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Abstract

METHODOLOGY FOR ASSESSING THE POTENTIAL IMPACT OF
URBAN DEVELOPMENT ON URBAN RUNOFF AND THE RELATIVE
iFFICIENCY OF RUNOFF CONTROL ALTERNATIVES

IN

Guy Leclerc

Submitted to the Department of Civil Engineering in
June 1973, in partial fulfillment of the requirements
for the degree of Doctor of Philosophy.

This study describes a methodology developed to assess
the potential impact of urban development on urban runoff and to
neasure the relative efficiency of runoff control alternatives.

The methodology utilizes runoff frequency curves, derived
at different stages of development of the urban catchment. Com-
parisons of these curves completely quantify the impact of urban
development and/or the efficiency of a control structure.

Runoff frequency curves are derived directly from the rain-
fall process. The method of solution utilizes a stochastic model
of the rainfall process and a deterministic model of the catchment.
The rainfall model describes the rainfall exterior and the rainfall

interior and preserves the Intensity-Duration-Frequency curves of
the historical rainfall sample. The catchment model developed with
the kinematic wave equations is a modular model; detailed and
simplified configurations of the prototype catchment has been
successfullv developed.

Filter theory is used to estimate the parameters of the
infiltration model from observations of the rainfall and of the
runoff.

The method of solution, referred to as stochastic/deter-
ninistic simulation, incorporates the stochastic rainfall model,
the deterministic catchment model, and the results of the infil-
tration estimator. Results obtained show that the solution pro-
cedure and the methodology developed are practical and are recom-—
nended for urban drainage analvsis.

[hesis Supervisor: John Christian Schaake, Jr
Associate Professor Civil Engineering
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CHAPTER 1

INTRODUCTION

Storm runoff from urban or natural catchments is a stochastic

orocess. Each observed runoff event constitutes a sample function

&gt;f this process. Because runoff is spatially distributed throughout

the catchment the process is multivariate.

Storm runoff as a stochastic process occurs as the output

from a deterministic physical system. This system receives input

From two other multivariate stochastic processes: rainfall and the

initial soil moisture condition.

Certain runoff characteristics (e.g. the peak runoff rate

at a particular location) are important physical measures that aid

in assessing the performance of hydrologic systems. In this study.

‘he variable V 1s used to denote any such runoff characteristics.

Variable V is a scalar function of a stochastic process. Each

sample function (storm event) leads to an observation of V. The

snsemble of sample functions that defines the stochastic process

also defines the probability density function (PDF) £50). One

of the contributions of this study is the presentation of a theo-

retically sound and practically useful procedure for deriving f,0)

in cases where V has not been or cannot be measured. These pro-

~edures may be used to assess the impacts of urban development and

ro evaluate alternative management and investment schemes to control

{ Re



these impacts.

The need to recognize storm runoff as a multivariate stochastic

process arises because urban drainage practice, on the basis of over-

simplified hydrologic techniques, has contributed to undesirable hydrol-

ogic impacts. These techniques are over-simplified because they fail

to recognize important multivariate and stochastic characteristics of

storm runoff. For example, downstream impacts of upstream activities

too often are not considered. Even when they are, it usually is not

in terms of impacts on £,0v) but in terms of the impact of some

jesign storm events. Another oversimplification is that design storms

1sually are erroneously assumed to possess certain statistical pro-

serties, such as being a T-yr event, whereas such properties may

only be attributed to scalar variables such as V. Finally, there

is no way at present to judge whether a control alternative (such as

jetention storage space) in one subcatchment could compensate for

desirable impacts on £,(V) caused by urban development in another

subcatchment.

i.1 Summary of the Proposed Methodology

Variable V could be any physical, chemical, biological

or other measure of performance of a hydrologic system. Since storm

runoff is a stochastic process, V is a random variable, having a

PDF, £,(v), and a cumulative distribution function (CDF), F (Vv).

Variable V mav be a proverty of individual storm events or a pro-

srerty of the set of events that occur in a period of time, for example,

-719-—



any one year. This investigation is concerned with the estimation

of F,(V) and with the estimation of the mean recurrence interval

Ce (V) between events that equal or exceed V.

The proposed methodology begins with a stochastic process

model of rainfall and antecedent soil moisture conditions. Any

appropriately simple or detailed model can be used. Next a deter-

ministic mathematical model of the physical system is needed to

rransform the rainfall into runoff and to eompute the variable, V

Computationally, V may be regarded as a function of the

rainfall and soil moisture stochastic processes. With sufficiently

imple models, analytical techniques may be used to approximate

I (V) [Eagleson, 1972]. An example analytical solution will be

presented in Chapter 7. In principle there are many possible so-

lution procedures to derive To (V). Some of these are considered

briefly in Appendix B. In practice, the solution procedure likely

to be most useful in the immediate future is stochastic simulation

of the rainfall events and determinstic simulation of catchment

response to these events. This procedure followed throughout most

yf this investigation is referred to herein as stochastic/deterministic

simulation.

1.2 Literature Review

Few applications have been reported in the literature of the

ise of a stochastic rainfall model in conjunction with a catchment

model to derive runoff frequency distributions. In one of these,

Cg —



&gt;erkins [1970] presented a procedure for computing frequency curves

of flood stages in a flood plain. His method includes a rainfall

nodel, a catchment model, and a flood plain model. In the flood plain

model, the unsteady flow equations for open-channel flow in one-

iimension are solved; the catchment model represents the runoff pro-

cess in terms of the movement of a kinematic wave and the rainfall

nodel follows the ideas suggested by Grace and Eagleson, [1967].

Flemming and Franz [1971] compared four methods for deriving

flood frequency curves for small watersheds. The four methods are:

(a) Simulation using HSP, (b) Regional flood frequency analysis,

(c) Potter's method, and (d) Rational Method. In a test of eleven

vsatersheds. the simulation approach proved superior to the other

ne thods.

Fagleson, [1972] derived analytically the flood frequency

~urve of some natural catchments in Connecticut, using the kinematic

wave routing model; he found that the analytic expressions for the

cumulative distribution, Fy(v), reproduced well the essential features

of the observed curves. Leclerc and Schaake [1972 ] derived, bv

stochastic simulation, the flood frequency curve for a small hypo-

thetical catchment using the kinematic wave routing model. They con-

cluded that the approach is feasible and reliable, and that future

vork should be devoted to improve the computational efficiency of

-he procedure developed. A study of the relation between Eagleson's

analvtical solution and the simulation approach followed by Leclerc

2nd Schaake led to a better understanding of the theoretical basis



for the derivation of flood frequency curves from rainfall [Leclerc

and Schaake, forthcoming].

L.3Description of the Chapters.

The report is divided into 8 chapters and several appendices.

The first chapter is this introduction. The second chapter presents

the probabilistic concepts pertinent to this proposed methodology.

The third chapter discusses the physical characteristics of rainfall

reviews several rainfall models and describes the rainfall model

used in this study. The fourth chapter develops a procedure for

modelling urban catchments and illustrates the procedure for Gray

Haven, Md. a 23 acre urban catchment. In Chapter 5 some preliminary

Ldeas on how filter theory might be used to identify the parameters

of the infiltration process are suggested. The rainfall model and

routing model were used together to produce estimated runoff fre-

quency curves for two runoff statistics for Gray Haven. These re-

sults appear in Chapter 6. Applications of runoff frequency curves

to estimate the impact of urbanization on the runoff and/or to

1ssess the effectiveness of control alternatives are presented in

Chanter 7.

The conclusions and an assessment of future research needs

ire given in the final chapter.

J )



CHAPTER II

THEORETICAL BASIS FOR THE DERIVATION OF RUNOFF

FREQUENCY DISTRIBUTIONS

Mathematically, the problem investigated in this study is

to find the cumulative distribution function (CDF), F,(v) of the maxi-

mum value V of the runoff variable Q which occurs as a stochastic

process during the period of time T. During T (e.g. one year) nu-

merous individual events occur. During each the runoff variable Q

may be observed. Variable V 1s the maximum value of Q during

It also is given that Q is a function of the vector © (i.e.

Q=0Q (0) ) of rainfall and antecedent moisture variables. The ma-

thematical relationship Q (©) between 0 and Q 1s equivalent

T

to a mathematical model of catchment response to rainfall and soil

moisture conditions. The rainfall and soil moisture variables that

comprise © also occur as a multivariate stochastic process during

The following theoretical basis for estimating Fy, (v) applies

to any runoff variable Q, to anv catchment model. Q (© ) and to

any set of variables which comprise © . The theory also applies to

a wide range of stochastic processes by which © may occur.

Runoff variable Q may represent any of several quantities

such as the peak runoff rate or the volume of storage capacity required

to prevent runoff outflow in excess of a given runoff rate.



The procedure to derive Fy (v) follows two separate steps.

The first is to find Fy (q) and the second is to determine F, (Vv)

from Fol). The CDF of Q(©) depends on the first-order joint den-

sity function, f£( Oyseers 0,’ of the elements of 0

the relation [Benjamin and Cornell, 1970, pp.110-114].

4 [oon [£©,,-. 0.) do...
R(q)

de 1) 1)

where R(q) 1s the region where the vector 0 leads to values of

Q that are less than or equal to q. Eagleson [1972] applied Eq.

(2-1) to derive analytically an expression for F,(q) for the special

case where Q 1s the peak runoff rate, © is comprised of two rain-

fall variables (storm duration and average storm intensity) and R(q)

Is determined on the basis of a kinematic wave model, Q(©O), of catch-

ment response to rainfall. A few possible computational methods to

solve Eq. (2-1) are presented below in Appendix B.

In practice, the joint density function f(0O) may vary from

month to month. During month {1 let the joint density function be

represented by £,(0 ). It follows that Fo(a) must similarly vary

from month to month. Let Fa, (gq) denote the CDF of q during month

[n the case where T is one vear., the total period is comprised of 12

sub-periods. During each month. Eq.(2-1) applies to the events that

sccur during that month.

The CDF Fo(q) is a conditional distribution. It is condi-

tional on a rainfall event having occurred and having produced the vec-

“Or © for that event. Given that an event occurred, F.(q) is the
YIy



probability that Q(© ) will be less than ¢ (prior to the com-

outation of Q(O©) ).

During the interval T a random number of rainfall events

will occur. Each will give a value of Q(O ). The largest of these

will be V. The distribution Fy (v) depends in part on.the distribu-

tion of the number of events during T as well as on F@-.

A theoretical relationship between F,(q) and F_(v) exists

for the case where the time between events, T , 1s an exponentially

distributed random variable.

F (T) = ye Ot

The probability that exactly n events will occur during T is

¢(2- 2)

then, Poisson

‘n) &gt; —__ et @D)
al

The probability that the maximum value of Q 1s less than V,

(2-3)

given

the occurrence of n events is

J vin) = F,(q)
be A

(2 -4)

provided that the events occur independently. In the case where there

is an important decree of serial dependence the proper relation is

El vin) = F F 1 veo20 o (ap) 0, a. ala) old,...q (mle I..1)
[9D - 5)

fas. (2-3) and (2-4) may be combined by the relation



67) = L Fy) (vIn) P (n)

J 2 A ve

3  rf )SF = exp{-aT (1-F, w&gt;)}

(n the case where F,(q) and p(n)

exo (=o,T, (1-F, &amp;)))

(2-6)

(2-7)

vary seasonally, Eq. (2-7) becomes

&amp; 3)

In cases where the mean time between storms is not exactly exponentially

distributed,. Eq.(2-8) may still give a good approximation. In such

cases, the term aT, is equal to the mean rate of accurrence of

storm events (average number of events during T.).

The mean recurrence interval, I,» between annual maximum

avents that exceed Vv is

 NE

]

 o= F,) (2-9)

I'his, in turn, may be used to estimate the mean recurrence internal.

Los between individual events of the partial duration series of all

avents above some minimum threshold value of V . The relation between

CV) and T_.(V) according to Chow [1964] is

Vv) L/[4nT, - Ln(T,,~ 1] (2-10)

The next chapter discusses one possible model of the occurrence

/ Nm



of rainfall as a stochastic process. That chapter is concerned with

a number of issues that implicitly influence the first order joint

density function f£(0O).

Chapter 4 addresses the computation of Q(© ). The issue is

co find the computationally most efficient model of Q(©) that ade-

quately represents the catchment response to e

Chapter 5 is concerned with a procedure for measuring- during

individual storms - the values of the infiltration parameters that are

elements of © . By using these techniques to estimate infiltration

parameters for a number of storm events it should be possile to estimate

the joint density function of the elements of 0 related to the

infiltration process.

Finally. in Chapter 6. the principles presented in the present

~hapter are applied to a real urban catchment gaged bv the Hopkins

Storm Drainage Research Project.

Ff



CHAPTER 3

STOCHASTIC RAINFALL MODEL

A model of rainfall as a stochastic process is needed to

derive Fo (v). This model would account for the stochastic occurrence

of individual storm events and for the occurrence of rainfall given

that an event has occurred. The appropriate model would represent

only those rainfall characteristics essential to the estimation of

7 (v)

3.1 Physical Occurrence of Rainfall

Rainfall occurs when moist-warm air is cooled through lifting

mechanisms; four major processes are commonly distinguished

‘McKay, 1970]

Horizontal convergence where wind fields act to concentrate

the inflow of air in certain areas, thus forcing the air

ro rise.

Jrographic lifting when air is forced upwards by topo-

graphic barriers

Convection resulting when warm air becomes more buoyant

than the surrounding air

Weather frontal systems which separate large masses of

air having significantly different physical properties.

The first process is a localized phenomenon and the second

PET



is a regional one, possibly significant even for small topographic

barriers. The last two processes usually govern the characteristics

of the rainfall in the central and eastern parts of Canada and the

United States. The convective storms, generally called thunderstorms

are often short and intense whereas the frontal storms- with the ex-

ception of hurricanes (tropical storms)- are usually long and moderate

even light, events that occur on a regional scale. Many variations

are undoubtedly observed in these general trends, variations which can

cause serious floodings; for instance a quasi-stationary frontal

system continuously fed by moist air causes long and relatively large

rainfall intensities (thus large total precipitation depth) on the

area where it is localized.

3.2 Rainfall Model Literature Review

The general objective of a rainfall model is the descrip-

tion of the rainfall process in simple terms to economically preserve

rhe characteristics of the rainfall needed to achieve the resolution

desired in the runoff hydrographs or in the runoff frequency curves.

3.2.1 Modelsof Point Rainfall Events

Pattison [1966] developed a Markov chain model that

simulates hourly point precipitation; the wet periods (with preci-

pitation) are modeled with a first order Markov chain and the dry

periods with a sixth-order chain: Pattison's approach requires a

large transition matrix (mxn) where m 1s the order of the Markov



~hain and n the number of discrete states. The transition probabilities

are derived from an observed rainfall record. Any transition that did not

secur historically will not appear in the simulated rainfall record. This

rainfall model accounts for both the storm interior and storm exterior

and generates hourly blockshaped rainfall.

Grace and Eagleson [1967] developed a model to synthesize storm

rainfall events in which storm interiors are stochastically generated at

a 10 minute time step. The stochasticity of the climatological storm ex-

terior variables is represented by their first order joint density func-

“fons. The time between storms (T) and the storm duration t were fitted

to a Weibull (3-parameters) probability function. The storm total depth

was found to be independent of T but not of tos where a linear trend

was observed. Consequently a linear regression line was fitted to the

depth as a function of ts the residuals were fitted to an integral

Beta~one probability function. The procedure adopted generates T and

£, from the respective Weibull distribution and d from the linear re-

gression line supplemented by a generated residual. Urn models are

‘hen used to synthesize the storm interior. This model was applied at

two locations (one in Nova Scotia and the other in Vermont) to synthe-

size convective storm events. This model 1s also discussed by

Randkivi and Lawgun [1970].

Grayman and Eagleson [1969] simplified the Grace-Eagleson

nodel which has 10 parameters. An exponential function was fitted to

rhe times between storms and the storm durations, and a 2-parameter

Gamma distribution, conditional on t_ was fitted to the storm depth.

1()-



I'he storm interior was represented by an isocele triangle, adjusted

to preserve the storm total depth. This four parameter model gave

adequate results in modeling the rainfall process at Boston,Ma., and

at Ely, Nevada.

Leclerc and Schaake [1972 ] developed a model similar to

the Grace and Eagleson model which (i) provides several first order

probability functions to sample each variable from and (ii) allows

seasonal non-homogeneity in the rainfall parameters.

J.2.2 Models of Spatially Distributed Rainfall Events.

Franz [1970] proposed a multivariate model to synthesize

hourly precipitations at several locations where the rainfall variables

(or their transforms) are normally distributed. He applied the model

0 a network of three stations, located 70 miles north of San Fran-

cisco, where orographic effects are important. The model can be used

for flood analysis but is totally unfitted for water supply purposes

hecause the serial correlation is not preserved over a period com-

patible with the correlation required for the latter case. This rain-

fall model is a special case of the general desaggregation model

developed by Valencia and Schaake [1973].

Schaake et al [1972] proposed a rainfall model for the

[sland of Puerto Rico which uses the desaggregation model. The rain-

fall model was developed for water supply purposes and would require

important updates to make it suitable for short-time interval rain-

fall synthesis. Rainfall depths are generated on an annual basis and

1



then distributed into seasonal, monthly, and daily rainfall depths.

The annual series can be simulated by any method, (i.e. Markov model

fractional Gaussian noise, broken line, etc.) method that can pre-

serve the low frequency statistical properties of the process. The

summation of the precipitation at each lower level of desaggregation

equals the precipitation at the next higher level. At the daily level

the monthly precipitation is preserved and the expected number of

rainy days in the month 1s maintained.

The preceeding models may be called Eulerian models because

hey describe at fixed locations the rainfall process. Grayman and

fagleson [1971] developed a Lagrangian rainfall model where the

rainfall processes are represented in time and space as they move

over a region. The rainfall model involves a hierarchy of several

scales of activity (synoptic, large and small mesoscale, and cells).

At the smallest scale are cells which are 2.0 mile square and can

be "active" only if the small mesoscale where it is located is active:

the latter only if the large mesoscale where it is located is active.

The activity at each level of the hierarchy is determined by an appro-

priate probability model. The storm movement is modeled by the

travel velocity and direction of the synoptic system. This model is

versatile as it allows short time intervals and a relatively fine grid

on the basin. One of its main limitations is that the model as it

now stands is computationally too costly to use for runoff frequency

studies. Another limitation is that adequate data to estimate model

yarameters are not generally available,



3.3 Rainfall Model Design

The desired rainfall model would generate rainfall events

which statistically resemble the kinds of events that cause signi-

ficant variations in the catchment response. This means that the

volumes of rainfall that occur in different parts of different storms

(as generated by the model) must resemble the volumes that occur na-

rurally.

There are two possible quantitative measures that might be

used to judge this resemblance. One of these would be the intensity-

duration frequency (IDF) curves. The other would be the frequency

distributions of total storm depths, durations and numbers of storms

per month during each month of the year. The IDF criterion is im-

portant because it gives a statistical measure of the amounts of

rain that may occur during certain limited periods of time. This

is an important measure both with respect to peak runoff rates and

the required detention storage for runoff control. The criterion

should be applied to the model to see if the generated storms give

[DF curves that agree with historical sample IDF curves for certain

~ritical durations.

[t would be desirable to generate storms directly on the

hasls of the information contained in the IDF curves. This informa-

tion 18 generally avallable from USWB publications. Unfortunately,

no wav has been discovered to do this. The problem is that the IDF

curves are an ensemble of marginal frequency distribution, F(I, )
c

given the averaging time,of average rainfall intensities, I_ ,

3 3—



a To generate storms directly from IDF curves it would be necessary

to know the joint distribution of I, over a range of values of t,
c a

and then 1t would be necessary to transform the generated values of

[ into a function I(t) of rainfall intensity as a function of
Cc

time. In addition, some means would be needed to generate spatial

variations in I(t). This remains an area of importance for future

research.

The other important criterion is that the total depths,

durations and numbers of storm events per month resemble the natural

process. A model patterned after the work of Grace and Eagleson

[1967] would give theoretical, explicit assurance that this criterion

would be met. The historical rainfall data needed to estimate the

nodel parameters are readily available from USWB data tapes for many

locations. Accordingly, the model developed permits the user to

specify the PDF for: the time between storms, 7 ; either the total

storm depth, d, or the average storm rainfall intensity, i ; and,

the storm duration, t. given the depth or average intensity. Each

month requires a different PDF for each variable. The most appro-

priate PDF's may vary from one climatic region to another and must

be determined on the basis of local rainfall data.

It is assumed that the storm interior pattern of rainfall

may be generated after the storm exterior variables are generated.

The notion of a storm interior could be extended to account for both

spatial and temporal distribution of the rain during an event. In

this study, however, stochastic spatial variations were not included.



Orographic effects which may cause important spatial variations are

accounted for by a constant orographic multiplier (which may vary from

month to month) applied to each storm event.

The model sequentially generates all rainfall events during

the year. Information is readily available on the antecedent pre-

cipitation conditions. By correlating this information with ante-

cedent soil moisture variables, the rainfall model offers one way to

generate antecedent soll moisture conditions as well as rainfall in-

tensities. Storm interiors are generated only for the largest gener-

ated events to reduce the computational cost. It is important to have

storm interiors only for those storms that will be processed through

the catchment model to derive F,(v). The problems of selecting these

storms and of deciding how many years of simulation are required are

discussed in Chapter 6.

The greatest limitation of the proposed rainfall model is

that the historical IDF curves do not govern any of the model param-

eters. Instead, the IDF curves of the generated storm events are

Implicit in the model and in the input data to the model. Therefore

[t may require careful evaluation of the input data to achieve ge—

nerated output data that meet the IDF criterion.

J.4_ Storm Exterior Distributions for Baltimore, Md.

Hourly rainfall data for the Custom House Gage. Baltimore,

Md., for the period Mav 1948 to June 1970 were analvzed. Example

distributions of the parameters T , d and t_ appear in Figure 3-1.
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These data were plotted on log-normal probability paper and apply

to individual storm events. The straight-line curves correspond to

log-normal distribution approximations of the sample data.

The sample distributions of d in each of the months

appeared to curve away from the log-normal distribution at the larger

values of d. Since the use of the log-normal distribution for d

would have given excessively large extreme values, and because the

extreme values of d are of great importance to this study some

sort of distribution was needed to represent the upper tail of the

d-distribution. In this particular case it was decided to use a log-

criangular distribution for d in all months. About 90 per cent of

the values of d as distributed by the log-triangular distribution

are virtually undistinguishable from the equivalent log-normal dis-

tribution for moderately large sample sizes of 100 to 200 observations.

The tails of the log-triangular distribution do lead to upper and

lower bounds for storm depth but no special significance has been given

to these limits in this study. It was found experimentally that these lim-

its do not seem to affect the IDF curves except above the 100-year re-

~urrence interval where the rainfall intensities also seem to be 1li-

mited.

In Table 3-1 the moments of the log-transforms of T,

and d are given. In Table 3-2 the moments of the untransformed

data are given. In Table 3-3 the ranges of the skewness of the

rransformed and untransformed data are presented. The untransformed

data clearly are positively skewed. Note that the ratio of d/t, is

nuch ereater in the summer months than in winter. Most of the intense



Table 3-1

Moments of Storm Exterior Parameter Distributions for Baltimore, Md.
(Log Transformation)

Means

A

0

Month

Jan.
Feb.
Mar.

Apr.
May
June

July
Aug.
Sep.
Oct.
Nov.
Dec.

Time Between
Storms

(log (hrs))

3.76
3.63
3.26
3.31
3.53
3.49
3.73
3.51
3.55
3.73
3.88
3.70

Storm
Duration

(log (hrs))

1.58
1.67
1.55
1.26
1.19
1.05

.86
1.04
1.15
1.39
1.55
'.87

Storm

Depth

(log(in))

-2.17
-1.92
-1.89
-2.15
-2.09
-1.89
-1.96
-1.80
-2.05
-1.98
-1.90
-1.58

Number of
Storms

Month

8.32
7.95
9.38

11.32
10.39
9.09
8.55
9.14
7.45
6.19
7.05
6.86

(Continued)



(Continuation Table 3-1)

Standard Deviations

*o

Month

Jan.
Feb.
Mar.

Apr.
May
June

July
Aug.
Sep.
Oct.
Nov.
Dec.

Time Between
Storms

(log(hrs))

L.368
1.382
1.381
1.411
1.295
1.407
1.267
1.321
1.539
1.619
1.438
1.526

Storm
Duration

(log(hrs))

, 985

883
997
.911
.885
.870
771
.835
.895
,885
.874
,895

Storm

Depth

(log (in))

1.496
1.471
1.553
1.410
1.476
1.517
1.521
1.507
1.532
1.564
1.421
1.484

Correlation
Between Log
(Duration)
log (Depth)

.89

.88

.84

.84
74
.67
.60
67
76
.82
.85
, 84



Table 3-2

Moments of Storm Exterior Parameter Distributions for Baltimore, Md.

(Untransformed Data)

Means

~
my

Month

Jan.
Feb.
Mar.

Apr.
May
Jun.
Jul.

Aug.
Sep.
Oct.
Nov.
Dec.

Time Between
Storms

(hrs)

90.7
76.0
77.2
60.0
64.6
75.1
80.0
69.4
97.4

109.9
111.1
95.1

Storm
Duration

(hr)

7.54
7.53
7.42
5.56
4.99
4.28
3.32
4.09
4.95
5.83
6.89
9.07

Storm

Depth

(in)

.303

.346

.394
.286
.322
.398
.390
439
409
.385
377
.455

Storm

Intensity

(in/hr)

.040

.046

.053

.052

.065

.093

.118

.107

.083

.066

.055
,051

(continued)



(Continuation Table 3-2

Month

Jan.
Feb.
Mar.
Apr .

May
June

July
Aug.
Sep.
Oct.
Nov.
Dec.

Standard Deviations

Time Between
Storms

(hrs)

Storm
Duration

(hrs)

117.6
80:5
89.9
64.8
64.3

105.3
86.1
79.5

135.9
128.3
147.5
109.7

7.20
6.28
6.88
8.16
5.39
4.37
3.29
4.24
6.02
5.15
7.05
6.67

Storm

Depth

(hrs)

L441
.420
.550
.497
.498
567
.611
751
770
,602
.616
474

Correlation
Between

Depth and
Duration

, 80

.76

.76
93
.69
.56
.51
72
.62
713
. 84

.70



Table 3-3

Comparison of Skewness of Untransformed and Transformed Data

Skewness Coefficient

Untransformed

Parameter Minimum Maximum

 =n
toot 30

17 7.94

1.13 6.41

Log-Transformation

Minimum Maximum

Ny 11

,2 64

soofl 50

J—=



summer storms are caused by thunderstorms, although a few are also

raused by hurricanes.

3.O Storm Interior Distributions for Baltimore, Md.

Temporal variations of rainfall within a storm are important

to the extent they influence F,(v). A sound theoretical basis for

judging this matter remains to be developed although some of the

2lements have been investigated. Eagleson [1968] reported that the

sampling rate necessary to define all of the harmonic constituents of

the instantaneous unit hydrograph contributing at least 5% of the

naximum constituent is approximately equal to one third of the time

of concentration. This suggests that higher frequency components

in the rainfall inputs have little influence on the runoff outputs

for individual storms. Since the present interest is in the variability

of V over a wide range of storms, and since the variations in the

storm exterior variables are likely to have the most significant

Influence on the variation of V over the ensemble of storms, the

critical harmonic constituents of the storm interiors are likely to

be the lower frequency constituents.

The simplest approach to modeling storm interiors is to

assume a fixed pattern such as a triangle. More complex approaches

would involve stochastic variations of the interiors. Since the main

emphasis of this research was not directed toward the modeling of

storm interior distributions only some preliminary investigations were

nade. These revealed that IDF curves were, in fact, sensitive to the



rainfall interiors. Therefore, it would be expected that Fo) also

sould be sensitive to storm interior variations. Additional research

is needed on this topic.

Two storm interior models were considered in this research.

One of these was a symmetrical triangular "distribution, the other was

3 stochastic rainfall interior.

To formulate a stochastic model of storm interiors, each

individual event was re-scaled to have a total depth of unity and a

-otal duration of unity. The cumulative distribution function of

rainfall for any given event would be a random function as illustrated

In Figure 3-2. The interior of the storm was divided into 10 inter-

vals. The proportions of the total storm depth in each interval form

~he vector

D,74

(3=1)

me *104,

where the index J refers to the j-th event. Vector 2, is 11lus-

rated in Figure 3-3.

The elements of o, are correlated random variables. It

is impossible for them to be statistically independent because their

sum is equal to unity by definition. The mean of these elements is

the vector yu and the covariance is the matrix Y . Let

1

The mean of by is zero and the covariance is 3 lie

3=2)
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vector Vy may be expressed as a linear transformation of the vector

1 of uncorrelated random variable

 Yr Ri (J 3)

where B 1s a 10xk transformation matrix and k is the dimension

of II.. The mean of I, is zero and the covariance of 1 is the

jiagonal kxk matrix AZ,

If the matrix B 1s taken as the matrix of elgenvectors

&gt;f I, the diagonal elements of A? will be the eigenvalues. B

will be an orthonormal transformation so that

1

The eigenvectors of Z will be in the columns of B. Eq. 3-3

(3~4)

may

be expanded as

: |
| = L B,, TmY 5 i9 23 (3-5)

to show v, is the weighted sum of a set of the k eigenvectors,

where the weights me are uncorrelated random variables with zero

mean and variance 3

The parameters in this model are uu , B, A and K

Values of these were estimated from a set of 25 observed storm events

at the Gray Haven and Northwood catchments in Baltimore, Md. Tne

alements of UU were found to be

"7



1 - {.117, .168, .140, .109, .089, .121, .097, .077,

051. .0351 (3-6)

The eigenvalues appear in Table 3-4 where we see that more than 90

per cent of the total variability of all of the elements of V is

accounted for by the first 5 eigenvalues.

In the generation of storm interiors, the first step is

Lo generate a vector n, of k standard normal deviates then

T is computed as

A ( 3=1)

This implies that

bh, = BAn, (3-8)

where BA is a 10xk matrix. As k increases, the elements in the

column of BA decrease in magnitude. The first 5 columns of

for Baltimore are given in Table 3-5.

K

Storm interiors sampled at any arbitrary time interval, At

are generated by the following procedure. First d and t_ are

generated for the storm. Second, a vector 2 =u + is gener-

ated. Third, the cumulative values of 2 are computed. (For

theoretical reasons, these values will always sum exactly to unity).

Fourth, d and t. are used to get the rainfall mass curve for the

storm. Finally, the mass curve is interpolated at intervals of At

and rainfall intensities are calculated as the ratio Ad/At.

mR



Table 3-4

Eigenvalues of 25 Baltimore Rainfall Events

Eigenvalue

1032533

012199

010398

005465

003886

002634

001323

.001157

, 000387

000000

Cumulative Distribution of
Variance Among Eigenvectors

465

$39

. 788

866

921

959

078

904

1.000

1.000

will} Ye



Table 3-5

Matrix BA for 25 Baltimore Rainfall Events

NN

032129

119936

069333

008141

-.024673

-.062643

-.064148

-.057897

014502

D05676

-,016716

, 041595

-.037178

-.029396

-.032993

-.036744

,009336

061594

, 040295

 000208

,016886 -.050184

.006835

.034548 -.010273

030051 . 042407

,002564 .004940

-.058366 .001862

-.024037 -.020385

038743 -.006872

.007291 . 014467

.001988 .017202

-.019123

003071

,020873

.016979

-.023856

-.006436

040319

001290

-,016087

-,017030

"e

n ()—



3.6 Comparison of Generated and Historical IDF Curves.

An important criterion for verifying the generated rainfall

data 1s that the IDF curves of the generated data should agree with

the historical curves. In this case it is possible to make a number

of comparisons,

A 200-yr. sample function of storm events was generated.

Each storm was assumed to have a triangular interior distribution of

rain. The IDF curves for this 200-yr —_ function appear in Fig.

3-4. A second 200-yr sample function was generated to illustrate

the sampling variations in these curves. The IDF curves for this

second sample function appear in Fig. 3-5. There is no simple theo-

retical way to compare these curves. The maximum difference between

any two points on these sample functions is about 10 per cent.

The largest storms in the first 200-yr sample function were

selected for storm interior generation. The selection procedure was

1s follows:

1) from the set of storms generated in each year, the

storms that produced the largest depths during any

30 min., 1 hr, 2 hr, 3 hr, 6 hr and 12 hr, periods

(11)

were selected (assuming a triangular interior) as

tentative candidates. A total of 461 storms were

selected from the 200 yr. sample function.

the storm exterior parameters for these 461 storms

were input to the storm interior generator which

ranked these storms by order of magnitude according

3B
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to the maximum 30-min. depth, assuming a triangular

interior.

(1.1) storm interiors were generated for the 100 top-ranked

storms and a set of data cards was punched for subse-

quent use as input to the catchment model.

[he IDF curve for a 30-min. period was constructed by the storm in-

terior generation program. This curve appears in Fig. 3-6. It may

be compared with the 30 min. curve in Fig. 3-4. There seems to be

very little difference between these curves above the 5-year re-

currence interval. The differences at the 100-year end may be due

to additional sampling variations introduced by the interior gene-

ration process. Below the 5-yr. recurrence interval the curves

begin to separate, the generated interior curve lying below the

triangular interior curve. Some of this may be due to sampling

variations introduced because interiors were generated only for a

selected group of storms. Some of this may also be due to basic

differences between the two representations of storm interiors.

Much more research needs to be done to understand the implications

of using deterministic vs. stochastic storm interiors.

The historical record used to derive the rainfall generator

parameters was the hourly rainfall data for the period 1948-1970.

The IDF curves for these data for periods of 1 hr, 2 hr, 6 hr and

24 hr. appear in Fig. 3-7. These curves seem to agree well with

the IDF curves for both sample functions of generated data. The

fitted curves agree within 10% over most of their ranges. Since the

3a
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JSWB data tape did not contain data for time intervals less than one

hour, there 1s no way to make a similar comparison with the 30 min.

[DF curve for the generated interiors.

The historical record of rainfall at this gage extends

sack to 1903. IDF curves for the period 1903-1953 have been extrac-

ted from these data by the Dept. of Public Works in Baltimore. IDF

curves for 30 min., 1 hr, 2 hr. and 6 hr were extracted from Balti-

nore DPW curves and these appear in Fig. 3-8. It is interesting

now to see how well the IDF curves for the generated storms compare

with the longer record. The agreement with first 200-yr sample func-

tion is best for the 2 hr curve and within reasonable sampling fluc-

tuations for the 1l-hr, and 6 hr curves. The agreement with the

second 200-yr sample function is best for the 1 hr curve and within

reasonable sampling fluctuations for the 2-hr and 6-hr curves. The

30-min. curves of both sample functions lie far enough below the

nistorical curve to suggest that the triangular storm interior may

aot be appropriate for short averaging times. The agreement between

-he longer historical record and the 30-min. IDF curve for the ge-

ierated interiors, is not good either. This suggests that the storm

interior generator parameters derived from the 25 storms are not re-

bresentative of all of the storms that might occur. It should be

possible to use the hourly rainfall data to estimate better param-

atera for the storm interior generator, but this remains a topic

for further research.
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CHAPTER 4

PROCEDURE FOR MODELLING URBAN CATCHMENTS

3 vk Introduction

The purpose of this chapter is to present a procedure for

nodelling urban catchments. Such catchments may be undeveloped

partially or totally developed, or may have small reservoirs or

&gt;onds designed to control the runoff from developed areas.

The objective herein is to propose a conceptual description

bf the prototype catchment, a description that can be used as input

to a catchment model to simulate the rainfall-runoff process. The

objective of the strategy is to create physically sound as well as

2conomical-to-use, idealized descriptions of the prototype catchment

The proposed procedure recognized that there must be a balance

between computational cost and accuracv. The procedure to be pro-

posed has been designed to give the best possible accuracy for a

siven computational cost.

The physical soundness of a given idealized description of the

prototype model catchment is measured through the goodness of fit of

the simulated hydrograph for this model and the observed hydrograph

of the site. The model is rejected if the goodness of the fit is not

judged sufficient. No mathematical criteria are used to accept or re-

ject a given model of the catchment. On one hand such a criterion may

be desirable to generalize the results, on the other it mav be diffi-

cult to develop a criteria that is practical and relevant for the

analysis



The economical quality of a given model is readily evaluated by

comparison of the costs of simulating the runoff of a storm, for several

nodels of the catchment. In general, as the description of the catch-

nent is improved, the physical soundness of the model is increased as is

the cost of simulating the rainfall-runoff process. The strategy sought

recognizes explicitly the trade-off between the physical soundness and

the cost of using the model.

This chapter is organized into several main parts. First the

nathematical basis for modeling urban runoff is considered (including

the opportunities for segmentation and the mathematics of the routing

scheme). Next, a gaged urban catchment named Gray Haven near Balti-

nore is used to show that the theory can be applied in practice. Then,

some alternative simplified configurations are considered (in-

cluding an analysis of why each configuration was or was not an appro-

priate model of the detailed configuration presented previously.)

Finally, the procedure (on the basis of this work) that seems most appro-

priate for modeling is presented.

Modular Representation of an urban catchment.

A catchment is an ensemble of connected flow segments which carry

the water received as precipitation to the catchment outlet where the

flow can be measured. In the urban catchment, several types of seg-

ment are identified, to name a few, there are the roofs, the grass areas

of the backvard., the lawn in front of the house, the streets and the

4.2

alleys, the gutters and small channels receiving water from those seg-

 A N—



ments cited above, the pipe network etc. The land use in the urban

catchment may vary from playgrounds to shopping centers--land uses that

are very different relative to their response to a rainfall.

To model the non-homogeneity of these catchments,

ideal flow segments are created.

Four types of segments are identified to model the prototype

catchment relative to direct surface runoff;

.— overland flow plane

(to model roofs, lawns, streets, parking lots, or other

catchment surfaces)

/we stream element

(to model gutters, pipes, swales, channels and streams)

3 junctions

h-~ Teservoilr

(to model detention storage and flood control facilities)

The first type of segment is the overland flow plane which

nodels the catchment surface which receives the precipitation and

which drains to a downstream overland flow plane or to a stream

alement. The former receives the water as an upstream inflow where-

1s the latter receives it as a lateral inflow as illustrated in Figure

4-1. The stream Sl, for instance, receives the discharges from catch-

nent C2 as a lateral inflow: catchment C2 receives the discharges from

catchment C1 as an upstream inflow.

The overland flow plane may be pervious or impervious. In this

irban routing model the only segment that is subject to the infiltra-
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tion process is the overland flow plane. The other elements are all

~onsidered impervious.

The areas modeled by an overland flow plane include the roofs,

‘he backyard and the front lawns, the streets and the alleys, etc.

The stream element carries the water received from an overland

flow catchment or from an upstream flow element to a downstream stream.

junction or reservoir element. The stream element is a generic term

‘hat describes several segments; for instance, it describes a river,

a triangular channel symmetrical or not, a trapezoidal channel, a rec-

tangular channel, a pipe, a gutter, etc. The difference among these

segments are accounted for in the parameters of the routing model adop-

ced for the study. The estimation of these parameters is discussed in

a following section.

The junction segment is basically a dummy element which receives

only upstream inflows. The discharge from this segment is equal to the

summation at time t, of all the upstream inflows to the junction .

his element does not have any physical dimensions and is used only for

nodeling purposes when it is required to add the outflows of two or

nore branches of the segment network, as illustrated in Figure 4-2.

{Dummy streams are also used to respect the dimensionality of the vari-

ables in the computer version of the routing model. In the computer mo-

del used in this study, three upstream inflows are allowed. If more

than three upstream inflows need to be accounted for at a node of the

network. a dummy stream is then required.)

The reservoir element is an ideal segment that receives only

upstream inflows and discharges water to a stream or junction segment.

Tor this element the outflows are computed as a function of the average
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depth of water (during a given time interval in the reservoir.)

[hese four basic elements are sufficient to create a model of

the catchment. Each segment of the prototype catchment can be des-

cribed by one of these elements; what remains to be described are the

location of these elements and their connection, leading to a complete

idealized description of the prototype catchment.

following Harley et al. (1970), consider the three links

[1lustrated in Figure 4-3. The linkages represent the connectivity

graph of the links, where a link is made of one or more ideal elements

The inner structure of the link describes the connectivity of these

elements. Figure 4-4 illustrates commonly used link arrangements

For instance, link a) is the so-called standard catchment where two

identical overland flow segments feed a stream; link b) has two

different overland flow segments feeding a stream; link c¢) has a

stream fed by two overland flow segments that receive as upstream in-

flow the runoff from a second overland flow segment, where the overland

flow segments may all be different. Many other link arrangements may

be created to fulfill the needs of a given prototype. Links d) to

in Figure 4-4 are some examples.

A set of physical parameters describes each ideal element:

parameters are:

|- length

= slope of the segment

}- perviousness

/y roughness

Ny



LINK | LINK2

_INK3.

O OUTLET
Figure 4-3: Illustration of a Connectivity Graph

ryA



re

\  |
 a

Ad

N
J

-

J)
a

w

) D al’

hoy N K J — NK b

“ed

™

\

N
nN

®)
~
Io wd rs 5

1 | ~ 6 2 R

LIN K » LINK d

~~
nd C S ~

2

~

, - C

J o|Q | 12 111 13

LINK a CI NK

Figure 4-4: {1lustration of Commonly Used Link Arrangements

~I



They completely describe the element and are subsequently

used to estimate the parameters of the routing model.

The modular representation described in this section is used

to model the non-homogeneities of the prototype catchment. . Many

elements can be used in a model of the catchment. The computational

cost of simulating the runoff hydrograph of a catchment is proportional

to the number of different elements used in the model of the catchment.

It is thus preferable to reduce to a minimum the number of elements

needed to model the catchment while preserving the goodness of fit

between simulated and observed hydrographs.

To achieve this goal it is necessary to understand

(1) how best to model a catchment with a limited number of

segments.

and (ii) how the accuracy would improve if additional segments

were added.

4.3 The Kinematic Wave Routing Model

The dynamic behavior of each segment of the catchment is

modeled mathematically by a so-called routing model. The modular

representation may indeed be used with any routing model that is jud-

ged adequate for the study at hand. In this work, the kinematic wave

routing model (see Eagleson, 1970). is adopted because is fully repre-

sents the dvnamics of the flow resulting from the rainfall.

This model is written as

IA
tT 0Q

dx
= q (x,t) (a=1)

4



iC

J
m

= QA (4-2)

Equation 4-1 is the continuity equation and Equation 4-2

is the momentum equation; Q(x,t) is the discharge, A (x,t) the

crossection of the flow, q(x,t) the lateral inflow to the segment.

I'he parameters of the model are oo and m which depend upon the phy-

sical characteristics of the segment. Table 4-1 presents the equation

used to estimate O and gives the magnitude of m.

Figure 4-5 illustrates the cross-section of the segment. In

Table 4-1, Ss is the longitudinal slope of the segment, n is the

Manning's roughness parameter, =z 1s the horizontal component of the

slope of the banks ([z] = Feet) and D is the diameter of the pipe

‘[D] = Feet).

The selection of Manning's n is a function of the segment

type. For overland flow, n 1s a surrogate allowing the use of the

Manning's equation to define Oo and m: a magnitude of 0.50 is

generally used for pervious segment and a magnitude of 0.15 for an im-

pervious segment. For a small stream the range of n varies from 0.02

to 0.10 = 0.12; where the upper limits are used when the stream is not

well defined. For a pive, n is chosen as 0.014 for Grav Haven.

[| Chow. (1964) summarizes the magnitude of n for stream type elements

A finite difference method of solution was developed to solve

the kinematic wave equations. Upon substitution of Equation 4-2 in

iquation 4-1, the kinematic wave model is written as

JA
ig

m

 ou JA
o Aw 1 (x.t)

Rak

-y “yf —

Cb- }

) /



Table 4-1

Estimation of the Parameters og and m

Segment

Overland flow

Symmetrical triangular
~hannel

gutter

rectangular
~hannel

&gt;

| Je

1.49 ob
5 &gt;)

1
0.94 S %
_°

 nn

r ]1
 Re

2 |
1

1.182 5 72
-°°

ha|

1.4

|

1471422

we 1

1.49 s
Oo

0.804 § %
 Oo

iW.
He

2.
+

Jd

87 (4-4)

1 ( 4-5)

1.33 (4-5)

37 (4-7)

a (4-8)

see Harley et al. [ 1970|

10—



GUTTER

TRIANGULAR

CHANNEL

PIPE

RECTANGULAR

C
=

) [

_-
"HANNEL

‘igure 4-5: Cross Section of Commonly Used Stream Segments



Equation 4-3 , known as the conservation form of the kine-

matic wave model, can be approximated by the following finite difference

aquations for the configuration shown in Figure 6a)

1 . 4 Iq _gbt ad mel ode,Aer = att) At + Ay, (mae (Ay) OR ie [41] (9)

and for the configurations of Figure

WJ +1 = { amar) bn , bxi+1 a alt

5b)

3 A 4 ATi Ox l/m
i oht]

(4 'D)

where Ax and At are the space increment and time increment as shown

in Figure 6; and where Jj 1s associated with the time axis and

vith the space axis. The other variables have been defined earlier in

the presentation .

Equation 4-9 is stable if the magnitude of ©

Equation 4-11 is smaller than or equal to 1.0 and Equation 2-10 is

stable if © is greater than or equal to 1.0.

saat [HatATAx 2
(4-11)

The two configurations are complementary in terms of stability.

The configuration of Figure 6a) 1s convergent and its accuracy

ls perfect if © 18 equal to 1.0. The configuration of Figure 6b) is

aot convergent if © is not equal to 1.0. However, experience with the

nodel shows that the second configuration is very well behaved for values

of 0 up to 2.0. The finite difference solution model and its per-

formance have been presented in detail in Leclerc and Schaake, [1973], a
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Figure 4-6 a): Finite-difference Grid #A
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Figure 4-6 b): Finite-difference Grid #B



aser's manual for the computer model used throughout the analysis.

The finite difference solution of the kinematic wave 1s an

of ficient and accurate solution. It is adopted here to simulate the

rainfall-runoff model.

In the next section, a detailed segmentation of a prototype

~atchment is presented and simulated hydrographSobtained with

the kinematic wave routing model ar given and discussed.

4.4 Detailed Segmentation of an Urban Catchment.

4.4.1- Model of the Prototype.

The modular representation is used to create a detailed seg-

nentation of an urban catchment; this segmentation is then input to

the routing model and several storms are simulated.

The urban catchment selected is Gray Haven, located near

Baltimore City in Maryland; this catchment was gauged by the Johns

Hopkins University Storm Drainage Research Project. Tucker [1969]

summarized the available data on this urban catchment. A map of the

catchment is given in Figure 4-7. The total area of the catchment is

23.29 acres of which 12.12 acres are impervious streets or roofs.

rhe roofs drain to the alleys but have to flow over a pervious grass

surface of approximately 40.0 ft.

Observation of Figure 4-7 shows that two basic drainage

nodules are utilized in the drainage pattern of Gray Haven.

These basic drainage modules are illustrated in Figure 4-8.

Six overland flow segments are identified on the map of Gray

Haven (Figure 4-7). The first is the street overland flow plane
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which drains one half of the street width. The second is the lawn

segment which dains the grass area in front of the houses. The third

segment is the roof; the fourth segment is the backyard grass which

also receives as upstream inflow the runoff of the roof. The fifth

and sixth segment are overland flow planes representing the alleys.

These overland flow segments form four"links" which are illus-

crated in Figure 4-9. The first link has on one side of the gutter

segment the street overland (STRT) flow plane and on the other side

*he lawn (GRST) overland flow plane. The second link has a gutter

that receives water only from the street overland flow plane. The

third link has on both sides of a small triangular channel, three

overland flow segments; the roof drains (ROOF) to the grass seg-

nent (GRBY) which in turn feeds a short overland flow plane (ALLY).

The ROOF and the GRBY planes are identical on each side of the tri-

angular channel. One ALLY (L1) has 10.0 feet and the other has

20.0 feet. These planes L1 and L2 then feed the triangular chan-

nel. Finally, the fourth link is a single element, a pipe.

The detailed segmentation accounts for all important drainage

channels. Table 4-2 summarizes the information on each of the 42

segments of the segmentation, and Figure 4~1) illustrates the connec-

-ivitv of these 42 segments.

AS

The total area modeled is

follows

Street 3FRT

 J) = oofF WWF

) 3 .29 acres, which is distributed

3.433

 Lh. 476
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Table 4-2

PARAMETERS OF THE DETAILED SEGMENTATION

I'ype

overland flow
overland flow
overland flow
overland flow
overland flow
bverland flow

utter
pipe
triangular
triangular
pipe
gutter
utter
junction
pipe
triangular
triangular
dipe
gutter
junction

b gutter
P5 pipe
13 triangular
3 riangular
P4 pipe
4A gutter
4B gutter

l4A gutter
14B gutter
J1 function
J2 function
3 gutter
15 gutter
P3 pipe
2 triangular
P2 pipe
17 gutter

Length Slope

18. 0.04
42. 0.05

30. 0.05
40. 0.05
10. 0.05
20. 0.05

680. 0.02
120.
500
160.
120
810.
230.

J
160.
480.
350.
120.
480.
J
520.
160.
400.
520.
170.
630.
220.
200.
400.

J.
0.

530.
380
130.
540.
80.

0.01
0.01

0.01
0.01

0.01

Roughness

0.15
0.50
0.15
0.50
0.15
0.15
0.02
0.014
0.02
0.02
0.014
0.02
0.02

0.014
0.02
0.02
0.02
0.02

0.02
0.014
0.02
0.02
0.014
0.02
0.02
0.02
0.02

0.02
0.02
0.014
0.02
0.014
0.02

Pervious 3 MN

0
le
0.
1.
0.
nN.

2,000 1.67
0.670 1.67
2.000 1.67
0.670 1.67
2.340 1.67
2.340 1.67
2.015 1.33
4.076 1.25
1.725 1.33
1.725 1.33
5.157 1.25
2.015 1.33
2.015 1.33

6.000 1.25
1.725 1.33
1.725 1.33
8.269 1.25
2.015 1.33

2.015 1.33
4.400 1.25
1.725 1.33
1.725 1.33
5.161 1.25
2.015 1.33
2.15 1.33
2.015 1.33
2.015 1.33

2.015 1.33
2.015 1.33
8.043 1.25
1.725 1.33
8.043 1.25
2.015 1.33

“J.



(Continuation of Table 4-2)

L6A
L6B
J3
L
21

triangular 100. 0.01 0.02
gutter 200. 0.01 0.02
junction 0 - -

gutter 640. 0.01 0.02
pipe 173.

Total area = 23...)

[mperviousness ratio 0)

5 for the gutter =z = 25
for the triangular channel =z = 20

1.725 1.33
2.015 1.33

2.015 1.33
4.475 1.25

434

RO~
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j= Alley

/1vam Lawn

) o- Backvard

L1+L2

GRST

"RBY

2.238

7.173

5,968

23 288 acres

The imperviousness ratio has been reduced from 0.52 in the

prototype down to 0.435 in the detailed segmentation. Most of

this reduction is accounted for in the idealized representation of

the pervious plane in front of the houses. In the prototype, this

segment 1s made of the lawn, the sidewalk, and a short band of grass

immediately adjacent to the street gutter. This short band, in many

Instances, will impound the runoff from the lawn and the sidewalk

instead of discharging it to the street gutter. When the sidewalk

is eliminated and replaced by an equivalent grass length, the total

Imperviousness area is reduced. The response of the grass segment

representing the grass, the sidewalk and the short band of grass

should well approximate the response of the grass-sidewalk—~grass

component of the prototype catchment.

The slopes of each segment were chosen on the basis of qualita-

ive observations made by the authors because no slope magnitudes

were measured by the Hopkins Project. The slope of each gutter and

triangular channel was also assumed constant. The magnitude of the

roughness parameter, n. was selected to satisfy the range of values

presented earlier.

This detailed segmentation is used in the kinematic wave routing



model to simulate the direct surface runoff of Gray Haven.

4.4.2 Simulated Runoff Hydrographs

Several storms were routed through this detailed segmentation

The selected storms cover the range of events observed at the site,

(see Tucker [1969]). The precipitation sampling time interval was

one minute as was the runoff sampling time interval. The rainfall

series are illustrated in the figures showing the simulated hydro-

craphs. The infiltration process was modeled by the Horton's law of

Infiltration, expressed mathematically by:

vhere

D (f - ")
-Kt

b(.7 1s the instantaneous rate of infiltration

(4-12)

the rate when the soil is saturated

the initial rate

21h

—

=

9 constant.

is the time elapsed since the beginning of the storm. All the simu-

lated runoff hydrographs presented in this chapter are derived for a

~onstant infiltration process. defined with

a ol 1.5 4in/hr

2720 1n/hr

and Wo 0.023 minutes ="

Comparison of the observed and simulated runoff hydrographs, for

he selected storms, are presented in Figures 4-11 to 4-15.

&lt;4 4
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The simulated hydrographs of storms August 1, 1963, and June

10, 1963, which are large storms, reproduce well the observed hydro-

graphs. The rising limb does not go up as quickly in the simulated

hydrograph as it does in the observed hydrograph. The timing and the

nagnitude of the observed peak is well reproduced for storm August 1,

1963, as is the recession limb of the hydrograph. The observed hydro-

graph of storm June 10, 1963, exhibits erratic behavior in the region

of the peak flow,behavior which cannot be reproduced with the detailed

segmentation for the recorded rainfall pattern of this storm. Despite

this discrepancy between the observed and simulated hydrographs, the

natch is still very good because the important characteristics of the

sbserved hydrographs are well approximated in the simulated hydrograph.

The simulated runoff for storm June 14, 1963, which is an inter-

mediate storm event, compares very well with the observed runoff. The

rising and recession limbs match very well. The two peaks of the ob-

served hydrographs are well reproduced; the differences in the magni-

tude of the peaks are not significant, particularly in view of the un-

~ertainty in the infiltration process. For this storm event the detai-

led segmentation leads to an excellent simulated hydrograph.

The simulated hydrographs for storms July 16, 1965, and July 23,

1965, are generated by small storm events. The goodness of the fit

between the observed and simulated hydrographs is very good, particular-

ly in the recession phase. For storm July 16, 1965, the simulated rai-

sing limb is too fast and the resulting peak is also too large. However,

in absolute magnitude the differences are small and the simulated solution
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broves to be an adequate representation of the observed runoff hydro-

xraph.

he goodness of fit between the simulated and observed hydro-

graphs of storm July 23, 1965, is excellent. The discrepancy observed

is very small and is accounted for in the uncertainties and assumptions

inherent in the modeling effort of the rainfall-runoff process.

4.4.3 Examination of the Differences between Observed and

Simulated Hydrographs.

The hvdrographs simulated with the detailed segmentation give

an excellent representation of the observed hydrographs. The represen-

tation is not perfect because several unknowns are present in the so-

lution and several assumptions are made in the modeling effort. These

unknowns and/or assumptions are presented below.

4

Spatially homogeneous rainfall: the rainfall, observed at

the raingage, is assumed spatially homogeneous over the en-

tire catchment. This assumption was made for Gmy Haven be-

cause only one raingage was used to measure rainfall. In

angineering practice it would always be assumed that the

rainfall intensities were spatially uniform over a 23 acre area.

Nevertheless some of the observed variations may be due to

spatial variations in the rainfall.

Magnitude of O : The magnitude of 0 is computed from

the Manning's formula: o is also kent constant throughout

rhe storm and from storm to storm. The results of the simu-

RQ.



lated hydrographs show that this characteristic may be

rhe source of some error in the solution. Recall that

for the large storms, the simulated hydrographs were not

going up as fast as the observed hydrographs and that for

the small storms, (especially storm July 16, 1965), the

rwydrograph is raising up too fast. Since a is related to

‘he velocity of the wave, its magnitude may be a function

of the mean depth of water in the segment, and consequent-

ly of the intensity of the storm.

A correction on 0 as a function of the storm in-

tensity may lead to improved simulated hydrographs but it

is not the principal source of error between simulated and

observed hydroeraphs.

1 is a function of the catchment slope. Some of

these slopes were not measured, but assumed on the basis of

a visual inspection of the catchment. Some parts of the

~atchment may have different slopes than were estimated.

[dealized Behavior of the Prototype Catchment: Each segment

of the prototype catchment is modeled by a conceptualized

process which behaves in a much simpler fashion than the

natural process. Each individual drainage path could never

oe modeled in detail. Only the aggregate behavior of many

complex processes can be represented. The model results

suggest that the model has successfully aggregated these

processes although some of the deviations may occur because

0-



of the simplifications inherent in the model.

Certain kinds of physical phenomena cannot be modeled

with a deterministic model. For example, trash and debris

may accumulate in the drainage system and retard runoff from

small storms. The behavior of storm September 3, 1965, may

be explained by an obstruction of this type. The volumes

of runoff expected for this storm and the volume simulated

with the detailed segmentation are equal, but the runoff

rates are very very different, as shown in Figure 4-16, with

an obstruction near the outlet of the site, the simulated

nydrograph is expected to look like the observed hydrograph

Even though one cannot prove that such an obstruction

vas present during this storm, the possibility that it was

present (and it explains then the observed hydrograph), is

sufficient to reject the storm on one hand and to accept

-he simulated hydrograph as the correct response of the

~atchment on the other hand.

[nfiltration and Detention : The total volume of runoff

is generally smaller than the input volume of rain because

of some initial detention effect and of infiltration occur-

ring over the pervious segment. Modeling the losses of wa-

rer is important to the simulation of a good hvdrogranh.

Many unknowns on these water losses still persist and avail-

able models are very simplified representations of complex

&gt;rocesses.
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The infiltration process for instance is modeled

by the Horton's law of infiltration which is a very simpli-

fied model. Its three parameters also are not well known

and are estimated after some run test to approximate the

losses between the observed samples of precipitation and

runoff.

[t is most unlikely that the rates of infiltration ex-

perienced during a storm are those defined by the infiltration

law adopted, thus causing some systematic but unknown errors in

the simulated hydrograph.

The initial detention causes a retention of water which

will be lost later by evaporation. The small storms are mostly

sensitive to this process. In the simulated hydrographs presen-

red so far, no initial detention is provided. If it were the

simulated hvdrograph for storm July 16, 1965, would be improved:

rhe simulated hvdrograph of the other storms however would not

re improved.

4.4.4 Conclusion

As discussed in the preceding section, there are many un-

~rertainties present in the modeling effort. Some of the

uncertainties cannot be quantified, others may and when they are,

4 4% —



the accuracy of the simulated hydrograph is expected to be

Increased.

The simulated hydrographs, computed with the detailed

segmentation, are based on numerous assumptions which are appar-

ently reasonable in this case. The simulated hydrographs do re-

produce the essential features of the observed hydrographs; the

accuracy of the simulated hydrographs is high enough for the pur-

pose of this study and the detailed segmentation is adopted as

representation of the prototype catchment.

[t 1s important to note that the only parameters which

vere established on the basis of the observed runoff data were the

Infiltration parameters. Even these could have been estimated a

priori on the basis of soil type. The model seems to offer a

sound physically-based explanation of the dynamic behavior of this

~atchment.

4.5 Simplified Segmentation of the Catchment

4.5,1 Introduction

The detailed segmentation yields excellent simulated hydro-

graphs but 1s expensive to use frequently. Consequently a simpli-

fied segmentation, where the prototype catchment is modeled with as

few segments as required to preserve the principal characteristics

of the detailed simulated hydrographs, is sought. Finding a suitable

simplified model of the catchment is essential to the derivation

of runoff frequency curves which are inexpensive to simulate.



In this section, four simplified segmentations are presented

and discussed in detail for the conditions of storm June 14, 1963.

Before beginning this discussion, it is worth emphasizing the nature

of the response of the simplified segmentation with respect to the

response of the detailed segmentation.

4.5.2 Interpretation of theSimplified Segmentation.

The simplified segmentation contains fewer segments than the

detalled segmentation, and is thus less expensive to use in the routing

model. The reduction in the number of segments, however, reduces the

resolution of the hydrographs derived with the simplified segmentation.

An adequate simplified model is a trade-off between the resolution ob-

tained in the simulated hydrographs and the cost of computations.

A linear catchment is analyzed briefly to point out the ex-

pected changes that will occur when a detalled segmentation is replaced

by a simplified segmentation.

Consider the catchment and its impulse response functions illus-

rrated in Figure 4-17, and consider one possible simplified segmenta-

ion of this catchment, illustrated in Figure 4-18. The time of oncen-

tration of the overland flow segment, ts is preserved in the simpli-

fied segmentation. The impulse response function of this segmentation

also illustrated in Figure 4-18, preserves the volume of the detailed

impulse function but starts to rise at time t=0 rather than time t=t,

[t reaches the same peak magnitude and enters its recession at time

b=t rather than time t=t +t in the case of the detailed segmenta- Cc

ton. The deformations observed in the simplified hydrograph are
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-ypical of the simplified approach.

The total duration of the impulse functions is

30 that

detailed

) tt

LC.wl

Since t

bd
v

ArAL

Lo

simplified
far

d- t “1.1

(4-13)

4 4)

rquation 4-13 becomes

20L+L
— PPSs

.1 L1
(4-15)

which is used to estimate the 0 for the stream in the simplified seg-

nentation.

When the detailed segmentation is simpl.fied., the changes most

iikely to be observed are

| ~- a faster response of the rising limb and

/ recession limb of the simulated hvdrograph

For a linear model, the peak flow will remain the same if the time &lt; »

hr

is larger than the time t_, which is usually the case.

In the following sections. the effects of the simplifications

of the model. when used in a non-linear routing model, are investigated

and four simplified configurations are developed.

4.5.3 Simplified Configuration #1

This segmentation illustrated in Figure 4-19 has a single node

Jhere a stream is fed by two overland flow segments. One of them repre-
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sents the street; the second one represents the roof, and the per-

vious area that receives the runoff from the roof. The stream is a dis-

torted stream whose length is adjusted to preserve the overland flow

length of the street segment, and the total area. The other overland

flow segments (roof and grass) also have distorted lengths, which are

determined to preserve the total area of the roof ahd the grass.

The length of each segment are

“ STRT

ran Aorpp/18-0 = 132800 ft

Lp AE AL yng 113280 = 44.0 ft

voor = Apoop/13280 = 15.0 ft

 9)

The total area of this catchment is 25.3 acres.

A correction is introduced to preserve the timing of the simu-

lated hydrograph. The correction is made on 0 the parameter related

to the velocity of the flood waves: the correction is [ Perkins and

Harley,1971 ]

p re. (g4=17)

where a and L are the magnitude of the undistorted element and jw

*
and L the effective magnitude of o and L, used in the simplified

segmentation. When L* is greater than L. the flood wave is accelerated

and vice versa. The correction does not account for all of the distor-

ion introduced since the routing model is non-linear but it accounts

for its first=-order effect.

Table 4-3 summarizes the data for this configuration.
10)—



Table 4-3

Parameters of the Simplified Segmentation # I

Name

STRT

LAWN

ROOF 30
stem 1) 1700

Slope

0.035

0.05

0.035%

2.29 1.67

0.57 1.67

2.00 a 7 1.67

5.00 13.80. 59.0 1.25

|) The stream length is taken as the total length of the pipe plus

the average length of a gutter.

{¢)1—



In Figure 4-20, the simulated hydrograph for the June 14, 1963

storm, calculated for this simplified segmentation, is compared with the

simulated hydrograph calculated for the detailed segmentation and with

the observed hydrograph. The infiltration process is of Horton's type

with £ = 2.0 in/hr, f. = 1.5 in/hr, and k = 0.023 minutes= . The

'simplified' hydrograph rises faster than the 'detailed' hydrograph,

which is expected; the 'simplified' hydrograph has magnitudes which re-

main smaller than those of the 'detailed' hydrcgraphs after time t

aqual to 22 minutes. Finally, the timing of the simulated hydrograph

is very good, suggesting that the correction on the 0 is effective in

reducing the distortion introduced in the segmentation.
|

Although the two simulated hydrographs reproduce the observed

hvdrograph, the location of the simulated hydrograph, after time t equal

ro 22.0 minutes, with respect to the detailed hydrograph raises some

juestions about the ability of the simplified segmentation to replace the

letailed segmentation. The total outflow of water, the runoff from the

site plus the volume remaining on the surface. is not equal. In the

simplified segmentation. the total volume of outflow is 49,900 £¢3

ind in the detailed segmentation. the total volume is 52.600 ft.

There is therefore a loss of 2700 ft3 in the total runoff of

‘he site when the detailed segmentation reduces to the simplified #1

segmentation. This loss is accounted for by a larger infiltration volume

in the simplified segmentation than in the detailed one; in the latter, only

2» fraction of the grass (LAWN) receives upstream inflow from the roof

shereas in the former all of the pervious segment receives upstream in-

‘low, causing an increase in the water infiltrated.

102—~
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lhis segmentation was thus abandoned because it did not pre-

serve the volume of runoff of the 'detailed' hydrograph.

4.5.4 Simplified Configuration # II

[his segmentation illustrated in Figure 4-21 is created to

preserve the total volume of runoff. The stream receives runoff from

rhree overland flow segments (this segment connectivity cannot be ob-

served in a prototype catchment but is useful to analyze.) In this

model. the overland flow length of every segment is preserved, whicl

&gt;reserves the volume of runoff/unit of foot of the overland flow surface.

When this approach is taken, the length of the stream that is

computed to preserve both the area and the overland flow length of an

overland flow segment is given by

Area nf nverland flow segment (4-18)

In Table 4-4 che stream length of each overland flow seg-—

nent is computed.

[he lengths L_ are not equal among them and also are not

equal to the average observed length of the stream taken as 1700.00 feet.

The concept of a multiplier is introduced; the multiplier of

che lateral inflow, WIDTH (*), modifies the discharges from each seg-

ment such that the total lateral inflow to the stream is preserved.

WIDTHL(*) din effect implies that the discharge computed for a unit

width of one foot is modified such that in the simplified model. the
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Table 4-4

nitial Stream Length for the Overland Flow Segment Simpli-

fied Segmentation # II

Name

STREET

GRST

ROOF

GRBY

ALLY

A (acres)

3.43385

].17354

4.47658

5.96877

2.23829

fn

J

1)

5

8309.917

7439.986

3249,997

3249.997

3249 ,.9097

Nin



discharge from one foot of an overland segment is equal to the dis-

charge of WIDTH1(*) feet of the detailed segmentation. Figure 4-22

[llustrates graphically the effect of the multiplier.

The total length of the initial stream is reduced by WIDTH1(-.),

put the discharge is increased by the same magnitude. The total volume

of lateral inflow is thus preserved. Table 4-5 gives the magnitude of

NIDTH1(1) for each segment.

Comparative plot of the observed, detailed and simplified # II

nydrographSis shown in Figure 4-23. The simplified hydrograph, although

it does not match the observed hydrograph as well as the detailed hydro-

eraph, still reproduces the essentials of the observed hydrograph. The

response of the simplified model is faster than the response of the de-

tailed model. This is due to the non-linearity of the routing model:

when the unit discharge from an overland flow segment is adjusted using

WNIDTH1(*), (for this model the discharge is increased), the cross-

section, A, is increased. Since the flood wave celerity is a function

of A. the wave moves faster in the stream channel of the simplified

model than in the gutters or triangular channels of the detailed model.

The peakflow in the simplified model reaches a magnitude larger

than the peakflow in the detailed model because water at the outlet of

the site is piling up faster in the simplified than in the detailed

nodel since the flood wave in the former is faster than in the latter

nodel. Consequently. to satisfv continuity. the hydrograph recedes also

Faster in the simplified than in the detailed model.

17
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Table 4-5

Multiplier WIDTH1(+) and Parameters of the Simplified

Configuration # II

VAME

STREET

GRBY

ROOF

SRBY

ALLY

STRM

”y

+2

J

+&gt;

5

0)

2.09 L. 37

0.67 _.67

2.00 Leol

0.67 1. 7

2.34 1.07

5.00 1.25

WIDTH1(*)

4.888

4.376

1.000

1.000

1.9117

 i )9-
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4.5.5 Simplified Configuration#III

The simplified configuration # III is developed to preserve the

“lood wave celerity in the channel. The concept of a multiplier on

-he lateral inflow WIDTH1(:) is retained and extended to the upstream

inflow where the multiplier is identified by WIDTH2(*). Figure 4-24

illustrates the simplified configuration # III created for Gray Haven

Table 4-6 presents the magnitudes of the length, L, and of the multi-

plier, WIDTH1(*) and WIDTH2(-) for each segment.

In the configuration, WIDTH1(*) is retained to slightly correc!

the unit width of a segment such that its total area is preserved and

that it fits to the stream element. The grass segment, STGR, which

feeds the gutter, requires a WIDTH(*) different from 1.00 but the cor-

rection is small and will not significantly modify the response of the

putter segment.

The lengths of the gutter and of the lane are averages of the

respective lengths of these segments in the detailed configuration.

Once these lengths are determined, the multipliers are computed. For

instance WIDTH2(GUTR) is equal to

A
‘ 560

JIDTH2 (GUTR) = ——o—SLRT 43 -— (4-19)

L(STRT) WIDTHIL (STRT) L(GUTR)

vhere Agr is the total area of street overland flow (acres:

L(STRT) the street overland flow length (ft)

I, (GUTR) the average gutter length in the prototype

configuration # III neglects the pipe network, implying that
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Table 4-¢

Parameters of the Simplified Segmentation #III

NAME

STRT

STGR

5UTR

ROOF

RBY

ALLY

LANE

JUNC

18.0

42.0

450.0

30.

“0.

In
J)

L | "

NioTH1{?) WIDTH2(*)

1.0

0.895314

, 0

1.0

.-0 18.46648

1.0

1.0

1.0

7.926822

1.0

J

L.0

| 0

2.00

0.67

2.015

2.00

0.67

2.34

1.725

167

1.67

L.33

1.67

1.67

1.67

1.33



its response is quick enough such that it may be taken as instantaneous

shich causes the WIDTH2(GUTR) and WIDTH2(LANE) to be large. This

~onfiguration implies that 18.446 nodes 1 and 7.927 nodes 2 are

juxtaposed and that they are all directly connected to the outlet of

"he site.

For the June 14, 1963 storm, the 'simplified' runoff hydrograph

is compared, in Figure 4-25, to the observed and detailed hydrographs.

The response of the simplified catchment is still too fast, although

it is slightly slower than the response of simplified model # II. The

simplified model # III can be altered to give simplified model # IV

shich is a combination of the previous two simplified models.

4.5.6 Simplif ied Configuration FIV
This configuration retains the multipliers WIDTH1(:) and

JIDTH2 (+) and accounts for an average length of 'gutter-pipe' flow

as does the simplified model # II. The schematic representation of

his model is identical to the one shown in Figure 4-24, representation

used for simplified model # III. The differences between the two models

are observed in the lengths of the 'stream' segments. Table 4-7 sum-

marizes the data for this simplified configuration.

figure 4-26 illustrates the goodness of the fit between the

sbserved, detailed and simplified hydrographs for storm June 14, 1963.

The simplified matches very well the detailed hydrograph, which is the

most that can be asked from it.

his simplified configuration is adopted to model the prototype
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Table 4-7

Parameters of the Simplified Configuration #IV

MF

&gt;TRT

GRST

UTR

R00F

GRBY

ALLY

LANE

feet)

oJ

+2

100

0

700

2.00

0.67

5.00

2.00

J.67

2.34

4.00

1.67

1.67

1.25

1.67

L.67

1.67

1.25

Multipliers

WIDTH1(*) WIDTH2(-)

0.92179

.0

 0

L.0

4.88188

.,0

_.0

WJ 1.0

1.0 1.91176
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catchment not only on the basis of the June 14, 1963 storm simulation

hut also on the basis of:

its theoretical value

)— the results of other storms

[ts theoretical value is highly satisfactory because it accounts

for the principal characteristics of the catchment, for the length of

the pipe and gutter flow and for the volume of runoff which is preserved

when the detailed segmentation reduces to the simplified segmentation.

Figures 4-27 to 4-30 present a graphical comparison between the

&gt;bserved, the detailed, and the simplified #IV hydrographs for the other

selected storms. In every case, the simplified segmentation leads to

simulated runoff hydrographs that reproduce very well the hydrographs

simulated with the detailed segmentation. This indeed validates the

simplified model of the detailed model for Gray Haven and shows that

‘he modeling strategy is feasible and practical.

4.5.7 Some Notes on the Simplified Configurations

The different simplified configurations analyzed lead to dif-

[erent simulated hydrographs. Some of these differences occurred be-

ause the routing model is non-linear. Different configurations lead

-0 different patterns of inflow to the main stream. In a non-linear

routing model the quantity of water that is received by the main stream

zoverns the velocity of the flood wave. A linear routing model is not

affected by different segmentations because the wave velocity is a

 CL
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constant, not a function of the depth of flow in the segment.

Figure 4-31 illustrates the evolution of the simulated simpli-

fied hydrographs. As the segmentation is modified to reduce the ve-

locity of the 'simplified flood wave', the simulated hydrographs of

the simplified and detailed segmentations get closer. This figure

shows that the simplified simulated hydrograph, computed with a non-~

linear model, is sensitive to the segmentation adopted.

The simplified configuration IV is adopted to derive the runoff

frequency curves for Gray Haven. This configuration reproduces very

well the behavior of the detailed configuration, for the large and

intermediate storms. As the storms become less intense, the effect

of the simplifications become more pronounced, but the simulated hydro-

sraphs reproduce well the 'observed' ones because the absolute error are

small.

1.6 Summary of the Proposed Procedure for Modeling an Urban Catchment

(i) Lay-out the main drainage paths through the catchment and

estimate values of a and m (see Table 4-2) for each part of

this network. (In the end. these paths will be represented in

aggregated ways in the model).

(ii) Estimate the percentage of area that is (i) impervious

and connected directly to the main drainage network, (ii) per-

vious and (iii) impervious but flows over pervious areas before

{D7-
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reaching the drainage network.

(111) For each category of surface in (ii) above, determine

typical overland flow lengths and values of oa and m.

(See Table 4-5). If the overland flow lengths or the values

of o vary widely from place-to-place (for any one type

of surface) more than one overland flow segment may be required

for that surface type.

(iv) Prepare a simplified model of the catchment based on

the ideas presented in Section 4.5 This will involve (i)

simplified ream network of onlv one or two main stream bran-

ches (11) and a simplified catchment-stream configuration simi-

lar to Figure 4-24.

(v) Overland flow. multipliers (see Table 4-7) must be computed

0 preserve the runoff volumes derived from each of the over-

land flow segments.

vi) Check to see that total surface area implicit in the

simplified model is equal to the total catchment areas.



4.7 Summary and Conclusion

In this chapter, the concepts of a modular description of a catch-

nent have been presented; a routing model has been chosen and the equa-

ions to estimate its parameters developed. A detailed segmentation was

ised to simulate the runoff of the site segmentation that has been simpli-

ied. It was shown that the detailed and simplified segmentations lead

to simulated hydrographs which adequately reproduce the observed hydro-

sraphs. Finally, a simplified segmentation was adopted to simulate the

runoff of this site in the derivation of the runoff frequency curves.

The simplified configuration # IV is physically sound and eco-

romical to use. A reduction of 75% in the computational cost of simula-

ting the rainfall-runoff of the site is obtained when the detailed seg-

nentation reduces to the simplified segmentation # IV, and no significant

loss of accuracy in the results is observed.

Che objective of the modeling procedure is met with the segmen-

ration adopted.



CHAPTER 5

ESTIMATION OF a -

ki  _TRATION RATES

One of the important problems in modeling urban runoff

is to estimate the rate of infiltration during different storm events.

These rates vary from storm to storm as the result of changes in the

soil moisture conditions and as the result of variations in the amounts

of water available for infiltration during each storm. The actual

rate of infiltration at any time and location in the catchment may be

represented by the function Y(x,y,t). There is no way to measure

y(x,y,t) directly. At best, it is possible to make inferences about

certain special properties of W(x,y,t) on the basis of rainfall and

runoff measurements. (For example, the total volume of infiltration,

[[fp(x,y,t) dx dy dt, may be estimated as the difference between the

-otal volumes of measured rainfall and runoff).

The function of an infiltration model is to represent

certain variations of Y(x,y,t). Examples of infiltration models are

Horton's Equation [1940] and a model suggested by Holtan [1961]

which was revised bv others J[Huggins., L.F.. and E.J. Monke, 1966].

tach of these infiltration models contains certain parameters. some

vf which may vary from storm to storm. One way to characterize in-

 {ltration rates 1s in terms of the numerical values of the parameters

2 these models.

Parameter estimation theory offers a number of techniques



for estimating numerical values of hydrologic model parameters.

Certain of these techniques such as the methods of least squares and

nultiple regression have been widely used in hydrology. Other tech-

niques such as filter theory [Jazwinski, 1970] have not been applied

to hydrologic problems. In any case no estimation technique seems to

have been applied in a systematic way to the estimation of infiltra-

tion rates during observed storms on gaged catchments.

This chapter considers the possibility of applying filter

theory techniques to the estimation of infiltration parameters for in-

dividual storm events. First, a filter theory model is presented.

Then two hypothetical examples serve to illustrate the application

of the technique; and finally, the technique is applied to the

estimation of infiltration parameters for some observed storm events

1t Grav Haven. near Baltimore. Md.

The application presented in this chapter was made as

simple as possible to illustrate certain issues. Among these simpli-

fications is the use here of linear hydrologic models and the deriva-

tion of the parameter estimation equations in terms that take advantage

bf certain special properties of the linear models. No attempt is

made. therefore, to show that filter theory also applies to non-linear

nodels. Since filter theory does indeed apply to non-linear as well

18 linear models, it 1s potentially a very valuable tool for a broad

range of hydrologic estimation problems. One good exposition on the

veneral toplc of filter theory may be found in Jazwinski [1970].

7



&gt;.1 The Estimation Problem.

The actual rate of infiltration Y(x,y,t) varies spatially

and temporally during a storm. Since there is no way to measure

p(x,y,t) it only is possible to make inferences about VY (x,y,t) on

the basis of measurements of rainfall, runoff and assumptions about

the physical processes of infiltration and direct surface runoff.

[t will be shown in this chapter that filter theory offers not only

a quantitative basis for estimating certain properties of Y(x,y,t)

but also for estimating the covariance of the estimation errors as

Je 11

The specific problem now to be addressed is to estimate

p(t), the spatial average of Y(x,y,t) over the pervious area of

-he catchment. Let W(t) denote the estimate of y(t).

The place of a filter theory model (FTM) in computing Y(t)

ls illustrated in Figure 5-1. Information required by a FTM in-

cludes measurements of rainfall, P(t), and surface runoff, Q, (t]

ind mathematical models of the direct surface runoff. DSRM. and

nfiltratlon, IM. processes. There are numerous ways to create

a FI'M on the basis of the same DSRM and information inputs. IM

Bet) and O (tt). According to Figure 5.1. I(t) depends on such

information inputs as well as on the FTM. From this the important

conclusion follows that different infiltration estimates could be

nade for the same storm event, depending on the selection of the

DSRM. IM. and FTM. Whether the differences between the different

 ~N
values of Y(t) are of practical significance remains to be seen.
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Nevertheless, it is notable that hb (t) depends on the DSRM which

implies, for example, that I(t) derived for a unit hydrograph DSRM

is possibly very different from b(t) derived for a kinematic wave

DSRM

).1.1 A Linear Hydrologic System Model.

There are many wavs to apply filter theory in the estimation

of hydrologic parameters. One possible approach is suggested in

his section.

The linear DSRM illustrated in Figure 5-2 represents separate-

ly the pervious and impervious areas of a catchment. Measured

rainfall is represented by P,a(l x n) row vector of rainfall values

averaged spatially over the catchment and temporally over the samp-

ling time interval t,t+At . Vector P, applied as input to the

impervious area. leads to the (1 x m) vector Q, of direct runoff

trom the impervious area. The linear relation between P and Q

Lo:

Cy=1)

Jhere H is on (n x m) transformation matrix.

The effective rainfall input to the pervious area is the

1 W n) vector R. where

(5-7

and WU | 5 1) vector of infiltration rates which are to be

2gtimated. Vector R, applied as input to the pervious area, leads

hoJ



9

p IMPERVIOUS AREA
H

3
PERVIOUS AREA

4 oF

=
Q

Q

rigure 5-2: Linear Direct Surface Runoff Model

 a



to the (1 x m) vector Q, of direct runoff from the pervious area.

The linear relation between R and Q, 1s

J. )
v - 3)

where H, is an (n x m) transformation matrix.

'he observed runoff from the catchment is renresented by

vhich is related to Q, and Q, as

3 0 +0+4 oy! 4)

where N is a (1 x m) vector of random 'moise' components. The

~ovariance of N is the matrix MN.

Vector N 1s a composite error term that accounts for many

factors that cause 0 to differ from the sum Q, + Q,. Among these

ire:

\ J the linear DSRM is only an approximation to the

actual catchment;

{-_) the input P(x,y,t) to the actual catchment is an un-

known, complex, spatially and temporally varying pattern

of rainfall intensity whereas the input to the DSRM is

derived by a measurement process from P(x,y,t).

(iii) Vector OQ differs from actual runoff values owing to

errors of streamflow measurement.

These and other possible errors may have been modeled separately

put they are lumped together into the single error vector N.

Vector Y mav further be expressed in terms of certain basis

. 7



vectors as

(5-5)

where B is an (r x m) matrix of basis vectors. There are r basis

vectors in B and ¢, 1s a (1 x r) vector of infiltration parameters.

An example application of Eq. 5-5 1is presented in Section 5.1.2 to

rhe case where infiltration rates are assumed to follow Horton's

equation.

Given

he FTM is to

H,, B and N

calculate Dy and ££ . the error covariance of

, the problem to be solved by

T

Before applvine filtering theorv, however, it first is necessary to

rearrange the DSBEM equations. Let

v4

3 BH,

111d

hen, (5-1) to {(s-s) imply that

a=
(5 + N

I'he approach now is to estimate

(5-6)

(5-7)

2 J—- 2)

(5-9)

y, by operating on F with

Filter, L. to form the estimate

[he filter L 1s an

N
Ve = +] "Ty — i 0)

mX rr matrix. There exist several methods

0 determine L. Three different methods are presented in Section

5.2. Then, the method in Section 5.2.2 will be applied (i) to two



aypothetical examples in Section 5.3 and (ii) to the estimation of

infiltration parameters for some observed storm events at Gray Haven,

near Baltimore, Md.

5.1.2 An Example Model of Infiltration
One of the models that might be used to represent the varia-

-ion with time of the average infiltration rate over the pervious

areas of a catchment is Horton's Equation.

At discrete instants of time,

_ —-K

=)»o

} LC

(5-11)

the infiltration rate

J 2)

Jhere

(5-133)

1d

—-Kkt.
or = (5-13b)

o U

L aye o

3
'byiseeesbygseenby
| boy seeesbyiseesby,

| or"er bam FL.= ™ mn

(5-143)

C—=14b)

(o=14c)



[f Eq. (5-14) were substituted into Eq. (5-5), Eq.(5-12) would be

satisfied at each instant, t,.

The numerical examples which appear in Sections 5.4 utilize

-he above infiltration model. Note that the value of k must be

&gt;iven but that the parameters £. and £, - £. are to be estimated

from the rainfall runoff data. If k were also to be estimated, the

problem would become non-linear and the linear theory presented in

this chapter would not apply. In a practical application different

values of k might be assumed in Eq. (5-13b). Then, the value of

« which gives the smallest trace of EE might be taken as the best

sgtimate of

&gt;.2 “Estimation of Per

in this section three different procedures for finding

in Eq. (5-10) will be presented The second of these will be used

in the numerical examples which follow in Sections 5.3 and 5.4.

3.2.1 Regression Approach
The traditional regression approach for estimating ¢, is to

select 1), so that the variance of

I

3 minimlzed where ff. and FL are the ith elements of vectors

and F respectively. Vector f 1is the {1 x m) vector

J)



Fo= {6 (5-16)

[n this case, it can be shown that

Combining Eq. (5-10) and

ke

[A]

JT (GGT) ~

gives the estimates

rel (cel)?

(5-17)

(5-18)

The covariance of Y, may be found by observing that in Eq. (5-18)

che elements of YY, are a linear function of the random vector F

(which was defined in Eq. (5-9)). Substituting Eq. (5-9) into (5-18)

ives

Wy G + © cr (cel : 3)

vhich reduces to

[he estimation error 1s

b, 4 NL (5-20)

(5-21)

[f the expected value of N is zero

additional assumption), Eq. (5-18) leads to unbiased estimates

(which can be shown without

 3 f The covariance of II depends on the covariance of N

l 11¢2 1 1 x

I (H=~22)

in regression theory, it usually is assumed that N = 14

accord-



[n that case Eq. (5-22) reduces to

I = g215 (5-23)

which further reduces to

t
m

ag? a I=)

he diagonal elements of Eq. (5-24) are given in most standard texts

as the variances of the corresponding regression coefficients. Note

‘hat E in Eq. (5-24) depends on the true error variance a?2 of the

regression equation and that this must be estimated in practice.

Jsually, og? is estimated from

Art oyn—rvr (FF = Ys SF (U—23)

iq. (5-25) assumes that the elements of N are uncorrelated. In

cases where IN # 21 the proper expression for

not (5-24).

F is Eg. (5-22)

A word of caution is offered to the use computer library

multiple regression programs to solve for Ue - It is that the standard

errors of the elements of i), given by these programs are based on

fas. (5-24) and (5-25)

 2.2 Filter Theory Approach

Mult Inle regression estimate of , are based on the criterion

to minimize the errors of the individual estimates of I. Eg. (5-22)

shows that the error covariance E . of the resulting parameter



estimates, {,, depends on both MN and L. Since the present estima-

tion problem is to estimate VY,» not F, an estimation criterion to

minimize some function of E might be more appropriate than that used

in regression theory. Therefore, the filter problem is to find the

best L that satisfies a given estimation criterion. The criterion

employed is the minimization of the trace of E (i.e. the minimization

of the total mean square error in the estimation of the elements of

J,). The approach to be presented in Case I is taken from an unpublished

paper by Ross [1961].

Case I: Statisticsof1, Unknown.

It is assumed that the mean and covariance of y, are unknown.

But the mean and covariance of N are assumed known. It is sufficient

to assume e{N} = 0, since if it is not the effect may be removed.

"rom Eq. (5-21)

by = WW, «oL—-[) + NI 5-26)

[he expected value of

~
"i

14 = 1h, (GL-T) + g{N} )

sl.ce ~IN} is assumed equal to zero

ipl = ¢, (GL-I)

lo minimize the trace of {FE = ETE) it will be necessary to

5-27)

(5-28)

have

-{E} = 0. This requires that

L771. J - / 3)

3



Substituting Eq. (5-29) into (5-26) gives

(5-30)

Therefore

3 - {ETE} = LYNL (5-31)

‘which happens to be the same as Eq. (5-22) ).

We now wish to find L that minimizes the trace of and

“hat satisfies GL = I (Note that G is (rxn) and L is (nxr)

The case where r = n is trivial. The case where r &lt; n involves

yseudo-inverse matrices Both cases are covered by matrices of the

‘orm

y N

2\7 (c zciy!

vhere 2Z is any nxn Hermitian matrix such that

(=A

czel is invertible

(i.e... Z is of rank 1).

substituting L[q. (5-32) into (5-5.) gives

_ T -~1 rmF = [1¢ze) cz NN ze! (azeTy™!

which is simplified considerably if /, is taken as

- —

r = (cN'ch

IN

(5-33)

[5~34)

it now remains to show that Eq.(5-32) gives the optimum filter

I. that minimizes the trace of FF as viven bv Eq. (5-34). The proof

ippears in Appendix A.

a. (5-32) was used together with Eg. (5-10) to produce the



aumerical results which are presented in Sections 5.3 and 5.4.

Case II: Statistics of {_ Known.

On the basis of prior information (perhaps derived from knowledge

relating soil types and ¢, or perhaps derived from knowledge of

values of yy, during previous storms) it is assumed that the mean

li,, and covariance VY , of the a-priori distribution of J, are

«known. Also the mean and covariance of N are known, as in the pre-

vious case. Again, we have

Pe (GL 2) JI (5-35)

faking expectations gives

Remove

= gd, (GL-I) + e{N} L

= GL-Hy. (GL-T) + pyL

the 2ftecces of the means by introducing

D4

A '
&gt; -— Jy

N' = -

2! = -
3 E Up

(5-36)

(5-37)

(5-38a)

(5-38b)

(5-38¢)

(5-384)

The optimum filter, L, will be used in the relations

-]4()—



I (5-39)

'5-40)

.0 estimate Va

Ba. (5-52) becomes after substituting Eqs.(5-36) and (5-38)

fv ‘Gl \T or
 TL J) fa L)

(since My,»
without restriction on GL. Therefore there is a wider domain from

which to select L. It should be possible to use the statistics of

OJ = 0)

be and wider domain of L to produce improved estimates over the

&gt;receeding case.

Vectors ,' and Pt! are jointly distributed according cto 4

nultivariate distribution. Form the column vector

(5-42a)

a1

Jhere

(5-42D)

ile,

pl (5-42¢)

Che mean of W 1s zero and the covariance is



(5-43)

wr dn

Tr W is multivariate normal, the conditional mean of Wo, given W,

A

Wy |W, TS olyp logy VW 5=44)

ind the conditional covariance is

. -1

wow, 211 "Zia Zan fg (5-45)

A 1 _ =

[f we let Vy Hyg |W , then E Lig |W It can be shown that the
12 1! 2

race of Ly BE is less than the trace of the error covariance matrix
1172

t' for anv other estimate of

Therefore,

)
£ (5-46)

where

Since £

IYFely,

\ and since N' and '

(5-47)

Cf ym)

ancorrelated

A =~)

=

)
Si

~F'T PY = oly + NW

HH 1

47 '5..48)

(5-49)



“hus

From Eq. (5-43) we

I

‘Note: Fa. 5-50)

YG YG +N)

[1aV&amp;

ha al Yo +N, cL 1)

gives the Kalman r1lter for this problem)

(5-50)

(5-51)

).2.3 Comparison of the Estimators.

Two sets of comparisons are of interest.

Comparison of Rerression Approach and Filter Theorv. Case I.

5g. (5-22) gives the covariance of the regression estimator as

= Ty (H=242)

and Eq. (5-31) gives the covariance of the filter theory estimator

)-31

On the surface it would seem that the covariance of both estimators

would be the same. Nevertheless, L in Eq. (5-22) is not the same

1s I. in Eq. (5-31), unless IN happens to be given by WN = o? 1

[t follows that the trace of FE bv the regression approach is greater

han the trace of &amp; except where N = oi I. In that case, the

~reoression anproach and the filter theorv (Case I) model are equivalent

Therefore, we can conelude (i) regression model is a special case of

the filter theory model, and (ii) the regression model gives inferior

yarametoer estimates than the filter theory model.



[t has been shown above that both models give unbiased estimates.

Comparison of Filter Theory Cases I and II.

Eq. (5-34) gives the covariance of the filter theory (Case L)

agtimator as

and Eq. (5-51)

Fo o= (GN eh

gives the COVE riince of the filter theory {Case II)

+)

agtimator as

k

lo compare these

= yo- ue(GT ve +N)!

«WO estimators, consider the special

a

| =

case

51)

vhere

|

1 =

(5=52a)

(5-52b)

ilu {5-52¢)

[In that case

le = 0’ I
ie) I

5-53)

J

ag
_ 2 _r
= a —_—

P ,
ag. +

1}

'he ratio of the coefficients of FE. and wu
eu

 |

y=14)

7

2 2
Oo, +0

= Yn
2

’F, 0,

»
I

 4

wk
2 (5-55)



The interpretation of Eq. (5-55) is that Case II always gives a better

astimate than Case I. In the case where a”, #2 0F
ry

?

secome equivalent. In cases where a Bh

the two estimators

ase I is sub-

stantially inferior to Case II.

&gt;.3 Hypothetical Examples

Two hypothetical examples are presented in this section. In the

“irst example, the response of a hypothetical urban catchment is fully

linear: 1in the second example. the response is non-linear and is governed

by the kinematic wave equations.

&gt;.3.1 Linear Hypothetical Catchment

Consider an idealized urban catchment, illustrated in Figure 5-3

with impervious and pervious response functions as given in Table 5-1.

These functions are also illustrated in Figure 5-3. A given precipitation

p lasts for 20 time units and has a constant intensity of 2.0 in/hr.

The true infiltration rates, Vy , are equal to 1.0 in/hr during the storm

and are equal to zero thereafter. The observed runoff, Q, is the sum~-

mation of the true runoff Q, + Q, and of a noise component, N, gener-

ated wlthout serial correlation from a normal distribution, N(0.02 = 4)

lable 5-2 gives the true and measured runoff rates.

Now consider an infiltration model, IM, in which the total length

of the storm is divided into three periods of equal duration (i.e. 10

time units). Within the i-th period the infiltration rate is assumed

constant and equal to V,,, i-th element of the (1x3) vector

/v  pe
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Table 5-1

Impervious and Pervious Response Functions
for the Hypothetical Linear Catchment

ime

)

2

 3

4

5

6

o

3

Response Functions

Pervious

HPER

[Impervious

HIMP

L.0

2.0

3.0

4.0

5.0

6.0

7.0

3.0

7.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

4.0

3.5

3.0

2.5

2.0

L.5

1.0

0.5

J.0

7.0

yy. 0

4.0

3.0

2.0

£.0
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Table 5-2

True and Measured Rates of Runoff (Linear Hypothetical Catchment)

[nfiltration = 1.0 in/hr

recipitation = 2.0 in/hr for 20 time units

True Runoff Measured Runoff

2, + Q, 0

J

1

PJ

3

| 4

5

6

7

8

9

ri}

5

7.5

15.0

25.0

37.5

52.5

70

30

108.5

124.5

138

149

157.5

163.5

L67

L68

168.5

168.5

168.5

168.5

"40

9.55

11.90

26.80

36.05

50.80

68.74

89.74

109.78

124.35

135.13

150.12

157.12

163.57

168.76

172.48

165.94

169.17

167.21

169.23

1.9

2.50

-3.10

+1.80
1.45

-1.70

1.26

0.26

1.28

~0.15

-2.87

1.12

-0.38

0.07

1.76

4.48

-2.56

0.67

~1.29

0.73



Table 5-2 (cont'd)

Q, + Q,

 A

22

23

A

) 5

26

27

28

)Q

10

166

161

153.5

143.5

131

L16

98.5

78.5

50

i

165

158.76

155.92

142.66

131.95

119.83

102.22

77.95

62.28

17.72

-1.0

-2.24

2.42

-0.84

95

3.83

3.72

-0.55

2.28

-6.28

3.58
22S = 0.1193



lhe (3x30) matrix B relates § and VY, Bl

[he elements of B are

111111111100000000000000000000

000000000011111111110000000000 (5-56)

000000000000000000001111111111

"he a-priori noise covariance matrix WW is given as

5-37

where I 1s a 30x30 identity matrix.

\



NN

The estimated infiltration parameters, {,, obtained from

the estimator are given in Table 5-3.

Table 5-3

[Infiltration Parameters (Linear Hypothetical Catchment)-

Example 1

[ime
Period Estimated

),(in/hr)

008

0.966

J. 056

Rates

True TY,
Y,(in/hr) (in/hr)

| 10 0.0141

1.000 0.0200

3.000 1.0400

[hese estimates of the infiltration rates are very close

co the true values but are not exactly equal to the given rates because

) contains noise. The standard error of estimate of Y_, is small

compared to YP, and compared to the variance of the noise component

A second a-nriori noise covariance function was used to

analyze the sensitivity of the solution to N . Consider a 30x30

tri-diagonal matrix with diagonal elements equal to 4 and elements

adjacent to the diagonal equal to .5.

This covariance matrix implies that the error term N(t)

is serially correlated. The estimates of the infiltration parameters

are given in Table 5-4.

yi



Table 5-4

[Infiltration Parameters (Linear Hypothetical

Catchment) - Example )

Rates

[ime
Period

Estimated True VY,
b, (in/hr) (in/hr)

{in/h?)

1.011

0.959

0.088

1.000

1.000

0.000

0.0200

0.0224

0.0469

The magnitude of Y_,  (t) was not significantly modified when

the nolse function contained a small amount of serial correlation. The

reliability of the estimates in the second case 18 not as large as it is

n the first case since the standard errors of estimate are increased:

this shows that less information is present in 0 when the noise is

serially correlated than when it is not.

This first hypothetical example shows that when all the

assumptions made in the simplified estimation problem are strictly valid

he solutions are well behaved.

&gt;.3.2 Non-Linear Hypothetical Catchment

Consider a catchment that responds to rainfall according to

he kinematic wave theory. This catchment, illustrated in Fig. 5-4, re-

sponds as a non-linear system since the underlving differential equations
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Figure 5-4: Non-Linear Hypothetical Catchment
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are non-linear. The catchment parameters for this example appear in

fable 5-5.

Table 5-5

Data for the Non-Linear Hypothetical Catchment

Catchment:

Name

Pervious

.mpervious

Stream

Length
(ft)

10)

00

000

J

OD.1

, . 0

 &gt;) 0

2

[nfiltration:

Constant rate of 1.0 in/hr.

An "observed" storm was simulated by applying a rainfall of

constant intensity at 4.0 in/hr for 2 hours to this model. Measured run-

5ff was simulated bv adding to the computed runoff rate a random noise

component. N.

This example was created to test whether the correct infil-

rration rates could be estimated by the FTM from measurements of rainfal;

and runoff and from information derived from a model of the catchment.

'he fact that (i) the real catchment is non-linear, and (ii) the catch-

ment model is non-linear raises the question of how best to approximate

the linear catchment response functions H. and il, that appear in the



 ,A

In principle there are numerous ways to derive linear response

functions Hy and H, that approximate the behavior of the non-linear

catchment. Different values of Hy and H, would "best" approximate

the response to different storms. In this case, the measured rainfall

P, 1s known so the estimation of H, and H, should apply to this

articular storm.

Matrices a| aud are needed by the FTM to compute the

vector

y
» (5-6)

and we now wish to devise a procedure for using the kinematic wave catch-

nent model to estimate certain terms that appear on the rhs of this

squation.

Consider first the term PH,. According to Eq. (5-1),

PH, = Q, (See also Fig. 5-2) which is the runoff from the impervious

area. One way to estimate Q, is to apply P to a kinematic wave model

of the catchment in which the infiltration rates over the pervious area

are set greater than P. The response of the model will be Qs an

estimate of Q- Now it would be possible to use Q, together with P

to estimate H,. But Hy was introduced originally because of the need

Eo estimate Q- Since we can estimate Q directly there is no need

to introduce H,. Moreover, the fact that the actual response of the

impervious area is non-linear is also accounted for bv the non-linear

catchment model used to estimate Q;- In other words, the non-linearities

of the impervious parts of the catchment are fully accounted for in the

 a=



‘ilter calculations. The revised form of Eq. (5-6), up to the point

yo ( 5— »8)

The next problem is to estimate the term PH,. The procedure

ro estimate this term will lead to a modified definition for F (i.e.,

Eq. (5-58) will be changed). The term PH, is equal to the runoff that

would occur from the pervious area if there were no infiltration. One

way to estimate this using the catchment model would be (i) apply P

co the catchment model with all infiltration rates set to zero and ob-

serve the response Que Then (ii) estimate PH, as

\ 9 N\

PH. = Ca - WU. (5-59

\ A

From PH, and P it would be possible to compute the elements of H,

&gt;y multinle regression. This procedure was actually tried. but different

values of P led to different values of H,. It seemed then if were

large compared to P that the non-linear response of the pervious area

would not be properly accounted for by this linearization.

A better approach seemed to be to assume an initial value for

Ws and then to use the FIM to compute corrections Vy to the initial
Yr

assumption. Let US denote the initially assumed values of the infil-
*

Fration parameters. Then, the initial values of the infiltration rates

I gs ®

1

Now. use the catchment model ro 2 DJ  to the impervious area and

Cy—=610))



he effective rainfall P - Ys to the pervious area. Observe the

response (0 from the catchment model. We seek H, so that

7! 3] H, ¥Q =A,

Regression techniques may be used to compute the elements of

(5-61)

‘The

letails of this calculation are not presented here).

Define

N 4 (PP - 0 (5-62)

'his vector can now be computed from the available information. Also

assume that any differences between Q, and 0, are included in N 20

-hat Eq. (5-4) mav be rewritten

0. +0,+ (5-63)

Assume further that 0, in Eq.’s-63) 1s defined as

P-v_ =v) (5-64)

substituting Eqs. (5-63) and (5-64) into (5-62) gives

~here GG

4

= Bill, (Eq. (5-7)).

N

N

'5—65)

(3-66)

t follows that the estimate of the corrections is



1}
1

(5-67)

and that the estimated infiltration parameters are

(5-68

lo test the FIM, the given values of ana for the hypo-

thetical catchment in Fig. 5-4 were used to estimate

barameters Y,. Different initial values, Uy, were used to estimate

1,. The values of Q, Q and QU, ) appear in Table 5-6. Since the

true VY is 1.0. the values of Q stofer from QU = 1.0) by the

10ise term N.

The estimated infiltration parameters for different values of

Dg appear in Table 5-7. The total storm period was divided into 3

reriods of 60 minutes each. J, is an estimate of the average infil-
1

tration rate during the first period; Wy , during the second: etc.
2

The true values of ¢, and Vx were 1.0. The true value of Vie

is unknown but lies somewhere between 0 and 1.0. Vy is unknown
3

because the catchment model is programmed to continue the infiltration

brocess as long as there is water on the surface. After rainfall ceases

-he infiltration continues until there is no more water to infiltrate.

“he actual infiltration rates are not printed out bv the model. Only the

sotential infiltration rate 1s known.



Table 5-6

Hydrograph Data for the Non-linear Hypothetical

Catchment

(Units of Q are cfs)

Storm: Intensity - 4.0 in/hr

Duration - 2.0 hrs.

[rue Infiltration Rate = 1.0 in/hr,

lime
Iin

-O

20
22
24
’h

y 2
n

vA

16
+8
»0
32
34

~

).0
J.0
J.0
J.0
0.11
0.13
0.42
0.67
0.77
2.09
L.46
2.23
Le 32

2.86
3.56
5.26
5.81
5.68
5.39
3.09
9.51

10.86
10.84
12.77
14.29
15.17
16.22

Impervious
A

3.0
0.0
0.01
0.03
0.09
0.19
0.35
0.56
0.79
L.05
L.32
L.61
L.92
2.23
2.56
2.90
3.25
3.60
1.97
1.35
4.73
5.12
5.52
5.93
6.34
6.76
7.19

| =)
0

J

0.00
0.00
0.01
0.05
0.12
0.26
J. 49
).78
L.15
L.59
2.10
2.69
3.37
4.15
5.04
5.03
7.14
3.35
9.65

11.02
14.44
13.91
15.41
16.90
18.37
19.77
21.07

_ _Total q
G.9 0 18

0.00
0.00
0.01
0.04
0.11
0.25
0.45
0.73
1.06
1.46

1.91 |2.43
3.01
3.68
4.42
5.26
5.18
7.20
8.31
9.48

10.72
12.02
13.35
14.71
16.06
17.38
18.63

0.0 0.00
0.0 0.00
0.0L 0.01
0.04 0.04
0.11 0.10
0.23 0.22
0.43 0.40
0.68 0.64
0.99 0.93
1.35 1.25
1.75 1.62
2.201 2.02
2.71 2.46
3.28 2.95
3.90 3.48
4.60 4.06
5.37 4.69
6.21 5.39
7 VA
8.13 5.9%
9.19 7.82

10.30 8.76
11.46 9.74
12.66 10.76
13.88 11.82
15.09 12.90
16.26 13.97



(Continuation)

56
58
50
52
34
56
58
0
12
74
1A

U)

34
36
38
90
2
4
36
3

.00
102
L04
L06
108
110
112
114
L16
118
120
122
124
126
128
130
132
134
L36
138
140 |
149

17.28
17.29
19.04
19.42
20.04
21.33
20.81
22.15
22.23
22.74
22.61
22.48
22.84
23.10
22.00
22.98
23.66
22.92
23.13
22.85
23.23
23.21
23.47
22.75
22.71
23.86
23.03
23.47
23.37
22.79
22.78
22.84
22.31
22.94
22.96
23.21
22.24
20.40
20.27
18.86
18.85
16.95
16.26
14.88

].62
3.03
3.41
3.70
3.92
9.06
9.15
9.20
9.22
3.24
9.25

9.25
3.25
9.26
9.26
9,26
9.26
9.26
9.26
3.26
3.26
3.26
3.26
3.26

9.26
3.26
9.26
).26
7.26

J. 26
3.26
3.26

). 26
3.23
3.12
3.90
3.62
3.31
7.97
7.63
7.28
5.93
5.56

22.26
23.30
24.20
24.97
25.60
26.11
26.53
26.85
27.10
27.29
27.43
27.53
27.60
27.66
27.69
27.72
27.74
27.75
27.76
27.77
27.77
27.77
27.77
27.78
27.78
27.78
27.78
27.78
27.78
27.78
27.78
27.78
27.78
27.70
27.42
26.89
26.17
25.32
24.38
23.37
22.32
21.24
20.15
19 05

19.77
20.79
21.68
22.43
23.07
23.60
24.03
24.38
24.66
24.87
25.04
25.16
25.25
25.31
25.36
25.39
25.41
25.43
25.44
25.45
25.45
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.46
25.39
25.12
24.62
23.94
23.14
22.25
21.30
20.31
19.29

| 18.27
17.23

17.35
18.33
19.18
19.90
20.52
21.04
21.48
21.85
22.15
22.40
22.60
22.75
22.87
22.95
23.01
23.05
23.08
23.10
23.12
23.13
23.13
23.14
23.14
23.14
23.15
23.15
23.15
23.15
23.15
23.15
23.15
23.15
23.15
23.08
22.83
22.35
21.71
20.96
20.13
19.24
18.31
17.37
16.41
15.45

14.98
15.90
16.70
17.38
17.94
18.44
18.85
19.22
19.54
19.82
20.05
20.24
20.40
20.52
20.61
20.68
20.43
20.76
20.79
20.80
20.81
20.82
20.82
20.83
20.83
20.83
20.83
20.83
20.83
20.83
20.83
20.83
20.83
20.77
20.54
20.11
19.52
18.83
18.06
17.25
16.41
15.51
14.59
13.71



(Continuation)

L44
L46
148
L50
L52
L54
156
L58
L60
162
L64
L66
L68
.70
72
L74
L76
178
180

L4.5u
13.02
12.29
10.67
1.0.57
9.81
9.78
B.67
5.41
5.28
3.52
5.96
5.74
4.69
4.21
4.86
3.92
3.62
2.99

5.87
5.55
5.23
4.92
4.62
4.33
4.05
3.79
3.54
3.30
3.07
2.85
2.65
2.46
2.28
2.12
1.96
1.82
1.68

17.96
16.89
15.84
14.82
13.84
12.90
12.02
11.18
10.39
9.66
8.98
8.35
7.78
7.24
5.75
6.30
5.89
5.51
5.16

16.21
15.20
14.22
13.26
12.33
11.45
10.60
9.81
9.06
8.36
7.71
7.11
5.56
6.05
5.59
5.16
4.77
4.41
4.08

14.50
13.57
12.65
11.76
10.91
10.09
9.30
8.56
7.87
7.22
6.62
6.06
5.55
5.08
4.65
4.26
3.91
3.59
2.130

12.84
11.99
11.16
10.35
9.57
8.83
8.13
7.46
6.83
6.25
5.71
5.21
4.76
4.34
3.96
3.62
3.31
3.03
2.78

~



Table 5-7

Results (Non-Linear Hypothetical Catchment)

D.0

0.5

0

EaN

Vr

1.1434

1.0833

9578

8917

fstimated Inc’? ~~.tion Rates

LP Via
23,

1.0525 0.5550 0.0006

1.0188 0.5334 0.0006

,9971 . 6572 0.0007

9450 5927 D.0006

: 2
® 5

0.0007

0.0007

0.0008

0.0007

T

0.0025

0.0026

0.0027

0.0031

a



&gt;.4 Infiltration Rates at Gray Haven.

The FTM is used to compute the apparent rates of infiltration

axperienced at Gray Haven. Three storms (June 10, 1963; June 14,

1963: August 1, 1962) are presented to illustrate the application

of the FTM to a gaged catchment. Infiltration 1s assumed to occur

according to the model

3
-

"lo

F

where £, and £.- J are the parameters to be estimated.

 5 =10)

it I 5

assumed that k = .0233 winutes .

The estimates obtained for storm June 10, 1963, were

0.%476 + 1.5 = 1.1524 in/hr

J 5533 + 1.1524+0.5 = 2.1857 in/hr.

Figure 5.5 compares the observed and simulated

(£ = 2.1857 in/hr.; £. = 1.1524 in/hr) hydrographs. The goodness

5&gt;f the fit is better than the one illustrated in Figure 4-28 where

-he simulated hydrograph is computed for £_ = 2.0 in/hr and

:. = 1.5 in/hr.

The estimator for this storm performs very well: the

astimates of the infiltration parameters are phvsically sound and

rhe simulated hvdrograph is an improved solution over the results

rreviously achieved in Chanter 4.

The estimates obtained for storm August 1, 1963, are
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A

F

— 0.8193 + 1.5 = 2.3193 in/hr

-1 2643 + 2.3193+ 0.5 = 1.4550 in/hr.

Figure 5-6 compares the observed and simulated hydrographs.

A comparison of this figure with Figure 4-27, where the same storm

had previously been simulated, shows that the current figure gives

an improved match between simulated and observed hydrographs.

In this case the FTM has led to a solution that is mathematical-

ly feasible but not easy to interpret physically. The estimated in-

filtration parameters in this case lead to infiltration rates that in-

crease with time, which is the opposite of the behavior usually expec-

ted of Horton's law. The estimates are not necessarily rejected be-

cause of this difficulty; the infiltration process is a complex process

where two media (air - water) interact. To let the water in the soil,

the air has to move out of the soil. One physical explanation of the

results derived for storm August 1, 1963, is that air was trapped in

the soil and was gradually but at an increasing rate, moving out of the

soll. As water was replacing the air in the soil, the apparent infil-

tration rates were increasing. The magnitude of the storm intensities

and the short duration of the storm enhance the plausibility of the

2xplanation.

The estimates obtained for the storm of June 14, 1963, are:

1.5 - 0.1278 = 1.3722 in/hr3
\
a” 1.3722 + 0.2607 + 0.5 = 2.1329 in/hr.

nN 5
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These estimates are well behaved in terms of their physical inter-

pretation but, when used to simulate the runoff hydrograph, they

lo give an improved match over the results previously achieved in

Chapter 4. A comparison of the simulated and observed hydrographs

is illustrated in Figure 5-7.

3-5 Discussion and Conclusions

The results of this study suggest that the use of filter

theory has a promising future in the estimation of hydrologic param-

asters. Additional studv is needed to gain better understanding and

axperience.

One of the promising outcomes of this study is that in

111 three of the storms analvzed at Gray Haven, the FTM estimates

led to as good or better simulations of the observed storm events

than was obtained after much trial and error adjusting to the in-

filtration parameters to achieve the results presented in Chapter Zi

The proposed general approach where the simulated and

observed runoff hydrographs are processed through a filter to ge-

aerate estimates of the infiltration process is potentially attrac-

tive to the hydrologist. The approach not only provides a systematic

tool to estimate infiltration parameters but also a tcol which op-

timizes the estimates with respect to the observed data. The

approach should also reduce or eliminate the iterations required to

find good estimates of infiltration parameters.

[n this study, the general estimation problem has been

~ /
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greatly simplified; the approach is relatively simple to solve and

has been shown to perform well for a linear catchment. The approach

has also been verified for a non-linear catchment subject to intense

rainfall. The result of this second example shows that the estimates

of the infiltration parameters require an initial estimate of these

parameters to be made, but tests with a simple non-linear catchment

show that the estimate 1s not very sensitive to the initial assump-

-{ons.

"inally, the simplified estimation problem has been used

ro estimate the infiltration rates of Gray Haven for three observed

rainfall-runoff events. The results show that the estimator performs

well for all storms, where the performance is measured by the match

retween the observed and simulated kinematic response of the catch-

nent.

From all these results it appears that

The filter theory approach offers a potentially

important approach to the future estimation of

hydrologic parameters;

The FTM presented herein could be used in engineering

practice as it now exists.

- of —



CHAPTER 5

DERIVED FREQUENCY CURVES FOR GRAY HAVEN

5.1 Introduction

The preceding chapters presented material developed to derive

cunoff frequency curves directly from the rainfall. In Chapter 2 the

theoretical concepts were presented. In Chapter 3 a model of rainfall

as a stochastic process was presented. In Chapter 4 procedure to model

arban catchments was presented. In Chapter 5 a procedure for estimating

[nfiltration parameters was proposed.

In this chapter, the information presented in these earlier

chapters is applied to the derivation of runoff frequency curves for

the Gray Haven urban catchment. Runoff frequency curves for two runoff

sariables. the peak runoff rate and the excess runoff volume when the

runoff rate exceeds a given threshold are derived.

3.2 Data for the Case Study.

Frequency curves were derived for the Gray Haven catchment

This catchment is illustrated in Figure 4-7. The frequency curves

were derived for the peak runoff rate, Q ax 20d for the exceedance

7olume V(QTH)defined as the volume of runoff which occurs when the

runoff rate exceeds a given flow threshold, QTH. A graphical illustra-

rion of V(OTH) sopears in Figure 6-1.

The rainfall at Gray Haven, Md., is described by (1) the

rainfall exterior variable as derived from U.S.W.B. data for Baltimore

City, and (11) by the rainfall interior variables, estimated from

rainfall observations made by the Johns Hopkins Storm Drainage Research
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Projects at Gray Haven and at Northwood (another urban catchment located

in Baltimore). The statistical properties of the rainfall exterior

variables are estimated on a monthly basis and the statistical proper-

ries of the interior variables wer assumed constant during the vear.

The quantitative information on rainfall at Baltimore is presented in

Chanter 3.

The kinematic wave model was used to route storms through

the catchment. The simplified configuration IV described in Section

4.5.6 was selected to model the catchment. The infiltration param-

eters were assumed constant from storm to storm (not enough storm data

were available to make inferences of the variability of the infiltra-

tion parameters from storm to storm). The infiltration rate was modeled

by Horton's Law of infiltration (Equation 4-12) where f = 2.0

In/hr, f =1.5 in/hr, and k = 0.0233 min.!which are the same pa-

rameter values as used throughout Chapter 4

5.3 Computational Methods for Solution of Eq. 2-j

A method of solution of Eas. 2-1 to 2-10 is needed in order

ro derive the runoff frequency curves for Grav Haven. These equations

are intractable analytically and so some combination of analytical and

wumerical approximations must be made. The issues involved in devel-

ping alternative solution procedures are too complex to be dealt with

in depth in this report. In Appendix B. four possible solution methods

ire presented. One of these, stochastic/deterministic simulation



was selected because it appeared to be the least expensive alternative

In this case.

The alternative solution methods presented in Appendix B

demonstrate that solution procedures other than simulation do exist

and to suggest the possibility that future research mav lead to compu-

tational schemes that are less expensive than the simulation procedure

ased in this study.

5.4 Stochastic/Deterministic Simulation Procedure.

A seven-step procedure was followed to derive the frequency

curve of the runoff variable V. This procedure is illustrated in

Figure 6-2.

The first step is the selection of a runoff variable V.

Examples of possible definitions of V include the peak flow, the

exceedance volume, the duration of these exceedances at a given loca-

tion, etc. Other variables, related to the runoff, could also be se-

lected. An example is the concentration of a substance either at the

outlet of the site or in the receiving body of water: another example

is the erosion due to the runoff from the site at a downstream location

The second step 1s the adoption of a routing model and the

agtimation of the parameters of this model.

The third and fourth step are respectively the modeling

of rainfall as a stochastic process and the use of this model to gener-

ate a long rainfall trace.



DETERMINE APPROPRIATE
RUNOFF VARIABLE

SELECT A CATCHMENT
RESPONSE MODEL

SELECT A STOCHASTIC
RAINFALL MODEL

SIMULATE A TRACE OF
RAINFALL EVENTS

DEVISE A SCREENING
PROCEDURE TO SELECT
STORMS TO BE SIMULATED
BY THE CATCHMENT MODEL

SIMULATE THE SELECTED
STORMS WITH THE
CATCHMENT MODEL

CONSTRUCT T_(V)

Figure 6-2: Stochastic Deterministic/“imulation Procedure

for T_(v)



The fifth step is the selection from the generated rainfall

race of those storms that may be significant with respect to FW).

The sixth step is the simulation of each selected storm with

he catchment model. From the simulation results the runoff variable

For each storm is determined.

The final step is the construction of the derived frequency

curve, F_ (Vv). From this the recurrence interval relation T.(V) may

be obtained as explained in Chapter 2.

5¢

5.5.1

Application of the Stochastic/Deterministic Simulation Procedure.

SelectionofRunoffVariables
Two different runoll variables were selected for investiga-

rion. The first of these was the peak runoff rate because this variable

is commonly used in the design of urban sewerage systems. The second

&gt;f these was the exceedance volume which is important in the selec-

tion of detention storage facilities for the control of urban runoff

Runoff frequency curves for these variables will be presented in

Section 6.5.7 for the Grav Haven catchment.

5.5.2 Selection of a Catchment Model

In Chapter 4, several alternative models of the Gray Haven

ratchment were presented. These included a detailed configuration

and four simplified configurations which were developed to reduce the

computational costs. Since it is now proposed to simulate a number

J



of storm events, the computational cost enters as an important factor

to be considered in model selection. In this particular case, simpli-

fied configuration IV of Gray Haven was selected.

5.5.3 Selection of a Stochastic Rainfall Model.

The stochastic rainfall model used is described in Chapter J

53.5.4 Simulation of Rainfall Events

The rainfall model was used to simulate a trace of rainfall

avents. An important question at this point is the required duration

of this trace. As the duration of the trace increases, the accuracy

of the derived frequency curve increases but also the simulation costs

increase as well. Therefore, there is a trade-off between cost and

accuracy. This trade-off should be evaluated in view of the fact

that the historical rainfall data which underlie the analysis have a

limited record length. In this particular application the historical

rainfall record was 23 vears and the generated rainfall trace was for

200 vears.

It may appear at first that the generated trace is unneces-

sarily long. Nevertheless, 200-yr. generated trace was created to

reduce the simulation errors of the solutions to Eqs. 2-1 to 2-10

che range 10T £50 yr.

 Nh. 5.5 Select Storms to be Simulated by the Catchment Model

The rainfall generator produced a 200 vr. trace of rainfall

swvents. In each vear, many events occurred. Typically, there would



pe more than 100 events per year or more than 20,000 events over

the period of generation. Since the 20-th largest event in the 200

yr. period corresponds to the 10-vr. event, only a small number of

storms need to be simulated.

Since only a few events are of interest and since the genera-

ion of storm interiors is costly, storm interiors were not generated

for all storms. Instead, a selection procedure was employed to sort

out a relatively small number of storms for further study. This se-

lection procedure made a tentative assumption that the rainfall in

2ach storm was distributed according to a triangular pattern. Then

he maximum depth of rain, DMAX, during a given critical time,

AVGTIM, was determined. The storms were ranked in decreasing order

according to DMAX with AVGTIM = 30 min. (The time of concentration

of Gray Haven is about 30 min.). Storm interiors were then generated

for the largest 48 and these were retained for subsequent study.

5.5.6 Simulate Selected Storms

The selected storms consisted of a set of 48 events. Each

avent consisted of a hvetograph of block shaped rainfall intensities

at 5 minute intervals. Each of these storms was routed through the

catchment model and values of the peak runoff rate Q ax and the

&gt;xceedance volume V(OTH) for 4 different values of QTH hetween

650 and 120 cfs were determined. The results are tabulated in Table

h-1 where the storm number corresponds to the rank of the storm among

the 48 events selected in the previous step.



Table 6-1

Results of Catchment Simulation of Selected Rain-
fall Events

Storm No.

J

1

2

3

L4

L5

L6

7

-8

9

20

71

)2

3

4

)§5

QA ye

135.78

209.11

106.74

121.90

111.37

108.64

L97.26

91.33

86.97

79.12

82.70

73.60

39.01

79.66

66.24

113.65

48.54

36.95

38.54

139.91

711.74

55.23

74.03

73.49

OTH = 60

12234

104168

33870

23131

40047

34234

59452

14823

L7864

4991

L2767

4445

21416

L5503

2762

17788

0

19193

12040

56476

3663

0

5871

5788

)

QTH = 80

33705

80862

14001

12201

19187

12827

44896

3081

2027

0D

484

J

6760

5404

0

3141

0

6250

3671

LORK7

 I)

V(QTH)
QTH = 100

12502

60927

1817

4424

4243

1667

32502

0

J

J

L924

0

)

J

21270

9)

)

QTH = 120

2649

43847

9

10

3

0

22021

0)
-

i

50

’)



(Table 6-1, continued)

Storm No.

27

)8

1A°)

 0

3]

32

13

34

3 5

6

7

18

39

0)

41

hn?

12

14

9

6

1 {

L 4

Anax

34.95

36.67

48.67

68.33

63.07

78.26

43.16

53.40

30.08

30.76

27.15

28.12

141.71

53.77

28.53

77.53

28.96

33.17

78.69

60.69

86.87

64.44

40.77

7 (QTH)

OTH = 60 QTH = 80 QTH = 100 QTH = 120
|
|

vJ
'

4829

h26

3965

}

)

)

J J J

20661

0

56812 36901 3009

0 I }

) )

)252 )

§)
=

 J) }

£1545

45

11781

14773

3

1 3
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5.5.7 Construction of the Derived Frequency Curves

Separate frequency curves were constructed for each of the

runoff variables that appear in Table 6-1. The first step in construct-

ing each frequency curve was to rank the events in decreasing order,

and this was done for each variable. The resulting ranks of the events

appear in Table 6-2.

If the rank of an event is m., an estimate of the average

recurrence interval, Tes between events that equal or exceed that

svent is

2 _ N+!

m
Lm D)

vhere N 1s the total number of years of data (in this case N = 200)

The frequency curve for Q ax which appears in Fig. 6-3

vas created bv plotting the values of Q x in Table 6-1 as function

of Ta which was computed by Eq. (6-1) from the data in Table 6-2

Through these points was drawn a fitted curve which represents the

derived frequency curve for Q ax”

Similarly, the data for V(QTH) was plotted in Fig. 6-4

for each of the four different values of QTH. Four different fre-

juency curves appear in this figure. The uppermost curve gives the

frequency with which different runoff volumes occur when the flow

rate is at or above 60 cfs. In other words. this is the volume that

would be reaquired in an overflow storage facility to prevent spillage

of combined waste water under the condition that the interceptor

&lt;Q { §—



Table 6-2

Rank of Runoff Variables

Storm
Number

Rank of Storm

according to Rain-
Eall Selection

Algorithm

Rank of Storm

according to Peak
Runoff Rate

NTH=60 QTH=80

Rank of Storm

according to
Exceedance Volume

QTH=100 QTH=120

Re
pr |

RY

-~

Lo

16
J

 }

\
2
11
28

ps
¢

10
LA
2%,

18

11
11

10

1
19
20
21
22

[

7

18
19
20
21
-n

Jo
22

 |

L/

7 3

 Ll

nile

2



(Table 6-2, Continuation)

i
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)
}

3
36
37
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ES)

|
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i

4
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27
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3

[
3

36
7

’

£2
38
1
"0
?5

7
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’

~~

© -
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23

/
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nas a capacity of 60 cfs. By interpolating among these curves it is

possible to estimate that the volume required to prevent the outflow

from exceeding 70 cfs from Gray Haven more frequently than once in 20

years is 13,200 cubic feet which 1s equivalent to 0.156 inches of

Jepth uniformly distributed over the entire catchment.

The information presented in Fig. 6-4 may be rearranged

ag shown in Fig. 6-5. In Fig. 6-5 each curve shows the relation

between overflow storage and maximum allowable outflow rate to reduce

spillage events to occur at the indicated frequency. From the view-

roint of flood control these curves show the storage requirements to

prevent flooding downstream as function of flood frequency and down-

stream channel capacity.

JoU AccuracyoftheDerived Runoff Distributions

There are three sources of error present in the derived

frequency curve T.(V). The first is sampling errors inherent in the

limited historical records of the rainfall events. The second is due

to modeling errors. The third is due to sampling errors inherent in

rhe simulation procedure. There is no way to control the first source

since we are given the historical data. Our only choice is to make

he best possible use of these data. There also are practical limits

yn the extent that modeling errors can be controlled. Nevertheless

here are a range of possible models and there 1s a trade-off between

~omputational cost and model accuracy. It is important to consider

PRS.
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che trade-off in view of the historical sampling variations. The final

source may be limited to any desired degree by extending the duration

of the simulation calculations.

It would be desirable if each of these sources of error could

be dealt with analytically. Unfortunately, this is very difficult and

10 fully satisfactory techniques exist at this time. Moreover, it

Is virtually impossible to separate the first two sources because the

particular parameters that are estimated from the historic data depend

apon the model.

It is possible to quantitatively analyze some of the errors

introduced by the solution procedure to estimate Tp (V). Each of the

solution methods presented in Appendix B involves numerical or analy-

tical approximations to the solutions of Eqs. 2-1 to 2-10. These

approximations can often be analyzed quantitatively.

The particular solution procedure selected in this study was

the stochastic/deterministic simulation procedure. This procedure

Introduces statistical sampling errors into the estimate of T_(V)

and these errors may be limited by extending the length of the simula-

tion. An important question to be answered is how many vears of simu-

lation are required and what is gained by extending the simulation for

an additional period of years.

At the beginning of this discussion of the simulation sampling

errors the reader is cautioned that the "true" function T.(V) is

anknown and the estimate of T.(V) being sought is subject to histo-

rical sampling errors and to mathematical modeling errors that. at this

{



point, cannot be controlled. In addition to these errors, however,

are the additional simulation errors which are now to be discussed.

[t would appear from the simulation results shown in Fig. 6-3

that peak runoff rate from Gray Haven is expcnentially distributed

according to

: Q_ = ko
is

(6-2)

shere the parameter k, estimated from the fitted curve in Fig. 6-3

is equal to .0274. Now, the data shown in Fig. 6-3 comprise a

sample from a 200-yr. simulation. Therefore, k is a random variable

and is distributed according to a sampling PDF.

In Appendix C it 1s shown that the sampling distribution of

\ (when it is known that x 1s exponentially distributed and when

is estimated according to the estimator given in Appendix ¢) is a

Gamma PDF with parameters

(6-3)

vad

n+1 I

12
(6-4)

vhere

4 Trees
;
I x,

(6-5)

In general the simulation run will be long enough to neglect the

difference between n and n+l so that

RR



K

1
(6-6)

Additionally, n will be large enough so that the normal distribution

is a good approximation to the Gamma Distribution. The mean and

variance of the PDF for k is

(6-7)

ad

1

—

4 3)

(6-3)

Now the CDF for the exponential distribution is

y Q _) =may Bax =

- i ()
max

which may be re-written in terms of he recurrence interval

~

QJ KOmax

(6-10)

AS

(6-11)

At a given value of T_(Q ), confidence intervals for Q
E ‘max max

nay be found as follows. Ea. (6-11) mav be rearranced to read

max
 spa n [:(nax) l ‘0=12)

CR



where k now is a random variable which is approximately normally dis-

tributed with mean and variance given by Eq.(6-7) and (6-8.) Con-

fidence limits at the 957 level for Q ax were derived using Egs.

(6-12), (6-7) and (6-8). These appear in Fig. 6-6 for simulation

durations of 50, 200 and 1000 years. Since these confidence limits

vere derived on the basis of the sampling distribution of k they

apply to entire distributions not to individual sample points which

may be plotted as shown in Fig. 6-3. Similarly, confidence limits

at the 507% level appear in Fig. 6-7.

Figs. 6-6 and 6-7 give some approximation of the possible

computational errors inherent in the simulation process. These Figures

show clearly that it is necessary to simulate a long period of rain-

fall events. Because of the computational costs, it is desirable

co process only a few of the manv generated rainfall events through

the catchment model. A possible screening procedure was presented

in Section 6.5.5.

On the basis of this screening procedure, the generated storms

vere ranked according to the maximum rainfall depth in any 30 minute

period. The largest 48 storms were routed through the catchment model

Then, the largest 23 values of Qo ax were ranked and used to construct

rg(Q Je A less costly procedure would have been simply to simulate

the top ranked 20 of the original 48 storms. But this would have

Introduced an error into the estimates of To in the neighborhood of

iy = 10 to 20 years. This is illustrated in Fig. 6-8 where an estimate

of Te (Q ay) based on these 20 storms 1s compared to TQ...) from

Jii-
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Fig. 6-3.

The differences between the two estimates of Tp(Q in

Fig. 6-8 occur because some of the lesser ranked storms according to

the DMAX-AVGTIM criterion actually produced some larger values of

Quax than was produced by some of the higher ranked storms. This

occurred because more factors influence Q x than are accounted for

in the DMAX-AVGTIM criterion

wf4%
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CHAPTER 7

APPLICATIONS OF DERIVED FREQUENCY CURVES

Hydrologic frequency curves are used in water resources

engineering because water resources management and investment schemes

nust deal with natural hydrologic variability. Frequency curves offer

a valuable means to describe hydrologic variability and to give quan-

titative measure to the hydrologic impacts of environmental changes.

Considered in this chapter are several example problems

where the techniques presented in this report may apply. The specific

problem areas are (i) the impact of urbanization on the runoff from

a small watershed, (ii) the relative hydrologic impacts of alter-

native strategies for urban development, (iil) the relative effi-

ciency of different runoff control alternatives, and (iv) the hydrol-

ogic basis for establishing drainage charges (which are analogous to

effluent charges) for the costs of controlling downstream hydrologic

impacts.

/.1 Hydrologic Impacts of Urbanization

Urban drainage systems have been designed to dispose quickly

of urban runoff. The volume of this runoff is increased as the per-

vious areas of the catchment are decreased. Moreover, the rates of

arban runoff are increased as the hydraulic efficiency of the drainage

network 1s improved. Consequently, urbanized runoff is likely to reach

of



Table 7-1

Charactoristics of Hypothetical Catchment

Characteristic Undeveloped Developed (Shopping Center)

A (acres)

L rs (ft)

"

&gt; (ft/ft)

~

J

10

Ji

 fF

31

)

N(storms/yr)

apply to the undeveloped and the developed states of the catchment.

The effect of the development is to decrease typical overland flow

length (L.) from 500 ft to 50 ft bv the construction of drainage

works such as gutters and swales. The impervious surfaces increase

the number of runoff producing storms each year (N) and also re-

duce the surface roughness coefficients ( n ).

The runoff frequency curves for this 10-acre catchment

could be derived by the stochastic/deterministic simulation technique

that was used in the previous chapter. Nevertheless, for the purpose

of illustrating the potential utility of other solution procedures

the analytical solution for Tp) developed in Appendix D will be

applied to this problem.

The catchment is furthermore assumed to be located in Boston

4yy



creater magnitudes faster than was observed before development

bccurred, both due to the increase in the direct runoff volume and the

reduced timing of each branch of the drainage network.

To date, analysis of the impacts of urbanization on runoff

ras been primarily conducted in a deterministic framework in terms of

changes in the physical parameters of the catchment or in terms of

changes in certain properties of runoff hydrographs.

Knapp and Glasby [1972] prepared a bibliography with ab-

stracts that gives a complete set of references to previous theoretical

and experimental investigations of this topic. More recent studies

nave also been reported by Kadoya [1972] and McCuen [1973]. These

previous studies generally are not strongly founded in the theories of

&gt;robability and fluid mechanics of how specific physical changes in

“he urban environment influence the magnitude and frequency of urban

runoff events. These studies do speak of the effects of channeliza-

zion or of the effects of impervious surfaces, but these mainlv are

zeneral observations that do not necessarily apply to specific circum-

stances such as the potential impacts of the lining of a given stream

channel or the construction of a shopping center at some particular

location. Nevertheless, these previous studies certainly may provide

valuable insights and information to the use of the techniques pre-

sented herein in dealing with such specific problems.

The application of the techniques investigated in this

study mav be illustrated by considering the urbanization of a hypo-

hetical 10 acre catchment. Let the conditions given in Table 7-1



where 5 = 30 (hr/in), A= 0.13 (hr), and the average number of

rainfall events per year is 110.

The computation of the frequency curves for the developed

and undeveloped cases appear in Table 7-2. The frequency curves are

plotted in Fig. 7-1 and show that increased peak flows would occur

more frequently after developments. Fig. 7-1 shows that any struc-

ture that had a design capacity to handle the 20-yr event under na-

tural conditions would be adequate to handle only the 3 year event

minder developed conditions.

This simple example illustrates a very important application

of frequency curves. Of course, this procedure can be used for

complex urban catchments to predict the impact of proposed changes in

land use. The frequency curves at any stage of development can be

derived as thev were in Chapter 6 for Gray Haven. The results of the

derived frequency curves could be presented exactly as those derived

For this example.

This example was constructed to illustrate in principle

the use of derived frequency curves to assess the hydrologic impacts

of urbanization. This particular example of a hypothetical 10-acre

area led to the frequency curves in Fig. 7-1. A careful examination

of these curves by an experienced drainage engineer would suggest

that these curves might actually underestimate the runoff rates to

be expected, particularly in the developed catchment case. The

most plausible explanation for this is that the storm interior pattern

Ils generally not rectangular as assumed in this example.

 4 pd



[able 7-2

Frequency CurveCalculations for the Hypothetical 10-acre Catchment

 J) a

R =

Undeveloped Developed

compute A from Eq. (D-8)

1

35
2 J8 i

1

£22 (01)2= 1.49

Compute C for different values of from Eq. D.-%a)

J156
(.5) (500) (10)%5 1
CGontoh |

3.
0156

2, 3s

F(.1) (50) 48) 7](01) 20% |

1
zp

28 7° %0104

(cfs) c. (hr) - (hr)

5.65 sal

4.28 410

3.24 311

2 76 264

 2? 46 1239

Compute B from Eq. (D-25) for each J

y TT
t

7 (871.2) (. 1x,

TN

B = ‘c TT 24 Q_
~ 7 V7.2) (1.49) £10
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Table 7-2 (Continued)
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675
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060
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3 30

3
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(Table 7-2 (Continued)

Compute i from cq. . D- 2)

)

514

593

569

556

346

Compute To from Eq. (D-27)

» 30 I
0
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| 13

23.6

186.
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Temporal variations not considered in Fig. 7-1 would lead to greater

beak runoff rates for this small hypothetical catchment.

fr. Relative Hydrologic Impacts of Alternative Strategies for

Urban Development

Frequency curves can be used to compare the impacts on the

runoff of an area of alternative development strategies. This is

achieved by determining the sensitivity of the frequency curve to

sariations in those parameters which may be modified by the proposed

development.

The three main physical changes accompanying urban develop-

nent that have hydrologic impacts are:

(1) increases of impervious area

(1. ) reductions of overland flow lengths

(111) reductions of surface roughness of flow paths.

he effects of some of these changes as they may occur in any devel-

opment strategy, may be modeled analytically as in the previous exam-

ple. In addition. a much deeper assessment of a wide range of impacts

nav be studied through simulation. For example, one way to reduce

the impacts of increased impervious areas is to route water from the

impervious areas across other pervious areas. This permits increased

infiltration and reduces total direct runoff volume. The model pre-

sented in Chapter 4 could be used to analyze this issue.

Associated with each of the physical changes that cause

A:
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hydrologic impacts are well defined, physically meaningful parameters

In the present model to account for the physical change.

 oe oF Analysis of the Relative Efficiency of Urban Runoff Control

Alternatives

The Denver Regional Council of Governments (1969) enumerates

several alternatives to control the runoff from urbanized areas;

rhegse alternatives range from restoration of natural channels to con-

struction of small reservoirs. Anderson [1970] reported that the

sfficient use of the available storage of the main components of com-

bined sewers reduces the magnitude and frequency of overflows.

Devenis (1968) described the combined sewage overflow detention and

chlorination station which is operated by the Metropolitan District

Commission, serving over 40 cities and towns in the Metropolitan

Boston area. The dual objective City of Chicago underflow project

ro control runoff and to generate hydroelectric power is another

well documented experiment. Marks et al [1971] proposed small

storage tanks located at critical points in the combined sewer net-

work of the city of Cambridge, Ma. to alleviate overflows to the

Charles River and to reduce the frequency of street and basement

flooding. Recent work at Resource Analysis Inc. (1973) investigated

detention storage reservoirs as measures for controlling the developed

runoff from small sites.

Jil



7.3.1 Analysis of Detention Storage Ponds

Bauer [1969] argued that urban drainage problems should be

regarded as volume control problems rather than as peak runoff rate

control problems. One of the important alternatives for controlling

runoff volumes is the use of detention storage ponds. Such ponds

would remain empty (unless there is some other reason to have standing

water) except during brief periods when storms occur. The hydraulic

function of such ponds is to store runoff during peak runoff periods

Eor release during subsequent off-peak periods.

Derived runoff frequency curves offer a valuable means to

analyze detention storage ponds because a wide range of storm con-

ditions need to be controlled. Individual storms have different

depths, durations and interior rainfall patterns. One of these

potential storms could be selected as a "design storm'and used to

evaluate the effectiveness of the pond in controlling the runoff

from that particular '"design' storm. Because of the wide range of

possible storm conditions, there is no reliable way to select such

a "design storm'". One relatively simple way to evaluate such ponds

however, would be based on the derived frequency curves of the re-

sponse characteristics of different pond designs.

If detention storage ponds are to be used forrunoff control,

it is important to evaluate not only the outflow characteristics

from the pond itself but also to consider other impacts downstream.

for example, such ponds in the upstream regions of a catchment may

delay the upstream runoff and reduce peak flow rates downstream. On

- 7018--



the other hand, such ponds on downstream tributaries would delay the

downstream runoff which could cause the downstream peak runoff rate

to occur at the same time as the peak from upstream and this would

undesirably increase the downstream peak runoff rates.

In order to illustrate some of the issues in evaluating

storage detention ponds only the response characteristics of the

ponds at the pond outlet are considered in this section. The illus-

trated approach would also be used to examine the downstream impacts

7.3.2 Detention Storage Control of a Given Inflow Hydrograph

A detention storage pond discharges water as a function of

the hydraulic head on its outlets. The pond introduces a time delay

between the inflow and outflow hydrographs because of the time re-

quired to create this hydraulic head. This time delay and consequent

attenuation in outflow peak runoff rate depends upon the type of out-

lets, their number and their size. Figure 7-2 illustrates this

for four different outlet designs for a hypothetical pond. The pond

is assumed to be a rectangular box of area, 20,000 square feet (for

instance, 200'x100') and for the present discussion, of infinite

height. The pond is empty at the beginning of the storm. Table 7-3

summarizes the physical charactr~istics of the pond, and Table 7-4

gives the discharge elevation curves for each design.

It 1s interesting to observe in Figure 7-2 that the con-

trolled outflow hydrogranhs are single-peaked even though the inflow

nydrograph had two peaks. Note also that the time to the controlled

?iif



ne
&amp;

20-

SIMULATED =

DESIGN | =

DESIGN 2 -

DESIGN. 3

DESIGN 4 =

B70.
LL
0

]0
 Ww
O

£ so
NT
DR

2 s0-
0D)

30

20-

0

I

Figure 7-2:

0
\ w . ve rr 9 3 ’ v

1S 20 25 30 55 40 45 50 55 60

TIME (MINUTES)
Controlled Outflow Hydrographs from the Hypothetical Pond, for four different
outlet designs.

 MM
75 80



Table 7-3

Physical Characteristics of the Hypothetical Pond

Design

Spillway

owe r

LJ

).0

.0

N.0

Broad-crested

Jutlet Elevation (feet)

Upper Snillwav

D

3.0

7.0

5.0

Length: 20 feet

C 4 = 3,09

Lower Outlet: Drop inlet spillway

rest diameter = 6.0 inches

throat neglected

Upper outlet: drop inlet spillway

crest diameter = 36.0"

Fhroat diameter = 21.0"

rhroat location = at 1.0 foot below the crest

elevation

Storage-elevation curve: h (feet) = 0.00005 Storage

* The hydraulic of the drop inlet spillway is discussed in reference
36, It is also assumed that the pipe component of the drop

inlet spillwav never flows full.

Ja,8%



Table 7-4

Discharge Elevation Curves for each Combination of Outlets

Elevation
(feet)

Jischarges
(cf

DESIGN

J

).5

0

5

’.0

) 5

0

5

1  0

A S

 Sy 0

3.5

3 0

3.5

] 0)

! 5

2  N

) 50

.50

L. 84

2.12

2.37

2.60

2.81

3.00

3.18

3.36

3.52

3.68

3.83

16.30

31.44

36.11

18.79

48.21

) 350

| 50

1.84

2.12

2.37

2.60

2.81

3.00

}.18

3.36

3. [52

3.68

3.83

3.97

4.11

4.725

4.88

15.42

¥ 30

50

1.84

2.12

2.37

2 60

2.81

3.00

3.18

3.36

3.52

3.68

3.83

14.89

35.01

61.02

91.77

126.64

).00

1.50

1.84

2.12

2.37

2.60

2.81

3.00

3.18

3.36

15.85

31.01

46.61

69.28

97.67

130.66

167.65

208.20



(Continuation, Table 7-4)

Ls

) §

0.0)

74.55

102.65

135.40

35.53

61.52

32.26

165.19

207.08

252.07

252.02

298.85

348.50
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peak runoff is delayed and that the peak discharge, not only is

reduced in all cases but that the amount of reduction is sensitive

to the design of the outlets.

This reduction of the runoff rates is achieved by a redistri-

bution of the incoming water over time since no water losses are ex-

perienced. Figure 7-2 may be misleading because it reflects only

the volume of water discharged from the reservoir during the storm and

loes not indicate the volume of water stored in the reservoir at the

end of the storm. Table 7-5 demonstrates that the water balance is

preserved and shows the magnitude of the volume stored at time

== 80.0 minutes.

[he information presented in this example suggests that there

Is a definite relationship between the maximum storage utilized, the

beak outflow rate and the characteristics of the inflow hydrograph.

Note for this particular inflow hydrograph that the volume stored at

the end of the storm (see Table 7-5) was greatest for the designs

that gave the smallest peak outflow rates. Nevertheless, certain

outlet designs would appear to be superior to others. For example

compare designs 1 and 3. In Table 7-5 the volume stored at the

and of the storm was about the same for both designs, but the peak

reduction for design 1 was substantially greater than for design

A more careful comparison shows that the maximum storage

itilized at any time during the storm was a little greater for design

(153,000 ft?) than for design 3 (148.800). But the ratio of|

seak outflows (design 1/design 3) was 0.64 whereas the ratio of



Table 7-5

Hater Balance of the Pond for Hydrographic Storm in Fig. 7.5

Inflow Volume (ft?3)

Pond Initial Volume (ft3):

fotal (ft?)

Design 1

64214.17Outflow volume (ft?

188,549.25

0 00

188,549.25

Design ? Design ? Design ¢

27223.55

Volume stored at

time 80 minutes
(ft?)

«J ad

124336.62

188550.79

’

161324 .42

188547.97

 yy —

123085.19

188547.73

93991. 94

188547.13



naximum storage requirements was 0.97.

3 of 53 Comparison of Detention Storage Designs for the Control

of Gray Haven Runoff

Fach of 4 pond designs in Tables 7-2 and 7-3 were analyzed

as a means to control the direct runoff from Gray Haven. The pond

was located at the downstream end of the catchment and was assumed

to be empty at the beginning of each storm. Each design was also

assumed to have a finite storage capacity (in the previous section

10 storage capacity was assumed). Since the limited storage capacity

[n effect, changes the design, the four designs will now be referred

to as A, B, C, D rather than 1, 2, 3, 4. The spillway elevation

of each design is given in Table 7-6. (The spillway width was

agsumed to be infinite so that the outflow was equal to the inflow

rate whenever there was flow over the spillway).

Each design was analyzed in terms of 1ts response to each of

the 48 hydrographs which were presented in Chapter 6. These storms

vere selected from the 200--yr record of generated events at Gray

Haven. The maximum outflow rates computed for these 48 storms were

then used to construct the peak outflow frequency curve for each

ond design.

The frequency curves for designs A and B appear in Fig.

together with the frequency curve for the uncontrolled peak from

Gray Haven. It is immediately obvious that both pond designs greatly

reduced the peak runoff frequency curve. Owing to the random fluc-

/



Table 7-6

Spillway Elevation for each Outlet Design

Design Spillway Elevation

feet

)

3.0

5+0

LJ
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tuations inherent in the simulation procedures, it is too risky to

make relative judgements at or beyond the 100-~year recurrence inter-

Jo q

i and

The

R

(1)

following observations may be made in comparing designs

The main physical difference is in the outlet design.

Design B had only a lower outlet. Design A had a

lower outlet plus a second outlet 3/4 of the distance

up to the spillway.

(2) Both designs had the same storage capacity.

(3) For the more frequent events (up to 1, = 25 yrs),

design B gave better reductions in peak outflow rates

than did design A

(4)

’5)

Beyond To = 25 yrs in design B the spillway was over-

topped and design A gave better reductions.

At very large values of To, it might be expected that

the curve for design A would begin to approach the

curve for design B because design A will be over-

topped also. Nevertheless, the curve for design A

should remain below the curve for design F.

The frequency curves for designs C and D appear in Fig.

7-4 together with the frequency curve for the uncontrolled peak from

Gray Haven. Both of these designs lead to reduced peak runoff rates.

But both of these designs have smaller reservoir capacities than de-

signs A and B. Consequently the peak reduction is less.

/
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The following observations may be made in comparing designs

hd

vw] and D.

1) The main physical difference is in the outlet design.

Design C had only a lower outlet. Design D had

a lower outlet plus a second outlet 3/4 of the distance

2)

ap to the wpillway.

Both designs had the same storage capacity; it is

aqual to 75% of the storage capacity of designs A and

 BR

JS) Beyond Tp = 10 years, in design CC, the spillway was

overtopped. Design C was better than design D

(overtopped when Tp = 35 years) up to Tg; = 15 years

pecause design C was overtopped late in the storm

when the inflows to the pond were small.

4)

Do)

Beyond Tg = 15 years, design D gave better reduction

in the peak runoff rates than design C.

At large value of To it might be expected that the

curve for design D would begin to approach the curve

for design C because design D will be overtopped also.

3ut the curve for design D should remain below the

surve for design CC

/.4 Hydrologic Basis for a Drainage Impact Charge

Urban development pursued without regard for possible

jownstream impacts may undesirably cause increased property damages

21 R-—



and loss of life; districts once relatively free of flood hazard

may frequently be flooded unless expensive and unsightly projects

to convert natural streams into concrete channels are undertaken.

Unfortunately, these channel "improvements' also increase the flood

hazard further downstream.

Because the human perception to the flood hazard greatly

inderestimates the true hazard, and because upstream development may

occur in between important flood events, the true downstream effects

may not become apparent to the public until some crisis occurs. By

that time the least costly alternatives to deal with the problem

vill have been foregone.

Control of the urban flood hazard involves a maze of

social, economic, legal and hydrologic issues. Many values are

involved and some conflict with others. For example, upstream pro-

perty owners are interested in the maximum economic development of

their properties. Downstream property owners may be adversely

affected. But the actual impact of any single upstream property

owner on any one downstream property owner is too small to measure.

[t 18 also difficult to establish in a court of law the total

extent of the burden on those adversely affected.

Among the alternatives for controlling the urban flood

nazard is the regulation of land use by zoning, the regulation of

arban drainage practice through drainage codes, and the assessment

of drainage impact fees on new construction. Perhaps the most direct

approach through drainage codes would be to prohibit any change in



the hydrologic response of any drainage area. Such a code, if applied

literally, would preclude any development and would thereby take away

individual property rights. Alternatively, drainage codes could be

written with the intention of minimizing hydrologic changes and assess-

Ing a reasonable fee to compensate for the impacts of the changes

that do occur. Such drainage fees could be collected by a responsible

public authority and used to offset the remaining downstream impacts

by the construction of detention storage facilities on public lands

that could be purchased with these fees or by constructing channel

improvements whenever that is the best remaining alternative. De-

tention storage facilities might be used to regulate the flow from

certain tributaries in order to increase the capacity of the main

stem to handle increased flows from other tributaries. This would

require close coordination of land planning, Zoning and master drain-

age planning agencies. The objective would be to make the best total

use of land, water and other natural resources. This would also

require appropriate hydrologic techniques to assess the hydrologic

Impacts of different strategies and to serve as a basis for establish-

ing drainage impact fees.

The hydrologic technology to permit such planning and to

eagtablish such fees now exists. In fact, the technique described

in this report are already being applied and eventually will be used

to help in the establishment of reasonable drainage impact fees.

One suggested approach would be first to estimate at different loca-

rions F..(v) for the most urbanized state. Then, some of the un-



desirable effects might be reduced through appropriate modifications

in the drainage code. Other undesirable effects might also be re-

duced through zoning changes. Finally, the remaining impacts (due

to undesirable changes in F, (v)) could be reduced through publicly

constructed facilities. Drainage impact fees would be assessed on

a share basis of the cost of these facilities.

The final assessment of the possible impacts of future

development is properly made in terms of changes in Fo (v) (or more

precisely in terms of economic weighted changes in Fy (v)). Moreover,

»lanning control alternatives to eliminate these impacts also is

properly done in terms of changes in Fy (tv). Planning procedures that

fail to properly recognize both the magnitude and frequency of runoff

events may lead to desirable changes of frequent events at the ex-

brense of undesirable increases in infrequent events or the converse

~ould occur.

Once a fee structure is established on the basis of a

master drainage plan to control changes in the magnitude and fre-

quency of runoff events. the fee for a individual development can

&gt;e computed. The individual developer would have the option of paying

this fee or of revising his plans to reduce his impacts and to

rherebvy reduce his fee.



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The runoff process was treated as a stochastic process.

The characteristics of the runoff process were described by runoff

Frequency curves which were derived directly from the rainfall process

Solution to Equation 2-1

The multiple integral (Equation 2-1) introduced in Chap-

ter 2 defines the probability distribution of an individual event

and, after further transformations, defines the runoff frequency

curve. This multiple integral is difficult to solve. The best

procedure, at this stage, appears to be stochastic/deterministic

simulation, which may be an expensive method of solution. It is

therefore important to look for ways which can reduce the cost of

rhe simulation. Identification and elimination of unnecessary

computations is one possible way. Development of procedures which

Integrate Equation 2-1 numerically is another way. The linear-

numerical integration is such a procedure, These methods of so-

lution also eliminate the sampling variability from F. (vw) but

when seasonal variations are observed in the random variables. the

cost of solution will increase because then an integral must be

solved for every season.

It 18 not clear at this time how many random variables

nust be used to derive F,(Vv); it may not be necessary to have

JJ 7



more than 2 or 3 random variables. More work needs to be done to

analyse this question to which the cost of the solution is sensitive.

Rainfall Generator

The general structure of the rainfall generator seems to

be a useful tool for engineering practice at the present time. It

Is possible to simulate rainfall samples that resemble the histori-

cal sample; the statistical properties of individual events are

preserved. Moreover, the intensity duration frequency curves (IDF)

an important statistical property of the sample, are preserved.

The latter characteristic is significant because the IDF are not

used as inputs to the rainfall generator.

There is a need for additional research on stochastic

rainfall interiors. Studies should be oriented towards the deter-

mination of fixed rainfall interior patterns in terms of the cli-

natic properties, the size of the catchment and its stage of de-

velopment. the runoff variable V, etc.

The present model does not look at stochastic spatial

variability; there is a need to find ways to describe it, to

assess its importance so that it would be modeled only when it

affects F. (v).

Catchment Model

The detailed segmentation gives excellent representation

5&gt;f the response of Gray Haven. In the interest of reducing cost of



simulation, the detailed segmentation was simplified from 42 to

8 segments. The simplified segmentation is a model of the detailed

segmentation and gives very good representation of the response of

the detailed segmentation. It is also understood why the simpli-

fied segmentation works so well.

The principal contribution made in Chapter 4 was to show

that a simplified segmentation of a small urban catchment can be

achieved. Experience gained in modeling Gray Haven and experience

gained by others [Wooding, 1965a, 1965b, 1966], Harley et al [1970]

Perkins and Harley [1971] shows that the kinematic wave model and

*he modular description of the catchment lead to a physically sound

catchment model. Moreover, the parameters of the model are derived

from the physical characteristics of the catchment.

The non-linear characteristics of the catchment model are

important for the timing of the runoff events; good simulated

hydrographs were achieved because these non-linearities were re-

sresented.

Additional work is needed to achieve simplified segmen-

ration of urban areas larger than Gray Haven. These simplified

segmentations are required if the methodology presented herein is

ro be applied economically to regional drainage problems.

Application of Filter Theory

Filter theory concepts were applied successfully to the

agtimation of the parameters of the infiltration process. Not only

7 J



the estimation effort gave accurate estimates Vy» but lead to

as good as or better parameters, than the trial and error search

ised in Chapter 4.

The estimator is the first application in hydrology of

filter theory; and it appears that the estimator developed in

Chapter 5 has the potential to become a practical engineering tool.

Because hydrologic models have many parameters, the tech-

nique promises to become a widely used technique in hydrology during

“he next decade.

[wo possible applications of filter theory may be:

I) reformulation of the estimation problem to eliminate

the dependence of the solution on the decay parameter

k 1in the Horton's law of infiltration.

11) use of the theory to help construct simplified models

of the catchment. Such models will have a small number

of non-linear differential equations. The parameters

of this simplified model would be identified bv filter

heory. Such models can greatly reduce the cost of

simulating individual events while preserving the non-

Linearities of the catchment response. Such an appli-

cation would not replace the catchment model but might

become a substitute to the catchment model, once cali-

brated for a particular catchment.

[wo filter theory models and a regression model were com-

vared. Under certain conditions the three models have the same

2)5



error variance. The second filter model should be explored in

future work because it would generally have the smallest error va-

riance of the three models presented.

Methodology and its Applications

The applications of the solution procedure illustrated in

Chapter 6 demonstrate that the procedure works. Future efforts

should be oriented towards the development of some curves that

would determine for design purposes the location of the 5 or 10

gear, Qo? Vol(QTH) etc., as a function of the physical charac-

reristics of the catchment.

The procedure developed may also be used to assess present

design practices. The procedure presented may also be used to develop

simplified procedures that may become substitutes to present drain-

age practices.

Since frequency curves give a complete description of the

rainfall-runoff process, they are strongly recommended to assess

the hydrologic impact of urban development and to evaluate the

relative efficiency of runoff control alternatives. The appli-

cations presented in Chapter 7 are important applications of the

proposed methodology.

A complete case study (possibly at the county level) is

strongly recommended not only to show that the proposed methodology

can be used advantageously in the planning of urban drainage svs-

tems but also to suggest standard procedures to analyse large urban

drainage svstems

) Dy-
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APPENDIX A

PROOF THAT EQUATION 5-32 MINIMIZES TRACE OF E

The following DLouv 1 1kJy J Found 11} NUSOo 1011]. Equation

y=32 becomes

of 6% [ete ‘A J

vhen z 18 replaced by

= N —1.T Genel)

-_n E = (eN'elr

where L is the ‘optimum’ ‘i1ter and E_ is the'optimum'

(A-2)

"A=3)

2YTOYT

covariance matrix.

It will now be shown that he race IT ro
“3

1s Lie

ninimum trace of £

Suppose L_ is not the optimal filter. [Let che optimum

“{l1ter be

A ~4)

where L, 18 any mxn matrix with

Then

Say

 53, =

G(L +1

rN
WF tL. + ) GL =1[~1=

~
112

(A-5)

(A-6)

'A=7)

4 4



Therefore G L, = J (A-8)

Per

b = r T h

= (L = +L) (LL + Lg)

{ I +L.0 L +L
0 U

=A

{

—-

4 -1.T 6 pretde

'C “1:.Ty |

oy

(A-9)

(A-10)

(A-11)

since G L,

T
FE =F +1 NL (A=12)

Thus f. can be written as the sum of two Hermitian non-

negative definite matrices, one of which is constant and the other

ls zero if and only if L, = 0. Thus, Et . 1s the minimum error

covariance matrix and Lis the optimum filter



APPENDIX B

Conceptual Framework and Methods of Solutions for the

Derived Frequency Curves, T.(Q )

This appendix first presents a general conceptual framework

for the theoretical derivation of a runoff frequency curve, and

secondly presents four (4) possible methods of solution.

3.1 Conceptual Framework

The frequency curve of a runoff parameter such as the peak

runoff rate or the runoff volume occurring when the flow rate ex-

ceeds a given level may be derived from rainfall. Let the variable

Q denote the particular runoff variable of interest and let © de-

note the vector of hydrological variables upon which Q depends.

The functional relationship

 J } =) 'B=1)

petween © and Q 18 a model of catchment response to rainfall and

to antecedent conditions. This model 1s usually sufficientlv complex

to require a digital computer for solution, although simple models

mav also be useful.

For 1l1lustration, it will be convenient to consider the

vector © containing as elements only two hydrological variables

Accordingly, let the two variables be storm duration. ts and

average excess rainfall intensity, i, during an individual storm.



Additionally, it will be convenient for illustration to select the

runoff parameter, Q, as the peak runoff rate, although other param-

aters could have been used.

The function Qd,, te) may be displayed in the i, to.

plane in terms of the contours of the function, as illustrated in

Figure B-1. The contour for any particular value of Q, say Qoax

divides the 1 - t plane into two regions, one where Q &gt; Q
e re ~ “max

which lies to the northeast of the contour and the other where

Q&lt; Q which lies to the southwest.
max

Let the first-order density function of the stochastic pro-

cess generating the hydrologic variables 1, and to be £(1,,t .)

This density function also may be displayed in the i - to. plane

in terms of the contours of £(1,t_) as illustrated in Figure

B-2. According to the definition of £(1_,t_), the total volume

ander that function is equal to unity.

For this example, Equation 2-1 is rewritten as

» qo) Lhd, tre) da© du
3 re

(B~2)

where Qax replaces q and where © 1s replaced by 1, and to

the only random variables pertinent to Fo (Quay) for the present

problem. R(Q_ J is the region of the 1- t.. plane where

Q &lt;Q .*

Graphically, Equation B-2 defines a volume as illustrated

in Figure B-3. This volume is located under the surface defined by

)  A
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EA, t ), within the axis of the 1-t plane and to the south-
e’ “re e re

west of the contour Q = Q x In Figure B-3, this volume is illus-

rated for

[la

Dax = Jo (J

(i,t) = Blexp(-Bi- At )

(B-3)

(B-4)

where B = 30 hr/in and A = 0.13 hr '. This volume represents

he probability that for any individual rainfall event the resulting

peak runoff rate is smaller than or equal to Qk

If some other model of the rainfall-runoff process had been

used, the integral (Equation B-2) would be written in the more

seneral form of Equation 2-1. It is observed that

(1) The purpose of a runoff model in runoff frequency studies

is to define the function Q(0) which, in turn, defines the

region R(q) over which the density function f(@) is to be

integrated in order to find F(q). Any runoff model can be

accommodated. The runoff oder not only defines Q(©) but it

also defines the variables that constitute the vector ©

different hydrological variables appear in different catch-

ment models. However, only those variables that are stochas-

tic variables need appear in the vector © . All other de-

terministic variables such as lengths. slopes. etc.. are

herein considered to be parameters of the functional part

~f NEY.



(2) The purpose of the stochastic rainfall model is to de-

fine the statistical distribution of ©, and this is given

hy the density function f£(0). Formally, £f(©) is the so-

called first order density function of the multivariate

stochastic process that generates O .

(3) If variable antecedent conditions are to be treated

stochastically, then one or more elements of ©O must repre-

sent antecedent condition variables. Correspondingly, £(0)

must account for the random variation in the antecedent con-

1itions.

fquation 2~1 applies to any catchment model and to any

model of the stochastic process that generates 0

Once Fo (q) is known, T.(Q) or T.(Q) can be constructed

ising Equations 2-2 to 2-10.

3.2 MethodsofSolutionfor F (q).

Several methods of solution to Equation 2-1 can be developed,

nethods which embrace the full range between analytical and stochastic

simulation procedures; four methods were presented by Leclerc and

Schaake [1973]:

analytical

|inear/numerical integration

discretization of © and f©)

stochastic/deterministic simulation.



The analytical solution was developed and fully documented

by Eagleson [1972]. This method was developed for a standard catch-

ment, (see Figure 4-4a), subject to a rainfall modelled with two

Independent rainfall variables, the average excess intensity, i,

and the storm duration te Both variables are exponentially dis-

tributed. Under these conditions it was possible to derive the peak

runoff frequency curve To.) although serious difficulties were

sncountered in the analytical derivation of an expression for Q x

jue to the adoption of the kinematic wave equations for the routing

nodel.

The linear/numerical integration method replaces the kinematic

save routing model by an impulse response function which preserves

the time of concentration of 1) the overland flow segment t, and of

Ii) the stream segment, ty of a standard catchment, for each storm

event considered. The linear model is used to construct an analytical

expression for Qasr ode Then, Eq. 2-1 is integrated numerically

Discretization of O 1s a technique that should be generally

applied to solve Equation 2-1. Let 0, be the ith value of 0,

= {.,..., M. The probability that 0, will occur is Py where

M
z P, =f=1 5 !

(B=3)

The distribution F,(q) 1s then computed as:

" (q) = z
{eT

rq (B-6)

0)



where I is the set of indices such that

) 2 ~ (B-7)

This technique is illustrated in Figure B-4 for the two-

random variable case. In Figure B-4 the i- te plane is covered

by a rectangular grid; at each grid point a value 0(0.,) may be

computed.

If this Q(O;) were assumed representative of the runoff

rariable of all the storms that are located inside the rectangle whose

corners are mid-way between the grid intersections, the probability

that Q(O,) would occur is equal to the probability of occurrence of

111 the storms located inside that rectangle. In Figure B-4., the

&gt;robability of Q( 9) is thus equal to

i, (2) tr, («) _
| d- | f(i,tr) dtr
i, (2) tr, (1)

(B-8)

iquation (B-6) is then used to compute Fo(q).

The stochastic/deterministic method of solution is documented

n Chanter A

B-3: Numerical Example

The four methods of solution were used to derive the peak

runoff frequency curve of the 22 sq.mi. catchment of the Fast Branch

of the Eight mile River near North Lyme, Conn. Table B-1 presents

 J 4 $$
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Table B-1

Data forthe East Branch of the Eightmile

River near North Lyme, Conn.

Stochastic Rainfall Model, 1 ~- t
e re

where

Tid
= BA _B 3 _,;

, to) © €Xp [ ” i, At

3 30. hr/in. A  Fy 3  TY

 Tr “ 0." 318

— 4

and

rhe parameter, k, 1s a factor for reducing point rainfall

Intensity to average over the direct runoff area.

Number of direct runoff producing storm = J

Catchment Model

Kinematic wave equations

Standard catchment (Figure 4.4a)

 sy = 1/3 A, = 7.333 sa.mi.

R = 2381 feet (overland flow lengtn)

L = 42926 feet (stream length)
=

x = 10.0 a m = 2.0
on

1 = (O.1 ane m = 1.5
Q

7 Ly



the data for this example.

Figures B-5 and B-6 illustrate the derived frequency

~urves, obtained by each of the four methods presented. These curves

show that each method gives a reasonable TQ). The differences

bserved between the curves are caused by the type of approximation

nade in developing each method.

8.4 Summary

The conceptual framework provides a theoretical basis for

inderstanding the mechanics underlying the derivation of runoff fre-

quency curves. Within this framework methods of solution may be

developed and assessed, not only for the two random variable cases

but also for cases where more random variables are required to

appropriately describe the problem. These potential applications

of the conceptual framework have been analyzed in the course of this

study: they are not discussed herein even though they are interesting

hecause they were not used in this study.
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Appendix C

Sampling Variance of the Parameter of an Exponential Distribution

Jariable x 1s exponentially distributed

ty =k
nX (C—1)

shere k 1s the parameter of the PDF. The likelihood function is

z #2 J 2)

where x, are observations of x (i=1,...,n)

Assuming a diffuse prior distribution on k, the posterior

PDF for k given the sample is

I “XX,
 ~~ WW centllif

Jhich is a Gamma PDF with parameters —

y= vx 11d “7 [RX

f(- 3)

(C &gt; }

The mean and variance of f(k) are

3 o+1) - n+l
b Xy

i2
&lt;

n+l
= R2 (atl) = Tx)?

The maximum likelihood estimate of K

,

N
 on _ 1
PX x

iss

(C-5)

(C-6)

'C-7)



Assuming that n is large enough so that the difference between

and n+l is inconsequential and asssuming that k 1s estimated

according to (C-7), the sampling variance of k is, therefore.

2

; i. EK
3

FR)a;

[t is important to note that the value of n that appears in Eq

~~8 is the number of individual storm events that were used to

sgtimate k. If. on the average, m events per year OCCuUr,

nN 'C-9)

avents may be expected to occur in N years.

IR=



APPENDIX D

ANALYTICAL DERIVATION OF THE FREQUENCY CURVE OF PEAK

RUNOFF FROM AN OVERLAND FLOW PLANE

This appendix presents the derivation of TQ) the

frequency curve of the peak discharge of an overland flow plane.

This derivation follows closely Eagleson's [1972] derivation of the

Flood frequency curve for a natural catchment.

Stochastic Model of the Rainfall.

Eagleson. [1972]. modeled the rainfall during an individual

storm event in terms of two random variables: the average rainfall

intensity, i [in/hr], and the storm duration t _[hrl. The first

order joint density function (conditional on the occurrence of a

storm event) 1s

" s

a
-_— J EXD [-B1 - At] (D-1)

where 8 and A are parameters

For Boston, Ma., B = 30 hr/in

-1
and A = 0.13 hour [Eagleson, 1972}

The averare rainfall excess intensity, i [in/hr] dis assumed to be

 —— RB  Ly-2)

+here @ 1s a constant rate of water loss [in/hr].

/ Yi



It can be shown, (conditional on the occurrence of a rainfall

excess event) that the joint PDF of i and t .

7 (. sot) = Blexp [-Bi - At |

ig

i 3)

where to is the duration [hr] of the rainfall excess intensity

The total number of storms during a year is © but only N &lt;0

of these produce rainfall excess. Each storm is assumed to have

nan rectangular storm interior.

Mechanics of Overland Flow

Let the overland flow plane have a total area of A (acres)

a slope of S[ft/ft] and a length of overland flow of L_ [ft].

The width [ft] of the plane is

43560 A

he peak discharge [cfs]

w L 1
ce
(12) (3600)

J

[1 tM
er

 12
J oe wOo

Cc

from the plane is

'L— 3)

(D-5)

(U-6)

Jhere a and m_ are given parameters which may be evaluated by

che Manning formula as

PAP



Y,

10 3/3

_ 1.49!n 572

(D-7)

(D-8)

he units of i are [in/hr] and t. are [hr]

The time of concentration of the overland flow plane, in hr,

0156

0156

- nL l-nmi

72 17
e

nL
Te

1 2

sq/m).

9 A

LL) 3)

{D-9a)

Fr (Q) for Individual Storms

From Chanter 2

2 J) = [| B(1,.t.e) a, 2
R

(D-10)

where the region of integration is the region to the southwest of

Curve A 1in Fig. D-1. The analytical structure of this region pre-

cludes an exact analytical integration of Eq. (D-10). An approxima-

tion. suggested by Eagleson (1972) is to approximate the region R

to the southwest of curve A bv the region R' to the southwest

»f curve B. These curves are illustrated in Figure D-1. Region R :

EN



may be partitioned into two subregions R, and R,. Eq. D~-10 may

he approximated by

)) (D-11)

where

[ea , t_) di dte re e r

R

(D-12)

oi|

JJEC t ) di de
R,

(D-13)

iq. (D-12) may be replaced bv the iterated integral

#00 Q/A

dt [ £(1 ,t ) di dt
re ~ e re e re

which together with Eq. (D-., gives

 =» XD {= RO/A]

Eq. (D-13) may be replaced by the iterated integral

reo g(i) -
a | greBEF/D More

(D-14)

(D-15)

dt (D-16)

Jhere

Q/A (D-17)

A LL",

7 (D-18)
ot

7 3



defines curve B in Fig. D-1.

£q. (D-16) reduces to

sun- 30/A] {1- B | exp[-81 - Ag(i)] di} (D-19)

Eagleson [1972] showed that ii

and ir

z

aatk L

J exp[-Bi - Ag(1)] di

OO

)
Ft

= t= B/:

18 closely approximated by

~0/m , ~0+1 m (J)

(D-20)

(D-21)

(D-22)

Jhere

J 8 (mAB/B ad a (D-23)

lhe idea now is to choose B so that Curve B closely re-

sembles Curve A 1in the region of most probable values of i and

4 1
t,

Jne approximation is to make curves A and B intersect

Et, where 0 &lt; £ &lt;1. The equation for B is then

_— Et
g

J 3

BE - + n=24)

ISS.
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[f £&amp;=1/2 and m= 1/2 (Eagleson used m = 1/2), Eq. (D-24)

becomes

Jd _ fe fs 2] _q2 wo t A
Cc C ny

D.- 25)

Substituting Eqs. (D-15), (D-19) and (D-20) into Eq.

D-11) gives

N 3) - 1 exp [- BQ/A] (D-26)

Partial Duration Series T-(Q)

The frequency curve T.(Q) is (after Eagleson)

rn

H, D = §Texp[-Ba/Al]

p ©) = exp [3 Q/A]
FE N o—20 tr(0)

(D-27)

D-28)
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