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PREFACE

This report covers the work performed under project OWRR-B-002-1IRD
entitled "The Effect of Urbanization in Small Watersheds'", between July
1966 and June 1969, It is the second part of a program on Urban Hydro-
logy at Purdue University. The first part was sponsored by the Divi-
sion of Water, Department of Natural Resources, Indianapolis, Indiana,
{formerly Flood Control Commission) from September 1964 to January 1966.

The work done in the first phase was summarized in a discussion
by J. W. Delleur and E. B, Vician on "Time in Urban Hydrology™ pub-
lished in the Journal of the Hydraulics Division of the American Soci-
ety of Civil Engineers of September 1966, pp. 243-251,

The second part was sponsored as a cooperative research project
between the 0ffice of Water Resources Research, the Indiana Department
of Natural Resources and Purdue University, from July 1966 to June 1969,
and it was further supﬁorted by Purdue University till September 1969,

This work is to be fellowed by project OWRR-B~022-IND entitled
"fffect of Urbanization on Hydrology of Watersheds” sponsored by the
Purdue Research Foundation, Purdue University and the Gffice of Water
Resources Research.

The work reported herein is essentially the doctoral thesis sub-
mitted by Mr. P. B. §, Sarma under the supervision of Professors J. W.

Delleur and A. R. Rao.
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ABSTRACT

Urban and suburban dgvelepment changes the quantity and the time
distribution of runoff. This research was focused on the effect of
urban development on the rainfall-runoff relationships,

The effect of urbanization on runoff would be relatively simple
to evaluate if the rainfall and runoff data for both the urban and the
pre-urban conditions of the watersheds were available, Thus the eval-
uvation of the changes in runoff characteristics caused by urbanization
is not possible by direct daté comparison and analysis. However, the
analysis of the data from watersheds which are in the same region but
in different stages of urbanization does reveal the effects of urban-
tzation on runoff characteristics and this comparison of analvses was
the general approach used in the present study,

The data for the study were obtained in part from watersheds in
West Lafayette, Indiana. These are the Ross Ade upper watershed, the
Rogs Ade lower watershed, the Purdue Swine Farm uppetr watershed, and
the Purdue Swine Farm lower watershed. Hydrologic data from several
other urbanized watersheds in Indiana and in Texas were also used.

The analytical approach adopted was the linear (time invariant,
lumped) system analysis. The following conceptual linear systems were
used in the analysis of the data: the single linear reservoir model ,
the double routing method, the Nash model, the single linear-reservoir

with linear-channel model. The parameters of the instantaneous unit
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hydrographs of the four concentusl models were determined and were
optimized for two of the modeis. In addition, the system kernel func-
tiong were determined by the ¥ourier transform method. The regenera-~
tion performances of all these models were then tested.

The single lineay reservoir model was selected to simulate the
rainfall-runoff process on small urban watersheds (less than 5 sq.
miles) based on its superior regeneration performance. Similarly, the
Nash model was selected for simulation of the rainfall-runoff precess
on larger watersheds {(between 5 and 20 =zq. miles).

The parameters of the single linear reservoir model and of the
Nash model were then studied in detaii. The wvariation of these para-
meters and their relationships with the physiographic characteristic§
of the watersheds, including the urbanization factor and the storm
characteristics, were studied by the techniques of regression analysis,
From this analysis, the effects of urbanization on the parameters of
the conceptual models and on the time distribution of runoff were de-
duced. The effect of urbanization on the frequency of annual maximum
floods was also studied,

The effects of.urbanization on the time.lag, the magnitude of fhe
peak.dischafge, the time to peak discharge, and on the frequency of
peak discharge were quantitatively deduced, Tentative relationships
were also developed to predict changes in the time distribution of
runoff, in the peak discharge, in the time to peak discharge and in
the frequency of peak discharée for watersheds which are urbanized to

different degrees.
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In the next phase of the research the analysis of linear models
will be extended, and nonlinear models will be considered in the
hydrologic simulation of the larger watersheds in order to devalop
design maethods and criteria for predicting runoff from areas with

varying degrees of urbanization,






CHAPTER I

INTRODUCTION

Due to increased industrialization in all nations of the world
there has been a tendency for populations te concentrate in the regions
where industries are located. This movement of population from rural
areas has caused a phenoménal inerease in urbanization. In the United
States, the percentage of urban population has increased from 41 per-
cent of the total population in 1910 to 66 percent in 1960 and is
estimated te increase to 80 percent by the vear 2000,1* This rapid
concentration of population in certain areas causes heavy demand for
water for domestic, industrial, and recreational purposes with the
Congequent increase in the construction of water supply and drainage
facilittes, The expenditures involved in these constructions are
heavy, as illustrated by the average annual $2.5 billion investment
in the United States for the urban drainage facilitiesqz Further,
because of the increased residential and commercial facilities such as
buildings, pavements and parking lots, the built-up or “impervious"
areas in the watershed increase. Consequently, the magnitudes and
frequencies of flood peaks alsoc increase. Designs of drainage facil~
ities which do not account for this increased runoff are inadequate,

and may result in heavy damage and loss of property.

%
Superscripted numbers in the text refer to the entries in the Biblio-

graphy.



In view of the heavy expenditures involved in provi&ing drainage
facilities, it is imperative to properly design these facilities con-
sidering not only the estimated runcff from the watersheds in their
non-urbanized state, but alsoc by considering the f{ncrease in runcff due
to urbanization. A comprehensive understanding of the rainfall-runcff
process and the effects of increased urbanization on the rainfall-
runcff process is presently lacking. In many instances, the procedures
which are presently used for hydrologic design of urban drainage struc-
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tures have not been changed since the turn of the ceantury.
understanding of the effects of urbanization on runoff is obviously
esgential to develop better methods of analysis and realistic design
criteria for engineering design of urban drainage systems.

Professional organizations such as the American Society of Civil
Engineers {ASCE), and govermmental agencies such as the 0ffice of the
Water Resources Research {OWRR) and U.S. Geological Survey (USGS) have
recognized the inadequacy of the present methods of analvsis and design
procedures adopted in urban drainage systems and in watersheds which
are being urbanized. A Task Force to study "Effects of Urban Develop-
ment on Flood Discharges" has been formed by the ASCE with the follow-
ing objective525’6

"o meek oui information pertaining to changes in
runcff characteristics of watersheds due to urban deve-
lopment and to the effects of such changes on the con-
centration of flood waters in stream channels; to compile
a bibliography of works and papers that provide such
information: to prepare an inventory of investigations
being conducted on this subject or pertinent parts.
thereof; and to identify areas in which research is

needed to broaden knowledge of runoff rates for floed
control or protective purposes.”



The OWRR has sought to support and organize research which is
relevant to important urban water rescurces pfoblemsa7 A concentrated
effort to focus on the problems of urban hydroiogy, and_to identify
research areas to alleviate them has been sponsored by the OWRR and is
being conducted by the ASCE Urban Hydrology Resesrch Council,8

In most of these explorations of the needs for research in urban
hydrolegy, the following observations emerge frequently:

(1} Reliable data from urban watersheds with detailed information
of time and space distribution of rainfall and runoff are not presently
available. Similarly, information about infiltration and evaporation
from urban watersheds is also lacking. Except for a few very small
watersheds, data of the above mentioned type are not available,

(2} Hydrologic system analysis techniques have not been widely
used for analysis of urban watershed data, nor have any general concep-
tual or mathematical models been developed for use in urban hydrologic -
practice. Although several sporadic attempts have been made in these
directions, the methods developed have not been tested widely.

(3} Research on the effects of urbanization on runoff from water-
sheds is in its early stage.

These remarks have also been repeatedly pointed out by many
othersms’g-

The need for research on the effects of urbanization on runof £
from small watersheds was recognized and as a result the present study
was begun at Purdue University in 1966. This study has been conducted

with the following objectives:



{1y To establish hyvdrologic stations and initiate collection of
hydrologic data from four small watersheds which are in different stages
of urbanization, in West Lafavette, Indiana,

€2 To develop a library of rainfall excess and direct runoff
data for small watersheds which are in different stages of urbanization
and which are located principally in Indiana,

{3} To analyze the data obtained in objectives 1 and 2 by using
techniques of linear system analysis and to investigate the possibility
of modelling the excess rainfall-direct runoff process for watersheds
in different stages of urbanization,

(4} To investipate the behavicy of the parameters of the linear
system models developed in objective 3, as the watershed undergoes
changes from rural to urban conditions, and also to develop methods to
estimate the model pavameters for the case of ungaged watersheds,

{5} To investigate the effects of uvrbanization on runoff from
small watersheds; more specifically to study the changes in

1} Time lag,
41} Time to peak discharge,
iii} Shape of the instantaneous uwnit hydrograph,
iv) Magnitude of peak discharge,
v} TFreguency of peak discharge,
{6} To develop methods to predict
i} The time distribution of runoff,
ii} Peak discharge,
iii) Time to peak discharge,

iv) Frequency of peak discharge,



for both gaged and ungaged watersheds on which changes in urbanization

might take place,




CHAPTER 11

weet s LITERATURE REVIEW - 70

System Models of thé Rainfall-~Runcff Process

The hydrologic cycle is a concept of the process of circulation
and distribution of water in the upper mantle of the Earth and in at-
mosphere. Precipitation and runoff are components of the hydrologic
cyele. The part of the precipitation which flows over and in the upper
seil stratum of the ground surface is called as "runoff". Essentially,
runoff is the flow as it appears at any location of the stream in a
watershed. 'Direct runcff" is the part of runoff from which the ground
water flow and the base flow are excluded. Direct runoff results from
"excess rainfall". In the present study, direct runoff due tc excess
rainfall is used, whereas runcff due to snow melt and other sources are
not considered.

The central problem in surface water hydrology is the determina-
tion of time distribution of runoff caused by a storm event. Trans-
formation of rainfall into runoff is a complex phenomenon as it is
affected by the interaction ¢f several processes guch as interception,
evapcration, surface detention and infiltration, which are listed by
Chowalo RBecause of lack of understanding of many of these processes
and the interaction among them, ploneering hvdrologic investigations

were limited to the development of methods to determine only the



magnitudes of peak runoff. Consequently, in the course of time, sev~
eral empirical formulas to predict the magnitudes of peak runoff have
resulted, One of the major drawbacks of empirical formulas is the
subjective selection of coefficients and parameters which are to be
used with them.

Besides the magnitude of peak runoff, time distribution of runoff
must also be known for efficient design of water supply, drainage and
other works. Although the rainfall-runoff process is complicated, the
effective rainfall-direct runoff process has been traditionally thought
to be simpler. Consequently a good deal of attention has been concen~
trated on simulating the effective rainfall~direct runcff process as a
"system".

There is no unique definition of the word "system". However, the
following definitionl1 is adequate for most engineering purposes:

"Any structure, device, scheme, or procedure, real

or abstract, that intervelates in a given time reference,

an input, cause, or stimulus, or matter, energy, or infor-

mation and an output, effect, or response, of information,

energy, or matter.”
Apart from this, several other definitions which usually describe par~
ticular classes of systems are also in extensive usage in engineering
practice.

A system is defined as a '"dynamic system”" if the input and the
output are functioms of time, in contrast to the "statric system" in
which the input and the output are independent of time. In a "dig-
tributed" system the input and/or the output are functions of both time

and space. If the spatial distribution of input and output are either

unimportant or are ignored to simplify the analysis, such systems can




be modeled as "lumped systems” in which the input and output are func-
tiong of time only.

Apart from the classification of systems based on space~time dis~
tribution of inputs and outputs, they are also classified as being
either linear oy nonlinear. A system can be represented by an equation
of the form,

¥ = ¢(X} - )
where, ¥ is the output ffom the system,
X is the input to the syatem,
and ¢ is called the "system operator’.

Let Xl and X2 be two inputs to the system and ¢ be the operator
acting on the imputs to produce the responses, ¢(X;) and ¢(X,).

If, 8(Xy) + 9(Xy) = B(X; + X,) (2)

and - (byXy) = byo(Xy) (3)
where bl is a constant,
then, the gpervator ¢ is called a linear operator and the system is said
to be a linear system. Eqs. 2 and 3 imply the principles of superposi~
tion and the proportionality, which are the essential features of lin~
eay syetems. If the operator ¢ in a system does not satisfy the
superposition snd proportionality properties, then the system is a
nonlinear system.

Linear systems can be charactervized by their response to a unit
impulse function or to a unit step function. The unit impulse func-

tion or the Dirac-belta function is defined as




=0 1if t # 0
8(t) [
= w if ¢t = 0 (4)
and f 5{t)de = 1
The unit step function is defined as -
=1 £30 1
H(t) (5)
= Otherwise ]
Unit pulse function is defined as
= 1/b2 0gtg boy
5(t,by) (6)
. =0 Otherwise

The unit impulse response, the unit step response and the unit
pulse response of a system which is initially in an unexcited equili-
brium condition, are defined as the outputs respectively due to unit
impulse, unit step and unit pulse input. If X(t) represents the input,
Y({t) represents the ocutput, and h{t) represents the unit impulse re-
sponse, the input-output relation for a lumped linear system can_be '
expressed by the convolution (Duhamel) integral

t o
Y(t) = [ X(1) h{t -~ 1)dr (7)
0
Thus the response of & lumped linear system to any input can be

eévaluated if the unit impulse response function is known,

Watershed System
In the analysis and synthesis of rainfall-runoff process, water-
sheds are conceived as systems with rainfall as input to the system and

runoff as output from the system. The watershed complex, which
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transforms rainfall te runoff is usually referred to as the "watershed
system"”. As both rainfall and runoff are functions of time and space,
watershed systems are by definition distributed dynamic systems, Con-
sequently, mathematical models for the vainfall-runcff process should
Be distributed dynamic models. These are complicated and such models
have not been completely formulated and tested so far. However, in
order to simplify the structure of the model the spatial distribution
of rainfall is ignored and the time distribution of runoff is con-
gsidered only at a point, so that a lumped dynamic system model is
used to simulate the rainfall~runoff process. Use of lumped system
medels is closer to veality for urban basins than for rural basins
because the former are often smaller in area and arve more uniform in
their characteristics.

Systems can also be treated as deterministic or stochastic
systemg., In the former method, attempts are made to develop relation-
ships among the model parameters, the rainfall characteristics and phy-
siographic characteristics of the watershed. This analysis ig conducted
uging observed data. These relationships are then used to predict
future runoff, On the other hand, in the stochastic systems, statis-
tical measures of hydrologic variables are used to generate future
events te which probability levels are attached. Long term records,
which in many instances are not available, are needed to estimate the
parameters of stochastic models, in order to obtain & proper represen-
tation of their stochastic nature.

Several deterministic system models have been proposed to simulate -

the rainfall-runcff process. The application of system analysis and
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synthesis techniques to mathematically model the rainfallw-runcff pro-
cess and which are relevant to the present study are discussed in the

following paragraphs.

Storage Modelling
In formulating mathematical models of rainfall~runoff process ,

transformation of rainfall to runoff can be considered as a process
involving either storage or translation action only or as a combination
of both. Models formulated only on the basis of storage effects are
calied storage models, In storage modelling, a relationship among
storage, inflow and outflow is postulated. A simple relationship such
as

5=KAQqQ (8)
vwhere, 5 is the storage,

@ is the cutflow at any time,
K is a constant called the storage coefficient,

can be considered to describe the relationship between the storage and
the outflow. This storage equation {(Eq. 8), when combined with the
hydrologic continuity equation

1-¢=% (9
where I is the inflow, yields the linear differential equation

1-0=xg . (10)
Thus, lumped linear systems models of the rainfall~runoff process, can
be described by linear differential equations such as Eq, 10.

Derivatives of rainfall and runoff can also be included in the

storage equation, although Eq. 8 shown above is the simplest storage

equation. Kulandaiswamy12 proposed the following peneral relationship
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for storage, in terms of inflow, ocutflow, and their derivatives,

N M
,“ dn dmI
5= ) A&(Q,D EZ§'+ Y. Bn(Q.D) ey (11)
n=g m=go

where, A,(Q.1) and By{(Q,I} may be constant or functions of inflow and
cutflow, and N and M are integers.

By combining the Rq. 11 with ﬁhe hydrologic continuity equation
(Eg. 9), the differential equation for the rainfall-runcff process can
be obtained. The parameters A, and By were assumed to be constants and
the resulting linear differential equation was used by Kulandaiswamy to
relate effective rainfall and direct runoff. For the special case of
=3 and ¥ = 2, the outflow from the watershed system was expressed by

the differential equation:

-

~BiDZ ~ BpD + 1 i ,
ey = | 22 9 j [1(t)] 12)
AgD3 + A1DZ 4 Agh + 1

or ey = &[1(t)]

where D is the differential operator d/dt.

Further, the parameters, A,, By can be expressed as functions of the
mean values 6 and Y, go that they can be egtimated and used for predic-
tion.

Raolj considered the watershed as a lumped nonlinear system in a
study of excess rainfall-direct runcff relationship, in which a storage
equation similar to Eq. 11 was used. The parameters A, and B, were
treated as functions of ¢ and I. They were approximated by a) a quad-
ratic function of the inflow and ocutflow, b} a linear function and
c} a constant. The resulting models were tested using beth laboratory
and field data. Several other nonlinear storage models which in gen-

eral can be derived from Egq. 11 have also been propgsedﬁla’ls
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Conceptﬁal Models and Other Methods

The lumped linear system analysis is the main tool used in the
present study. Hence, literature pertaining to lumped linear system
analysis methods, as they are used to model rainfall-runoff process,
will be briefly reviewed.

The Impetus for development and application of lumped linear
system analysis methods to rainfall-runcff process originates from the
Unit Hydrograph theory.lé The unit hydrograph is a hydrograph resulting
from a one~inch rainfall excess generated uniformiy over the basin area
at a uniform rate during a specified period of time. Thus a unit hydro-
graph 1is associated with a specified unit duration of storm. The as~
sumptions underlying the unit hydrograph theory and the limitations of
these assumptions have been discussed in detail elsewherelﬂ and hence
will not be repeated here. However, it should be noted that the prin-
ciples of superposition and proportionality are the basic principles of
the unit hydrograph theory.

For a given drainage basin, the ordinate at time t of the unit
hydrograph having a unit duration Atg 1s represented by U(dty,,t)
where ¢ is any time after the beginning of rainfall excess. Assuming -
that the effective rainfall consists of "n" blocks each of same dupa-
tion Aty and of uniform rainfall of different intensities Ii.(i =1, 2,
++03 1), the ordinate of the direct runoff hydrograph for the given
storm can be expressed as

n

Q) = )7 uvlaeg,{t - (1-1)atq}114 4ty (13)
i=1
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It must be noted that the unit hydrograph theory requires uniform rain-
fall at least for the finite duration Aty.

A later development in the unit hydrograph theory is the concept
of the Instantanecus Unit Hydrograph. The Instantaneous Unit Hydro-
graph (IUH) is defined as the unit hydrograph of duration Atg = 0, or
mathematically,

U{0,t) = lim U(4tg,t) {14)
At 0”’?"0

and correspondingly by letting Aty im Eq. 13 approach zero, the fol-
lowing equation results:
0
Q(t) = lim 3 Uiﬁto,{t - (iwi}ﬁtn}jli Atq {15)
Arg+0 i=1

It can be seen that Eq, 15 is & special case of Eq. 7 in discrete
form. Henee, the IUB is the same as the unit impulse response of a
lumped linear system. The concept of lumped linear system analysis is
thus implied in the unit hydrograph theory. In the concept of IUH, the
duration of rainfzll which is a basic factor in unit hydrograph analy-
sig, is eliminated, thus removing ome more variable from the analysis
with consequent simplification.

The impulse response function of a lumped linear system describing
rainfalleruncff process can be obtained by making use of, (1) Concep-
tual models, {2) Transform methods, {(3) Methods using orthogonal
functions, etc.

As conceptual models and transform methods are used in the present
study a brief review of only these two methods is presented here. A -

detailed discussion of the other methods can be found elsewhere.l7’18’l9




i3

Conceptual Models. Im a conceptual model, the transformation of

excess rainfall to surface runoff is considered as a combination of
translation and storage effects. Using the principle of linearity,
these separate elements are combined to formulate a conceptual model
of the excess rainfall-direct yrunoff system. The linear hydrologic
components used in the formulation of these models are, 1) linear
reservolr, and 2) linear channel, which are defined below:

A linear regervoilr is a fictitious reservolr in which the storage
8 1s directly proporticnal to the outflow Q or

S =KQ (8}

The linear reservoir thus represents pure storage action. By solving
the differential equation (Eq. 10), the IUH of a linear reservoir can
be shown to be

=t /K

h(e) = % ¢ (16)

In a linear channel, the time T required to translate a discharge Q of
any magnitude through the given channel reach of length L is constant.
Thus when an inflow_hydrograph is routed through a linear channel, the
shape of the inflow hydregraph will remain the same but it will be
lagged by the‘time of translation T. Therefore in a linear channel if
the input function is f(t), the output function will be £t =~ T), thus
providing the action of pure translation. For a linear channel, at any
given gection, the water area A¢ and the discharge § are related by

Ae = Cp Q
where Cy is called translation coefficient and is assumed to be a con~
stant in most of the conceptusl models., The TUH of a linear channel

can be shown to be
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h(t) = 8(t - T (17}
The simplest conceptual model of rainfall-runocff process can be
formulated by considering only the linear channel or the linear reser-
voir. If the watershed is considered analogous only to a linear chan~
nel, which receives spatialiy varied flow, then the watershed can be
divided into "n" subareas by isochrones (contours of equal travel
time}. The area enclosed by the adjacent isochrones is plotted against
the travel time to the outlet to obtain the "Time-Area-Concentration”
diagram. Alekhinzo derived the following expression for the runoff at
the outlet of the basin by considering the basin as a linear channel,

vﬁ

1l
- 2i
de j% 5 de-(3-1y01 (18)

where & Is the area of the watershed,

a’j is the area of the jth subarea,

dt is the depth of excess rainfall or direct runoff at time ¢,

dtw{j«l)DT is the depth of excess rainfall which occurred at the
time (j-1}DT before the time of consideration, ¢,
This formula is generally called 'The Genetic Runoff Formula" in Rus-
gian hydrologic literature. Dooge21 has demonstrated that the IUH,
resulting from modelling the watershed as a linear channel only, has
the same ghape g3 the time-arvea-concentration curve, This can slso be
seen from the resemblance between the Egs, 18 and 15,

Zoch22 considered a small elemental area of the watershed for
which he assumed that "at any time, the discharge is proportional to

the rainfall remaining with the soil at that time," This assumption is

the same as the concept of linear reservoir. For each elemental area
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of the watershed, Zoch developed the two following equations for dis-
charge, the first of which applies for the period of rainfall and the
second for the period after cessation of rainfall,
Q= 1¢e)(1 - e /K
wt /K

Q=10 e t

¥

) 0

A

t < Tp {19}

[AY

Tg (20}
where T is duration of excess rainfall,
t' = t - Tp, time elapsed after the end of rainfall,
Q
t“TR
These equations were then integrated over the area of the water-

and Qy

#

sheds for different shapes of the time-area-concentration curves, The
complete analysis for the cases of rectangular, triangular and semi-
elliptical shapes of the time-area-concentration curves has been pre=
sented. Zoch's method is equivalent to routing the time-area-concen-
tration curve through a single linear reservoir for a rainfall of
finite duration Tp. Alternatively stated, Zoch's model is a series
combination of a linear channel and linear reservoir,

Clark23 suggested that the IUH can be derived by routing the
timewarea-concentration curve through a single element of storage.
Physically, this is equivalent to Zach'522 formulation except that in
this case, the rainfall duration is reduced to zero. However, Clark
did not derive an explicit mathematical expression for the IUH. In-
stead, he derived the IUH by routing the time-area-concentration curve
through & reservoir for which, the storage equation is represented by
the special form of the Muskingum equation, However, Clark did not

osutline any procedure to derive the time~area-concentration curve,
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G’Kﬂllyza applied Clark's method for several watersheds in Ireland.
He observed that the smoothing involved in routing is sufficient to
permit the replacement of the time-area-concentration curve by an isos~-
celes triangle., In a closing note to the discussion on his paper,Z&
0'Relly derived mathematical expressions for IUH for the Clark's model.
However, these expressions were not applied by him to analysis of
hydrologic data.

Nash25 suggested that the IUH can be obtained by routing the in-
stantaneous input through a series of n successive linear reservoirs of

equal storage coefficient K The model proposed by Nash does not in~-

Na

volve the translation effect, and the expression for IUH is given by
wt/KN
h(t) = o S O S (21)
whereﬂiyis the Gamma function.

DoogaZI derived a general equation for the IUH by separating the
storage and translation effects in a watershed. In this method, each
element of inflow contributed by the linear channel {represented by the
ordinate of the time-area-concentration curve}, is routed through the
same sequence of linear reservoirs, The reservoirs may not have the
game value for the storage coefficient, The TUH is expressed by

t
- ke
h(t) = 3= -

o .
;E {1+ KjD)

S{(t - 1)

w{1/Te)dr {22}

Y

d
where T, is the classical "Time of Concentration'',

n is the number of subareas of the watershed,
w(t/Ta) is the ordinate of dimensionless time-area-concentration

curve,
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D is the differential operator d/dt.
Solution of Eq. 22 becomes complicated if the model invelves linear re-
servoirs with different storage coefficients, particularly if the num~
ber of subareas is large.

A technique of successive routing through partial storage of two
equal linear veservoirs, has been proposed by Holran and Overton.26’27
This model is based only on the recession constant., The storage coef-
ficient of each of the two reservoirs is assumed to be equal to half
the recession constant. Thus, the lag effect is equally distributed
between the two linear reservoirs. This particular conceptual model 1is
a special case of Nash model,

Dawdy and 0'Donne11%® have presented an '"over-all" model for the
hydrologic cycle. The model is similar in concept to the Stanford
Waterghed modalzg but is deliberately kept simpler to facilitate para-
meter sensitivity studies. The model consists of four elements repre~—
senting surface, channel, soil moisture, and ground water storages.
Each of these elements were modelled separately considering the inputs
and outputs to the elements. The nine parameters governing the model
are optimized by using the "Hill~climbing" technique. The model is

under continued investigati0n°3ﬁ,31

Iransform Methods. In all the cases of linear lumped system anal-

ysils of excess rainfall and direct runoff, in which conceptual models
are used, the model structure is formulated first and then the para-
meters of the model are evaluated by using excess rainfall and direct
runoff data. Evaluation of the impulse response function by using

transform methods constitutes an alternative approach to "identify" the
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gxcess rainfall-direct runoff system, The basic assumption in these
methods of analysis is that the excess rainfall-direct runoff process
is linear.

The fact that the convolution operation in the time domain is
equivalent to multiplication operation in the frequency domain forms
the central concept of these transform methods. FEither the Fourier
Transform or the Laplace Transform can be used to transform the convo-
lution integral from time domain to frequency domain.

A& brief outline of the transform method using Fourier Transform
is given below, as this method has been used in this study.

The Fourier Transform of a function £(t) is defined as

FI{£(t)] = Flw) = [ £(£)e %% (23)

0

and the Inverse Fourier Transform is
Frire)] = £(r) = g%:jr Flayed“Fay (24)

where FT is the Fourier Transform operator,
F{w} is the Fourier Transform of the function £(t),
3 is the imaginary unit = V=1

w is the frequency in radians per second,

and ?Twi iz the Inverse Fourier Transform operator.

Applicarion of the Fourier Transform te the convelution integral

(Eg. 7),
t
FOi¥(e) = | %ty h{t - t)dr} (25)
4]

results in
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¥(w) = X{w) Blw)

or (26)
Hw) = Y{w)/X(w)

Thus, the Fourier Transform of

- FT]outEuti

the kernel function h(t)J FT[input ]

Blank and Delleur32 developed a method of solving Eq. 26 for H(w),
in which effective vainfall and direct runoff data specified at dis-
erete time intervals are used. The response function h{t), can be

obtained by taking the inverse transformation of H(w), using Eq. 24,

Analysis of Rainfall-~Runoff Process in Urban Watersheds

Although the geﬁeral principles underlying the rainfall-runoff
process are the same for rural or non-urban watersheds and urban water-
sheds, urban watersheds usually have different characteristics in com-
parison with rural watersheds. The urban watershed areas are usually
smailer, and also, the stream channels in urban watersheds are more
uniform. Furthermore, the storm sewers induce swift conveyance in
urban watersheds. Consequently the urban watershed regponse will usu-
ally be much faster in comparison with the rural watershed response,
in view of these and other differences urban hydrologic analysis is
usually somewhat different from the hydrologic analysis of nonurbanized
watersheds., The literature of urban hydrologic analyses pertaining to

the present study will therefore be briefly reviewed.

Rational Formula -
In the hydrologic design of drainage works in urban areas, the

most popular empirical formula which is used to compute the peak
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discharge due 2o a storm is the Rational Formula, which is given by
Qp=CTA (27}
where Qp is peak discharge in c«fs,
C iz a runoff coefficient which depends upon the characterig=-
tics of the drainage basin,
I is the intensity of uniform rainfall,
and A is the area of the drainage basin in acres.

There have been several attempts to improve the Rational Formula
ever since its introduction in 1887, Metcalf and Eddy33 used a method
calied the "Zone Principle” in which the drainage area is divided into
zones by isochrones or contours of equal travel time. Fach zone is
assigned an "appropriate’ value of runoff coefficient, the magnitude of
which depends upon the imperviousness of the zone, and the distance of
the zone from the outlet. An average runoff coefficient applicable for
the entire watershed is then estimated and used in the Rational For-
mula. OGregory and Arno1d developed a "General Rational Formula" by
considering factors such as watershed shape, slope and pattern of

drainage network, The General Rational Formula has the form,

Qp = Cg =t (28)

where Cg is the runcff coefficient,
aps,aj,ap are coefficients which depend on geographic location of the
watershed,
Tre is the recurrence interval in years for a rainfall of inten-
sity I in inches per hour equaled or exceeded for a duration

of T, minutes,
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Io is the duration in minutes of rainfall of intensity I and is
equal to the time of concentration,
and A 1s the drainage area of the watershed in acres,

Mehn” developed a method to evaluate the "composite runcff coef-
ficient" which is similar to the runoff coefficient 'C' of the Ratiomal
Formula with the exception that the composite runoff coefficient ig ap~
plicable only to urban watersheds. 1In order to compute the composite
runoff coefficient, the watershed was divided into subareas and the
individual subareas were assigned different values of runoff coeffi-
cients. The magnitudes of runoff coefficients depend upon the physio-
graphic characteristics of the subareas and were obtained from the ASCE
manual of Engineering Practiceogé These runctf coefficients were
weighted and the weighted average value was adopted as the composite
runoff coefficient instead of the coefficient C in the Rational Formula
to compute the peak discharge from the entire area. Mehn's method is
similar to the procedure suggested by Matcalf and Eddy,BB but the
watershed is grouped into subareas and runoff coefficients are assigned
to these subareas in s different way to compute the composite runoff
coefficient,

The frequency of peak runoff chtained by using the Rational For-
mula is assumed to be the same as the frequency of the rainfall inten-
sity which is selected to compute the peak runcff. An investigation
to check this assumption was undertaken by Schaake, et,a1537’38 From
the analysis of data obtained from six small urban watersheds (each of
area less than 150 acres) located in Baltimore, Maryland area, fre-

quencies of both the rainfall intensity and the peak runoff were found
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te be log-normally distributed. Empirical equations for computing the
values of C and the "rainfall intensity averaging time", were also de-
rived in terms of the physiographic characteristics of the watershed,
The accuracy of prediction of peak discharges by using the Rational
Formula or its variations depends on the appropriate estimation of the
values of the coefficient C, which in turn depends on the judgment of
the designer. Thus the results obtained from the Rational Formula have
congiderable variation. However, the Rational Formula still remains

popular in the hydrologic design of urban drainage facilities.a’4

Hydrograph Synthesis by Routing

Empirical formulas such as the Rational Formula yield only peak
discharge estimates which are not too reliable. This drawback, and
also the necessity of knowing the time distribution of runoff gave rise
tc methods of hydrograph analysis in urban watersheds, Horner and
Flyn$39 were among the first to use hydrograph methods in the design of
storm sewers. They measured the temporal variations in rainfall and
runoff on three small (less than 5 acres), heavily urbanized areas in
St. Louls, Missouri. Assuming that the abstractions from the rainfall
are zerc, the "100 Fercent Runcff” hydrograph was computed for each
storm ¢on a drainage basin by using the unit hydrograph methed. The
"runoff factor ", defined as the ratioc of accumulated actual runoff to
the accumulated "100 Percent Runoff", was computed for different times
during the storm. The runoff factor at anv time was found to be appre~
ciably different from the ratio of instantaneous value of actual and
1900 percent runoff, at the corresponding time. Further, the ratio be-

tween the total observed runoff and the total rainfall was found to
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vary widely for a given drainage area. The ratic between the total
observed runoff and the total rainfall was also observed to be affected
by antecedent precipitation and seasonal climatic conditions.

Horney and‘JenséO'attempted to synthesize the hydrograph by first
computing the excess rainfall distribution for each subarea of a watere
shed. The infiltration rates were estimated by using Horton's equa~-
tion,

t

£i(0) = fo + (fo - £c)e 3 (29)

where £4{t} is the rate of infiltration at time ¢,

fc is the final constant rate of infiltration,

b3 is a constant dependent on the soil type and vegetation,
and f, is initial vate of infiltration.
The direct runoff hydrograph for each subarea was then computed by
using Horton's equation of overland flow,

q = I tanh’[0.922¢(I/nyLy) (30)

O.SSOO.ZS]
where g is the overland flow at any time t in inches per hour,
n, is the retardation coefficient representing the surface
roughness,
S, is the average overland flow slope expressed in percentage,
and Ly is the effective length of overland flow in feet,

These direct runoff hydrographs resulting from various subareas
were suitably lagged and superposed to obtain the hydrographs of direct
runoff at the cutlet of the watershed.

Hicksal suggested a graphical method called as the "Peak Rate

© Method" of synthesizing direct runoff hydrographs. By analyzing the

data of effective rainfall of 10 year frequency and different intensities
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and times of concentrations, charts were developed to compute direct
runoff hydrographs. These direct vunoff hydrographs were supposed to
vield the runoff from a completely impervious area and were called
"Basic runoff hydrographs"”. Then, by using a trial and error procedure
in which the conduit storage was accounted for, the peak discharges of
basic runcff hydrographs were computed, A table of peak discharges of
basic runcff hydrographs for different times of concentration was pre~
pared along with charts for "runoff factors". Runoff factors, defined
as the ratic of volume of runoff to volume of rainfall, were computed
by analyzing data from experimental watersheds which had different
land-use classifications and soil types. The peak runoff rate from a
given effective rvainfall for any drainage ares is computed by multi-
plying the basic peak rate with the appropriate runoff factor taken
from the charts. Although the runoff hydrographs can also be computed
by this method, the main emphasis is on computation of peak discharges.
For larger times of concentration, a method of "summing Hydro-
graphs" which ig an extension of the "peak rate method" was suggested
By Hicks. In the "Summing Hydrographs" method, the watershed was
divided into subareas for each of which the direct runoff hydrographs
were first obtained by the pezk rate method. Then, the hydrographs
from all the subareas which drain to a junction point were combined,
The vesulting combined hydrograph was vouted to the next downstream
junction point in the basin. The other combined hydrographs from other
subareas in the basin which drain te the same dovmstream junction point
were similarly routed. The routing process was continued to obtain the

direct runoff hydrograph at the outlet of the draimage basin, The




27

"Summing Hydrographs'" method was found to be more useful for large
drainage areas with extensive sewer development.

A program of critical investigation of existing methods for design
of storm sewers was conducted for the city of Chicago after the second
World War. As a part of this program, Tholin and Keiferaz developed
methods te synthesize runoff hydrographs from urban watersheds. 1In
Thelin and Keifer's method, direct runoff hydrographs for various times
of travel were developed by routing the excess rainfall through the
gutters, the laterals and the main sewers. From these hydrographs, a
number of charts for peak runoff as a function of percentage of imper-
vious area, time of travel, rainfall magnitude and physiographic char-
acteristics of the watershed were prepared. These charts cover the
maximum probable range of each of the independent variables such as
percentage of imperviousness, and are used as design charts to predict
peak rate of runoff from a given storm for a drainage area. Prior
knowledge of infiltration and depression storage is necessary to use
this method.

The Storm Drainage Research project was initiated at the Johns
Hopkins University in 1949, The objectives of the project were to
develop methods of accurate measurement of rainfall and runoff espe-
¢ially in small urban watersheds and to develop methods of predicting
runoff hydrographs from urbam watersheds by using the given rainfall
information and the data of physiographic characteristics of‘the urban
watersheds. Initially, four completely paved watersheds, all of area
less than an acre, and which had longitudinal slopes of one to three

percent, were instrumented. This program of data collection from urban
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watergheds was later extended so that currently data are being col-
lected from 29 urban watersheds of areas ranging from 0.1 acre to 153
acres. The percentage of built-up or imperviocus area in these water-
sheds varies from 9 to 100 percent, and these watersheds are all lo-
cated in Baltimore, Maryland,

As a part of the Johns Hopkins project, Bock43 introduced the
"Inlet Method" for the prediction of peak runoff at the outlet or at
any desivred point of the watershed. The inlet hydrograph is assumed
to be triangular, with a peak discharge of 4{. The base time of inlet
hydrograph is assumed to be ZTb {in minutes), where Ty 1s defined as
the time elapsed from the beginning of rainfall to the end of the
period of maximum rainfall intensity. The routing relation used in

this method is,

}
2Ty, Ly

% = YT 0.8 /"*rrr (1)
where L4 dis the length of the drain from the inlet to the outlet or
to the desired point in the watershed, in feet,
and V is the mean velocity of flow in the drain in feet per
minute,
Using the above equation, the inflow to the individual inlets were
routed to a common outlet point by suitably lagging and superposing the
outflows t¢ obtain the combined outflow, The Inlet Method, according
to Bock, ylelded good peak discharge estimates in 80 percent of the 56
storms tested in comparison with 56 percent good peak estimatesobtained
by the Rational Formula. In a continuation of the work of Bock,
Viessman and Geyeraﬁ developed the following relationship for peak

discharge in sewers in fully paved areas:
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_ 0,769 , 0,09 . 0.16 . 0.88 ,0.95 z 0.17
Q = = BE TR o A Sq (32)

where ng is the selected value of Manning's ‘'n’

I iz the maximum rate of rainfall in inches per hour,

A is the watershed area in acres,

g 1s the mean gutter sliope,

and Pp  is the volume of excess rainfall,

Further, the time of rise Tp (in seconds}, defined as the time from the
beginning of surface runoff to the peak of runoff hydrograph, was ob-
served to be related to the duration of the intense rainfall TS {in

seconds), by the following relationship:

Tp = 77.8 + 1.011 Tg

in the first of his two studies, Willeke&5’46

used the Muskingum
Routing Method to compute the runoff from urban watersheds. After
separating the base flow by the ¢-~Index method, a trial and error pro-
cedure was adopted %o determine the coefficients in the Muskingum
Storage Equation., Willeke concluded that a model based on storage
equation of the type of Eq, 8 yielded a better reproduction of the ob-
gserved runoff hydrographs for small urban areas and alsc that his model
wag relatively insensitive to the different methods of baseflow separa-
tion.

In his second study, Willekaaﬁ applied his method of anaiysis to
data from four small urban watersheds. Willeke postulated that the
runcff from small urbanh watersheds could be satisfactorily modelled by
the simple storage~discharge relationship given by Eq., 8. Hence the

watershed response is a function of time lag only, where the time lag
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is defined as the time interval between the centers of mass of effec~
tive rainfall hyetograph and direct runoff hydrograph. The storage
sguation {(Kgq. 8) was combined with the hydrologic continuity equatien
and the resulting differential eguation (Bgq, 10) was solved in ics
finire difference form., Willeke concluded that the time lag was essen~-
tially a constant, and that there was no significant correlation
between time lag and stovm chavacteristics for the data from impervious
watersheds studied. For pervious watersheds, however, the time lag
varied considerably from storm to storm and the total abstraction, Fy
{in inches} was found to be linearly related to the watershed slope,
‘§(%), by the equation

F; = 0,162 - 0.039 §

' Unit Hydrograph Metheds

Eagiesmn&? applied the unit hydrograph methods to study rainfall-
runoff relationships in urban watersheds. The "Volumetric runcff coef-
ficient™ which was defined as the "ratio of total volume of runoff to
the total volume of rainfall”, was found to be a constant for the data
uged in the analysis. By using the volumetric runoff coefficient,
Eagleson computed the vainfall excess and thereby derived the 10 minute
unit hydrographs. The unit hydrograph characteristics were then re~
lated to the physiographic characteristics of the watershed. The rela-
tionghip between the unit hydrograph peak discharge per square mile of
the watershed, g, and the mean basin slope §; was found to be

Qug = (2.13 x 10538
Eagleson observed that for watersheds with appreciable channel

storage, quy was a decreasing function of excess rainfall. The unit
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hydrograph base width, the widths at 50% and 757 of Quy Were plotted
against the maximum unit hydrograph discharge, q,-
Viessmangg’ég’so also used the unit hydrograph method to analyze
rainfall-runoff{ process in urban watersheds. The excess rainfall was
obtained by using a combination of an initial abstraction deduction and
the ¢~Index method., For all the storms on a watershed, one minute unit
hydrographs were derived, so that the outflow Q at any time t was given
i At

Q=10 -~ My o K | (33)

The optimum value of the storage constant k was computed for each
storm by minimizing the sum of the squarés of the difference between
the observed and computed discharges, and also by equating the times to
peak of the observed and computed peak discharges.

Viessman concluded that the optimum values of the storage constant
yaried considerably. However, the hydrographs regenerated by using the
average value of the optimum storage coefficients, E} agreed very well
with the observed direct runoff hydrographs. Also, the optimum storage
coefficlents were not found to be significantly correlated with the
rainfall characteristics, TFor each watershed, the average value of the
optimum storage constant K was found to be related to both the average.

repes

time lag T& and the gecphysical characteristics of the basin by the

folicwing equations:

K=1.565T, - 3,575 (34}

4
and g 'Ly 0,66

K = 0.015
Lo.ms‘/i—q“:;

(35}
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Instantaneocus Unit Hydrograph Methods

The possibilicy of modelling rainfall-runoff process on very small
impervious areas (less than 1 acre) by means of conceptual models was
investigated by Eagleson and Marchu51 For purposes of comparison the
instantaneous unit hydrographs were derived by the "Direct Method"s2
and also by using conceptual models proposed by Zoch,22 Nash25 and
Singhps3 It was observed that actual direct runcff hydrographs were
satisfactorily reproduced by using the Instantaneous Unit Hydrographs
derived by the direct method, although there was considerable variation
in the shape of the IUH. Hence it was concluded that no singl? TUH can
be used to obtain the runcff from a watershed for all storms.’ Another
conciusion of this studj was that among the three conceptual linear
models considered, the Zoch model provided better regeneration of run~
off than either the Nésh medel or the Singh model.

Delleur and Vicians4 have used two conceptual models in their
analysis of data from urban watersheds in West Lafayette, Indiana. The
storage coefficient X, of the single linear reservoir model, which was
the first conceptual model used in the analysis, was determined by a
trial procedure, From the data analyzed, it was reported that a value
of K which is equal to (.8 times the observed time lag, gave better re-
genaration of the runoff hydrograph than the cases in which K was
agsumed to be equal to the observed time lag or its average value, The
second conceptual model which was a series combination of a linear
channel and a linear reservoir, was used in an attempt to represent

both lag and storage effects In the watershed., The travel time re~

guired for obtaining the time-area-concentration curve was estimated by
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calculating the actual velocities of flow In the storm sewers. The
lineasr-reserveir—-channel model congistently predicted lesser peak dis-

charges than the single linear reservoir model for the data analyzed.

Estimation of Parameters of Linear Modelq

The models of rainfall-runcff process are developed with the ulti-
mate objective of using them for prediction of runoff from storms. The
parameters of these models may be estimated by using the storm and/or
the physiographic characteristics, Previous research in parameter es~
timation of linear cdnceptual medels was based on essentially the twe
following aspects. The unit hydrographs or the instantaneous unit
hydrographs or their dimensionless graphs were described in terms of a
set of parameters. These parameters were then related,in most of the
instances, to the physiographic characteristics of the watershed, A
very brief review of some of these investigétions in parameter estima-
tion are given next.

Dimensionless graphs, which were obtained by an analysis of unit
hydregraphs, were developed by Grayss for several watersheds. The diw
mensionless graph represents a modified form of the unit hydrograph in
which the basic shape is vetained, A two parameter Gamma distribution
functien of the form

v, 0l '
QUe/Ty) = 25.0 Lide &7V E/Tp) gy yInl
[ (nl)
was fitted to these dimengionless graphs. The parameter v' was found
to be velated to the parameter nl, and to the time to peak discharge T

P
by the following relationships:
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¢

v

]

al-~1

i

and ¥' = Cg + Cy Tp
where, Cy and Cy are constants.
The ratieo TP/Y' was designated as the storage factor, and was corre-
lated to the stream length L, and the channel slope Ses by the rela~
tienship:

T/Y' = Cy (L/V5)°3

Thus by knowing Cy5 €4, L and 5., the parameters y' and nl of the Gamma
distribution function can be estimated. Hence the dimensionless graph
and the unit hydr;graph applicable to a watershed can be determined and
used for prediction of runoff.

Reich56 developed a method of predicting the runcff hydrograph by
fitring the following three-parameter equation to the time distribution

of total runoff which has Gp» Tpg and (TQ - Tp) as its parameters.

where ¢ 1is the time measured from the time of occurrence of peak dis-

charge, and
(TQmTp) is the time interval between the time to peak discharge and

the centrold of the runoff hydrograph, both of which are
measured from the beginning of runoff hydrograph.

The parameter QP was related to the physiographic characteristics of -

the watershed and the 30 minute intense rainfall 130, by the relation~

ship

Qp = Cg + C; Igq+ Cg Leg +C3 L
where Ly is the distance along the main stream from the watershed outw

let to a point opposite the center of gravity of the watershed.
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The mean basin Slope'g and the mean channel slope g; were related to
the parameter (TQpr} by the relationship
— Gy
(Tq-Tp) = Co D% /(5c * §°%)
where D, is a factor which depends on the soil type, land use and topo-

graphy. Further, the parameter T  was graphically related to the

n
volume of total rumoff Vp, which was related to the infiltration ecapa-
city f., the total rainfall Py, and the time of concentration T., by
the relationship

Vg = €4 + C5 £ + Cg To + C7 Py
Thus 1if the magnitudes of the total rainfall, the infiltration capa-
‘city, the 30 minute intense rainfall and the physiographic charactexr-

istics of the watershed are available, the total runoff hydrograph can

be calculated by Reich's method.

57

Nash”’' estimated the parameters of the IUH and of the unit hydro-

graph by computing moments of the IUH and relating them to the area A,
length of overland flow Ly, and the slope S, of overland flow by the
following equations:
My = 27.6 %3 5,703 (36)
My = 0,41 Ly o't (37)
From Eqs. 36 and 37, and the equations for the moments of the IUH,
parameters n and Ky of the Nash model can be determined.
In another study based on the Nash model in the dimensionless form
the following equations for estimating the time to peak Tpi and the

parameter Ky of the IUH, were given by Wu, Delleur and Diskinass

L= 3.4 ali08 123 0.67

Tp
kg = 783 0:96 148 -1.47
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The parameter n of the Nash model is obtained by using the relationship

The value of Qp, which is needed, is computed by using the rational
formula. The vunoff hydrograph can be cbhtained by using the appropriate
dimensionless instantaneous hydrograph <Q/Qpi v thpi) which corre~
gponds to the estimated value of the parameter n.

In a2ll these methods, the parameters of the unit hydrograph or of
the IUH or of the dimensionless graph are implicitly assumed to be
unique for a watershed. Hence a unique set of parameters which is used
for a watershed to describe the unit hydrograph or the IUH, has been
related mainly to the physiographic characteristics. Although the
storm characteristics were used to a certain extent by Reich,s6 the
several factors such as infiltration capacity, the facter D,, etc.,

which were used by him cannot be estimated readily.

Effects of Urbanization on Runoff From Small Watersheds

Urbanization is human inhabitation and the censequent cpntrolled
development of previously uninhabited land. Apart from the increase
in pepulation density which is of interest to civil engineers in gen-
eral, construction of buildings and facilities which change the water-
shed response to the rainfall is of particular importance to the
hydrclogist. Because of the increased number of buildings and of
largey paved areas, the average local Infiltration rates decrease thus
resulting in higher volumes and rates of runoff. The time lag between
rainfall excess and of the runoff hydrograph alsc decreases mainly due

te the improvement of channels and the construction of sewer systems in

urbanizing areas.
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Although some work has been reported, quantitative evaluation of
effects of urbanization on runoff is still in its initial stages as the
techniques needed for such studies are still evolving. In most of
these studies, the percentage built-up or "impervicus" area in the
watershed has been used to characterize the stage of urbanization.
Savini and Kammerersg were among the first to discuss the effects of
urbanization on watershed response, although their emphasis was on the
effect of urbanization on water resocurces of the region in general.

Hydrelogic data for urbanized watersheds are usually unavailable
for the rural conditions of the past. Because of this lack of avail-
ability of hydrologic data for the watersheds before and after urban~-
ization, evaluation of effects of urbanization on runoff of a particular
watershed by analysis and comparison of observed data is not possible.
Heﬁce, in order to study the effects of urbanization, runcff data from
an urban watershed and from a rural watershed which is in proximity of -
the urban watershed, are used. Then, some of the runoff characterise-
tics as obtained from the data of the two watersheds are compared.

Most of the previous investigators have used time lag and magnitude and
frequency of peak discharges to study the effects of urbanization on
runoff. Almost all such studies have revealed that, compared to rural
watersheds, the average time lag for urban watershed is lesser by 60 to
780 percent, the peak discharges are higher by three to five times and
that the frequency of peak discharge is relatively higher. However,
the quantitative results in these studies vary widely because the data
used for the studies have been drawn from different regions. Further,

the results from different investigations cannot be easily compared as
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the definitions used ave usually different. For example, one of the
most commonly studied parameters is the time lag, which is defined in
different ways by wvarious investigators. Various definitions of time -
lag vsed by several investigaters are summarized in Table No. 1. How-
ever, some of the important investigations of effects of urbanization
on runoff, which are pertinent in the context of the present study are

discussed below.

Time Lag
Carter60 based his studies of the effects of urbanization on run~.
off en the time lag T& {(Table No., 13, The average time lag Tg in hours
for a watershed was expressed by Carter as

T, = a (L//5)% (38)

where L 1s in miles, S5y is the weighted siope of the main stream ex-
pressed in feet per mile, aj and a; are coefficients. Carter's results
were based on the analysis of data from 22 streams in and around
Washington, D.C. Curves 1 and 2 in Fig. 2 show the average time lag,
%g, as a function of the ratio (Lff§;3 for different basins which are
gqualitatively grouped by Carter as partly sewered basins and natural
basine with no sewer construction. In comparing his results with those
of Snyder,61 Carter observed that the time of concentration T., in
Snyder's study was expressed by Eq. 38 but with different values of the
coefficients ag and aj. However, the coefficient 'ag' in the equa~
tions of Carter and Snyder had different wvalues, although the values of

the exponent aj were almost equal. Snyder's results shown by Curve 3

in Fig. 2 were obtained from the data of completely sewered areas in



Table 1. Definitions of Time Lag
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Symbol Definition® Reference

Ty Time from centroid of excess rainfall to the 47 ,65,75
peak of direct runoff hydrograph

Tz Time from beginning of continuous excess 66,69,73
rainfall to the peak of direct runoff hydro-
graph

T4 Time from beginning of continuous excess 47,64
rainfall to the centroid of direct runoff
hydrograph

TA Time from the centroid of excess rainfall to 45,46 ,54
the centroid of direct runoff hydrograph 60,63,70,101

Ty Time from the centroid of excess rainfall to 26,27

the mid-volume of direct vunoff

*See Fig., 1. Numbers in the 'Reference’ column refer to entries in
bibliography.

RAINFALL,
INTENSITY

DISCHARGE

CENTROID OF
RAIN FALL EXCESS

4  HYDROGRAPH | pEAK OF RUNOFF HYDROGRAPH
3
L I S SS—— \CENTROID OF RUNOFF
> HYDROGRAPH
- Tq - Syt "~
LINE INDICATING
Ts =-MID ~ VOLUME OF
RUNOFF
(0,0
a TIME

FIGURE {. DEFINITIONS OF TIME LAG




AVE. TIME LAG T4 (HRS)

O.t

NATURAL BASING
@ PARTIALLY SEWERED
COMPLETELY SEWERED

il ] ot 1 bodttd I T I

i 0
LAVE,

FIGURE 2. VARIATION OQF AVERAGE TIME LAG WITH L/\/?;\;

AVE. TIME LAS Ty, T{HOURS)

IO-I L
02 o~

(AFTER CARTER®®)

FIGURE 3. VARIATION OF AVERAGE TIME LAG WITH LL_,//5,

(AFTER EAGLESON®T),

40




41

Virginia and other states. From Fig. 2 it may be noticed that com~
pared to the average time lag values of the natural basins, the average
time lag wvalues of the partially sewered basins and the completely
sewered basins were respectively lesser by about 66 percent and 85 per-
cent, Hewever, Carter made no attempt to express the average time lag
as a function of the percentage of impervious area in the watershed.

Based on an analysis of data of floods for 81 watersheds, 59 of
which were in Washington, D.C. area, Anderson62 reported that the time
lag T&, wae approximately constant for all average or larger floods,
provided that the basin was wet prior to the storm,

Wiita1363 applied the Carter's Equation (Eq. 38) for two water-
sheds near Detroit, Michigan. One of the two watersheds {The Plum
Brook Watershed, 22.9 square miles) was in rural condition and the

ether (The Red Run Watershed, 36.5 square miles), was completely

sewered and had approwimately 25 percent imperviocus cover. He ohserved-

that because of urbanization the magnitude of %; of the Red Run Water-
shed was lesser by as much as 70 percent compared to %;, of the Plum
Brook Watershed,

Linsley, Kohler and'?aulhusﬁa presented the following equation for
the average time lag %é (Table No. 1}, as a function of the watershed
characteristics:

Ty = agll Lea//5)% (39)
where Leg 18 the distance along the main stream from the basin outlet
to a point opposite the center of gravity of the basin in miles, ag,

a1 arve the regression coefficients, and T3 is the average wvalue of the

time lag Tq. The Eq. 39 was obtained from the analysis of data from



42

undeveloped watersheds in California., Curves 1, 2 and 3 zhown in Fig.
3 represent average time lag (ES) values for watersheds in mountainous
terrain, in foothills and in valleys respectively. In his study of
unit hydregraphs of urban watersheds, Eagleson47 compared the values of
average time lag Ei of urban watersheds with the results presented by

Linsley, et.al. Data from urban watersheds in Louisville, Kentucky

were analyzed by Eagleson to obtaln average values of T, and T., which

1 3°
are shown as curves 4 and 5 in Fig. 3. Results show that the time lag
values of the urban drainage areas were lesser relative to the time lag
of mountainous, foothill and valley areas,

Van Sickle,ﬁ5 in his study of effects of urbanization on runoff
from watersheds near Houston, Texas, classified the watersheds as
1} cultivated, some urban, no storm sewers, 2} more urban, some storm
sewers, no channel improvement, 3) extensive urban, storm sewers, no
channel improvement, and 4) extensive urban, storm sewers, considerable
channel improvement. Based on the comparison of values of average time
lag §‘, for the watersheds of classes 1 through 4 above, Van Sickle
conciuded that urbanization can cause as much as 67 to 92 perceni re-
duction in the average time lag.

66,67 and Espey,68 have assumed the 30

Eapey, Morgan and Masch,
minute unit hydrograph to be representative of watershed response,
Characteristics of the 30 minute unit hydrographs which were derived
by using data from urban and rural watersheds were compared by using
relationships obtained by regression analysis techniques. Espey,

et.al., observed that the length of the stream and slope of the stream

were significant in characterizing the unit hydrograph parameters for
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rural as well as for urban watersheds, The time of rise of the unit
hydrograph,ﬁrzu)which iz defined as the time from the beginning of run-
off to the peak runoff was used as a factor for evaluating the effects
of urbanization on runoff. The following equation for the times of

rise of unit hydrograph of rural watersheds (T, ) and of wrban water-

ZUR

sheds {TzUU} have been derived:
B =, 0, 36
Tygp = 1:26 (L/YS) (40)
and T
T = 20.8 L0°29(?) .11 I G.61 41y

200

However, the predicted time of rise was found to be more than the
actual time of rise for some urban watersheds. In order to correct
this descrepancy a correction facter for urban watersheds, 8, which is
the raties between the observed and predicted times of rise was defined
and used.

A limited study, in which the data obtained from Espey, et.al.,
wag used to investigate the effects of urbanization on unit hydrograph
characteristics, has been reported by Riley and thuvanarayanaaég The
znalysis was carvied out using analog simulation fechnigues and the
"representative" 30 minute unit hydrographs derived by Espey, et,al.
An "Equivalent Rural Watershed" which is defined as a hypothetical
rural watershed which has the same unit hydrograph as the corresponding
urban watershed, has been used for comparison. Two parameters, trhe
length and slope of the equivalent rvural watershed, which were expressed
in terms of the equations for the unit hydrograph parameters developed

66,67

by Espey, et,al.,, were defined azs follows:

Lo = [T, 5. 1100 /¢, 102
wer = Ty 5y Lyl T /6
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Spr = [Sy Lyl /lygs
where LW is the maximum length of travel on the watershed, and sub-

gscripts U and ER represent urban and equivalent rural watersheds re-

spectively, An "impervious length factor" (Lf) which is defined ag

the ratdio,
Lf = & f; fLW
> 2
where aj repregents area of the jth individual impervious area in the

drainage basin, and L, is the distance of the jth individual impervious

3

area from the basin outlet measured along the stream, in miles, was
also used for comparison.

The various components of the hydrologic cycle were simulated on
the anzlog computer. The paramsters of the analog model were then re~
lated te the impervious length factor. The variation of the factors

L 5 time lag T, and the peak of urban unit hydrograph, as a

ER* "ER’ 2U

function of percentage imperviousness and impervious length factor are
shown in Fig. 4.
Time lag has thus been used as the significant parameter both in

urban hydrologic studies and in studies of effect of udrbanization on

runoff. TInvestigations of'Snydergﬁl Linsley,64 et.al., Carter,60

48,49,50 66,67 ,68 e

Wiitala,63 Viessman, Eagleson,51 Espey,

70,71

t.al., and
Schaake are based on the assumption that average time lag was
affected mainly by watershed characteristics. Relationships for aver-~
age time lag in terms of physiegraphic characteristics of watersheds
have been propesed by many of these investigators. However, time lag

values vary widely from storm to storm and consequently are affected

not only by the watershed characteristics but also by the storm
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characteristics. Changes 1in g0il moisture level in the basin from

storm to storm might also contribute to the variation in the time lag.

This variation in time lag values has been recognized by Viessman and
72 73 . ' .

Razaq = and Landreth’ ™ among others, although no general relatienships

which consider the variation in time lag have been propesed so far.

Peak Discharge and its Frequency

Apart from time lag which has been intensively studied and widely
used to characterize tbe effects of urbanization on runeff, changes in
magnitude and frequency of peak floeds due to urbanization of watersheds
have also received considerable attention. Carter,ﬁﬁ in his study of
changes in magnitude and frequency of peak floods caused by urbaniza=-
tion of watersheds, assumed that the average rainfall-runoff coef%iw
clent of 0.3, which was obtained by rainfallwfiood volume studies for
watersheds near Washington, D.C., 1s applicable to neak floods also.
Further, the effect of changes in impervious area was assumed to be
. Independent of the asize of the flood*and that 75 percent of rainfall
volume on impervious surfaces reaches the stream.

Using the above mentloned assumptions, Carterﬁﬂ anplied regres-
sion techaniques to relate the annual peak fleod 6; which corresponds
to a definite recurrence interval, to the area of the watershed A (in

aquare mlles) and average time lag TA {in hours) as

Q=0 a A1TF t42)
1 3o 4

In Bq. 42, Ans A3y Ay, are regression coefficients whose values
depend on the recurrence interval, and the coefficient CI is related to

the percentage of impervious area U by the relationship
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_ (0.30 + 0.0045 Uy
I 0.30

C {43}

By this analysis, Carter concluded that effects of sewer construction,
channel improvement and other features of urbanization on peak floods
were more significant than the effects of changes in percentage of
impervious areas. Also, the maximum effect of complete suburban deve-
lopment in watersheds larger than 4 square miles in area, was found to
be an increase in peak discharge by 80 percent.

In 8 later report, Carter and Thomas7& modified the coefficient
Cy defined above. Based on additional data from drainage basins near

Washington, D.C., they redefined the coefficient €y as

- &~ 0,0l WU + 00,0075 U

Cy W

(44)

where W ig the percentage of direct runoff to total runoff.

Andergmn52 conducted an analysis similar to Carter's and presented
charts to estimate the magnitudes of peak floods, which have recurrence
intervals ranging up to 100 years for watersheds in which various de~
grees of urban or suburban development has cccurred,

V/étall and Smith75 compared unit hydrographs derived from data ob~
tained from two small watersheds in Champaign, Illinois, one of which
was almost entirely agricultural land and the other with 38.1 percent
of impervious area. The mean basin slopes and the stream channel
shapes of the two watersheds were generally similar. Comparison of
unit hydrographs showed that the peak of the unit hydrogranh of the
urban watershed was sbout four times that of the rural watershed. The

average time lag T, was about four times greater for the rural water-

shed than for the urban watershed,
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In the study of Espey§66 et,al., discussed eariier, it was con-
cluded that because of urbanization, the magnitudes of peak discharges
increass by 51 percent compared to those of rural watersheds and that
the "unit yield" defined as the volume of runoff per unit area of the
watershed increases by about 200 percent relative to the unit vield of

rural watersheds.

Critique and Motiﬁation

From the preceding literature review, the methods of analysis of
the urban rainfall-runoff process and the methods used to study the
hydrclagic,@ffectg of urbanization seem to bé still evolving. Rela-
tive performance of different types of hydrologic models when they ave
used to analyze data from urban.watershedsg their use in quantitative
evaluation of the effects of urbanization on runoff, and the related
topics have not vet been fully explored.

From many - studies it has been noticed that the rainfall-runoff

11,76,77  yowever, the basic underlying assump-

process is not linear,
tion of the commonly used methods in urban hydrology, such as the rout-
ing and the unit hydrograph methods, is that the rainfall-runeff
process is linear. The unit hydrograph and the IUH are not unique for
any watershed but wvary from storm to storm on the same basina32’76’78
The physiographic characteristics of the watershed and the soil mois~-
ture in the watershed antecedent to the storm alsoc contribute to the
variation of the unit hydrograph and the IﬁH, Unliess the variations in
the unit hydrograph due to the storm and the physiographic character-

istics can be clearly identified and separated, the changes in the unit

hydrographs due to urbanization alone cannot be accuratelv evaluated.
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Although there has been some success in expiaining the variation of
unit hydrcgfaphs,76 the process is still subjective. Conzequently, it
wag decided to use the instantanecus unit hydrographs instead of the
unit hydrographs for further analysis in the present study.

Analyses of data for very small impervicus areas (which are
usually less than 1 acre in area) by Willekegaﬁ Viessman,48’50 and
Eagleson etoala,El indicate that the rainfall-runcff process in small
impervious areas can be simulated by the linear conceptual models.
Delleur and VicianS& have also used conceptual models in actual urban-
watersheds which afe'not totally impervious. However, other than the
results reported by Fagleson etnalo,s1 the information about the rela~
tive regeneration performance of varicus conceptual models when they
are used to analyze actual urban rainfall-runcff data, is not avail-
able, As various conceptual models can be formulated by combinations
of the linesr elements such as the linear veservoir and the linear
channel the question of suitability of any of these models to simulate
the urban rainfall-runoff process arises. Further, it is possible
that for watersheds of different degrees of urbanization different
conceptual models may be suitable to accurately simulate the rainfall-
runoff process. Thus an investigation of the regensration performance
of a number of linear models and nonlinear models ig necessary,

Varfation of the parameters of these models with the physiographic:
characteristics including the percentage built-up area in the water-
shed, and the storm charascteristics should be investigated with a view

to establish the relationships among them. Using these relationships,
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provided they are meaningful and accurate encugh, the effects of
changes in the built-up areas on runoff should be investigated.

Based on these considerations, it was decided to investigate the
relative regeneration performance of several linear (lumped, time in~
variant) system models, to serve as a guide for the selection of a
suitable model or models to simulate the rainfall-runoff process in
urbanized watersheds. It is proposed to relate the parameters of the
selected model(s) with the important factors which affect the rainfall-~
runoff process and then to employ the model to investigate the effects

of urbanization on runoff.
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CHAPTER IIX

COLLECTICN AND PREPARATION OF DATA FOR ANALYSIS

Quantitative evaluation of effects of urbanization on runoff would
be relatively simple if rainfall and runoff data for watersheds were
available for both their pre-~urban and urban conditions., For most
wateréheds such hydrologic data are not usually available and hence
evaluation of changes in runoff characteri#tics due to urbanization by
direct comparison and data analysis is not possible, Howeveyr, analysis
of data from watersheds in the same region but which are in different
stages of urbanization does reveal the effects of urbanization on run-—
off characteristics and this is the general approach used in the pre-
sent study. To conduct such an analysis hydrologic data from several-
watersheds with different degrees of urbanization are needed. Hydro-
logic data from the following urban watersheds have been collected for
analiygisg:

1} Ross Ade (upper), West Lafayette, Indiana,

2} Réss Ade (lower), West Lafayette, Indiana,

3} Purdue Swine Farm (upper), West Lafayette, Indiana,

4) Purdue Swine Farm (lower), West Lafavette, Indiana,

~5) Pleasant Run at Arlington Avenue, Indianapolisg, Indiana,

6) Pleasant Run at Brookville Road, Indianapolis, Indiana,

7} Waller Creek at 38th Street, Austin, Texas,

8} Waller Creek at 23vd Street, Austin, Texas.




Data from the following rural watersheds are also used in the analysis:

1} Little Eagle Creek at Speedway, Indiana,

2} Lawrence Creek at Fort Benjamin Harrison, Indiana,

3} Bear Creek near Trevlac, Indiana,

4) Bean Blossom Creek near Bean Blossom, Indiana,

3) Wilbarger Creek, Austin, Texas.

Data collection from the Purdue Swine Farm watersheds in West
Lafayette was initiated as part of the present study and is being con-
tinued. The Ross Ade upper and Ross Ade lower watersheds were commise~
sioned as part of a previcus studyayg The data from other watersheds
in Indiana and Texas were acquired from the records and reports of the
U.5. Geologilcal Survey. Some of the pertinent details, watershed loca~-
tion and position of gaging stations, and instruments used for gaging,
ete,, are presented in Table No. 2 for all the watersheds from which
the data has been acquired for amalysis. The physiographic character—
fatics of West Lafayette watersheds and the instrumentation used to
measure hydrologic data from these watersheds are desecribed below in
detail. Similar details for other watersheds can be obtained from

other gmurﬁes,32’80’81

Hydrolopic Stations in West Lafayette, Indiana

The Ross Ade and the Purdue Swine Farm watersheds are located in
West Lafayette, Indifana, The Ross Ade Watershed has been divided into
two sub-watersheds as the Ross Ade upper and the Ross Ade lower water-
sheds (Fig. 5). The Ross Ade upper watershed has an area of 29 acres,
and inciudes a fully developed residential area northeast of North-

western Avenue, West Lafavette. The Ross Ade lower watershed has an




Table 2. Some Details About the Watersheds
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and the Gaging Stations

No. Name of Watershed Datails of the Watershed Lacation of Stream Location of Hailnfall Recording Instruments and Agency frem Which
Gaging Station Gaging Station(s) Fype of Records Data Were Obtained
1 Ross Ade {upper) West Lafayetce, Indiana; Longitude: 86% 58" 0" At the same locatien as 1) Columbus-type welr to measure Data collected as

2 Ross Ade (lower)

3 TPurdue Swine Farm
{upper}

4 Purdue Swine Farm
{laver)

% Pleasant Run at
Arlington

incIvdes fully developed
regidential area northeast
of Purdpe Universiry Campus
{¥iz. 6)

West Lafeyette, Indlana;
Ress Ade {upper) watershed
and part of Furdue Univer-
sity Campus and sport
gtounds are Included {Figz.
n

West Lafayette, Indiana:
Resldential area of Bar-
barry Reights, Avondale
Subdivigsion approx. 25%
devaloped, Cumberland
School, etc. are in the
watershed {(Fig, 12}

Hest Lafayette, Indfana;
Includes the Purdue Swine
Farm fupper} satershed and
the area between the Cum—
berland School and the Kal-
herer Road which is farm
land to be urbanlzed in the
near future f(Fiz, 12}

Indfanapolis, Indianda:
water¥shed includes north-
eastern parts of the cliy
of Indianapolis.

Latitude: 40P 76' 15"
Tomgitude: #6% 55 30"
Latfcudes 4D z5' 30"

At the gravel pit oo
the scuthern edge of
Furdue Universicy
Canmpus

Lopgitude: 86% 34' 307
Tatiruda: 40° 27' 407
Narth of fumberland
Scheel, &0 fr. dovn-
stveam of the point
where the main storm
sewer discharges into
an open ditch

Longitude: 86% 547 157
Latitude: 40° 28' o
Abour 200 feet seuth
of Kalberer Road

Longltudet 86% M3’ 50"
Latitude: 39° &g’ 33"

stream gaping station

Ar upper and Fower
Ress Ade stream gaging
atztieng

At the aame locavion
as Btream pgaging
statlen

At the upper and Lower
stream gaping stations

Raingage station Is
located fu the north-
western caorner of the
watershed at the in-
rersection of Shade-
Land Road and Wew York
Central Railread,

Elew,

Stevens A-33 20-inch water
Ievel recorder,

A raingage with a rainfall re-
celver of 16,2 tfnch diameter.
4} Tempeyature sensing elsment,
Continusus trace of water atage,
sccumulated roinfall snd tempera-
ture are recorded simultanesusly
on the same chatt of ftevens A-35
recorder which 1s driwven by a
synchronous mator &b a speed of
144 inches/{day. Records availahle
from water year 1964,

2

k]

o)

1) Columbus~type weiy ta memsure
flow.
Steveny £-35 10-inch wataer
level recorder run by a Tela-
chron Synchroncus moter at a
speed of l44 fnches/day.
3) A raingage with a rainfall re-
ceiver of 32.62 fnch diameter.
Aecumulated vatefall la recordad
by 2 Friez weiphing type tecorder
rTun at & speed of 1 inch/hour.

2y

1} Twe Parshall flumes, one of 12—
inch throat width Lo measure
flews sccurately up to 5 cfs
and the acher of 8 ft, throar
width for flows higher than §
efe,

A Stevens Duplex 2A-35, 20-inch
water level recorder yun by a
Telechron Synchroneus motor 2t
a speed of 146 inches/day.

A vaingage with a rainfall re-
ceiver of 22.67 fuch dimmeter.
fontinuous trace af warer stape in
the twe Parshall flumes, ané the
accunplared rafnfall, are reqorded
on the same chart of the Stevens
DNuplex 24-35 receorder. Records
available from water year 1968.

2)

3

1) Twe Parshall flumes, one of 1B-
1ach throat width te measure
Flows accurately up to 8 cfs
and the sther of 10 £t. throat
width Eor Elows higher than
cfs.

A rafegage with a vaipfall re-
ceiver of 272.67 inch dismeter.
L temperature sensing slement.
A Duplex 24-33 warer lavel Ta-
corder run by a Telechron Syn-
chronous motor at a speed of
144 inches/day,

Continuous trace of water stage in
the two Pazshall flumes, the rain-
fall and the temperature are re-
corded on the some 20-inch chart
of rhe Duplex 2A-35 recarder,

1} Stevens A-35 type 1f-inch water
level vecardey rumning at a
speed of 4.8 inches/day.

Records avallable from watet year

1859,

part of thia study.

—do-

—do-

ndge

U.8. Geological Sur-
vey, Indianapolis,
Indiana?l




6 Pleapant Run at
Brookville Read

7 Little Bagle Creek

8 Luwrence Creek

9 Bear Creek

10 Bean BMloseom Creek

11 Waller Creek at
38th Street

1% Waller Creek at
23rd Street

13 Wilbarger Creek

Indianapolis, Indidna; In-
¢ludes Pleagant Rum upstream
of Arlington Avenue and part
of the residential area he—
tween Arlington Avenue and
Brookville Roed. Pleasant
Run 18 a tributery to White
Biver.

Speedway, Yndiana; watershed
includes parts northwesr of
the city of Indianspolis and
covera mostly rural areas
except for the residential
ares of Speedway. Little
Fagle Cresk is a tributary
to White River,

Fr. Benjemin Hatrisom, Ind-
fang | watershed Includes
rural area 3 miles north-
east ¢f Plegsant Bun water-
shed. Lawrsnne Cresk is a
tributsry of Tall Cresk.

Neaxr Trevlac, Indianz; The
waterghed includes rural
d¥ez in Brown County, Ind-
iana, Baar Creek ia a trib-
utary to Wabash River.

Wear Bean Bloseom, Indiapai
The watershed Includes parts
of rural ares in Brown Coun-
ty, Bean Bloasom

Austin, Texas; Wallex Creak
lies shout 2 miles east of
the Balecones escarpment in
Austin, Texas. The watershed
incliuderm mainly residenrial
and buginess area. Soil is
predominantly clay, of var-
iable rhickness and under-
lain the Austin chalk lime-
stone which outerops alomp
most of the channel. Waller
Creek is a tributary to
“olorado River,

Austin, Texas:; The watar.
shed includes the area up-
grream of 38th Street,
Austin and the zfea between
38th Stresr and 23vd Streat,
Avacin, Tewxas. The type of
s0il and nature of develop-
ment iu the warershed ave
similar to those of 15th
Street, Austin,

Hilbarger Cresk watershed
Lies north of Pflugerville,
13 miles north of Auscin,
Texas. The creek flows in a
southeasterly direction to
the Colorade River. The
drainage area is tural., Soil
iz predominantly clay of
variable thickness and is
undarlain by the Austin
chalk limestone which onr-
craps at many places inm the
channel.

Table 2 {confinued)

Lengitude: B6° 05' 43"
Latituda: 399 43' 52"

Longitudet BE® 13' 41"
Iatitudes 39° 47% 15"
The stream gaging sta-~
tien 1y Iocated at the
southaastern corner of
the Speedway at 16th
Streer,

Longltude: B&° D17 257
Lacitude: 39° 52° p9"
Stream gaging starion
iz located at Fr. Ban-
amin Harrison, Marion
County, Indiana.

Longitude: 86% 207 43"
Latitude: 39° 16’ 4"
On left bamk, 1§ ft.
went of County Road,
1.1 miles northwest of
Treviae

Longitude: 86° 261 57"
Latitude: 3%° 14' 3g"
Wear Bean Blossom in
Erown County

Longitudet 377 43' 36"
Latitude: 30° 17° 49"
At a point 200 feer
upsrrean of the bridge
at the 38th Streat in
Austin, Travis County,
Texas.

Longirude: 97° 44" 01"
Larirude: 30° 17" 08"
On San Jacinto Doule-
vard, 53 ft, wpscream
from bridge on east
23rd Street, Austia,
Travig County, Texas.

Longitude: 97 36" 02V
Latituder 30% 27' 16"
Stream paping starionm
i5 located 131 ft.
downstream from PPluger
Lane and 1.6 miles
northeast of Pfluger-
ville, Travis Qounty,
Austin, Texas,

Raingage station is
located in the north-
wastern corper’ of the
watershed at the ln-
tersection of Shade~
lang Road and New York
Central Railroad.

There is no raingsge
within the boundaries
of the watershed.
Rainfail data from the
taingage located In

the Plaasant Run water-

shed and the data from
the raingage located
at the pesrby alrport
ere ro be used,

Mo raingaging station
is located within the
watershed houndaries,
Rainfall data from the
raingaging starion in
Pleasant Run watershed
erd from the ralngage
gtation at the nearby
airpart are to be used

1) Stevens A~35 type LO~inch water

level recovder running at a
speed of 4.8 inches/day,

Recovda available from water year
1959,

4 Stevens A-35, 10~inch water
level recorder rumnning at a speed
of 4.8 inches/day recerds the
stteam stage.
from water yeav 1953.

Records available

There are no rtaiogaging A Stevens A-3%, 10-iach watev

statione within the
boundaries of the
watershed. Rainfall
deta from nearby rain-

gnging statiops ourside

the boundaries sre Lo
be used

-da-

e recording and two
nen-recording rain-
gaging stations are
located within the
watershed.

There ars thrae re-
cording and three non-
recording raingages
located inaide the
vaterahed,

Three recording rain-
gaging stations are
located in the water-
shed .

A Stevens A-33
level zecorder
stage, Records
year 1963,

level recorder, runnfeg at a speed
of 4.8 inchea/day records the

stream stage,
from water year 1933.

Records available

A Stevens A-13, I0-inch water
level recorder rumning at & spead
of 4.8 inches/day. Records avall-
ahle from water year 1953.

4 Stewens A-35 type, 10-inch water
level recorder recerds the stresm
stage, Records available from
water year 1955.

~do~

type, i0-inch water
records the stream

available from water

o4

U.S. Geological Sur-
vey, Indianapolis,
Tndiana

~do~

1} U.S5. Geological
Survey, Indiana-
polis, Indiarxam

23 Mank agg
Belleut™

~jar

.58,
vay,

Geological Sur-
Austin, Texas

u.s,

Geclogdeal Sups
vey, 50

Austin, Texas
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area of 392 acres in which the Ross Ade upper watershed and parts of
Purdue University Campus are included. The Purdue Swine Farm watershed
has a total area of 292 acres and 1is sub-divided inte two sub~water-
sheds as upper and lower watersheds (Fig. 5). The Purdue Swine Farm
upper watershed covers an area of 178 acres and includes Barbarry
Heights and Avondale gubdivigions, which are partly developed residen-
tial areas. In the Purdue Swine Farm lower watershed, in addition to
the Purdue Swine Farm upper watershed, the arez north of Cumberland
School and gouth of Kalberer Road, which consists mostly of farm land
are included. Thus the West Lafavyette watersheds have considerable
variation in stages of urbanization, ag they include areas which range

from farm land to fully developed urban areas.

Ross Ade Watershed

The Ross A@e Watershed extends in a generally north-seuth direc~
tion, and the soil type in the watershed ranges from poorly drained
soils such as Crosby silt loam in the northern parts to excessively
drained soils such as Warsaw silt loam in the southern parts. A main
72-inch diameter sewer known as "Ross Ade Drain', which has a slope of
0.77 percent carries the storm runoff from the Ross Ade Watershed and
drains into a_gravel pit located at the southern edge of the watershed.
Two gaging stations were established on the Ross Ade Drain by the U.S.
Geological Survey, and data acquisition from these stations was started
in September 1964, The Qatershed, drainage system and location of gag-
ing statlons for the upper and lower Ross Ade watersheds are respec~

tively shown in Figures 6 and 7.
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Instrumentatrion at both the Ross Ade gaging stations is being con-

tinually improved since its installation ip 1964. Details of the in-

struments which are currently used in thesge stations are given below,

Rainfall ang runoff data from the Ross Ade upper watershed are recorded

At a lecatien just west of Northwegteyn Avenue in the northeast corner

of the Purdue University football field, A Stevens A-335 continucug

stage recorder with 20 inch chart, a recording raingage, a temperature

recording unit, and

which is 6 feat wide, 10 feet deep and 29 feer iong, &t the downstream

of which a columbus type deep notch weir with a crese length of 6

feet is located, & 4-foor Square stilling well 4g connected to the

The raingage has a 16-inch diametay vainfall receiver mounted af

8 feet ahove the ground level. The 16-inch rainfall receiver vields a

record which is magnified 4 times that ¢f the Yecord ohtrg

standard 8-jnch diameter rainfall receiver, thus faeilitating better

estimate of rainfall magnitudes, The rainfall receiver is connected g

a standard 8-ineh diametear collecting tank by a 1/2~inch coepper tuhe,

A B-inech diameter float in the collecting tank is in turn connected to

the stage recorder through a set of pulleys, thug facilitating
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simultaneous rainfall and stage recording on the same chart. An 18-
inch long tempevature sensor, mounted 8 feet above the ground level, is
also connected to the stage recorder through a Stevens temperature
gensing unit, Thus the rainfall, the stage and the air temperature are
all recorded on the same chart of the stage recorder,

The electric tape gage 1s a contact type, nen-recarding, stage
messuring device. Tt consists of a metal sensor attached to a steel
tape which is comnected to a voltmeter through a dry battery power
pack. Instantanecus stage values can be measured up to 1/100 of a
foeot. This electric tape gage provides a check for the stage value re-
corded by the stage recorder.

All the recording instruments mentioned above are housed in a con-
crete instrument shelter located below the ground level and on the top
of the stilling well, which is located to a side of the measuring
flume. A manhole epening at the top of the instrument shelter and a
steel ladder provide access te the instrument shelter, Stage recorder,
electric tape gage, and collecting tank are shown in Fig. 8 whereas
raingage vecelver and temperature sensor are shown in Fig. 9,

Runoff from the Ross Ade upper watershed and the lower watershed
which includes part of Purdue University Campus is collected by the
Ross Ade drain which drains to a gravel pit located at the southern
edge of the Ross Ade lower watershed just outside the Purdue University
Campus (Fig. 7). Some details of the station are shown in Fig. 10.

The recording instruments provided at this station are a Stevens A~35
stage recorder with a 10-inch chart, a recording raingage and an elec-

tric tape gage. A combination of columbus type deep notch weir located




Figure 8, Recording Instruments at Ress Ade Upper Watershed
Gaging Station
2
Figure 9,

General View ¢f Ross Ade Up

s

Gaging Station
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Figure 10. Recording Instruments at Ross Ade Lower Watershed

Gaging Station

Figure 11. General View of Ross Ade Lower Watershed Gaging

Station
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at the downstream end of a concrete flume and a stilling well identical
te the one used to measure the runoff from Ross Ade upper watershed are
used at this gaging station also. A 15-inch diameter float in the
stilling well is comnected to the stage rvecorder through an arrangement
of pulleys., The Stevens A-35 vecorder is drivem by a Telechron Syn~
chronous motor at the rate of 144 inches per day, so that the stage
values can be read at 1/4 minute intervals,

The raingage has a 22,624 inch diameter rainfall receiver and is
mounted at about 10 feet sbeve the ground level (Fig. 11}. The special
gize of the rainfall receiver ig designed to magnify the record ob-
tained by a standard 8«inch diameter raingage by a factor of eight., A
Preiz~Welghing type rainfall recorder with a chart mounted on a re-
volving drum moﬁing at 8 speed of about 1 inch per hour is used to
record the rainfall. A 1/2-inch diameter rubber tube is used to con-
nect the rainfall receiver to the rainfall recorder. Thus, at this
gaging station, rainfall and runoff stage are recorded by separate in-
struments on separate charts in contrast with the Ross Ade upper water-
shed paging station where both rainfall and runoff are recorded on the

game chart.

Purdue Swine Farm Watersheds
The Purdue Swine Farm Watershed located in West Lafayette, Indiana
at about 4 miles north of Purdue University Campus extends in a south~
north direction (Fig. 12). The terrain is flat with a gentle slope in
the northern direction, with slowly permeable Crosby siit leam in the

upper reaches and Brookston silt loam in the downstream regiomn.
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"A 72~inch diameter, corrugated galvanized iron main sewer drains
the area of Barbarry Heights and Avondale subdivisions into an open
ditch at about 500 feet northwest of Cumberland School. This area
which is drained by the 72-inch sewer is called the Purdue Swine Farm
upper watershed., The aves situated to the north of Cumberland School -
and south of Kalberer Road drains into an open ditch, thus forming the
Purdue Swine Farm lower watershed. As a part of the present study two
gaging stations were designed and coustructed on the Purdue Swine Faym
watershed. The general layout of the gaging stations and details of
construction are shown in Fig. 13.

One of the two gaging stations is located just downstream of the
above mentioned sewer outlet to gage runcff from Purdue Swine Farm
upper watershed and is designated as gaging station number one. The
stream flow is measured by two steel Parshall flumes. One of the two
Parshall flumes has a throat width of 12 inches and is used to measure
fiows accurately up to 5 cfs and the second Parshall flume has a throat
width of 8 feet and flows larger than 5 ¢fs are measured by using this
flume, Two 2Z~inch diameter inlet pipes, one from esch of the Parshall
flumes, are connected to two separate 18-inch diameter stilling wells.
These stilling wells are located at about 25 feet from the flumes,

Each of the stilling wells is provided with a 15-inch diameter float
which in turn is comnected to 2 Stevens Buplex 2A~35, Z0-inch chart
stage vecorder through a pulley system. A raingage with a rainfail re-'
ceiver of 22.624~inches diameter is located at 8 feet abeve the ground
level. A 1/2-inch diameter rubber tube is used to connect the rainfall

receiver to a standard 8-inch diameter collecting tank which is provided
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with a 6-inch diameter float. The float in turn is comnected to the
stage recorder through a set of pulleys, thus ailowing the rainfall to
be recorded on the same chart simultaneously with the stage record,
All the vecording instruments and the stilling wells are located in an
instrument shelter (5' x 7' x 10') below the ground level. Instruments
in the underground instrument shelter, rainfall receiver, énd the re-
lative positions of the Parshall flumes are shown in Figs. 14 and 15.
The second of the two gaging stations on the Purdue Swine Farm
watershed in which runoff from both upper and lower Purdue Swine Farm
watersheds 1s gaged is called gaging station number two, and is located
about 130 feet upstresm of the culvert at the Kalberer Road (Fig. 123.
A Stevens Duplex 24-35, 20-inch chart stage recorder, a recording rain-
gage and a temperature recovding unit are located in this gaging sta~
tion. rStream flow is measured by using two steel Parshall flumes, one
of which has a throat width of 18 inches and is used to measure flows
accurately up to 8 efs whereas the second Parshall flume has a‘thfoatr
width of 10 feet to measure flows larger than 8 c¢fs. The connections
of Parshall flumes to stilling wells, arrangement of raingage unit and
the instyument shelter, are exactly same as for the gaging station num~
ber one. In addition, an 18-inch long temperature sensing element is
located 8 feet above the ground level. The temperature is recorded by
a Stevens temperature recording unit used with the stage recorder. The
water stages in the two Parshall flumes, rainfall and temperature are
recorded simultaneously on the same chart. Instruments in the instru-
ment shelter are shown in Fig. 16, whereas Parshall flumes, rainfall
receiver, temperature sensor and the Evaporation Station are shown in

Fig. 17.



Figure 1l4. Recording Instruments at Purdue Swine Farm Upper

Watershed Gaging Station

Figure 15. General View of Purdue Swine Famm Upper Watershed

Gaging Station
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Figure 16.

Figure 17.

Recording Instruments at Purdue Swine Farm Lower

Watershed Gaging Station

General View of Purdue Swine Farm Lower

Watershed Gaging Station
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In addition to the above mentioned recording instruments, an
"Evaporation Station", consisting of a 4-foot diameter evaporation pan;
2 maximum-minimun thermometer, an integrating anemometer to measure
evaporation,_ﬁgmperature variation aﬁdfwind“velqci;ies, respectively,

has been Installed at the gaging station number two (Fig. 18).

Laboratery Tests. Laboratory'tests'were cogducted on one of the

Parshall flumes which is used to measure the runoff from 9uréue Swine
Farm watersheds in order té check the rating:curve,supplied by the man-
ufacturer. The 12-inch Pa:shall'fluﬁe WAS seiected for testing and was
calibrated in the laborator&; The’iaycut‘ﬁf'thE‘teétimg facility is
shown'in'Fig, 19. The inflow was méasured by 2 1l0-inch dismeter ori-
fice meter,;anqmthe_discharge wasg measured by a 4-foot long sharpf
crested rectangular weir and the head upstream of the throat in the
Parshall flume was also measured. The observed readings are presented
in Table 3 and the calibration results are presented in Fig. 20. The
rating curves for the Parshall flume agreed satisfactorily with the
rating curve éupplied by the manufscturer. As a part of this study,
the dynamic response of float type stage recorders was also tested by

Blank and Delleur.32

?hvsiographié_Charagterisﬁics of thg Watersheds

Apart from the rainféllwrunoff data éollection'conducted a8 a parg’

of the present study, offfhe'éoliectiun of.data from the records of
U.8. Geological Survey,isoﬁé-of the physicgraphic chavacteristics of
the watersheds mentioned earlier {Table 2) were obtained. These are:

the area of the watershed (A}, the length of the main stresm (L), the




Figure 18.

Evaporation Station at the Purdue Swine

Lover Watershed Gaging Statiom

Farm
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Table 3. Calibration Results for the 12-inch Parshall Flume

No. Float Reading Hook Gage Parshall Flume Discharge
Reading Scale Reading From From
{Rectangular Rectangular Parshall
Weir) Weir Flume##*

{Fr.) (Fe.) (Fr.) {efs) (cfs)
1 0.15 0,167 0.19 0.30 0.30
2 0.20 0.185 0,24 0.44 0.46
3 0.25 0.204 0.29 0.62 0.61
4 0.30 0,224 0.34 0.76 .77
3 0.35 0.247 0.40 0.93 0.99
6 0.40 0.265 0.43 1.14 1.11
7 0.45 G.290 .48 1.33 1.31
8 0.50 0.306 0.53 1.15 1.39
9 G.53 0.325 0.58 .71 1.62
19 G.60 (.346 0.63 1.9% 1.98
11 0.65 3.363 G.68 1.94 2.23
12 0.70 0.385 0;?% 1.95 2.48
i3 G.75 0.410 0.78 2.40 - 2.74
14 0.80 0,433 0,83 2,70 3.02
13 .85 0.452 0.88 3,05 3.29
ié .90 0.674 0,92 3.65 3.52

17 .95 0,493 ® 3,90 #

18 1.00 0.506 * 4.00 *

#Water Surface wasg very rough so that accurate reading of the scale was
not possible,

*%As per manufacturer rating curve.
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mean basin slope (gﬁ, and the percentage of impervious area in the
watershed (U}, which were obtained from other sources or were deter~
mined from topographic maps. Bach of these characteristics are defined

below, and the method by which each was evaluated is alse described,

4Area, The area enclosed by the water divide is defined as the
watershed area. For the West Lafaverte watersheds, the watershed
boundaries or the water divide lines were established by using topo-
graphic maps and aerial photographs. The area within the water divide
was measured by a planimeter. In sewered areas, runcff from only a
part of the area within the water divide might be drained by the sewer
system. For example, in the Ross Ade upper watershed, the sewered area
does not coincide with the area in the water divide as shown in Fig. 6,
In such instances only the area, the runoff from which is concributed
to the sewers, is considered as the area of the watershed. For other
watersheds, the values of the drainage areas were chtained from the

records of U.5. Geological Surveyusﬂ’Sl

Main Stream Length. Main styveam length is the length measured

along the main stream on a topographic map, from the starting point of
the stream to the gaging station. For all the watersheds, the main
stream length was determined by using a "Map Measure" and the resulting
values were checked with the values given in the records of U.S5, Geo-

logical Survey, and were found to be in close agreement

Mean Basin Slope. The mean basin slope for a watershed has been

defined and determined in several ways. In one of these methods the

stream profile (elevation against distance along the stream) is plotted
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and the avea under this profile is determined. The mean basin zlope,
'§§ is then computed to be the slope of a straight line which has the
#ame area under 1t as the area under the profile.82 In another method,
t he mean basin slope is determined by dividing the stream into n equal
reaches and the slopes of these n reaches are computed, The mean basin

glope is then obtained by the formu1a83

4
— i
5= 17 1 1
i I T o S
/e /e T
5 g, Sy

where Sl’ Sqs ....Sn are the slopes of the individual reaches of the
stream. If this formula is used for watersheds with relatively small
slopes, errors in computing the mean basin slope become greatly ampliw
fied,

The mean basin slope, as used in this study is the difference in
elevations of the extreme upstream point and the outlet of the water-
shed divided by the distance between these points. The mean basin
$1cp2"fcr‘each‘watershéd"underfstudy,fwas'determinad'according to the

above definiticn and was expressed in feet per mile.

Impervious Area. For the purposes ~f rhis study, the ”impervioqs
area” is defined as the area in the watershed which does not contribute
to divect infiltration. Paved roads, parking lots, building roofs,
lawns, and side walks have been considered impervious areas, ¥No at-
tempt has been made to distinguish the relative effectiveness of eanh
type of surface and 2ll surface types mentioned above have been clasai-
fied as impervious areas. Aerial photographs of scale 660~ft. to an

inch were used to obtain the percentage of impervious area in each of
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the watersheds in West Lafayette and Indianapolis. For watersheds in
Texas, impervious area data were available from other seurceSOSG'

In general, the built-up areas are not uniformly distributed
within the watershed. Also, measuring all the impervious areas would
be time consuming and tedious. Hence, the following procedure was
adopted to obtain an estimate of the percentage of impervious area in a
watershed:

1) From an inspection of the aerial photographs, the watershed
area was subdivided into 4 or 5 subareas, such that each subarea repre-
sented a particular characteristic urbanization density. The area of
each of these subareas was determined by a planimeter.

2} From each subarea, one or two ''sample-areas’, which are repre-
sentative of the development in that subares were selected.

3} The aerial photographs of these "sample-areas" were magnified
8 times theilr original scale.

4} From each of these magnified pictures the total area of paved
roads, parking lots, roof tops, lawns, foot paths and side walks was
estimated by superposing these pictures onto a transparent centimeter
graph paper and counting the number of squares occupied by these imper~
vious areas on the graph paper, The ratio of the impervious area to
the total area in each of the magnified pictures of the "sample' was
then computed.

5} The percentage of impervious area for the subarea under study
was computed by taking the arithmetic average value of the percentage

of impervious area in the "sample-areas", computed in step 4.,
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6) Thus, percentage of impervious area for each subarea was ob-
tained by adopting the procedure described in steps 2 through 5.

73  Each subarea was assigned a weight proportional to its area.

8)  The percentage of imperviocus area in the entire watershed was
obtained by computing the weighted average value of the percentage of
impervious area in each of the subareas.

For each of the watersheds under study, the values of area of the
dersinage basin A, length of the main stream L, mean basin slope El and

the percentage of impervious area U, are presented in Table &.

Processing Hvdrolegic Data for Analysis

Runoff Data
The runoff hydrographs are affected by the factors such asg ante-
cedent melgture condition of soil in the watershed,; areal distribution
-and- movement of storm., Hydrographs were selected f6r analysis such
that-all the hydrographs weré affected by these factors te’ approxi-
mately the same extent.,  Hydrographs which satisfied the following cri-
teria were selected for amalysis:

1} The storms which were relatively isclated,

2} Storms which exhibited approximate uniform spatial distribu-
tion over the entire watershed,-

3} Stage hydrographs of storms which had a well defined rising
limb culminating in a singie sharp peak followed by unsustained
recesaion.

Although it is desirable to use a large number of hydrographs for

analysis, many hydrographs do not satisfy the above eriteria. On an
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average, about ten hydrographs for each watershed were selected for
analysis. For the Indianapolis and Texas watersheds, the stage hydro-
graphs and the appropriate rating tables for the selected storms were
obtained from the records of U.5. Geological Survey. The stage hydro~ -
graphe were digitized and were put on IBM cavds to obtain hydrographs
with crdinate gpacings of 60 or 30 or 0.5 minutes interval. The ordi~
nzte spacing depended on the type of the stage recording machine used

for data collection.

Rainfall Data.

Rainfall data in the form of a continuous record of cumulative
rainfall were available for most of the watersheds used in the present
study. - The density of rainfall'gaging stations in the state of Indiana
is about one station per 250 square mileé,Bz'7Hence~paxticular1y for
the~sﬁail rura}l watersheds in Indiana selected for this study, no rain-
fall gaging station was located within the watershed. In such cases,
hourly rainfall data from the-rainfallfgagiﬁg stations within the vi~
cinfty of the watershed boundariés were obtained from the U,8. Weather
Bureau. - The arithmetic averages of the rainfall from the nearby sta-
tioms were used to obtain the fotal rainfall mass curves for the water-
shed under study,

Az excess rainfall and direct runeff are used {n the present
Bﬁudyb-the'direct runcff hydrograph and: the excess rainfall hyetograph
ware determined from the data of  total runoff hydrograph and total
rainfall, Methods used to obtain the direct runoff hydrograph and the

excess rainfall are deseribed bhelow.




81

Base Flow Separation

The total runoff hydrograph can be subdivided into three parts as
the direct runoff, the interflow and the ground water flow. At pre~
sent, it is not possible to distinctly isolate these three components
of runcff although separation of ground water flow or base flow from
the observed hydrograph iz much easier than separation of interflow and
direet runoff. Consequently the total hydrogrash was separated into
base flow and direct runoff components. The methods which are used for
separation of bane flow are =srill empirical and hence the distinction
between direct runoff and base flow is arbitrary. Further, experience
has shown that the shape and the volume of the direct runoff hydrograph
are relatively insensitive to the metheod of base flow separation. Sev-
eral empirical methods to separate base flow are in practice32’82’84
and the following method was adopted in this study for the separation
of base flow,

In a hydrograph, let A and B respectively represent the points at
which the direct runoff begins and ends {Fig. 21). Location of the
point A is easy in isclated storms and the value of the peak discharge
Qp'is determined by drawing s horizontal line through the point A, The
peint B is then located on the recession limb of the- hydrograph such
that the discharge at R, Op, is one hundredth of the peak discharge
Q?L The points A and B are joined by a straight line which represents
the base flow separation line. The ordinates of the direct runoff
hydrograph are then obtained by subtracting the ordinates below the
straight line AB from the corresponding ordinates of the total runoff
hydragfaphox This method of separation of base flow compared favorably

with the other methods in practice.1&932953
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Base Flow Separation

The total runcff hydrograph can be subdivided inte three parts as
the direct runoff, the interfiow and the ground water flow., At pre~
sent, it is not possible to distinctly isclate these three components
of runoff although separation of ground water flow or base flow from
the observed hydrograph is much easier than separation of interflow and
direct runoff. Consequently the total hydrograph was separated into
base flow and direct runoff components. The methods which are used for
gseparation of base flow are still empirical and hence the distinction
between direct runoff and base flow is arbitrary. Further, experience
bas shown that the shape and the volume of the direct runoff hydrograph
are relatively insensitive to the method of base flow separation. Sev~
eral empirical methods to separate base flow are in practice32’82’84
and the following methed was adopted im this study for the separation
of base flow.

In a hydrograph, let A and B respectively represeat the points at
which- the direct runoff begins and ends (Fig. 21), Location of the
point A is easy in isolated storms and the value of the peak discharge
Qp’is determined by drawing a horizontal line through the point A, The
point B is then located on the recession limb of the hydrograph such
that the- discharge at B, Qp, is one hundredth of the peak discharge
ka The points A and B are joined by a straight line which represents
the base flow separation line. The ordinates of the direct runoff
hydrograph are then cbtained by subtracting the ordinates below the
straight line AB from the corresponding ordinates of the total runoff
hydrograph. This method ¢f separation of base flow compared favorably

with the other methods in practice.lﬁ’az’SB
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Determination of Excess Rainfall

Only a part of'the rainfall contributes to direct runcff whereas
infiltration, evaporation, interception, and temporary surface deten~
tion account for the rest. Infiltration, which is the predominant lossg,
is higher at the beginning of rainfall and tends to decrease as an
exponential decay function as rainfall progresses. The time rate of
infiitration which depends on, among other factors, antecedent moisture
condition, areal distribution of rainfall, cannot be computed exactly,
Consequently, the time distribution of excess rainfall is often esti-
mated arbitrarily. However, the volume of excess rainfall must be, and
hence was, adjusted to be equal to the volume of direct_runoff. Quite
often, in obtaining the effective rainfall hyetographs;=the'fime‘dis~
tribution is altered. In the present study the excess rainfall is
estimated assuming that the sum of the interception, evaporation and
depression storage 1is linearly related to the rainfall intensityqas
The rainfall which occurred before the time of commencement of difect
runeff was assumed to be initial abstraction. The time of rise was
taken as the beginning time of excess rainfall, The ordinates of the
excess rainfall hyetograph were obtained by multiplying the corres-
ponding ordinates of the rotal rainfall hyetograph by the ratioc of the
volume of direct runcff to the volume of the total rainfail, Thus the
time diStribution of excess rainfall and the total rainfall are
similar after the time of rise (Fig. 213,

Tg facilitare further computations, the time interval between the
sutcessive ordinates of direct runoff hydrograph and the time interval

between- the successive ordinates of excess rainfall was kept the same
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and designated as DT. The required computations for the deétermination
2f the time distribution of direct runcff and excess rainfall, were
carried out on a CDC 6500 digital computer and the results were punched

onn IBM cards for further use.




0
(%]

CHAPTER 1V

EXCESS RAINFALL-DIRECT RUNOFF MODELS USED IN THE STUDY

General Considerations

The ability of lumped linear systems to satisfactorily represent
the rainfall-runoff process in small urban watersheds has been tﬁe im~
petus for using conceptual models of lumped linear systems in the
present study. Since the basis of the formulation of linear conceptual
models 1is the existence of a linear storage~discharge relationship, a
preliminary study of the storage-discharge relationship was conducted
using the observed data from the West Lafayette watersheds. Some of
the typical storage-discharge curves obtained by using the data from
West Lafavette watersheds are presented in Fig. 22, The study of
storage~discharge curves indicated that the linear storage-discharge
relationship assumption might be adequate. Consequently, the linear
gystem analysis techniques were pursued further.

Many types of lumped linear system models can be formulated by
combinations of the linear elements which represent the storage and lag
effects, and quite a number of such models have been constructed. The
abundance of models, and the lack of comparison between their predic-
tion performances over a variety of conditions; present to the hydrolo-
gist the problem of the choice of any particular model in preference

to the others. When a conceptual model is selected arbitrarily to
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For each of the linear models investigated, the mathematical ex-
pression for the IUH has been either derived or is indicated. The
methad of evaluatiné the parameters of the model is discussed next.
Then the parameters are computed by using observed data and the regen-
eration performances of the models are compared.

There is no unique method of comparing the observed and the regen-
arvated direct runcff hydrographs. Visual inspection, accurate ragen-
eration of peak and time to peak of the direct runcff hwdirograph, are
some of the criteria which are usually emploved by hydrologists.
However, there are some statistical measures such as 1) the Correlation
Coefficient,86 2} Integral Square Error,sl and 3) Special Corrvelation
Coeffi(:iem;,53L which are defined below and which can be used to compare
the observed and reéenerated hydrographs. Thesge were empléyed in the
present study for quantitative comparison of observed and regenerated
direct runoff hydrographs.

The Correlation Coefficient

N N N
Ny Qp(1)Qg(1) w{Z Qomg(i Qc(i))
R = i=1 i=1 i=1
- _ (45)

N , | X 27 N , O 2
Ny (Qy(£)) -( 5 Qo(i)} NY (g u(}: occi})
i=1 1=1 =1 e

The Integral Square Error
11/2

N
[_Z (1) - Qc(i))z}.
ISE = ~iok x 100 (46)

N
Qo (il
ééi °
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The Special Correlation Coefficient

ol N 9 1/2
27 Qi) - § Qi)
=1 i=1

Ry =

(47)
il 2

b Qg

i=1

In Egs. 45, 46, and 47, Q,a(i) and Qc(i) are, respectively the ith
values of observed and regenerated outflows and N is the number of
values in the outflow series,.

Details about these statistical measures and the criteria used in
the present study to evaluate the regeneration performance of the var-

ious models based on these statistical measures are given in Appendix

A-1.

Singlé Linear Reservoir Modsl

The single linear reservoir model is based on the concept of the
watershed behaving as a reservoir, in which the storage is linearly

related to the outflow (Eq. 8).

§ = KG (8)
The storage equation (HEq. 8) is combined with the hydrologic continuity
equation (Eq. 9} to obtain the differential equation which governs the

¢ onceptusal model of a linear reservolir as

- g 82
I-0=K3; (10)

The integration of Eg. 10 using the initial condition that ¢ = 0 at
t = ), results in
: ~-t/K
0= 1(t)(1-e 5 {19)

If the inflow terminates at time Ty after the beginning of the

outflow, and if QQ is the outflow at time TR, then Bq. 10 becomes
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0=k & 48)
vhere t'= t - Tg
The integration of Eq. 48 using the condition that at ¢ = 0, O = Qg
yields
Q= qp e F | (20)

For an inflow I which fille the reservoir of storage 5p instantanecusly

{(Ip = 0), Bg. 20 becomes

5
0 ~t/K :
Q=2 - “9
and for unit input or unit storage, the IUH is then given by
h(e) = 3 7K (16)

The outflow Q(t} due to any given excess rainfall input I(t) can now be
obtained by using the convelution integral (Eq, 7) which now takes the

form
t 1 —(t-1)/K
Q(e) = [ 1(x) e dt (50)
(o]

Equation 8 can also be viewed as a special case of the Muskingum

eqaationsy

§ = K[xgI+(1-x4)0] (51)
where xpn is a coefficient which can assume values between 0 and 1.0
with x4 = 0, Eg. 51 reduces to Eq. 8;‘ Equation 10 can ai&¢ be solvad
by a numerical technique such as the one used in the "Muskingum
Meth@d",sy in which the follewing recutrEBﬁe;equati@n (Eq. 52) is used,

Qs W-Ci{il - 12) + CE"Qi‘ {52)
where Il is the inflow at the beginning of thée interval DT,

I2 is the inflow at the end of the interval DT,



Qi is the outflow at the beginning of the interval DT,
Q2 iz the outflow at the end of the interval DT,

and the "Routing Coefficients' Ci, Cé are defined as

C‘ = m :
I KHQ.5DT

¢l = K~0.5DT
2 K+0,5DT

91

Eq. 532 can be used to compute the outflow at successive times DT apart

and thus the outflow hydrograph can be obtained. It is obvious that in

the routing methods such as the Muskingum Method outlined above, the

IUH derivation is unnecessary.

The Pirameter K and- its Deébermination -

The storage coefficient K used in the single linear reservoir

madel has units of time. The storage coefficient K can be shown to be

equal to the time lag Ta» which is-defined as the time interval hetween

the centers of mass of excess rainfzll and direect runoff.

Taking moments of inflow and outflow in Eq. 10, about the axis

t = 0, we can write

g e R 4¢

o - ‘pm =
M1 ¢cde of Qtdt.= | T

05
The right hand side of Eq., 53 can be written as

P

JoxeSar=x [“rdo=xeo” - [“quac

= o
= =K o Q dt
as § = 0 at t = =,

Hence Eg. 33 becomes

Of“‘r t dt - of“ 0t dt = -K 0;“ Q dt

(53)
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L]

o Trdr  [Tara

or - = K (54)

&

o @t of Q dt
Alszo, by continuity at t = =, the total Inflow volume is equal to the

tofal ocutflow volume
or of Ldts= Oj 0 dt (55)
Hence from Egs. 54 and 353,

[“1¢at Ofm Q t dt

oj T dt o Qat
oF ’1‘1 - TQ gl
where TI is the time interval from ¢ = 0 up to the centroid of inflow
and TQ is the time interval from t = 0 up to the centroid of the cut~
flow.
Hence, T, = TQ - TI = K {56}

Thus, fer the conceptual model of a linear veservoir, the storage coef-
ficiant‘is same as the time lag Tan

if the“excess rainfall~direct vunoff process were to be a linear
process, then the value of the parameter K, which can be estimated by
using excess rainfall and corresponding direct runcff data and Eq. 56,
would be a constant for all the storms. However, when the storage cow
efficient K was computed from the observed data, values of XK were found’
-te vary from storm to storm. This variation of K has also been ob-

served- previously by various investigators, = * %

-An average value of K
for. each watershed was determined by using the values of K obtained
from data from that watershed and was used as the representative value

for that particular watershed in regeneration of direct runoff
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hydrographs. This regeneration proved to be unsatisfactory., Conse~
gquently for regeneration the time lag value for each storm was used as
the parameter K in Eq. 16, instead of the average value of the time
lag. A preliminary study of regenerated hydrographs so obtained indi-
cated that the regeneration could be improved by a slight change in the
vaive of K. The changes in the value of K, however, were to be made
according- to some well defined criteria, Two criteria were established
te optimize the value of the parameter K, one of which was te minimize
the sum of the squares of the deviations of the observed and the regen-
erated hydrograph ordinates, or to minimize the quantity Z:(Qnii)
Qc(i)) The second criterion selected for optimization of K wag to
minimize the deviation between the peak valués of observed and regen-~

erated hydrographs, or, to minimize the. quantity
! 1/"2

whereaﬁﬁo and'QpC are respectively the magnitudes of peak discharge of
the observed and regenerated hydrographs whereas Tpo and Tpc are the
times- corrvesponding to on and Qpc

The first of the above menticned two criteria, yields an optimum
value of K, designated as Ki’ which ensures the regeneration of the
time distribution of the outflew with the minimum deviation between the
observed and regenerated hydrographs., The value of X degignated as KZ‘
‘obtained by using the second criterion, yields the best estimate of the
‘magnitude of the peak discharge and of the time to the peak discharge.

Any combination of these two criteria will yvield neither the overall

best fit for the time distribution of the hydrograph nor the best
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matching of the peak discharges. Hence no attempt to combine the two
criteria was made. The optimum values of K1 and KZ bear a definite
relationship with the observed value of time lag. This relationship
is shown in Fig. 23 for some of the watersheds. In most cases the
values of KZ were noticed to be consistently less than those of Kl'
The observed hydrograph and the regenerated hydrographs obtained
by using the values of the storage coefficient obtained by: 1) as~
gsuming K to be equal to T&’ {Method 1) ZTV;éing the value of Kl’

(Method 2) and 3) using the value of X {Method 3} are presented in

93
Fig. 24, The results of regeneration for each of these three methods
are presented in Table 5. This analysis was conducted for all the
storms on the watersheds mentioned in Table 4, and typical results are
shown in Table 5 and Fig. 24. As expected, method 2 yielded superior
regeneration of the time distribution of runoff, compared to methods 1

and 3. Consequently, method 2 was considered further for the study of

effects of urbanization on the time distribution of runoff.

Nash Model
A conceptual model consisting of a cascade of n linear reservoirs
each of which has a storage coefficient of KN’ was proposed by Nash25

and used in the present study. The expression for IUR of the Nash

model is

e-thN
[ ()

where is the gamma function.
[ 8

h(e) = = (e/eg™ (21)

1
N
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TABLE S, TYPICAL RESULTS OF REGENERATION OBTAINED
BY USING THE SINGLE LINEAR RESERVOIR MODEL

CBSERVED METHOD 1

METHOD 2 METHOD 3
MARCH 27  19%6& ROSS ADE(UPPER)

PFAK DYGrHARRE 1.36 127 1,21 1,201
TIME TN BFAK AL, %0 RaGn R,510 u,5n
STORAGE rrFFFT, 11.30 $1.3n 11.5%0 10480
SIBFRRAD 80, 54 254 MY
INTEG . SR.FRRAP, 1.R7 1,R2 1.94
FORRANEFF, S8R T L9R
RPFLCAR. COFFE, « G 99 .59

MOVEMAFR 2R 196~ ROSS ADE{UPPER )

BFEAK DISHHARGE 3 «BR 51 %1
TIME TO DEAX Ralll Bafn faiih éa0n
CTORARF FNEFFT, 13,57 13.57 18,00 15,00
SIRFREAR 8D, L 08 « 04 04
TRTEG. 80, FRANE, 1o 1,03 1,07
rORRCAEFF, 290 .99 .99
SBFLCOR,POEFF, « 93 .00 L.0n

APRIL 2n 196f ROSS ADE(UPPER)

BFAK DIQrHARRKF 1.687 2 BN <RA Y.0%
TIME Tn otag R.00 G.0n .00 ®.0n
STARAGKRE en¥FFET, 12.94 1294 11.50 AP
STGLERPAn &, « B2 .72 1.34
TNTEGLSO, FRAAR, PehT 2.50 Fo4n
CARDLOCAEEE 97 L97 L Ge
SRF LCON rOFFF .90 N1 .97

Atifa. 10 1946 ROSS ADE{UPPER}

PEAK DTarHARGE e + 94 =2 -
TTMF TN DFAK 16,04 1900 19,00 19,00
STARAGF FAOFEFT, 12041 17041 13,50 12,00
IR, FRRAR &0, B3 « 35 Tl
TNTFER . SH FRRAR, leba 130 1e%%
FORRLENTEF . .9n 99 -
RRECHR.FNFFE, e +99 .90
AtiGa. 2NstnaT ROSS ADE(UPPER)

PFAK NTgrHAQRF ALhT 4,94 CR MY &,57
TIME T0 ofak 12,00 18,01 an.an 19,04
STNRAGKE FrFEFT, D17 Balt Tefili S.40
STGERRAR S0, BTl EL (IR
TMNTFG, SN FRRnn, 1R EIN] [
rFORBLOOREF Y EN TN Lan
CPF OO0, rOFEF, ) ) -7
ALY 11 19AAROSS AUE(UPPER)

DK DTarRARAE DLUA K- 2,20 ET
TIMF Th ot Ag 13,19 YA 00 1200 - 12,50
CTARAGE roEFEET, T1.17 The 3D 1.k Ta,na
g1n,Fetan &n, i T, 0% =0
TMYFR,Qn FRBAD, FRUE T V.47 R
CORELCNERF R T PR

SPE ORI, FAEFRE e ia )



98

Computation of the Parameters of the Nash Modelg
The IUH of the Nash model can be described in terms of two para-
meters KN and n, which must be determined before a storm event can be
regenerated by using this model. Nas;‘n?”f3 suggested that the two para-
metars (KN, n} can be evaluated by computing the filrst and second
moments of the excess rainfall and direct runoff distributions. The

mth moment of the TUHB (Mm) about the ordgin of time (£ = 0} is

R - f o"t/KN (t/th)ﬁ"l £™ dt
' "N f?n) 0 : '

i

r m o '
%\L j e T (:r:“)nml‘*'m drt
(n) <o

where
' dt
' = t/K. and dr' = =~ .
g Ky
Thus o
5y
M = - (57)
n [EL) [?n+m)

From Eq. 57 the first moment {m

il

1) can be written as

e _
Ml = r%n) r€n+l? = 0 KN (58}

and the second moment {m = 2} is,

2
K
M, = e (E2) rn+2"”n(n+l) RS

2 r?n)

By using Egs. 58 and 59 in conjunction with excess rainfall and direct

(59)

runcff data, Nash derived the following equations which can be solved

to obtain the values of n and KN’

Ml = n KN = MlQ - MlI {60}
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2
My = nn+l) K° = MZQ = My = 2n Ky Mg (613

where MIQ is the first moment of direct runoff hydrograph,
Miz is the first moment of excess rainfall hvetograph,
M2Q is the second moment of direct runoff hydrograph,

and MZI is the second moment of excess rainfall hyetograph,

The parameters n and KN were determined in the present study by
using Eqs. 60 and 61 for all the data, The values of n and KN were
found to vary from storm to storm, and this variation has also been
frequently reported by several previous investigatnrs.32’58’88 Asg it
was obvioué that a unique set of n and KN values was not applicable to
a watershed no attempt was made to estimate such a unlgue set of values,
Instead, by using data from a watershed, the n and KN values were aati-
mated for each storm, and then were used for regeneratioﬁ of the same
storm by using Fqs, 7 and 21, TProm the analysis of data of all the
storms on all the watersheds mentioned in Table 4, it was observed that
the regeneration performance of the Nash model was good for data from
watersheds larger than about 5 square miles, Typical results of regen-—
eration which are obtained by analyzing the data from watersheds 5 and

6 are presented in Table 6 and Fig, 25,

i

Double Routing Methad

Holtan and Overton26’27 proposed a '"Double Routing™ method to com~
pute the direct runoff from a storm, A graphical depiction of the
routing procedure is shown in Fig, 26, In this method, the excess
rainfall is routed in series through twe linear reservoirs having the
same storage constant KD’ each reservoir having the storage-~discharge

relationship,
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TABLE 6. TYPICAL RESULTS OF REGENERATION OBTAINED
BY USING THE NASH MODEL

JANG 61962
TIME LAG= 6,972

PEAK DISCHARGE
TIME Y0 PEAX
STNRAGF COEFFT,
516 ERROR Sn,
INTE G o84 FRROA
CORRLCOEFFT,
SPE o CORWCOEF .

MAY1 19eZ
TIME LAGS 4.596

PEAK DISFrHARGE
TIME T PEAK
STORAGE COEFFT,
SIGERRIR S0,
INTEG.SU.FHRADR
CORRLZCOEFFT.
SPE JCOKL,CDEF .

0CTa13:1962
TIME {AG= 2,138

PEAK DISCHARGE
TIME TN PEAK
STNRAGE COREFFY,
STG.FRROK 56,
INTEG. R, FRRNR
CORRLONEFFT,
SPECOR.CNEF,

JULYZS 1 uné
TIME LAG= Y43k

PEAK DISCHARGE
TIME TN PFAK
STORAGE COEFFT,
SIGERROR S0,
[INTEB.SG.FRROR
CORRLCAEFFTa
SPELCORGCOFF,

MARCHG ¢ l"-ﬁ#‘
TIME LAGe 3,768

PEA® DTSCHARGE
TIME TH PEAK
STORAGE COEFFT,
SIG.ERROR S50,
INTEG. 5. ERRNOR
CORRCNEFFT,
5PL.CORLCDEF.

MAY1141967
TIME Lare 3,914

FEAK DISCRARGE
TIME 10 PEAK
STNRAGE CNEFFT,
SIG.FRIEOK S0,
INTEGR, 513, ERRNR
COERCOEFFT,
SPE L COR,COFEF,

OBSERVED REGENERATED

CLEASANTRUN=A ARLINGTON
NASH Ke 1636 NASH Nz  4,P&
224,27 18T.26
t.00 Tol3
6,97 1,64
SP589,37
§.B2
L97
T
PLEASANTRUM=A ARLINGTON
NASH K= 2,780 NASH Nz  1.6%
463,23 312,12
2,.BH 2.50
&, 60 2.78
147652,17
1,99
OB
T
BLEASAMTRUN=A ARL INGTON
NASH K= 879 MASH N= 2,43
InT.9R 302.0%
1.38 1.88
2,18 JBE
9HATO8,38
7,50
oB3
LTY
BLEASANTRUN8 ARNOKYILLE
NASH K= <252 NASH Nz 5,70
979,78 882,23
1.54 1.358
P 25
TN
P54
T
.99
PLEASANTRUN-A AR INGTON
NASH Kz 1,333 NASH N= 2,83
470,30 635,66
T 1.88
3,77 1,33
56727,2)
1,43
=99
.94
PLEASANTRUM A ARLINGTON
NASH Kz 2. RTH NASH Nz 1,36
475,65 418,414
225 2,13
3.91 2,84
PEREAR, N2
254
L97

YR
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5 = Ky Q (62)

Although according to Holtan and Overton the storage coefficient

Ky can be assumed to be equal to half of the time lag T., the actual

59
values of KD used by them were obtained from the vecession limbs of the
runoff hydrographs. The hydrologic continuity equation {Eq. 9) can be
combined with Eg. 62 and the resulting equation is
_g =g 9
LRS- (63)
1f Q' is the discharge from the first reservoir, Eq. 63 can be written
as
T - LEREN S.j;gj ’ 4
i 4] KD dat {64}
Eq. 64 can be solved for discharge (' by using numerical techniques
with the recurrence relation
L A— L] ] )
Q2 = CE(II + IZ) + C4 Ql (63)
where subscripts 1 and 2 refer to the values at the beginning and end

of the interval DT, and C) and C] are routing coefficients

3 4
0.5 DT
€y = 55 ST (66)
3 Ry + 0.5 DT
. Kp - 0.5DT
C4 = g T+ 0.50T (67)

Further, if the di$charge from the first reservoir is applied as input’
to the second reservoir, the discharge from the second reservoir can be
computed by adopting a similar procedure as mentioned ahove with the
infilow I veplaced by Q'. The recurrence equation for computing the

discharge from the second reservoir is given by

@ =y +ap +Co (68)
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Thus, the outflow from the watershed can be computed for any given
rainfall by using Egs. 65 and 68 in succession,

This numerical technique was used by Holtan and Overton to compute
the direct runoff hydrograph for any time distribution of excess rain=
fall. For the particular case of uniform intensity of excess rainfall,

26,27

p{IN/Hr.}, lasting for a duration Ty, Holtan and Overton have pre-

sented the following expressions for the discharge Q, peak discharge

it

Qp, and time to pesk T#, with Ky = K/2 TS/Z:

Q) = epz(t“TR)[K [i'Q'(TR)(ﬁ“TR) + Q{Tkﬁ (69)
T T
Qp = 2 p expE} ?% coth (TR/K{Esinh(??} {70}
Tx /
and Tp = ??‘[1 + coth (TR/K)]' {713

where Q'(Tp} is the outflow from the first reserveir at t = Tps

Q' (Tg) = pll - eszRj$1

L~

Q{Ty) is the ocutflow from the second reservoir at t = Tp,

Q{Tp) = p|l -

E“ZTRfK

{2 TR/K + 1)}

Double Routing Method as a Specilal Case of the Nash Model

Although Hoeltan etaalo,26’27

used the above mentioned procedure,
the "Double Routing" method is actually a special case of the Nash
model. Tf two lineér reservoirs aré considered in the Nash model,
{n = 2}, and the storage coefficient Ky = Ky = TéfQ, then the IUH for

the first linear reservoir is given by

1 -/K
P~ 1
h1€t) %y e
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If hl(t} iz applied as input teo the second linear reservoir, the

IUH for this particular model is given by

I ;
o e [C L L e,
0 KD D
= Ao % (72)
Kp

The discharge Q{t) due to any given rainfall ¥(t) can now be com-

puted by using the convelution integral (Eq., 7) and Eq. 72 as

t ¥
0(t) = Jr 1 (1) &Eﬁ%l e*(th)fKD-dT (73)
8] KD

]

where ti L for t < Tp

ti=TR for v > T,
Eq. 73 can be used to compute the outflow hydrograph for any given time
distribution of excess rainfal;, For the particular case of uniform
, Intensity of excess rainfall p, lasting for a duration Tp, the expres-
sion for the time distribution can be obtained from Eq. 73 as shown

below. With Ry = Kf2 = T&/z, Eg. 72 can be written as

h(t) = (%}2 ¢ o Pt/K (74)

For uniform intensity of excess rainfall, I(t) = p, for a duration

t = Tp the outflow Q{t) is given by

» j;ti (é}z euz(th)/m (t”T)dé
y
(

2

1 v,
{23 =2t /K B | 2ty/K K,.v 2t3/K
(K} pe tS {e %} ~y e - 0f +

3

Q{t)

Airs

2 ti
) 0 emzt/K j” ezwlx (t-1)dT
(8]

2 oex) Y 2k 8 ae/x
) p e t e dr ~hjﬁ T e dv
8]

O

i)

in



Thus

i
o=
——
Al
1
P
~
T
=

i

Qit)

L4

for t < Ty, t; =t

~2t /K ezt/K(E}

5] <t - K/2

2
Z ¢

20k -2t /% -2t /K
'“9K[2 B "e ]"te }

for T2Tp, t; = Ty

Q(t)

il
]

¥
2 =2t/K ) 2ty/K| ‘K .
pye 2 t tl+2-t-—~}\/2

2 -2t/K) 2Tp/K K .
- : - =1 . - /9
olt) PTe e [t Ty + 21 t - X/2
~2(t~Tn} /¥ }2¢ 27 . 2t -2Tn /K
= @a R) N,...T..... p - ._l.. ’I_R e P - .-.-T.LE—. D e R/\

- erTR/K

= o2 {t-TR)/K {%g p(l - e»—:zrn/x) _ “2%}‘

~2TR/X -2
. p(l . wTR/IJ Sy TR/K]

TR(]' - emZTR/K}

106
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p
]
- e"“??{t’*TRWK i"i% p<1 . EWETR/KD{WTR)

- 2T - N
4 p@ - o 2TR/K KR . ZTR/ij

Hence
1

a(e) = &2 TRIK [% Q' (Tg) (e-Tg) + Q(Ty) |

which is same as Eq. 69. The expressions for peak discharge and time to

peak can also be similarly shown te be the same as Egqs. 70 and 71.

Computation of the Parameters in the Double Routing Méthod

With the number n of linear reserveirs in the conceptual model
being specified as two, the enly parameter of the model to be deter-
mined is the storage coefficient Kp which in turn is half the time lag
Tﬁﬂ Hence, if the time lag value is known, the IUR of this conceptual
model can be described. Time lag T& can be determined by Eq. 56 as
mentioned earlier by using the data of excess rainfall and direct Tun-
off,

Instead of using the value of T&/Z as the storage coefficient K.,
an alternative methed of evaiuvating Kp by using the properties of the
recession limb was used by Holtan and Overton., As the recession limb
repregents only the depletion of water from the watershed, it has been
¢laimed that the recession phase of the hydrograph can be modelled as a

single linear reservoir with coefficient K°26’2?

If this assumption is
valid, then Eg. L0 serves as the basis for analysis. After the cessa~
tion of rainfall, Eq. 10 reduces to Eq. 48, which when integrated he-

tween the times tl and t, yields
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by - ¢
1n(§3-"" - ( mz;,?m% (75)

then Q, = Qife {76)

In other words, the value of the storage coefficient K or the time lag
can be computed by determining the time interval between the values of
the discharge Ql and (Qlfe) on the recession 1imb of the hydrograph,

26,27

Holtan and Overton have used this method to determine the para-

meter KDQ Although Eq. 75 suggests that a straight line is obtained if
the discharge is plotted against time on & semilogarithmic paper with Q
on the logarithmic scale, usually the result is not a single straight
line, because the recession segment contains surface flow and interflow
and ground water flow each having a different lag characteristic. Hence
the time lag cannot be uniquely determined from the recession limb of
the hydrograph.

The nonuniqueness of the values of Ky obtained from the recession
limbs of the observed hydrographs was further studied. Three different
regions (1. closest to the peak, 2. near the end, and 3. the middie) of
the recession 1imb of the hydrograph of each storm event were analyzed.
From each of these regions, a value of the storage coefficdent K was
computed by using Eq. 75 and the corresponding value of the parameter
KD was taken as half the value of the storage coefficient ¥. These
three values were designated as KDl’ KD2 and KDBG The average value of
the above three values of KD was considered as a fourth value of Kﬁ and

was designated as KD4° Further, the wvalue of X, obtained from value of

D

time lag computed by using Eq. 56, was considered as a fifrh value of
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KD and was designated ag KDﬁ‘ The values of KD thus cbtained for water-
sheds 5 and 6 are presented in Table 7 and a comparison of these values
of Ky with the corresponding values of T& is presented in Fig. 27. All
the five values of the parameter KD were successively used in Rgs. 65
and 68 for regeneration, and the coerresponding computations were desig~
nated as merhods i, 2, 3, 4 and 5 respectively to indicate the use of
the five different values of Kp- Runcff hydrographs were also regen-
erated by using Eq. 73 for all these five cases. The peak discharge
and time to peak discharge of the regenerated hydrographs were plotted
against the corresponding observed values for all the above mentioned
cases and for all storms on watersheds 5 and 6 in Figs. 28 and 29.

Some results of regeneration for watersheds 5 and 6 by using the five
diffevent values of KD are presented in Table 8 and Fig. 30. A compar-
ison of vesults revealed that for all the storms, the hydrograph which
was regenerated by using the value KDS’ derived from the time lag T49
yielded relatively better results among Lhe five cases investigated.

As expected from the theory, Table 8 shows that the results of regen-
eration by using equations 65 and 68 or by equation 73 are essentially
the same. Thus it was concluded that the parameter KD is same as the

paramefer KN which can be estimated from Ta by using Tgq. 80,

Ihe Linegr-Channel Linear-Reservoir Model

A drainage basin can be modelled by assuming it to be only a chan-
nel receiving instantanecus unit excess rainfail. The travel time for
the flow from any section of the chanmel to the sutlet of the channel
is a function of the velocity of flow. However, the variation of velo-

city with time and distance in a channel which is part of a natural



Table 7.

Values of the Recession Constants

110

Watershed Time Lag Ky 2K 2K 2K,
Ne. Ty Hrs. Hrs. Hrs, Brs. Hrs.
5 3.27 4.75 8.00 4,00 5,58
4,60 4.00 3.38 2.63 3.38

3.07 3.50 8.00 4,00 5.17

3.91 6.50 5,50 2.75 4,92

6.97 7.31 5.13 2,44 4.96

2,14 3.31 7.19 1.06 1.46

3,90 7.59 8,56 4,28 6,81

3.47 7.28 6 .46 3,22 5.65

3.91 7.56 8.13 4,94 6.88

3.78 2,34 5.81 2.91 3,69

.59 8.63 5.75 2,88 5,75

5.54 13,50 15.87 7.94 12.46

3.77 2. 34 5.81 2.91 3,69

6 6.15 .75 7.00 3,50 6.75
5,77 11.62 8.25 4.13 8.00

2.66 4,88 6.75 3.38 5.00

b .14 12.19 8.13 4,06 8.13

3.18 4,85 3,84 6.81 3,91

2.53 9.25 6.25 3.13 6.21

1.44 7.59 1.00 0.44 0.48

2.82 2.88 6.63 3.38 .29

3.68 5,66 5.69 3.09 4.81

3.16 4,28 4.81 3.34 4.15

2.93 6.97 7.06 3.53 5.85

2.50 bbb 8.13 4.56 5.71

e,

%
For definitions of KDlg etc.,, see pages 108, 109 and also Table 12.
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TABLE 8. TYPICAL RESULTS OF REGENERATION OBTAINED BY USING DIFFERENT VALUES
OF KpIN THE DOUBLE ROUTING METHCD

RELPEYSLLY

BEAK DISCHARGE
TIME 10 PEAK
STORAGE COEFFT.
SIG.FRRANAR 5Q,
INTEG . §G . ERRON
CORR, COEFF,
SPELCORCOEFF

MAY] 1962

PEAK DISCHARGE
TIME TO PEAK
STORAGBE COEFFTYa
516, ERRGR U,
INTEG SR .ERHOR
CORRL COEFF.

SPE L CORLCOEFF .,

0CTe1301962

PEAK DISCHARGE
TIME Y0 PEAK
STORAGE COEFFT.
SIG.ERROR S0,
INTEG .50, ERRORK
CORRLCOEFF.
SPE+CORLCOEFF .

JULYRS 1684

PEAK DISTHAKGE
TIME TQ PEAK
STURAGE COREFEYa
SIG,FRROR S5U.
INTEG. S8 ERROH
CORR L COEFF »
SPECORLCOEFF .

MARCHG o 1964

PEAK BISCHARGE
TIME TO PEAK
$YORAGE COEFFY.
S1G,ERROM S,
INTEG 50, ERRUK
CORR, COEFF
SPEJCORLCOEFF o

MAY114196T

PEAK DTSCHARGE
TIME TO BEAK
SYCRAGE COEFFTs
S1G,FRROK 5§,
INTEGA S ERKUR
COHRR,COEFF .

§PE o CORLCUEFF S

® A DOUBLE ROUTING METHOD

B NASH MODEL {n=2}

¥ ® FOR DETAILS OF METHOD 1, otc. SEE PAGE

®
OBSERVED METHOD 1 METHID 2 NMETHIL 3 METHOD &4 NETHOD 5
PLEASATRUN=A A B A B A B & ] A B
224+ 27 148,52 145,60 20la12 2iilePd KET TS %1 .53 207,03 Rhlalik 12 1% 192,23
Te00 S il 5,50 ALT)] b eBU ETRT 3.38 4,48 &g At 2.29 5,295
687 Tesl Te31 %.13 5413 2edh Retets 4,38 Gotii Beb ! &4
162H36, 5% 1AZTIGE 411530.2 4LLAYB_ 6P341959, 723192504 45HG1%.6 4SHRIY.T 1T125%%.9 17fi91e4
338 3.38 5.37 Hea? 1£e#] i2.75 ENLY Bab7 EPYL] 3,46
FLEN aRFL +BT5 vBTH » {5t L s RA0 TS HAl sHBEL
+34Y sS4 4 881 860 LTt PLLE PELR] s M4 L2 T
PLEASANTHUNA
453423 265,29 FE5L45 I7N.EZ IrH 63 [XY-TR11 443,71 330,74 3304945 ATAL2E 378,53
288 &0 Gy QU 338 338 2ehi 2eh3 3,36 a3k Jalu 3, an
-1} 6,59 6,53 Ga3l 5431 KT 3.4 EY:-A4 Ga2T GaBy 80
T33473.9 T3299%.0 3967042 3097794 187311,8 149714.8 298380,3 29854040 16373%.0 lasedi.l
bo4H Got¥ 2.91 2«91 2a7h 2?8 2448 dakin del2 2,12
P81 «F31 929 529 2943 JGH? .93 W93 Y T
Gy 91¥ LY HEE WAL [ L2 LT 2 h a9ud PP
PLEASANTRUN=A
36798 194,78 16490 198,52 194.9) LBE A0 490460 Amn, a3 KLY Frd.zE UG, 9y
1«30 24725 2.2% 75 220 Tag Tean 1.30 Tudn 175 1,.7%
Zuls 3.3 3,31 5N ae Q0 1eta Lall {.86 Lakn daln 2,14
166635,4 163942.3 24460 ,3.63042,3 T20853,6 T31079.u 24331%.1 Z4BHy3.7  3puf3.0 31033.9
S5R3 B2 17,92 5462 1le74 tten? a,45 B, Pekd 2. hn
«TSGH 796 +889 « 76 YY) o Tt} 2R s oont TN
e9ai 2944 924 LI 1L «H93 LG09 + Uk HY +HY
PLEASANT RUNw
F79=Td TEuLT 83798 EOL R G10430 1833474 198336 165,44 LENYLYY RPN 637,94
[E3-T4 4,75 1.00 W75 =73 » 90 W50 W50 atin 1ol Tawt
1e84 Ta58 9.00 Yetig 1e090 .lls T L o Lokt 1,46
54645, L14BR034,03146315.03223005,9 46041240 99392B,4 030487,3 3F1000.4146920 1, TI4BRG34,0
B39 12.18 1767 17488 KXEY:E 34 56 3342 $0adw 12an? 12,149
1545 -1 1.1 aBé =177 =l 7% ~2 123 “welld vIBa « 75¢
758 BTF 721 L2 led0 Lel38 L Tell2y wBHL AT
PLEASANTRUn~a
43030 5%6.3% BYEwal 271481 271498 G02:867 5G3.448 4pi.79 4ldel Eynelh fuk 5%
Go8H 2:7% o5 @y 38 4438 30 300 3,38 EN .38 3,30
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drainage network is complicated and cannot be estimated accuratelw,
Doogezl assumed that the veloecity in a fictitious channel to be inde~
pendent of time, and hence the channel becomes a '"linear-channel" in
which the mutual interference of flows from individual areas iz elimi-
nated. He also proposed the division of the watershed by isochrones or
confours ef equal travel time to the outlet, The diagram called an
area~distance diagram is obtained by plotting the length of the iso~
chrones against their distance along the channel, Bw using a suitable
velocity function, the area~distance diagram can be converted into an
area-time diagram, The time-~area-concentration diagram is obtained if
the ordinates of thg area-time diagram are divided by the total area of
the watershed and the resulting ordinates are nlotted against time,

The time~area~concentration diagram, w{t), has the following proverties:

1 dAa

NS g t < Tc
w(t) = 7
0 Otherwise
and | Lj w(t)dr = 1 (78)

-4

In a conceptual model which consist? of a series combinatien of g
linear channel and a linear resarvair,‘éhe translation effects of the
linear channel and the storage effects of linear reservoir, are com~
bined, Since the order of the linear operations is immaterial, the
flow may be considered as first passing through a linear channel and
then through a linear reseyvoir, Considering the time-area-concentra-
tion diagram w(t) as inflow to the linear reservoir with a storage

coefficient X, the IUH of conceptual model can be written as
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t'aTe

h(t) = Of %ew(t“T)IK

witide {79)

Eq. 79 can be shown to be a special case of the general expression
for IUH derived by Dnogezl (Eq. 22). 1If the conceptual model proposed
by Deogezl involves only one linear reserveoir, Eq. 22 reduces to

esTe | .
he) Of %é_ {t-T)}/K

i

L e w(t/T.)dr
To

T

- f %‘.ew{twr)/K [..1.-_. m(‘r/Tc)] dr

Te

ﬁthc .}-_ W(t"‘”ﬁ’)/K
K [

= Oj wl{r)dr

{because, by definition, %% w(t/To) = w(t)), which is same as Eq. 79,

Dimensionless IUH

In order to analyze data from actual watersheds using the model,
the TUH of which is given by Eg, 79, the time-area-concentration dia-
gram has to be derived by determining the isocchrones. However, no
reliable method is available to accurately determine the iscchrones
for any watershed, G'Kellyza suggested that the.smoothing involved in
the routing is sufficient to permit replacement of the time~area-
concentration diagram by a well defined geometriéai shape like a rec~
tangle or an isosceles triangle, with a base equal to T, and which
satisfies the Eqs. 77 and 78. Mathematical expressions for IUH for the
cases of rectangular and equilateral triangular shapes of the time-
area-concentration diagram were alsc presented by O'R"lelly,zl6 Doege2l

adopted G'Kelly's assumptions and presented curves of dimensionless

instantaneous unit hydrographs for the cases of rectangular and
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eguilateral triangular shapes of time-area~concentration diagrams.
Dooge and 0'Kelly have routed the time-aveawconcentration diagrams
through a single linear reservolir to obtain the IUH. However, the IUH
thus obtained was not used for regeneration either by Dooge or O'Kelly.
Singh53 performad 2 similar analysis by routing timewareavﬁoncentfation
diagrams of different shapes through a sefieé.combination of two linear
reservairs, SingﬁSB derived the instantaneous unit hydrographs for the
cases. of 1) rectangular shape, and triangular shapes with peaks at

2) beginning, 3) middle, and 4) the end of time T., and 5) parabolic
ghape, of the time-area-concentration diagram, and used the IUH so ob-
tained in each case for regeneration.

In order to investigate the validity of the'Simplificatimn'menw
tioned above, the expressions for the IUH ordinates were derived by
using. Eq. 79 for four different shapes of time~area-concentration dia~
. gvams, namely rectangular, isosceles trisngular, the triangular shape
with peaks occurving at the begioning and the triangular shape with
peak occurring at the end of the time T.. The expressions for IUH for
the four cases are presented in Table 9, Values of the peak and time
to peak of the dimensionless instantaneous unit hydrographs for the
four different cases mentioned above for different values of K/T. were
computed and the.results for a range of 0.1 to 10 for the ratio K/T.,
are presented In Table 18. It was observed that, 1} the shape of the
ITUH changes with the ratio KfTa, 2} for a given value of X/T., the peak
of the dimensionliess IUH is wery nearly the seme for all the four dif-
ferent shapes of the time-avea-concentration diagrams considerad, 1) in

all the four cases considered the magnitude of the peak of the IUH
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Dimensionless Instantaneous Unit Hydrographs

For the Linear~Channel Linear-Reserveir Model

L

rectanguiar

&
L [lwe“t/K] for 0 <t T
T
Pa— ‘ h'{(t)
h {t] wh(t)T =
X)) /\Kw [e(ED/K o-t/R]  for T ¢ ¢ o
t
isosceles ftriongular
4 -
= [(t-K)+K e R for ncreTp
2. A
2/ 4 -~tfK T/2¥, t/X t/X
" 4 - -
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Variation of Magnitude of Peak Discharge and

Time to Peak Discharge of Dimensionless TUH with K/T,

Time~Area-~Loncentyratlon Diagram
Rectangle Isosceles Triangle Left Triangle

Right Triangle®

K/Te Cp1 Tpi Qs Tpi Ups? Toi Qpi Tpi

0.10  1.0600 1.000 1.71  0.600 1.502 ©0.200 1,800 1.000
G.56°  0.865 1,000 1.012 0.700 0.896 0.600 1.135 1.000
1.00 0,632 1.000 0,671 0.800 0.614 0.700 0.736 1,000
2,00 0.393  1.000 0,401 0.900 0.378 0.800 0.426 1.000
2,50 ©0.330  1.000 0.333  0.900 0.317 0.800 0.352 1.000
3,00  0.286 1.000 0.289 0.900 0.274 0.900 0.302  1.000
4,00 0,221 1,000 0.221 0.%00 0.21%5 0.900 0,230 1.000
5.00 0,181 1.000 0.i8L 1.000 0.177 0.900 0.187  1.000
10,00 0.095 1.000 0.095 1.000 0.094 1.000 0.097 1.000

X
Seg Table 9 for definition.
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increases with the decreasing value of K/Tc and vice versa, {(Fig. 31),
and 4) the time to peak of IUH for all the four cases, decreases with a

decrease in the ratio X/T., (Fig. 32},

LComputation of the Parameters of the Model
In order to apply the dimensionless instantaneous unit hvdrographs
obtained above, for data from actual watersheds the values of X and Ta
are to be estimated. The value of K can be estimated by Eq. 56 as men-

tioned earlier. The time of concentration, T is defined as the time

o
required for the surface runoff from the rematest part of the watershed
to reach the point under consideraﬁion, In natural waﬁersheds accurate
evaluation of time of concentration is not possible, However, differ~

&1
20,8 Based on

ent methods to approximately evaluate TC are available,
the premise that the time of conéentrati&n T. is the time taken for the
last drop of the excess rainfall to reach the outlet of the watershed,
Snyder61 suggested that Ta can be estimated as the time elapsed between
the end of rainfall and the point of inflection on the recession limb
of the hvdregraph.

Clark23 suggested that the time base T, of the time-area diagram
can be determined as the time between the cessation of excess rainfall
and the time at which the rate of diécharge decrease 1s greatest in

23,61 definitions

relationlto the prevailing discharge, Both of these
were used to determi@e the value of T, for each storm event. Tt was
found that the valge of T, obtained by using the definitions of both
Snyder and Clark varied from storm to storm on a given watershed, As

some of the values of T, obtained by using Clark's definition were

unrealistic, only the Tc values computed bv using Snvder's definition
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were further used. Hence, for each storm the particular value of T
obtained for that storm was used to compute the instantanecus unit
hydrographs for all the above mentioned shapes of time-area-—concentra-

tion diagrams.

Regeneration

in crder to test the regeneration performance of the conceptual
medel, the instantanecus unit hydrographs derived for all four cases
mentioned above were then used successively with Eq. 7 to compute the
corresponding outflow hydrographs for the excess rainfall of the storm
from which the values of T, and K were derived. The outflow hydro-~
graphs thus obtained for the four cases were compared with the cbserved
hydrograph. For each case, the statistical measures defined. by Eqs.
45, 46 and 47 were also computed. The results showed that 1} the peak
discharges of the vegenerated hydrographs in all four cases were very
nearly the same, 2) the computed peak discharges of the regenerated
hydrographs obtained by using T; values which were computed by using
Snyder's definition were less by 50 to 100 percent when compared to the
peak discharges of the observed hydrographs. Thus, the IUH derived by -
using the value of T, obtained by adopting Snyder's definition did not
satisfactorily regenerate the hydrograph of the storm from which it was
derived.

The agbove resuits are subject to the assumption that the sterage
coefficient K of the linear reservolr is assumed to be equal to the
time lag T&, although as mentioned earlier, the optimum value of K was

observed to be slightly different from T&Q However, the assumption is
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valid as the storage coefficient iz theoretically equal to the time lag
T4 as given by Eg. 56,

Thus these results indicated that an alternate approach for a
better estimation of T, was necessary. As the conceptvual model con-
sists of two parameters, T. and K, and the value of K can be obtained
by Eg. 56, only the parameter T, remains to be determined such that the
conceptual model has better regensration performance. Hence, for each -
storm, an "optimum value" of T. was computed according to the criterion
that the sum of the squares of the deviation of the ohserved and the
computed hydrograph crdinates is minimized. It was observed that the
coptimom value of T, also varisd from storm to storm in any watershed,
The relation between the optimum value of T, thus obtained and the
value of T, computed according to Snyder’s definition is shown in Fig.
33. The results of vegeneration obtained by using optimum values of
T, are presented in Table 1l and Fig. 34. As expected, when the opti-
mum value of T, was used, the regeneration was better than that ob-

tained by using the value of T, from Snyder's method.

Fourier Transform Method

The Fgurier Transform method which was discussed earlier has been
used to evaluate the response function for a given storm and this re-
sponse function, in turn is used to regenerate the outflow hydrograph.
The method of analysis used, which was developed by Blank and Delleuﬁ?z
i given below.

Let Y{w}, X{u} and H{s) represent the Fourier Transform of the

output ¥{t}, the input X{t} and the unit impulse response functicm h{t)
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TABLE 1. TYPICAL RESULTS OF REGENERATION OBTAINED BY
USING SNYDER'S Te AND THE OPTIMUM T, IN THE
LINEAR-CHANNEL LINEAR-RESERVOIR MODEL

OBSERVED
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eTORAGE COEFFICIEM] 3,210
TRAVEL YIME
BEAK DISCHARGE 182.675
TIME T0 PEAX 3,750
5IG.ERRGR 50« [P
INTEG. 50 ERHOR 0,000
£ORR. COEFF . 1,600
SPELCORLCOEFFT,
JULY1221964 PLEASANTRUN=A
STORAGE CQEFFICIENT 2 B4
TRAVEL TiME
REAK DISCHAKRGE 80,438
TIME TO PREAK 1683
$IGERRAR Sle 0000
INTEG .56, ERHOR 0,000
CORRe COEFF. 1,000
SPECORCOEFFT,
MOV B, 1968 PLEASANTRUN A
STORAGE COEFFICIENT Je448
TRAVEL TIME
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2IG.ERROR 5. 0,000
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respectively, where Y(t), X(t) and h{t} are all positive for every
value of t » 0.

By defintition,

Y(w) = [ e Ut yiryar
= gz [cos wt ~ § sin wt] Y(t)dt
= f: Y(t) cos wt dt - j f: Y{t) sin wt dt
= ?r(m) + Yj(w} (30)
Similarly,
Klw) = Xr(w) + i Xi(m) (81)
and
H{w) = Hﬁ(w} + 3 Hj(m) (82)

where the subscripts r and j in Egs. 80, 81 and 82 represent real and
imaginary parts.

The unit impulse response function h(t) can be obtained by taking
the inverse Fourier Transform of Eq. 82,

Hence,

e Ii;ejmt Hlw)dw

h(e) 2w

m.gF ﬂij[casmt+j sinmt}[Hr(w)+j Hj(m}]dw

1 @ 0
= E¥—[£ﬂﬁﬂf(m)aogwt dwt§ ﬁ«) Hj(w)coswt dw

+4 Ej;ﬁr(w)sinmt dw ~ Lzaﬂi(w)sinmt dw]
(833
The second and the third terms of the right hand side of Eg. 83 are odd

functions and hence the Eq. 83 reduces to
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h{t) = E%'[ﬂz; H (@) cosut du - £:=Hj(w) sinwt de< (343

Thus to obtain the response function h(t), it 1s required to evaluate
H,{w) and Hj(w).

Consider Eq, 26
¥(w) } Yr(w) + 7 Yﬁ(el ) g?(w) - Xi(g)
X {(w) Xr(m).+ i Xj(w) Xr(w) =~ 3 Xi(w)

@ %0+ 7w 5 W]
(X, (w)]Z + [Kj (w)]2

H{w)

i [?r(w) Xy(w) ~ ¥, () Xr(ui)i'
X @17+ [x, )2

1

Hr(w) + 3 Hj(w) (85

Yr(w) Xi(m) + ?j(w) Xr(w)

H]

H (w)
F (X, @1 + [x, ()]

¥Volw) X (W) - ¥ (w) X, ()
i r r h R (86)

]

and Hj(w} 3
: [Xr(“’” + (X, (W]

Each term on the right hand side of Eqs, 85 and 86 can be eval~
uated by using Eq, 23 and consequently h(t) can be evaluated from Eq.
84, The IUH so obtained can be used in Eq, 7 to regenerate the out-
flow hydrograph, Typical results of regeneration in which the above

described method is used are presented in Fig, 35,

valuation of the Methods of Analysis
The regeneration performance of five linear models, four of which
are conceptual models and the fifth, which is the Fourler transform
method of evaluating the kernel fdnction, have been tested, For some

of the conceptual models the parameters were estimated by optimizing
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them according to different criteria, and the oprimized parameters were
used in regeneration. A summary of the analyses conducted is presented
in Table 12. The computer programs used for the analyses are given in
Appendix Bof the thesis., The statistical parameters which are defined
by Eqs. 45, 46, and 47 were computed in order to obtain a quantitative
measure of the regeneration performance. Based on the ratings assigned
to these statistical parameters (Appendix A=1%, the regeneration per-
formance of the various methods were classified and typical results for
some of the watersheds are shown in Table 13. Table 13 should be in=-
terpreted as Indicated below. The rows in Table 13 refer to the ratings
mentioned in Appendix A-1. The columns refer to the different models,
and to the different methods used for regeneration (Table 12}, and also
to the statistical measures used to compare the results of regeneration.
The numbers in Table 13 refer to the number of storms which satisfy the
criterion to qualify for ratings such as ., V.G., ete,, which are
based on statistical measures such as the linear correlation coeffi-
cient R, and so on. For example, for watershed No. 1 when the single
linear reservoir model (method 1} was used for regeneration, when the
criterion used for comparison between the observed and regenerated
hydrographs was R, seven storms deserved the rating E, whereas thirteen
storms deserved the same rating E, when the criterion used for compari-
son was ISE. The coefficient of linear correlation R between the ob-
served and regenerated hydrographs was greater than 0.99 for seven
storms whereas the ISE was less than 3% for thirteen storms. The total
number of storms satisfying a given rating or a rating superior to it

can be obtained by summing up the number of storms above the particular
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Table 12. Sumnary of Methods of Analysis
Nev, Model Method Criterion
I Bingle Linear 1 K= T&o Time Lag Value computed from

Reservoir Model

2
3
2 Nash Model 1
3 Double Routing 1

Method

excess rainfall and direct runoff data

is used as the storage coefficient XK.

K = Klg where KTL is the storage coeffi-

clent which yields the winimum value of
N

the quantity zj(Qofi)=Qc(i))2e

jm=i

K = KQ, where K, is the storage coeffi-

2

cient which yields the mininum value of

“['Q -q ‘)2 T T )2
S [-mellee) L[ ol pe
1170 T
iwlé DO po

Values of parameters n and Ky were
estimated by using the equations:

Mi = KN = M M

g " iz

n{n+i)K§ =M =-M,_ =20 K. M

H 20 2T N 1T

2

#

L

%

sion constant obtained by using the
Qy K
in the region closest te the peak of

KDED KDl iz half of the recesw

equation, In

the observed direct runoff hydrograph.
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Table 12 {Continuved)

b=z Linear~Channel
Linear~Reservoir

Model

2 KD = KD? where KDZ is half of the reces-

sion constant obtained by using the

Qp  Ep-ts
equation, Iln — =
q 9 QE K

in the region
closest to the end of observed direct

runcif hydrograph.

3 KD = KD3 where KD3 ig half of the reces~

sion consgtant obtained by using the
e L Qy -ty
equation, in 35 X

midway between the peak and the end of

in the region

the observed direct runoff hydrograph.

4 KD = KD& where KD& is the arithmetic
average of KDl’ KDQ and KD} obtained

as indicated above,
1

5 Ky = T,/2. Storage coefficient Ky is
assumed as half of the time lag Tag
T 5
where T& w TQ Iy {(Eg, 56),

1 Time-area-concentration diagram is

assumed to be rectangular in shape,

2  Time-area-concentration dizgram is
assumed to be equilateral triangle

.in shape.
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Table 12 {(Continued)

5

Fourier Transform 1

Methed

Time-agrea~concentration diagram is assumed
to be a triangle with apex at the left end

ef the base of the triangle,

Time-area=-concentration diagram iz assumed
to be 2 triangle with apex at the right

end of the base of the triangle.
Travel time T, is optimized (K = Tz) to
give the minimum value of the gquantity

N .
Z:(ngi)wQC(i})z; for method 1, above.
im]

The responge function {(IUH) is obtained
by using Fourier Transforms of excess

rainfall and direct runoff.
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rvaring. For example, for the Nagh model used in watershed No. 2, the
total number of storms satisfying the criterion ¥ or above was & when
the statistical parameter used for comparison was R, whereas it was 10
when the statistical measures R$ aznd I8E were used,_which means that
-there wereIS storms for which the R was greater than 0,85 whereas there
were 10 storms for which the ISE was less than 2§%e From the results
presented in Table 13 the following general observations can be made:

1) For most of the data tested, the Fourier transform method has
obviously the best regeneration performance, 2) The single linear re-
gervolir model, in peneral, has a satisfactory regeneraztion performance’
for small watersheds such as the West Lafayette watersheds., 3} ?ar
cther watersheds, the Nash model has a relatively better regeneration
performance in comparison with the other models.

The Fourier transform method is perhaps the most general method of
abtaining the résponse function (IUH)} of linear systems, whereas use of
canceptual.mudels to répresant linear systems is neither unique nor
general., As confirmed by regeneration, the Fourier transform method
yields the best results. However, for the data tested, the IUH ob-
tained by the Fourier transform method exhibited high freguency ogcil-
lationg. Similar bebavior has been reported originally by Blank and
Deileufn32 The oscillatory kernel function (IUH} may result from
errors in hydrolegic datansz Attempts to relate the magnitude of the
peak, the time to veak, of the IUH to either the rainfall character-
istics or the physicgraphic characteristics of.the watershed were not
successful. Due to the inability to obtain such velationships which
are necessary for prediction, attention was concentrate& mainly on con~

ceptual models.
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Anpther inte%esting fact that emerged from the study of the re~
gsponse functions obtained by the Fourier transform method wag that for
small watersheds, they were of the_exponential decay type., The instan-
taneous unit hydrographs which result from using a single linear reser~
voir model, are, by definirion, of the exponential type also (Eq, 16).
This qualitative concurrence of the response functions obtained by the
general method and by using the single linear reservoir model substan-
tiates the use of the single linear reservoir model in the analysis of
small watershed data. Some of the typical instantaneocus unit hydro~
graphs computed by using Ross Ade upper watershed data by the above
mentioned methods are shown in Fig., 36, Consequently for the following
study of effects of urbanization on runoff from small watersheds (less
than 5 sq, miles), the single linear reservoir model was selected for
analysis.

For larger watersheds, the choice of a particular model which can
be used in furthar analyeis was not seo easy, Bv an examination of the
regeneration performance it became obvious that, if at all possible,
use of response functions obtained by the Fourier transform method
would be the best choice, However, due to the previously mentioned
difficulties experienced in relating the characteristics of the re-
sponse function, the next best choice, the Nash model, was used in the
further analysis,

Generally, the parameters of the Nash model or any other concep-
tual model, may be estimated by using the response functions obtained
by a general method such as the Fourier transform method. This ap~

proach might lead to rather involved computations if the concentual
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model were to have a large number of different parameters, However,
for the two-parameter Nash model the following simple relationships can
be applied to the kernel funection, ohtained by the Fourier transform
method, to evaluate the parameters n and XK.

First moment of kernel function = n KN (58)

Second moment of kernel function = n{n+l) K§ (59)
An alternative method of evaluating the parameters n and KN directly
from excess rainfall-direct runoff data is by using Eqs. 60 and 61.

The latter method was the one which was used for all the analysis re-
ported in the present study. For the datas from two watersheds Egs. 58
and 59 were used to compute n and KN and these values were compared
with those cbtained by using Egs. 60 and 61 (Table 14). Not sur-
prisingly, the values of n and Ky obtained by these two methods agree
well.

The regenmeration obtained by using Nash model, however, was not as
good as the regeneration obtained by the Fourier method. This differ-
ence is expected because the runoff regenerated by the Fourier trans—
form method should be egual to the cutput which was used for the kernel
function evaluation within the accuracy of the calculations. That is,
the error or difference between the given and regenerated output is due
to accunulated errors due to the evaluation of the integrals by finite
sevies and to the truncation of the limits.

The ordinates of IUH obtained by Nash's model on the other hand,
are described by a two parameter function which dees not agree with
every point of the Fourier IUH. However, because of the relatively
good performance of the Nash model it was selected for further analysis

of data from large watersheds (of area greater than 5 square miles).
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CHAPTER V
RUNGFF PREDICTION BY USING THE SELECTED CONCEPTUAL MODELS

General

The single linear raserveir model and the Nash model were selected
to simulate the rainfall-runoff process in urbanized watersheds. The
selection of thasei;bdels was based on their relatively superior regen-
eration performance and the convenience with which the parameters of
these models can be related to the physiographic characteristics of the
watershed and to the storm characteristics, These conceptual models
are alsoc used to investigate the effects of urbanization on runoff. 1In
order to determine the time distribution of runoff due to future rain-
fall events, the parameters of these models must either be known or
they must be estimated by using some known information. If these para-
meters, which are determined from 'historic' or observed data of rain-
fall and runoff, are essentially constant for a watershed, then they
can be readily used to estimate the runoff due to future storm events.
However,. the values of the parameters of these models vary for differ-
ent storms on a watershed {Ch. IV). The variszstion in the values of the
parameters of the model may be due to any one or to a combination of
the follewing factors: 1) inappropriate choice of the conceptual model
itself, 2} the rainfall-runoff process may be a time varying phenomenon

whereas the models selected are time invariant models, and 3) the
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relationship between the ¢ime lag TZD and these variables was investi-
gated. The physiographic characteristics which were consideved in the
study are, the ares of the watershed, A, (in sq. miles), the length of
the main stream, L, (in miles}, the mean basin slope, gl expressed as
feet per mile, and the percentage of impervious area in the watershed,
U. The storm characteristics which were considered are the volume of
excess rainfall, Py, and the duration of excess rainfall, Tp. Other
factors such as the molsture content in the watershed before the oc-
currence of the storm, could not be considered because reliable quan~
titative data were not available. Factors such as aerial distribution
of rainfall, distribution of impervious areas in the watershed were not

considered because of the assumpticn of lumped linear system models.

Thua the time lag T4 wag expressed in the following forms
T, = £ (4, L, 5, U, P, Ty} (87)

The wariable U, which represents the percentage of impervious area
in the watershaed, was transformed to 2 new variable {i+U) and was de~
signated as "urbanization factor'. In defining the urbanization fac~
tor, U is used as the ratio of imperviocus area to total area axpressed
in decimals. The urbanization factor has a range from 1.0 to 2.0 where
the values 1.0 and 2.0 correspend respectively to rural and impervious
watersheds, with gome intermediate value for most of the urban water~
sheds. The urbanization factor is mere suitable for regression analy~
sis especially when logarithmic transformation of variables is involved,
Alsc, a single power function relationship for T4 in which the urbani-
zation factor is included, can be used for both urban as well as rural

watersheds. When the variable U is replaced by the new variable {1+U},
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Eq. 87 takes the form

T4 = f2 (_A, L, §, (1+U)3 Pﬁ& TR} (88)

It was recognized that the time lag varies with the storm charac-—

45,50

teristics. However; previous investigators used the average value

of Td as the representative value of  the time lag fnr a watershed for
regeneration. If the average valuewE;'is-satisfactary for prediction,
in spite of the variation of time lag, it is very convenient to use
auch.a constant value for prediction. - The following preliminary study
was conducted to investigate the accuracy of such prediction as no pre-
vious study yielded the necessary information.

The values of T4 for all the storms on the 13 watersheds (Table 2)
were computed by using the data of excess rainfall and of direct run~
off. The arithmetic average of the time lag values obtained for each
watershed was taken as}the average time lag'§; for that watershed., 1In
addition, published values of the average time lag and of the physio-
graphic characteristics of fourteen more watersheds which are of com-
parable size {less than 20 sq. miles), were also used in this analysis
to obtain a higher degree of freedom for the regression analysis.
Values of the average time lag and the physiographic characteristics
used in this analysis are presgented in Table 15.

The graphical correlation method was adonted to inéestigate the
dependence of T% on the physiographic characteristics of the watershed,

It was observed that the variation in slope S did not significantly

influence the value of %;, Further, the variables A and L, as reported

; 6 :
by several previous investigators, are strongly correlated. This

fact is valid for the present data also (Fig. 37), in which A and L are



mw 99 "o 3oy [ 001 U 0002 7570k wot 8Ty pul tanowdas PIBIIiiv uweRdag iz
- V{1 0801 uZ oL 5151 R [fE i ‘mp ‘BTIPUEXI[Y 3® UNY ABOf-Aanin] 2
7k 05171 0808 Qo wit' T tep Tp{@13Bulidg 1T UNy DT §I¥E 94
uLEsg It t LiT T Litnt ub7 g1 Tp “EiipuEX3[V 1E UDY E2WIOH L4
AN 05771 W ZOl Uos Ty ey ‘Uzinyg S[1F3 aPau A223Nq1il uny sddjal £
L0S 0 [ [Tl o] 700 S U%e Y ‘wa tuorBuriav T yourag Buomy 7z
ore'e uBz 1 U586 Lun U uiv-op Tea ‘uolBUITAY 1® LieInqpil Uny ITEETY 21130 (1
9 oK 3%y 0810 HUR US"9E oSy UeiTU A ‘EuMBYA 19 YIUBIg ABUSY 74
[Aea] OEE T [T uivy [FrA] cad f213As30O] ‘pEoy Fue) ‘11#3IN0 ‘s 'S 6l
00T 1 LA 0EzT L sy LR “A% “STTTARINOT 'SPUNGL; iYeg aIwas IAu TIR3Ing S 81
fE8°0 [V 78 ugLTy wil™ 7 wii'e Sa% SBTTIABINGY CABANIERZ @ €3 TiRyInQ i1
G030 oSt T 09t 9 uinE VNI CAY TBITIARIRGT TfIvg FUABYDY IR HEMAL H K 91
L U8 0 UER T 9670 8i6"y uiz'u A CRITIASINOT ‘dEaslBg m UK TTS MILT &1
¥f TON "33 ﬁw 61° 1 VA et oL 1" usTy s1ouf i1l ‘eusqipn-udjeduwi) 'y221D predsuoy %1
i 0682 061 [ 91 uls'y ‘sexs] ‘ujisny aeex 'W3asn iadieqlin €1
Apmas 086" T (T3 981 oyt Ly wiig UETTE THEXD) TURISRY TTIG PALL - RIIAZ I3TLEA i
areTl (7248 ty Ly BLEY vIeTe TeExeL fuplsny U35 UIBE - AI3AH A3T1EA 11
496G Guut T wetl TN Uyt vl Tpul 'wWOSEO0TY UERE IPIK 'A881] WUSEO(Y URSH 01
Juasaad 2yl
ons 0007 1 {71 798¢ GLuTL TPul fREAGIL IR CAIILZ ey b
0s0'¢ [T 127 Suil I PUL splodeueipu] T333) Souaiae] 8
jo 1red s¥ uvce et 43344 GiIt el TPl ‘sjloduuvipul Cxaaly STREL 272317 ¢
0zt §61°1 (TaL M LR LrUit TPUY s flodedrFpul ‘RTTTAYORIY - uUnY luesesld 9
0e8¢ SutTt 19771 b ugs L tpun “stpodeuvipul tuciBuiTiY - uny ueseald k
paindaoy i
G0y L Ti't [FOa8% ulL” g 950" spup ‘aladeyey ‘{12m07) Wied IUIRG anping ”
UL L {121 GUb L cuty 87y spuy ‘2313ARjEY ‘{1addn) wavj 3UTag anping €
o190 70T uTZll Ie1e SZi9” TPUL *a332aB3¥] '{13A07) SpY SEOY z
L ol v URE"T [OAFas £i99° [T ‘pul ‘eilakzie] * (33ddn) apy ssoy 1
[N
[CIREETY 1 {8371k “bs)
v3eq (o) (1} H wealdy v T oK
39 #xinog #e7 Jwy] 303083 wdols ULER J@ [EDERE L) i : peysiazesm
afviaay LOTIEZTUBRQ R [51:=008 §18ua ju esay

NOILYOILS 3ANI 9V IWIL FOVHIAY JIHL NI 43sSn ViIVva "Gi 378Vl



(49

SHLIONITT WVINLS HLIM SUYIHY Q3HSHIALVM 40 dIHSNOILYTIEY “Jg 3HN9Id

(S3w 0S) 'V v3IuvY
Q0e oM oS 0¢ ol SO <0 1'0 GO Fie) 18]
T T T ;i T 1 T i T T g 'O

20

g0

(O

{S31we) 1 HION3T

0

0%

o0




150

related with a correlation coefficient (B} of 0.950., Hence, the averw
age time lag can be expressed sither as a function of the variables A
and {140} or the variables L and (i1+U)., As the area A is easier to
determine than the length L, the average time lag was related to the
vﬁyiabies A and {14+U). The graphical correlation for T, with the var-

4
izbles A and (IHJ} is presented in Fig. 38. The linear correlation

et

coefficient (R} between the sbserved and the estimated values of &’

obtained by using Fig. 38, is 0.983.

Analytical relationships for fg as a function of physiographic
characteristics were also determined by uéing the multiple regression
analysis. (A brief description of the technique is presented in Appen-

dix A-2.) An equation of the form

Cy €y Ly

- LGy
T = CO A L s {1403 {80

was fitted by the method of multiple regression analysis to the values
presented in Table 15. The vesults ave presented in Table 16, Equa-

tions 90, 91 and 92 represent the expressions for T&

gregsaion analysis with gradual deletion of the variables that were not

ohtained by re-

significant at the 0.01% level. The linear correlation coefficient R,
the standard error of estimate and the coefficient of determination
{R%} associated with each of the Egs. 90, Qi and 92 are presented in
Table 16.

It may be noted that for the data tested, inclusion of the stream
length L and the slope S does not significantly improve the correla-
tien. As the area A and the stream length L are by themselves highly
correlated, inclusion of both A and L does not add any significant new

information to equation 89. Explanation for the ineffectiveness of §
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in estimating T& is not so straightforward. It is generally thought
that the mean basin slope §; is one of the significant factors which
infiluence the velocity of flow and hence the discharge in the stream,
thus influencing the time lag. This is particularly the case for rural

60,61,64 in their

watersheds as reported by several investigators
studies of dependence of average time lag on s, However, WugB reported
that for small rural watersheds in Hawaii with areas less than 20 sq.
miles, the average values of the time lag %é are a function of area A
only and the mean basin slope S does not influence Eé significantly.,
Wu's analysis was conducted by using data from small, rural watersheds
in Hawaii, where the watersheds are generally steep and infiltration
rates are high and these charvacteristics might have influenced the
watershed vesponse. For urban watersheds; on the othe: hand, because
of the channel improvement and storm sewer constructions, the direct
influence of the mean basin slope S on %g is considerably reduced. 1In
sewered areas, the slope of the sewer lines will be kept constant and
the irregularities in the terrain will be negotiated by providing drops
at manhcles. The actual velocity in the sewer is not affected by the
slope of the terrain. The velocity of flow in the sewers varies within
narrow limits and can be considered as constant. Hence it can be con-
cluded that the value of’ﬁg is mainly 2 funcetion of area & of the
watershed or length of the stream L, which ave closely related, and of
the urbanization factor (1+U), Consequently, the average value of ¢ime
lag %@, can be estimated by using BEq. 92 or Fig. 38. As mentioned:

earlier, Eq. 92 and Fig. 38 can be used for both rural as well as urban

watersheds,
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When the parameter K of the single linear reservoir model was as-
sumed to be the average value of %;, the prediction obtained proved
unsatisfactory. TIn corder to illustrate this point, the results of pre-
diction for six storms on the Koss Ade upper watershed, obtained by
assuming the average value %A ag the storage coefficient K, are shown
in Table 17 and Fig. 39. The observed hydrograph and the hydrograph
regenerated by using the wvalue of T& as the storage coefficient ¥, for
the particular storm, are alsc presented in Table 17 and Pig. 39 for
comparison. Thus, although the value of %; can be estimated with con~
siderable accuracy by using Fig. 38 or Eq. 92, it cannot be used as
a representative value of time lag for all the storms of the warershed
for predicting the runoff.

As the prediction of runcff by using E@ was very unsatisfactory,
it was propozed to estimate the values of T& for individual storms as
a function of the physiocgraphic characteristics of the watevshed, and
the storm characteristics., In the preliminary analysis mentioned ear-
lier, it was observed that the variable § was not significant in in-
fluencing the value of fgo

further analysis. Although there is a strong correlation between the

Hence the variable S was not considered for

variables A and L, both the following two relationships were separately

investigated:

H
it

& = f3 (A, (14U}, PE’ TR) (933

and T&

£, (L, (1#U}, Py, Tp) (94)

Because the data of rainfall and runoff for some of the watersheds were
not readily available, the regression analysis for Eqs. 93 and 94 was

limited to the data from eleven watersheds {mentiomed in Table 2) only.



TABLE i7. TYPICAL RESULTS OF PREDICTIONS

OBTAINED USING THE  AVERAGE TIME LAG (Tg)

APRIL 13 1966R0SS ADE(UPPER)

PEAK DISCHARGE
TIME TO PFaK
STORAGE CODEFFT,
S1G.ERROR SQ,
INTEGSQ.ERROR,
CORRLLOEFF
SPE.CORSCOEFF,

APRIL 20 1966R0SS ADE{UPPER)

PEAK DISCHARGE
TIME TO PEAK
STORAGE COEFFT,
SIG.ERROR S0,
INTEG. 80, FRRDR,
CORRLCDEFF,
SPE«CORGCOEFF

MAY 12 » 1966 ROSS ADE(UPPER)

PEAK DISCHARGE
TIME TO PEAK
STORAGE COEFFTY,
SIG5.ERROR S0,
INTEGaSOERROR,
CORR,COEFF,
SPECCORWCOEFF,

MAY 21 1966 ROSS ADE(UPPER)

PEAK DISCHAR 53E
TIME T PEaK
STORAGE COEFFY,
SIGERROR $G,
INTEG» 804 FRROR,
CORN CDEFE,
SPEWCORCDEFF .,

JULY 5 1966 ROSS ADE(UPPER)

PEAK DISCHARGE
TIME TO PEA&K
STORAGE CnDEFFT,
SIG.ERROR S,
INTEGeSQ.ERRUR,
CORRLCOEFF,
SPECORCOFFF

JULY 28 1966 ROSS ADE{UPPER)

PEAK DISCHARGE
TIME T0 Prak
STORAGE COEFFT,
SIGLERROR 30,
INTEG«SULERRNE,
CORRCOEFF,
SPE«CUR.COEFF,

OBSERVED RECENERATED PREDICTED

227 4] [93:)
G50 Gl Ta00
S.44 baka 12,60

ua'l 114

1.8% 1,86

W99 293

<99 292

1.07 g1t .82
800 ¥a00 Q.08
12:%4 1d.94 12,60
1Y-¥ « 79

2abr{ 2461

97 97

L -1

27 2 28 Py

.50 2. U0 9,50

11.37 11,37 12.60
kD <04

dole 2:52

'94 egﬁ;

97 98

289 X 1.0%4
22,50 19,00 18,00
20,07 20,47 1260
Q.13 9,26

Wl 86 EPd )

o B o TE

o 76 o 05

Y4.73 10.94 Ba0p2
9,50 7.50 9,50
.45 TetS 12,60
18l.9¢ 493,30

ba Uy &,74

PRl =93

o1 52

12465 14,02 20,513
22.50 13.4%0 1050
2le00 2lsuu 1260
Tel.2%  3193.R4

Zale 5.65

e 281

« ¥ .El
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TABLE 18. DATA USED FOR ESTIMATION OF Ta.
KE 1K2|KN QQP [ AND TP

AREA(SG, M) UE

(THCHES) % (MOURS) Ky (MOURS; Tp(NCURS) Ky (Houke) Ty (KOURS)

WATRRSHED s e n ViTF VieF L1es T asd

Loan KL 10% 4733

IHaN0D siin 4133

No,s #0060 +60R AtRY
FHLADD 4093 +16R

ELR T il 38

Aangd 4179 L7

384000 TS e

3Ha000 <028 L3R

iHaa00 1% w2l

ELFLLL] #N2E 133

K000 -0k sion

HEan00 Yoo 128

200 w018 aren

34.500 s )

16000 W13 Lty

TEIS WA50 JEre)

$074
WATERSHES
Ho.2

WATERBEED Tvoen

1-:!-# RrLanldil

Tafun 415 TG00

Nou 5 Tatun adc.;g;
TaSEn Aiiabyn

TaRRD oon

ToERA SLY.TON

siman 453,300

Tu5RA TEb 00

TiERD TEEL T

Taonsn Flaa300

Tatur FoR.000

. TafEn 3RG.E00
HATERSHED 15-100 FEATEIL
l:.}l\: 143.180

Tfalng FE4L 160

Maub 104100 12,000
11,100 RBRLEON

lasian F30.F00

1natna SEN L 000

1asataa £04,100

je.10% Lta.ats

g loe A& T00

iﬁ'iii 294,608

Tallg TenuR0H

WATERSHED ¥%. 117 Aeinn
Iwaite IARENAL]

SHG 4ROl

Teftul
Teags
Tanin
Talnin
ERsHED T4oEen
la ki
Téueg
HoutG 1éxdrd
erhnn
Taabnn

Yargn

ST
ATaltdn
2Tendl
2Tenid
Frengu
@Tynal

Lin
HRIERSHED 471
W

Haosli

Fruiind
Zriana Y aKsLGus
STelnd LLENS T
2Hangn Thi.808
TwarERS RED BT ERENTT
4 2iand 128ha00n
LUEREHIT
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Iteenn 1haig.0an
ATaagy ATReb0n0
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Values of the variables used in the analysis for a total of 125 storms

are presented in Table 18. Equations of the form

C c C C
C., A ! {1+U) 2 P 3 T 4

I, =G £ R

]

C C c C
Loy op 3 g

and T B R

]
(]
[

4 0
for the relationships 93 and 94 respectively, were fitted to the data

by the multiple regression analysis the results of which are shown in

Table 19,
Table 19, Results of Multiple Correlation Between
T& and A, (14U}, PE and TR
Corr. Standard Coeffr.
Equation# Eq. Coefft. Frror of Deferw
mination

(R} (Brs.) (R2)

T, = 0.831 A (1+uy 66 p 0287 2037 95y 0,923 0.506  0.851

T, = 0.731 (093 gyt ?E‘”z'll"‘ TRQ°238 (96)  0.933 0,473 0.871

* All numbers were rounded off to the third decimal place.

The correlation coefficients for Eqs. 95 and 96 are nearly the same.
As area A of the watershed is easier to determine than the stream
length L, Eq. 95 is more convenient to use. The graphical solution of
Eg. 95 is presented in Fig. 40 and the method of using the diagram is

indicated by arrowmarks.

Prediction of Runoff by Using Single Linear Reservoir Model

Although the parameter K of the single linear reservoir model is

theoretically the same as the time lag T&’ optimization of the parameter
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K was required to Improve regeneration.  <Lonsequently, it was decided

to estimate the values of Kl and K2 and:-then use them to obtain the

corvaesponding IUH. As the coefficient K is obtained by time lag con~

siderations, and then ontimized to-o’utain-K1 and'Kz, the variation in

Kl and K2 can be anz.yzed in a manner similar to the analysis of time

lag T&. Consequently, K and-K2 were postulated to be related to the

1

storm characteristics and physiographic characteristics in the fol-

lowing form:

Kl = f5.(A, {1+U), Bas TR) (973

Ky, = £, (a4, (1+0), Pas Tp) {98}
Equationg of the form

K, =, AL (a2 pEC3 TRC"‘

K, = C, A e PEC3 T,

for the velationships 97 and 98 respectively were fitted to the data by
multiple regression analysis. The resulting souarions for the optimum
values of the storage coefficients Kl and K, and the associated statis-

tics such as the correlation coefficient etc.;, are presented in Table

%3

20.

The graphical solution of Eq. 99 is presented in Fig. 41, Thus,
the optimum values of the storage coefficient K which are to be used in
the single linear reservoir model can be estimated by using Eq. 99 and
100 respectively. The optimized values of the storage coefficients Kl
and Kz were based respectively on the criterion of minimizing the sum

of the squares of the differences of the ordinates of the observed and

of the regenerated hydrographs, and on the criterion of minimizing the
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deviation between the peak discharges of the observed and the regen-

erated hydrographs.

Table 20. Results of Multiple Correlation Analvsis

for the Parameters K, and K

1 2
Corr. Standard Coefft.
N Coefft, Error of Deter-
Equation fq. mination
(R) (Hrs.) (R2)
K= 0.887 040 <t1+n)"]‘683 PE”'Q"?"“ TE?‘Z% (99)  0.909 0,555 0.827
K,= 0.788 2000 1y 41y 206 9};“0'15 Té"l% (100)  0.857 0.614 0.735

* All numbers were rounded off to the third decimal place,

The corresponding parameters Kl or Ké are used to obtain the IUH which
in turn can be used in Eq. 7 along with the excess rainfall to predict
the direct runoff. Data of all the storms on all the watersheds
smaller than 5 square miles (watersheds 1, 2, 3, 4, 8, 11, 12, 13) were
used in the analysls. The prediction obtained by using the estimated
values of Kl agree well with the regeneration obtained by using the
optimum values of Kl' Typical results of prediction by using the esti-
mated value of Kl are presented in Table 21 and Fig. 42. The observed

and the regenerated hydrographs obtained by using the optimum values of

Kl are presented in Flg. 42 to provide comparison.

J

/ Prediction of Runcoff: bv Using Nash Model

Ag mentloned in Chapter IV, the Nash model was found to vield com-

paratively good regeneration for watersheds larger than 5 square miles



TABLE 21. PREDICTION PERFORMANCE OF THE

SINGLE LINEAR RESERVOIR MODEL

OBSERVED REGENERATED PREDICTED

MAREHW 22 1966 ROSS ADE(UPPER)

PEAK DISCHARGE
TIME TO PEAK
STHRABE COEFFT,
SI1G.ERROR 5Q.
INTEG:SQ,ERROR,
CORRLCOEFF .
SPE.CORLCDEFF .

136 1,21 1.18

8450 8,50 8,50

11.30 11,50 11.82
54 .55

1.82 1,84

.98 .98

299 .99

NOVEMBER 26 1966 ROSS ADE(UPPER)

PEAK DISCHARGE
TIME TO PEAK
STORAGE COEFFT,
51G,FRROR S0,
INTEG.S0.ERROR,
CORR.COEFF .
SPE.CORLCDEFF .

AUG, 10 1966 R0SS ADE(UPPER)

PEARK DISCHARGE
TIME TO PEAK
STORAGE COEFFT,
SIG.ERROR 5Q.
INTEG.$8,FRROR,
CORRLCNEFF .
SPE.COR.COEFF.

JULY 11 1966RO0SS ADE(UPPER)

PEAK DISCHARGE
TIME To PEAK
STORAGE COEFFT,
SIG.FRROR S8,
INTEG. S0, ERROR,
CORR.COEFF
SPE.CORLCOEFF,

OCT 1541967 3.44

FEAK DISCHAHGE
TIME YO PEAK
STORAGE COEFFT,
S1GERROR S50,
INTEGaSUeERRUR,
CORRSZCOEFF &
BRECOHLCOEFF»

.51 .51 .56
6,00 6,00 5,50
13.57 15,00 13.92
0 04 <16

1,03 1.23

+99 9%

1,00 1,00

95 91 87
19.00 19,00 19:50
12.41 13,50 14.54
» 35 239

1,30 1.37

-99 0.99

A + 9%

2.98 3.20 3. 4%
]3000 !2.00 12000
11.32 11,50 16,10
3.0% 5,08

1,37 1.77

:99 »9%9

+ 59 « 8%

Ao ROSS ADE({UPPER)

Fet? 1s46 1,37
5,00 4400 4 0
1149 Q.00 9,79
96 # 7

2047 Pegl

2 98 oA

+ 98 £ 99

0CT. 15. 1967 H.}R AMROSS ADE(UPPER)

PEAK DISCHARGE
TIME T PEAK
BTORAGE CDEFFT,
51G.ERHOR Si.
INTRG S0 ERROKR,
CORR.COEFF,

SPE +CORGCOEFF o

1eHl 1.886 l.Ba
550 4,00 Go 0D
12223 Fle2D P0a11
la0t% 1.55

TobY £o29

9% «IH

99 « 99
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and smaller than 20 squares miles, and hence was selected to predict
runeff fyrom rainfall on such watersheds. In order to use the Nash
model for prediction purposes, it is necessary to estimate the values
of the parasmeters n épd L.

The pafametery/KN is the storage coefficient of each of the linear
regerveirs in the cascade of linear reservoirs of gﬁe Nash model, and
hence has the units of time. The parameter ?;is the number of linear
regervoirs., Further, the two parameters n ;;a Ky are related to the
time lag T, by the relationship

8Ky =T, (58)°

If either one of the twoe parameters n or KN is estimated from the
physiocgraphic characteristics of the watershed and from the rainfall
‘characteristics, then Qheéether can be computed by using Eq. 58, Also,
from Eq. 58 the parameta; Ky can be considered as a multiple of the :
© time lag‘T4 and hence it can be anticipated that Ky behaves in a manner

similar to that of the time lag T&' Consequently, the following rela-

tionship for the parameter Ky was investigated:

Ky = £7 (&, (1+0), Py, Tp) (101)
A power function equation of the form
Cy Cz €3 G4

for the relationship 101 was fitted by the multiple regression analy-
iz, The resulting equation is

0.389 «~0.622 ~0.1306 T oazgz

Ky = 0.575 A e (103)

(1+U) Py

T

The correlation coefficient for the Eq. 103 is 0.852 whereas the stan-
~dard error of estimate and the coefficient-of determination are 0.586

and 0.725 respectively. The graphical sclution of Eq. 103 is presented
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in Fig. 43, Thus, the value of the parameter KN 0f the Nash model can
be estimated either by using Eg. 103 or Fig. 43. As the time lag Té
can be estimated by using Eg. 95, the pavameter n can be computed by
using Hg. 58. Once the parameters n and KN are estimated, the corves-—
ponding IUH can be defined by using Bq, 21, which can then be used in
Eq. 7 along with the excess rainfall to predict the direct runoff.

Data of all the storms on all the wateysheds larger than 5 square miles
{warersheds 5, 6, 7, 9 and 10) were used for predictions. Although the
prediction obtained was not very good, the results compared reasonably
well with those of vegenervation obtained by using the same data. The
observed hydrograph, the regenerated hydrograph, and the predicted hydro-~

graph obtained by using the estimated values of n and KN’ for some of

the storms on watersheds 5 and 6 are shown in Table 72 and Fig. 44.
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TABLE 22. PREDICTION PERFORMANCE OF NASH MODEL

APHIL 30,1¢62

TIME LaG
NASH X
NASH N
PEAK DISCHARGE
TI®E 70O PEAK
SIG.FRROR 80,
InTEG 50 ERROR
CORRCOEFFT,
SPE 4 CORLLOEF .,

MAY] 1962

TIME |AG

NASH K
NASH N

PEAK DISCHARGE
TIME YO PEAK
SIG.ERROR SO,
INTEGoSULERROR
CORR,COEFFT.
S5PELCORCCDEF,

APRIL3Ne)R62

TIME La&

NASH K
NASH N

PEAK DISCHARGE
TIME TO PEAK
S5IG.ERROKR 8@,
INTEG«SQERROR
CORR,COEFFT.
SPELORCOEF

SJULY20.1963

TIME LAG
NASH K
NASH N
PEAX DISCHARGE
TIME TO- PEAK
SIG.ERRCOR SQ.
INTER oS0, ERROR
CORRCOEFFT,
SPE.CORWCOFF,

AlUG.11.1964

TIME LAG
NASH K
NASK N
PEAK DISCHARGE
TIME Tn pEax
SIG.FRRUW 50,
INTEG:SQFRROR
CORMLCOGEFFT,
SPELCORCOEF,

JaNlslvot.

TIME Law

Noasi K
NAabH W

FEAK DISCHARGE
TIME 1O Fran
S1GERRUKR Hlig
INTEG, SWet mHUH
CORMCObKFF T o
SPELURCUEF ,

OBSERVED REGENERATED PREDICTED

BLEASANTRUNSA

3.76
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CHAPTER VI

EFFECTS OF URBANIZATION ON RUNOFF

Some of the hydrologic characteristics which are affected by
urbanization are: the volumes of annual, monthly and daily runoff,
the peak rate of runoff, the shapes of the hydrograph, the unit hydro-
graph and the IUH, the frequency of peak discharge, the infiltration
rate, the base flow, and the time lag, etc. MHowever, the main emphasis
in the present investigation has been on the changes caused by urbani-
zation on the characteristics of the runoff hydregraph and of the in-
stantaneous unit hydrograph. More specifically, the changes in the
time lag, in the shapes of the TUH, and of the direct runoff hydro-
graph: the changes in the peak discharge, in the time to peak discharge
of direct runoff hydrograph, and the changes in the fregquency of peak
discharges, are first discussed qualitatively, The changes in these
characteristics as functions of only the urbanization factor are dis-
cugsed next, with specific reference to the Ross Ade upper watershed,
less than 5 sq. miles, and the Pleasant Run watershed at Arlington,
larger than 5 sq. miles,

The discussion of time lag, peak discharge, time to peak discharge
and the parameters of the conceptual models, is based on linear regres-
sion equations which relate these quantities to the physiographic char-
acteristics of the watershed and to the storm characteristics (Chapter

V}. However, the regression equations were developed by using the
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limived data of only 125 storms on 11 watersheds and hence they de not
cover the entire range of all the variables. Although extrapolation of
the results obtained by using these equations may lead to erroneous re-
-gults, certain general trends are obvious. Tt is hoped that as more
data from urbanized watef#heds bécome available, the trends indicated

by this study can be investigated further.

Time Lag

Time lag is related to the physiographic characteristics of the
watershed including the urbanization factor and the storm characterige
tizs as given by Eg. 95,

T4 = 0.831 A03458'(1+U)w1,662 PE~0326? TR0a371 (95)
The time lag TA’ as indicated by Eq. 95 increases with the watershed
area and with the duration of the excess rainfall; it decreases with an
increase in the impervious area, and in the volume of excess rainfall.
Further, the rates of change of time lag T4 with respect to the indivi-
dual variables can be investigated by considering the partial deriva-
tives of T& with respect to each of the variables, which are presented
in Table 23.

The rate of change in time lag is influenced most by the urbaniza-
tion factor, followed by volume and duration of excess rainfall and
the area of the watershed. Although all these variables decrease the
rate of change of time lag, increase beyond a certain range in any of

these four variables does not significantly influence the rate of

change of time lag {(Table 23).
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Table 23. Partial Derivatives of Time Lag T&

2 _ ~0. 542 ; ooy ~1.662 ~0.267 0.371
EYS = (.458 A [0.831 (1+U) PE Tn ]

: (-1.662) (1+1) 20002 15,831 A0-458 p, 0267 g 0:371

E ¥

i

-1.267 G.458

~1.662 _ 0,371
E Ty ]

(~0.267) P {0.831 A {1+U}

[

0.458 -1.662 p u0m267]

{0.831 A B

0.371 p ~0.629 {1+U}

a7 R

|
|

With specific veference to the urbanization factor, the time lag
decreases with an Increase in the urbanization factor up te a certain
value of {1-+U}, beyond which the increase of the urbanization factor
does not result in a significant veduction of the time lag. This can

also be seen from Fig. 40,

The Response of the Watershed

As mentioned earlier, the response of the watershed to a2 storm can
be characterized by the IUH, or by the unit hydrograph of a specified

66,69 of the effects of urbanization on

duratien. Several investigators
runoff have considered a single unit hydrograph to be "representative"
of the watershed response. Changes in the shapes of these "representa-
tive" unit hydrographs for different watersheds with various degrees of
urbanization are then studied.

76,90,91 there is no unique unit hydro-

As pointed out earlier,
graph representative of any watershed, and consequently, the changes in

the shape of the unit hydrograph due to increased urbanization alone

cannot be easily isclated. The IUH alse varies from storm fo storm on
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a watershed and hence there is no unique IUH which is representative of
the watershed response. However, the parameiers of the IUH can be ex~-
plicitiy related to the urbanization factor and the storm characteris~
tics . Hence the effects of urbanization on the watershed response
can be evaluated separately from those of the changes in the storm
characterigtics. This is the approach adopted in this study.

The IUH of the single linear reservoir model, which has been
selected to simulate the rainfall-runoff process on urban watersheds of

area less than 5 sq. miles, is given by

-t /¥

h(t) = -1115 e (16)

The IUH {h{t)] is obvicusly a function of (1/K), with a maximum value
at time t = 0. The storage constant K is theoretically equal to the
time lag T&, and consequently h{(t) is a function of the time lag T4,
which has been velated to the physiocgraphic characteristies, including
urbanization factor of the watershed, and to the storm characteristics
as in Eg. 95. In Eq. 95, the urbanization factor is inversely related
to the time lag and hence to the storage constant K, Therefore, any
increase in the urbanization factor results in a decrease of T4 and
hence of K, and thus the magnitude of the peak of the IUH will be in-
creased, The time to peak of IUH of the single linear reservoir model
is always zero regardless ¢f the changes in urbanization factor.

The TUH of the Nash mudel, which has been selected to simulate the

rainfall~runoff process in watersheds of area larger than 5 sq, miles

and less than 20 sq. miles, is given by
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L ole/Ry
h(t) = ;—g—g (£/R" 1?:%- N (21)
‘ -

The parameters n znd Ky in Egq. 21 are related to time lag as

The parameters Ky and the time lag T& {in Eq. 56) are estimated by
uging Egs. 103 and 95 and che wvalue of the parameter n, applicable to
the particular storm is evaluated by using Eq. 56. Egs. 95 and 103
aiso indicate that with all other conditions remaining the same, an
increase in the urbanization factor causes a decrease in the values of
T4, Ky and of n.

The changes in the magnitude of the peak and the time to peak of
the IUH of the Nash model can be interpreted better by using the fol-
lowing expressions:

TF = (nwl)KN (104}

Pt

n=1  ={t/Ky)
’ (.,_iz,_\ 8 (105)

Q = e
PI Ky KN/' E“"(M) t=Tp.

With an increase in the urbanization factor, the values of KN and n de-~
n=L 1

- but

crease, which in turn increase the factor §L=(t/KN)
N

dacrease the factor a"thN in Eq., 105, However, it should he noted
‘ ; 11 oo wthN
that the product of KN {ni) decreases at a faster rate than e
alone znd hence the magnitude of peak of h(t) increases with an in-
crease in the uvrbanization factor. Further, the time to peak of the

IUH ¢f the Nash model decreases with an inerease in the urbanization

factor.
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Thus for both conceptual models used in the present study the mag-
nitude of the peak of the IUH increases and the time to peak of IUH for

the Nash model decreases due to an increase in the urbanization factor.

Peak Discharge

As the magnitude of the peak of the IUH was observed to increase
with the urbanization factor, it can be inferred as a general result
that the magnitude of the peak discharge of the runoff hydrograph in-
creases with increased urbanization factor. Several investigator$67’69
have related either the magnitude of the unit hydrograph peak discharge
or the unit hydrograph peak discharge per square mile, to the area of
the watershed and to the time 1ag'T2 which was assumed to be unique for
any watershed. As the time lag itself varied from storm to storm on
any watershed, any relationship developed for-Qg"must‘involve physio~
graphic and storm characteristics. Further, such a relaticnship for
Qp will be useful for practical designs where only the magnitude of
peak discharge is required. Hence, the follewing analysis was con-
ducted. An equation of the form
€2 . C3 _ C4

Z
?F T

- c. ot g
Q = C, A" (1+U0} : R

D 0
was fitted to the data of peak discharge of the observed direct runoff
hydrographs, the physiographic and storm characteristics by the mulei-
ple regression analysis. The resulting equation is

0.723 1.516 ; 1.113 , ~0.403

(1+U03% P T (106}

Qp ® 48B4 1A E R

The correlation coefficiaﬁt, the standard error of estimate and the
coefficient of determination for Eq. 106 &re yegpectively 0.9844°,

G.4025(cfs) and. (. 969,
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The magnitude of the peak discharge Qp, as suggested by Eq. 106,
increases with an increase in the area of the watershed, in the urbani-
zation factor, or in the volume of excess rainfall, and decreases with
an increase In the duration of excess rainfall. Turther, the rates of
change of Qp with the individual wvariables can be interpreted by con-
sidering the partial derivatives of Qp with respect to each of the var-

iables, which are presented in Table 24,

Table 24, Partial Derivatives of Peak Discharge Qp

: ~0.403-
1.516 P 1.113 T 0 403J

e = 0,723 A [484.1 (1+0) Py %

i

3q | ]
—~Pe 2 1,506 a0 pagey 407F 0 p LM g =0-403

1

1.113 p lage.1 A07P (14yy 1516 TR~@°403}

:

{(~0.403) A0°723 1.516 Pglﬂllﬁj

[484.1 (1+U)

The rate of change of peak discharge increases with increase in urbani-
zation factor, and in the volume of excess rainfall and decreases with
the increase in area of the watershed and in duration of excess rainfall,
The increase and the rate of increase of Qp is influenced most by the
urbanization factor. Hence, any increase in the urbanization factor
directly results in increase in peak discharge ng For exzample, for a
watershed of area 10.1 square miles {watershed 6), and for an excess
rainfall of 0G.30 inches occcurring in one hour, an increase in the urban-
ization factor from 1.0 to 1.20 results in an increase in peak discharge
by 30 percent, and an increase in the urbanization factor from 1.0 to
1.40, results in an increase in peak discharge by 68 percent. A graph-

ical solution of Eg. 106 is shown in Fig. 45.
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Time to Teak Discharge

Just as the peak discharge Qp can be estimated from Eq. 106 the
time te peak discharge TD can aiso be related to the physiographiec and
storm characteristies. The linear regression analyvsis ;pplied to the
values of obgerved time to peak and the physiogranhic and the storm
characteristics, vielded the equation

G.323 -1.285 P ~(3.185 v 0.634

Tp = 0,773 A {14+ B ® {107}

The correlation coefficient, standard error of estimate and the coef-
ficient of determination for Eq. 107 are respectively 0.93, 0.509
{hrs}, and N.865. The time to peak discharge Tp increases with an in-
crease In the area of watershed, and in vhe duration of excess rain-
fall, whereas it decreases with an increase in the urbanization factoyr
and in the volume of excess rainfall. A study of the partial deriva-

tives »f ?n with respect to the variables A, (140), P. and TR’ inddi~

i1
cates decreasing rates of change of Tp with an increase of all four

parameters. The rate of decrease of Tp with respect to the increase {n
the urbanization factor is the highest compared to its variation due to

change in parameters A, P_ and TR’ Thus the urbanization factor in-~

E
fiuences the time to peak discharge Tp and the value of T decreases
with an inerease in the urbanization factor, TFor example, for a water-
shed of area 10.1 square miles (watershed 6}, and for an excess rain-
fall of 0.3 inches occurring in one hour, an increase in the urbaniza-
tion factor from 1.0 to 1.20 results in a decrease in the time to peak
discharge by 23 percent, and an increase in the urbanization facter

from 1.0 to 1.40 results in the decrease of time to peak by 39 percent.

A graphical solution of Bq. 107 is presented in Fig. 46.
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Fregquency of Peak Discharge

Effect of urbanization on magnitudes and frequency of flooding is
an important consideration in plamning land use and development. The
information of the expected frequency and of the magnitude of floods is
essential to provide adequate protection to life and propertvy. A num-
ber of methods are available for the estimation of the magnitudes and
frequencies of floods expected from watersheds in their rural condi~
tions. However, as a watershed changes from rural to suburban or urban
conditions, the methods to evaluate changes in magnitudes and frequen-
cies of fleods have not yet been well developed, Procedures o esti~
mate the magnitudes and frequencies of floods in urban areass have been
developed and are being used by U.5. Geological Survey062’9&”95’96
Principally, these procedures sre based on the regional flood frequency
curves obtalned from data on rural watersheds which are located in the
same region of the urban watersheds. In order to extend the flood fre-
guency relationships to wurban watersheds, certain assumptions such as
the equivalence of rainfall and runcff frequencies for completely im-
pervious areas, had to be made. These assumptions may not be univer~
sally valid. Using the regional flood frequency curves obtained from
the rural watershed data and some assumptions as menticned above, flood
frequency curves for urban watersheds have been developed. Most of the
results of these procedures are gqualitative. Although these approaches
appear to be a first step in this direction, accurate methods of ob-

taining flood freguency curves for urban watersheds are yet to be

developed.
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The West Lafayette watersheds could not be used in the investiga-
tion of the effect of urbanization on the frequency of floods because
of the lack of long term records, instead three watersheds (Nos. 5, 7,
and 8} near Indianapolis, Indiana were selected for this purpose, The
values of the urbanization factor for watersheds Nos. 5, 7, and 8 are
respectively 1.10, 1.02 and 1.00., The length of record of fioods on
these watersheds ranges from 9 to 12 years. The frequency analysis was
conducted for the amnual peak floods only. The recurrence interval TRe
was computed by the formulagy
Tpe = (ntl}/m

where n = number of vears of record

H]

m = the rank of the magnitude of the flood with the highest as 1.
The annual peak floods were plotted against the recurrence interval
TRe’ on extremal probability paper. Straight lines were fitted to the
points by using the general equation for hydrologic frequency analy-

sisegg The flood frequency curves thus obtained are presented in Fig.

47,

The average annual flood is defined as the filood which has a re-
curvence intevval of 2.33 years. The average annual floods for each of
the three watersheds were estimated from Fig. 47. A plot of the aver-
age annual flood against the drainage area of the watershed is presented
in Fig. 48, which may be used to estimate the average aﬁnual flood for
any gaged or ungaged watershed situated near Indianapolis. The dimen-—
sionless flood frequency curves were then developed by dividing the
ordinates of the flood ffequency_éurves {(Fig. 47) by the value of the
average annual flood. The dimensionless fiood frequency curves were

plotted as shown in Fig. 49 for recurrence intervals greater than 2.33



2400

2200

2000

{800

1600

1400

1200

ic00

ANNUAL PEAK FLOOD {CFS)

8GO0

600

4006

200

| / /
; /
]
|
| Qs% Nk
Q- %)
| 4, >
{ Y &
I < =
i 4, Q\S}/
| & £
| AR, )
* 4
| <
|/
T
/ Y/
s
8 ¢t
/ | A
/ ! (;,0@
2
/ / a?g'
/ | o
A /‘ I; -
7 1 =~
/ // E . /
LY //
/ / g /’/K ° ;
/e ;
" !
//. |
1233 J
1.0 LIO 150 2.00 300 5.00 10.0 200 300

RECURRENCE INTERVAL YEARS

FIGURE 47. FLOOD FREQUENCY CURVES FOR WATERSHEDS

NEAR INDIANAPOLIS, INDIANA.



183

20001
7

oty !000 - "
[}
& 5
]
o
9 g*
L.
4 500
<f
-
=
=
«f
L
(/]
<f
&
>
o<

200 L % NUMBERS REFER TO

WATERSMED NUMBERS
EGO ] j L |
i 2 5 9] 20
DRAINAGE AREA, (SQ. MILES)

FIGURE 48. REGIONAL CURVE FOR THE RELATIONSHIP OF

THE AVERAGE ANNUAL FLOOD TO THE AREA OF
THE WATERSHED (INDIANAPOLIS AREA)



578

350

3.25

3.00

2.78

280 "t

2.25 -

2.00

1.75

.50

\N
Nk
N\

RATIO OF ANNUAL PEAK FLOW TO AVERAGE ANNUAL FLOOD

1.25 %
.00 /

2.33 300

5.00 100 200 30C 500 100,
RECURRENCE INTERVAL, YEARS

FIGURE 49, DIMENSIONLESS FLOOD FREQUENCY CURVES

FOR WATERSHEDS NEAR INDIANAPCLIS,
INDIANA,



185

vears. The ordinates of the dimensionless flood frequency curves are
listed in the last column of Table 25. From Fig. 49, it mayv be ob~-
served that as the urbanization factor increases, the magnitude of the
flood of any frequency (lfTRe) increazes and that the frequency (1/TRe)
of the flood of any magnitude increases. Although these trends are
clear, generalized conclusions cannot be drawn because of the limited
range of data used. However, the method of analysis, being general,
can be used for any other region.

The dimensionless flood frequency curves obtained by the method
of analysis outlined above, can also be used for ungaged watersheds of
the same region. With the value of the drainage area, the average
armual flood can be obtained from Fig. 48. Then the frequency of a
specified flood or the magnitude of a flood of a specified frequency
can be estimated from Fig., 49 by using the appropriate curve corres-
ponding to the urbanization factor applicable to the watershed under
congideration, Although the results presented have a range of urbani-
zation factor of oniy 1.00 to 1.10, it is hoped that as more data on
urban watersheds become available, these trends can be further inves-

tigated.

Effects of Urbanization on Time Distribution of Runoff

Some of the characteristics of runoff such as the peak discharge,
time to peak and time lag have been shown to be related t physiographic
characteristics of the watershed including the urbanization factor,
and the storm characteristics. Besides the values of the peak dis-
charge and the time to peak discharge, the time distribution of runoff

and its changes due to urbanization should be known for proper design of
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the urban drainage facilities. Copnsequently, the conceptual models
which were chosen to analyze the effects of urbanization - the singie
linear reservoir model and the Nash model -~ were used to demounstrate
the effects of changes in the urbanization factor only.

Az shown earlier, the parameters of the conceptual models can be
related to the physiographic characteristics including the urbanization
factor and the stoym characteristics (Bgs. 95, 99, 103). Hence the IUH
corresponding to these conceptual models mentioned above and the direct
runcff hydrographs are also affected by not only the urbanization fac~
tor but also by the other factors such as storm characteristics. As a
result of theze effects, it is not possible to clearly demonstrate the
effect of only the urbanization factor on runoff by using the observed
data. Conseguently, in order to investigate the specific effects of
the increase in percentage of imperviocus areas in the watershed, numer-
ical expeviments were conducted in which all other factors such as
storm chavacteristics were assumed to remain constant and the urbani-
zation factor alone was varied to represent variocus percentages of
impervious areas in the watershed., The urbanization factor was varied
between 1.0 and 1.80 at increments of (.10 to correspond to 10 percent
increase in impervicus areas.

Four different storms on each watershed were used for this inves-
tigation. For each watershed the maximum and the minimum values of the
storm characteristics PE and Tgrwere selected {Table 26} from among the
available data and the four pessible combinations of these chavacter-
istics were formulated to obtain the four hypothetical storms. These

four combinations which represent the following cases designated as A,
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B, C and D are: A) P, maximum and TR maximum, B) P maximum and TR

E

minimum, C} PF minimum and TR maximum, and 5} P, minimum and T, mini-

E R

mum. For each of the selected storms two distributions of rainfall,
1) the uniform or the vectangular, and 2) the isosceles triangular
distributions were considered. Thus in all, 72 combinations of the
urbanizatioen factor, the volume of excess rainfall and the duration of

excess rainfall were used on each watershed, The extreme values of the

storm characteristics selected are presented in Table 26,

Table 26, Storm Characteristics Used in the Numerical Experiment

Hatershed Volume of Fxcess Duration of Fxcess

No. Rainfall (Py) Ra%nfall (Tp)
{in.} iHrs,)
Maximum Minimum Maximum Minimum
1 0.20 0,01 0,50 0.10

5 0.80 0,20 65,00 0.50

In each case, the parameters of the conceptual model were estiw
mated using the appropriate value of the urbanization factor (14+1), and
Egs, 95, 99, and 103 and the outflow hydrograph was predicted by using
the conceptual model. The hydrologic factors such as time ilag, neak
discharge, time to peak discharge, peak of the IVH, percentage increase
in peak discharge, and the percentage decrease in time to pealk and per-
centage decrease of time lag, referred to the corresponding values of
the rural condition, are presented in Tahbles 27 and 28.

The instantaneous unit hydrographs and the corresponding predicted
runoff hydregraphs for all the above mentioned 8 cases of storms on-

watersheds 1 and 5, and for urbanization factors of 1.0, 1.20, 1.40,
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TABLE 27. RESULTS OBTAINED BY USING THE SINGLE LINEAR
RESERVOIR MODEL TO DEMONSTRATE THE EFFECTS
OF URBANIZATICN ON RUNOFF FROM WATERSHED
KO, 1.
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TABLE 28. RESULTS CBTAINED BY USING THE NASH MODEL TO
DEMONSTRATE THE EFFECTS OF URBANIZATION ON

RUNOFF FROM WATERSHED NO. 5
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1.60 and 1,80 are presented in Figs, 50, 531, 52 and 53, Besides the
increase in the magnitudes of the peaks of the instantaneous unit hydro-
graphs and of the corresponding runoff hvdropgraphs with an increase in
urbanization factor, filgures 50 to 533 also show that the time distribu-
tion of the instantaneous unit hydrographs and of the runoff hydrographs
change significantiy and that the effective base time decreases with an
increase in the urbanization factor.

The time lag Té, the parameter Kl’ the single linear reservoir
model and the peak value of the IUH are presented as a function of the
urbanization factor in Fig, 54 for watershed 1, The parameters KN and
n of the Nash model, the peak value and time to peak of the IUH are
presented as a function of the urbanization factor in Figs. 55 and 56
for watershed 5. Peak discharge and time to peak discharge variations
with urbanization factor are shown in Fig. 57 for watershed 5. The re~
sults presented for values of urbanization factor bevond 1.40 are ob-
tained by extrapolation of the prediction equations (Egs. 95, 99, and
103) and hence they should be viewed with caution,

Prom the above results, it can be observed that for an increase in
urbanization factor from 1.0 to 1.40, the time lag decreases by about
43%, the peak discharge increases by about 90% and the time to peak
discharge decreases by about 56%. Besides these changes in time lag
etc., the time distribution of runoff is also significantly altered as

shown in Figs. 59, 51, 52 and 53,
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CHAPTER VII
DISCUSSION AND CONCLUSIONS

Dats

Records with good definition, reliability, and of sufficient
length are not found for most of the urban watersheds. This situation,
however, has been recently recognized and perhaps will be corrected in
the neayr futurengg The preblem of sparsity of data is compounded if
the effects of urbanization are to be studied comprehensively.

In general the response of urbanized watersheds to rainfall is
faster than that of the rural watersheds and hence the time scales of
the data recording machines have.to be enlarged to obtain better defi=-
nition of time distribution of runoff, Availlable data do not usually
have good time definition. In order to obtain better tiﬁe definition,
certain improvements have been made upon the commercially available
standard instrumentation, and the improved instruments are used in the
gaging stations located in West Lafayette area, "As a result of these
improvements and modifications, the cumulative rainfall depth records
are magnified by a factor of 8. Both the rainfall and discharge are
recorded on the same chart which moves at a speed of 1/10 of an inch
per minute so that rainfall and discharge values can be read at inter~

vals of 15 seconds., By recording both rainfall and discharge on the
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game chart, errors due to nonsynchrenization of rainfall and runcff
data are reduced to a minimum,

Although the location of a single raingage in the watershed and
in the same spot as the styream gaging station might net accurately
indicate the time of commencement of rainfall in lavger watersheds, no
such problem has been encountered so far in West Lafayette watersheds.
This is probably due to the small aress of these watersheds,

In the present study, paved roads, parking lots, building roofs,
foot paths and side walks were considered in a single unit for the de~
finition of urbanization factor. No attempts were made to distingﬁish
among the relative effectiveness of different tyves of built-up areas
in their contribution to changes in watershed response. Thus the ur~
banization facter may be considered only as an indei of the urban
development of an area. 1t is comceivable that the different types of-
built-up areas may affect the watevshed response to different degrees,
although, with the present state of knowledge in hydrology it is hard
to distinguish such effects., On the other hand, there is the possi-
bilicy that these differences caused by the various types of builtw-up )
areas might be insignificant.

A factor which might be of greater interest and significance than
the types of built-up avess is the concentration of these areas in any-
watershed. If the buflt-up area is located far from the gaging station
its effects on watershed response would be different than if 4t is
located closer to the gaging station, A study of the distribution of

these aveas and their effect on watershed response may be conducted, at
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least initially, along the lines of the Area-Stream factor correlation
study conducted by the ToVGAcioo

Gceasionally, some difficulties such as the Parshall flumes
getting choked up by dirt, the rainfall receiver being filled with dire
by children, failure of electrical clocks; rare and intense storms
tlocding the instrument house, etc., have been encountered in the oper=
ation of gaging stations., These problems are being rectified as far as
possible,

Although a few programs for collection of accurate rainfall-runeff
data from urban watersheds are underway, hardly any data about soil
moisture, infiltration, evaporation and spatial distribution of rain-
fall in wurban watersheds are available, In order to remedy this situa~
tion to a certain extent, recently, after the present investigation was
well underway, instrumentation tro measure rates of evaporation, temper~
ature changes and wind velocities has been set up at one ¢f the West
Lafayette stations (Chap. IIT). Soil moisture data are being collected
by the Purdue Agronomy Department from the 0'Niel and agronomy farms
which are located in the Lafayette area. It is planned to use all this
information in the next investigation which will be an extension of the
present study. With regard to the spactial variation in raiﬁfall and
its possible affects on the response from West Lafayette watersheds,
there is only a single raingage in each of the watersheds and conge~
quently the spatial variation of rainfall on any one watershed cannot
be estimated. Analysis of records of rainfall from all the four West
Lafayette stations should yield the necessary sparial distributicn in-

formation. However, in view of the small areas of these watersheds,
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and as the lumped linear systems analvysis methods were used in the

present study, the spatial distribution of storms was not considered,

Base Flow Separation and Determination of Excess Rainfall

All the existing methods of base flow separation can only be conw
asidered as approximate. The problems involved in base flow separation
have been rather extensively discussed, most recently by Hail.SA Al-
theugh the method of base flow separation adopted in the present study
has been known to be approximate, no further work was conducted to
study the effects of different methods of base Flow separaticn on the
performance of system models used. Buch a study would perhaps be
worthwhile though not for small, urbanized, sewered watersheds, as base
flow may be of no importance in sewered areas.

In a similar vein, the determination of excess rainfzll used in
the present study has also been approximate. In order to use hetter
metheds te determine the excess rainfall, more accuvate data about the
moisture and temperature conditions in the watershed at the inception
‘of rainfall, variation of the mecisture content of the soil as the storm
progressed, atc., are necessary. Due to lack of such information the
approximate method of obtalning excess rainfall was used. Although
these approximations involved in base flow separation and excess rain~
£all determination were recognized, the same method of base flow separ-
ation and excess rvainfall determination were used for all the storms
for the sake of consistency. Frrors involved in these approximations
may be small because, as reported by Willake,as the methods of separa-
tion of base flow and determination of excess rainfall might not

influence the performance of the conceptual models, although the
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analygis by Fourier transform method seems to be very sensitive to
errors in the datan32

The hydrograph, as is well known, is a combination of base flow,
interflow and surface runoff. The linear system analysis methods must
be applied, strictly speaking, to only the surface runoff and the
excess rainfall causing the surface runoff. Separation of interflow
and surface runoff is a subjective process and the increase in accure
acy invelved in working only with surface runoff may not be greater.lOI
Consequently, no separation of interflow and surface runoff was made,
but their combination, called as direct runoff was used‘in‘thﬁ‘study,
However, some of the wvariation in Kp can perhaps be explained by con-

tributions of three different types of flow to the recession limb of

the hydrograph.

Methods of Analvsis

There is an abundance of models available for analysis of the
rainfall-runcff process, although the performance of very few of these
has been tested under a variety of conditions. Consequently, as no
information with regard to the superiority of any particular model was
available, four conceptual models along with the general method of obw
taining the kernel function by using the Fourier transforms were ini-
tially studied., The criterion used for the selection of models to
study the effects of urbanization was the regeneration performance of
the models. However, the prediction performance of any model 1s as
important as the regeneration performance and hence the models selected
for studying the effects of urbanization were also tested for satisfac-

tory prediction performance {Ch. V}.
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Among the vavious metheds tested, (Table 12Z) the regeneration per-
formance of the kernel function obtained by the Fourier transform method
was obviously the best of all the methods tested for all watersheds
{Table 13} . However, these response functions exhibited high frequency
oscillations in most cases., Attempts to relate the time to peak, magni-
tude of the peak of the response funetion to either the geophysical
characteristics of the watershed or the storm characteristics were not
successful. Consequently attention was concentrated on the use of con-~
ceptual models. Nevertheless, the Fourier transform method was useful
in the identification of the system models.

The rasponsemfuncti@ﬁs for small urban watergheds {less than 5 sq.
mileg), were found to be ¢f an exponential decay type, similar in shape
to the instantaneous unit hydrographs obtained by using the single
linear reservolr model {Fig. 36). This qualitative resemblance of re-
sponse functions suggests that the use of single linear reservoir model
for small {(less than 5 sq. miles) urban watersheds might be accurate
encugh. For watersheds larger than 5 sq. miles the kernel fumection
exhibited the familiar bell shape, thereby suggesting the use of a dif-
ferent modéi such as Nash's. Using the first and second momants of the
response function obtained by the Fourler transform method, the para-
meters of the Nash model could be accurately estimated (Ch. IV). This
observatign is of courge in accordance with Nash's theory. The same
technique might perhaps be useful for sstimation of the parameters of
any other linear model, provided the parameters of the model are not

numercus .,
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Small Watersheds

When the storage coefficient is assumed to be equal to the time
lag the single linear regervoir model yielded good regeneration per-—
formance. The regeneration performance was further improved by opti-
nizing the value of the storage coefficient according to two specified
criteria (Table 12}. The corresponding optimum values of the storage
coefficient Ki and K2 bear definite relationships with the ¢ime iag ']."!:1
(Fig. 23), and they can also be accurately estimated by knowing the
physiocgraphic characteristics of the watershed and the storm character-
istics (Bgs. 99 and 100Y. The prediction performance of the single
linear reservoir model was quite satisfactory when the estimated value
of the parameter KI was used for prediction, and compared well with the
regenevation performance obtained by using the corresponding optimum
vaive of Ki {Fig. 42 and Table 21). The estimation of the parameters

K, and K? may perhaps be improved by considering the factors such as
&

-
ey

?%nte@edent moisture content in the soil prior to the occurrence of the
storm, etc., which were not considered in the present study,

As previcusly mentioned, there is a qualitative similarity between
the response functions cbtained by the Fourier transform method and the
IUH obtained by the single linear reservoir model for the data from
watersheds less than 5 sq. miles. This resemblance was apparent for
both rural and urban watersheds. Also, the parameter K of the single
linear reservoir model itself has a very good regeneration performance
which can be fmproved by optimizing the parameter K. Both the para-
meter K, and its optimized versions can be accurately estimated by

using the physiographic and storm characteristics. Further, for small
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watersheds the storage-discharge relationship can be considevred as
being linear (Fig. 22). All these observations strengthen the view
that for analvsis of rainfall-rvuncoff process on small urban watersheds
the single linear veserveir model is quite adequate. This model has

44,45,46,etc, in urban hydrology without

been extensively used so far
being supperted by a detailed analysis such as that reported in the

present study,

Large Watersheds

The regeneration performance of the single linear reservoiy model
became progressively poorer as the watershed areas increased, whereas
the Fourier transform method was very satisfactory for large watersheds
also, in spite of the variation in the response function from storm to
storm. However, both the above methods were azbandoned, the first one
becavse ¢f lack of accuracy, and the second one because of the high
fregquency oscillations and difficulties experienced in estimating the
appropriate response functions.

0f the other models tested, in the double routing method there was
considerable ambiguity invelved in the selection of an approsriate
value of the storage coefficient Ky, There is no unique value of Ky
that can be obtained by considering any portion of the recession curve,
although the model itself is based on the existence of such a unique
value of Ky which could be obtained by considering any part of the re~
cession limb. For larger watersheds, such asgs those considerad by

Holtan and OVerton,26”27

the recession limb might perhaps behave like
an exponential decay curve and consequently the model might be satis-

factory. However, for watersheds of smaller area such as those
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considered in the present study the exponential decay part starts late
in the rvecession curve. Actually three different regions, correspond~
ing to surface runoff, interflow, and base flow exist in the recession
1imb and three entirely different values of Ky can consequently be ob-
tained (Fig. 27, Table 7). When these different values of KD and their
average were used in the medel, the regeneration performance was un-~
satisfactory. When the values of KD were considered to be one half the
value of the time lag, a relatively better regeneration was obtained
although it was still poor (Figs. 28, 29 and 30).

Apart from this difficulty in the selection of the proper value of
Ky, the double routing method has another disadvantage. The double
routing method, as the discussion in Chapter IV shows, is nothing but a
special case of the Nash medel, with n being equal to 2, although this
fact is not referred to in the criginal work°26’27 Whereas in the Nash
medel, the values of both n and K can be determined to give a better
regeneration, in the double routing method this freedom is lost without
any advantages gained. As Nash model was also considered for analysis,
and as the double routing method does have the above mentioned diffi-
culties it was not pursued further.

In the analysis using the linear~channel linear~reservoir model
the parameter T, was evaluated by the two metheds suggested by Snyder
and Clark. The parameter Te was then used along with time lag TA as
the storage coefficient of the linear reservoir and tested for regen-
eration, which was not satisfactory. Although the results were
slightly improved when the parameter T, was optimized such that the sum

of the squares of the differences between the corresponding ordinates
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of the observed and the computé& hydrographs was minimized, the regen-
. ervation was not as good z2s the regenevation obtained by using the Nash
model. Consequently, the single linear-chanmel linear-reservoir model
was not used in further analysis.

Among the four conceptual models considered for analysis of dats
from large watersheds, the Nash model yielded reiatively better regenw~
evation performance {Table 13). The parameters of the model could zlso
be accurately eséimated by using the physiographic and st&rm character~
istics {(Eqs. 56, 95 and 103). The prediction performance of the Nash
woedel compared f£avorably with its vegeneration performance. In wview of
alil these considerations the Nash model was selected for further anal~
yais,

In conclusion, it is obvious that the estimation of the response
funceion by the Fourier transform method and its use in prediction is
very promising., If some of the disadvantages of this method, which
have Been previcusly mentioned, were to be eliminated, it would perhaps
be a very powerful method in hydrology. On the other hand, the non-
linear behavior of larger watersheds might be so pronounced that no
linear model, however sophisticated it might be, could give accurate
results. Another aspect of the problem, not considered in the present
study, is the moisture content of the watershed prior to the storm in-
ception, which obvicusly affects the warershed response, However,
analvsis of these factors was not undertaken as part of the present
study due to lack of time. BSome of these aspects will be investigated

in & continuation study of the present work. Hence, the single linear
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regervoiy model and the Nash medel were selected for the analysis of

effects of urbanization on runcff.

Time Lag

Just as the proper cholice of a model is important, choice of a
proper definition of time lag also deserves caveful consideration.

The time lag in lineayr system analysis is defined by the distanae (Ta~-
ble 1} between centers of mass of input and output functions. Time lag
T4 is relatively insensitive to errors made ip base flow separation {Tl
and T2 are susceptible to such errors), to other computational errors
such as the determination of the point of inflexion on the recegsion
limb of the hydrograph, which is required to evaluate T.. Furthermore,
certain definitions of time lag may give spurious relationships. For
example, Askewlﬁl has noted that the time lag T& in his analysis was
not related to the temporal variation of rainfzll, (and this was con-
firmed by the present study alse), whereas Minsha1176 found such a re-
lationship te exist. This relationship may exist only for the particu-
lar definition of time lag T, used by Minshall and may not be general.
Considering all these factors, T& was selected as the time lag to be
used in the present study.

An i{mportant conclusion about the time lag is that an average,
representative value of time lag for a watershed, whether it be a small
watershed or a large watershed, leads to very erronecus prediction per-
formance, The time lag values in the present study deviated as much as
*50% from the mean (Table 18) and the prediction of runoff by using the
average value will be unsatisfacerory {(Table 17 and Fig. 39). This ob-

gervation of variation in time lag which was first made more than 30
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The analvsis indicated that in general, as a result of urbaniza~
tion of a watershed, the time lag and the time te peak discharge dg-
crease whereas the magnitude of the peak discharge and the frequency of
peak discharge increase. Quantitatively, for a change in urbanization
factor fyom 1.0 to 1.%0, the time lag decreases by about 50%, the time
to peak discharge decreases by about 66%, and the peak discharge in-
creases by about 847, and the peak discharge of IUH increases by about
115%, (Figs. 54, 56 and 57). The decrease in time lag reflects the
change of shape of the TUH and consequently that of the runoff hydro-
graph (Figs. 30, 51, 52 and 53). A comparison of the results of the
present study with those obtained by the other investigators is pre-
sented in Table 30, JHowever, as mentioned earlier {Chapter II} an
accurate comparison of qualitative results obtained by various investi-
gators is not possible because of the differences in quantifying the
urban development as well as the differences in the definitions of the
parameters such ag time lag, etc,

Changes in factors such as the value of daily, monthly or yearly
runcff, base flow, infiltvation, were not evaluated in the present
study because of a lack of a continuous record of data for long periods.
of time. A preliminary investigavion of available data indicated that
either the length of the record was insuffieiént to make meaningful
analyses, or when longer records were available they were usuvally in-

complete.

Conclusions
1. Adeguate accurate data of rainfall, rumoff, soll moisture con~

dition, temperature and evaporation are not available for analysis of the
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rainfall-runoff{ process in urban watersheds. A well-integrated nation=-
wide program to remedy this situation would not only further the under-
standing of urban rainfall-runoff process, but also would affect
considerable monetary savings for the agencies which are involved in
urban drainage development programs,

2. The linear system methods can be usefuily employed in the
analyais of effects of urbanization on runoff. The methods of linear
system analysis are relatively more accurate for small watersheds (up
td about 5 sq. miles).

3. There is neither a unigque unit hydrograph nor an instantaneous
unit hydrograph applicable for any watershed. Rainfall-runoff process
on small, urbanized watersheds czn be modelied by using a linear time
invariant model, although the parameter variation with storms must be
considered, However, for watersheds larger than those used in the pre-
sent study, the nonlinearities may be strong encugh as to require the
use of nonlinear models.

4, The Fourier transform method pave the best regeneration per-
formsnce. Because of certain disadvantages it could not be used
directly to examine the effects of urbanization on runoff.

5. For small watersheds (less than 5 sq. miles), the response
‘function computed by the Fourier transform method and the instantanecus
unit hydrograph obtained by the single linear reservoir model were
similar. This similarity supports the use of the single linear reser-
volr model In small urban watersheds,

6. The regeneration perfcormance of the gingle linear reservoir

model for small watershed data was good. The parameter K in the single
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linear reservoir model can also be estimated accurately and used for
prediction.

7. Although the storage coefficient X of the single linear reser~
voir model is theoretically the same as the time lag Tgs the results of
the regeneration and prediction can be improved by optimizing the value
of the storage coefficient according to prescribed criteria {Chap. IV).
In view of these observations, the use of the single linear reservoir
model is recommended for modelling the vainfall-runoff process in small
urban watersheds.

8. For watersheds of area larger than five square miles, of all
the conceptual models tested, the Nash model gave the best regeneration
performance and hence was selected to study the effects of urbanization
on runcif on larpge watersheds. The double routing model, which is a
special case of Nash model, and the linear-reservoir linear-channel
model a&nd the single linear reservoir model were considered to be
unsatisfactory.

9. For the data tested, the hypothesis of determining the reces-~
gion constant K and its use in routing in the double routing method was
found to be invalid. This was due to the variation in the value of K
with different parts of the recession curve,

10. Use of an average, representative value of time lag for a
watershed leads to erronecus prediction performance. The time lag
values for any watershed vary from storm to storm and are strongliy
correlated with some of the physicgraphic characteristics including

urbanization factor, and also with the storm characteristics.,
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11. The analysis indicated that the time lag and the time to peak
digscharge dercrease, whereas the magnitude of the peak discharge and the
frequency of peak discharge increase with urbanization.

12. The variations in the IUH due to vrbanization, as well as in
the more important runoff characteristics can be quantitatively esti-

mated by the proper equations developed.
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APPENDIY A-1

STATISTICAL MEASURES
If a linear relationship between two varisbles X and ¥ is assuned,

the corresponding linear correlation coefficient is defimed by,

o, 7R Er R, o (heindy
NZX EXiNEYﬁ,‘ __\%@
i iml i=1 j fml} £WE
tL.
where ¥ is the number of @%@efvaﬁi@ﬁﬁ Gf Xand ¥, Th@ linear coveala~
tion coefficient (R) hag the f@il@wﬁng properties:
i} -1 = R g +1
11} The closer is the value of B to either +1 or -1, the betler
%
iz the sgresment batwesn the twoe variasblez for the sesumed
linear relationship.
2i4) A& valuve of R closer to zero indicates that the two variables
are uneorreletad;
x&m@&h@§§§&aﬁur@ of agfé@ment betwesn the known variable X and its
eatinated value ¥ can be defined in terms of the sum of the squares of
their devivation, or
N
¥ (Kim‘?ﬁi}z
f=1 :

B .
o 2
%@ é%% (€, - ¥,)7 is not negative,
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Vo x?+v?-2% v)z20 (A~1-2)
i 1 i1
i=1
X, % + Y.5 -2 X, ¥, 20
f=1 1 ymp 1 j=p 101
N N N
9 2
Zx EZZXY— e
fo1 1 e R = T
N N,
12 «;; X, Y, —~igl ¥,
i.e. X = (A-1-3)
2
) X,
i=1
N N,
zélx Y'i-i;l?i
5 €1 (A-1~4)
Y %,
i
i=1

The expression on the left hand side of the inequality A~I-4 isreferved

to as a "Special Correlation Coefficient and is denoted by Rge

N N,
2 Y, - ,
iﬁzi 1ty 121 '1
. RS = N (A"'l""%)
2
X
1=1

The Special Correlation Coefficient (Rg) has the following properties:

i} Rg = +1

i1) Ry

B

+1 if (Xi = ¥, for i=1, N)

i

]

1i1) R,=04f ¥, = 2 X

i i
By comparing the linear correlation coefficient R and the special cor-
relation coefficient Rs’ it may be observed that, 1} The Special Cor-

relation Coefficient Ry is similar to the linear correlation coefficient
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R, in that the closer is the value of Ry to +1 the better is the agree~ -
ment between the cobserved and the estimated values, 2) the Special |
Correlation Coefficlent does not have the property of invariance under
change eof scale and location, and 3) the distribution of RS is unknown
and hence the test of significance of the value of R cannot be per-
formed. Thus, although Rs iz not a correlation coefficient in the
ugual sense, it still can be used as a measure of agreement between the
observed and estimated wvalues of a variable.

The integral sguare error is another statistical measure which
describes the agreement between the time distribution of the observed
and the estimated values of a variable. The smaller is the value of
the Integral Square Error (Eq. 47), the better is the agreement between
the asbserved and the estimated values of é variable.

To compare the relative performance of each model, the ratings
which have been assigned based on the values of these statistical mea~-

sures are presented in Table A-l-1,




Table A-I-l. Ratings of
Correlation Coefficient (R)
0.99 ¢« R < 1.0
0.95 2 B = 0,99
0.90 < R < 0.95
0.85 < R <« .90

0.00 £ R < .85

Special Correlation Coefficient {RS}

0.99 = R_ < 1.0

s
0.95 ¢ R, < 0.99
.90 £ Rg < 0.95
0.85 ¢ Ry < 0.90

0.00 £ Rg ¢ 0,85

Integral Square Ervor (ISE)

0% < ISE

1A

3.0%
3.0% < ISE ¢ 6.0%

6.0%Z « ISE = 10.0%

18

10.0%2 =« ISE g 25.0%

;%

25.0% < ISE csea

the Statistical Measures
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Rating
Excellent
Very Good
Good
Fair

Poor

Fkcellent
Very Good
Good
Fair

Poor

Excellent
Very Good
Good
Fair - .

Poor
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APPENDIE Aw2

MULTIPLE REGRESSION ANALYSIS
Let a variable Y be a function of several independent variables
KI’ X?‘ Xa,u,axkn The method of obtaining a relationship between ¥ and
the varisbles Xi,

differences between the values of ¥ and its estimated values obtained

Xz,uccxk, such that the sum of the squares of the

by any agsumed relationship is minimom, is called the multiple regres-
gion analyeis. If the relationship assumed betwsen Y and the indepen=
dent variables KI,‘Kﬁ,eaQng"is linear, then the regression analysis dis
gsaid to be linear regression analvygis., ¥For example, let ; be the esti-

mated value of ¥ obtained by assuming a linear relationship such as

¥Y=6, 4+ CX, +C

o 1% Xy + CXy bouuh X (A=2=1)

2 373 kKk

where C,, (i=0, 1, 2,...k) are the regression coefficients., Then, by

i’

multiple linear regréession analysis it is desired to obtain values for

the coefficients Ci' {i=0, 1, 2,...k}. The method of least squares, byv-
N »

veing which the guantitcy 2: (Y(i)wY(i))z is minimized, is employed te
i=}

evaluate the coefficients Ciﬂ(iﬁﬂ, I, 25.:.k}. Thus, it is required to

ninimize the quanticy:
N
2 S VR 2
05 = 5 (Y(iy-v(dy)
imi
N

= Xl {Y(i}m(cﬁwlxici}+czx2(i)+m+ckxk(i})] 2 (A=2-2)
i= '
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Taking the partial derivatives of ¢ with respect to the coeffictents
Cigimo, i, 2,...k} and equating the resulting expressions to zero, the
fellowing normal equations result:

N i |
2 (i) - (CO-%-Cle(_i)'*-CzXZ(_i)*h o g-!ﬂCkaCi)j {«1) = 0O

N -
2 Y(i)ww<%O+Clxl{i}+czxz(i)+e.,+Cka{iij {le(i)) = 0 {A-2-3)

N
gél 2{?(1} - (?0+clx1(i)+c2x2(i}+a.¢+ckxk(i§ﬂ (-X, (1)) = 0

The solution of the set of these (k+1) simultaneous equationsg gives the
valuez of the coefficients Cﬂ(i=09 I; 2,¢..k}. Thus the values of the
coefficients ng'cl;~0é,,.nck of the assumed linear relationship (Eq.
A=2=1} can be obtained.

If the assumed relationship (Eq. A-2~1) is nonlinear, then in some

cages the relationship can be linearized. For example, let

* €1 ¢ Co 4, €y, Cy Gy -
Y= Cy X X2 RSI X CeoXy (A-2-4)

A relationship of the form (A~2-4) is also referred to as a "power

function model", Taking logarithms on either side of the Eq. A=2-4,

s

In ¥ = 1in CO+C1 in Xl+02 In X2+u.a+Ck in Xk (A=2~5)

Equation (A~2~5) is a linear equation of the form of Eq. A~2~1., Hence
the method of linear regression can be applied to Eq. A~2~5, as illus~
trated above,

The results of the regression analysis are characterized by the

fellowing statistics:
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1} Linear Correlation Coefficient (R}

N N N
Y XYY - ; X() ) Y(@)
_ 1= =1 i=1 1/2
{3 x) [ L apt () vl
N X{1Y - %] Hw (¥,) Y (1)
{1 <= i) =1 Y =
2%  Standard Error of Estimate: SER
N. L)
Y (@) - vay)’
171

SER = N

3} Coefficient of Determination = RZ
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APPENDIX A~3

PREDICTION INTERVAL
(The following material follows closely from the Ref. 105 pp. 253=255)
it ig often the case, that a confidence statement about the mean
value is less Important, whereas a probability statement about a future
observation is relevant.

Let ¥ be the predicted value which corresponds to an abserved
value ¥, obtained by using the prediction equation of the form ¥ = A +
BX, then the following statement can be made: The probability is 1 - «
that a future observation Y* corresponding to X* will lie in the "pre~

diction interval"

.
1 x* - X)
d — - ,
A+ BRN £t 00 Seg [LHEH

J =2
i3 Ry = %)
i=1

where tmfZ;N—ﬁ is the t-distribution value, which can be obtained from
standard boeoks on statistics,
SY/X is the standard error of estimate,
X is the mean value of Xi,
and N is the number of observations.

The expresgion for the prediction interval can be obtained from
‘the distribution of the quantity'fY* - ¥%} ., where Y* is the future oh~ -

servation which is assumed to be normally distributed with mean A + BYX#
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and wariance @2, whereas Y® {s the point on the fitted line corres~

ponding to X = X%, and Y% can be assumed to be normally distributedlos

with mean A + BX* and variance

(X% - ﬁ}? ]
N
w3
Y X - %
{=1

e?z"_'r;@'z '%'”&"

Purther, Y% and %* can be considered to be inqependent because since
%* is derived from the N observed values while ¥* corresponds to a
future observation, Hence Y% - %* is normally distributed with mean
zero and variance

¥y e

Since (H-2) S%Y/Xfoz bhas a Chi-Square distributrion with (N~2) degrees
of freedem and i{s distributed independently of Y% = ¥%,

v - y#

Syrx YT

has a t-distribution with (N~2) degrees of freedom. It follews that

PR AR v )
“ tyf2iN-2 & . L2 sNw2
vix 7Y

Prob = ] - g

or

Prob | A + BX¥* - ¢ Yyl < Y% ¢ A + BX%

/2 =2 SY/X

+ t g VTi =1 ~a

af2yN=-2 “Yi%
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