was 
selected, and with an area of approximately 44, 000 
square feet , Eq. {1) becomes 

p " 28 5 cos 1. 4 7 8 {2} 

E q. (2} was to be used as a guide in the development 
of the i.nitial Facility. The final form of Eq. ( 1) would 
necessarily depend upon the dimensions of the con
structed Facility. 

* Assistant Professor, Civil Engineering Department, Colorado State University, Fort Collins, Colorado .. 
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Fig. RR 1 Base Map of Rainfall-Runoff Facility 

Generalized slope. From a review of litera
ture it was evident that the longitudinal stream profile 
could be fitted by an equation expressing the statisti
cal regression of elevation Y as the depe ndent 
variable on distance X as the independent variable [4] . 
Of those examined, the best seems to be of the follow
ing form: 

log Y = log a - b log X { 3) 

in whi ch a and b are constants . 

From the watershed study, the longitudinal 
slope seemed to be related to the geological region 
in which the basins were situated. For example, the 
steeper slopes were encountered in igneous- meta
morphic and in absolute deformed regions . From a 
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composite main stream profile plot, a mean slope of 
approximately 5 per cent was found to be a good 
fit s lope. 

Generalized cross section. No suitable 
mathematical description for the typical cross section 
of the Facility could be found in available literature. 

Initial generalized facility geometry. For 
the initial geometric shape of the Facility it was 
decided to compromise between the results obtained 
in the survey of the small watersheds in nature and 
the natural shape of the selected Facility site (see 
Fig. RR1} as discussed in the previous section of 
this report. Furthermore , it was decided to simplify 
the initial shape and drainage characteristics as 
much as possible. The less complex the geometrical 
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shape of th~ ba.sin, the less difficulty in data analysis 
?-s. ":'ell as .u~ s1te construction. A description of the 
m1hal Fac1hty geometry as developed is given in the 
following paragraphs . 

Two planes, intersecting like the pages o f 
an open book, we re selected as the s implest geometric 
shape that could be fitted to the lower portion of the 
selected sit e . The slopes of the two planes were 
chosen on the basis of balancing the cut and fill in the 
actual field construction. A slope of 3 per cent was 
selected for the line of int e r section of the two planes 
w.hich, in turn, were kept at a 4 per cent s lope at ' 
r1ght angles to the intersection line. The resultant 
slope of the two planes was the desired maximum 5 
per cent slope, which made an angle of 5 3° 06 ' with 
the line of intersection. Thus, surface runoff will 
follow the line of maximum s lope. 
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To avoid damming of the overland flow or 
runoff, it was decided to form the outline--perimeter- 
in such a way that it would correspond with the lines 
of maximum slope. Thus the "arrowhead" shape 
s hown in the lower part of figure RR2 was created. 
In addition to the two planes, each of which constitutes 
a watershed, a headwater watershed was necessary to 
complete the initial generalized s hape of the F acility. 
As an approximation of the lemniscate, a sector of a 
cone was selected for the shape of the headwater 
watershed. Its radius is 125 feet and becomes 
tangent to the "arrowhead" as shown in Fig. RR2. 
The watershed drains toward the center of the sector 
at a s lope of 5 per cent. 

By ditching and small earth embankments, 
it will be possible to isolate the he adwater watershed 
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from the "arrowhead" watershed. On the other hand, 
by closing the drain line (see F ig. RR5) it will be 
possible to integrate t he headwater watershed with the 
"arrowhead" watershed. The drain line consists of 
zoo feet of 10-inch asphalt coated pipe (see Fig. RRZ) 
with a g rated opening which is located immediately 
downstream of the headwater watershed measuring 
flume a nd diverts flow from the upper area to by- pass 
the open-channel. A cover placed over the grate closes 
the drain line. 

In summary, the initial generalized geometr y 
decided upon for the Facility has a slope and shape 
which are similar to those observed in nature. The 
shape also provides s ome flexibility, as it can be 
operated as three distinct and separate water sheds, 
namely: (a) the "arrowhead" water shed, (b) the 
headwater watershed, and (c) a combination of 
(a) and (b). Furthermore, the simple geomet ry of 
the F acility provides for easy changes in shape, 
incorporating some simple drainage patterns for 
future studies and for applications of ana lytic descrip
tions of over land flow. 
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4 . Facility Design and Construction 

Concurrent with the adoption of the initial 
geometrical shape of the Facility and site selection 
was the design of the various components of the 
Facility . The first step in the design program was to 
develop by use of topographic survey notes a detailed 
map of the selected site area showing all man-made 
works and contour lines at 1 foot intervals. This was 
designat ed RR-1 and titled the Base Map, which was 
then used to locate the main water supply system 
including location of the pumping plant, control valves 
and pipe lines. as shown on the Fig. RR- Z, titled 
Water Supply and Drainage System. Details of the 
pumping plant and appurtenances are shown on Fig . 
RR-3, titled Pumping Plant. 

After the construction of the pumping plant and 
installation of the pipe lines with the control val ves, 
it was possible to shape the basin area. By mean s of 
heavy duty earth moving equipment, the selected site 
was shaped as s h own on Fig. RR-4, titled Map of 
Developed Facility Area, and Fig. RR- 5, titled 
Pictorial View of Facility Area. 
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The necessary prerequisites in the operation of 
the facility are the simulation of natural precipitation, 
and the subsequent measurement of the precipitation 
and runoff. Precipitation measurement should be as 
accurate as possible and should be continuous during 
any given simulated storm. To accomplish the 
objective of both accuracy and sensitivity, the 
capacitance gage system for measuring and recording 
very small surface waves was adapted to a standard 
precipitation gage after an experimentation period of 
several weeks. The developed system is shown 
schematically on Fig. RR-6, titled Block Diagram 
Capacitance Gage Analog Rain System, and pictorially 
in the Figs. RR-7 and RR-8 , titled Precipitation 
Measuring System and Data Acquisition System, 
respectively. 

The system depicted schematically by Fig. RR-6 
is a dual system. The capacitance probe in the rain 
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gage senses the depth of water at a given instant of 
!ime. The capacitance gage transmits the depth of 
water as an electric signal either to a magnetic tape 
recorder or to the analog-digital converter. The 
magnetic tape recorder is a high speed response unit 
fo r field use. It permits the storage of data for 
e~e.ntual transmission at a slower rate into the analog
dlgltal converter. A calibration standard consisting 
of power supply , digital voltmeter and frequency 
counter is used to monitor the data stored on magne
tic tape. As noted in Fig. RR - 6, the data received by 
the analog-digital converter may be transmitted to 
either a printer or a card punch for eventual analysis 
by computer. 

In addition to precipitation, it will be necessary to 
measure the runoff amount produced by a given rat e 
of precipitation. The H-flume developed by the 
Agriculture Research Service was chosen for th is 
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purpose. The principaf reasons for selecting the H
flume were: (a) simplicity in design and construction, 
(b) freedom of passage of debris through the measur
ing section, and (c) below surface construction of the 
head box minimizing the formation of backwater at 
the measuring structure. Details of the flumes are 
given in Fig. RR- 9, titled Runoff Measuring Flumes. 

In the construction program relative to precipita
tion and discharge measurement, the flumes have 
been installed in place in the field at the locations 
shown on Fig. RR-2. The precipitation gages with 
capacitance probes have been built and are currently 
being installed in the field. Each recording gage 
will represent an equal area determined by a modified 
from of the Thiessen method of area subdivision. A 
total of twenty-seven recording gages will be used. 
For each recording gage, there will be four non
recording gages, which will, in turn, represent sub
areas of equal area. The total number of measure
ment points over the entire Facility will be 135, or 45 
for each sectional watershed. 

The last phase of the design and construction 
program consists essentially of two major parts, 
namely: (a) the precipitation generating mechanism, 
an.:! (b) the development of an impervious surface for 
the initial experimental program. To simulate preci
pitation, a system of high towers with nozzles are 
planned as shown in Fig. RR-10, titled Preliminary 
Rainfall Towers. A s~ngle tower has been constructed 

and experiments on precipitation pattern for a range 
of discharges are being made. The final tower design 
awaits the analysis of the results of the current 
testing program. 

Treatment of the soil to make it impervious is 
still under investigation. In the shaping of the site, 
care was exercised in the compaction of the soil in 
the fill area. The soil having a high clay content was 
placed in 4 to 6-in. layers under moist conditions. 
Each layer was compacted by a rubber-tired roller 
to maximum density. A 2-in. layer of gravel road 
base placed under compacted conditions, is planned 
for the preliminary finished surface of the headwater 
watershed only. A 20 by 20 foot test area of com
pacted gravel on the watershed has proven virtually 
impervious during an above-normal natural rain 
period of several months. Rainfall amounts of up to 
0. 50-inch per hour were experienced on the basin on 
several occasions during this period. Infiltration was 
less than one- half inch and erosion has been minimal. 
Because of the planned changes in both slope and 
shape, a permanent surface of concrete or asphalt is 
not desirable. Cost has eliminated the use of the 
various plastic type materials commercially available . 
Tests using various soil- cement mixtures showed that 
maximum density was obtained with the 8 per cent by 
volume mixture. Because of the high percentage 
of bentonite clay in the soil, all soil- cement samples 
showed undesirable cracking. A paraffin-base liquid 
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under the trade mark of SS- 1 3 is currently being 
field tested on the Facility site. The liquid has been 
applied at the rate of 1 gallon per square yard over a 
20 x 20 foot area. 

5. Experimental Program 

The research using the facility will be pursued 
in a sequential fashion. This is necessary because 
there is no precedent for comparison in constructing 
an experimental prototype watershed. The initial 
experimental tests will utilize the upper, coni_c, 
section of the facility with equipment conform1ng to 
the preliminary designs. From the analysis of the 
results of the initial runs, the system design will be 
checked and modified before the facility is completed. 

Watershed response experiments. The 
preliminary runs of the facility will provide data_ for 
analyzing watershed response as well as for teshng 
the facility itself. The first series of tests ~11. 
examine the response of overland flow to vanat10ns 
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in rainfall rate, because the conic section of the 
facility provides overland flow to the upper H-flume. 
The differential equations for overland flow on a 
conic section will be studied in a related project and 
the results from the experimental facility will be 
compared with the solutions obtained by computer 
methods. Simpl e storage models will also be exam 
ined and their responses compared with the runoff 
from the experimental facility . 

After the facility is completed, the range of 
experiments will be broadened. As stated above, the 
facility can provide three different geometric pat
terns : t he conic section, the intersecting flat planes 
and the entire watershed. The runoff from the conic 
section is measured by the upper flume and can be 
either permitted to enter the channel flow reach or 
diverted by the underground drainage pipe to by-pass 
the channel. Thus, the effects shape and of channel 
flow will be investigated in the early runs of the 
completed facility. The predictions of more complex 
computer models will also be compared with the 
response of the facility. 
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PART Ill. A SURVEY OF WATERSHED RESPONSE MODELS 

CHAPTER 

A ffiSTORICAL REVIEW 

by Trevor Dickinson* 

1. T i me Distribution of Runoff 

General approach. An understanding of the 
basic rainfall-runoff relationship is one of the central 
problems of hydrology. This portion of the hydrologic 
cycle has received much attention in recent years, 
with results that have been varied, contradictory, 
and often inconclusive. It seems worthwhile that the 
literature should be critically reviewed, summarized, 
and appraised in an attempt to delineate accomplish
ments in this area. lt is t he purpose of this study to 
initiate such work. 

The importance of studying the t ime distri 
bution of runoff as an indication of watershed respons e 
was first acknowledged in the Report o f the Commit
tee o n F loods (1930), of the Bos ton Soc iety of Civil 
Engineers. ln that report it was stated that: 

"The relationships on any particula r wate rshed are 
so involved that it is practically impossible to 
determine the effect of each of these factors 
analytically. but the various factors are all 
reflected in the flood hydrographs. It is believed 
that flood hydrographs afford the best basis for 
the study of the flood drainage area characteris
tics of a stream .... It is (a lso) believed that the 
flood hydrograph resulting from a given storm on 
a stream is the best key to the behavior of that 
stream with other storms. " 

Not only was the study of the time distribution of run
off encouraged, but also it was accepted as a model 
of the response of a watershed, having par ticular 
characteristics, to a storm also characterized in a 
particular way. The stage was set for consideration 
of dir ect runoff as the output of a watershed system 
responding to a given rainfall input. 

In the light of previous research, the Report 
of the Committee on Floods (1930) can be seen to be a 
significant contribution. Prior to 1930, attention had 
been focused on the study and determination of peak 
discharge relationships. These studies, initiated in 
the U. S. by sanitary engineers and continued by both 
highway and conservation researchers. has been of 
maJor importance, particularly in the realm of cul
vert and small bridge construction. However, the 
Boston committee's suggestion to study the entire 
hydrograph rather than only the peak can be 

recognized as a real step toward the understanding of 
the rainfall-runoff relationship. The lite rature 
regarding peak flow considerations has been well 
annotated by such authors as Jarecki (1953), Reich 
(1960), and Chow (1962), and is not included in this 
review. 

Conversion of rainfall to runoff. The litera
ture regarding watershed response can be classified 
into two general groups. The majority of the re
search has dealt with obtaining the time distribution 
of direct surface runoff at a point, given the volume 
and distribution of the effective rainfall. The second 
group of investigations has studied the total rainfall
r unoff relationship, including estimation of the vol
u me of effective rainfall from consideration of the 
loss functions experienced by the storm rainfall. The 
latter group includes total models of response, where
as the larger group deals with direct runoff response 
models. 

Studies regarding the conver sion of effective 
rainfall to hydrographs of streamflow at the catch
ment outlet stem primarily from unit hydrograph 
theory. The theory has been modified, applied, veri
fied, us ed for analysis, and used for synthesis. It 
remains the basis of most practical wor k. The con
cept of the instantaneous unit hydrograph along with 
various storage and routing ideas has led to numerous 
theoretical response models. From these theoretical 
viewpoints, analog models have also been formulated. 
Recently, physical laboratory models have ~ecome 
popular as research tools. These various approaches 
have been utilized to study the formation of a direct 
runoff hydrograph from a known effective rainfall. 

On the other hand, a few rainfall-runoff 
models have been investigated with emphasis on the 
conversion of rainfall to effective rainfall. This 
phase of the problem has not received the attention 
given to the direct runoff problem and remains 
largely unanswered. Although many of the physical 
concepts have become better understood in recent 
years, a satisfactory model has not yet been devel
oped. The approaches include microscale hydrologic 
studies and watershed models using computer tech
niques. The m icroscale studies involve both small 
plot research and urban investigations. The accuracy 
of predictions based on these models has generally 
been inversely proportional to the size of the water
shed considered. 

' ' Former Graduate Research Assistant , Civil Engineering Department, Colorado State University, Fort Collins. 
Colorado, now Assistant Professor, School of Agricultural Engineering, University of Guelph, Guelph, 
Ontario, Canada. 
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Baseflow separation. Research concerned 
with the analysis stage of direct runoff models has 
had to devise methodology to separate baseflow from 
the total flood hydrograph. The term baseflow has 
usually been defined to be that flow which enters the 
stream channel from subsurface storage. The separ
ation procedures have involved three aspects: (i) the 
time when direct surface runoff begins, (ii) the time 
when surface runoff ends, and (iii ) the time distribu
tion of baseflow during the interval of surface runoff. 
Many of the techniques applied in the literature have 
been summarized graphically by Dickinson (1963), 
and are included in fig. 1, 

Fig. 1 

Houk (1921) 
Folse (tfl29) 
Meinzer and 

Stearns (J 9Z9 
her an~l93 

Brater ( 1939) 

Iwasaki (19341 
Bernard {193!>) 
Horton ( 1935) 
Zoch (1935) 
Barnes ( 19391 

140,~. 141) 
Snyder t193::11 
Barnes (195Z:) 
Eaton ( 19531 
Morris ( 19591 

Coulter (1959) 

Snyder (1939) 

Hydrographs illustrating methods of base
flow separation. 

The first approach, referred to by Houk 
(1921), Meinzer and Stearns (1929), Folse (1 929). .and 
Sherman (1 932), involved the joining of the l ow points 
of a record of runoff by straight or arbitrarily curved 

Z6 

lines. As early as 1903, Horton had observed that 
the falling limb of a streamflow hydrograph during a 
period of drought was a depletion curve having the 
characteristic exponential decay equation, 

- ct 
~ = Q

0 
e . However, Iwasaki (1934) appears to 

have been one of the first to use an average depletion 
curve as an aid in separating baseflow. Many authors 
have since employed the normal depletion curve either 
with an empirically or mathematically defined shape. 
Brater (1 939) considered separation of baseflow from 
a physical viewpoint. He felt that the groundwater 
contribution could be negative for a short interval 
when the stream rose more rapidly than the ground
water gradient. Brater (1939) also found that the 
peak baseflow occurred at a ti.me ""'""'dent with the 
equilibrium time of the watersh'ed, at the inflection 
point on the recession limb. Hursh and Brater (1941) 
also discovered a s ignificant delay before a rise of 
baseflow occurred. Barnes {1940, '42, '52) recog
nized three stages of depletion from surface, inter
flow, and groundwater flow, where interflow repre
sented a subsurface flow of water which had not 
reached the water table. Roche (1963) has taken 
exception to this concept of interflow and suggests 
that it is more closely related to surface now through 
vegetation. Most authors have included interflow 
with surface runoff in their separation procedures. 

Other methods of separation have been con
sidered. Linsley and Ackermann (1942) employed 
recession curves for both sur face and groundwater 
flow, as well as numerous plots involving surface 
and groundwater flow with surface and groundwater 
storage. The method was too laborious for common 
usage and did not. guarantee increased accuracy of 
separation. Merriam (1951) used an empirical 
envelope approach to determine recession constants 
for groundwater and surface flow. Although aspects 
of salt concentration and radioactive tracers have 
not been used for separation purposes directly, the 
work of Lenz and Sawyer (1944) and of Pilgrim (1966) 
suggests that such approaches might be feasible. 

One must conclude from a consideration of 
the literature on baseflow separation that a method 
has not yet been determined for adequately separating 
baseflow from surface flow. All techniques are 
essentially analytical tools for achieving an approxi
mate division. Although different methods of separa
tion give significantly different direct runoff hydro
graphs and unit bydrographs, as shown by Hertzler 
(1939), Eaton (1953), Coulter (1959), and Dickinson 
(1 963). there is no way of determining at present 
which method is most applicable. The importance of 
correct basenow separation is a function of the size 
and nature of the watershed, or, in other words, of 
the relative volume of baseflow and its distribution in 
time. 

2. Analysis of Direct Surface Runoff. 

Unit hydrograph theory 

The concept. The unit hydrograph approach 
to analysis and synthesis of flood hydrographs has 
been the most widely used in practice during the past 



thirty years. The concept, introduced by Sherman 
(1932), a member of the original Boston Committee 
on F l oods, was the first to consider the existence of 
a unique direct runoff hydrograph for a storm of 
given duration and volume over a particular water
shed. This unique response, termed the unit hydro
graph or unitgraph, was originally defined as the 
hydrograph representing a selected volume of surface 
runoff from a given basin for a one day rainfall. The 
hypothesis on which Sherman (1 932) based the unit
graph was "that in any drainage basin, surface runoff 
from rainfall that is distributed with satisfactory 
uniformity as to area and time and that occurs in a 
given unit of t ime will produce hydrographs in which 
the bases are approximately equal and the ordinates 
vary directly with the intensity of net rainfall. The 

prefix "unit" referred to the specified unit of time in 
which the storm occurred, and not to the runoff volume 
which has often been chosen to be a unit depth over the 
watershed. 

The roots of the unit hydrograph concept were 
grounded in the report of the Committee on Floods 
(1930), when it was observed that the time bases of 
flood hydrographs at a selected stream station were 
approximately equal, and that the peak now tended to 
vary directly with the total runoff volume. Sherman 
(1932) further found that all ordinates of the hydro
graph were proportional to the volume of surface run
off, that direct runoff hydrographs were independent 
of previous runoff events and simple hydrographs 
could be linearly superimposed to constitute complex 
hydrographs, and that a definite duration could be 
attached to the storm producing the hydrograph. The 
theory was also based upon a rainfall that was uniform 
in time and area, that was of high intensity, and 
whose duration was less than the time of concentration 
of the watershed. 

More recently, the unit hydrograph has 
been expressed as a portion of a summation form of 
the convolution integral, used for determining a 
functional relationship for the direct runoff hydro
graph. That is, 

n 
Q(t) = !:: 

i= 1 

where the ordinate at time t of the un itgraph having 
unit duration Dt. is represented by u t:t • t ; t he 

0 0 

effective rainfall for a given storm is considered to 
consist of n blocks of intensities I. and of the same 

1 

duration t:t ; and Q(t) is the ordinate of the direct 
0 

runoff hydrograph. This approach has led to the 
math ematical analysis of direct runoff hydrographs to 
obtain unitgraphs, and to the mathematical synthesis 
of direct runoff hydrographs. 

Modification. Several modifications have 
been made to unit hydrograph methodology. They 
have served to strengthen the approach as a practical 
tool rather than to alter the basic assumptions. 
Bernard (1935) expressed the unitgraph in terms of 
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the percentage of direct r unoff which occurred in 
successive time intervals. He termed his hydro
graph a distribution graph. Smith (1941 ) modified 
Bernard's approach by employing a smooth curve 
through the discrete points and used instantaneous 
distribution coefficients . Morgan and Hullinghorst 
(1939) introduced the concept of the S-curve to repre 
sent the watershed response to a continuous uniform 
rainfall. The utility of this concept was in the 
determination of unitgraphs for storms of different 
durations. The algebraic difference between two 
S-curves lagged by a selected time interval was 
shown to yield a unitgraph for a storm of duration 
equal to the lag interval. Cuenod (1956) referred to 
the S-curve as "l'hydrogramme indiciel", or charac
teristic hydrograph. Like unitgraphs, S-curves were 
indices of watershed response. 

Methodology. There have been numerous 
accounts of the standard methods of hydr ograph analy
sis for the determination of unitgraphs. Some of the 
most informative descriptions have been given 'by 
Mitchell (1948), Barnes (1952), and the U. S. Army 
Corps of Engineers (1963). A few other approaches 
have been developed in order to obtain the best unit
graph estimate. Collins (1939), and later Fekete 
(1954), employed a trial and error procedure for 
analyzing complex hydrographs. An assumed unit
graph was employed on all rainfall events except the 
largest . Then a unitgraph was obtained from th e 
largest runoff event and compared with the assumed 
one. The procedure was repeated until the assumed 
and computed unitgraphs agreed favorably. Snyder 
(1 955) employed the method of least squares in order 
to obtain the distribution coefficients of the distribu
tion graph. Barnes (1959) used what he termed a 
method of progressive addition, which involved suc
cessive estimation of the distribution coefficients with 
continuous checking of the estimated and actual hydro 
graphs. 

Verification. The practicability of the unit
graph theory has been verified by literally hundreds 
of researchers. Although the approach has been 
ser iously questioned in theory, its use in practice 
cannot be disputed. Not only has the approach been 
verified on large basins for storms of long duration, 
as used by Sherman (1932), but also it has been used 
successfully on all sizes of watersheds. Some 
representative articles have been written regarding 
the application and suitability of the unitgr aph 
appr oach by Horner and Flynt (1 936), McCarthy 
(1938), Pettis (1938), Brater (1939), Hertzler (1 939). 
Hathaway (1 941), Morris (1 959), Remenieras (1 960), 
Coulter (1961), and Watson and Body (1961). A list 
including these and other researchers, their regions 
of study, and the watershed areas involved is given in 
Table 1. Inferences regarding the use of unitgraphs 
have reflected the sizes of the water shed areas. 

Correlation and synthesis. As has been 
stated, Sherman (1932) suggested that there was a 
unique response model for each storm duration for 
each watershed. The characteristics of this response 
were, therefore, a function of watershed parameters. 
Further, it was stated that the storm rainfall should 
be distributed "with satisfactory uniformity as to 



Tabl e 1 Location and are a of water sheds studied by various researchers, 

Author 

Boston Society (1930) 
Sherman (1932) 
Ber nard (1 935) 
Horner & Flynt (1936) 
Hoyt (1936) 
Pettis (1938) 
Snyder (1938) (1943) 
Collins (1939) 
Brater (1939) 
Barnes (1939) 
Snyder (1939) 
Laden, Reilly, Minnotte (1940) 
Hathaway (1941) 
Hursh and Brater (1941 ) 
Linsley ( 1943) 
Lucas (1949) 
Kohler and Linsley (1951) 
Fekete (1953) 
Eaton (1953) 
Barnes (1952) 
O'Kelly (1955) 
Snyder (1956) 
Villares (1956) 
Beyer (1957) 
Nash (1958) 
Barnes (1959) 
Morris (1959) 
Cou lter (1959) 
Nash (1960) 
Willeke (1962) 
Body (1962) 
Minshall (1960) 
Body & Watson (1962) 
Laurenson (1 962) 

Watershed 

Location 

U.S.A. 
Illinois and New York, U. S. A. 
Ohio, U. S. A. 
St. Louis, Missouri 
Ohio, U.S. A. 
U.S.A. 
Appalachian Highl ands, U.S. A. 
Ohio, U.S. A. 
Michigan, U. S. A. 
Iowa, U.S. A. 
P ennsylvania, U.S. A. 
Ohio, US. A. 
U. S.A. 
Michigan, U. S. A. 
Sierra Nevada & Coast Range, U. S. A. 
Ohio, U.S. A. 
Washington, U.S. A. 
Australia 
Australia 
Colorado, U. S. A. 
Ireland 
Tennessee, U.S.A. 
Illinois, U. S. A. 
U.S. A. 
England 
East Pakistan & U.S. A. 
Canada 
New Zealand & Australia 
England 
U.S.A. 
Australia 
U. S.A. 
Australia 
Australia 

Area (sq. miles) 

23. 9 to 2, 525 
510 to 5, 000 
500 to 6, 000 

small ur ban areas 
5,980 

10 to 10, 000 
1, 398 

0. 0073 to 2. 93 
1, 500 to 3, 230 

1, 147 
<800 

190 to 8, 000 
0.0625 

100 to 3700 
139 to 331 

560 to 1, 850 
48 to 178 

0. 0055 to 2. 68 
<200 

3,800 

13 to 600 

0. 0007 to 0. 074 
4, 150 

0. 0425 to 0. 453 
4, 150 
34.6 

area.and time". Since, in practice, a unitgraph 
representing runoff generated by rainfall of perfectly 
uniform areal and time distr ibution is seldom if ever 
found, several workers have questioned the effect of 
storm characteristics on unitgraph shape. Therefore, 
much research has investigated the cor r elation among 
various unit hydrograph, watershed, and storm char
acteristics. Such cor relat ions have often been used to 
advance methods of synthesizing unit hydrogr aphs for 
ungaged watersheds. Table 2 has been prepared as a 
summary of the parameters studied by many individ
uals. 

thesis purposes. Parameters involved in a number of 
these studies are listed in Table 3. 

Several researcher s have also r easoned that 
a single dimensionless unit hydrograph could be con
ceived which could be applied to most if not all water
sheds. In some instances the dimensionless sh~pes 

were merely observed to be similar; in other cases, 
the factors used to render the graphs dimensionless 
were correlated to watershed parameters for syn-
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Instantaneous unit hydrograph. The Commit
tee on Floods (1930) suggested that the hydrograph 
due to an instantaneous storm could provide a good 
indication of watershed response. This suggestion 
was another example of how forward-looking this 
committee was, as the concept of the instantaneous 
unit hydrograph was not fully introduced until the 
works of O'Kelly (1955) and Nash (1957). The 
instantaneous unit hydrograph is now recognized as 
the unit hydrograph resulting from a storm rainfall 
which has an infinitesimally small duration. There 
fore, it is a concept or a conceptual response model 
rather than a physically r ealizable hydrograph. 
Using the linear assumptions of basic unit hydrogr aph 
theory, each 9rdinate of the direct runoff hydrograph 
may be expressed as the convolution, or Duhamel, 
integral 



Table 2 Hydrograph, watershed, and storm parameters considered in watershed response literature 

Author 

She rman 
(1932 b) 

Bernard 
(1935, 1936) 

Horner & Flynt 
(1 93 6) 

Horton 
(1936' 1938) 

McCarthy 
(1938) 

Snyder 
(1938, 1943) 

Brater 
(1939) 

Hertzler (1939) 

Sherman 
(1939) 

Kirpich 
(1940) 

Laden, Reilly, 
Minnotte 
(1940) 

Meyer 
(1 940) 

Hathaway 
(1941) 

Hicks 
(1942) 

Horner & Jens 
(1942) 

Hydrograph 
Characteristics 

Peak discharge {uh)* 

Time distribution of 
runoff (dg) • 

Time distribution of 
rising and falling 
limbs (srh)':<j,n terms of 
lag time and peak runoff 
rate 

Time distribution of 
rising limb (srh) 

Peak discharge, lag 
time, base time (uh) 

Peak discharge, lag 
time, bass time (uh) 

Peak discharge (uh) 

Peak di scharge, base 
time (dg) 

Peak discharge, lag 
time (uh) 

Time of concentr ation 
(th)"' 

Peak discharge. lag 
time, base time. s
curve (uh) 

Time of concentration 
(th) 

Peak discharge (uh) 

Time of concentration 
(srh) 

Time distribution of 
runoff (srh) 

Watershed 
Characteristics 

Area 

Watershed fac
tor- -watershed 
shape factor. 
length, channel 
shape factor, 
channel slope 

Surface slope, 
length, rough
ness 

Area, slope of 
area -elevation 
graph, stream 
pattern 

Effective
Storm 
Characteristics 

Duration, inten
sity, recurrence 
interval 

Intensity 

Area, length, Duration of 
length to center rainfall excess 
of area 

Area 

Area, vegetative 
cover 

Slope 

Area, length, 
length to center 
of area 

Area 

Area 

Slope, length, 
roughness 

Slope, length, 
roughness 
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Areal distribu
tion 

Intensity 

Intensity 

General Comments 

General inference used to 
transpose uh 

Graphical correlation, 
with possibilities for 
synthesis of dg 

Mathematical description 
of small urban hydro
graphs. in terms of hydro
graph parameters 

Mathematical description 
of rising limb of small 
plot hydrographs 

Graphical correlation for 
uh synthesis 

Mathematical relationships 
for uh synthesis 

General inferences 

Graphical inferences 

General inferences 

Mathematical relationships 
for small agricultural 
watersheds 

Mathematical & graphical 
relationships for uh 
synthesis 

General inference for 
transposing uh 

Graphical inference 

Mathematical expressions 
for laboratory and plot 
surfaces 

Mathematical expr ession 
for small plot hydro
graphs 



Author 

Linsley 
(1943) 

Jetter 
(1944) 

Williams 
(1945) 

Mitchell (1 948) 

Lucas 
(1949) 

Soong 
(1950) 

Edson 
(19 51) 

Taylor & Schwartz 
(1952) 

Warnock 
(1952) 

Eaton 
(19 54) 

Fekete 
(1954) 

O'Kelly 
(1955) 

Dooge 
(1956) 

Villares 
(1956) 

Mockus 
( 195 7) 

Hickok, Keppel, 
Rafferty 
(1959) 

Hydrograph 
Characteristics 

Peak discharge, lag 
time, base time (uh) 

Table 2 - continued 

Watershed 
Characteristics 

Area, length, 
length to center 
of area 

Effe ctive 
Storm 
Char acteri sties 

Duration of rain
fall excess 

General Comments 

Mathematical relationship 
for uh synthesis 

Time distribution of 
runoff (dg) 

Slope, length Areal distribution Graphical inferences 

Peak discharge rate, 
lag time (uh) 

Lag time (uh) 

Clark's parameters of 
C and K (iuh) 

Mean time, standard 
deviation about the 
mean time (uh) 

Time distribution rate 
per square mile (iuh) 

Peak discharge, lag 
time ( uh) 

Peak discharge, lag 
time, base time (dg) 

Clark's parameters of 
C and K (iuh) 

Length, length to 
center of area 

Area 

Length, channel
slope, width, land 
slope, stream 
branching factor 

Shape, channel 
network, channel 
slope 

Distance from 
rainfall center to 
outlet, concentra
tion coefficient, 
spread coefficient 

Area, length, Duration 
length to center 
of area, channel 
slope 

Area, shape, 
land slope 

Area, length, 
branching factor 

Mathematical relation
ships for urban uh synthe
sis 

Mathematical expression 
for uh synthesis 

Mathematical expr essions 
for iuh synthesis 

Mathematical inferences 

Mathematical expression 
for iuh in terr:ns of general 
watershed parameter s 

Graphical correlations for 
uh synthesis 

Graphical inferences 

Graphical expressions for 
uh synthesis 

Time distribution of 
runoff (uh) 

Areal distribution uh of similar storm pat
terns used for synthesis 

O'Kelly's parameters of Slope 
T and K (iuh) 

Time distribution of Area, slope 
runoff (uh) 

Peak discharge, lag Area, slope 
time (uh) 

Peak discharge (uh) 

Peak discharge, lag 
time (uh) 

Area Duration 

Area, land slope, 
drainage density, 
length to center of 
area, width 
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Table of values for iuh 
synthesis 

Mathematical inferences 
and expressions for uh 
synthesis 

Mathematical expressions 
for uh synthesis 

Peak rate equation plus 
dimensionless uh to syn
thesize 

Mathematical expressions 
for uh synthesis 



Author 

Minshall 
(1960) 

Nash 
(1960) 

Amorocho 
(1961) 

Hydrograph 
Character is tics 

Peak discharge, lag 
time (uh) 

Table 2 - continued 

Watershed 
Characteristics 

Area 

1st & 2nd moments of Area, land s lope 
iuh (iuh) 

Effective
Storm 
Characteristics 

Time and areal 
distribution 

Nash's parameters of n Intensity 
and c (iuh) 

General Comments 

Graphical correlations for 
uh synthesis 

Mathematical expressions 
for iuh synthesis 

Mathemat ical inferences 

Coulter 
(1 961) 

Time di stribution of run
off (uh) 

Time distributiol:\ General inferences 
duration 

Gray 
(1 961) 

Rain bird 
(1961) 

2 parameter Gamma 
function, lag time (uh) 

Time distribution of 
runoff (drh)'~ 

Length, channel 
slope 

Moisture Duration, time 
distribution 

Body & Watson 
(1962) 

Peak discharge (uh) Areal distribu
ti on 

Eagleson 
(1962) 

Getty & McHughs 
(1962) 

Peak discharge, l agtime, Slope, length 
base time, time interval 
between points of 50o/o 
peak flow and b etween 
point s of 7 5% peak flow 

Peak discharge (uh) Area, channel 
s lope, length, 
length to center 
of area 

Viessman & Geyer Peak discharge l ag Area, channel Intensity 
(1962) time, standard devia

tion of normal distribu
tion producing equivalent 
rising limb, time distri
bution of runoff (drh) 

Dickinson (1963) 
& Ayers (1965) 

Henderson 
(1963) 

Holtan & Over ton 
(1963) 

Wu (1963) 
et al (1 964) 

Harbaugh 
(1966) 

Pilgrim 
(1966) 

Peak discharge, lag time 
(uh) 

Peak discharge (iuh) 

Peak discharge, lag 
time (drh) 

Lag time, recession 
coefficient (uh) 

Time distribution of 
runoff (drh) 

Time of concentration, 
peak d ischarge (th) 

slope , roughness 

Area, length, 
channel slope 

Shape, length, 
slope, rough
ness 

Areal and time 
distribution 

Time distribu
tion 

Duration 

Areal and time 
distribution 

Intensity, dura
tion 

Duration 

Mathematical expr essions 
for uh synthesis 

Graphical correlati·on and 
inferences 

Statistical inference 

Graphical correlations for 
uh design for sewer inflow 

Mathematical expression 
for uh peak 

Statistical inferences 

General inferences 

Mathematical expressions 
for synthesis 

Methodology for synthesis 

General inferences 

Graphical inferences 

'~uh - unit hydrograph; dg - distribution graph; srh - su rface runoff hydrograph; th - total hydrograph; drh -
dir ect runoff hydrograph. 
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Table 3 Dimensionless unit hydrographs 

Author Dimensioning Parameters and Characteristics 
Correlated with them for : 

Comments 

Langbein 
(1940) 

Commons 
(1 942) 

Williams 
(1945) 

Mockus 
(1957) 

Hickok, 
Keppel, 
Rafferty 

(1959) 

Bender, 
Roberson 

(1961) 

Kleen, 
Andrews 

(1 961 ) 

Ogrosky 
(1962) 

Kleen 
(1964) 

Lienhard 
(1964) 

Time 

Time lag between centers of 
mass of effective rainfall and 
direct runoff 

Time unit (hrs ) = 

720 x Vol. (ac/ft) 
1196. 5 x Peak (cfs) 

Time lag time to peak (length, 
length to center of area) 

Time to peak (time of concen
tration) 

Time lag between center of mass 
of intense rainfall and the hydro
graph peak. (area, land slope, 
drainage density) 

Time base 

Time to peak 
(duration, time of concentration) 

" 

Time lag 

t' < t 
.( - 0 

Q(t) =J O U(t-T) I(T) dT 

in which the instantaneous unit hydrograph is expres
sed by the kernel function, u(t - T ) ; the effective rain
fall, I( T) , is the input function and has duration t · 

o' 
t ' = t when t < t , and t ' = t when t > t . 

- 0 0 0 

Discharge 

Peak discharge 

Flow unit (cfs) a 

Peak flow (cfs) 
60 

Peak discharge 
(in terms of time 
lag) 

Peak discharge 
(area, volume dura
tion, time to peak) 

Peak discharge 
(time lag, volume) 

Peak discharge 
(duration) 

Peak dischar ge 
(area, duration, 
time of concentration) 

" 

" 

Characteristic of 
storm intensity 
(usually peak dis
charge) 

Actual S-curves were made 
dimensionless and found to 
appear equivalent for areas 
ranging from 30 to 4, 000 
sq. mi. 

A standard dimensionless plot 
with the base time divided into 
100 units, the discharge into 
60 units, and the area of 
1196. 5 sq. units was presented 
for synthesis pur poses, given 
the peak flow and the volume. 

A curve was presented whose 
recession time was four 
times the rising time, and the 
parameters were related to 
watershed characteristics. 

A dimensionless plot was 
given and related to storm and 
watershed characteristics. 

A standard dimensionless 
hydrograph was related to 
watershed characteristics for 
synthesis purposes. 

An average dimensionless 
unitgraph was derived for 
synthesis purposes. 

The dimensionless dist r ibution 
graph approach of the S. C. S. 
was presented. 

" 

" 

A dimensionless unitgraph was 
determined purely by a 
probability approach. It was 
virtually independent of water
shed properties. 

Langbein (1940) was the first to recognize 
that the S-curve could be used to obtain the equivalent 
of the instantaneous unit hydrograph. He calculated 
the maximum slope of the s-curve to obtain the peak 
of a hydro graph re suiting from an instantaneous 
storm. Chow {1962) and Henderson {1963) used the 
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,derivative at each point of the S-cu.rve to obtain the 
entire instantaneous unit hydrograph. Other methods 



of determining the instantaneous unit hydrograph 
from existing data have also been advocated. 

Cuenod (1956) was one of the first to s tudy the convo
lution integral in this regard. He applied a mathema
ticall differentiation of the integral to obtain the de
sir ed graph from input and output data. Nash (1957) 
developed a method of moments to obtain parameters 
of the instantaneous unit hydrograph in terms of 
moments of the rainfall and runoff data. A procedure 
employing harmonic analysis was proposed by 
O' Donnell (1 960). T his analysis involved series 

r epr·e sentation of the input, the output, and the 
insta ntaneous unit hydrograph. Eagleson (1 966) made 
use of the Wiener-Hop! equations for optimum linear 
systems in order to acheive optimum realizable 
instantaneous unit hydrographs. 

Other conceptual mode ls 

Various theoretical conceptual models have 
been hypothesized t o describe the conversion of effec
tive rainfall to runoff. Virtually all models have 
treated the drainage network as some combination of 
channel and storage components, the specific nature 
of the components and their interrelationships char
acter izing each model. The output of m ost of the 
models has been in t he form of an instantaneous unit 
hydrograph, although it was not called such until the 
last 1950's. 

A basic component of many recent models, 
the time-area-concentration diagram, was considered 
by Ross (1 921 ). He used time contours to account for 
linear translation effects throughout the watershed. 
Zoch (1934) was the first to recognize that both trans
lation and storage effects were realized in the runoff 
process. Incremental areas were lagged by travel 
times, and the rate of runoff was assumed to be pro
portional to the rainfall remaining with the soil a t that 
time. Sherman (1940) used a sim ilar procedure, 
although the d etention r eservoir had slightly different 
stor age characteristics. In a later portion of his 
original work, Zoch (1 93 5) accepted the t ime-area
concentration diagram as the inflow hy drograJ:h and 
routed it through a s ingle linear reservoi r to obtain 
the equivalent of the instantaneous unit hydrograph. 
This work appeared before it s time and was not 
par alleled or augmented until the research of Turner 
and Burdoin (1941) and Clark (1943). 

In the intervening years, the emphasis was 
placed on better describing the storage effect of the 
watershed. Horton (1936, 1937) expressed the rate of 
channel flow in terms of the volume of channel storage 
remammg. Langbein (1938) recognized channel 
s torage effects and attempted to account fo r them. 
Guthe and Ow· en ( 1941) employed relationships between 
baseflow, channel storage, and total discharge to 
solve the storage equation. Barrows (1 942), Turner 
( 1943), and Parsons ( 1944) determined relationships 
between storage and discharge from th.e recession 
limbs of hydrographs, assumed these relationships to 
be valid for the rising limbs, and developed inflow 
hydrographs. These s tudies were perhaps more 
practical than theoretical in nature, but a ided in 
clarifying the possible channel storage effects. 
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Then followed the many classical conceptual 
models for the instantaneous unit hydrograph. All 
involved an inflow hydrograph, using a time-area 
diagram, a modification of it , or an approximation 
for i t, and the routing of this hydrograph through 
some system of detention or storage r e servoirs .. 
Horton (1 941) routed a t r iangular virtual inflow graph 
through a channel storage -discharge relationship. 
Turner and Bu rdoin (1 941) routed the time-area
concentr ation curve through a reservoir of linear 
storage coefficient K , which was determined !from 
the recession limb of existing hydrographs . Clark 
(1945) used a similar model, but obtained the storage 
coefficient from the point of contraflexure on the 
recession limb. Assuming the time-area diagram to 
be parabolic in shape, Edson (1951) routed it through 
a single linear reservoir to obt ain an expression for 
the equivalent of the instantaneous unit hydrograph. 
Dooge (1955, ll956, 1957) found that the time-area 
diagram could be satisfactorily replaced by a triangle. 
It was routed through a linear reservoir whose storage 
coefficient remained const ant for similar sized basins. 
O'Kelly (1 955) approximated the t ime-area diagram 
with an isosce].es t riangle and routed it through a 
linear storage unit. As used by Turner and Burdoin 
(1941) and Edson (1951), the storage coefficient was 
estimated by the recession const ant. The base of the 
inflow triangle was approximated from correlation 
with basin slope and the storage coefficient. Watkins 
(1 956, 1963) also used the time-area diagram and a 
linear reservoir •. but employed an empirical approach 
on the recession limb to obtain a storage coefficient. 

Multiple storage units were introduced by 
Nash (1957) when he routed a time-area diagram 
through _n linear reservoirs in se ries with equal 
storage coefficients. The coefficients were evaluated 
by the method of moments. Dooge (1 959) followed 
with a model which resulted from adding partial 
curves obtained by routing a time-area diagram for 
the upper reach through n reservoirs, plus the area 
diagram for the next r each through (n - 1) reser voirs 
and so on. Although the original model had reser
voirs of unequal storage coefficients and channel 
reaches of differents lengths, a solution was too 
difficult. Therefor e, all reser voir s and all channe l s 
were equalized. Laurenson (1962, 1963) was the 
first to use nonlinear storage units. He routed the 
effective rainfall of the uppermost area through a 
concentrated nonlinear storage. The output of this 
storage was combined with the effective rainfall of 
the next sub-area and routed through a second non
linear storage. The channel reaches were selected 
to be equal. Singh (1964) routed the time-area dia
gram through t wo reser voirs in series which had 
unequal properties. Diskin (1964) considered two 
series of reservoirs in parallel with all reservoirs in 
series identical. Kulandaiswamy (1964) developed a 
storage representation which could handle linear 
r eservoi r s in series and/or parallel. 

A few rather individualistic conceptual 
models are of interest . These particular studi es 
have also given consideration to the nonlinearity of the 
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watershed system. Amorocho ( 196 3) represented a 
nonlinear response model by a functional series. The 
linearity of a system could be evaluated by the rela
tive importance of linear and nonlinear ter ms . Al
though runs were made in a laboratory flume to inves
tigate this model, methods of solution are still being 
s tudied. One type of solution t hat has been proposed 
involved Laplace transforms. Diskin ( 1965) revealed 
the application of this technique. Kulandaiswamy 
( 1964) used a systems analysis approach and develope 
a general equation for a nonlinear reservoir. More 
recently, Harbaugh ( 1966) and Mach meier ( 1966) have 
developed models on the basis of spatially varied un
steady flow concepts. Harbaugh ( 1966) checked his 
mathematical model with runs on a laboratory catch
ment and with watershed data. Machmeier ( 1966) 
built up a drainag~ network of idealized stream chan
nels and solved t he model by digital computer . No 
consideration was given to stream junctions, a nd the 
model was not tested against field results. Of these 
models, the only two revealing strong nonlinear ef
fects were those of Amorocho (1963) and Machmeier 
(1966). 

Analog models 

Computational analogs. In conjunction with 
the theoretical conceptual modles, a number of analog 
models have been used. The similarity between con
ceptual equations and formulas describing other phe -
nomena raised the question of whether a suit able 
model could be developed. Such models permitted re
construction of the effective rainfall-runoff relation
ship, with opportunitie s for analysis of the significant 
factors involved and the synthesis of existing and 
design conditions. Paynter (1952) compared the 
drainage network to an admittance network, using the 
derivative of the admittance function to represent the 
instantaneous unit hydro graph. Appleby ( 19 54) com
pared the equation of flow from a drainage network to 
the equation for the lineal flow of heat under similar 
conditions. A capillary flow model was used by 
Sagaware and Maruyama (1956) to generate watershed 
response. Robinson and Beyers (1962) used an 
electrical analog model based on the S. C. S equation 
to calculate runoff increments for average rainfall 
rates. Lienhard (1964) compared an equation for the 
dimensionless hydrograph with the Maxwell- Boltzmann 
molecular speed distr ibution. The drainage network 
has been recently compared to a salt diffusion model 
by Diskin (1965). Another electrical analog has been 
employed by Rosa (1966) to route runoff. 

Physical laboratory models. Physical labo
ratory models for studying watershed res ponse have 
been of the experimental flume type or of the iconic 
type . T he former has been used extensively to study 
the nature of spatially varied unsteady overland flow, 
and the results of these investigations are being 
adapted for models such as that of Mach meier ( 1966) . 
Iconic, or look- alike, models have recently become 
very popular for· the analysis of significant watershed 
and storm parameters. Neither approach has yet 
yielded conclusive results. 

The basic studies of Izzard and Augustine 
(1943), Izzard (1944) , and Keulegan (1944) laid the 
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groundwork for research in spatially varied overland 
flow. Richey (1954) , Behlke ( 1957), and Liggett 
( 1959) further studied the mechanics of over land flow, 
including methods of solution; and Woo ( 196 2), 
Amorocho ( 196 3) , Henderson and Wooding ( 1964), and 
Morgali ( 1965) began i nvestigating the effect of rain
fall parameters a nd surface conditions on overland 
flow flume studies . 

Iconic models have been investigated by Chery 
( 1966), Grace and Eagleson ( 1966), and Harbaugh 
( 1966). Chery ( 1966) constructed a physical labora
tory model which looked like a watershed, and used 
this model under rainfall simulation to study water
shed response. Grace and Eagleson ( 1966) designed 
and tested a model. The modeling criteria were 
found to be valid if surface tension was negligible. 
Harbaugh ( 1966) used the Illinois wate rshed model to 
test his theory, and in particular to study th~ effect 
of raindrop impact as a roughness factor . All labo
ratory models have been impermeable and the model
ing problems have not yet been completely mastered. 

3. Analysis of the Total Response 

Microscale studies. Microscale hydrologic 
studies have done much to clarify physical concepts 
of the rainfall- r unoff relationship. However, to the 
present, researchers have had considerable diffi- · 
culty extrapolating the approach to the macroscale. 
These studie s may be considered to includ e small 
plot analyses, as well as urban hydrologic investiga
tions. 

Urban watershed response was initially con
sidered by Horner and Flynt ( 1936) . Their approach 
involved consideration of the loss functions and use 
of a n urban runoff unit graph. Horton ( 19 36, 19 38) 
carried on extensive small plot studies, primarily to 
advance his infiltration theory. However, his ap
proach was a lso applied to runoff from small water
sheds. Horner an d J ens ( 194 2) studied the rainfall
r~noff relations hip on an urban area in true micro
scale. Their methodology involved delineation of the 
areal distribution of rainfall, adjustment of infiltra
tion values to antecedent conditions and the precipita
tion pattern, determination of t he rate of production 
of excess rainfall, interception, depression storage, 
and infiltration out of surface detention , and t r ansla
tion of the mass surface runoff to hydrograph form . 
Hicks ( 1944) also proposed a complex design proce
dure for urban runoff hyprographs. The work of 
Izzard ( 1944) in overland flow , already noted in a 
previous section, has been used extensively by urba n 
hydrologists. Watkins ( 1956) made an incremental 
determination of runoff by considering an impermea
bility factor, the area, and the mean rainfall contri
buting to that increment. The c lassic Chicago 
Hydrograph Method, presented by Tho lin a nd Keifer 
( 1960) and Keifer ( 1961}, has proven to be one of the 
most practical urban hydrologic approaches. The 
general methodology has since been adopted by many 
cities in the U.S. Eagleson ( 196 2) investigated unit
graph characteristics for sewered areas . T he lag 
time, peak discharge, and the width of the unitgraph 
at some percentage of the maximum discharge were 



related to sewers and basin characteristics. 
Viessman and Geyer (1962) also studied parking- lot 
runoff by regression analysis. T hese last two studies 
can scarcely be called microscale investigations, 
even though they were involved with small areas. 

Watershed models. A total watershed re
sponse model necessitates determination of the storm 
yield as well as of the distribution of t h e runoff. It 
is the former determination t hat has pl agued research
ers throughout the years, whereas the latter problem 
has been considered extensively and discussed in a 
previous section. Many correlation-type studies have 
been applied to monthly and annual yiel d, but no such 
approach has given satisfactory storm yield estimates . 
A correlation approach taken by Folse ( 1929) has 
often been compared with the unitgraph method. How
ever, Folse ( 1929) correlated daily yield with rainfall 
and runoff on previous days, vapor pressure, a ir 
temperatur e, and wind velocity. His methodology 
was entirely different from that of Sherman ( 1932), 
although each dealt with daily runoff values. 

The initial studies regarding the total hydro
gra ph involved graphical relationships between 
various parameters. Iwasaki (1934) obtained and 
applied approximate relationships between precipi
tation and the corr esponding increments of ground
water and surface runoff. 

Horton (1935) proposed a technique which 
involved use of a normal depletion curve, channel 
storage vs outflow relationships, surface detention 
vs runoff plots, initial storage values, and infiltra
tion curves. A similar type of empirical approach 
was used by Snyder ( 19 39). He studied graphically 
t he variation of groundwater recharge with total 
r unoff, the variation of groundwater discharge with 
storage, the variation of capillary water with pr ecip
itation minus the initial loss, the variation of capil-
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lary water with groundwater storage, and the varia
tion of the initial loss with groundwater storage and 
temperature. Linsley and Ackermann ( 1942) also 
considered many such gr aphs. The failure of most 
of these initial studies was due to the inabtlity to 
sort out the significant parameters and to envisage 
a reasonable model of the watershed. 

The most satisfactory pr actical methods for 
estimating storm yield have been presented by Kohler 
and Linsley ( 1951), and by Rainbird ( 1961). Both 
presented coaxial correlations. Kohler and Linsley 
( 1951) considered basin recharge, antecedent precip
itation, week of the year, stor m duration, and storm 
rainfall in one correlation; and antecedent precipi
tation, storm duration, storrp rainfall, and storm 
runoff in another. Rainbird (1961) investigated rain
fall, moisture conditions, status of the catchment, 
season, durati on, and peak runoff. 

Watershed response models have been 
developed by the U. S. Weather Bureau [ Kohler 
(1964)] , Linsley and Crawford (1960), Watson and 
Body (1961), and Bell (1967) . The first three models 
have been critically reviewed by Bell (1964) . Each 
model employed storage units of various char acter
istics in order to monitor the moisture status of the 
watershed. The drying phase simulation involving 
evapotranspiration models, and the wetting phase 
simulation involving infiltration models varied from 
one approach t o another depending on the particular 
evaporation or infiltration theories which were 
adopted. The conversion of rainfall excess to runoff 
used by Linsley and Crawford ( 1960) and by Bell 
( 1967) was analogous to some of the theoretical con
ceptual models discussed previously; other water
shed models relied upon the unitgraph method . None 
of these models has yet reached the point of being 
readily applied as an accepted working tool . 



CHAPTER 11 

REVIEW OF RECENT METHODS OF DETERMINING 
WATERSHED RESPONSE 

by Melvin Holland 

T he unit hydrograph is the most widely 
applied rainfall- runoff response model, but the wide
spread availability of high- speed digital computers 
has led to considerable investigation of extensions of 
the unit hydrograph approach and to development of 
more complex models of runoff response . 

General "Black- Box" analysis. The unit 
hydrograph may be derived from the rainfall and 
runoff records after initial losses are subtracted 
from rainfall to give excess rainfall. Recognition 
that the unit hydrograph concept treats the watershed 
as a linear system has led to an application of tech
niques of linear systems analysis from electrical 
engineering. Electrical engineers have been con
sidering general linear systems for many years a nd 
have developed an extensive literature on the subject. 
A least squares fit of the linear system unit impulse 
response function, which is a nalogous to the instan
taneous unit hydrograph, based on given i nput (ex
cess rainfall) and output (runoff) leads to the Wiener
Hop! equations (Restrepo and Eagleson, 1965). The 
solution of this set of simultaneous linear equations 
gives the ordinates of an optimal (in the l east squares 
sense) unit impulse response function , but it may 
have some negative ordinates, impossibl e for a real 
hydrograph. To prevent the appearance of negative 
ordinates, the solution has been recast in the format 
of a linear programming problem (Eagleson , Mejia 
and March, 1965, 1966). Linear programming prob
lems have been widely used in operations research 
and standard techniques are available for their solu
tion. 

To utilize the linear programming format, 
which results in only non- negative solution, the 
Wiener- Hop! equations are rewritten as inequalities 
and the objective function is the minimization of the 
sum of deviations from equality in t he relations. 
Thus, a solution is obtained which is closest to 
equality of all solutions with ordinates that are 
either positive or zero. 

The extension of the unit hydrograph to in
clude nonlinear elements has been attempted in a 
variety of ways, some of which have been described 
above. Two methods which are related to the gen
eral linear system approach are the method of func 
tionals and the method of decomposition analysis. 
General nonlinear formulations are more difficult 
than linear analysis because the latter has the form 
of the relationship specified and requires only the 
evaluation of paramet ers. There is an infinity of 
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forms that nonlinear relations may take and little 
progress is made unless the form of the relation
ship is specified beforehand. 

The use of functionals is an extension of t he 
ins tantaneous unit hydrograph, which has the mathe
matical designation convolution , in a manner anal
ogous to the series expansion in terms of a poly
nomial (Amorocho and Or lob, 1961 ). In the series 
expansion , the linear form is 

Y • a
0 

+ a
1 

X 

and the general form is 

2 Y = a
0 

+ a
1 

X + a 2 X + . . . 

The linear form of watershed response is 

Y(t) • 1: u(t--r )X(T)d-r 

and the general form is 
00 00 00 

Y(t)= I: f ····J [ un(t;-r1,T2 ... Tn) 
n=t -oo -co 

where u (t; -r 
1

, 7 
2 

. .. 'T ) is the impulse response 
of the sy~tem ana X(T r is the input function. The 
analysis by functionals (the multiple integral is 
termed a "functional") does not have a well
developed mathematical analysis to draw on as 
linear systems analysis has, and progress has been 
slow on practical applications. 

The meth od of decomposition analysis 
assumes that the nonlinear time- lag system may be 
represented by a series combination of linear time
lag systems and nonlinear no- time- lag systems 
(Jacoby, 1966). The linear time-lag systems use 
Laguerre systems with 

Y (t) = J oo £ (t) X (t- 7) dT 
m 

0 
u 

where the subscript m denotes the mth such 
system of a parallel set. The outputs of these 
systems are combined and used as input to a paral
lel set of polynomials whose output is compared to 
the output of the physical system to estimate param
eter values. This system is less general than the 



method of functionals because the forms of the 
component systems are specified, but this makes 
mathematical analysis more tractable. 

Routing methods. Essentially all methods 
except the 11black- box 11 analyses involve routing pro
cedures. However, in the present discussion, a 
more limited meaning is attached to the term rout
ing . " The methods to be considered here involve 
routing flows through channel and/or storage elements. 
The routing of flows through linear reservoirs to 
establish the instantaneous unit hydrograph has al
ready been mentioned. The routing equations them
selves may be utilized to operate on a given flow to 
generate a specific hydrograph instead of a general 
unit hydrograph. Two approaches have been used in 
applying routing methods to watershed response . 
The first method divides the flow into over land and 
channel segments and applies the differential equa
tions governing flow to the overland flow to establish 
the distributed input for the channel which is analyzed 
separately (Wooding, 1965). The second approach 
divides the watershed into isochronal seg ments based 
on time of flow to the outlet and, beginning at the 
farthest upstream section, routes inflow of one seg
ment through storage and adds it to rainfall for the 
next lower section to establish the input for the latter 
segment (Laurenson, 1964) . 

Assuming that the overland flow occurs 
from a rectangular surface with distributed input, 

where 

ah + .£.9.. = v - r at ax 

h is depth of flow, 
q is discharge per unit width, 
x ts distance measured from the top of the 

rectangular surface, 
v i s the rainfall input , and 
f is the loss to infiltration, evaporation, etc. 

The channel flow relation is 

where 

ClH 
Tt 

H 
Q 
X 

+ aQ = q 
~ i 

is depth of channel flow, 
is discharge. 
is distance along the channel, and 

~ is the overland flow for reach i at the 
channel bank. 

For solution, these equations are converted to 
finite difference forms and appropriate boundary 
conditions are established , such as, h=O for over-

land flow when t = 0 and x > 0 and h = 0 for t > 0 and 
x = 0. The equations may be solved by standard tech
niques such as the method of characteristics. 
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A routing method using less sophisticated 
mathematics consists of routing input to an element 
of the watershed area through a storage unit. The 
use of linear storage elements leads to a unit hydro
graph model, but the storage can be made nonlinear 
for more generality. For a nonlinear reservoir, 
the storage- discharge relation has the form 

S • K(q) · q 

where the storage coefficient K(q) depends on the 
outflow, q . The finite increment form of the con
tinuity equation can be used to generate a routing 
equation of the form, for example , of the Muskingum 
routing equation, except that the coefficients are not 
constant but depend on the unknown outflow. The 
routing equation is solved iteratively by assuming 
a value for K(q) , computing the current value of 
q and adjusting K for another iteration until the 
agreement between successive iterations is ade
quately close. Routing the time- distribution of input 
for an element of area establishes the outflow hydro
graph, which is added to the rainfall input hyeto
graph for the next lower element to give the input 
for the latter. 

Synthesis methods. The final type of mathe
matical model of watershed response to be discussed 
is the synthesis approach. It is a form of routing 
in which the elements are not sub- areas of the basin, 
but component processes of the hydrologic response. 
Using this approach, the rainfall may be divided 
among interception storage, infiltration and surface 
water. These may l::e further assigned to ·evapo
transpiratiorr, temporary storages and runoff pro
cesses (interflow, overland flow, and channel flow) 
(Boughton, 1966, Crawford and Linsley, 1966) . The 
assignment for each s ubunit is developed on the 
basis of current knowledge of the physical process 
associated with it. 

In the routing methods discussed previously, 
the routing elements could be considered sequen
tially. That is, the entire hydrograph for an up
stream element could be computed before moving 
downstream. This is not possible for the synthesis 
models. The component processes are interdepen
dent and the amount t hat leaves one type of storage 
frequently depends on how much is currently in the 
next component. Thus, all components are treated 
for one time unit before the next time unit is con
sidered for any component . 

The complexity of the synthesis models 
shows considerable variation. The unit hydrograph 
might be considered to be a one- process model, 
although this is not recommended. The other ex
treme of complexity in the breakdown and specifica
tion of model components is limited only by the 
existing knowledge of the physical processes in
volved in the response of the watershed to rainfall. 



CHAPTER III 

A CRITICAL APPRAISAL OF WATERSHED RESPONSE MODELS 

by Trevor Dickinson 

1. Accomplishments 

Practice vs. Theory. An evaluation of any 
research attainments must be considered with regard 
to the purpose of the research. On one hand, the 
practical engineer is interested in objective methodol
ogy or tools to aid judgment in t he solution of field 
problems. On the other hand , the t heorist or scien
tist is usually concerned with inc reasing t he knowledge 
about a particular system in order to attain a better 
understanding of the parameters involved and their 
interrelationships. It is important to consider both 
viewpoints for a critical appraisal 

Practical Viewpoint. With regard to the 
conversion of effective rainfall to runoff, it i s evident 
that the most practical approach developed to date is 
t hat involving the unit hydrograph, the first method 
designed for the conversion. The methodology has 
been streamlined, and the technique has been found 
to be applicable to most watersheds. If several unit
graphs are determined for the same watershed from 
existing records, the peak discharge values may be 
expected to lie within plus or minus fifteen percent of 
the mean value 95"/o of the time [Coulter (1961), 
Dickinson (1963 )] . The time to peak values will fall 
within similar limits. If the unitgraph is synthesized 
for an ungaged basin, the standard error of estimate 
may be more on t he or der of thirty to forty percent. 
Therefore, it should be r ecognized that the unit 
hydrograph approach does not yield precise estimates. 
Rather, it successfully gives the general order of 
magnitude and general distribution of t he direct runoff 
hydrograph. For most practical problems, such 
estimation is sufficient. 

The more elaborate storage type conceptual 
models are considerably more laborious to apply, 
and do not guarantee increased accuracy. In studies. 
where these approaches have been compared with the 
unitgraph approach, it has been apparent that either 
approach yields equally as good, or as poor, an 
estimat<l of response. This type of conclusion, made 
by Laurenson (1962), Kulandaiswamy (1964), and 
Wu (1964), has not often been stated clearly by the 
researcher because of its negative renection on his 
study. However, for both t he researcher and the 
practicing engineer, it is important that this conclu
sion be realized. 

With regard to the total watershed models, 
none is yet acceptable for storm response. All 
approaches yield fair estimates of t he monthly or 
annual volume of r unoff, but may be grossly in errnr 
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for storm runoff volumes. Investigations concerning 
the basic physical loss functions and parametric inter
actions on a watershed appear necessary before satis
factory working watershed model-s are achieved. 

Theoretical Viewpoint. It has been suggested 
by Chow (1964) that the years since 1950 could be 
termed a period of theorization in hydrology. The 
review of literature bears this out. If t he degree of 
theoretical sophistication is a measure of accomplish
ment, then the contributions have been many and 
significant. However, if the degree of increased 
understanding of the parameters and relationships 
involved is the yardstick, it is evident t hat there have 
beer\ no large advances made regarding watershed 
response. 

Because hydrologic data tend to be crude and 
inaccurate in natu re, theorists have been loath to 
work with it. They. have preferred t o work entirely in 
terms of concepts and hypotheses. There have been 
few attempts to evaluate the quality of hydrometric 
work in order to deal with the data properly, and 
research has moved away from an understanding o f 
the physical watershed. Since the theoretical 
approaches have failed either to yield increased 
accuracy in hydrologic estimates or to improve the 
understanding of the rainfall- runoff relationship, i t 
appears inevitable that the hydrologic scientist will 
return to consideration of physical models and the 
physical pr ocesses on the watershed. It is interesting 
to note that at least two of the major academic insti
tutions in t he U. S. working in hydrology, and which 
have spent considerable time in theoretical conceptual 
models, are now considering physical modeling. 

2. Suggestions for Research 

Loss functions. As has been sta ted previous
ly , knowledge regarding the loss functions experienced 
by rainfall falling on a watershed is meager, and what 
is known has not been used advantageously. Bell 
(1964, 1967) has suggested that there is considerably 
more information regarding evaporation, i nfiltration, 
and the soil moisture status in general than the 
hydrologist has been willing to use. Much more 
emphasis must be placed on these topics before storm 
yield can be properly predicted. 

Both the time and space distributions of the 
loss functions require attention. The time distribu
tions during a particular storm are not fully under
stood. The space distribution of these functions, as 
well as the space distribution of rainfall itself, and 



the effect of these distributions on water shed response 
have not yet received any attention. Consideration of 
these aspects of rainfall- runoff relationships is essen
tial for accurate estimation and understanding of run
off. 

Nonlinearity, There seems to be little doubt 
that watershed response can be highly nonlinear in 
natu re, However, it should be of considerable inter
est that such a nonlinear system tends to react some
what linearly on occasion, particularl y during flood 
occurrences. A number of questions arise. What 
are the significant factors which cause nonlinearity 
in r e sponse? Which of these nonlinear effects tends 
to approach linearity in certain ranges? Over what 
ranges, or when during the response process, can 
linear approximations be justifiably used? 

. A few thought s in this r egard. may be noted, 
In studying the time of concentration on watersheds, 
Pilgrim (1966 ) noted that the time was a nonlinear 
function of peak discharge. However, in the range of 
discharges normally consi9ered as flood hydrographs, 
the t ime remained virtually constant. In other words, 
in the range of flood interest, the nonlinear effect 
approached linearity. This very exampl e may be due 
partially at least to the distribution of mean velocity 
in a stream versus discharge. At low discharges, 
the mean velocity may vary considerably with dis
charge. However, for higher d.ischar ges contained 
within banks, the mean velocity in the channel remains 
approximately constant. Therefore, in the range of 
flood discharges, the mean velocity, and hence the 
time of concentration, tend to be constant, and effects 
that are highly nonlinear in some parts of their 
ranges can be seen to approach linearity in the range 
usually considered for flood hydrographs. 

The most significant nonlinear effects in the 
literature have been noted by those researchers 
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investigating either laboratory flume or conceptual 
unsteady flow models. Unsteady open channel flow 
introduces a nonlinear effect which is a functio·n of the 
degree of unsteadiness in the flow regime. For 
example, an instantaneous or very short intense 
storm results in a steep flood wave in the channel, 
and leads to a large nonlinear effect during the rising 
limb, peak portion, and initial part of the falling 
limb of the hydrograph. This effect was observed by 
Amorocho (1963 ). However, a small percentage of 
floods occur from such storm s. Usually, the duration 
is longer and the resulting flood wave is considerably 
flatter in nature. Therefore, large floods do not 
reflect the nonlinearity which might be expected from 
unsteady flow. 

New runoff concepts. For several years, the 
concepts of surface flow, interflow, and base flow have 
been accepted as adequately describing watershed 
response. These rather classical ideas are now being 
challenged by a nLtmber of scientists. Roche ( 1963 ) 
wa s one of the first to attack the generally accepted 
concept of interflow. He suggested that this flow was 
constituted by flow through vegetation and not laterally 
moving flow through the soil above the water table. 
However, on rural and agricultural watersheds , there 
is some question whether there is ever a significant 
amount of flow over the surface of the ground. Field 
workers have often observed flood peaks on rural 
watersheds, without having observed any real surface 
runoff. Therefore, are the present concepts of flow 
really meaningful? Further, is all work on surface 
or direct runoff entirely justified? The feasibility of 
some other views of the watershed and its manner of 
response should be and are likely to be considered 
in 1he near future in an attempt to come to an under
standing of the processes involved. 



CHAPTER IV 

A DISCUSSION OF WATERSHED RESPONSE 

by Melvin Holland 

"Black-Box" Analysis. The major advantage of 
the black- box approach is that only the input (rainfall) 
and output (streamflow) records are required for 
applying the methods. A cost is associ.ated with this 
feature in that the parameters of the r esulting 
mathematical model cannot be related to specific 
watershed characteristics. This effectively limits 
the ability to transpose the model to ungaged water
sheds. Records of rainfall and runoff are required at 
the watershed which it is desired to investigate. 
In addition, the response of a watershed is not con
stant, so t he parameters obtained from a joint rain
fall-runoff record are estimates of the actual para
meters and an extensive record may be required to 
establish confidence limits for the parameter esti
mates. At some point, it becomes more efficient to 
consider the distribution of runoff values instead of 
the model parameters in estimating runoff for design 
purposes. The point at which the direct utilization of 
the runoff record becomes more appropriate depends 
on the complexity of the procedure for estimating the 
parameter . values and on the accuracy with which the 
model predicts runoff from given rainfall. The com
parison between estimating model parameters and 
estimating the runoff distribution directly deserves 
further study. There are, of course, applications 
in which the frequency distribution of runoff is not 
sufficient, e . g. , flood forecasting, but the trade- off 
between complexity of the model and accuracy of esti
mating parameters must be considered in any 
practical use of prediction models based on limited 
historical data. 

Routing Methods. The direct use of the differen
tial equations of flow to route the water through the 
catchment basin draws upon the success of these 
techniques in flood-routing and unsteady flow in 
channels'. However, in the overland flow section, it 
is more difficult to establish simple boundary condi
tions for the flow segments and to assign values to the 
parameters of the equations. 

Overland now has been receiving additional 
attention in recent years in both theoretical and 
experimental research. As the factors involved in 
the overland process become more clearly understood, 
the routing methods based on the differential equations 
of flow will be more accurate and consistent in pre
dicting the runoff. Another problem in the application 
of the routing techniques is the large number of areal 
flow units that may be required to describe a natural 
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catchment. The amount of time required for the 
routing calculations can be quite large even on the 
high- speed computers available today. In natural 
watersheds there is frequently considerable variation 
among the subareas , and this means both the para
meters and the boundary conditions for the differential 
equations will vary significantly. 

Synthesis Methods. Synthesis methods have two 
characteristics that are especially appealing to 
engineers. First, t he water in a hydrologic unit is 
divided and routed according to what are believed t o 
be the physical processes acting to convert rainfall 
to runoff. This means that physical significance may 
be clearly attached to individual parameters of the 
model and components of t he model may be improved 
as additional knowledge gives better descriptions of 
the physical processes. The second feature is the 
flexibility of the model Complex or simple models 
of component processes may be selected as required. 
The simplifying assumptions that are made can be 
related to the individual processes and direct adjust
ment made to model parameters. The effects of the 
assumptions are more easily related to the engineer's 
reasons for making the assumptions. 

The synthesis models are limited by the lack of 
knowledge of the actual physical processes at work 
in forming the response of the watershed. The 
infiltration process is of primary significance in 
determining the runoff, but the descriptions of the 
process in current models are quite crude. In addi
tion, the variability of natural conditions causes the 
same .problems for parameter values here as for 
routing by differential equations. Finally, the 
comments made with reference to the number of 
parameters estimated with limited data in the "black
box" analysis apply also to the synthesis models. 
The more complex models of the component processes 
require many parameters to be estimated, and t he 
confidence limits for t he estimates may be extremely 
wide if the rainfall- runoff records are used to estab
lish the parameter values. This can be partially 
offset for the synthesis model because investigations 
of the component processes yield independent data 
with which the parameters may be estimated. As 
more information is acquired from detailed studies 
of the component processes, less use will have to be 
made of the rainfall-runoff record in estimating 
model parameters, and the confidence limits for the 
model predictions can be narrowed. 



CHAPTER V 

BIBLIOGRAPHY OF PARAMETRIC HYDROLOGY 

by W. T . Dickinson and M. E . Holland 

1. Houk, I. E . , 1921 , Rainfall and runoff in the 
Miami Valley. Miami Conservancy District Tech. 
Rept., Pt. 8. 

A separation between ground-water runoff and 
surface runoff was made by dr awing on the hydrograph 
of total streamflow "lines representing the rate of 
ground-water flow---so as to pass through the low 
points only" of the hydrograph. The endeavor was to 
dra w the line so that the increased flow of tiles imme
diately after a flood would be included in the surface 
run-o.ff since such flow acts more nearly l i ke surface 
flow. 

2. Ross, C . N. , 1921, The calculation of flood 
dis charges by the use of a time contour plan. Trans. 
Inst. Engrs. (Austr.) Vol. 2:85 - 92. 

T he concept of time-contours was introduced 
in this article, leading to a time- area diagram . The 
author also showed how, and to what extent, it was 
possible for the greatest discharge from a given area 
to occur for a greater intensity of rainfall over part of 
the area than for a lesser intensity over the whole 
area. A numerical example was included. 

3. Folse, J . A., 1929, A new method of estimating 
stream-flow based upon a new evaporation formula. 
Carnegie Institute of Washington, Publ. 400, Wash
ington, D. C . 

Genf:ral formulas were derived whi ch expressed 
tht! relationship between the daily flow of a perennial 
stream in a moist climate, on the one hand, and the 
meteorologi cal elements of rainfall, s nowfall, vapor
pressure, air temperature, and wind velocity ob
served on the watershed, on the other. T he method 
was based on the correlation of the daily flow to the 
antecedent conditions , including rainfall and runoff on 
p revious days, by a seri es of coefficients derived by 
least squares. 

This was the first comprehensive study under
taken to compute daily runoff, and was one of the first 
articles to suggest the separate handling of "normal 
flow " a base flow, and "flood flow, " a surface runoff. 
The 'formulas developed essentially gave storm yield, 
in terms o f direct and total runoff. 

4. Meinzer, 0 . E . and Stearns , N.D., 1929, A 
study of ground water in the Pomperang Basin, Conn. 
U. S. G. S.-W. S.P. 597, pp. 73-146. 

The general method employed by Houk ( 1921) 
was used here. In addition, the curves showing 
ground- water runoff were brought up to meet the de 
scending curve that showed total runoff. 

5. Committee on Floods, 1930, Report of the 
committee on floods . ,Jour. Boston Soc. of Civil 
Engr., Vol. 17, No. 7:285-464. 

This report has been credited with laying the 
foundation for storm and unit hydrograph studies. The 
following original concepts were presented: ( 1) the 
flood hydrograph resulting from a given s torm on a 
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stream is the best key to the behavior of that stream 
with other storms, and also under different con
ditions of storage and pondage; (2) the physical fea
tures of the watershed are reflected in the flood hydro
graph; ( 3) consideration of the flood hydrograph should 
take into account only the flood runoff (horizontal 
straight lines were used to represent a nd separate 
base flow); (4) the interval of time which it takes the 
water falling o n the extreme part of the watershed to 
reach a given point under consideration is called the 
"concent ration period" for t he drainage area at that 
point; ( 5) the total flood period or base of the flood 
hydrograph is approximately constant for a gi ven 
point on a s tream; (6) the peak flood flow tends to 
vary directly with the total runoff; (7) a characteristic 
flood curve can be obtained by dividing the time by the 
square root of the drainage area and by dividing the 
quantity of flow both by t he square root of the drainage 
area and the volume of runoff expressed in inches; 
(8) the hydrograph due to an instantaneous storm can 
provide an indication of watershed characteristics. 
Concepts (5) and (6) formed a portion of the basis 
for the unit hydrograph theory. 

It is particularly ilteresting to note the thought 
of an instantaneous storm so early in the literature. 
This is the first reference to such a concept. Further, 
Sherman, recognized as the father of the unitgraph 
theory, was a member of this committee. 

6 . Sherman, L. K., 1932, Streamflow from rain
fall by unitgraph method. Eng. News Record, Vol. 
108: 501-505. 

This was Sherman ' s original paper outlining 
the concept of the .unit hydrograph. Hi s theory was 
based on the Report of the Boston Committee on 
Floods as can be seen from two of the basic postulates . 
The first specifying a constant base length was taken 
directly, and the second making all ordinates pr?
portional to the volume of runoff was a ge~erahzation 
of the committee ' s findings . The contnbut10n made 
by Sherman was to attach a definite duration to the 
storm producing the hydrograph. Indeed, the term 
"unit" in the title "unit hydrograph " referred to the 
duration yielding t he unique unitgraph. Sherman 
further stipulated that the unitgraph should be based 
upon a uniform depth of rainfall over the entir e water
s hed, the rain should be of high intensity and the dura
tion of the storm must be less than the time of con
centration of the watershed. He used the technique of 
Meinzer and Stearns ( 1929) for separating baseflow. 

7 . Sherman, L. K., 1932, The relation of hydr o
graphs of runoff to size and character of drainage
basins. Trans. A . G. U., Vol. 13, Part 2: 332- 339. 

It was the chief purpose of this paper to show 
how unitgraphs for similar basins could be computed 
from an origina l graph. T he process i s based upon 
the principle that the dimensions of s imilar areas 
vary as the square roots of the areas. Sherman also 
used the paper to stress the point that the unitgraph 
reflects all of the runoff effects due to th e physical 



characteristics of a given drainage basin excepting 
soil and seasonal variation of vegetation. T he unit
graph was considered as the coefficient of runoff
rates for any particular basin. 

8 . Horton, R. E ., 1933, The role of infiltration 
in the hydrologic cycle. Trans. A. G. U., Vol. 14, 
Part 2 :446-460. 

In discussing the role of infiltration, Horton 
considered the separation of base flow from surface 
runoff. He introduced the concept of the "normal 
depletion cur ve." It was shown that for a simple 
phr eatic basin, the equation of the normal depletion 
curve· is 

q = q e -ct 
0 

where q is the ground water flow at time t .• and t is 
the time ela~sed from a date when flow was q

0
• This 

particular equation was derived by Horton in 1904 
from theo retical considerations and applied to the 
depletion curves of several streams. If many phreatic 
sub-basins were present, the curve for the entire 
basin could be represented by 

q = qo e 
- ctn 

in which n is a constant. In general, the normal depletion 
curve could be represented by one or another of the above 
equations or by an equation similar to these but consisting 
of the sum of two exponent terms. 

9. Leach, H. R. , Cook, H. L. , and Horton, 
R. E., 1933, Storm- flow prediction. Trans. A. G. U., 
Vol. 14, No. 2: 435-446. 

A method was advanced for predicting, during 
the progress of a storm, the total amount of surface 
runoff which the storm would produce on a given 
drainage basin. The measured runoff taking place 
from a small area was used as an index of the runoff 
to be expected from the same storm on a part or the 
whole of t he main drainage basin for which the pre
diction was made. The method depended on the fact 
that there was usually a close correspondence between 
the forms of hydrographs produced by a given storm in 
different streams within a given basin. 

10. Iwasaki, T . , 1934, A stream-flow study of 
the Tokyo water s upply. Am. Water Works Assoc. 
Jour., Vol. 26: 163-175. 

By a detailed study of the runoff from a 
mountainous drainage area, the author developed a 
standard depletion curve and also determined the 
approximate relation between precipitation and the 
increment of ground- water and surface runoff and 
was able to build up a hydrograph of total runoff. 

11. Zoch, R. T . , 1934, On the relation between 
rainfall and stream flow. Monthly Weather Revie w, 
Vol. 62, No. 9: 315 -322. 

Equations.-~ere developed for the relation 
between rainfall and the rate of runoff on the assump
tion that the r ate of runoff at any given time was 
proportional to the rainfall remaining with the soil at 
that time. In other words, the storage s over the 
area was proportional to the runoff q. From this 
basic assumption, 

1 t idt -it qdt = cq 

or 
-t/ c q = i ( 1 - e ) for t ~ tr 

4Z 

for t' = t - t > 0 r-

where q is the r ate of direct surface runoff, "/hr 

is the time elapsed from the beginning of 
rainfall excess, 

Then, 

i is. the intensity of rainfall excess, "/hr, 
for a duration t r, 

q is q at t = t o r 
c is a constant depending on soil type, cover, 

and antecedent conditions. 

Q jv qwdx 

where w is t he width of the contributing strip at a 
distance x from the outlet, 

t = x / v, where v is the constant velocity of 
the moving water sur face . 

The equations for the hydrograph from a large rec
tangular drainage area were developed. In Zoch' s 
integrations, it was assumed that the contributions of 
the elemental areas could be summed up independently 
provided they were lagged by their travel times. This 
paper was probably the first one to consider the run
off process in terms of the time of travel and the 
storage effect as two separate processes. 

12. Bernard, M. M. , 19 35, An approach to deter
minate streamflow. Trans. A. S. C. E. , Vol. 100: 
349-360. 

The transition from rainfall to stream flow 
was accomplished through the medium of a "distri
bution graph, " which was also found to be a function 
of watershed characteristics. The distribution graph 
is only a differently-dimensioned unit hydrograph, 
with the time scale expressed in days !rom the begin
ning of the storm and the flow scale in effective per
centage of area contributing or percentage of the 
total runoff contributed each day. The author then 
graphically correlated the effective percentage, the 
day from the beginrning of the storm, and w watershed 
character U , defined as: 

8 1.5 eg 

10002 eg 

where P is a constant, depending on the shape of the 
area of the watershed and its manner of 
concentration, 

L is the length in feet which water has to 
traverse in running from the most r emote 
portion of the watershed to the outlet, 

F is a constant depending on the shape and con
dition of the main flow channel, 

S is the fall in feet per 1000 feet of ma in 
channel of flow, 

e is a positive fractional exponent of t in the 
rainfall- intensity formula, 

. aTn 
1 = - -

te 

where t is the duration of rain and T t he recurrence 
interval, 
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The approach may be considered the first correlation 
of basin characteristics with parameters of the unit 
hydrograph. Bernard expr essed the possibility of 
using the method for synthesizing hydrographs. It 
might also be noted that an average "recession curve" 
was used to separate base flow. 

13. Horton, R. C ., 1935, Surfacerunoffphenomena
Part I: Analysis of the hydrograph. Voorheesville, 
N. Y., Horton Hydrological Lab., Publ. 101, 
February. 

The analysis and synthesis of flood hydrographs 
was discussed, on the basis of Horton's surface deten
tention and infiltration theory. The steps of his 
analysis involved: (i) the separation of ground- water 
flows as determined from the normal depletion curve, 
(ii) determination of the r e lation between outflow rate 
a nd channel storage, and therefrom the graph of chan
nel inflow, (iii) determination of infiltration capacity 
from the difference between rainfall and runoff for the 
interval from the beginning .of rainfall excess to the 
end of direct surface runoff, (iv) the plotting of mass 
lines of rainfall, infiltration, and runoff, { v) plotting 
the mass supply line by subtracting the ordinates of 
mass infiltration from those of mass rainfall, (vi) 
plotting a graph of surface detention depth by taking 
the difference between the ordinates of mass supply 
and mass runoff, (vii) plotting a surface detention vs. 
outflow rate graph. If for a given area, the following 
information was known: normal depletion curve, chan
nel storage - outflow relation, surface detention
runoff relation, initial storage, and infiltration cap
acity; then, a flood hydrograph could be synthesized 
by: (i) plotting a rainfall graph and mass curve, (ii) 
plotting a mass infiltration line and a m ass supply 
line, (iii) determining the surface runoff and surface 
detention lines, (iv) applying the storage equation and 
the outflow rate - channel storage relation to obtain 
the hydrograph at some point downstream, ( v) adding 
appropriate ground-water flows. 

This publication was one of the first clas sical 
works of Horton. It acknowledged the effects of sur
face and channel storage and presented a graphical 
synthesis of flood hydrographs. 

14. Bernard, M. M ., 1936, Determination of flood 
flow by unit-hydrograph method. Article in U. S. G. S.
W. S.P. 771:451-461. 

The methodology was outlined for constructing 
a flood hydrograph, having available the distribution 
graph of the basin, a storm of known magnitude and 
areal distribution, and a knowledge of approximate 
relations between surface runoff and the pluviograph 
under accompanying seasonal and antecedent con
ditions. The author observed that no adaptable device 
similar to the unitgraph had been availab le for directly 
comparing, in the final terms of flood flow, the effect 
of placing a storm of a given pattern in various posi
tions o n the basin. 

This article is included in U. S. G. S. - W. S. P. 
772. 

15. Folse, J. A., 1936, The Hayford method of 
estimating surface runoff versus the Sherman ("unit
graph '1 method. Trans. A. G . U., Vol. 17, Part 2: 
306-309. 

The author pointed out that the basic prin
ciples underlying the unitgraph method appeared first 
in his publication 400 (1929) . The method of applying 

the principles involved in his reference were more 
rigorous as well as more widely applicable than 
Sherman's graphical met hod, and the principle hacl 
been used since 1 91 I on the computations and studies 
involved in his publication. Folse reiterated that his 
equations infer that the surface-runoff to the stream 
is a linear function of the increase in storage above 
the ground surface. Also, the surface flow curve for 
any stream or its analytical expression, i. e ., the Folse 
equation, is constant, but different streams have 
different characteristics. 

16 . Horner, W. W. and Flynt, F . L., 1936, Re
lation between rainfall and runoff from small urban 
areas. Trans. A. S.C. E., Vol. 10 1: 140- 183. , 

The shape of the runoff unitgraph from small 
urban areas was derived from a study of the records 
of a few short rains of fairly uniform intensities and 
empiri cal equations were presented. For increasing 
values of q , the equation was, 

t j 
qa = qm (tl) 

and for decreasing values of q, the equation was, 

qm 
qd=~ 

K 1 

are the ascending and descending 
instantaneous values of the runoff 
rate q resulting from a rainfall of 
unit duration on a unit area, 

qm is the peak runoff rate, 

t is the time from beginning of rainfall, 

is the lag time between the centers of mass 
of the rainfall and runoff rate curves, 

and k are arbitrary constants determined by 
trial and error. (For stations considered, 
j varied from 1 to 2; k varied from 1. 2 to 
2) 

By integration, the area under the runoff curve was 
found to be, 

If each of the ordinates of the 1 OOo/o runoff curve for a 
given storm and location as computed by the unitgraph 
formula was multiplied by the runoff factor for that 
storm (i.e. total runoff divided by total rainfall), the 
resulting curve usually agreed fairly well with the 
measured r unoff. The agreement was better for the 
larger storms and for the later parts of storms . 

This study tended to verify the assumption of 
linearity i n the unit hydrogr aph method when applied 
to small urban areas. 

17. Horton, R. E . , 19 36, Natural stream channel
storage. Trans. A. G. U. , Vol. 17, Part 2: 406-41 5. 

The paper marked the fir s t time that channel 
storage was recognized to play a part in determining 
the shape of a hydrograph. From an analysis of a 
number of recor ds, it was observed that the rate of 
channel-storage out- flow could be expressed in terms 
of the volume of remaining channel-storage as, 

K S m 
qs = s c 
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where qs is the discharge, 

S is the volume of channel storage, 
c 

K , M are the parameters pertaining to each 
s particular case. 

18. Horton, R. C. , 1936, Hydrologic interrelations 
of water and soils. Proc. Soil Sci. Soc. of Am, , Vol. 
1: 401-437. 

On the basis of Manning' s equation, a relation
ship was developed for computing the rising side of 
the surface runoff graph fr om small plots of unit width 
having 7 5"/o turbulent flow in a thin sheet . 

where qs 

cr 

t 

is the discharge in cfs, 

is the rate of rainfall in excess of infil
tration, inches per hr., 

is the time from the beginning of supply in 
minutes, 

is a constant dependent upon drainage area 

1020:/S' 
characteristics, or Ks n 

10 

S is the surface slope, 

n is the roughness coefficient, 

1
0 

is the length of overland flow. 

19. Hoyt, W. G. et al. , 1936, Studies of relations 
of rainfall and runoff in theU.S. , u _s .G.S. - w. S. P. 772. 

A good review was given of the methods of 
baseflow separation used to date. It was suggested 
that "in the problem of separating ground- water runoff 
from surface runoff, it might be necessary to take 
into account such relations and flow characteristics 
as depletion curves, recession curves, recharge 
curves, unit hydrographs, infiltration and storage 
factors, together with the effect of meteorologic 
conditions. " 

20. Zoch, R. T . , 1936, On the relation between 
rainfall and stream flow-n. l\1onthly Weather Review 
Vol. 64, No. 4:105-120. 

T he concept of the drainage area curve, or 
time-area-concentration diagram, was introducedand 
used to extend the original theory (Zoch, 1934) to 
irregularly-shaped drainage areas. This curve re 
lated the effective shape of the drainage area. 

In terms of later conceptual models, this 
work was equivalent to the assumption of an instan
taneous unit hydrograph obt ained by routing the time 
area-concentration curve through a single reservoir. 

21. Horton, R. E., 1937, Natural stream channel
storage. Trans. A. G. U. , Vol. 18, Part 2: 440- 456. 

This paper was a continuation of that by 
Horton {1936) . The further topics o~: (i) relation of 
channel- storage for rising and receding stages, (ii) 
channel outflow with const ant ground-water inflow, and, 
(iii) depletion of channel storage during recession with 
constant ground-water inflow were considered. 

22. Zoch, R. T., 1937, On the relation between 
rainfall and stream now- ill. Monthly Weather 
Review Vol. 65, No.4: 135- 147. 

This article of the series (see Zoch, 19 34 
and 1936) considered the evaporation which takes place 
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after the rain has stopped, and its effect on stream 
flow. The rate of rainfall, the condition of the soil, 
and the velocity of the water were considered to be 
constant. Equations were presented which ( 1) showed 
the effect of evaporation on runoff, (2) gave the dis
charge from a rectangle when the effect of constant 
evaporation rate was considered, (3) gave the dis
charge from a drainage area of any shape where the 
rate of evaporation was any function of time, (4) con
sidered the diurnal variation of rate of runoff. A few 
hypothetical hydrographs were computed revealing the 
magnitude of the effect of evaporation on the discharge. 

23. Horton, R. E . , 1938, The interpretation and 
application of runoff plot experiments with reference 
to soil erosion problems. Proc. Soil Sci. Soc. of 
Am., Vol. 3: 340-349. 

An equation was developed that indicated the 
rate of overland flow to be expected from a uniform 
rate of rainfall-excess, assuming flow characteristics 
ranging from fully turbulent to laminar. 

1/M 
q = CT tankM M+ 1 (CTK) 

s M s 
t 
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where qs is the rate of overland flow at the lower end 
of an elemental strip, in cfs per acre, 

CT is the rate of rainfall in excess of infiltra
tion, inches per hr., 

M is an exponent dependent upon the type of 
overland flow, 

K is a constant dependent upon drainage area 
s characteristics, 

t is the time from the beginning of supply, in 
minutes. 

The equation was strictly rational for 75o/o turbulent 
now (i. e ., M = 2), and quais-rational for other degrees 
of turbulence from 33'Vo to 100"/o. The constant Ks in-

volved slope, roughness and length of overland flow, 
and percentage of turbulence. 

K = 1020 -{5"' 
s I n L 

where S is the surface slope, 

is the factor of turbulence, 

n is the coefficient of roughness, 

L is the length of an elemental strip of turfed 
or paved surface in a direction parallel to 
the maximum slope. 

M is 3.00 for laminar flow and 5/3 for fully 
turbulent flow. 

3 
I = 4 (3.0-M) . 

If M were assumed to be 2.00, 

0.50 0 25 
q = CTtanhZ t0.922t (ncrL) S • ) 

This paper was a more generalized approach than that 
given by Horton (1936) . 

24. Langbein, W. B., 1938, Some channel-storage 
studies and their application to the determination o f 
infiltration. Trans. A.G. U. , Vol. 19, Part 2:435-
445. 

It was recognized that surface-runoff was 
obscured by channel storage effects . Attempts were 



made to adjust hydrographs for these effects in order 
to compute the hydrograph of surface-inflow into the 
channel system. 

25 . McCarthy, G. T., 1938, The unit hydrograph 
and flood routing. Presented at Conference of North 
Atlantic Division, Corps of Engineers, June, 1938. 

Unitgraph and topographic parameters were 
correlated, and the results were summariz ed in a fig
ure in such a way as to permit an estimate of the unit
graph parameters for an ungaged drainage area. 
Three unitgraph parameters were selected, namely: 
peak discharge, lag-to-peak from beginning of rain, 
and total base time. The three predominant topo
graphic characteristics were: size of area, slope of 
area-elevation graph [( 1) plot area versus elevation 
equalled or exceeded; (2) planimeter the area between 
this graph and a horizontal line drawn thr ough the 
minimum elevation of the watershed; ( 3) divide this 
area by half the square of the drainage area to get 
the average s lope in ft / sq. m i.], and stream pattern 
expressed by the number of major s treams (one
branch- a single stream drains 25%; t wo - branch - 2 
branches drain at least 50%; three-branch - three 
branches drain 75%] . The basic data consisted of 
6- hr. unitgraphs of 22 streams in Connecticut, ranging 
from 74 to 716 sq. mi. 

This paper, out of print and difficult to 
locate, is quite accurately summarized by Johnstone 
and Cross (1949}. 

26. Pettis, C. R., 1938, Appraisal of unitgraph 
method of flood estimation. Civil Engineering , Vol. 8, 
No. 2: 114- 11 5. 

From a consideration of several unit hydro
graphs , taken from U. S. G. S. - W. S. P . 772 and a 
r eport of the Boston Society of Civil Engineers, in
volving some 15 rivers, it was determined that: (a) 
for all practical purposes, the fundamental linear 
assumption of the unitgraph is cor rect, (b) the main 
s ource of error in unit hydrographs is in the estimate 
of baseflow, (c) an individual unit hydrograph of less 
than 0. 5 inches of runoff is not reliable, (d) an aver
age distribution graph is fairly reliable. 

27. Snyder, F. F ., 1938, Synthetic unit graphs. 
Trans. A.G.U., Vol.19, Part2:447-454. 

The author correlated basin characteristics 
with peak flow, basin lag (i.e ., time from the center 
of mass of rainfall excess to the peak). and total time 
base of the unitgraph. He presented for drainage 
areas of 10 to 10,000 s q. miles, 

in which tp = basin lag in hours; 
t = C (LL )0· 3 A= basin area, miz 
p t c 

L = length of the main 
stream from the divide 

640 c to the outlet, miles. 
q = p 

L = distance from the outlet p tp c to the point on the main 
stream nearest-to the 
centroid, miles. 

t 
T = 3 + 3-& ct is a coeff. , 1.8 to 2. 2 

for Appalachian high-
lands 

1 is peak discharge, cfs. t = tp + 4(tR - tr) qp pR 
is a coeff. , 0.56 to 0.69 cP 

640C 
p t i s unit duration of rain-

qpR = r -.!!?. tpR fall excess - 5. 5 hrs. 
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tpR = basin la~ for duration 
of effe ctl ve rainfall 
equalto tR 

T is tim e base in 
days 

qpR is peak discharge 
of unitgraph of 
duration tR 

The coeffici ents Ct and CP were found to vary con

siderably for different regions. 

28 . Barnes, B . S., 1939, The structure of dis
charge - recession curves. Trans. A. G. U. Vol. 20: 
721-725. 

The concept of flow from three differe nt 
sources was attributed to hydrographs in the Upper 
Mississippi Valley: surface:-flow, storm - seepage, 
and base - flow. T he equation, 

Q = Q Kt 
t 0 

was adopted by the wr.iter to represent the depletion 
curve, and was used by him to separate the base
flow and storm-seepage from the records. 

This paper was one of the first to describe 
the concept of storm- seepage . 

29. Brater, E. F ., 1939, The unit hydrograph 
principle applied to s mall watershed. Papers of the 
A. S.C. E ., 1191-1215. (AlsoTrans. A. S. C . E ., 
Vol. 105: 1154-11 78, 1940) . 

The pre paration of unit hydrogr aphs and di s
t ribution graphs for twenty-two small streams, 4 . 24 
acres to 1876.7 acres, and a s tudy of their relation 
to the corresponding rainfall and watershed charact
eristics served to reveal some of the natural phe
nomena involved in the runoff process and indicated 
the usefulness of the unitgr aph principle. It was 
observed that the unitgraph peak was reduced as the 
watershed area increased, but no expression was de
rived. The method of baseflow separation involved 
a curve, convex upward, which passed through the 
start of rise of t he hydrograph and the point where all 
flow is baseflow, and had a maximum ordinate which 
occurred near the end of overland flow or about mid
way between the peak of the hydro-graph and the end 
of surface runoff. 

The paper tended to fill the gap with respect 
to size to which the unitgraph principle is applicable, 
from the city block (Horner and Flynt, 1936) to areas 
of several hundred square miles. 

30. Collins, W. T., 1939, Runoff distribution 
graphs from precipitation occurring. in more than one 
time unit. Civil Engineering Vol. 9, No. 9: 559- 56 1. 

A trial-and-error method was advocated for 
computation of th e distribution coefficients . First a 
constant loss, or infiltration, large enough to account 
for about half the total loss was subtracted from the 
precipitation of each period; then a percentage was 
applied to the remainder. The inches of runoff were 
determined and a distribution graph was estimated 
and used on all events except the largest. Discharges 
from the smaller runoff amounts and the baseflow 
were subtracted from the hydrograph and the residual 
was considered to be the distribution of dischaq~e 
from the largest runoff amount. The coefficients of 
the two distributions were compared and the method 
repeated unti l satisfactory results were obtained. 

This paper presented a lengthy trial-and-error 
procedure to better estimate the infiltration rates 



during a s t orm rather than using a constant infiltr ation 
capacity. 

31. H ertzler , R. A., 1939, Engineering aspects 
of the influence of forest s on mountain streams. Civil 
Engineering, Vol. 9: 487-489. 

The unitgraph method was investigated as a 
technique for analyzi ng runoff from small basins. 
The study of from 2 to 6 unitgr aphs for each of 22 
drainages re vealed (a) for comparable forested 
areas, peak percentages of runoff decreased as drain
age area increased, (b) the width of the bases of the 
dis tribution graph s increased with area, (c) the effects 
of vegetative cover were reflected in the peak per
centage a nd time base. A straight-line method of 
baseflow separation was utilized. 

This paper showed that the unitgraph principle 
afforded a sound method of investigating land- use
runoff relations on small drainage basins . 

32. Morgan, R. and Hullinghorst, D. W. , 1939, 
Unit hydrographs for gaged and ungaged watersheds. 
U. S. Eng. Office, Binghampton, N. Y. July. 

T he S-curve or S- hydrograph was defined as 
the hydrograph of runoff from a basin with continuous 
generation of runoff. It afforded a compact m eans for 
comparing the hydrograph characteristics for storms 
of dif~erent durations. Unitgraphs for storms of any 
effe~hve .length could be readily derived by placing 
two 1dentlcal S-curves along one another, displacing 
them by a time interval equal to the length of the 
desired unitgraph storm, and subtracting the ordinates 
at corresponding times. 

This is believed to be the original definition of 
the S-curve concept. 

33. Snyder, F . F ., 1939, A conception of runoff
phenom en a . Tr ans. A. G. U. Vol. 20: 725-7 38. 

The author considered a procedure for deter
mining the amount and kind of r unoff that occurred 
under various condi tions which involved the variation 
of groundwater recharge with total runoff, the varia
tion of groundwater storage with groundwat er dis
charge, the var iation of capillary water with precipi
tation minus the initial l oss, the variation of capillary 
water with groundwater storage, and the variation of 
the initial loss with groundwater storage and tempera
ture. These characteristic relationships were deter
mined for an example watershed. 

Normal groundwater depletion curves were ob
tained from segments of the hydrographs when there 
was no surface- r unoff in the channels. An arbitrary 
procedure was used in separating groundwater and 
s urface runoff. T he recession was extended down
ward under the current rise in the hydrograph just as 
the groundwater flow would have decreased had no 
rain occurred. At a convenient interval near the time 
of peak flow, a str aight line was drawn forward t o 
meet the recession of the current rise at the point 
where sur face runoff ceased. 

34. Zoch, R. T., 1939, A mathematical synthesis 
of the flood- hydrograph . Trans. A . G. U. Vol. 20: 
207 - 218. 

A general discu ssion was presented of Zoch's 
approach to the subject, which was given in det ail by 
Zoch (1 934, 1936, 1937). 

35. Barnes, B . S. , 1940, Flood forecasting in the 
upper Mississippi Valley. Univ. of Iowa Studies, 
Studies in Engineering, Bull. 20, March. 
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A rather detailed account was given of the 
division of the recession curve into three or more 
exponential decay portions. Use was made of the 
unit hydrograph in the flood forecasting system , al
though there was no discussionof the problem of pre
dicting time lag. 

36. Clark, C . 0 ., 1940, Discussion of "Analysis 
of runoff characteri stics" by 0. H. Meyer. Trans . 
A. S.C. E., Vol. 105: 128-131. 

Attention was given to the two separate phases 
involved: storage and l ag-time. The Muskingum 
method of flood routing was used to show correlation 
between M eyer' s analysis and the familiar function of 
storage in the usual routing of floods . 

37. Horner, W. W., 1940, The analysis of hydro
logic data for small watersheds. U . S. D. A . - S.C. S. 
T. P . 30. 

The purpose of the method of analysis was to 
facilitate the prediction of infiltration capacity values 
from data. The procedure consisted of an introduction 
and discussion of the hydrologic principles and factors 
i nvolved in the analytical work, and t he development 
of specific procedure for the production of infiltration 
capacity values. 

38. Hoyt, W. G . , 1940, Current technique in 
-runoff analysis. University of Iowa Studies, 

Studies in Engineering, Bul l. 20, March. 

A very g eneral discussion was presented with 
regard to t he observation and analysis of hydrologic 
data. It was more a popular version than a scientific 
art icle. 

39. Kirpich, Z . P. , 1940, Time of concentration 
of small agricultural watersheds . Civil Engineering, 
Vol. 10, No. 6: 36 2. 

The time of concentration, defined as the t ime 
requ,ired for a parti cle of water from the most remote 
part of the watershed to reach t he outlet, for small 
agricultural water sheds ranging in size from one to 
ZOO acres, was observed to be a function of a factor 
K , which varied directly with the length of travel and 
inversely with the squa re root of the s lope. 

form, 

where 

where 

or 

where 

The relationship can be s hown to be of the 

000733K 0· 775 
. 1 

T c is time of concentration in minutes, 

L is the length of travel in feet, 

is the difference in elevation in feet be
tween the remote point and the outlet, 
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A 

is the average height of the water shed 
above the outlet in feet, 

is the watershed area in square miles. 

40 . Laden, N. R. , Reilly, T . L., and Minnotte, 
J . S., 1940, Synthetic unit hydrographs, distribution 
graphs , and flood routing in the upper Ohio River 
basin. T rans. A. G. U • • Vol. 21: 649-65 9. 

The study involved the development of distri
bution graphs for both gaged and ungaged watersheds 
in the upper Ohio River Basin. It was discovered that 
McCarthy's synthetic method yielded computed hydro
graphs with peaks lower than those observed. The 
method was also tedious and was developed for areas 
less t han 800 square miles. Also, Snyder' s method 
was limited by a wider range of the constants in the 
Ohio district, and by the unreliability of transposing 
the constants. In general, the method adopted re
solved itself into a combination of the two methods 
and use of developed S-curves. 

41. Langbein, W. B. , 1940, Channel-stor age and 
unit-hydrograph studies .· Trans . A. G. U . , Vol. 21 : 
620-627. 

The author suggested that the lag between the 
center of mass of effective rainfall and the center of 
mass of direct runoff was the best definition of the 
lag- time and that it was a measure of. th.e channel- . 
storage of unit-hydrograph charactenstlcS of a basm. 
It was also shown that the lag-interval could be em
ployed to compare S-curves, by plotti~ di~charge in 
percent of ultimate discharge versus hme m percent 
of lag-interval. These dimensionless S-~urves for 
areas ranging from 30 to 4,000 square m1les agreed 
quite well. 

From the S- curve, the discharge of a unit
graph was found to be, 

q = S (volume of runoii/ lag-interval] 

where S is the slope of a chord of the S - curve over 
an interval equal to the duration of the 
period of eiiective rainfall; 

or 
q = S 646 / lag 

where q is rate in second feet per square mile and 
lag is expressed in hours. 

A notable contribution was made when consideration 
was given to the maximum s lope of the S-curve, 
which was noted to be the maximum dischar ge follow
ing a one-inch rainstorm of negligible duration. This 
discharge, the peak of what is now known as the in
stantan eous hydrograph, was determined to be 

Peak discharge • [770 /lag-interval] . 

The concept of obtaining the ordinates of the instan
taneous unitgraph by considering the slope of the S
curve has been more recently described by Chow 
(1961), and Henderson (1963), 

42. Meyer, 0 . H., 1940, Analysis of runoff 
characteristics. Trans. A. S. C. E . , VoL 105: 83-100 
(AlsoProc. A!?CE64 : 1769-86, 1938) . 

Consideration was given to the shape of the 
rising .limb of the "concentration curve" of the b~sic 
hydr ograph (that resulting from a s torm of duratwn 
equal to the time of concentration) in terms of the 
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"histogram" of the drainage area (the t ime- area
concentration curve) . Modifications of the rising 
limb for storms shorter than the time of concentration 
were· discussed, and the recession limb was treated 
as an exponential decay. For transposing hydro
graphs to areas where no measurements were avail
able, the time of concentration was considered to be 
proportional to the three-fourths power of the length, 
and a set of curves giving distribution percentages on 
successive days of runoff for different topographies 
was used. The groundwater curve and percentage of 
runoff were each considered to follow annual cycles, 
which were almost proportional. The superposition of 
storms was accomplished by the linear addition of the 
hydrographs resulting from horizontal blocks of th e 
rainfall hyetograph rather than vertical blocks. 

This paper gave an attempt to mathematically 
define the shape of the hydrograph in terms of the 
physical concept ofchannel storage. The appr oach 
was perhaps midway between those of Sherman and 
Zoch. 

43. Sherman, L. K., 1940, The hydraulics of 
surface runoff. Civil Engineering Vol. 10, No . .>: 
165-166. 

The purpose of this paper was to test the 
correctness of the assumption that the ordinates o f 
unit hydrographs are proportional to their respective 
volumes. A hypothetical drainage area was consi
dered and hydrographs were computed by routing 
small finite increments of flow through given channel 
reaches. In the process of routing, time of transit 
was in accordance with Seddon's wave velocity, m , 
which was equal to the increment of discharge divided 
by the corresponding increment of cross- section area. 
The outflow from each lateral strip was then routed 
through the 100 feet of a detention re~;rvoir whose 
outflow was represented by q = 0. 33 d 2 where d is 
the depth. Two hydrographs, one from a heavy and 
another from a light rain, yielded ordinates which 
were proportional to their volumes. 

Like Zoch's analysis, this one consi dered the 
runoff process in terms of the tim c of travel and the 
storage effect as two separate processes. However, 
Zoch 's "detention reservoir" can be shown to be of 
the form, q " cd, rather than the above. 

44. Sherman, L. K . , 1940, Discussion of "The unit 
hydrograph principle applied to small watersheds, " 
by E . F . Brater. A. S. C. E . Trans.,Vol. 105:118 1-1 183. 

The effect of the pattern of effective rainfall 
on the unitgraph was noted here. A storm centered on 
the lower end of the basin gave a rel atively high and 
early peak, and conversely, a storm centered at the 
upper part of the basin gave a lower peak rate of runoff. 

Also, the opinion was expressed that many 
baseflow lines had shown too great an increase during 
the period of surface runoff. Many cases had been 
found in which the baseflow had been negative, due to 
bank storage of water by infiltration at overbank or 
high stream stages. This concept of negative base 
flow was relatively new with this discussion. 

45. Snyder, F . F. , 1940, Discussion of "The " 
unit hydrograph principle applied to small watersheds, 
byE. F . Brater. A. S. C. E . T r ans., Vol.1 05:1179-1 181 . 

Regarding separation of baseflow, Snyder 
believed it possible that for a short period of time the 
groundwater discharge might actually decrease at a 
greater rate following the occurrence of runoff tha n 

T 



before. At sometime near the occurrence of crest 
discharge the groundwater discharge would begin to 
increase and then probably follow a trend similar to 
that described by Brater. 

This paper was one of the first to consider 
baseflow separation following the above-described 
pattern. 

46. Guthe, 0. E . , and Owen, J. C . , 194( A 
proposed method for calculating stream-flow. Trans. 
A. G . U. , Vol. 22: 799- 809. 

Calculations were made on the basis of four
hour intervals, and time-contours were used for deter
mining the time-lag between the occurrence of runoff 
and its effect on discharge at the outlet of the water
shed. Charts showing the relationships of baseflow 
and channel storage to total discharge were evolved 
for the rapid solution of the storage equation. After 
an analysis of the hydrologic characterist ics of the 
watershed and the establishment of a single initial 
value for groundwater storage, a synthetic hydrograph 
was constructed solely on the basis of rainfall data 
and losses. 

47. Hathaway, G . A . , 1941, Application of 
hydrology in flood control. Proc. of Hydrology Conf., 
Penn. State College , July. 

It was affirmed that the most practical method 
of estimating the regime of runoff in natural drainage 
basins less than a few thousand square miles in area 
involved an application of the unit hydrograph. A more 
rational approach consisted in estimating runoff from 
principal tributaries individually by the unitgraph 
method and combining the tributary flows by flood 
routing. A plot of unitgraphs peaks versus drainage 
area revealed the discharge to be approximately a 
function of the three quarter power of area, for basins 
larger than fifty square miles. 

48 . Horton, R . E., 1941, Virtual channel-inflow 
graphs. Trans. A. G. U. , Vol. 22: 8 11-819. 

A triangular channel inflow g r aph was con
ceived as adequately describing the runoff from a 
watershed into the channel. ThiG graph began at the 
beginning of channel outflow, exhibited a common 
point with the outflow graph at the maximum outflow, 
ended under the point of centraflexure on t he recession 
side of the channel-outflow graph, and had an area 
equal to that of the outflow graph. This virtual in
flow graph was therefore an approximation for the 
time -area-concentration curve routed to the channel. 
The graph encompassed watershed storage effect s , 
but left out the channel storage and lag actions. It 
was noted that these latter two could be studied by 
analyzing the virtual inflow and actual outflow hydro
graphs. Actual values of channel storage were deter
mined for some sample hydrographs and the inflow 
graphs were r outed t hrough these storage e lements to 
obtain the outflow hydrographs. 

49. Horton, R. E. , 1941, Flood-crest reduction 
by channel-storage. Trans. A. G. U., Vol. 22: 820-
835. 

It was shown how from an outflow graph, it 
is possible to determine the virtual channel-inflow 
graph and the channel-storage characteristics. The 
first phase had already been described by Horton in 
a previous article in the same journal. For the 
second phase, he developed the equation, 
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where qg 

Ig 

sg 

Qs 

p 

is the maximum outflow rate, 

is the maximum inflow rate, 

is the maximum channel storage, 

is the total flood volume, excluding base
flow 

is a parameter to be evaluated. 

This equation could be applied to the determination of 
flood - crest reduction. 

50. Hoyt, W. G . , 1941 , An outline of the runoff 
cycle. Proc. of the Hydrology Conf. , Penn. State 
College, July. 

The hydrologic cycle was considered in five 
phases: (i) rainl ess period when stream-flow is 
maintained by outflow from natural s ubterr anean 
storage; (ii) initial period of rain associated with an 
initial rise in streamflow; (iii) period of continuation 
of rain until all available natural storage has been 
utilized; (iv) period of continuation of rain after all 
available natural storage has been utilized; (v) post 
rain periods during which channel storage and surface 
retention have not become entirely deplete d. Each 
phase was discussed in qualitative term s . 

51. Hursh, C. R. and Brater, E . F., 1941, 
Separating storm -hydrographs from s mall drainage
areas into surface- and subsurface-flow. Trans. 
A. G. U., Vol. 22 : 863-870. 

A study was made of a number of recession 
limbs of hydrographs from watersheds in the Coweeta 
Experimental Forest. It was concluded that the main 
peaks of the hydrographs were the result of channel 
precipitation routed to the outlet, and t he lower por
tions of the recession curves were made up of sub
surface and groundwater flow. 

52. Smith, Waldo E ., 1941, Period versus 
instantaneous distribution-coefficients. Trans. A. G . 
U., Vol. 22: 851-854. 

In order to handle a large mass of work in
volving the use of di stribution-graphs, it was decided 
to use, not period-average distribution-coefficients, 
but rather instantaneous ones read from a plotting of 
the graph as a smooth curve at the dividing points be
tween the successive periods. This method and the 
regular block distribution-graph approach were used 
and compared. The agreement was excellent except 
where no coefficient occurred near the crest. The 
conclusion was that either method could be used with
out sacrificing dependability. 

53. Turner, H. M., and Burdoin, A. J ., 1941, 
The flood hydrograph. Jour. Bos. Soc. Civil 
Engrs. , Vol. 28, No. 3: 232-256. 

The runoff hydrograph was considered as the 
result of routing a time-area-concentration curve 
through a reservoir having a linear storage coefficient 
K derived from an analysis of the recession curve 
of the hydrograph. The inflow hydrograph was hypothe
sized from the time-area curve; the storage relation
ship was determined from recession limbs; and then 
the inflow was routed through the storage to obtain 
the instantaneous unitgraph. The method presented 
gave results that were almost identical with those 
obtained from Zoch's general equation if it was 
assumed that Zoch' s storage factor applied to surface 
and channel storage only, baseflow having been 
omitted. 
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54. Barnes, B. S. , 1942, Discussion of "Methods 
of predicting the runoff from rainfall" by R.K. Linsley 
and W. C. Ackermann. Trans. A. S.C. E . Vol. 107: 
836-841. 

The discusser proposed the name "interflow" 
to designat e flows that were neither of groundwater 
nor of surface origin. It was suggested that the most 
objective manner for separating hydrographs involved 
the use of three recession constants: one for each of 
groundwater, interflow, and surface runoff. 

55. Barrows , H. K., 1942, A study of valley
storage and its effect upon the flood-hydrograph. 
Trans. A. G. U., Vol. 23: 48 3-486. 

The object of this paper was to study the effect 
of valley storage upon the form of the flood hydrograph. 
Using Horton's concept (1936) that a portion of the 
descending limb of the flood hydrograph represented 
flow from valley storage, a linear relationship between 
valley storage and discharge was determined. Assum
ing that this same storage-discharge r e lationship was 
experienced during the rising stages, a valley- storage 
inflow hydrograph was developed. 

56 . Commons, G. G., 1942, Flood hydrographs. 
Civil Engineering, Vol. 12, No. 10: 571-572. 

A dimensionless flood hydrograph was devel
oped by trial to cover typical floods for Texas con
ditions . This hydrograph was defined as the normal 
distribution of a given amount of runoff from a single 
storm, when t he peak rate of flow was gi ven. The 
base time was divided into 100 units, and the discharge 
axis i nto 60 units. The area under the curve was 
1196. 5 square units . The value of one unit of flow in 
cfs was determined by dividing the peak flow in cfs by 
60 a nd one s quare unit in acre-feet was obtained by 
dividing the volume in acre - feet by 1196.5. The value 
of one unit of time in hours was the value of one square 
unit multiplied by twelve and divided by one unit of 
flow. That is 

Volume (acre - feet) 60 
1196. 5 x =p:-e-ak....-=;F~l-o-w'(-cf.,..s"") X 12 

= Value of one unit of time (hrs.) 

It can be seen that if the base length of hydro
graphs at a station remain relatively constant, the 
peak flow is proportional to the volume. In other 
words, the linear assumption of the unitgraph theory 
is met. However, this method allows for different 
base lengths if practi ce yields such. The method has 
served as a useful practical tool, although it neither 
defines the dis tr ibution of runoff mathematically, nor 
describes the rainfall- runoff relationship. 

57. Hicks , W. I., 1942, Discussion of "Surface 
runoff determination from rainfall without using coef
ficients " by .W. W. Horner and S. W. Jens. Trans. 
A. S. C . E ., Vol. 107: 1097-1102. 

Formulas were developed for both average 
depth of detention and time of concentration as func
tions of slope , length of travel, and r .ate of supply, 
for tar and sand surfaces, tar and gravel surfaces, 
and a clipped sod s urface. From experimental data, 
a curve was derived relating percentage of time of 
concentration and percentage of total storage or depth 
of detention. With formulas and corresponding charts, 
the alteration of the hydrograph of supply over a plane 
surface could be computed. 

58 . Horner, W. W. and Jens , S. W., 1942, Sur
face runoff determination from rainfall without using 
coefficients . Trans. A. S.C. E., Vol. 107: 10 39-1075. 

A methodology applicable to the determination 
of surface runof{ from urban or large drainage areas 
was presented, involving (i) delineation of the pr ecipi
tation pattern from which surface runoff was to be 
evaluated, {ii) choice of a basic infiltration capacity 
curve, (iii) adjustment of i nfiltration capacity values 
to a ntecedent conditions and precipitation pattern, 
{iv) determination of the rate of production of excess 
rainfall, {v) interception, depression storage, and 
infiltration out of s urface detention, (vi) trans lation 
of mass surface runoff to hydrograph form. On the 
basis of the assumed flow-depth relationships, 

where Q is the rate of flow, K is a constant, 6 is 
the depth of flow, 

V 18. 9 6°·67s0· 5 for imperious surfaces 
(n = 0 .015) , 

V 0. 96 6 s0· 5 for turfed surfaces. 

The writers developed for pavements , 

- 1.67 1.60 (1,020)0.60S0.30 CT0. 60t 
q - cr tanh [ o 60 o 60 ] 

n · 1 · 60 

where q is in inches per hour; cr is the rate of 
supply of excess rainfall, inches per hour; S is the 
absolute slope; 1 is the length of overland flow in 
feet; t is the time in minutes; n is the coefficient of 
roughness. This equation corresponds to one devel
oped by Horton ( 1938) for turb conditions. T o deter
mine the hydrograph of overland flow, the q equations 
were applied to the rate of supply. The recession 
curves were a d justed to conform to experimental plot 
results where 

a nd 6a is the average depth over the entire tribu

tary area of the residual detention at that time. 

The method essentially routes the effecti ve 
rainfall histogram through a hydraulic overland flow 
model to obtain the outflow hydrograph. It is par
ticularly applicable to urban and sewered areas, where 
the hydraulic model is most suitable. 

59. Linsley, R. K. and Ackermann, W. C., 1942, 
Methods of predicting the runoff from rainfall. Trans. 
A.S.C. E . Vol. 107:825-835. 

Ne w methods of streamflow separation were 
presented and consideration of vegetative and soil 
evapo- t r anspiration was given for the prediction of 
surface runoff from average rainfall. Recession 
curves for both s urface and groundwater runoff, 
plots of the volume of groundwater discharge versus 
dischar ge, total runoff versus groundwater flow, 
groundwater runoff versus net peak groundwater flow, 
a nd duration of rainfall versus time to groundwater 
peak were developed fo r the Valley River at Tomotha, 
N. D. , and subsequently utilized to separate flood 
hydrographs. The peak groundwater flow was ob
served to occur som etime after the flood peak, and 
the low point before this peak corresponded with the 
start of rise of the hydrograph. Surface loss was 
found to be propor ational to rainfall, a nd pan evap
oration was used as an index of the field-moisture loss. 

60. Merriam, C . F. , 1942, Analysis of natural 
fluctuations in ground- water elevation. Trans. A .G.U., 
Vol. 23: 486-488. 
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The author suggested a ground-water index 
for several wells scattered over a wide area in an 
attempt to present hydrologists with a value that could 
be studied with regard to str eamflow. However, as 
the first step in the procedure was to disregard those 
wells that did not "conform with the rest, " the index 
was not a truly representative one. That is, it did 
not integrate all factors involved. 

61. Smith, W. E. , 194 2, Discussion of "A study 
of valley-storage and its effect upon the flood hydro
graph" by H. K. Barrows, Trans. A. G. U., Vol. 23: 
486 - 488. 

The chief criticism was that the storage-dis
charge relationships developed from the recession 
c urve could not be applied to the rising phase. Further, 
the storage-discharge relationship was not linear but 
rather an exponential form. For the rising side, the 
storage for a given rate of flow was substantially 
higher than that on the curve developed for the falling 
limb. 

62. Izzard, C . F . and M . T. Augustine, 1943, 
Preliminary report on analysis of runoff resulting 
from simulated rainfall on a paved plot. Trans. 
A. G. U., Vol. 24: 500-509. 

This paper dealt with the preliminary results 
of analysis of runoff from a paved plot. The volume 
of detention was studied with regard to length of plot 
and discharge. The most important concept developed 
was the fact that detention on the rising limb, or at 
any time that rain was falling, was appreciably 
greater than detention required to maintain the same 
rate of flow on the recession limb after rainfall had 
ceased. 

63. Linsley, R. K., 1943, Application of the 
synthetic unit-graph in the western mountain states. 
Trans. A. G. U., Vol. 24: 580-585 . 

This paper presented the results of an investi
gation to determine the necessary adjustments for 
Snyder's method in order to make them most effective 
for use in the basins of the Sierra Nevada and Coast 
Range of the U. S. It was found that basin-lag (time 
from center of mass of rainfall to runoff peak) was 
not a constant, and a standard unit of duration equal 
to the intercept on the time-to- peak axis was selected. 
The lag for a storm of short duration, tpo , was 

correlated with the product (Lea L). Then the lag 

for a storm of duration t was written in terms of r 
t and the effective rain. L is distance from po ca 
gaging station to center of area and L is basin length. 

64. Snyder, F . F ., 1943, Discussion of"Appli
c ation of synthetic unit-graphs in the western moun
tain states" by R. K. Linsley. Trans. A. G. U. Vol. 24: 
586-587. 

Snyder 's original premise that basin l ag was 
constant had been altered to make basin lag a function 
of the duration of effective rainfall. 

t R = t + (tR - t )/4 p p r 

Using this relationship, his and Linsley's work 
corresponded very closely. Only the coefficients 
varied from the one region to the other. 

65. Turner, H. M. , 1943, The flood - hydrograph 
and valley-storage. Trans. A. G. U., Vol. 24: 609-
615. 
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This paper was essentially a discussion of 
that by Barrows ( 1942). The writer s howed that the 
storage in the main river- channel, chiefly that near 
the station, was the chief factor in damping out the 
differences in the various floods. Then, the behavior 
of channel storage should permit without much error 
the application of the storage determined from the 
recession curve t o the rising stage. 

66. Hicks, W. I., 1944, A method of computing 
urban runoff. Trans. A. S.C. E. Vol. 109: 1217-12.53. 

Rainfall-runoff data for urban areas was 
analyzed in order to develop runoff hydrographs for 
areas of various sizes, development, and time of con
centration. The peak runoff rate for a given storm 
pattern was found to be proportional to the volume of 
runoff resulting from the intense portion of the storm. 
The runoff hydrograph was the result of the travel and 
confluence of hydrographs from small units of area. 
A design procedure was outlined. 

This was the first article to suggest the possi 
bility of synthesizing urban runoff hydrographs. How
ever, application of this technique was quite complex, 
particularly for storms with non-uniform rainfall
time r elationships. 

67 . Horner, W. W., 1944, The drainage of a ir
ports. Ill. Univ. Eng. Exp. Sta. Circ. 49, 48 pp., 
Nov. · 

It was suggested that a real equation for the 
coefficient in the Rational Formula looks something 
like 

c =VK ~ K' I. K" A 
s 

where K., K' , and K" are parameters of the equations 
of the rainfall curve, the infiltration capacity curve, 
and the hydraulic now, 

A is the area in acr es, 

S is the controlling slope. 

Horner did not advocate the use of this equation, but 
considered it only to illustrate the complexity of the 
coefficient. His own approach involved the study of 
infiltration capacity and surface storage on small 
strips of different- surfaced areas, and the combination 
of runoff from these strips. The work was based on 
observed records from a number of existing a~rports . 

Essentially the same paper was presented by: 

Snyder, C . G., 1944, Additional arguments for 
modification of the rational formula for r unoff from 
small agricultural areas. Trans. A. G. U. , Vol. 25: 
45-5 3. 

68. Izzard, C. F., 1944, The surface - profile of 
overland flow. Trans. A. G. U., Vol. 25: 957-968. 

Experimental data was presented applying 
Keulegran's equation of motion. Computed and actual 
water surface profiles were determined and compared 
for paved and turfed plots. Volumes of detention 
corresponded very favorably. 

69. Jetter, K. , 1944, Evaluation of runoff-distri
bution values from basic data and study of related 
drainage-area characteristics. Trans . A. G. U., 
Vol. 25: 990-1 004. 

Distribution graphs were derived from hydro
graphs resulting from storms having several periods 
of unequal rainfall. Infiltration was assumed to 
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occur at a constant rate and the method used to develop 
the distribution coefficients involved reversing the 
procedure normally used to constitute a flood hydro 
graph from the distribution graph. T hen. interrela
tionships of the drai nage -basin characteristics of 
le ngth, slope, and areal distribution were shown 
g raphically . 

70. Keulegan, G. H., 1944, Spatially variable dis
charge over a sloping plane. Trans. A. G . U., Vol. 25 : 
956 - 958. 

The most general form of the dynamic equa
tion oi motion for a s patially variable discharge was 
developed. The frictional effect due to the mixing of 
the addi tive masses of the descending rain was ac 
knowledged and equated to an equivalent shear stress 
acting at the water surface. By appr6priate approxi
mations and simplifications, an approximate solution 
of the runoff probl em was given. 

71. Lenz, A. T . and Sawyer, C. N., 1944, Esti
mation of stream- flow from alkalinity determi nations. 
Trans . A.G.U., Vol. 25 :1005- 1009. 

Alkalinity- discharge rating curves were 
developed for a number of streams in the Madison 
Lak~s Region of Wisconsin. A logarithmic plotting 
s howed that alkalinity was a function of discharge. 
There were two distinct par ts to the curve: for flows 
greater than 0.8 cfs per square mile , the alkali nity 
dec rea sed rapidly with increased runoff; for flows 
less than O.B cfs per square mile, the alkalinity de
creased rapidly with increased runoff; for flows less 
than 0. 8 cfs per square mile (i.e., ground-water run
off) the slope of the curve was very flat . 

Although this article did not present it 
directly, the idea that alkalinity might be used as a 
basis for separat ing surface flow from groundwater 
flow i~:; inferred by the results . 

72. Parsons, W. J . , 1944, Basin-storage method 
of developing flood - hydrographs from precipitation 
records. Trans. A. G. U., Vol. 25: 9-14. 

Separate storage-discharge relationships were ' 
dtotermined for each of gr oundwater, subsurface flow, 
a nd s urface runoff. Assuming that these r elationships 
wer e <:~lso valid on the rising limb, they were used to 
determ ine hydrographs . 

Whereas such an approach may be valid for 
some watersheds for the inflow hydrograph, the 
separate portions cannot be routed down a channel 
mdependently. 

73. Clark, C. 0 ., 1945, Storage and the unit 
hydrograph. Trans . A. S. C. E . Vol. 110:141 9- 1446. 

K = - Q/~ dt 

wh~re Q is t he rate of direct s urface runoff at the 
point of contraflexure on the falling limb of t he hydro
graph. Further, the same t ime-area- concentration 
curve was routed through a second linear storage 
reservoir to obtain an instantaneous ground-water 
hydrograph. A K value of 200 was selected for this 
latter purpose. Then a combination of 70"/o of the sur
face unitgraph and 30o/o of the subsurface unitgraph 
provided a practical unitgraph for the area, which in
cluded both surface and subsurface flow. 

.. The main difficulty of this approach i s the 
selection of the point of contraflexure. This appr oach 
was the first to consider instantaneous rainfall, and 
therefo r e, the first instantaneous unit hydrograph 
theory. 

74. Hathaway, G. A . and Cochran, A . L., 1945, 
Flood hydrographs . Chap . . 5, Sec. II of "Engineering 
for Dams" by W. P . Creager, J . D. Justin, and J. 
Hinds . John Wiley and Sons, Inc., New York, U. S. A . 

A discussion was presented regarding basic 
hydrologic analysis, subdivision of hydrographs using 
normal recession curves and ground - water depletion 
cur ves, unit hydrographs, and Snyder' s synthetic 
unit-hydrograph relations and S- curve hydrographs . 
The approach was such that it would be useful for the 
practicing e ngineer. 

75 . Hathaway, G . A., 194 5, Design of drainage 
facilities. Trans. A. S. C . E . Vol. 110: 69i - 733. 

The basic equation for the rate of overland 
flow, as developed by Horton ( 1938) , was adapted to 
airfi eld drainage problem s by considering n-vnluts 
of: 

Smooth pavem ents 
Bare, packed soil, free of stone 
Poor grass cover, or 1·ough bare 

surface 
Average grass cover 
Dense grass cover 

n = 0. 02 
n=0. 10 

n = 0.20 
n = 0 .40 
n = 0.80 

Series of overland flow curves were computed for 
paved and turfed areas assuming a 1% slope. The 
linear superposition hypothesis of the unit hydrograph 
method was used to develop the overland flow curve 
from a series of runoff hydrographs. 

";"6 . Holtan, H. N., 1945, Time-condensation in 
hydrograph-analysis. Trans. A. G . U. Vol. 26: 
407 - 413. 

The instantaneous unit hydrograph was de
rived by routing the time- area - concentration curve 
through a linear storage r eservoir. The time of 
concentration, T , and coefficient of proportionality, 
K , were parameters. T was defined as the time 
:m~n·al from the end of t::xcess rainfall to the point 
on the hydrograph at which the ratio of the r ate of 
dl'Cro:.•ase in discharge to t otal discharge was greatest; 
.:tnd K was the- coeffichmt in the linear storage-dis 
charge relation, 

A graphical technique for analysis of hydro
graphs and the determination of rates of runoff and 
infiltration associate d with inte rmittent or fluctuating 
rainfall was given. It involved the adjusting of t h e 

1 time- scale of mass - curves of observed rainfall and 
obser ved runoff so as to provide straight or slightly 
curved lines. Interpretation of the analyses led to 
mass- curves of detention and retention. 

st ~ K Q 

Nhcre St is the storage in the reservoir, 

Q is th~ out flo~··. 

K was evaluated from 

5 1 

77. Howlo.nd , W. E., 1945 , Discussion of "Design 
of drainage facilities " by G. A . Hathaway. Trans. 
A . S. C. E . , Vol. 110:738-743. 

.~ mathematical method for the determination 
of a runoff hydrograph for a rain of limited duration 
was presented and compared with that of Hathaway. 
The basic differential equation was, 

a- • d T . = K y z d T + ~ dy 



the same one as used by Horton ( 1938) . Whereas 
Hathaway applied the unit-hydrograph concept of 
s uperposition of storms, Howland did not, and the wide 
differences between the results reflected the failure 
of the linear super position hypothesis. 

78 . Williams, H. M. , 1945, Discussion of "Design 
of drainage facilities " by G. A. Hathaway. T rans. 
A. S. C . E . Vol. 110: 820- 826 . 

The m ethod of Hathaway did not p r ovide for 
the determination of runoff from lengths of flow greater 
than 600 ft, where sheet flow no longer existed. In an 
effort to provide an extension to the design criteria, 
consideration was given to the development of a syn
thetic hydrograph procedure, similar to Snyder's. 
The following relations were determined; 

t " 0.466 (L L )0•
3 

p cA 
L 

or if LeA = 2 , 

and 

t = 0. 378 L0· 6 
p 

q "' 37.5/t 
0 p 

where tp is lag, in minutes, 

L is length in miles, 

is length of center of area, in miles, 

is the peak rate of discharge of the unit
graph, in cfs per acre. 

A dimen sionless unit hydrograph was adopt ed with 
the length of the recession equal to four times the 
rising side, or a total base length of 5 (t + tct 

P T 
where t d = tp/5. 5, assumed value for the unit of dura-

tion of rainfall excess, in minutes. 

For lower values of supply, the synthetic unit hydro
graph produced a higher rate of peak discharge than 
Hathaway 's approach. 

79. Mitchell, W. D. , 1948, Unit hydrographs in 
Illinois. U. S. G. S. and St ate of Illinois Dept. of 
Public Works and Bldgs. 

The object of the study was to provide the 
techniques for performing the determination of the 
sequence, or time distribution, of runoff at a point of 
investigation. The unit hydrograph methodology was 
c learly presented, and the data and graphs for 58 sta
tions in Illinois were included. Methods wer e also 
given for constructing synthetic unitgraphs wherein: 
(a) lag was known, (b) lag was computed from time to 
peak, (<:) lag was computed from area. 

80. Hoyt, W. G., 1949, The runoff cycle. Chapter 
XI, "Hydrology, " edited by 0 . E . Meinzer, Dover 
Publ., New You. U. S. A. 

The hydrologic cycle was considered in five 
phases. and each discussed. This article was 
essentially the same as Hoyt ( 1941) . 

8 1. Johnstone, D. and Cross, W. P., 1949, 
"Elements of applied hydrology. " The Ronald Press 
Co., New York, U.S. A., 275 pp. 

The unit hydrograph approach was considered 
under the topics of el ementary unitgraph theor y, unit 
graphs from multiperiod storms , applications of the 
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unitgraph and limitations of unitgraph theory and 
practice. Also, the specific approaches of Bernard 
( 1935), McCarthy ( 1938), Snyder ( 1938). and Clark 
( 1945) were presented with examples of the method
ology involved. 

The book included a comprehensive summary 
of watershed response models considered to that date. 

82. Linsley, R. L . Jr., Kohler, M. A . , a nd 
Paulhus, J . L . H. , 1949, "Applied Hydrology." McGraw
Hill Bk. Co., Inc. , New York, U.S. A., 689 pp. 

A section was devoted to hydrograph analysis, 
including: factors determining hydrograph shape and 
separation of hydrograph components. Also, the unit 
hydrograph was considered under: derivation from 
isolated storms and complex storms (after Zoch ( 1936) 
and Folse ( 1929)), the distribution graph (after Bernard 
(1935)), unitgraphs for various durations, synthetic 
unit graphs (after Snyder (1938). and Linsley (194 3)), 
transposition of unitgraphs, and dim ensionless unit
graphs (after Commons ( 1942)) . 

8 3. Lucas, R. B. , 1949, Unit graphs for ungaged 
drainage areas of Ohio. M.S. Thesis, Ohio State 
Univ. 

Equations relating Clark's (1945) parameters 
of C and K to watershed parameters wer e studied 
with regard to 7 watersheds between 139 and 331 sq. 
mi. The relationships were: 

C = :
2

7 (-v?t and K = 1.65 + 8 .46 ( ~ ) 
where L is the length of the main channel, in miles; 
S is the equivalent uniform slope of the channel, ft. 
per mi., 

( 

~ 1. vs:)z: 
i= 1 1 1 

S = -=-n~---

2: li 
i= 1 

where li and Si are the length and 

slope of reach i; r is a dimension
less branching factor (i.e., ratio 

between the area under a curve depicting total area 
tributary to t he main stream above a point, a nd the 
area under a curve depicting the total area that would 
be tributary if the stream were single-branched and 
the drainage basin were of uniform width); W is the 
width of the drainage area, A/ L , in miles; R is the 
general overland slope, in ft. per mi. The branching 
factor played an insigni.ficant role for basins less than 
ZOO s q. mi. It was suggested that the C and K rela
tionship be used with caution and only for obtaining 
initial estimates. 

84. Sherman, L . K. , 1949, The unit hydrograph 
method. Chapter XI E . "Hydrology, " edited by 0 . E . 
Meinzer. Dover Publ. , New York, U.S. A. 

T he bas i c hypotheses of the unit hydr ogr aph 
and the distribution graph were delineated and thei r 
application was discussed. 

85. Soong, Yu-Cheh, 1950, Influence of the loca
tion of storm runoff on shape of the unit hydrograph. 
M . S. Thesis, Dept. of Mechanics and Hydraulics, 
State Univ. Of Iowa, Feb. 

The effect of areal distribution of rainfall 
excess on the shape of the unit hydrograph was studied 
with regard to one river basin in Iowa. The unitgraph 
was characterized by its mean time, and the standard 

i 

f 



I 

f 
j 

I 
t 

I 
I 

i 
' I t 

I 
' 

deviation about the mean time. The parameters r e lat
ing to the areal distribution of rainfall e xcess were 
D , the weighted m ean distance of the rainfall distri
bution; the weighted concentrat ion coefficient; and the 
spread coefficient. The weighted mean distance re
flected distance from the center of rainfall to the out
let; the concentration coefficient refle cted t he concen
tration of rainfall excess; and the spread coefficient 
also i ndicated the spread of the rainfall- excess dis
tribution. For the Iowa River Basin, o nly the weighted 
mean distance and the concentration coefficient were 
used. The m ean time of the unitgraph was r elated to 
the weighted mean distance as, 

t = C 
1 

+ C2Dn; (where c 1 == 1.25, and c 2 == 1/30, n == 1 

for t in days and D in miles) 

and the standard deviation of the unitgraph was a func
tion o·f the weighted concentration coefficient. This 
was one of the first attempts to study the effect of 
areal distribution. For the particular basin studied, 
the position of the r ainfall had a pronounced effect on 
the unitgraph. 

86 . Edson, C. G. , 1951, Parameters for relating 
unit-hydrographs to watershed characteristi cs . Trans. 
A. G. U., Vol. 32; 591-595. 

The time-area distribution diagram and a 
conceptual reservoir were used to derive a two 
parameter equation for the instantaneous unit hydro
graph. The time-area diagram was assumed to be 
of a paraboli c distribution, such that 

X > 1 

so that the di scharge m ight become, 

X > 1 , 

Considering the valley of the watershed to act as a 
r eservoir , t h e di scharge was known to decrease ex
ponentially with time, or 

Q a e -yt , y > 0 

Combining the above equations, 

X -yt 
Q = B ··t · e 

By using the requirement that the total volume of 
flow was unity, 

_ C ·yx+ l.tx . e-yt 

qt- r(x+ 1) 

where qt i s the discharge in cfs per square mile, 

x is an exponent which reflects the s hape of 
the basin, the channel network, and the 
channel slope, 

y is the recession constant or slope of the 
recession curve on semi-log paper, 

t is the time in days from the beginning of 
runoff, 

r denotes the gamma function. 

87. Kohler, M.A. and Lins l ey R. K., 195 1, Pre
dictin g the runoff from s torm rainfall. U. S. Weather 
Bureau, Research Paper No. 34, 9 pp. 
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T he prime purpose of the paper was to des
cribe a coaxial graphical correlation analysis for (i) 
basin recharge, antecedent precipitation index, sea s on 
or week of year, storm duration, and s t orm rainfall, 
and (ii) antecedent precipitation index, storm duration, 
storm precipitat ion, and s torm runoff. The step of 
determining runoff volume was a necessary s t ep b efore 
the hydrograph itself was determined. Further, a 
method of baseflow s eparati on was employed involving 
(i) an extension of the recession existing prior to the 
storm to a point directly under th e peak, and (ii) a 
straight line to intersect the hydrograph at a point 
n-days after th e crest or after the end of runoff- pro
ducing rainfall. 

88. Merriam, C. F ., 1951, Evaluation of two 
elements affecting the characteristics of t he recession 
curve. T r ans. A. G. U., Vol. 32: 597-600. 

An entirely empirical approach was used to 
det ermine the recession constants for both ground
water and surface flow. The first s tep, to determine 
groundwater flow, involved an envelope curve repre
senti ng the quantity of water in terms of thousands of 
cfs-days per foot of change in gr oundwater elevation 
expressed as a function of the groundwater e levation 
in feet . T he envelope concept was us e d beca use 
errors introduced by percolation and direct drainage 
would always b-e in the same direction and the idea of 
a limit was valid. The first curve was then inte
grated with respect to e levation to yield the equivalent 
to the capacity of a reservoir. Further, an e nvelope 
curve was developed t o relate groundwater elevation 
to the number of days to drop one foot. This curve 
was then combined with the first to establish the r a t e 
a s a function of groundwater elevation. By i ntegrating 
the second envelope curve with respect to elevation, 
a groundwater elevation curve was established and 
com bined with the e le vation versus flow curve to yield 
the groundwater hydrograph. The surface flow re
cession was obtained by plotting daily flows versus the 
flow of the previous day and again employing the 
envelope curve . 

8 9. Watkins, L. H. , 1951, Surface water drainage
a review of past research. Jour. Instit. of Munic . 
Engrs., Vol. 78 , No. 4:301-320. 

A crit ical review of a number of investigati ons 
regarding surface water sewer design was present ed. 
Although most attention was given to peak flow equa
tions, m ention was made of the unitgraph work of 
Horner and Flynt ( 19 36), and the methods of develop
ing run-off hydrographs from s m a ll a r eas or plots 
given by Horton ( 1938), Izzard, (1946), and the U.S. 
Corps of Engineers ( 194 7) . T his review was con
ducted as the first step in the impl ementation of a 
program of research in surface water drainage prob
lems. 

90. Barnes, B . S., 1952, "Unitgraph Procedures." 
Denver, U. S. A . , U. S. Bureau of Reclamation 
Hydrology B ranch. 48 pp. Nove mbe r. 

A discussion of methods that were in regul ar 
practice or experimental use by the Hydrology Branch 
was presented. The basic assumptions, as well as 
the application of the methodology were very ably 
given. Snyde r 's synthetic approach and the use of an 
"endless unitgraph" were included, the latter making 
use of an exponential recession for t he unitgraph it
self as well as for the g roundwater curve. The entire 
presentation is in manual form, and as such, serves 
as an excellent handbook for basic unitgraph method
ology. 



9 1. Paynter, H. M., 1952, Methods and result s 
from M. I. T. studies in unsteady flow . .Tour. Boston 
Soc. oi C. E. , Vol. 39:151- 153. 

The author compared an actual drainage net
work to an admittance network where admittance was 
the output, also called effect or r esponse, divided by 
the input, also called cause or distrubance. Admitt
ance is the reciprocal of impedance. Admittances 
can be adjusted so that an input corresponding to the 
rainfall excess applied to the admittance network yields 
a graph corresponding to the given direct surface-run
off hydrograph. 

He was the first to mention using methods of 
. system analysis for flood routing and for hydrograph 
study - and he mentioned the possibility of non-linear 
effects. He concluded that non-linear effects, in
fluencing the admittance function, may be due to two 
causes: a seasonal effect and an order of magnitude of 
flood size effect. He suggested dealing with the non
linearities by constructing a family of admittance 
functions, all of which resemble one another quali 
tively but which are quantitatively different. The lUG 
which is mathematically the derivative ofthe admittance 
function is, according to Paynter, not an invariable curve 
but one of a family of curves which vary according to the 
season and to the magnitude of flow involved. 

92. Taylor, A. B . and Schwarz, H. E., 1952, Unit 
hydr ograph lag and peak flow r e late d to basin char 
acteristics. Trans. A . G. U., Vol. 33: 235-246. 

Unit-hydrograph lag and peak-flow values 
were empirically related to basin characteristics and 
to the duration of rainfall excess, where the lag was 
defined from the centroid of rainfall exc·ess to the 
unitgraph peak. Th e most significant basin charac
teristics were found to be drainage area, length of 
longest watercourse, length to center of ar ea, and 
equivalent main-stream slope defined as the s lope of 
a uniform channel having the same l ength as the 
longest watercourse and an equal time o:f travel. 
Graphs of the correlation studies were given, a method 
for determining equivalent main-stream slope was 
pres ent ed, and a nomograph for the computation of 
synthetic unit hydrographs was included. 

93. Warnock, R. G. , 1952, A s tudy of the rela 
tionship between watershed charac~eristics and dis
tribution graph properties . M. S. Thesis, Dept. of 
Mechanics and Hydr aulics , State Univ. o f Iowa, Feb. 

The purpose of the investigation was to study 
the rel ationship between the dist ribution graphs and 
the physical characteristics of watersheds. The 
analysis was on 33 basins in the Illinois area. The 
distribution graph parameters were the time to peak 
(center of mass of rain to peak flow) , ti.m e - length of 
base, and the peak percentage (o/o of total runoff 
occurring in peak interval). The drainage basin 
ch aracteri sti cs used were the area, i ts s hape (reflected 
in compactness coefficient - ratio of perimeter to the 
c ircumference of a c ircle of t he same ar ea) , and the 
mean s lope of the land. It was found that, for all 
three distribution-graph properties, the mean land 
s l ope was an important factor for a r eas below "' ZOO 
sq. miles. Inclusion of the shape of the area im
proved the correlations for the length of base and the 
peak per centage. Graphical fits led to 

where 

t =KA0.89 
p 

t is time to peak 
p 

A is area 
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K = 0 . 250 + 0 . 000403 S 

S is land s lope. 

94. Jarecki, Walenty, 1953, "Hydrologic and 
Hydraulic computations of culverts and small bridges." 
Wars:z;awa, Poland. National Science Foundat ion 160 
pp. (Translation available thru Office of Technical 
Services, U . S. Dept. of Commerce, Washington 25, 
D. C .) 

An excellent review was gi ven of methods for 
computing maximum discharges. It parallels Chow' s 
publication ( 1961), but considers primarily the foreign 
approaches . 

1. Poli.sh formulas - Ministry of Railroads, 
Ministry of Public Works, Ministry of Agriculture, 
Inkowski, Parenski, Rozanski, Rybozynski, Mat a
kiewicz, Larnbor , Malopolska, Debski. 

2. Russian formulas - Nicolai, N. K. P. S .. 
Dubelu, Soyuzdorproekl, Dubal ch Rippar, Protod
yakonov, Srilnyi, Dubelu, Kurdyumov, Boldakov. 
Karachevskii - Volk, Sokolovskii, Polyakov, Koc!herin, 
Honigberg, Ogievskii. 

3. European formulas - French, Italian. 
Kostlin, Pascher, Kressnik, Lauterburg, Swiss, 
Kreps. 

4. German formulas - Saxony railroad, 
Hofmann, Weyrauch, Hofbauer, Specht, Bavarian, 
Love, Grassberger. 

5. American formulas - Myers, Jarvis, 
Gutmann, Kuichling, Foster, Fuller, Horton. 

95. Appleby, F. V. , 1954, Runoff dynamics: a 
heat conduction analogue of storage flow i n channel 
networks. Int. Assoc. Sci. Hydrology, General 
Assembly of Rome, Publ. 38: 338-348 . 

The general differential equation of flow 
from a drainage network for rising flood conditions to 
peak flow was developed as 

vx ozs + <P = ~ 
oxz r ot 

where v is the outflow velocity, 

x is a mean length, such that the product of 
the outflow value of s and x is t he total 
storage S , 

s is the storage per unit length of channel, 

S is the total storage, 

</J is the runoff function, or units of rainfall 
r over the area, 

is time, 

x is distance along the channel. 

It was recognized that the above equation had a close 
analogy to the equation for the lineal flow of heat 
under similar conditions, storage corresponding to 
temperature. Further, the recession 

os 
= q = - 6t 

corresponded to cooling a fter the flux of heat had 
reached peak value. The product vx corresponded to 
diffusivity and v with conductivity. The principal 
two parameters of t he system were v a nd K , the 
storage transit factor, which is a response 

' ' 



I 
1 

I 
~ 

l 
l 
1 
' 

{ 

1 
i 

i 
1 

I 
I 
i 
~ 

characteristic indicative t o the mean time of concen
tration. To solve for cbr demands an analog computer 

that readily allows t rial values of cbr to be tested. 

96. Eaton, T. D., 1954, The derivation and 
synthesis of the unit hydrograph when rainfall records 
are i nadequat e. Jour. Inst. Engrs. (Aus t ralia) 
Vol. 25 : 239-246 . 

A method for constr ucting synthetic unit 
hydrographs for catchments lacking adequate rainfall 
records was presented, based entirely on t he work of 
C. 0. Clark ( 1945). The virtual-inflow graph, i ntr o
duced by Horton ( 1941) , was a l so used as an aid. 
From an analysis of data for seven Tasm anian r ivers, 
correlat ions were obtained between the cat chment 
characteristics of area, length of channel, and 
branching factor, and the unitgraph paramet er s , C 
and K 1 as used by Clark. The correlations inferred 
the e quations : 

( 

A0.50)0.37 
c = 1.35 LX R0. 50 

and 

q { Ao.so )o.s3 -if = 9.4 L x Ro. so 

where C is Clark's parameter for the base of the 
time-area curve, 

L is a watershed l ength dimension, 

A is basin area, 

R is a branching factor, 

qp is the peak value of the unitgraph in cfs. 

It was found that C correlated well with the basin 
characteristics but K was not necessarily so depen
dent because of storage that was not in apparent 
agr eement with the catchment dimensions. 

97 . F ekete, P . H., 1954, Development of u nit 
hydrographs under Australian conditions. Jour. 
Inst. Engrs. (Aust ralia) Vol. 25: 234-238. 

This paper first explained the unitgraph 
method, and then investigated t he pas sibilities of its 
use in New South Wales under existing conditions of 
sparce hydrometric data. T he a uthor' s method of ob
taining unitgraphs was essentially that of W. T . 
Collins ( ! 939) . Also, it was a ccept ed t hat the areal 
pattern of th e rain did not need to be uniform. As 
long as the areal pattern of the storm to which the 
unitgraph was applied was similar to the one from 
which it was derived, no further allowance for the 
areal pattern was considered. 

98. Richey, E . P ., 1954, The fundamental 
hydraulics of overland flow. Ph. D. Dissertation, 
Stanford Universit y. 

A general differential equation was derived 
for the surface profile on a smooth pl ane. Solutions 
were obtained by numerical integration for laminar, 
laminar d is rupted by rainfall impact, and turbulent 
flow regimes. The simpl est equation, in which the 
depth was proportional to the cube root of the. dis
tance from the origin, conservatively approx1mated 
the volume of water contained in the overland flow 
profile for all phases of flow. 

99 . Seiichi, Sato, Kikkawa Hideo and Kimura 
Toshimitsu, 1954, On the study of runoff function 
method. Report of the P ublic Works Inst., Con
struction Ministry No. 8 7-2, January (in J apanese) . 

Analyze runoff phenomenon by r unoff funct ion 

q = ate -at, q = specific discharge caused by unit 
rainfall intensity. For duration d T of rainfall 

joo qd t =J

00

at e-atdt = 1· dT 

0 0 

q = 0,2778 a 2 te -at r e dT 

for q in (m3/sec/km2). re = effective rainfall intensity 

(mm/hr) , t is time (hr.) 
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At peak flow ~ is zero, from which 

1 
a = T 

where T is the lag time to the peak flow. 

If rainfall r (mm/ hr) continued for T hours 

J T -at 
q" 0.2778 a 2• f · r · t e dt = 0. 2778 f · r 

t- T 

[e -at 
1 
(at 1+ 1) - e a t (at + 1)] 

where t = tim e s ince beginning of rainfall and t' ; 
t - T [f is a runoff coeff icient r = f · r] . Compar e e 
observed and computed hydrographs to determine f . 
Use q I q near peak for f. 

0 c 

If a segment of the real hydrograph does not 
agree with the computed one, the difference between 
the two can be plotted and an additional term can be 
added to the unit gJ;aph equation to give this segment. 
Then, 

A dditional terms can be added but one additional term 
should be sufficient accordi ng t o authors. 

100. Dooge, J .C. L., 1955, Discussi onof"T he 
employment of unit hydrographs to determine the 
flows of Irish arterial drainage channels, " by J . J . 
O 'Kelly. Proc. Inst. Civil Engrs., Vol. 4, Pt. 3: 
436-442. 

The writer suggested the use of mathe matical 
relations rather than tria l and error in finding the 
equivalent t riangular virtual-inflow graph. He 
showed t hat if any inflow I = f(t) is routed thr ough a 
s torage S = KQ , the outflow from storage is: 

Q. et/k = R Jr· et/K · dt + constant. 



Further, if the inflow were tr iangular, then at the 
point of maximum outflow: 

and 

where QP is peak flow, 

t is time of rise, 
p 

K is the storage constant, 

t 1 is the time of rise of the triangular inflow, 

IP is the peak inflow, 

t 2 is the time of fall of inflow. 

If Qp ' tp , and K are known for a given unit hydro

graph, the values of t 1 and t 2 for the equivalent 

triangular inflow graph are uniquely determined. 
The equation could be written: 

Q . t 
p p 

constant = ....P. 1 - ....P. -t ( t ) T 
T T t 2 

and t 21t1 obtained for which the e quations give identi

cal value s of T . Trial computations indicated that 
for values of t I K less than unity, the assumption 

that t 11t 2 = 1 (i.e. an isosceles triangle) appeared to 

be quite justified. 

101. O ' Kelly, J . J . , 1955, The employment of unit 
hydrographs to determine the nows of Irish arterial 
drainage channels. Proc. Inst. Civil Engrs. , Vol. 4 
365-401. 

The time-area diagram was replaced by an 
isosceles triangle without loss of accuracy and with 
very consi derable saving of labor, gain of flexibility, 
and convenience. The constant, K , for the linear 
storage model was derived from the falling leg of 
the hydrograph; and the time base of the time-area 
triangle, T , was approximated from the following 
table, assuming that the ratio KIT was a function of 
the s lope. 

Slope 

K 

KIT 

Flat 

1.17T 

1. 17 

Medium 

0.741' 

o. 74 

Steep 

0.52T 

0.52 

A basic isosceles triangle was routed through linear 
s torage for KIT ratios from 0. 25 to 2 to yield instan
taneous unit hydrographs for the various ratios. 
Further, a diagram was presented to show the peak 
of the unit hydrograph in terms of the instantaneous 
peak, for unit periods in terms of T , for KI T ratios 
of 0.5, 1. 0, and 2. 0. These synthetic curves could 
be used to determine values of K and T for an 
experimentally derived unit hydrograph. The model 
values of the hydrograph peak, Qp, the storage con-

stant, K , and the bas e of the inflow triangle, T , 
were plotted against the statistical slope, S , of the 
ten catchments examined. 
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102. Snyder, W. M. , 1955, Hydrograph analysis 
by the method of least squares. Proc. A. S. C. E. , 
Vol. 8 1, Paper 793:1-25. 

The hydrographs of ten storms were analyzed 
by a technique based on the method of least squares. 
Computation of the ordinates of each hydrogragh were 
expressed as: 

Y 5 = U A· RO 5 + U B • RO 4 + U C · RO 3 + U D · RO 2 + U E · R01 

where 

Y 5 is the ordinate at the end of 5 periods of 
runoff, 

R01 to R05 are the ~ount~ of runoff during 
success1ve per10ds, 

U A to U E are the first 5 distribution coefficients. 

By iterative solution the distribution coefficients of 
runoff were obtained simultaneously with estimates 
of the runoff volume. 

103. Chow, V. T . , 1956, Hydrologic studies •·' 
Floods in the United States. International Assn .ation 
of Scientific Hydrology Publication 42: 134-170. 

Review of literature of floods : ( 1) Studies of 
flood - magnitude: Extreme- flood formulas (Myers, 
rational, etc.); experience curves (Q vs. A); infiltra
tion a nalysis; rainfall- runoff relationship; hydro
meteorological s tudies (transposed . s torms, radar,). 
(2) Studies on magnitude and timing: Hydrograph 
analysis, flood routing, model routing. ( 3) Magnitude 
and frequency: frequency analysis (log- probability, 
Gumbel, etc.); regional frequency; rainfall-runoff 
relationship using frequency (rational, correlate 
climate and physiography); extension of nood fre
quency. 

Organizations engaging in flood studies: 
Gov't. (federal and state), universities, public 
corporations and t echnical societies. 

Applications: Design of structures, operations 
and forecasting, flood plain zoning, flood insurance, 
and economic analysis of flood projects. 

104. Cuenod, M. , 1956, Contribution a l'etude des 
c rues. Determination de la relation dynamique e ntre 
l es precipitation et le debit des cours d 'eau au moyen 
du calcul a l'aide de suites. La Houille Blanche. 
Vol. 11: 391-404. 

A theoretical determination of the S-curve 
was given and led to the conclusion that the hydro
graph is characterized by: 

q = p·k ( 1 -e- tiTq) 
e 

where q is the rate of direct surface runoff due to a 
continuous rai.nfall, 

p is the rate of precipitation, 

T q is the characteris tic time of the basin, 

Ke is the coefficient of flow. 

This relationship corresponds to that of Zoch (1934). 
The n a series solution was advanced for solving the 
convolution integral of the unit hydrograph and rainfall 
excess. 
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105. Dooge, J . C. I. , 1956, Synthetic unit hydro
graphs based on triangular inflow. M. S. Thesis, Dept. 
of Mechanics a nd Hydraulics, State Univ. of Iowa, 
June. 

The aim of the study was to exami ne the unit 
hydrograph principle, Clark's routing system, and 
O'Kelly's use of triangular inflow from the viewpoint 
of physical hydrology. It was shown that unit hydro
graph properties were maintained under tr anslation, 
multiplication by a constant, and addition or subtrac 
tion of two hydrographs of the same durati on. Linear 
storage was proven to be a sufficient condition for the 
existence of a unit hydrograph. If it is assumed that 
(a) all storage in the cat chment is a linear function of 
inflow and outflow rates, a nd (b) the ratio of the trans
lation to the storage delay time is constant throughout 
the watershed, then a uniform rate of rainfall excess 
pr oduces an outflow hydrograph with the properties of 
a. unit hydrograph: and this hydrograph can be repro
duced by trans l ating all the flow to the outlet point, 
producing a time-ar ea curve, a nd then rout ing the 
flow through a s ingle element of linear storage. Then 
it was shown that the shape of the unit hydrogr aph can 
be reproduced by routing a triangular inflow with a 
time base T through an element of linear storage with 
a delay time K; that for a catchment of s t a ndard size 
and conditions, t he value of T and K is 8 hours; 
that, within wide limits, no adjustment for catchment 
shape is required; that the effect of area and slope 
can be allowed for by a simple power formula; that, 
when appreciabl e storage exists, the values of T and 
K can be adjusted. A quantitative measur e of stor age 
was developed. A practical pr ocedure was also out
lined for deriving a unitgraph of finite duration given 
only the topographical characte ristics of the catch
ment. 

106 . Sugawara, M . and Maruyama, F . 1956, A 
method of prevision of the river discharge by means 
of a rainfall model. Int. Assoc . of Sci. Hyd. 
Symposia Darcy. Publ. 4 2: 71-76. 

Unit hydrographs were developed from a 
mechanism involving a vessel containing and r ecei ving 
fluid and a horizontal capillary outflow. Such a mech
anis m physically reproduced the relationship, 

t 

Y (t) =f x(t-T)K(T)dT 

0 

-). t 
where K(T) = i\ • e 

In other words, the basic unitgraph method was gen
e rated. Total flood hydrographs were also developed 
by combining a number of vessels, a number of in
flows, an d the resulting outflows. It was found that 
actual field results could be simulated, once the 
various coefficients in the model had been determined 
by trial and error. 

107 . Tojiro, Ishihara, Tanaka Yozo and Kanamaru 
Akira, 1956, On characteristics of unit hydrographs 
in Japan. J ourn. of Japan Soc. of Civil Engrs. Vol. 
41, No.3, March 1956 (in J apanese). 

I . Noted that one unit hydrograph is not 
suitable for all storms on basin. Rainfall i ntensity 
and other factors cause variations. 

2. Proposed use of Horton equation for esti
mating p recipitation losses . 

f .. f +(f - f ) e -kt 
c 0 c 
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In practice f cannot be observed but tot al loss is 
estimated by 

F = R -Q 

where R is total rainfall and Q is total direct runoff 

F JTC· dt • c, T+ 'o:'c (l · c·kT 

0 

By plotting curves of constant number of days of no 
precipitation preceding given storm on graph of F 
against storm duration, T , authors estimate f , f 
a nd k . 0 c 

Authors suggest this for estimating storm 
losses in generating data for unit hydrograph study . 

108 . Tos himits u, Kimura, 1956, Stu dy on a method 
of runoff analysis . Pamphlet e dited by Numazu Constr . 
Office, Construction Minist ry (in J apanese). 

Estimate runoff by continuity and storage 
equations : 

Q dt -
r 

Q dt 

where Qr = rainfall input 

Q = outflow including baseflow 

S
0 

= storage at any time 

= initial storage (at time t.) . 1 

Storage components are effective storage (related to 
runoff) and non-effective (related to groundwater 
storage): 

t 

s + s -f e n 

ti 

Let t t 

s n =f Qrdt -f Q dt f = runoff coef. r = const. through-
t. t. out storm 

1 1 

Then 

If storage is assumed to be a single-valued function o f 
discharge and equal values of Q are taken on rising 
and falling limbs o f hydrograph, then 

Qdt 



By assumption Set 

Q dt 
r 

.J'' Qdt J'' Q, dt 

t l t 1 
From continuity 

f Q -Q. r. 1 
1 

St or age fu nction 

se : cf> (Q) . 

Qdt 

bar s indicate ave. 
over time At 

Author not ed that it is necessary to consider a time 
of concentration in the storage equation so that either 
precipiation must be shifted back in t ime or runoff 
shifted ahead in time. Let Q . be shifted to Q 

n ri+-r 
Then, from continuity and storage equations, 

AQ. 
r/l'(Qi) .M l f Q - Q. 

ri+T l 
and hence 

Given rainfall rates for a ll t ime periods and runoff at 
one time period, subsequent runoffs are computed 
from this equation. 

109. Villarcs, A. M., 1956, A method for the 
synthesis of unit hydrographs for small watersheds. 
M.S. Thesi-'>, Univ. of Iowa. 

For watersheds in the Illinois area, having 
areas less than 200 sq. mi. , the unit hydrographs 
were described by an equation of the form 

Q = Q ·C-a(lntiTP)
2 

p 
where "a" i s a constant characterizing t he recession 
limb; Q is the unitgraph peak; T is the time to p p 
peale Further, it was shown that, 

T . Q . e 1l4a 7rl a = 645 
p p 

T h e time to peak can be estimated by , 

= C (sA) tl 3 I s 
TP P 

where S is the slope; A is the area; Cp varies 

fr om 4 to 9 according to the type of drainage net. 
Also, 

Qp = CtiT P 

where C~ is some function of s lope and area. 
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110. Watkins, L. H., 1956, Ra infa ll and run-off. 
Jour. Inst. Munic. Engrs. , Vol. 82, No. 8: 305-316. 

A theoretical run - off curve wa s calculated 
from each rainfall curve, using a time-area diagram 
to relate the area contributi ng to the flow at the outfall 
t o the time after t he commencement of rainfall. The 
time of concentration was taken as the time from t he 
commencement of rainfall to the peak rate of runoff. 
T he method invol ved an incremental determination of 
runoff considering an impermeability factor, the area 
and the mean rainfall contribut ing to that increment . 
The impe r meability factor was none other than the 
total percentage of runoff. This theoretical curve 
was then routed through a linear storage model w:i.th a 
variable storage factor that was empirically deter
mined from the recession limb. If this limb were 
s trictly exponential, the storage fact or wou ld b e 
constant. 

111. Yonezo, Naka yasu, 1956, On the synthetic 
unit graph in Japan. Report of V:uth Technical 
meeting of Construction Ministry (in Japanese) . 

Modification of synt het ic unit graph proposed 
by Horner and Flynt. 

1 
Qmax = 3. 6 A · Rol( 0· 3 '11+ T0.3) 

Rising limb: Qa/ Qmax = (t i T1)
2
.4 

t-T 
1 

Recession: Qd]Qmax = 0.3~ , Qdi Qmax > 0.3 
0. 3 

t - T 
1 

QiQmax = 0· 3 1.5T
0

.
3 

• 0•
32<Qd1Qm 

< 0.3 
t- T 

1 
Qd/Q =0. 3 20T , Qd1Qmax< 0· 3z max . 0 . 3 

where Q = peak discharge (m3 I sec), Qa = dis-max 
char ge on rising limb, Qd = dischar ge on recession 

limb, R
0 

"' unit rainfall intensity (mm) , T 1 = time 

from beginning of unit r ainfall to peak of unit gr aph, 
To 

3 
= time from peak to Q = o. 3Q on recession, . mu 

t = t ime from begi nning of unit rainfalL 

Unit time s hould be 0. 5 - 1.0 tg where t g is 

time from center of unit rainfall t o hydrograph peak. 
Estimating tg: 

t = 0 21 L 
0

• 
7 

L < 1 5 km g . 

= 0.4 + 0.058L L > 15 km 

L = maximum stream length. 

112. Behlke, C. E . , 1957, The mechanics of over
land flow. Ph. D. Dissertation, Stanford University. 

Spatially variable lami nar flow due to the 
effect of rainfall upon a smooth plane was conside r e d . 

The basi c assumptions wer e that : the shear str ess pro 
duced by the plane was the same as that for uniform , 
steady, laminar flow of the same depth; the s lope of 
the plane was small; the m om e ntum and kinetic ener gy 
correction factors were unity; the flow everywhere 
was disturbed laminar; the plane was infinite in the 
downst r eam direction. The equation of m otion was 
s olve d simultaneously with the continuity equation and 
the t otal derivatives for t he depth and velocity of flow. 



The rising limb, transition from the steady to unsteady 
t1ow recession, and the recession hydrograph were 
developed analytically by the method of characteristics. 
A 30 ft. overland flow laboratory model was used to 
nbtain experimental results. The l abora,tory work 
revealed that for short planes and rainfall intensities 
up to four i nches per hour, the shear stress assump
tion appeared valid. For longer lengths, a correction 
term was required. Also, small rainfall intensities 
on s mall slopes showed end condition to materially 
affect the upper e nd of the rising limb of the hydro 
gr aph, but to have no effect on the falling limb. 

113. Butler, S. S., 1957, "Engineering hydrology. " 
Prentice - Hall, Inc . New Jersey. 

Good general coverage was given to the unit 
hydrograph method, the distribution graph and the s
hydrograph. The synthetic unit hydrographs of Snyder 
( 1938) and T aylor a nd Schwar7. (1952) were presented 
with sample calculations. The hydraulics of laminar 
overland flow was discussed with reference to the 
work of Izzard ( 1 046). 

114. Dooge, J.C.l. , 1957, Discussionof "Theform 
1>f the inst antaneous unit hydrograph" by J. E . Nash. 
Int. Assoc. Sci. Hydrology General Assembly of 
Toronto P ubl. 45: 120. 

It wati suggested that the assumption of a 
hydrograph produced by successive equal storages was 
not ~lttractive from a physical viewpoint. Rathe r, th e 
writer pr~fcrred thl• a::Hlumption of :l. triangular inflow 
routed through a linear storage, c laiming it to be 
more reasonable , satisfactory empirically. and 
mathematically more convenient. 

115. Mockus, V., 1957, Use of storm and water
s hed characteristics in synthetic hydrograph analysis 
:md application. Paper presented at o.nnual meeting 
of A . G. U., Sacramento, California, F ebruary. 

A peak-rate equation was developed from the 
basis of a triangulat· hydrograph. It was, 

q = 484 A Q 
p Q + L 

2 

where qp is tho:: peak discharge rate in cfs, 

A is the drainage area in square miles, 

Q is the volume of runoff in inches, 

D is the duration of excess rainfall in hours, 

L i:> the time lag, defined as the time from 
the centroid of excess rain to the runoff 
pe>ak, 

and it can be estimated by L = 0. 6T , where T is c c 
time of concentration. A dimensionless hydrograph 

\\3.S also developed in terms of .9.. vs r , where T 
qp p p 

is time to peak. Tt·iangular hydrographs from sub
watersheds were .;uggested for complex hydrographs . 

T his paper layed the foundation for the S. C . S. 
method. 

116. Nash, .J. E ., 1957, The form of the instan
taneous unit hydrograph. Int. Assoc. Sci. Hydrology 
General Assembly of T oronto. Publ. 4 5 : 114- 11 9. 

An equation for the mstantaneous u nit hydro
graph was developed from the assumption that any 
catchment could be replaced by a series of n reser
voi r,; , each havi ng the s torage characteristic s = kQ , 

with the outflow from one reservoir becoming the in
flow to the next. The s torage coefficie nts were all 
assumed to be equal . The outflow from the nth reser
voir, for a unit infl ow, was given by: 

U = krtn) e - t /k (t/k)n-1 

The parameters, n and k , were evaluated by the 
method of moments . The first moment of the instan
taneous unitgraph about the origin was equal to the 
difference bet wee n the first moments of the runoff 
hydrograph and the rainfall hydrograph; t he second 
moment about the centroid was equal to the difference 
in the 2nd m oments of the two curves about their 
respective centroids. The main difficulty with using 
the method of moments as a fitting procedure was 
that it gave most s i gnificance to the extremities of 
the distribution and the best fit was more in error 
near the peak tha n at the extremities. 

117. U . S. Dept. of Agriculture, 1957, Hydrology 
guide for use in watershed planning. Soil Conserva
tion Service, Nat. Engr. Handbook, Sec. 4, Hydrology 
Suppl. A. , December. 

This was essentially a reit eration of the paper 
by Mockus ( 195 7) . The triangular hydrograph approach 
was compared with the dimensionless hydrograph, ::~.nd 
the latter in terms with the Commons hydrograph. 
Since the times to peak wer e matched, all methods 
compared very favorably . The triangular· hydrogruplls 
from subwatersheds were also used to obtain com 
posite hydrographs . 

118. Kinji, Shinohara and Ueda Toshihiko, 1958, 
Runoff analysis in upstream basin of the Chikugo 

River. Report of Res. Inst. of Applied Dynamics , 
Kyushu Univ. No. 12 (in J apanese) . 

Examines relations given by Dr. Sato ( 1954) 
and others. 

For short rainfall duration dT with unHorm 
rate r (mm/hr.) 

q = 0. 2 77 8 f · r a l t e-at dT 

F or longer pe riod T 

q = 0. 2778 f . r [ e -at' (at ' +1) -e -a t (at+ 1)] 

t 1 = t - T 

Latter should be used to obtain expression of rtlation 
between a and lag time T 

~ = 0 
dt t • T 

using second equation 

T = 

If T hour 

TeaT 

eaT -1 

peak flow 

Authors indicate peak rainfall r is related to lag 
time T . P 

5G 



119. Linsley, R.K. , Jr.,· Kohler, M.A. , and 
Paulhus, J . L. H., 1958, "Hydrology for Engineers". 
McGraw-Hill Book Company, Inc., Ne w York, U. S. A . 
340 pp. 

Hydrographs of runoff were considered from 
the viewpoint of the unit hydrograph concept, deriva
tion of the unit hydrograph from simple and complex 
s torms. unit hydrographs for various duration, and 
synthetic unit hydrographs. W. M. Snyder's method 
of least squares and F . F. Snyder's, Taylor and 
Schwarz 's , Linsley ' s , Common's, and Edson's 
synthetic and dimensionless approaches were noted 
and briefly considered. 

120. 
rainfall. 

Nash, J . E., 1958, Determining run- off from 
Proc. Inst. Civ. Engrs., Vol. 10:163-184. 

An excellent review was prepared for basin 
r esponse models . The concept of "the linear opera
tion" approach to unit hydrograph theory was particu
larly well outlined, and the instantaneous unit hydro
graph was well described. It was shown that the 
rational method is identical with the unit hydrograph 
method provided an instantaneous unit hydrograph of 
constant ordinate over a period T c is assumed. 

Further, the time-area meth:>ds all assume that the 
derivative of the time-area concentration curve with 
respect to time furnishes the i ns tantaneous unit hydro
graph. More precisely, the ordinate at time t of 
the instantaneous unit hydrograph is equal to t he deri
vative of the S-curve with respect to time at time t. 

121. Tojiro, Ishihara and Takase Nobutada, 1958, 
Flood analysis of Yura River by runoff function, 
Trans. Japan Soc. of Civil Engineers. No. 57 (in 
Japanese) . 

Authors adopted runoff function of Pearson 
type, but modified to single exponential after second
ary point of inflection. 

n -a t q = a 1 t e q = specific discharge 

co J qdt.:: 

0 

co J a
1 
tn e-at dt = 1 dr , 

0 

by continuity, for unit effective rainfall for dT hours. 
Eliminating a 1 gives 

0. 2778 a n+ 1 
tn e - at d T 

q = r (n+1) 

q in (m3 /sec/kma), rainfall(unity) in (mm/hr) and t 

in hr: Time to peak is t = ..!!.., so m a 

0.2778a n+ 1 
q : dT 

m r(n+1)ent 
m 

For uniform rainfall for T 
0 

hours 

0.2778an+l 
q = r(n+1) 

To f (t - 'T)e - a (t- T)dT 

0 

An approximation to this equation is 
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0.2778an+l t 
q= r(n+1) tne-a 'To 

This gives a curve shifted in time T 
0 

/2 behind 

integral and with this phase shift correction is used 
as approximation of integral. Setting d'T • T 0 in 

eq. {4} and letting qm = Qm/ A, n is determined. 

Authors use q = q
0 

e-At after secondar y inflection 

122. Barnes, B . S. , 1.q5 9, Consistency in unitgraphs. 
Proc. A. S. C. E . , Vol. 85 HY8: 39- 61. 

This paper undertook a re-appraisal of the 
common assumptions of the unit hydrograph, and pre 
sented detailed s t eps to be followed to derive unit
graphs from compound hydrographs. The flood hydro
graphs were separated and smoothed by the use of 
logarithmic plottings. The ordinates of the hydro
graph for unit intervals were expressed in terms of 
the unitgraph ord!inates as, 

where the R - values are coefficients to be estimated. 
Snyder (1955) had solved this set of equations by least 
squares; Barnes solved it by "progressive addition." 
Trial values of R were firs t set up, having their s um 
equivalent to the volume of the compount event. Then 
the U-values were determined one by one, and plotted, 
the R- values being adjusted in order to maintain a 
sm ooth unitgraph. 

123. Dooge, J. C . I., 1959, A general theory of the 
unit hydrograph. Jour. Geoph. Res. Vol. 64, No. 2: 
241 - 256. 

The concept of linear channels and linear 
r eservoirs was introduced, such that the translation 
effects were due solely to linear channels and the 
storage effects solely to linear reservoirs. The 
model was obtained as a result of adding the partial 
curves obtained by routing a time- area diagram for 
the upper reach of the basin through N reservoirs, 
plus the area diagram for the next reach rout ed 
through (N-1} reservoirs and so on. Originally, the 
reservoirs were not identical and the reaches between 
them were not of equal length. A general solution to 
the model was presented for identical reservoirs, 
equally spaced: 

t /k 

ut = ~ J P(m, n-1} w(T') dm 

0 

where T is the maximum translation time, 

t is the time e lapsed from the occurrence 
of the instantaneous unit rainfall excess, 

P(m, n-1) is the Poisson distribution function, 

m8=(t-T}/K 

T is a variable translation time, 

K is the delay time due to linear r eservoirs, 
i.e. storage coefficient, 

n{'T) is the number of linear reservoirs down
stream of T , 

i 

I • 
l 
t 



w(T ' ) is the ordinate of the dim ensionless t ime 
area curve at time T . 

124. Hickok, R. B., Keppel, R. V. , Rafferty, B . R., 
1959, Hydrograph synth esis for small arid-land 
'.vatersheds . Agricult ural Engineering Vol. 40:608-611. 

This paper presented a method of hydrograph 
~;ynthesis developed especially for small arid land 
watersheds . It i nvol ved (a) estimation of a character
istic lag time from readily determined watershed 
parameters, (b) use of t he lag t i me to predict the 
hydrograph peak for an assumed total volume of runoff, 
(c) synthesizing the entire hydrograph u s ing the lag 
time, estimated peak, nnd s t andar d dimensionless 
llydrograph. The met hod was based on 14 wat ershe ds 
nmging in size from 11 to 790 acres . 

T he lag time was defined as the time from the 
cet'lH:r of mass of intense rainfall to the resulting peak 
uf the hydrograph. For reasonably homogeneous 
semi - arid t•ang<:land water sheds up to about 1000 acres 
in at·ea, 

T - K 1-- A'-'--0-. 3_ ] 0. 61 

L - I Lsa -.JOD' 

where T L is lag time, 

A is area, 

Sa is aver age landslope, 

DD is draino.ge density, or length of channel 
pe t· unit area. 

F or watersheds diffpring widely in physiographic 
ciHJ.r~.ctl,rist ics in som e major portion of the area 
from th t: rt-st of the watershed, 

. sa :;a 
[
l} L + W r ] 0.65 

T L ~ 1'2 S:;a DJJ 

wh~·rt: L sa is l~·ngtli from outl<'t to center ofgravity, 

Then, 

W s:.~. is av('rag(· width, 

s sa is av~'ragc lands lope. 

q K3 
....:E.~ 
V TL 

where qp is pc~ak r ate of runoff, 

V is total runoff volume, 

T L is lag time as above. 

A generalized dimensionless hydrogr aph a nd mass 

curv~ were deve loped in terms of _q_ and TT 
qp L 

approximations wer e made which were based on the 
exact solution. A general, semigraphical method 
was given for the computation of steady s t ate pr ofile 
curves for all types of flow. The unsteady problem 
was considered under subcriti cal and supercritical 
flow headings. 

126. Morris, W. V., 1959, Conversion of storm 
rainfall to runoff. National Research Council, First 
Canadian Hydrology Sym posium, Ottawa, November. 

The direct method of deriving a unitgraph, 
Clark ' s method, and Snyder's method were described 
in detail and applied. 

127. Nash, J. E . , 1959, Systematic determination 
of unit hydrograph parameters . Jour. Geoph. Res., 
Vol. 64, No. 1: 111-115. 

The number of degrees of freedom which are 
useful to maintain in t he form of the instantaneous 
unit hydrograph wer e shown to be limited by the num 
ber of significant independent correlations with the 
catchment characteristics. The moments of t he IUH 
were suggested as a series of parameters of the 
response for whicih correlations could be sought. A 
simple method of obtaining these moments was ' 
solved, Nash ( 1958), and a method of choosing between 
several two-parameter forms was demonstrated. 

128 . U. S. Army Corps of Engineers, 1959, F lood 
hydrograph analyses and computations . Engineering 
and Design Manual, EM 1110-2-1405, U.S. Govt. 
Print ing Office, August. 

The m ethodology of separating storm hydro
graphs , preparing unitgraphs, and deriving Snyder's 
synthetic unitgr aph was clearly presented. 

1 2~l . Wislrr, C. 0., and Brater, E . F., 1959, 
Hydrology . 2na edition. John Wiley and Sons, Inc ., 
New York, U.S. A . 408 pp. 

The unit hydrograph approach was outlined 
and the equation presented by Horton ( 1938) for the 
rising limb of hydrographs from small plots was 
noted. The infiltration work of Horton, and concepts 
of surface detention and storage were given consid
erable attention. 

1 30. Befani, A . N., 1960, Principles of the theory 
of processes of surface and underground runoff. 
International Association of Scientific Hydrology 
Publication 51 : 594-596. 

Runoff equations : (1) Surface runoff (creation 
phase). 

( ) nil h -
n + 1 Cy ax + at - ht 

( 2) Surface runoff (depletion phase), 

( ) n ..£:i. .EL 
n+ 1 Cy ax + at = -K tw 

125. Liggett, J . A., 1959, Unsteady open channel , 
flow with lat er al inflow. Ph. 1). Dissertation, Stanford · ( 3) Elementary streamflow runoff, 
University. 

A partly approximate, partly exact solution 
was e vol ved for unsteady flow with lateral inflow in 
the ideal case of a long, wide channel of constant 
slope. The proper t ies of hyperbolic partial differ en
tial equations and the theory of characteris tics were 
used to reduce the equations to ordinary differentia l 
equation i n a portion of t he problem. In other zones, 

6 1 

(4) F l ood runoff along river systems, 



(5) Underground runoff from aquifer, 

y = depth of surface streamlet related to whole width 
of slope, H = depth of groundwater stream, w = section 
area, Q = point discharge at time t , J = slope angle of 
underlying surface, n = roughness exponent, ht = rate 

water creation (rainfall-losses), Ktw = rate of infil

tration during depletion related to whole area of slope, 
Qf and Q~t = discharge of local inflow per unit of 

length of streamflow considered, 6 • water delivery 
of nth aquifer in parts of unity, k = filtration coeffi
cient of aquifer, Kn and Kn+l = rates of infiltration 
into aquifer and underlying strata. 

Eq: ( 1) is integrated in general, ht being an 
arbitrary function of time. 

Eq. (2) is integrated for special cases, depending 
on effects of water table on infiltration. 

Eq. (4) can be solved but is complex so simpler 
systems are solved and adjusted to give approximate 
solutions. 

Eq. (5) is similarly treated. 

(Note : solutions are not shown or described in detaiil 

131. Chen, . M. C., 1960, Effect of watershed 
characteristics on peak rates of runoff in ·eastern 
Colorado. M.S. Thesis, C. S. U. 

A study of watershed characteristics in an 
area in eastern Colorado was made in order to develop 
a method for determining the representativeness of 
a watershed, and to provide a method for estimating 
peak rates of runoff from ungaged watersheds. A 
relationship of watershed characteristics which was 
derived by coaxial correlation was expressed as, 

where Sc is an estimate of s0.9L; s0•9L is a slope 

defined by dividing the elevation difference between 
the site and the point 0. 9 the length of the water course 
by the distance between these two points; A is area; 
!: L is the total channel length within the basin; I is 
a soil index reflecting infiltration capacity; LL is a 
location parameter, expressed as the differer!Ce in 
degrees between the mean longitudE:: and mean latitude 
at the centroid; P 10 is a 24 hr. rainfall i n inches 

having a ten year recurrence interval near the cen
troid. If the estimated Sc and the measures s0. 9L 

were within 25%, the watershed was accepted as 
representative. Then Sc was correlated with Q10. 

132. Jacquet, J . , 1960, Application de la methode 
de 11hydrogramme unitaire a quelques cours d 1eau 
francais. La Houille Blanche, Vol. 15, No. B: 857-
871. 

The paper examined hydrological probems 
likely to be studied by the unitgraph method, in con
nection with the analysis and reconstitution of flows 
result ing from a rainfall. Results were presented 
regarding studies on French streams. The advan
tages and limitations of the method were discussed. 
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133. Linsley, R. K. and Crawford, N.H., 1960, 
Computation of a synthetic streamflow record on a 
digital computer. Int. Assoc. Sci. Hydrology General 
Assembly of Helsinki, Publ. 51: 526-538. 

Using daily precipitation and potential evapo
transpiration as input data, a water-balance account
ing procedure was derived for computing mean daily 
streamflow on a digital computer. Infiltrationcapacity 
and percolation to groundwater were varied as func
tions of soil moisture deficiency. Computed incre
ments of direct runoff were distributed in time by use 
of distribution percentages, and groundwater flow in 
the stream was assumed to be a function of total 
groundwater accumulation. The procedure gave an 
estimate of total runoff for the ten years of compl ete 
record which was six percent too high. Verification 
of peak flows during flood periods was relatively poor. 
However, the procedure appeared particularly applic
able where a definite rainy season existed or where a 
basin had a relatively uniform distribution of rainfall 
throughout the year. 

134. Minshall, N. E. , 1960, Predicting storm 
runoff on small experimental watersheds. Proc. 
A. S.C. E., Vol. 86, HY8: 17-38. 

Using the two unitgraph parameters, peak rate 
and time to peak, the author revealed that both parame
ters were dependent on rainfall intensity and storm 
pattern. A method was presented for constructing 
synthetic unit hydrographs for small drainage areas 
from 20 acres up to 500 acres involving empirical 
relationships for the percentage of the peak rate at 
times before and after the peak in terms of the rainfall 
intensity and drainage area. Computed hydrographs 
showed close agreement with the observed record if 
the unitgraphs were based on storms having similar 
time and areal distributions. However, storms of 
different characteristics yielded different unitgraphs. 

135, Nash, J . E ., 1960, A note on an investigation 
into two aspects of the relation between rainfall and 
storm runoff. Int. Assoc. Sci. Hydrology General 
Assembly of Helsinki, Publ. 51: 567-578. 

The moments of the instantaneous unit hydro
graph were correlated with the topographical char
acteristics of the catchment for some English basins. 

\= 20 7 Ao. 3 s-o. 3 d = 1 o - o. 2 s-o. t m 1 • an m 2 • m
1 

where m 1 · is the first moment about the origin, 

m 2 is the ratio of the second moment about 
the centroid to m\ , 

A is the drainage area, sq. mi., 

S is a measure of overland slope, 

A general equation for the unit hydrograph was de
veloped as, 

1 [ t-T ] u(T , t) = T I(n, t/K)- I (n,K"""""') 

where I(n, t/K) is the value of the incomplete gamma 
function of order n at t/ K, 

T is duration of effective rainfall. 

136. Nash, J . E., 1960, A unit hydrograph study, 
with particular reference to British catchment s . . Proc. 
Inst. Civ. Engrs. Vol. 17: 249-282. 

' ~· 
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T he moments of the instantaneous unit hydro
graph were correlated with topographical character
istics for a large number of British catchments, and 
a general equation for the instantaneous unit hydro
graph was chosen. The use of the correlation to pre
dict the hydrograph for catchments where sufficient 
data is not available vas explained with examples. 

A condensation of this article was presented 
by Nash ( 1960), at the Helsinki General Assembly of 
the International Society of Scientific Hydrology. 

137. O 'Donnell, T . , 1960, Instantaneous unit 
hydrograph derivation by harmonic analysis. Int. 
Assoc. Sci. Hydrology, General Assembly of Helsinki, 
Publ. 51: 546- 557. 

The effective rainfall hydrograph, the instan
taneous unit hydrograph and the surface- runoff hydro
graph we.re each represented by the sum of a harmonic 
series, each series having the same fundamental time 
period equal to or greater than the t ime of storm 
runoff. Relating the coefficients of the nth harmonics 
of the three series by simple equati ons, the harmonic 
coefficients of the instantaneous unit hydrograph could 
be derived from the harmonic coefficients of a curve 
of excess rainfall and the resultant runoff hydrograph. 

The approach is somewhat equivalent to the 
least squares method of Snyder ( 1955), in that coef
ficients are determined for each interval. 

138. Reich, B . M, ( 1960) Annotated bibliography 
and comments on the estimation of flood peaks from 
small watersheds. Colorado State University Techni
cal Paper CER60BMR5Z. 

Publications were reviewed with regard to 
the estimation of peak runoff from small watersheds, 
defined as those with areas from 200 acres to 3 
square miles. The most usefuliestimationmethods'were 
discussed with emphasis on design methods, and in 
particular, the procedure of the U.S. D. A . Soil 
Conservation Service. Areas requiring future re
s earch were noted. 

139. Remenieras, G., 1960, Determination de 
l'hydrogramme consecutif a une averse donnee par la 
methode de l 'hydrogramme unitaire. La Houille 
Blanche, Vol. 15, No. 8: 844-846. 

The paper described the principle of the unit 
hydrograph method, and defined its range ofappli
cation . 

140. Riggs, H. C., 1960, Discussion of 'Application 
of multiple regression in ... water yields of river 
basins,"by Sharp, A. L. , et al (JGR April 1960) 
Journal of Geophysical Research 65:10, 35Q9- 351 1 
(Oct. 1960) 

Multiple regression is a useful tool if the 
required assumptions can be met. The distir ·ons 
between regression and correlation must be ..:cognized 
because similarity of computations causes belief that 
they do not differ much. 

Linear correlation assumes data are drawn 
from a bivariate or multivariate normal distribution 
and observed values are not arbitrarily selected. 

Regression does not require that variables be 
normally distributed, but that dependent variable 
deviations from regression line be normally distri
buted with same variance for each value of independent 
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variable. Independent variables are assumed to be 
measured without error. When one or more inde
pendent variables are not randomly distributed, the 
correlation coefficient may not gi"e a valid measure 
of relation between variables. 

In application of regression method no two 
variables s hould describe the same thing and no 
variable or part thereof should occur on both sides of 
the equation. Sharp, et included two precipitation 
indices in one equation and used base now, which is 
part of total annual flow, as an independent variable. 
Inclusion of correl ated variables does not invalidate 
the method, but limits sensitivity in assigning sig
nificance to individual variables. 

141. Rodier, J . , 1960, Quelques examples 
d ' application de la methode de l'hydrogramme unitarie 
a des bassins versants experimentaux d 'Outre - mer. 
La Houille Blanche, Vol. 15, No. B: 847-856. 

The unitgraph method was illustrated anum
ber of times, with discussion given to a number of the 
practical difficulties which ari se in its application; 
such as the heterogeneous nature of precipitation, com
plex precipitation intensity diagrams, lack of homo
genity of soil and geographical condition. 

142. Sharp, A. L. , Gibbs, A. E ., Owen, W. J . • and 
Harris, B . , 1960, Application of the multiple regres
sion approach in evaluating parameters affecting water 
yields of river basins. Journal of Geophysical Re
search 65:4, 1273-1286 (April) 

Hydrologic data, especially that affecting 
water yield, may not fit the premises upon which 
multiple regression method is based: ( 1) No errors 
in the independent variables. only the dependent 
variable; (Z) Variance of dependent variable does 
not change with changing levels of independent varia
bles; and ( 3) Observed values of the dependent variable 
are uncorrelated random events. 

Hydrologic data also may not fit assumption 
implicit in tests of significance of multiple correla
tion and regression coefficients that the dependent 
variable is distributed normally about the regressioo 
line for fixed levels of the independent variables. 

Conclusions: (1) Although multiple regres 
sion gives line of best fit and best estimating equation 
for hydrologic data, it is not safe to place much 
reliance on the estimates, especially away from the 
mean, despit e very high correlation coefficients. 
{2) Other, more modern techniques need to be investi
gated. 

Annual streamflow was dependent variable, 
X 1. Independent variabl es included annual precipi-

tation, X2; ave. December and January (essentially 

base) flow, x3; a numerical progression, x4, to 

account changes in soil, land use, etc., with time. 
X4 was not significant and other variables were tried 
to include effects of such changes, but none was con
sistently significant. 

143. Tholin, A. L. and Keifer, C. J., 1960, 
Hydrology of urban runoff. Trans. A. S. C . E . Vol. 
125, 1308-1355. 

The "Chicago Hydrograph Method" was pre
sented, encompassing rainfall-runoff relationships 
in urban areas based on a design storm of three hours 
duration, and evaluating in detail the rainfall 



abstractions and now detentions intervening between 
the hyetograph of rainfall and the hydrographs of 
sewer supply and o~tflow. The procedural steps in
VC!>lved the development of a 3 hour design rainfall 
hyetograph; consideration of an infiltration curve and 
depression storage in order to obtain overland flow 
supply curves; the detention of overland now, and the 
routing of it over the surface, down gutters, and 
through both lateral and main sewers; and tbe attenu
ation of rainfall with distance from the storm center. 

This methodology has been termed an example 
of the "microscopic approach" to urban storm drain
age design. 

144. Amorocho, J . , 1961 , Discussion on ''Pre
dict~ storm runoff on small experimental water
sheds ' by N. E. Minshall. Pro c. A. S. C . E . Vol. 8 7, 
HY2: 187-189. 

Nash' s parameters, n and c , wer e correlated 
with the uniform intensity of excess rainfall. 

1 
C =a = z,..6z6 I2X - X1 + 0.17 Ix1 
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n = z,- 6 z 6 z
1 

I 2 (X -X 1) + 1.17 

where I is the uniform intensity for excess rainfall, 

6 , 6 1 , X, X 1 • are obtained from, 

q = 6 IX 
max 

andt • 6 I-x1 
p 1 

qmax is the peak of the instantaneous unit 
hydrograph, 

t is the time to peak. 
p 

145. Amorocho, J. and Orlob, G. T., 1961, An 
evaluation of the inflow- runoff relationship in hydro
logic studies. University of California, Sanitary 
Eng. Res. Lab. , Water Res. Center Contrib. No. 41 , 
October. 

A model of a hydrologic unit was developed 
on the basis of a qualitative knowledge of its funda
mental functional elements, and its structure was 
compared with that of a typical regression equation. 
The conditions for minimum error in the estimates of 
the outflow of catchments were examined and invol
ved app].ying the relationships whe n {a) the observa
tional periods could be chosen such that as many of 
the vari ables as possible appr oached the average 
values for each set of observations, and (b) the aver
age values became independent of the magnitude of the 
other variables. In other words, the variance and co
variance of terms in the model should approach zero. 

146. Amorocho, J . and Orlob, G. T ., 1961, Non
linear analysis of hydrologic systems. Water Re
sources Center Contribution No. 40, University of 
California, Berkeley, November 1961, 147 pp. 

Laboratory model studies indicat ed marked 
non- linearity in response of watershed to precipitation. 
Impulses, square-wave pulses and sequences of squar e
wave pulses were used in the experimental study. 

Functional series solutions are presented as 
a means of working with nonlinear systems. Although 
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hydrologic conditions are not time- invariant and 
cannot generally be considered lumped-parameter 
systems, there are cases where a watershed approxi
mately meets these requirements for functional series 
analysis. These techniques are complex and have not 
been applied to any real problems. Results from 
lumped- parameter systems are not valid where input 
is spatially variable. 

For systems of simple configuration, arbi
trary curve-fitting techniques using functions with 
the general shape of known responses give good 
approximations. 40 references. 

147. Bender. D. L. and Roberson, J . A. , 1961, The 
use of a dimensionless unit hydrograph to derive unit 
hydrographs for some Pacific northwest basins. 
Jour. Geoph. Res. , Vol. 66, No. 2: 521 - 5Z7. 

A total of nineteen six hour unitgraphs were 
used in order to obtain an average dimensionless unit 
hydrograph. The correct form of this dimensionless 
unitgraph to be used for synthesis was determined 
by the time base of a typical flood hydrograph and the 
duration of excess rainfall as given by the ~ index 
method. The time base fixed one dimension, and the 
duration controlled the volume. Using these criteria, 
a synthetic unitgraph was selected and a flood hydro
graph developed. If the hydrograph synthesized 
agreed well' with the actual one, the synthetic unit
graph was assumed to be true, if thel·e was poor 
agreement, other time bases were tried until satis
factory correspondence was reached. The trial and 
error methodology was adapted to a digital computer 
program. 

148. Gray, D. M., 1961, Interrelationships of 
watershed character istics. Jour. Geoph. Res. Vol. 
66, No. 4: 1Z15- 12Z3. 

An analysis was performed on several topo
graphic characteristics of a number of small water
sheds of different vegetative, soil, lithological, 
physiographic and climatic conditions. The results of 
the study indicate that the application of dimensional 
analysis to assist in developing relationships us eful 
for hydrographic synthesis is not feasible unless 
very careful consideration is given to the selection of 
independent wate rshed parameters. It was found 
that the length of the main stream, L , a r ea A , and 
length to the center of area, Lea , are highly corre-

lated. The general geometric shape of the small 
watersheds fell between ovoid and pear shape. The 
slope of the main stream could be inversely related 
to the parameter s L , Lea , A, as a simple power 

equation if consideration were given to regional in
fluence . 

149. Gray, D. M., 1961, Synthetic unit hydro
graphs for small watersheds . P roc. A. S. C. E., 
Vol. 87, HY4: 33- 54. 

The two-parameter gamma distribution equiva
lent to the expressions developed by Edson ( 1951) and 
Nash {1958} , was used satisfactorily to fit dimension
l ess unit hydrographs. 

q -1 

~ = Z5.0 (y')q (e -'V't/PR) (-t- ) 
PR r(~ PR 

where ~ is the o/o of now /0. 25 PR at any given 
PR 

t/PR value, 

t 
~ 

i 

,. 
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P R is the period of rise, from the beginning of 
surface runoff to the peak discharge, 

y 1 is a dimensionless parameter e qual to the 
product y PR , 

q is a shape parameter, 

y is a scale parameter, 

r denotes the gamma function, 

e is the base of natural logarithms. 

The time of rise, PR , was found to be a significant 

parameter. The storage factor, K or PR /y 1, was 

significantly g2.frelated with the watershed charac
teristic LhJ Sc, whe re L is the length of the stream 

and Sc i s the channel slope. The relationships for 

three areas were approximately of the form, 

p ( ) 1/2 +=e-L-
Y -vs: 

c 

and had a hydraulic basis. Then the parameter y 1 

was purely empirically related to the time of rise 
PR. As a result, it was found that for uniformly -

distributed, short-duration, high-intensity storms over 
small watershed areas , the unit hydrogr aphs could be 
derived from the watershed characteristic, Ll-v-s'c . 

150. Keifer, C. J. , 1961 , Analysis of the urban run
off hydrograph. A. S. C . E . Hydraulic Div. Conference, 
Univ. of Illinois, August. 

This paper was a supplement the Chicago 
Hydrograph Method of sewer design. The original 
methodology was simplified to some extent to reduce 
the number of constants involved in the mathematical 
formulas . The approach involved a consideration of 
how the changing of the constants in each of the 
formulo.s affected the final hydrographs. Computer 
trials revealed that the impervious area hydrographs 
were not greatly affected by variation of a ny of the 
variable constants except those for rainfall. On the 
pervious areas , the constant s having the greatest 
effect were those for ro.infall. infilt ration, depr ession 
storage, and overlo.nd flow. 

151. Kleen, M. H. and Andrews, R. G ., 1961, 
Central technical unit method of hydrograph develop
ment. A . S. A. E. Winter Meeting, Chicago, Dec. 

The dimensionless distribution graph approach 
of the S. C. S. was presented. It involved a system of 
composite dimensionless hydrographs for each of a 
number of rainfall distribution graphs. The working 
relationships between these families of curves and 
the unit hydrograph are, 

T = t.D + 0.6Tc p 2 
484 A 

t.D + 0 6 T 
2 • c 

where T p is the time to peak; t.D is the unit duration, 

and was set equal to T p/4; T c is the time of concen

trat ion, A is the area. Ten ratios of T /T wer e 
0 p 

found to be minimal for producing accur ate hydrographs, 

where T
0 

is the duration of excess rain. A stan

dard computation was presented. 

152. Oakes, C . K., 1961, Hydraulic computations 
for limited information. Proc. A. S. C . E . Vol. 87, 
HY1: 85 - 94. 

The wri.ter described methods, together 
with sample results, which he recommended for use 
in certain types of hydrologic and hydraulic compu
tations. Included were the rational formula, the unit 
hydrograph, synthetic hydrographs, log plots of 
discharge, weir formulas , and low flow considerations. 

153. Rainbird, A. F ., 1961, Rainfall- river stage 
relationships for Kempsey. Macleay Valley Flood 
Forecasting Assignment, Commonwealth of Australia, 
Bureau of Meteorology, Working Paper 59/2856 
Melbourne . 

Graphical correl ations were developed between 
catchment rainfall, moisture, status of catchment, 
season, rainfall duration, and resultant peak flood 
height of the MacLeay River at Kempsey. The rela
tionship developed gave forecasts with reasonable 
accuracy of the "class of flood" to be expected. A 
skewness factor for rainfall was introduced as, 

buy yielded a negative result. A modified factor, 

also gave a negative result. 

154. Watson, B. , 1961, Flood routing. Macleay 
Valley Flood Forecasting Assignment, Commonwealth 
of Australia, Bureau of Meteorology, Working Paper 
60/2891 , Melbourne. 

A routing procedure which contained an 
allowance for local inflow was developed for provi ding 
forecast information for small floods and for the rising 
limb of the hydrograph, cases to which t he unitgraph 
procedure is not generally applicable. A c r est- s t age 
relationship also provided a u!:leful check on forecasts 
for the peak s tages obtained by the unitgraph approach. 

155. Watson, B. , and Body, D. N. , 1961, Unit
graph derivation and determination of rainfall losses. 
Macleay Valley Flood Forecasting Assignment, Com
monwealth of Australia, Bureau of Meteorology, 
Working Paper 59/2858, Melbourne. 

Unit hydrographs were determined for thir
teen floods, and an average one established. It was 
then observed that peak discharge could be predi cted 
with a standard error of estimate of 18"/o, and the time 
to peak within ± 3 hrs., if the excess rainfall could be 
satisfactorily determined. 

A simple linear relationship was established 
between the antecedent moisture condition of the 
catchment and the losses which occurred during a 
storm. Methods available for assessing the ante
cedent moisture condition were also assessed. 

t 56. Ayers, H. D. , 1962, A survey of watersh ed 
yie ld. Univ. of New South Wales Water Research 

65 



Lab., Report 63, March. 

The survey presented a review of the prin
ciples governing the generation of streamflow, and a 
discussion of experiments and investigations concern
ing the interrelationships of the significant factors in 
the hydrologic cycle. Only brief mention was made 
of the common methods of analysis and interpretation 
of the results of streamflow measurements. Pertain
ing to watershed response, one section was devoted to 
yield from storm rainfall. It was concluded that suc
cess in making estimates of storm yield depended 
upon accurate information of the time variation of 
rainfall intensity and infiltration capacity on a catch
ment scale. 

157. Body, D. N., 1962, Significance of peak run
off intensity in the application of the unitgraph method 
to flood estimation. Jour. Inst. Engrs., Australia, 
25-31. 

The theoretical background of su.rface runoff 
was discussed, and it was concluded that it was nor
mal for a watershed to exhibit a trend in the unit 
graph peaks derived from storms producing varying 
peak intensities o! runoff. The value of the trend de
pended upon the storage characteristics of the catch
ment. Catchments with little storage available would 
be expected to show a trend for the peak to increase, 
while those with ample storage would produce lower 
peaks, with increasing peak runoff intensities. Most 
catchments were expected to exhibit the former trend, 
and the neglecting of this effect would lead to under
estimation of the extreme flow. 

158. Body, D. N. , and Watson, B., 1962, The 
application of hydrological techniques to flood fore
casting for the Lower Macleay Valley. Macleay Val
ley Flood Forecasting Assignment, Commonwealth 
of Australia, Bureau of Meteorology, Melbourne, 
April. 

Techniques studied and developed in previous 
parts of the assignment were modified and applied. 
The effect of areal distribution of rainfall on the shape 
of the hydrograj:il was studied and identified !or the 
Macleay River at Kempsey. A rainfall index, B , 
was defined as the weighted ratio of the rainfalls at 
two upstream rain-gage stations to rainfalls at two 
stations lower in the basin. Using these ratios, the 
storms were divided into two groups: those centered 
in the headwaters, and those centered near the outlet. 
A significant difference was observed between the two 
groups for the unitgraph peaks, 

159. Chen, Cheng-lung, 1962, An analysis of over
land flow. Ph. D. Dissertation, Michigan State Univ. 

A simplified overland flow problem was stud
ied, involving the flow on an impervious sloping plane 
with a vertical wall at the upstream end and a free 
overfall at the lower end due to a constant rain. The 
results tended to confirm the unit hydrograph concept, 
and even suggested that a universal dimensionless hy
drograph might be a practical approximation. 

160. Chow, V. T . , Hl62, Hydrologic design of cul
verts. Proc. A. S.C. E. Vol. 88, HY2: 39-55, 

A m ethod, based on unit hydrogr.aph synthesis, 
was developed for the estimate of peak discharges from 
small watersheds in Illinois. Discharge was expres
sed as the product of a runoff factor, a climate factor, 
and a peak- reduction factor, each which was empirical 
ly evaluated. The runoff factor was determined large-
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ly on the basis of a relationship developed by the Soil 
Conservation Service (1957); the climatic factor re
flected the ratio of the total rainfall in a given dura
tion at the location investigated to the rainfall at a 
base location; and the peak-reduction factor was essen
tially the ratio between the peak discharge of a unit
hydrograph and the runoff due to the same rainfall in
tensity continuing indefinitely. The method involved 
successive computations to maximize tne discharge 
value. 

161. Chow, V. T. , 1962, Hydrologic determination 
of waterway areas for the design of drainage struc
tures in small drainage basins. Univ. of Illinois, 
Eng. Expt. Sta. Bull. 462, Vol. 59, No. 65: 

A survey of existing formulas was undertaken, 
and a new method proposed for estimating peak flows. 
The basic relationship was of the form, Q = AXY Z , 
where A is area, X is a runoff !actor, Y is a 
climatic factor, and Z is a peak reduction factor. 
Empirical curves, developed from data in the Illinois 
area, were presented for design purposes. 

162. Crawford, N. H. and Linsley, R. K., 1962, 
The synthesis of continuous streamflow hydrographs 
on a digital computer. Stanford Univ. Dept. of Civil 
Engineering, Technical Report 12. July. 

Synthesis of watershed response by model 
using digital computer. Initial conditions in the wa
tershed are estimated and (mean hourly) rainfall en
ters model. Rainfall is divided between runoff from 
impervious surfaces and upper zone storage (UZS). 
UZS loses some moisture to evaporation and part 
goes to direct runoff (interflow and surface runoff). 
The rest of UZS moves to lower zone storage (LZS) 
by infiltration. LZS is divided between evapotrans
piration and groundwater storage. Ground water 
storage contributes to base flow and subsurface out
flow from basin. 

Surface runoff from impervious surfaces and 
direct runoff is .routed through channel flow and is 
combined with interflow, which is routed through dif
ferent storage, and baseflow to make the hydrograph. 

Movements between storages and losses to 
evapotranspiration depend on the quantities of water 
in the'various storage regimes. ( Later version. 
1966) 

163. Eagleson, P. S. , 1962, Unit hydrograph char
acteristics for sewered areas. Proc. A. S.C. E. Vol. 
88, HY2: 1-25, 

Toe lag time, peak discharge, and width of 
the unit hydrograph at some percentage of the maxi
mum discharge were related to basin and sewer char
acteristics. Rainfall excess was determined from 

R. E. = ( 1 - A) P , where A is the slope of 
a precipitation-loss curve, i.e., losses vs P. 

Lag-time was theoretically computed by means of a 
weighted Mannings relationship and the mean travel 
distance. Peak discharge was correlated with mean 
basin slope; and the unit hydrograph base width, W0 , 

ood the widths at 50"/o and 75"/o of Qmax were expres-

sed analytically as functions of Qmax . A suggested 

design procedure was also outlined. 

164. Getty, H. C. , and McHughs, J . H. , 1962, 
Synthetic peak discharges for design criteria. Proc. 
A. S.C. E . Vol. 88, HY5: 1-12. 
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An analog compute r was devised to calcul ate 
r u noff increments from average rainfall rates. It 
wa s based on the S. C . S. equation, 

P2 
Q = p + s 

wher e Q is dir ect runoff; P is storm rainfall; S 
is the m aximum potential difference bet ween P and 
Q at the time of the storm 1 s beginning. 

170. Viessman, W., and Geyer, J . C. , 1962, Char
acteristics of t he inlet hydrograph, Pro c . A. S. C . E., 
Vol. 88, HY5 : 245- 268. 

A study of the relationship between rainfall 
a nd runoff for impervious areas ranging in size from 
0. 40 to 1. 93 acr es yielded equations for the deter
mination of peak rates of runoff a nd time of rise of 
the inlet hydr ograph, and a method for predicting the 
shape of a s imple hydrograph. T he peak r ate rela
tionship was: 

Q= 0_769 D0. 09T0. 16 i0. 88A0. 95 S0. 17 

"s 

where Q is peak discharge i n cfs, ns is Manning' s 

roughness coefficient , D is t he total depth of rainfall 
during time T , i is the me an intensity for the peak 
minute plus the minute preceding it , A is the area, 
S is the main channel slope. When used for areas 
less than 5 acres, on impervious ground with mean 
gutter slope less than 0. 5%, the equation m ay be ex
pected t o yield errors less than ± ZOo/o, 7 5% of the 
tim e. The time of rise of e ach inlet. hydrogra ph was 
det ermined to be a function of T s , the tim e from the 

beginning of the storm rainfall to the end of the maxi
mum minute of rainfall minus the time during which 
the first O. 10" of rain fell for one area (0. 05 and 
0. 07 " for othe r ar eas) , as 

Tr " 77,8 + 1. 0 11 Ts 

The rising segment of the hydrograph was determined 
to be: 

2 z 
Q = Q e - c1 tl 

t 

where Qt denotes dischar ge at time t ; Q r efers 

to peak discharge; 

c1 = 1/p. 
in whicl:). 0' R represents the standard de viation of the. 

normal distribution producing a rising curve equiva
lent to the rising limb of the hydrograph-- O'R = 

0. 40 T r; t 1 is the time between Q and Qt . The 

upper portion of the recession curve was represented 
by : 

-c 2 t Z 
~ = Qe z 1 

where C 2 = 1/ -v;:;.z. and u F is determined 

empirically. The lower portion of the r e cession was 
found to follo w: 

17 t. Watson, B., Catchment water yield and flood 
flows, 196 2, Commonwealth of Australia, Bureau of 
Meteorology Working Paper 62/ 1480, July. 
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A general discussion of water shed yield was 
presented. It was concluded that one of the more 
urgent fiel ds of endeavor was the preparation of rain
fall- runoff r elationships for the estimation of stream
flow from ungaged catchment areas. 

172. Woo, Dah- Cheng, 1962, Spatially varied flow 
from controlled rainfall, Proc. A. S.C. E . Vol. 8 8 , 
HY6 : 31-56. 

A study was perfor med on spatia lly var ied 
now produced by uniform rainfall on two types of im 
pervious surfaces for slopes from 0 to 0. 06. An 
equation for the water surface profile was developed 
on the assumptions that the rainfall was uniform and 
const ant, the s u r face was impervious a nd of unifor m 
width, the surface slope was unifor m and small, the 
effect of nonuniform flow and impact of rain drops 
could be included by changing the friction factor,. the 
coefficient of momentum was unity, and the flow was 
in equilibrium. A rainfall applicator was developed 
and simulated r ainfall was applied to a 30 ft. flume, 
6" wide. Values of t he e ffective friction factor wer e 
evaluated for various reaches and plott ed with re
spect to Reynolds number and slope. Neglecting the 
experimental results on the upper portion of the 
flume, the effect of raindrop impact was clearly ex
pressed in t erms of uniform flow condition, slope, 
and Reynolds number. 

173. Amorocho, J. , 1963, Measures of the linear 
ity of hydrologi c systems, Jou. Gee. Res., Vol. 68, 
No. 8:2237 - 2249. 

The non-linear response of watersheds under 
rainfall was represented by means of functional 
series incor por ating m athematical ope r ations equiva
lent to the physical action of these systems. Th e 
usual shape of the responses of hydrologic systems 
seemed to support the likelihood that, at least for 
the rising limbs of most single-peaked hydrographs, 
very close approximations could be obtained by suit
able Taylor ser ies expansions . A measure of the 
degree of linearity of t he system was based on t he 
evaluation of the relative importance of the linear 
and non- linear terms in the functiona l series. Labor
atory test runs were made, and revealed that the re
sponse became increasingly non-linear as the input 
continued, but approached linearity after the cessa 
tion of input. Hence, the recession was more readily 
predictabl e by a linear operation. 

174. Crawford, N. H. and Linsley, R. K. , 1963, 
A conceptual model of the hydrologic cycle, Interna
tional Assn. of Scientific Hydrology Publication No. 
63, pp. 573- 587 . 

Stanfor d Watershed Model Mark II utilizes 
hourly rainfall and daily evapotranspiration data to 
generate outflow hydrograph. [ See 1966 for later 
version of model ] 

Precipitation is divid~d into infiltration and 
runoff [ with some loss to cvu.pur'-ltiun J. Infiltration 
moves to groun d water with .,vapot.ran::;pir o.tbn loss 
and ground water lose::; ciomc C\'apotranspira~ion. 
Runoff is router! :hrough in:.,r;J.ow or channd flow to 
give streamflow hydrograph. 

175. Dickinson, W. T., 1963, Unit hydrograph 
characterist~cs uf selected Ontario watersh~;:d~ . 
M. S. :\, The.sis, Univ. of Toronto. 

Thirty-two pairs of unitgraphs were dev,iop
ed for five selected water sheds, from 48 to 518 
sq. miles . Each pair consisted of graphs deri'.··~d 
from two met hods of baseflow separation. A purely 
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straight line method of separation yielded r unoff 
volumes 10 to 20% larger, and unitgraph peaks 
5 to 15o/o smaller, than a method invol ving the nor
mal recession curve and a straight line . The time to 
peak was not affected. The areal distribution of rain
fall was evaluated for each storm by an a r eal distri
bution index. For each watershed considered, no 
real effect of areal distribution was recognizable. 
The variability within watersheds of unitgraph peaks 
was reflected by a coefficient of variation between 
. 07 and . I 7; and of times to peak by values of . 05 
to . 15. 

176. Henderson. F . M., I 963, Some properties 
of the unit hydrograph, Jour. Geophysical Research, 
Vol. 68 , No. 16: 4785 - 4793. 

The instantaneous unit hydrograph and the 
properties connecting it with the unit hydrograph for 
a rainfall excess of any finite duration were used to 
explore the r!:!lationship between the peak flow of a 
unit hydrograph and the duration of rainfall excess 
causing it. This relationship was found to be sub
stantially independent of the skew or any other shape 
factor of the iuh, and dependent only on its base width. 
However, it was found to be strongly dependent on the 
distribution of rainfall excess .intensity over the dur
ation of the storm. 

177. Holton, H. N., andOverton, D. E., 1963, 
Analyses and appli<:ation of simple hydrographs, Jour. 
of Hydrology, Vol. 1: 250-264. 

A method was developed for determining the 
peak discharge and time to peak of a flood hydrograph. 
It was assumed that the time of rise was equal to the 
s torm duration and that the entire recession limb 
occurred after the storm ceased and represented only 
now out of storage . On this basis, an equation was 
developed which was equivale nt to that of Zoch. As 
suming the volume yielded by the rising limb to be 
equivalent to that in a Simple triangle of height equal 
to peak discharge and base equal to rain duration, a 
simple equation for peak flow was developed. Assum
ing the storage coefficient was equal to the time lag 
bPtween the centroid of rainfall excess and the mid
volume of runoff, the hydrograph was also positioned 
in time . 

Although the assumptions appear restrictive 
and questionable, the comparative results for simple 
hydrographs were good. 

178. Kishi, Tsutoma, 196 3, Ap~Pfcation of compu
ters on runoff analysis, Proc. VIII Congress of 
Hydr aulic Research, Society of Civil Engineers, 
Japan. (Japanese) 

Method of characteristics applied to runoff 
analysis: 

h = K'q
0

· 6 K' = ( n'h./sine •' )0· 6 

~xh + £.9. = r (t) 
<J ax e 

n ' " roughness coef. 
sin8 = inclination of 

basin surface. 

[ Assumes rectangular surface ] 

Characteristic equation: 

dx dt ~ (3) 
1 0. 6K 'q-0.4 re{t) 
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dt 

t 

O. 6K' dx 
q0.4 

Kdx 
q0. 4 

J r e (t) dt 

'T 

For grid of points on time and space: 

t=n+IEE: 
t =n t 

s 6 1 
Ll x. j_ 

x=m- 1 x=m 

(4) 

(5) 

Let a characteristic curve go through as shown for 
SP . Let q be known at t = n and let rainfall be 
given as R{t) . Then from eq. (5) 

0. 6 
qm, n+! 

from eq. (4) 

0. 6 
- qs, m OK6 R(t) t.t 

SB "' dx 

t 0 . 4 6 qm, n 
K 

+ I t.t 0. 4 / K) qm -1, n Tx qm, n 

qm , n (1 - S · P m , n) + qm-1 , n s· p m , n 

s = t.t 
t.x and 

Condition for stability i s s· P max < ( dx < t.x) 

179 .. Kolher, M . A., 1963, Simulation of daily 
catchment water balance, National Symposium on 
Water Resources: Use and Management. Australian 
Academy of Science . Melbourne Univ. Press. 
Victoria. 

A model was developed which yielded pre 
dieted s ix hour increments of runoff and moisture 
deficiencies. Moisture depletion was assumed to be 
due entirely to evapotranspiration. Initially, the 
evaporation was based on two levels of moisture stor
age; and later the model incorporated multi - capacity 
accounting. It was assumed that evaporation occurred 
from that portion of the area having a prescribed 
storage capacity at the potential rate so long as there 
was any moisture remaining . The pot ential rate was 
equivalent to evaporation from an extended free -



water surface. The volume of rainfall excess was 
determined as that volume resulting from rainfall 
intensities in excess of the infiltration rate. Using 
Horton' s infiltration theory, Kohler suggested an ex
ponential infiltration curve and selected the starting 
point on the curve by considering the soil moisture 
deficiency. 

180. Laurenson, E . M., 1963, Hydrograph synthe
sis for ungaged watersheds, 4th Biennial Hydraulics 
Con!. Washington State Univ. , October. 

A nonlinear conceptual model for watershed 
response was presented and illustrated. A particular 
catchment was divided into 10 sub-areas. The rain
fall excess of the uppermost sub-area was routed 
through a single nonlinear concentrated storage of 
the form: 

S = Km (q) · q 

where S was the storage volume; q was the outflow; 

and Krn (q) = C 1qC 2; C 1 and c 2 were constants 

for the watershed sub - areas. The output from this 
storage was combined with the rainfall excess from 
the second sub- area, and the combined now routed 
through a second nonlinear storage, and so on. The 
parameters to be evaluated were simply the Km 's 

for the various storages, if the sub - areas were de
lineated by isochrones in such a way that the travel 
time increments were equal. The results checked 
well for major floods , but not so well for minor ones. 
The method of determining the rainfill excess was 
unclear. 

181. Roche, M., 1963, Hydrologie de surface. 
Gauthier Villars Editeur. Paris. 

The topic of watershed response was consi
dered primarily under the title of analytical hydrol
ogy. In particular, the concept of interflow was 
questioned. The author suggested that most of this 
flow was constituted by flow through vegetation, and 
not laterally moving flow through the soil above the 
water table. The basis, methodology, and practical
ity of the unit hydrograph approach were discussed, 
and the synthetic hydrograph was presented. Mathe
matically, it was expressed , 

Q(t) • jc j c( r) «,. 9) r 9(t -,-8) SQ dr dB 

9=o T =O 

where Q(t) is total runoff; 8 represents an iso
chrone of equal time from the outlet; t is the time 
of runoff, 'T is the time of rainfall, c(T) is a sim
plified runoff coefficient; I( 'T, 8) represents the time 
and space distribution of rainfall; r 8 ( t-T-9} is equi-

valent to the instantaneous unit hydrograph for a par 
ticular areal segment; S8 d9 = dS9 is an incremen-

tal surface area. 

182. U . S. Army Corps of Engineers, 1963, Unit 
hydrographs, Part 1. Principles and determinations, 
Civil Works Investigations, Project 152, Maryland. 

The report contains material, discussions, 
and examples of methods and procedures. Unit hy
drograph theory was reviewed, and some of the cur
rent techniques and applications were presented. 

183. watkins , L. H., 1963, Research on surface-
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water drainage, Proc. Inst. Civ. Engrs. , Vol. 24: 
305-330. 

A method was devised by the Road Research 
Laboratory, known as the R. R. L. hydrograph 
method, for calcu lating rates of storm runoff in 
sewer systems. The hydrograph was calculated by 
assuming that at the end of the first unit time, the 
rate of runoff was given by the product of the first 
rate of rainfall and the first increment of area; 
at the end of the second unit time the first rate of 
rainfall would be running off from the second incre
ment of area, together with the second rate from the 
first increment of area. The effective rainfall rates 
used were obtained by modifying the recorded rates 
by a constant runoff percentage. A retention curve, 
based on the recession curve, was used to modify the 
calculated runoff hydrographs. 

The method essentially involves the determin
ation of an inflow hydrograph developed from the time
area diagram and a modified rainfall intensity curve 
and the routing of this hydrograph through a storage 
reservoir having characteristics reflected in the re
cession limb. 

184. Watkins, L. H., 1963, The design of storm 
sewer systems, Jour. Inst. Munic, Engrs., Vol. 90. 
No. 11: 337-341 . 

The Road Research Laboratory Hydrograph 
method of designing urban sewer systems was intro
duced. The method determined the full hydrograph 
of runoff, taking into account (a) the variation of rate 
of rainfall during the storm, (b) the shape of the time
area diagram, and (c) the variation in the volume of 
water temporarily retained in the sewer system. 
Only a few trials of the method were presented in the 
paper. 

185. Wu, I-Pai, 1963, Design hydrographs for 
small watersheds in Indiana. , Proc. A. S. C . E., 
Vol. 89, HY6: 35-66. 

Unit hydrograph and watershed characteris
tics were related. The s hape of the hydrograph was 
determined by the time to peak and the storage coef
ficient. The numerical parameter of Nash's formula 
could be evaluated from the recession curve, and 
vice versa. The watershed characteristics were 
area, length of main stream, and mean slope of the 
main stream. A constant runoff coefficient was used 
to determine the volume of rainfall excess. The 
basic data was from 21 watersheds, less than 100 
sq. miles, locat ed in Indiana. 

186. Amoroch0, J. and Hart, W. E . 1964, A 
critique of current methods in hydrologic systems 
investigation, Trans. American Geophysical Union 
45: No. 2, 307-321, June. 

Current work in hydrologic studies indicates 
a dichotomy between the pursuit of scientific research 
into the basic operation of components of the hydro
logic cycle and the desire to establish workable re
lationships between measurable parameters for use 
in solving practical problems. Methods in the latter 
group are discussed in this paper. 

Methods of system investigation of hydrologic 
relationships are divided into two classes--paramet
ric hydrology, the development of relationships 
among physical parameters to generate or synthsize 
non- recorded hydrologic sequences; a nd stochastic 
hydrology, the use of statistical characteristics of 

I 
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hydrologic var iables to solve hydr ologic pr oblems. 

Conclusions on methods discussed: 

Correlation and regression analysis - - valuable. for 
testing well-grounded hypotheses, but as direct 
tools in synthesis m ay lead to dangerous results 
a n d unwarrant ed generalizat ions . 

Linear syst ems analysis and partial synthesis 
(unit hydrograph)- - can lead to gross errors i n 
results, but may be of value in practice where 
system non-linearities are highly damped. 
(E. g . unit hydrographs applied to upper tribu 
ta r ies, with results routed through stream net
work) 

General system synthesis (Stanford model)- 
reasonably successful a nd valuable for short
range forecasts, but lack of knowledge in model
i ng components could lead to unpredictably er
roneous results in long-term inferences. 

Non linear analysis --new area lacks rigorous 
methods a nd gives no indications of component 
e ffects, but may eventually be valuable in study
ing changes in regime of a watershed. 

Stochastic hydr ology methods (Monte Carlo a nd 
Markov techniques) --depcndent on statistical 
properties of available data. Unless actual 
chronologies are used, caution must be used in 
int erpreting results. 

187. Betson, R. P ., 1964, What is watershed 
runoff? , Jour. Geo. Res., Vol. 69, No. 8:1541-52. 

A nonlinear methematical model s t arting 
with the integral of a standard infiltration function 
was developed to analytically equat e the difference 
between rainfall and runoff to storm rainfall durat ion 
a nd soil moisture. The function m ay be useful in 
estimating the volume of storm r unoff. 

188. Chow, V. T . , 1964, Handbook of applied 
hydrology, McGraw-Hill Book Co., Ne w York. 

This comprehensive handbook yields useful 
information on virtually all areas of hydrology. A 
section on the time and space distribution of runoff 
is particularly informative. 

189. Henderson, F . M and R. A. Wooding, 1964, 
Overland now and groundwater now from a steady 
rainfall of finite duration, J our. of Geophysical Re 
search. Vol. 69, No.8: 1531- 1540. 

The building and decay of a laminar or tur
bulent flow over a sloping plane was treated by the 
kinematic wave method, neglecting the slope of the 
water surface relatave to the slope of the plane. 
The relationships developed showed certain differences 
from those postulat ed in the unit hydrograph method. 
The tim e to equilibrium was found to be depe ndent on 
the intensity and depth of rainfall excess. Further 
the maximum discharge occurred as an instantaneous 
peak only when the duration of rainfall was equal to 
the time of equilibrium. A comparison of the results 
with the data of Hicks ( 1944) was quite favor abl e . The 
problem was also extended to include groundwater 
now through a porous medium overlying a sloping 
impermeable s t ratum where water was su pplied by 
infilt r ation from the ground surface. 

190. Kleen, M. H., 1964, Hydrology for soil and 
water conservation in the coastal regions of north 
Africa, S. C. S. Handbook. 
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This handbook wa s prepared for the usc of 
the U. S. Soil Conservation Service personnel on as
s ignments in the coastal regions of North Africa . It 
gave the S. C. S . procedures for estim ating precipi
tation and runoff relationships on small drainage areas. 

191. Kulandaiswamy, V . C. ·, 1964, A basic study 
of the rainfall excess -surface r unoff relat ions hip in 
a basin syst em, P h. D. Dissertat ion, University of 
Illinois. 

Given the ti me dist ribution of rainfall excess 
and t he correspo nding surface runoff for a basin sys
tem, the investigation established a mathematical ex
pression for the proces s which converted the rainfall 
excess into surface runoff . It was observed that t he 
process was nonlinear , but that the nonlinear e ffects 
did not seem t o be large. The stor age in the basin 
could be satisfactorily expressed by: 

where t he b coefficie nts vary randomly fr om· s torm 
t o storm; the a coeffici ent s decrease with increase 
in Qp , meaning that for major storms the peak is 

higher and t he time to peak of the CU. H. lower than 
for m inor o nes. A satisfactor y correlat ion was al so 
established for rainfall excess and the peak of su rface 
runoff. 

192. Laurenson, E . M. , 1964, A catchment stor
age m odel for runoff r outing,.Journal ofHydrology 
2: 141-163. 

Requir ements of i nput and storage models : 
(i) Tem poral variations in rainfall-excess; (ii) a r eal 
variations in rainfall excess; (iii) different elements 
pass through different amounts of storage ; (iv) cat ch
ment storage distributed, not concentrated; and (v) 
discharge vs. s t orage i s non-linear. Multiple rout 
ing through series of concentr ated storages is used. 
Non- linear, coefficient type routing similar to Mus
kingum method used. Total area divided into sub
areas with lumped (concentrated) parameters. 

Over all routing procedure: (i) Hyetograph for 
farthest upstr eam subarea deter mined with shape given 
by nearest recording gage and scaled to make max. 
ordinate = ave. rainfall for subarea. (ii) Losses 
subtracted t o give rainfa ll-excess. (iii) Hyetograph 
converted to "inflow hydrograph", Q = iA. (iv) Hy
drograph routed through storage for subarea. ( v) 
Next subarea "rai nfallhydrograph" developed and add
ed (with time phase shift) to outflow hydro graph from 
upstream. Combined hydrogra ph routed t hrough a p 
propriate storage. 

Non- linear r outing method: 

S = K(q) q 

( 11) 

c 1 = t.t/(2K2 + t.t) } 

(2K1 - t.t) / (2K2 + t.t) 
(12) 



1 = start of pe riod Z = end of period 

Since K2 depends on q 2, Eq. ( 11) is solved itera

tively. Let K 2 = K
1 

and find q
2

, redetermine K
2 

and iterate. 

193. Lienhard, J. H., 1964, A statistical mechan
ical prediction of the dimensionless unit hydrograph, 
J our. Geo. Res. , Vol. 69: 5231-5238. 

A purely statistical approach was used to 
develop hydrographs. The inquiry stemmed from 
the noted s imilarity between the Maxwell-Boltzman 
molecular speed distr ibution and the dimensionless 
hydrograph, expressed as: 

~ f2 (t/tc) 

where Q is discharge rate; Q is a characteristic c 
of storm intensity, usually peak discharge; t is 

c 
the time lag. Assuming that the storm is brief com
pared to t , that t. is proportional to 1. , and that 

c 1 2 1 
it subtends an area proportional to 1. ( 1. is travel 

1 1 
distance to gaging station) , a distribution function 
was developed. The approach, and its verification 
on two small basins, revealed that the form of the 
dimensionless unit hydrograph is very nearly inde
pendent of watershed properties and that it is pre
dictable with a minimum use of such properties. 

194. Ramaseshan, S., 1964, A stochastic analy
sis of rainfall and runoff characteristics by sequen
tial generation and simulation, Ph. D. Dissertation, 
Univ. of Illinois. 

The hydrologic phenomena of storm precipi
tation and the associated runoff were considered as a 
complex stochastic process. A conceptual model was 
formulated involving storm precipitation, the abstrac
tions, the routing sys tem, the baseflow, direct sur
face runoff, and the stream flow. Hourly precipita
tion was considered as a finite duration process. A 
"shift ana lysis" was developed for arranging the his
torical data in a manner so that the results were 
stable, consistent, and regular. The models were of 
the general form: 

where xt is the precipitation at time t , et is its 

random component, and the f 's are various functions. 
The following Markov model was best -

where At is a constant coefficient. € t is s hifted by 

Kt and et = Et + Kt is lognormally distributed. 

Nash' s model was adopted. One thousand storms 
were generated, and the resulting floods studied. 

195. Singh, K. P ., 1964, Non-linear instantaneous 
unit-hydrograph theory. Proc . A. S.C. E. Vol. 90, 
HY2: 313-34 7. 

A proposed non-linear theory accounted fo r 
the variability of instantaneous unit hydrographs 
derived from diffe rent storms over a number of 
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drainage basins , 0. 4 to 875 sq. miles, in t erms of 
3 parameters and a functional parameter W( 'T). 
The basic equation was 

f(. - e 

0 

where ut is the iuh ordinate at time, t , after oc

currence of instantaneous unit rainfall excess; K
1 

is the channel s torage discharge factor; K2 is the 

overland flow storage discharge factor: W(T) is the 
ordinate of the cone. -time diagram with base equal to 
T ; the time of cone. 'T is the variable travel t ime. 
The nonuniform areal distribution of rainfall excess 
was accounted for in the cone. - time diagram; the 
effects of duration and nonuniform time distribution 
of average rainfall excess were condensed into Re , 

the equivalent instantaneous rainfall excess. 

In applying the model, the author reduced the 
number of variables to two, by assuming K 1 = 0. 25. 

Further, the ar ea-time diagram was considered to 
be one of six standard curves. 

196. Wu, I. P., Delleur, J. W., and Diskin, M . 
H., 1964, Determination of peak discharge and de
sign hydrographs for small watersheds in Indiana. 
Purdue University, Hydromechanics Lab. , October. 

Two simple equations were presented for the 
determination of peak discharge of flow from s m all 
rural waters heds in Indiana. Wu's method (see Wu 
(1963)) for obtaining a design hydrograph of runoff 
from small rural basins, 3 to 100 sq. mil, was also 
given. 

197. Crawford, N. H., 1965, Some observations 
on rainfall and runoff. Western Res. Conf. , C. S. U. , 
Fort Collins, July. 

A very brief general discussion was pre 
sented regarding the relationships between rainfall 
and runoff. Some illustrations from models synthe
sized by the Stanford Watershed Model IV were used. 

198. Dawdy, D. R. and O'Donnel, T., 1965, 
Mathematical models of catchment behavior, Proc. 
A. S.C. E. 91: HY4, 123- 137, J uly. 

After brief di scussion of mathematical mod
els --unit hydrograph, non-linear analysis 
(Amorocho) and Stanford synthesis model--the au
thors turn to the optimization of model parameters. 

Sum of squares of deviations of model output 
fr om known output was minimized as criterion for 
optimizing parameters. Known output was obtained 
by giving values to parameters and generating an 
"error-free" m odel response. Optimization tech
nique is judged by its ability to generate the given 
parameter values from an initial set of "wrong" 
values. 

Optimization technique was a steepest- de
scent method ( Rosenbrock' s) which is designed for 
parameters with specific ranges and a n objective 
function whose partial derivities cannot be stated 
analytically. 

I 



Waters hed model was simplified for m of 
Stanford model. Sensitivity of the objective function 
to parameter values was examined and appeared to 
affect r a t e of convergence of m odel param eter t o 
known value. 

Current optimizat ion procedures and compu 
ters limit the number of parameters that may be op
timized. Obj e ctive techniques for optimizing model 
paramet ers should be studied more. 

199. Dickinson, W. T., and Ayers , H . D., 1965, 
The effect of storm char acteristics on the unit hy
drograph. Trans. E . I. C. , Vol. 8, No. A -1 5: 3-7 . 

The effects of a r eal and time distribution of 
rainfall and of storm magnitude on 32 unit hydro
graphs developed for five selected Ontario watersheds 
of 48 to 518 sq. miles were studied. The study failed 
to establish any significant effects. An areal distri
bution i ndex for rainfall was developed, based on the 
use of e ffective stations and isohyetal maps, a nd 
found to readily describe the distribution. A temporal 
distribution index, based on a unitless mass rainfall 
curve , was also developed, but proved to require 
further investigation. Average unitgraphs were pre
sented for the five basins. 

ZOO. Diskin, M . H. , 1965 , Hydrologic models of 
direct surface runoff, Hydraulic Symposium May 26, 
1965, Technion-Israel Institute of T echnology, Haifa 
pp. 21-30. 

Separation of rainfall excess from the hycto
graph and direct s urface runoff from the hydrograph 
give: excess and runoff as functions of time. The two 
arc related by an operator Q: Q( t) = ~ [ R( t)] . The 
tim!' scale , the input scale and output scale may be 
adjust ed in model tests. Main problem is defining 
the transformation process or operator cb • 

Model studies using tanks and topographic 
modt'ls have been used as have analog models and 
digital s imulation models. Author is currently ( 1965) 
using a model with a salt solution in water flowing 
tht·ou~h a lay~r of coarse gravel. The watershed is 
represented by the stC'ady state flow and the concen
tration of salt repn~stmts the rainfall and r unoff. 
This mod<.'l L:an bH rapidly changr.d to different con
ditions. 

201. Eaglc·son, P . S., Mejia, R. and March, F., 
1965, The computation of optimum realizable unit 
hydrographs from rainfall and runoff data, l\llassa
chu!:>etts Ins titute of Technology Hydrodynamics Lab. 
Report No. 84, September. 

Three approachE·S to finding IUH: ( 1) Gen
eral system synthesis der ives response from know
ledge of individual processes . (With valid descrip- . 
tions of processes IUH not needed) . (l) Parametr1c 
system synthesis assumes a linear model of basin 
made up of monotone linear elements. Parameters 
are then determined from input-output data. (3) Black 
box analysis assumes processes in basin are linear, 
but form is not given. IUH i s found from input-out
put dat a alone . This report deals with black box 
approach only. 

Any linear system is uniquely characterized 
by its unit impulse response (or by any integrals of 
it) . Input -output r elationship is convolution integral 
or for discrete form 
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i 
g(i) = L: r(j) h (i-j + 1) t:.j 

j = 1 

g(i ) = output, f (j) = input, h(i) = unit impulse 
response. 

The least squares fit to the IUH generates 
a system of Wiener-Hop! equations which, in linear 
form, are 

where 
n 

{;.1 f(i) g(i + k-1) 

and 

By writing the Wiener- Hop! equations as inequalities 
and using the minimization of the sum of the slack 
variables as the objective function, a linear pro
gramming problem is generated. Linear program 
ming uses only non-negative (i.e., physically realiz 
able) values of variables. Thus, output from linear 
program is optimum realizable unit hydrograph for 
given input and output data with the assumption that 
the system is a black box with linear components. 
(See also 1966) 

202. Koyo, Tatsugami, 1965, New method on 
runoff analysis, Chubu District Division. Construc 
tion Ministry. Japan. (.Japanese) 

Modified unit graph method: 

t:.A 
Divide basin into sub areas with t:.L = constant. 

Center of area i at distance Li along main 
stream. 

Assume (according to Dr. Nakayasu) 

T ' " a ' L?· 7 T ' = lag time 
1 

L? · 3 
t:.A 1 t:.A 
t:.T' (;i ---o:7 t:.L 

If uniform rainfall ( ~ mm I hr) continues for 

unit time (a hours) 

I 
: 3. 6 

1 
3. 6 

)a"eed to determine a' . Let a' = 1 . This is 
"tentative runoff concentration function" . As 
s uming storage given by S • kq and continuity 

t:.S = i - q determine lag time of comput ed t:.t I 

hydrograph. If it differs from obser ved lag, 
adjust a ' to get agreement. [ K = C where 

d 
Cd is recession constant from semi log plot 

of hydrograph recession ] 

Unit graph base duration obtained as tim e 
from beginning of last effective rainfall intensity to 



end of direct runoff. [ End of direct runoff obtained 
from break in slope of recession on semi log plot.) 

The computed unit graph is used to generate 
hydrograph for given storm. T he ratio of observed 
runoff to computed runoff is called a runoff coefficient 

and for peak flows f o. 193Q0' 080 for the Kiso p p River. 

203. March, F. and Eagleson, P. S., 1965, Ap
proaches to the linear syntnesis of urban runoff sys
tems, Massachusetts Institute of Technology Hydro
dynamics Lab. Report No. 85. 48pp. + 3App. 

General drainage basin model usi ng a system 
of linear elements is presented. Unit hydrograph 
models of Zoch, Singh and Nash are shown to be 
special cases of the general model. 

Black box analysis, assuming linear system, 
gave better agreement with the observed hydrographs 
from the runoff of the Johns Hopkins Storm Drainage 
Project gaging area than any of the parametric models. 
(Parametric models develop form by conceptual mod
el and evaluate parameters from observed data). 

No single instantaneous unit hydrograph (includ
ing black box approach) was suitable for all flows from 
a drainage area. 

One-parameter Zoch model gave better re
sults than two-parameter Nash or Singh. 

Method of moments did not provide good fit 
to unit hydrograph forms. 

204. Morgali, J. R., and R. K. Linsley, 1965, 
Computer analysis of overland flow, Proc. A. S. C. E. 
Vol. 91, HY3: 8 1-100. 

The hydrographs of overland flow were syn
thesized for uniform rainfall on an impermeable flow 
plane of constant s lope, with u_niform. surface _te_xture 
and a given length. The equat10n der1ved by f1mte 
differences, boundary and initial conditions made up 
a mathematical model of the physical flow situation 
which was solved by digital computer. The parame
ters influencing hydrograph shape were s lope, rough
ness, plane length, and rainfall intensity. Families 
of hydrographs were presented for van ous parameters 
and a single dimensionless hydrograph was developed. 
Using a relation for the time to e quilibrium and the 
dimensionless hydrograph, the hydrograph for any 
combination of parameters could be constructed. 

205. Restrepo, J. C. 0. and Eagleson, P. S., 
1965 Optimum discrete linear hydrologic systems 
with 'multiple inputs. Massachusetts Institute of 
T echnology Hydrodynamics Lab. Report No. 80, 
August. 

Using the convolution operation between vec
tors f and h for stationary linear systems, the 
outpuCof a system is given by 

00 

g_ = !. • !:! ; g( n) [ f(k) h (n-k) 
k=o 

where g_ is the output vector, J.. is the input vector 
and h is the unit impulse response (response of 
system to unit impulse). 

The vectors are transformed by a geometric 
transform ( z - transform) 
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( z = a complex variable) because convolution be
comes multiplication in the transform domain. 

For multiple inputs and outputs a matrix 
notation is usefu l. Thus, g_ = f * !:!_ where 
&. = [ K1 • &.2 • gM ] • !. = 1 !4 • ~ • · · · !.N ) 

and !!_ • [ !}.;J. ) with g_. , f. and h.. being vectors. 
• l 'j -lJ 

The problem in hydrology is estimating H from 
sample data on !. and g_ • 

For the hydrologic system with one input and 
one output, the unit impulse response, h(n) , is a 
form of the instantaneous unit hydrograph. The 
linear reservoir systems of Zoch, Nash and Dooge 
are examined within the framework of the linear 
system analysis and are shown to imply specific i n
ternal structures for the system. 

00 
Letting g"'(i) = ~0 h(k) f(i -k) i= 0,1, .. . 

be the prediction equation for the system ouptuts and 
using the least squares criterion of minimizing 

[ [ g(i) - g"'(i) ) z, the Wiener-Hop! equations 

are generated. lrg = h • jff where 

(X) 

~fr(i) = 2: f(k) f(k +i) 
k=o 

00 

and ~f (i) = L f(k)g(k+i). 
g JC=o 

This is a system of equation that can be solved to 
give the least squares estimate of h . 

The case of two inputs and one output is used 
as an example because hydrologic systems have ini.
tial moisture conditions that affect response and th1s 
could be approximated by a second input (besides 
rainfall) . 

206 . Rodriguez-Iturbe, I., 1965, Annotate? bib
liography on synthetic unit hydrographs. Cahf. 
Inst. of Tech. , Tech. Memo 65 -4, May. 

A fine annotated bibliography was presented 
of twenty-two recent publications. 

207. Wooding, R. A. , 1965, A hydraulic model 
for the catchment- stream problem, Journal of 
Hydrology 3: 254; 3: 268 (1965); 4:21 (1966} 

Channel flow with distributed inflow: 

aH + aQ 
at ax qi (q_ = inflow to segment i} 

1 

and Q = AHN , where Q is discharge rate, H is 
stage. (N "' 1. 5) 

For overland flow- - thin sheet at low Froude 
number: 

ah + £9. 
at ax v-f and 

where q = discharge per unit width, h is water 
depth, v is input (precipitation) and f i s loss to 
infiltration, evaporation, etc. (n = 2) 

Kinematic wave approximation applied for 
each part of flow. 

f 



Catchment flow: Let 

{

0 < 
h = 0 -

t>o 
X < L ' t = 0 

, X= 0 

and 
c(h) 

Then 

ah ar+ a11 cox 
dh 
dt v- f and dx 

dt 
n- 1 

c "' n a h 

t 

or J h • (v- f)dt along a characteristic 

t l 

.. J n-1 
h dt. 

t I 

Solution form depends on nature of scale 
system of interest. Several variations are given. 

Similar ly H - He 

along X - X1 

t 

NA J HN- l dt for !itreamflow, 

t, 

with sever al forms for analytic solutions . 

In second part of paper numerical solutions 
to the characteristic equations are discussed: 

dh 
dT v - f dx 

Cit 

a nd· ~ (X X) = NHN- 1 
dt 

where A. is a dimensionless parameter relating 
"time constants" for catchment a nd channel. 

Part III applies results to 3 natural catch 
ments . Conclusions: 

1. Better geometric description of basins is 
needed. 

2. Lumping small st rcHms into overland flow is 
necessary for large catchments. 

3. Intcrflow is not included in model but appears 
to be significa nt in two of the examples . 

208 . Amorocho, J ., 1966, The nonlinear predic
tion problem in the study of the runoff cycle. Paper 
p r esented at 47th Annual Meeting AGU. Washington, 
D. C. April. 

Nonlinear prediction problem in hydrology 
involves three eleme nts : 1) Time variability of 
watersheds (geomorphological evolution) ; 2) Uncer
tainty of s pace and t ime di stributions of i nput, out
put and state of the system (values of parameters i n 
s pace and time); and 3) Inherent nonlinearity of the 
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processes in the hydrologic cycle. 

Time variability may not be significant in 
many natural processes, but man- made changes can 
cause significant changes in a short time . Little 
has been done to study adjustments for such non
stationarity. 

The problems related to system uncertain
ties are compounded by the fact that mathematical 
models are not identical to the systems they describe , 
but are only approximately equivale nt. Objective 
optimizing techniques are needed to minimize the 
probability of the difference between the system out 
put and the model output exceeding the level of toler
ance for acceptable models. 

The problem of nonlinear analysis has only 
recently been investigated in depth. A few techniques 
are discussed including ( 1) usc of Laguerre functions 
with m emory (parallel set) cascaded i nto no-memory 
linear syst e ms which are then multiplied to give non
linear response; and (2) genero.li:wtion of the con vo
lution integral t o give 

T t 

y(t) = L xn 

n=l 
Jh(TI ... p) n , n 

n 

0 

[ u(t - ,i) - u(t - ;. - T) ]d7 1 ... d7 
1 , n 

where y (t) is output, u(t) is input and h ( T 1 .... 7 ) n , n 
is th~ generalized response function. The nonlineot· 
analysis techniques need to b .... tested and impt·ov,·d. 

209. Bell, F . C., I!JGG, A survery of r~ct-nt dL·
velopments in rainfall- runoff estimation. Jout·. 
Inst. Engrs., Australia, Vol. 38: No. 3, 37-4o, 
March . 

Current techniques for simulating hydro
logical phenom ena with compute1·s were reviewed. 
It was suggested that considerably more information 
of the individual physicnl processes was known tho.n 
was being used i n these models, and that us<:! of the 
most current advances would yield better results. 

210. Boughton, W. C., 1966, A mathematical 
model for relating runoff to rainfall with daily data. 
Institution of Engineers, Austl·alia, Civ1l Engineer
ing Transactions Vol. C£8: 1, 83- 93. April. 

Synthesis from compont::nt processes with 
daily values on parameters . Model is intended to 
generate data for long-term uses where averaging 
of deviations decreases e rrors . 

Precipitation goes to filling int erce ption 
~;;torage , upper soil storage (depressions a nd soil 
field capacity) a n d drainage storage (gr avity water) 
in that order. Excess above these stores gives run
off according to 

Q = P - F tanh ( E ) 
F where P is excess 

rainfall, F is d aily infiltration rate and Q is 

runoff. Use Horton equation F = F + (F -F )e -kS 
c 0 c 

where F 
0 

is dry soil rate, F c is saturated s oil 



rate, k is an empir ical constant and S is subsoil 
moisture level. Assumption is that infiltration rate 
is controlled by a relatively impermeable subsoil 
that is overlain by a very permeable t opsoil. Evap
otranspiration occurs from interception storage at 
potential evapotranspiration rate to empty it. Then 
soil storages contribute either at the potential rate or 
at H . .soil ~oisture lev~l whichever is less. 

so1 mo1sture capac1ty) 

H = maximum evapotranspiration rate for vegetation 
on wate rshed. No ground water contribution in the 
pre s ent model. 

2 11.. Chery, D. L. , 1966, Design and tests of a 
physical watershed model. Jour. of Hydrology, 
Vol. 4: 224-235. 

Theoretical considerations were discussed, 
and design criteria and fabrication of a physical 
hydrologic model of area about 150 sq. ft . (to repre 
sent 97. 2 acres),· including a storm- simulating de
vice were described. As the t ests were of an initial 
character, few useful simulated results were obtain
ed. However, the runs did reveal that comprehensive 
studies of the liquid-surface interaction were neces
sary before further ID;)deling was done. Further, 
investigations into distorted inputs in the length and 
time scales, and vertical scale distortion o! the 
topographic model required attention. 

212. Crawford, N. H. and Linsley, R. K., 1966, 
Digital simulation in hydrology: Stanford Watershed 
Model IV, Technical Report No. 39, Dept. of Civil 
Eng.ineering. Stanford University. July. 

Definition of digital simulation and descrip
tion of the development of simulation models in hy
drology ( Ch. II) . Gener al components of the stanford 
model are infiltration, overland flow, evapotranspir
ation and channel system. Infiltration capacity and 
evapotra.nspiration potential are given linear cumula
tive distributions against Ofo area. Actual amounts 
are then joint functions of the cumulative distributions 
and the applied moisture. Overland flow is treated 
with an empirical modification of the Chezy- Manning 

eq.: q = 1. 486 8~ ( Q t~ ( 1 + o. 6 (!? )3 )fS 
n L De 

where De is an equilibrium flow depth . D/De is 

assumed to be equal to one during recession flow. 
Channel flow is treated by plotting estimated dis
charge vs. time for a short (instantaneous) rainfall, 
neglecting attenuation due to storage. This is modi
fied to represent discharge response from an input 
of duration equal to the time increment used in the 
histogram. This histogram is used to delay flows 
before the flow attenuati on is computed. The amount 
of attenuation can be varied as a function of flow 
quantity. Detailed descriptions, flowcharts, pro
grams and examples are included. 

213. Eagleson, P. S., Mejia-R, R., and March, 
F ., 1966, Computation of optimum realizable unit 
hydrographs. Water Resources Research 2: 4, 
755- 764. 

The problem of determining a stable, physi
cal, realizable linear approximation to the true be
havior of a hydrOlogic runoff system was approached 
using "black box" analysis. A stable solution was 
achieved through a least- 9:Jtares approxim ation which 
led to the Wiener-Hop! equations for optimum linear 
systems. Hydrologically realizable unitgraphs were 
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secured by obtaining an approximate solution to the 
equations through linear programming. (See also 
1965) 

214. Grace, R. A. , and Eagleson, P. S. , 1966, 
The use of scale models in rainfall-runoff studies. 
Water Resources Research 2: 3, 393- 403. 

The communication described the design, 
construction, and initial verification of a complete 
5 ft. square physical model of the rainfall-surface 
runoff process. The modeling criteria were valid 
when surface tension effects were negligible, and 
there was no infiltration. 

215. Harbaugh, T . E., 1966, Time distribution 
of runoff from watersheds. Ph. D. Dissertation, 
Univ. of Illinois. 

A conceptual watershed was formulated on 
the basis of spatially varied unsteady overland flow. 
The results of this model were checked with some 
of the initial experimental runs on the Illinois Labor
atory Model, and with data from two watersheds. A 
measure of watershed roughness was introduced, 
which included the surface roughness, the raindrop 
impact, and the variation of each with depth. Shape, 
length, slope, and roughness of the watershed, as 
well as storm intensity and duration were the factors 
studied, and each showed some effect on the time 
distribution of the runoff. 

216. Jacoby, S. L. S., 1966, A mathematical 
model for nonlinear hydrologic systems, Journal of 
Geophysical Research 71:20, 4811-4824, October. 

"Decomposition" model represents nonlinear 
time-lag systems by a series combination of parallel 
linear time-lag systems and parallel nonlinear no
time - lag systems. The linear systems are Laguerre 
systems with output of the mth system given by 

f 1m(t) • [ \n (T) x(t-T) dT m • 0 , I, ... n, ... 

0 

The subscript 1 on f 1m denotes linearity. The 

nonlinear systems are polynomials. By increasing 
the number of Laguerre systems and/or polynomial 
or ders, the model output may be made to approach 
known output to arbitrary accuracy. The price is 
more computation time. 

For computer applications the output of the 
Laguerre systems is computed for 

s 
f 1m(\) = j~o lm(Tj) x(ti- Tj) ATj 

where x(t) is input and 1 (T .) is the normalize d 
m J 

Laguerre function. The coefficients of the polyno
mial systems may be selected by an optimizing 
criterion such as least squares. 

Length of record needed to give model of 
reasonable quality and degree of nonlinearity of 
system may be estimated. Example of a 2. 33- acre 
watershed is presented. 

217. Machmeier, R. E. , 1966, The effect of run
off supply rate and duration on runoff time parame
ters and peak outflow rates. Ph. D. Dissertation, 
University of Minnesota. · 

A mathematical model of an impervious 



21 . 35 sq. mi. watershed was developed with land 
and channel characteristics representative of small 
watersheds in southeastern Minnesota. Equations 
of m ome ntum and conti nuity were used to route non
steady flow th r·ough a channel system by dligital com
puter. All presently-defined time paramet ers (i. e . 
time of concentration, t ime to equilibrium, t ime to 
peak, lag time, etc. ) demonstrated a non- linear 
r esponse to the supply rate. As supply rate increased, 
the watershed responded more rapidly. The maximum 
peak flow was shown to occur at some finite duration 
consider ably less than e quilibrium. Although a 
rather strong non-linear effect was observed, similar 
to that of Amorocho ( 196 3) , it was not verifi ed on 
actual wat ersheds. 

218. O'Donnell, T ., 1966, Computer evaluation of 
catchment behavior and parameters significant in 
flood hydrology, Ch. 5 of River Flood Hydrology. In
stitution of Civil Engineers. London. 

Broad trends in hy drological resear ch involve 
two schools of t:ndcavor: ( 1) comprehensive simula
tion of catchment behavior, i . e., overall models; 
and ( 2) complete> specification of each of t he elements 
of catchment behavior . 

Examples of digital computer studies are 
the Stanford Watershed Model, which uses a straight 
for war d bookkt•eping procedu re to direct fa t e of rain
fall input through the components of the model, and 
t!w TVA studiC'~ which include analysis procedures to 
alter model parameters . A modification of t he 
Stanford model to include parameter optimization is 
pl'<'s.,-nted by the author . 

1\nalog t"Omputer models discussed are 
U. S. G. S. stu dies presented by Shen, involving 
rc>uting procedures, and Har der's work o·n sim ulation 
nf flood control 10ystcms, with oscilloscope trace used 
for indicating dfr=cts of parameter changes t o im
prove agreem~nt with real system . 

219. 0'Donnell, T., 1966, Methods of computation 
in hydrog1·aph ·:1nalysis ::~nd synth<'Sis in Recent 'frends 
ln llydrogt·aph Synthl•Sis, Pt·oc. of Technical Meet
ing 21 , Committee for Hydrologic Research T . N. 0 . 
pp. 65-t03. 

Review of models of hydrograph r esponse . 
Systems <.:onsidercd at·e litwar (linw - invariant an? 
timl'-variant) and nonlini:'O.r (:;ynthcsil:i and analy:ns). 

Linear Time-Invariant: Instantaneous unit 
llydro~raph is the impulse r esponse" of this linear 
systt!m and convolution transpost>s cxc~,; ::; r a infall 
i nto t·unuff according to the impltlSl:' rcspons<·. Nash 
and Doogc hA.vc" cascadt> models giving conc c!ptuul 
IUH models . 

Linear Time-Variant: ~o publi::;hed work i,.. 
known, but author describes his preliminary studie>' 
in this area that arc not yet of practical use. 

Fourier and Laguerre functions have been 
u sc~d for linE•ar syste m analysis to ('Stimate IUH for 
time invariant system. TVA uses a least squares 

T - 1 T 
fit of Y = XU t o find U = (X X) X Y. 

t\onlinear Syst('m Synthesis: Stanford model 
is the most highly developed modeL Parameters 
are adjusted by operator to fit observed output. 
Dawdy and O ' Donnell h ave worked on automati c ad
justment for parameters of a simple model using a 
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steepest ascent optimization procedur e . There 
was wide variation in sensitivity of model response 
to changes in parameter values. High sensitivity 
leads to r apid con vergence while low s ensit ivity 
mean s minor effect th at might be om itt ed from the 
model. 

Nonlinear System Analysis: Amor ocho 's 
generalization of t he convolution integral has much 
to be done before it is a practical tool. Standardized 
procedures are not available. Advant ages of non
linear a nalysis are: 

( 1) Freedom from s ubjective bias about system 

( 2} System need not have continuity on input, 
output and storage. Observed rainfall and 
runoff can be used without accounting for 
evapotranspiratio':l, etc. 

220. Pilgrim, D. H., 1966, Radioactive tracing 
of storm runoff on a small cat chment. Jour. of Hy
drology Vol. 4 : 289 - 326. 

T he tracing of s torm runoff on a 96 acre 
natural catchment by means of radioactive tracers 
was described, and the results were discussed. 
i\leasured values of the time of travel from the most 
remote point to the outlet depended on discharge and 
the duration of rainfall excess. As discharge in
cr eased, the time of concentration decr eased rapidly 
from very high values at low discharges and reached 
a fairly constant value at medium to high di scharges. 
Short bursts of rainfall excess producing discrete 
flood waves tended to give higher flow velocities; 
whereas, longer periods of rainfall excess producing 
similar peak flows but under conditions approaching 
steady flow tended to give lower velocities. Com 
ments were also given regarding the validity of 
linear analysil-l , a n appa rent partial area r unoff pro
dur..:t ion effect, and the distribution of init ial loss. 

The resu lts indi cate that tracing can provide 
a unique type of information concerning several as
pects of the storm runoff process. 

221. Roba, J . J\11. , 1966, An electric analog for 
com puting direct surface runoff. U . S. Dept . of 
Agr., ARS 4 1- 1 18 , April. 

T he put·pose of the study was to demonstrate 
tht> fcaRibility of an electric ano.log dc·vice for rout
ing l'unnff in order to gcnc·rate hyd1·ographs . A very 
inexpensive model was constructed and used for 
simubtion. The results wt·t•t• promising. 

22 2. Sc:hul2.0, F . E., 1Uli6 , Rainfall and rainfall 
v:-.-c~s::; i 11 flerent Trends in l!ydro~raph S ynthe::;is, 
Proc. of T echnical Meeting 21 , om mittec For Hy
drologic Rest.-arch T. N . 0 . pp. 9-30 . 

Rainfall /rainfall excess relationships arc 
reviewed. Models in which losses are not i.ndepcnd
«'nl of the rainfall (•xcc!-'s /outflow hydrogr:tph rela-
' iconship are not con::;ideretl. 

Bookkeeping ot· thn•shold method . ..; nrc 
strongly t'e la ted to physical !>Oil properties, esp. 
moisture holding capacity. In g1meral, Q " P - d, 
where Q is C'xcess rainfall, P is JWecipitatirm u nd 
d is moisture ddicit. Variations among mdh<.>ds arc 
in determining evapotranspiration rate and consequent 
deficit at start of t·ainfall. Apply when most excess 

moves hy subsurface flow. 

Infiltration approaches arc a ppropriate to 



conditions where excess rainfall moves primarily 
as surface flow. Horton used 

f = fc + (f - f ) e -kt 
0 c . 

Holtan used f - f aF , where F is remaining c p p 
potential storage, which can be used even if precipi
tation rate is less than infiltration rate at times during 
storm. Methods require estimate of initial infiltra
tion capacity rate. 

Functional relationships are us·ed to avoid 
problem of no runoff until deficit is removed. Curved 
sections join origin or initial loss point and asympto
tic approach to linear relation between P and Q. 

Combinations of above concepts have been 
made by using, for example, accounting procedures 
to estimate initial infiltration rates. 

When initial infiltration capacity estimates 
?'r~ obtained by correlation analysis (e. g . , with API), 
1t 1s preferable to corr elate directly with the rainfall 
excess. (I. e., Q = F(P, API) instead of 
d f(API) and Q = F(P, d). ) 

223. Willeke, Gene E., 1966, Time in urban hy
drology, Proc. A. S.C. E. 93: HY1 , 13-30, January. 

Hydrographs were synthesized by determining 
the effective precipitation, by using phi-index, and 
routing it by Muskingum method with x = o and 
K = lag time. 

Coefficients of variation for la,g times ranged 
from 10 "'o to 43o/o with a mean of 290/~ . Only low 
correlation appeared between storm parameters 
(5-min. average intensity and total effective precipi
tation) and lag time, so it was concluded that only 
weak relationship exists, or none at all. 

Loss of precipitation had the following rela
tion t o slope: L = 0, 162 - 0, 039i with standard 
error ...0, 02 in, Negative coefficient for slope (in 
percent) may be related to reduced depression storage. 

Conclusions: accurate reproduction of re
corded hydrographs supports hypothesis that storage 
characteristics of small urban watersheds are accu
rately represented by basin lag and that storage 
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system is pure reservoir type. Data collection and 
instrumentation need mor e consideration and work. 

224, Wooding, R. A., 1966, A hydraulic model 
for the catchment-stream problem: part III. Journal 
of Hydrology 4:21 ( 1966) 

See Wooding, R. A., 1965. 

225. Bell, F. C. , 1967, An alternate physical 
approach to watershed analysis and streamflow es 
timation, International Hydrology Symposium, Fort 
Collins, Colorado, September. 

A system of watershed concepts was intro
duced with a general "retention theory", which in
cluded infiltration theory as a special case. The 
retention theory provides for inter-relations be
tween hydrologic processes with mathematical ex
pression of (a) watershed condition, reflecting 
parameters which varied continuously within each 
watershed and express its relevant moisture status 
or condition at any particular time, and (b) "water
shed function", relating to parameters which re
mained relatively constant for each watershed. 

226. Prasad, Ramanand, 1967, A nonlinear 
hydrologic system response model, Proc. A. S. C. E. 
93: HY4, 201-221. July. 

A nonlinear reservoir has storage S = o' Yg 
where 0 1 and g are constants and Y is stage or 
water level. For stage-discharge relation 

Q • C yM , we have S = K
1 
QN with K

1 
= o' I CN 

and N = g /M . Allowing for unsteady flow effects 
and continuity leads to 

2 
K ·~ + K NQN- t £g + Q = R 

2 dt 1 dt 

where R is input and Q is output. This second
order nonlinear differential equation can be solved 
with analog or digital computer methods. 

The equation parameters N, K 1 and K2 
were correlated with basin and rainfall excess 
characteristics by stepwise multiple correlation 
techniques. 
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Key \Yards: \\7atershed r ·esponsc, artificial storms, rainfall -runoff relationships, small water-
sheds. erosion. water pollutlon. 

Abstract: Par-t I. An e~perlmental facility lS descnbed for the investigation of the rainfaU
runort relationship. Large enough to respond as a prototype watershed, but SC"Jall enough to per 
mit controlled variauon of '41!tatershed character istics and artilacial applicatK>n of rainfall. The 
criteria for the faciluy are related to (I) control of ra;nfall. wh1ch should be reproducible and 
reasonably untform. (2) measurcm~nt or variables. wiln attentton to variations in time and space, 
and (3) varlatlon o f watershed parameters. The experimental facihty has potential application 1n 

studies of rainfall-runoff response. erosion. and travel of pollutants on watersheds. It serves to 
contract time and space in generating runofC eventa and is applicable to studies of indiv-idual runoff 
processes and to evaluation or mathematical a.nd physic.il..l models of water shed response. Part fl. 
The design and construction of the rainfall-runoff experimental facihty 1s described. Three phases 
are discussed: ( I ) site sc lecllon, (2) selection o f basic geometry of fac11ity. and (3) des1gn and 
construction techmques or site preparation, method s or prccipitaUon and discharge measurement 
with automatic digita» recordang of data. soil surface treatment. and proposed precip!talion 
towers. Part liT. A revtew and apprai89.l of the s tatus o f mathematical mode! s of hydrologic 
watershed response is followed by an annotated blbh oeraphy of 22 6 refer ences relating studies 
o f water~hed r eSponae, 

Refere.:ce: W. T. Dickinson. M. K Holland and G. L. Smith. Colorado Stale U niversity 
Hyd rology P aper No. 25 (September 1967). " An Experimenta l Rainfa ll- Runoff 
Facility." 

Key \\·o rds: Watershed r esponse. a r tlraclaJ atorms . rainfall-runoff relatior)ships. small wate r · 
sheds. erosion. water pollution. 

Abstract- Part I. .\n experamental facility •• descr ibed for Lhe invesllgation of the r ainfaH 
~!at:onship. Large enoueh to r-espond aa a prototype • atershed, but small e nough to per
rr.~t control!ed variation of •atersh~ characteristics and artificial application o r ramfall. The 
craeda for the (aciht.y are related to {l) control of ram fall, wh1ch should be reproducible and 
reascnab!y ~!:!for:r •• (2) measurement of va.rtablee, with attention to variations in t ime and space, 
and (3) ...-ar.a;:on oi .._atcrshcd parameters. The exper1mental facility bas potential a pplication in 
studies of ra::-~fa}~- r .. n?:'f r esponse. erosion~ and t r avel of pollutants on watersheds. It serves to 
COI"ilracL l:~:e and S?:tcc in g~ncra.tar-1 runoff events and Is applicable to studtes of indtvidual runoff 
processes ::i:"'".;:.; tn e ... -.:uation or ma&hema.hca) and physlcal models of water shed response. Part II. 
The dcsig:1 a:-.d co:.,:,tr~chon of the raantall-runofr experimental facility 1s described. Three phases 
are discussed: (I) .s_te sclecuon. (2) aelectlon of ba.sac geometry of facility. and (3) design and 
construction techmqucs of sste p reparaLlon. methods o l precipitation and discharge measurement 
w ith automatic dig~ta:l rccordu~a or data, son $llrf.lcC treatment. end proposed prec::.p1tat1on 
tm1.·ers. Part Ill. .:\ review and appra~sal of Lhc status of mathematical models of hydrologic 
\\'atershed response Js followed by an annotated Utbhography o f 226 references relating s tudies 
of watershed response. 

Refe rence: W . T . O!cld nson. M. £. llo lland 3 nd G. L. Sm1th. Colorado State University 
Hydrology Paper No. 25 (September 1967) , "An E'perimental Rainfall - Ru noff 
Faci hty.,. 

Key \\'ords: Watershed response, artif:.cia} storms. rainfail -runorr relationships. small wate r -
sheds, eroswn, water pollution. 

Abstract- Part I. An exper imental facility is described for the investigation of the r :unlall-
runoff relationsh ip. Large enough to respond as a prototype watershed~ but small enouch to per
mit controlled variation of watershed charactenstics and artifictal apphcation of ratnra.u. The 
c riteria !or the facll1ty are related to (I) control o f rainfall. which should be reproduc1ble and 
reasonably umrorm. (2) measurement of variables. with attention to var•ationa in ttme and 8p01ce. 
and (3) variatlon of watershed parameters_ The experimental facility has potenllal appHcation in 
a tudlea or ralnfaU-ruooff response. e r os1on, and travel of pollutants on watersheds. lt serve s to 
contract ti me and space in generating runoff events and is applicable to studies or lnd1vadual runoff 
procc.ssce 1\nd to evaluation of mathematical and physical models or water shed r-esponse. Part II. 
1'hc dee ian and cons truction of the rainfall- runoff experimental facility Ia described. Three phases 
are discussed. (I) site selection, (2) select ion o f basic geomelry or raclllty, and (3) des1gn and 
consLruction technlques o f s ite preparation .• methods or precipitation and duschargc m e a sur e m ent 
with automatic digital recor d ing o f data. soil surface t r eatment. and proposed preclpl.tation 
towers. ~ A review and arp raisal o f the status of m athematical model a o f hydrologic 
watershecJ respons e is followed by an annotated bibliography o f 226 r e ferences reJat ina s tudies 
of walershed response. 

Reference: W. T. Dickinson. M. E. Hol land and G. L. Sm ith. Color~do Stale Univers ity 
Hydrology Paper No. 2 5 (September 1967) . " An E xper imental lla •nfa l l ·Runoff 
Facility. " 

Key \\fords: Watershed response, artificial storms. rainfall-runoff relationships. f:Janall water-
sheds, erosion, wate r pollution. 

Abstract: Part I. An experimental facility is described for the invesUeation of the r ainfaH· 
;;;;;orr;:;;lal ionshlp. l-arge e nough lo respond as a pro1otypc 1u1ershcd. but snoaH enough to per · 
mlt controlled variation of watershed characteristics and artificial apphcallon of ra•nfaU. ·n.e 
criterta Cor the raciHty are related to (I) control of rainfaH. whtch should be reproduci.bl~ and 
reasonably unUorm, (2) measurement of variables~ with attention to variations m tune and sp3ce. 
and (3) var1atlon o f water-shed parameters. The experimental factlity has potential apphcation in 
studtcs or ratnJaU·runolf response. erosion. and tr avel or pollutants on wale rsheds. It serves to 
contract ume and space an generating runoff events and is apphc:able to studies of inchvidual runoff 
p roceases and to evaluation ol mathematical and physical models or watershed reeponee. Part It. 
The design and construchon of the rainfall-runoff experimental facility ia dcscrabed. Thr ee phases 
a rc doscuased: (I) site selection. (2) select ion of basic geometry or raclllty. and (3) des1gn and 
const ruction techniques of site prepat'ation, methods of prec ipita tion and dtscha.rgc measurement 
with automatic digital recording or data. soil surrace trealment. and proposed prec1pitahon 
to wers. Pnrt Ul. A review and appr aisal of the status o f mathematical models o r hydrologic 
watershed r esponse 1s followed by an annotated bibliography of 226 r eferences relating stud1es 
of watershed r-esponse. 

Refe rence: W. '!'. Dickinson. M. E. Holland and G. L . Smith. Colo rado State University 
Hydrology Paper No. 25 (September 1967). " An E xper im ental llninfaii·Hunoff 
Facliily . " 
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