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ABSTRACT 

VARIATION OF URBAN RUNOFF WITH DURATION AND INTENSITY OF STORMS 

A simulation model which describes the quantitative and qualita

tive regimes of storm water runoff from urban water sheds is developed. 

The problem was approached by applying the concepts of systems 

analysis to the urban runoff phenomenon. The urban runoff system was 

viewed as consisting of three basic subsystems: precipitation, runoff, 

and quality. These subsystems interact to produce the quantity and 

quality of storm water runoff. Each of the three subsystems is 

mathematically modeled using probability and statistical techniques. 

Major flooding in the low lying areas of the High Plains of Texas 

has historically been associated with short-duration high-intensity 

convective precipitation events. The model developed in this study 

to describe the precipitation process assumes these short-duration 

precipitation events are random in nature and they are governed by a 

stationary probability distribution function. A bivariate log-normal 

distribution function is shown to "best fit" the observed rainfall 

depths and durations for Lubbock, Texas. In addition, the time between 

these short-duration events is shown to be statistically independent 

of rainfall depth and duration and it is shown to be governed by a 

cube-root gamma distribution function. Monte Carlo simulation is used 

to randomly sample from the marginal distribution of rainfall duration, 

the conditional distribution of rainfall depth assuming rainfall 
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duration is fixed at the previously generated level, and the univariate 

distribution function of time between events. 

The runoff process is modeled by using the British Road Research 

Laboratory method (RRL method} . This method assumes all runoff is 

derived from the interconnected impervious areas within the basin. 

Short-time-interval rainfall intensities are required as inputs to the 

method. The precipitation model provides these inputs by using Monte 

Carlo simulation to randomly select four-minute storm intensities. 

These intensities are adjusted so as to insure the generated depth and 

duration are maintained. The RRL method transforms these intensities 

into the outflow hydrograph by using a single-step reservoir routing 

procedure. No attempt was made in this study to improve the RRL method. 

The quality model consist of two phases: First, the total pollu

tant load removed from the basin by the storm is predicted from a 

multiple regression function involving the storm characteristics and 

the antecedent conditions. Second, a one-step lag regression model is 

used to predict the pollutant concentrations during the storm. The 

initial condition used in this one-step lag model is arbitrary, there

fore, the pollutant concentrations have to be adjusted so that the 

pollutant load from the Phase II model agrees with the load from Phase 

I. A stochastic residual component, representing the random error, is 

generated using Monte Carlo simulation and it is added to the pollutant 

concentrations from Phase II to produce the outflow pollutograph 

(variation of pollutant concentrations with time}. Total solids con

centration, suspended solids concentration, and BOD {Biochemical Oxygen 

Demand} are used to describe the quality regimen. 
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The output from the urban runoff simulation model contains outflow 

hydrographs and pollutographs which are excellent inputs to the design 

process or to basin-wide simulation models. 

Preliminary treatability studies indicated that approximately one

third of the COD contained in the runoff could be removed by primary 

treatment, and that primary treatment was very effective in removing 

suspended solids. These studies also indicated that chemical treatment 

would be impractical because of the very high dosage of coagulants re

quired for effective floe formation. 
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CONCLUSIONS 

Urban Runoff Simulation Model 

1. The application of systems concepts to the problem of 

simulating the urban runoff process is a unique approach. The 

simulation model developed considers the urban runoff process as 

consisting of three subsystems {precipitation, runoff, and quality) 

which interact to produce the quantity and quality regimes found 

in urban stonn water runoff . 

2. The flexibility of the model is somewhat limited by the 

lack of data available over a wide range of stonn and antecedent 

conditions. However, the model does give adequate responses for 

storms of magnitudes approximating those recorded 

3. The assumptions and simplifications upon which this model 

is built appear to be reasonable . This model, however, is not 

meant to be a final, ultimate mathematical descripti on of the 

urban runoff process. Improvements should be incorporated as 

additional data and understanding of the basic mechanisms involved 

become available. 

Precipitation Model 

4. The historical data indicate rainfall depth and duration 

for Lubbock, Texas, is governed by a bivariate log-normal probability 

distribution. Time between rainfall events of six hours or less 

duration appears to be governed by a cube-root gamma distribution. 
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5. Monte Carlo simulation was used to sample randomly from 

the cumulative marginal and conditional density functions for 

rainfall depth and duration, respectively . Results indicate the 

model maintains the first and second statistical moments observed 

in the historical data. Little serial correlation was noted in 

either the historical data or the simulated storms. 

6. The precipitation model appears to simulate the responses 

of the precipitation process adequately. The probability density 

functions used in the model, however, are strictly valid only for 

Lubbock, Texas. 

Runoff Model 

7. The runoff model utilizes the British Road Research 

Laboratory Method (RRL Method) to produce the outflow hydrograph. 

The RRL method appears to be useful as a tool for the design of 

urban drainage systems, but it lacks sophistication as a research 

tool. The inclusion of only impervious areas as contributing to 

runoff seems valid for low recurrence interval storms, but sizeable 

errors may result for more extreme events. 

8. Comparison of the total runoff volume for the recorded 

and simulated hydrographs showed a mean positive error (simulated 

greater than recorded) of 12.1 percent and a mean negative error 

of 10.2 percent. The mean positive error between recorded and 

simulated peak discharges was 16.2 percent and the mean negative 

error was 19.3 percent. In general, the simulated peak discharges 

of the larger volume storms appear to be lower than recorded. 
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Quality Model 

9. The results from the quality model were not as good as had 

been expected. Definition of the regression coefficients was 

hindered by the lack of adequate data covering a wide range of 

storm and antecedent conditions. Therefore, the responses of the 

quality model tend to become erratic for large volume, long 

duration storms. 

10. A one step lag multiple regression model relating the 

pollutant concentration at any time period to the pollutant con

centration at the last time period, the time since runoff began, 

and the discharge flow rate was found to best represent the ob

served variations in the pollutant concentration during a storm. 

Multiple correlation analyses were performed on the variables 

described above and resulted in correlation coefficients of 0.98, 

0.88, and 0.81 for total solids concentrations, suspended solids 

concentrations, and BOD concentrations, respectively. 

11. A second multiple regression model relating the total 

pollutant load removed by any storm to the storm and antecedent 

conditions was developed in this study. This model utilizes the 

storm depth, duration, time since last storm, and the volume and 

duration of the last storm to predict the total pollutant load 

removed. Correlation coefficients resulting from the above model 

were calculated to be 0.94, 0.98, and 0.95 for total solids load, 

suspended solids, load, and BOD load, respectively. 
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12. Results indicate a significant correlation between rain

fall depth and a total pollutant load removed by any storm. 

(Correlation coefficients of 0.67, 0.78, and 0.54, for total 

solids load, suspended solids load, and BOD load, respectively). 

In addition, duration of rainfall significantly influenced the 

pollutant load removed. (Correlation coefficients are 0.41, 0.36, 

0.57 for total solids load, suspended solids load, and BOD load, 

respectively). Average stonn intensity, on the other hand, demon

strated no significant correlation with the pollutant load removed. 

13. The errors in the simulated quality loads were plus 25 .4 

percent (simulated load greater than recorded) and minus 36.9 

percent for total solids load, ~lus 18.3 percent and minus 14.4 

percent for suspended solids load, and plus 38.6 percent and minus 

8.9 percent for BOD load. 

14. Significant serial correlations of lag one and two were 

found in the observed pollutant concentrations. The simulated 

pollutant concentrations appeared to maintain this serial correla

tion~ 

Treatability 

15. Primary treatment reduced the concentration of COD in the 

runoff by about one-third, and removed most of the suspended solids 

load. 

16. Prelimin.ary results indicate that chemical treatment is 

infeasible because of the high coagulant dosage required. 
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RECOMMENDATIONS 

l. It is recorrmended that the urban runoff simulation model 

be applied to other urban drainage basins with a broad variation 

in type of developments, precipitation regimes, drainage systems, 

and enviroment. 

2. It is recorrmended that a comprehensive investigation into 

the probability density functions_ governi_ng the preci pi tat ion 

process be undertaken. This analysis could be conducted using a 

large number of stations in areas where the precipitation regime 

is more or less homogeneous. The results of these analyses should 

allow the precipitation model to be applied on a regional basis. 

3. It is recorrmended that an investigation into the 

probability distributions governing the occurrence of long duration 

and snow events be undertaken. With these distributions known, 

it would be possible to describe the quantity and quality of stonn 

water runoff for all types of precipitation events. 

4~ It is recorrmended that additional improvements in the RRL 

method be investigated. These improvements would include a more 

sophisticated storage routing technique, incorporation of the 

flexibility to vary the areal distribution of the rainfall, and 

the inclusion of some runoff from pervious areas for large return 

period stonns. 

5. It is recommended that a comprehensive and coordinated 

data collection system be developed to collect and analyze samples 
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of stonn water runoff. These data would lead to a better quality 

model thereby improving the prediction of the quality of storm 

water runoff from a wide range of urban watersheds. 
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CHAPT~R I 

INTRODUCTION 

The problems of designing adequate drainage systems for urban 

drainage basins have plagued municipal engineers for many decades. 

In addition, new evidence of the pollution loads carried by urban 

stonn water runoff which has recently been introduced indicates 

the necessity of consideri_ng both quantity and quality as important 

parameters in urban drainage design. [l, 4]1 As a result of these 

urban problems, the American Society of Civil Engineers has assigned 

top priority to solving the urban water resources problems. [29] 

In order to improve stonn drainage designs, the design engineer 

must have quantitative data concerning urban stonn water runoff. 

In addition, the agencies responsible for regulating the quality of 

the water resources need not only quantitative but also qualitative 

data on urban runoff in order to incorporate this source of pollution 

into their basin-wide quality models . 

Purpose 

The purpose of this study was to develop a method of simulating 

the quantity and quality of stonn water runoff from an urban water

shed. The method approaches the problem by mathematically modeling 

lNumbers in brackets refer to references found in the 
Bibliography. 
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the responses and interactions between the precipitation process, 

the runoff process, and the quality process. 

Scope 

2 

The major emphasis of this study was on developing a methodology 

for simulating the quantity and quality of storm water runoff from an 

urban development rather than on seeking to expand general knowledge 

of the subsystems involved in the urban runoff process. The 

procedures used in the development of this method are well established 

predictive and statistical proceedures; however, improvements can 

be incorporated as they are developed, thereby increasing the 

usefulness of the method. 

Approach to the Problem 

The urban runoff process was simulated using the concepts of 

systems analysis. A system may be defined as a set of objects or 

processes which interact in a regular tnterdependent manner and 

produce some output. [12] The urban runoff process is composed 

of three basic subsystems--precipitation, runoff, and quality-

which .interact to produce the quantity and quality of the runoff. 

The use of systems analysis techniques in modeling the urban runoff 

process is an unique approach to the problem. The importance of 

this study is in demonstrating the systems approach to the develop

ment of a useful method of simulating the urban runoff process. 

Simulation may be defined as a process of duplicating the 

essential components of a system without actually achieving reality. 

[17] Therefore, simulation can be viewed as a problem solving 



technique used to analyze complex systems which defy closed-form 

analytic solutions. [12] The use of simulation in resource 

management has grown rapidly in the past few years. One reason 

for this rapid growth is the development and improvement of 

digital and analog computers. Although simulation is not strictly 

dependent upon the use of computers, the number of computations 

required in analyzing most practical problems is so great that it 

prohibits non-computer solutions . 

Simulation techniques have given the resource planner new 

flexibilities in resource management by allowing him to investigate 

a broader spectrum of possible project designs under a wider variety 

of equally probable conditions. The end result should be a better 

balanced, improved project design whi ch meets the project 

objective while minimizing its detrimental effects . 

The method introduced in this study produces long sequences 

of hydrographs and pollutographs which provide excellent inputs to 

basin or regional water resources simulation models. The present 

regional water resources simulation models largely ignore the urban 

runoff process. However, recent evidence of the influence of 

· storm water runoff on the q1.,11 h :y of the receiving water points 

out the necessity of consider ing both the quantity and quality of 

urban runoff in any comprehensive regional water resources model. 

[4] This study is an initial step toward providing a simulation 

model of the urban runoff process; however, much additional 

3 

research effort is needed in order to generalize the functional 

relations used in this method so that wider applications may be made. 



4 

The method was tested using data from Lubbock, Texas, and it is 

of iR1T1ediate interest since it conies at a critical point in the 

evaluation of the feasibility of a series of six lakes to be built 

on the Double Mountain Fork of the Brazos River within the City of 

Lubbock. These lakes will be supplied partially by storm water 

runoff, and partially by reclaimed domestic sewage; therefore, 

an appraisal of the quantity and quality of stonn water runoff 

available is critically needed at this point in the Canyon Lakes 

Project Evaluation. 

Each of the subsystems of the urban runoff process was mathemat

ically modeled. Figure 1 is a schematic diagram of the urban runoff 

model showing the subsystems and their interactions. 

The process begins with a precipitation event, since precipitation 

provides the input to the runoff system and the transporting mechanism 

for the quality system. Historical precipitation records are 

generally of short length and provide Dnly a single hydrologic 

sequence with which to test the responses of the system. On the 

other hand, stochastic generation of sequential hydrologic events 

provides flexibility by allowing the responses of the system to be 

observed under a broad spe~trum of possible events. The 

precipitation model develop~d for use in this study is stochastic 

in nature providing the flexibility needed in observing the 

variations in the quantity and quality of urban runoff under a 
~ 

large number of possible events. 

The runoff process transforms the precipitation into an outflow 

response function called the outflow hydrograph. The runoff process 



PRECIPITATION 
MODEL RUNOFF 

MODEL 
1. Stonn Volume Stonn Intensities Hydrograph 

2. Storm Duration 1. Outflow Hydrograph 
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ANTECEDENT MODEL 
CONDITIONS 

1. Pollutograph 
1. Volume of last stonn -

2. Total pollution Pollutograph 
2. Duration of last stonn load 

3. Time since last stonn 

Figure 1. Schematic Diagram of Urban Runoff Model. t1'I 



has been the subject of extensive research and the proposed math

ematical models for predicting the outflow hydrograph fill many 

volumes in the literature. These models vary in sophistication 

from simple empirical relationships relating the peak discharge 

to the size of the drainage basin to very sophisticated microscopic 

models such as the Stanford Watershed Model. The British Road 

Research Laboratory Method (RRL Method) developed in 1962 [29] 

transfonns a given rainfall pattern into an outflow hydrograph 

by considering only runoff from the connected impervious areas. 

This method was chosen for this study in order to demonstrate its 

usefulness as a design tool and because of the relative ease with 

which it can be applied to a basin. 

6 

As the runoff moves over the basin, pollutants are dissolved or 

suspended and carried in the outflow. These pollutants are found on 

street surfaces, sidewalks, driveways, roofs, grassed areas, alleys, 

gutters, and stonn drains and are gener~lly deposited as a result of 

human activity within the basin. In order to better design and main

tain urban developments and minimize the pollutant load carried in 

stonn water, the design engineer needs a method of estimating 

these pollutant loads removed under various storm conditions. The 

quality model developed in the study utilizes a detenninistic 

component, determined from a multiple regression function involving 

storm characteristics, antecedent conditions, and runoff 

characteristics, and a stochastic residual component to predict 

the variations in the pollutant concentration found in the runoff. 
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The interactions between the subsystems are critical in properly 

evaluating the system's response. The precipitation process provides 

inputs, in the fonn of storm volume, duration, and short time 

interval intensities, to the runoff process. The outflow hydrograph, 

antecedent conditions, and storm properties a 11 serve as inputs to the 

quality process. The results of the model are outflow hydrographs 

and pollutographs showing the variations in the quantity and quality 

of the storm water runoff with time. 

Each of the three subsystems will be discussed in detail in 

the next three chapters . The fifth chapter contains the results of 

an application of the method to a drainage basin in Lubbock, Texas. 



CHAPTER II 

THE PRECIPITATION MODEL 

Introduction 

Water resources planners are continually involved in predicting 

. future water supplies, either rainfall or runoff, in order to properly 

design, operate, and maintain resource developments that maximize 

economic returns. Two philosophies of resource planning have 

emerged. One involves the use of only historical data and 

frequency analysis methods in the design of the development. Since 

most available hydrologic data sequences are of short length, this 

philosophy does not allow for true maximization of benefits. 

The second philosophy pennits the use of simulated or stochast

ically generated sequences of hydrologic events to design and test 

the effectiveness of the development. ~equential generation of 

hydrologic data is not a new concept. Hazen in 1914 described a 

method of sequential generation of runoff sequences. [14] However, 

with the advent of the digital computer, the popularity of simulation 

methods has risen by leaps and bounds. Simulated hydrologic 

sequences provide flexibility in design and economic evaluation of 

developments by allowing the planner to observe the system's 

response to a broad spectrum of possible patterns of extreme events. 

This can result in an improved design which better utilizes the 

limited resource available while meeti_ng the project requirements. 
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In addition, the planner has the flexibility of evaluating and 

comparing more alternative des_igns. 

9 

This chapter introduces a simulation model of the precipitation 

process. This model is an initial step toward providing a useful 

stochastic generator for precipitation events, but is by no means an 

end product. The probability distributions used in this model may 

not be valid for all climatic conditions; however, the methodology 

outlined is of general application . 

Precipitation as a Random Process 

A random process is one in which the "final state" cannot be 

predicted accurately from the "initial state" and the known laws of 

nature. [2, p. 3] There are three basic reasons for classifying a 

process as being random: [2, p. 3-5] 

l. The initial state cannot be defined accurately; therefore, 

the final state cannot be defined accurately. This is 

the case in games of chance where a small change in the 

initial state has a large effect on the final state. In 

the precipitation ·process, the initial state of the 

atmosphere is so co~pli~ated, containing so many 

interrelated variables, that it is practically impossible 

to define accurately. 

2. The random character may be closely related to the laws 

of nature; that is, if the laws of nature governing the 

process are so complicated that analysis is impossible, 



then the process is random in nature . In the 

precipitation process, the .complicated interaction of the 

water vapor in the atmosphere, vertical air movements, 

and the energy balance all combine to influence precipita

tion events; however, each of these variables and their 

interactions are so complicated that analysis is almost 

impossible. 

10 

3. The laws of nature can generally be applied only to 

idealized phenomena. Thus, many simplifications and 

idealizations are required in analyzing natural phenomena. 

These idealizations prevent the accurate prediction of the 

final state of the process. The precipitation process is no 

exception. Many simplifications are necessary in analyzing 

and predicting the occurrence of precipitation events. 

Precipitation processes have been shown to fit into the three 

classifications of random behavior give~ above and therefore can be 

viewed as random phenomena governed by the laws of probability and 

chance. 

Associated with every random phenomenon there are one or more 

random variables which descrite the state or condition of the 

phenomenon. More precisely, a random variable is a function defined 

at all points within the sample space of the phenomenon and whose 

behavior is described by a probability distribution function. [5] 

For example, in the precipitation phenomenon, the random variables 

describing the state of the process could be rainfall volume, 



rainfall duration, the time since the last occurrence of rain, 

average storm intensity, the time distribution of rainfall within 

a storm, and the spatial distribution of rainfall over the drainage 

basin. This list is not exhaustive but serves only as a guideline 

to possible random variables affecting precipitation. 

Random variables can be discrete or continuous, independent or 

dependent, positive or negative. The random variables used to 

describe the precipitation are continuous and non-negative. 

Univariate Statistics 

In univariate statistical analysis, there is associated with 

each random variable a distribution function which completely 

describes the probabilistic behavior of the random variable. [5] 

The cumulative probability distribution function of a continuous 

random variable is defined as a function which gives the 

probability of the random variable taking on a value less than 

or equal to some specified value, X; that is [5] 

F(X) = Pr(x~ X) ••.........•...••• l 

where: F{X) is the cumulative distribution function, and 
Pr(x~X) is the probability of the random variable, 

x, being less than or equal to X. 

The cumulative distribution function, F(x), has four important 

characteristics. An understanding of these is necessary for its 

use. They are: 

11 
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1. F(ao) = 1 . . 2 

2. F(-ao) = 0 3 

3. F(xi)> F(xj) if and only if x.>x. 
1 J 

4 

4. Pr(xj x Xi) = F(xi) - F(xj) 5 . . . . 

The first and second characteristics follow from the definition 

and properties of probability. The third characteristic implies that 

the cumulative distribution function is a monotonic, nondecreasing 

function. The last characteristic gives the probability that the 

random variable lies between two specified values, x. and x .. 
J 1 

If we apply equation 5 to two specified values separated by an 

incremental distance, AX, and take the limit as 6x approaches zero, 

we get: 

lim 
AX-+0 

F(x+6x) fl; F(x} = dF~~) = f(x) •.....•. 6 

The above function, f(x), is called the probability density function 

of the continuous random variable x. 

A stationary stochastic process is one in which the probability 

density functions of the ra~1dom variables describing the process 

do not change with time. For these stationary processes the under

lying probability density functions can be approximated by detennining 

the relative frequency of occurrence of an event from the observed 

data and plotting a histogram. As the sample size increases, the 

histogram will better approximate the density function and the two 
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should be equivalent in the limit. .Precipitation is assumed to be 

a stationary process which implies that the historical data and the 

future occurrences are both governed by the same probability density 

function. These univariate statistical methods apply only to random 

variables which are statistically independent. 

Multivariate Statistics 

Two or more random variables are statistically dependent if the 

probability of occurrence of a value of one variable is dependent on 

the value of some or all of the remaining variables. The 

probabilistic behavior of these variables cannot be analyzed using 

univariate techniques; therefore, multivariate methods must be 

used. The joint probabilistic behavior of these random variables 

is described by a joint probability density function which is a 

multi-dimensional extension of the univar·iate density function. 

Figure 2 shows a bivariate normal joint density function. 

The marginal probability density function describes the 

probabilistic behavior of one random variable, irrespective of the 

value of the other variables. The marginal density function is 

found by summing or integrating. the joint density function over 

all values of the discarded variables, that is : [5] 



h(x} =[ 1: ·· ·JQO f(x,y,z,···,m} dy dz···dm .••.. 7 
-GD 

where: h(x} is the marginal density function of the random 
variable, i, and 

f(x,y,z,···,m} is the joint density function of the 
random variables x,y,z,···,m. 

Figure 2. Bivariate Normal Density Function. 

14 
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The conditional probability density function describes the 

probabi 1 i stic behavior of one random vari.able assuming the other 

random variables take on some specified values. [5] If the random 

variables are independent, the conditional probability density 

function is the same as the marginal probability density function. 

The joint, marginal, and conditional distribution functions are 

related by:_ 

g(xJy,z, .. · ,m) = fMY:~~~::~~}) ... .. .....• . .. 8 

where: g(xly,z,· · ·,m) 

f(x ,y,z, · · · ,m) 

h(y ,z, · • · ,m) 

is the conditional density function of 
x assuming the other random variables 
take on specified values, 
is the joint density function of the 
random variables x,y,z, •.. ,m, and 
is the marginal density function of 
the random variables y,z,·· · ,m. 

The covariance is a measure of the linear relationship between 

two variables . [37] If the covariance i s zero, the two variables 

are independent and the probability of a combined event becomes the 

product of the probability of occurrence of the individual events. 

That is: 

Pr(xSAandy~B) = Pr(xsA) · Pr(y~B) •. • • ••.... 9 

Conversely, a value of covariance significantly different from zero 

indicates a stati stical dependence between the random variables. 



Estimating The Probability Distribution 

In the prevfous section, the concept of the histogram being an 

approximation to the probability density function of a stationary 

process was introduced . A measure of how well the histogram 

approximates an assumed distribution is needed. 

The method used in this study to measure the goodness of fit 
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of a set of data to an hypothesized distribution is the Kolmogorov -

Smirnov goodness of fit test. [23, p. 471; 5, p. 466] The null 

and alternate hypotheses, H0 and HA respectively, for this test are: 

H0: Xis a sample vector drawn from the assumed distribution. 

HA: the distribution of Xis other than assumed. 

If we accept the null hypothesis, H0, we can say that the set of data 

appears to have been drawn from the assumed distribution with the 

estimated parameters . Rejection of the null hypothesis does not 

necessarily imply that the sample was not drawn from the assumed type 

of distribution, since a change in the distribution's parameters 

may result in acceptance of the hypothesis. 

The Kolmogorov - Smirnov test determines the maximum absolute 

deviation between the assumed cumulative distribution function and 

the observed cumulative histogram and compares it with the tabulated 

test statistic. If the deviation is less than the test statistic, 

at the chosen significance level, the null hypothesis can be accepted. 



This method is strictly valid for continuous distribution functions 

and continuous random variables. 
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The significance level, a, is defined as the probability of 

rejecting a hypothesis when it is actually true. In selecting the 

significance level, the consequences resulting from a rejection of 

a true hypothesis must be considered. A significance level of five 

percent implies the probability of making a mistake by rejecting a 

true hypothesis is five percent. The five percent significance 

level was used throughout this study. 

Monte Carlo Methods 

Often a complete closed-form analysis of a process is impossible 

or too expensive. Monte Carlo simulation is a method of analyzing 

such a. process by randomly sampling from the cumulative probability 

distribution which governs its response. [25] The distribution 

of the simulated responses will approximate the distribution of the 

11actual 11 responses as the sample size increases. The Monte Carlo 

method does not provide the exact closed-form solution but instead 

provides an approximate solution whose accuracy is determined by 

the sample size and the abfl ity of the chosen distribution functions 

to describe the process ac:;ura-Cely. 

The necessity of substituting a simple model for the complex 

precipitation process under study has been discussed earlier. 

Recapitulating, simulation methods are necessary because of: 

incomplete information concerning the process, failure of the 



assumed 1 aws of nature to describ.e th.e process accurately, or the 

limitations of capacity, speed, and · time for the a va i 1ab1 e machines 

to complete the analysis. [26] Monte Carlo methods are not 

strictly dependent on digital computers. However, with the advent 

of high speed computers the accuracy of the simulated responses 

has been greatly improved thereby increasing the usefulness of 

Monte Carlo simulation. 

For example, if the system under study consists of many inter

related components and a total of 1000 sets of components is 

available,1000 complete systems could be built and tested under 

actual conditions. However, this operation can be very expensive 

and time consuming . If, on the other hand, the probability density 

function of each component were known, Monte Carlo simulation could 

be used to sample from the distribution of each component and the 

performance of the simulated system could then be evaluated. After 

repeating this sampling many times and ~lotting a histogram of the 

performances, the distribution of the system's performance can be 

approximated . The availability of high-speed computers makes 

simulation more economical and less time consuming than the testing 

method and, since larger sample sizes can be obtained, the results 

will generally _better approximate the true distribution of the 

system ' s responses. 

Procedure 

The Monte Carlo Method consists of four basic steps. In order 

to illustrate the procedure, a graphical solution is presented. 

18 
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First, detennine and plot the cumulative probability distribution 

function, F(x), which describes the. behavior of the component or 

process . Figure 3 shows a cumulative distribution function for use 

in this example. 

Second, choose a random number, Ru, between 0 and 1 that 

represents the probability of occurrence of the event . This number 

can be obtained from random number tables or random number 

generators. 

F(x) 

l.O --------------------

x 

x 

Figure 3. Cumulative Distribution Function. 



Third, enter the random number on the axis of ordinates and 

project horizontally until the point R = F(x) is reached. 
u 
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Fourth, project downward from the point R = F(x) to the axis of 
u 

abscissas and record the value, X, as the component's response. 

By returning to the second step and repeating the procedure as many 

times as economics or allowable errors dictate, the responses of 

the component can be simulated . 

Random Number Generators 

Originally, random numbers were obtained by spinning a well

balanced non-bias disk, similar to a roulette wheel, and recording 

the number indicated when the disk came to rest. Later, electronic 

devices whose output is random noises were used to generate random 

numbers. The results of these experiments are published in tabular 

form and are found in most statistics textbooks. 

The use of random digits in digital computer operations has led 
-

to the development of methema ti cal methods of generating "pseudo-

random numbers 0 • These numbers are not true random numbers in the 

strict sense because they tend to develop a repeating pattern after 

a large number of generations and the same pattern can be obtained 

time after time . . However, tile period of these numbers is large 

· enough to allow most long simulation runs without difficulty. The 

random digits obtained using these methods are generally uniformly 

distributed ran~om . digits obtained over the interval 0 to 9999 and 

occur with equal probability of l /l 0 ,000. 
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Error Band and Sample Size. 

The Monte Carlo method approximates the response of a complicated 

process by randomly sampl i_ng ,from the cumulative distribution 

function which_ governs the process; therefore, it does not provide 

an exact solution but instead yields an estimate of the true 

solution with some associated error. If the cumulative distribution 

function chosen to describe the process is correct, the error 

associated with the simulation will tend to decrease as the number 

of trials increases. 

Shreider, et al [26] have proven that for every E>o and every 

o>o, there exists a number of trials, N, such that with probability 

greater than 1-£, the relative frequency of occurrence of an event 

will differ from the true probability, p, by less than o, that is: 

I~ - Pl<o . . . . . . . . . .. . . . . . . . . . . . . 10 

where: L is 
N is 
p is 
£ is 

the number of occurrences of the event in N trials, 
the number of trials, 
the true probability, and 
referred to as the probability of falsity. 

The arbitary constant, o, represents an upper bound on the error 

associated with the simulation. Shreider, et al [26] also 

demonstrated that: 

1 o"'---- . . . . . . . . . . . . . . . . . . . . . . 
./ N 

11 
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which provides a bound on the error associated with a simulation of 

N trials. A reduction in the size· of the error associated with the 

approximate solution requires a significant increase in the number 

of trials or a tenfold decrease in the error requires a hundred fold 

increase in the number of trials. 

Details Of The Precipitation Model 

The simulation model developed for the precipitation process 

consisted of two separate generation problems: generation of total 

stonn properties, and distribution of the rainfall volume during the 

stonn. The total storm properties are storm volume, duration, and 

the time since the last occurrence of precipitation. 

Stonn Volume and Duration 

Total storm volume and duration are assumed to be governed by 

a bivariate density function. The general shape of the joint density 

function is difficult to determine from the historical data; however, 

the marginal and conditional density functions for both rainfall 

volume and duration can be estimated from the data. Equation 8 

shows the relationship between the marginal, conditional, and joint 

density functions. Thus, by determining the marginal and conditional 

density functions, the joint density function can be defined. 

The generation procedure is begun by obtaining a random sample 

from the cumulative marginal density function of one of the random 

variables--for example, stonn duration--by using Monte Carlo 

simulation . With the value of storm duration known, a random sample, 
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representing the stonn volume, can be detennined from th.e conditional 

density function of stonn volume assumi:_ng the stonn duration is fixed 

at the previously generated value. 

This method can be used to_ generate stonn volumes and durations 

regardless of the shape of the joint density function. The procedure 

is simplified, however, if the variables are from a bivariate nonnal 

density function. If the joint density function is bivariate nonnal, 

the marginal and conditional dens.ity functions will be univariate 

normal. [5] Morrison has shown that the conditional distribution 

function of a bivariate nonnal population with one variate constant 

is univariate nonnal with mean and variance given by: [5] 

X
1
_
2 

= x1 + r o1/o2 (X2 - x2) •• . .•••••• • ••• 12 

I 1.0 - r
2 13 

where: x1_2 is the mean of the conditional distribution function, 

o
1

_2 is the standard deviation of the conditional 
distribution function, 

x1 and x2 are the means of the random variables, 
respectively, 

o
1 

and o2 are the standard deviations of the random 
variables, respectively, and 

r is the simple correlation coefficient between the two 
variables. 

Time Since Last Event 

The time between events is assumed to be governed by a univariate 

density function. Therefore, time between events is assumed to be 



statistically independent of rainfall volume and duration. Monte 

Carlo simulation is used to randomly sample from the cumulative 

density function governing the time between events. 
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Time between precipitation events may be dependent upon the 

season of the year. In areas where two or more types of precipitation 

occur, more than one probability distribution describing the time 

between these precipitation events may be necessary. For example, 

in an area where the precipitation is dominated by heavy winter 

snows and violent sunmer thunderstorms, two different .univariate 

probability distributions describing the time between precipitation 

events may be required. 

Time Distribution of Rainfall Within the Storm 

The time distribution of rainfall within a storm is critical in 

predicting the runoff regimen. Most sophisticated runoff models 

require the input of short-time-interval_ rainfall intensities. This 

simulation model distributes the storm volume as short-time-interval 

rainfall intensities. 

A simulation model must maintain the statistical properties 

observed in the historical data. Therefore, the serial correlation 

of various lags between the short-time-interval rainfall intensities 

must be maintained. If a process is truly random, the serial 

correlation coefficients of all lags are zero. However, since the 

sample size used in determining the serial correlation coefficient 

is. generally small and the data are subject to sampling errors, the 

serial correlation coefficient may differ from zero . The model used 



to distribute the rainfall volume .duri_ng the storm assumes that 

the short-time-interval storm intensities are independent. Thus, 

no significant serial correlation is assumed to exist. 
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The distribution of short-time-interval storm intensities can 

be determined from histograms of storm intensities. Rainfall mass 

curves are available from National Weather Service offices that have 

recording raingages. 

The generation model determines the number of short-time-

i nterva l storm intensities required to maintain the given duration. 

If required, the first time interval is adjusted in order to insure 

that the exact duration is always preserved. A series of simulated 

storm intensities is generated by randomly samplfog from the 

probability density function governing the short-time-interval 

storm intensities and the simulated storm volume is determined. 

If this simulated volume does not agree with the previously generated 

storm volume, the storm intensities are-then linearly adjusted to 

insure that the proper storm volume is always preserved. 

An application of this precipitation model is presented in 

Chapter V. This application attempts to lend validity to the model 

as well as demonstrating its usefulness in simulating the quantity 

and quality of storm water runoff. 



CHAPTER III 

THE RUNOFF MODEL 

The runoff phenomenon has been, and still is, the subject of 

extensive research. A large percentage of this effort, however, 

has been directed toward undeveloped or partially-developed water

sheds. The need for further research into the problems of urban 

hydrology has been emphasized by many public and professional 

organizations such as the American Society of Civil Engineers, 

American Public Works Association, and American Water Works 

Association. 

Many empirical formulas to predict runoff from developed 

watersheds have been proposed. In general, the assumptions involved 

in these empirical relationships are not consistent with the 

natural runoff process, but their simplicity makes them attractive 

to the design engineer. Most of the existing storm drainage systems 

in the United States have been designed according to an empirical 

method known as the "rational method" . [29] New systems are sti 11 

being designed by this method. 

Tholin and Keifer [30] conducted extensive research into the 

hydraulic behavior of flow from various components of an urban 

basin and derived a method for predicting storm runoff. This method, 

known as the Chicago Method, mathematically models flow on grassed 

areas, roofs, paved streets, gutters, and storm drains and provides 

separate hydrographs for the pervious and impervious areas. A later 
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publication by Keifer [19] demonstrated the usefulness of the 

Chicago Method and listed procedures for estimating the required 

parameters. Keifer showed that peak discharge was dominated by 

runoff from impervious areas and that the total contribution from 

pervious areas was about 15 percent of that from impervious areas. 

The British Road Research Laboratory Method 

The British Road Research Laboratory method (RRL Method) is 

a simplified mathematical model for determining the runoff from an 

urban watershed . The method, as developed by the British Road 

Research Laboratory, was reported· by Watkins [35] in 1962 and 

Terstriep and Stall in 1969. [29] The method transforms a given 

rainfall pattern into a resulting outflow hydrograph by considering 

only runoff from the connected impervious areas. 

One major advantage of the RRL method is the ease with which 

the storm runoff from a basin can be pradicted. This allows the 

design engineer to estimate the performance of proposed drainage 

systems. The application of this method to a future development 

requires a set of preliminary plans from which the slopes, lengths 

of flow paths, roughnesses and other hydraulic properties can be 

derived. The effect of increased urbanization on an existing 

drainage system can also be predicted by using this method. The 

RRL method appears to be superior to other methods presently used 

in the design of stonn drainage systems. 
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Procedure 

The RRL method consists of five basic steps. The first step 

is the preparation of a detailed map of the study area from which 

the physical characteristics of the basin can be detennined. Since 

the RRL method considers only the impervious areas as contributing 

to runoff, the basin map need include only the impervious areas 

which are directly connected to the drainage system. The basin 

characteristics that must be evaluated are slope, roughness, 

dimensions and shape of the impervious areas, and slope, roughness, 

dimensions and shape of the storm sewer system. The remainder 

of the basin, consisting of impervious areas not directly connected 

to drainage systems and all pervious areas does not enter into the 

calculations. 

The second step is the hydraulic investigation of the flow of 

runoff in the basin. This investigation includes the estimation of 

velocities at various points within the-basin. These velocities 

are used to detennine travel times from which contours of equal 

time for runoff to reach the basin outlet from any given point can 

be drawn. These isochrones are used to derive the time-area 

relationship which gives the total area contributing to runoff 

at any time during the storm. 

28 

Third, the design storm and stonn characteristics are selected. 

This storm may be determined using the intensity-duration curves 

developed by the National Weather Service or other similar sources. 

If the basin has a raingage network, the total volume of rainfall 
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can be detennined by the Tneissen polygon method or by the isohyetal 

method; however, one or more mass curves are needed in order to 

provide the time distribution of the precipitation. 

The fourth step is the detennination of the effect of storage 

within the system on the outflow. Surface storage within the system 

tends to lower the peak discharge and accounts for the time lag 

between the input hydrograph (precipitation) and outflow hydrograph. 

A relationship between the storage within the system at various 

outflow rates can be determined using gaged hydrographs, if available, 

or through the assumption that the depth of water at any point within 

the basin is proportional to the product of the area above the point 

and the depth at the outflow. These techniques will be discussed 

in detail later in this paper. 

The final step is the storage routing of the inflow hydrograph 

(precipitation) to produce the outflow hydrograph. The RRL method 

uses a single-step reservoir routing technique utilizing the 

discharge-storage relationship derived in step four . 

Assumptions of RRL Method 

Several assumptions upon which the RRL method is based will be 

discussed in some detail . 

First, the RRL method assumes that the area contributing to 

runoff is composed entirely of the directly-connected impervious 

areas. Impervious areas not directly connected to the drainage 

system and all pervious areas are ignored in the runoff calculations. 

It has been shown by Thelin and Keifer [30], and by Keifer [19] 



that the hydrograph peak is dominated by runoff from the impervious 

areas, and the contribution to total runoff volume from pervious 

areas is generally less than 15 percent of that contributed by the 

impervious areas. This assumption seems warranted when considering 

short-duration, light to moderate intensity storms. However, 

considerable error may be introduced during long-duration or high 

30 

· intensity storms where the peak runoff from the pervious areas may 

significantly add to the runoff from the impervious areas. Snyder 

[28], in a discussion of the paper by Terstriep and Stall, questioned 

the validity of omitting the runoff from the grassed areas. He 

agrees that for low-recurrence-interval storms, this assumption may 

be valid but for the high-return-period events, such as 25 year to 

100 year events, a significant error can occur. He cited as example 

the Four Mile Run above Alexandria, Virginia, where a series of 

storms lasting about three days was followed by an estimated 50-year 

return period storm. The basin is approximately 20 percent impervious 

but almost 60 percent of the rainfall volume was recorded as runoff. 

Second, the rainfall is assumed to have a unifonn spatial 

distribution over the watershed. In addition, the rainfall is 

assumed to be uniformly distributed in time during short-time

intervals. That is, it is assumed to occur at a uniform intensity 

over the time interval 6t . For small basins and frontal type storms, 

the assumption of uniform spatial distribution appears valid, but 

for larger basins and/or convective thunderstorm events, considerable 

variation in rainfall volume is possible. Normally, enough data to 
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define the spatial variations accurately are not available. However, 

if this information were available, ·the RRL method could be modified 

to account for the spatial variation. The assumption of uniform time 

distribution over the time interval, ~t, is reasonable provided that 

the time increment ~t, is small. This assumption implies a constant 

slope of the rainfall mass curve over the time interval ~t . 

Third, the relationship between time and area contributing to 

runoff is assumed to be constant and independent of intensity and 

duration of rainfall. This assumption is consistent with the 

assumed uniform distribution of rainfall in space and time. The 

time-area relationship is largely hydraulic in nature and therefore 

depends on the hydraulic properties of the .basin such as length 

of overland flow, length of gutter flow, slope, shape, and dimension 

of drainage facilities . Hicks [16], in his work on overland flow 

in Los Angeles, points out that travel time for overland flow has 

an inverse relation with the storm inte~sity or supply rate. If 

overland flow dominates the runoff regimen or if the length of over

land flow to the drainage facility is large, the travel time for 

runoff to reach the outlet from any point in the basin would be 

significantly affected by the time of overland flows and therefore 

would depend on the intensity of the storm. Also, Pilgrim [24], 

as reported by Terstreip and Stall, has shown that for natural 

channels the time required for runoff to travel through a reach 

varies approximately as the reciprocal of the discharge . 

Fourth, a constant discharge-storage relationship is assumed to 

describe the variation of discharge with storage for both rising and 
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fa 11 i ng 1 imbs of the hydrograph. Ouri_ng the rising 1 imb of the 

hydrograph, the inflow is greater than the outflow; therefore, the 

change in storage is positive or storage is accumulating. On the 

other hand, during the recession limb, the inflow is less than the 

outflow and the change in stor_age is negative or storage is depleting. 

Th~se two storage-discharge relationships do not generally follow 

the same curve . Duff and Hsieh [8], in a discussion of the paper 

by Terstriep and Stall, suggest that there may be some seasonal 

variation in the storage-discharge relationship. The example used 

is the differences in the shape of the storage-discharge curves for 

Seattle, Washington, for the wet and dry seasons, Linsley [20], in 

another discussion, points out that larger amounts of storage will 

normally exist for a given discharge on the rising side of the 

hydrograph. 

The last assumption built into the RRL method is that the use 

of a one-step storage routing technique- is valid for translating 

the inflow hydrograph (precipitation) into the outflow hydrograph. 

This method of routing is used to simplify the calculations but it 

introduces a major source of inaccuracy . Additional accuracy could 

be obtained by using multiple-step routing or kinematic routing 

procedures. From a practical standpoint, the one-step storage 

routing is simple enough that it does not require the use of a digital 

computer. The more sophisticated routing procedures do require 

computer operations which may detract from the RRL method as a 

practical tool. 
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Required Data 

One of the advantages of the RRL method over more sophisticated 

models is the ease with which the required data can be obtained. 

There are two major sets of data required for application of the 

RRL method. These are: 

1. Data on the hydraulic characteristics of the drainage 

basin. These data include a detailed map of the connect

ed impervious areas from which the total impervious area 

can be obtained. In addition, the slopes, dimensions, 

roughnesses, and shapes of all impervious areas connect

ed to the drainage system as well as the slopes, 

dimensions, roughnesses, and shapes of any stonn sewer 

system must be determined accurately. These data . 

provide the required information from which the time

area curve and, in the case of an ungaged basin, the 

discharge-storage curve are defined. 

2. Data on rainfall and runoff characteristics. The RRL 

method requires rainfall intensities as inputs. If 

historical rainfall mass curves are available for the 

basin, the required storm intensities can be obtained 

by determining the slope of these curves over the 

period 6t. Technical Paper No. 40 of the National 

Weather Service gives rainfall volumes for durations 

from 30 minutes to 24 hours and return periods from 

l year to 100 years for the United States. Additional 



information about the duration-intensity relationship 

can be obtained from local .offices of the National 

Weather Service. This publication may be used to define 

the required stonn characteristics. 
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Recorded hydrographs are useful in defining the discharge

storage curve but, as previously mentioned, the RRL method can be 

applied to basins before development and without recorded hydrographs. 

The use of recorded hydrographs in defining the discharge-storage 

curve will be discussed in detail later as will alternate methods 

of obtaining this curve. 

Derivation of Time-Area Curve 

The derivation of the travel time, defined as the time required 

for an increment of runoff to flow from any given point on the basin 

to the basin outlet, is basically a hydraulic calculation. The 

travel time consists of three components: the time for overland 

flow to the gutters, the time for gutter flow to a storm inlet, and 

the time for pipe flow to· the outlet. Therefore, methods of 

determining the time required for flow in each of these components 

of the system will be considered. 

Overland Flow. Hicks [16; 7, p. 20-11] conducted experiments 

on overland flow in Los Angeles using artificial rainfall applied 

to various surfaces with variable slopes and lengths. As a result 

of these experiments, he derived the following empirical equation 

for determining the time for overland flow: 



t = c . . . . . . 
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where: tc is time of overland flow in minutes, 
1 is length of overland flow in feet 
e is the supply rate of rainfall exc~ss in inches/hour, 
s is the surface slope in percent, and 
c2,x,y,z are empirical constants dependent upon the 

type of surface. 

The values for the constants for various type surfaces, as given 

by Hicks, are listed in Table 1. 

Table 1. Empirical constants for use in Hicks Equati on. 

Type of Surface c2 x y z 

Tar and Sand 1.3 0.323 0.64 0.448 

Tar and Gravel 2.23 0.373 0.684 0.366 -
Clipped Sod 9.34 0. 298 0.785 0.302 

The results of Hicks experiments were later verified by the 

work of Izzard [18] on airport drainage. 

Gutter Flow. In another experiment, Hicks [16] developed a 

relationship, similar to equation 14, which i ndicates the effect 

of gutter storage on the outflow hydrograph. He suggested the use 

of a set of empirical constants in equation 14 to describe the 

travel time in gutter flow. The constants are c2 = 0.0443, 



x = 0.732, y = 0.252, and z = 0.39. The equation describes the 

travel time only after flow is fully- developed in the gutter . 
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Izzard [18] developed an approximation of flow in shallow, 

wide, tria_ngular channels, such as gutters, by modifying .the Manning 

formula. He proposed, for unifonTI flow, 

Q = o.56 (~} sl/2 YB/3 .. 
• • • e e e • • I I I I I 15 

where: Q is 
Z is 
y is 
S is 
n is 

the flow rate in cubic feet per second, 
the ratio of the top width to the maximum depth, 
the maximum depth over the cross-section, 
the channel slope, and · 
Manning's roughness factor. 

Travel time for gutter flow may be calculated by using the 

velocities determined from equation 15. Terstriep and Stall 

[29] conducted dye studies on Boneyard Creek watershed in Urbana, 

Illinois, in order to validate the travel times calculated in this 
-

manner . These tests indicated that the travel time calculated for 

gutter flow was as much as 20 percent higher than that observed 

and that the time calculated for underground storm sewers was as 

much as 30 percent higher than that observed. 

Storm Sewers . Velocities for underground storm sewers, from 

which travel time can be calculated, may be estimated by using the 

Manning formula. 

Derivation of Discharge-Storage Curve 

The one-step storage routing used in the RRL method requires a 

relationship between storage within the system and the discharge. 
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Watkins [34] and Terstriep and Stall 129] describe two methods of 

detennining this relationship. The. first method is applicable to 

basins with recorded hydrographs and it involves an analysis of the 

recession curves of hydrographs where no rain fell after the peak 

discharge. The second method is applicable to undeveloped basins 

or basins with no flow data available and it assumes the depth of 

water at any point in the basin to be the product of the depth at 

the outfall and the proportionate part of the area above the point. 

That is, if the depth of flow at the outflow is one foot and . the 

point in question has 50 percent of the basin area above it, the 

depth of flow is assumed to be one-half foot. 

The recession curves of hydrographs having no rainfall after 

the peak represent depletion from storage, that is, since inflow 

is zero, outflow must equal the time rate of change of storage in 

order to satisfy continuity. If the assumptions of the RRL method 

are valid, the discharge is strictly a function of the storage 

within the system and it can be simply represented as: 

. t 
Qt = Qo Kr • • . . . • . . . . • . . . . . . . . • . 16 

where: Qt is the flow rate after t time intervals in cubic feet 
per second, 

Q is the initial flow rate in cubic feet per second, 
0 

Kr is a recession constant, and 
t is time. 

Recalling that Qtdt = -dS and integrating equation 16 with respect 

to time, the storage remaining within the basin after t time 



intervals may be shown to be: 

. . • • . . . • • . • • • • . • . • • 17 

Equation 17 plots as a stra_ight line on semi - logarithmic paper 

with discharge on the logarithmic scale and time on the linear 

scale. The slope of this line represents the recession constant, 

Kr . A curve relating discharge and storage can be obtained from 

equation 17. 

The continuity equation can be approximated by: 

11+12 o1+o2 
2 t- 2 t = s2 - s1 • • • . • • • • • • • • • • • • 18 
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where: 11 and 12 are the original and final inflows, respectively, 

o1 and o2 are the original and final outflows, respectively, 

s1 and s2 are the original -and final storages, respectively, 
and 

t is the routing period. 

The validity of the above approximation depends on the length of 

the routing period, t, with the error in the approximation decreasing 

as t approaches zero. Equation 18 is the basis of the storage routing 

method used. Rearranging and collecting terms, equation 18 becomes: 

t 02t 
{ 1

1
+I

2 
- o

1 
)'2 + s1 = s2 + 2 . . . . . . . . . . . . . . 19 
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At any period, the left-hand side of equation 19 is known 

since it depends only on th.e inflow~ discha_rge, and' storage of the last 

step. A curve relating discha_rge, 0, to the right-hand side of 

equation 19, S + Ot/2, can be derived from equation 17. 

The usefulness of the RRL method as· a design tool will be 

demonstrated in Chapter V by applying the method to a residential 

watershed in Lubbock, Texas. 



CHAPTER IV 

THE QUALITY MODEL 

Introduction 

The deleterious effects of untreated domestic and industrial 

waste discharges on the quality of receiving waterways have long 

been recognized, but the relative importance of stonn water runoff 

as a source of pollutants has only recently been emphasized . 

[l' 3, 4, 36] 

The problems of environmental degradation are ultimately tied 

to rapid population growth accompanied by an increase in urbanization 

and industrialization. If the present population growth rate of the 

United States were to continue, the population would exceed 300 

million by the turn of the century. [l, p. 11] 

In 1960, about 121 million, or 67 percent of the total 

population of the United States, lived in 11 ,400 communities that 

occupied only 43,100 square miles or approximately 1.2 percent of 

the nation's total land area. [36] In 1960, there were some 104 

urban corrmunities in Texas with a total population estimated to be 

about 5.1 million. [33] Practically all urban storm water runoff 

from these communities is discharged directly into nearby water~ 

courses with no treatment . 

This chapter introduces the model developed to simulate the 

water quality process. This model utilizes a detenninistic component, 
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detennined from a multiple ~egression function, and a stochastic 

residual component to produce an outflow pollutograph showing 

the variations in pollutant concentrations with time. 

Previous Studies 

Palmer [l, 36] collected and analyzed stonn runoff samples 

taken from street catch basins in downtown Detroit. He reported 

total solids concentrations of 310 to 964 mg/1, suspended solids 

concentrations of 102 to 213 mg/l and BOD concentrations of 96 to 

234 mg/l. Concentrations of the various pollutants varied widely 

from point to point during the storm and the data were insufficient 

to define any relationship between pollutant concentration and time 

since runoff began. In his conclusions, Palmer stated "In some 

cases the quality of the material became worse as the storm pro

gressed, and in others it became better, and in still others no 

pattern was apparent". [l, 36] 
-

R. Wilkinson [l, 36] studied the quality of storm water runoff 
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from a 611-acre housing estate in Oxney, England. The BOD concen

trations were found to range up to 100 mg/l and the suspended solids 

concentrations were found to range up to 2045 mg/l. Wilkinson ob

served that BOD concentrations tended to increase initially with 

increased time between runoff-producing events reaching a maximum 

after eight to ten days with little change noted after this period. 

Wilkinson a 1 so observed that the "first flush" action was not 

significant except after long dry periods. 

Weibel, et al [36] sampled the storm water runoff from a 27-acre 
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residential and light industrial drainage basin in Cincinnati, Ohio. 

The basin contained about 37 percent impermeable area with an aver

age ground slope of 2 to 3 percent. Suspended solids concentrations 

ranged from 5 mg/l to 1200 mg/l and BOD concentrations ranged from 

2 mg/l to 84 mg/l. Preliminary results ·indicated a decrease in 

pollutant concentrations with time for short-duration, high-intensity 

storms as well as for some longer stonns, but no general conclusion 

could be reached with the limited data . In comparison to 11average raw 

domestic sewage .. ', it was noted that, on a pound per year per acre 

basis, urban runoff from Cincinnati could be expected to contribute 

approximately 140 percent of the raw sewage suspended solids load 

but only 6 percent of the raw sewage BOD load. 

A detailed study of factors affecting the concentrations of 

pollutants found in stonn water runoff in Chicago was conducted by 

the American Public Works Association. Ll] In this study, the 

effects of street cleaning operations, ~ir pollutants, and chemicals, 

such as pesticides, on the quality of the runoff were investigated. 

Street refuse was shown to be a major source of storm water pollu

tants, with the most significant component being the soluble dust 

and dirt fractions. The average amount of street litter deposited 

on the 18 study basins was found to range from 4.7 pounds per day 

per 100 feet of curb for commercial areas to 2.4 pounds per day per 

100 feet of curb for residential areas. An average deposit rate of 

1.5 pounds per day per 100 feet of curb of soluble dirt and dust 

fractions was observed. The average BOD concentration of the soluble 

dust and dirt fraction was found to be 5 mg/g which amounted to 
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0.40 pounds of BOD per day per mile of curb. Pollution from stonn 

water can result in shock loadings that can significantly affect the 

quality of the receiving waterway. For example, the shock pollution 

load resulting from a two-hour duration storm and a 14-day period 

of accumulation of material was estimated to be as high as 160 

percent of the raw sewage BOD load on a pound-per-mile-of-curb basis. 

This shock loading can have very damaging effects on the dissolved 

oxygen concentration in the receiving waterway in the vicinity of 

the runoff outlet. 

An investigation of the relationship between the type of devel

opment and the quality of storm water runoff was conducted for the 

Federal Water Quality Administration in Tulsa, Oklahoma. (3, 4) 

Composite and grab samples of storm runoff were collected on fifteen 

watersheds ranging in use from residential to light industrial to 

recreational (golf course) and varying in size from 64 to 938 acres. 

This study showed an average BOD concentration of 11.8 mg/l, total 

solids concentration of 545 mg/l, and suspended solids concentration 

of 367 mg/l. Regression analysis was used to find a predictor model 

for several quality parameters. The "best fit" regression equations 

for predicting the concentrations of BOD and total solids accounted 

for only 7.51 percent and 1. 06 percent of the observed variation, 

respectively. These relationships involved the time since runoff 

began, stonn precipitation amounts, and antecedent storm amounts. 

It was concluded that the pollutant concentrations tended to decrease 

with time since the event began and increase with the time between 

events. Total solids concentrations appeared to increase as the 
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average stonn intensity increased. In addition, an analysis of 

BOD concentrations during the rising limb of the hydrograph indicated 

a decrease in concentration as the flow rate increased. 

SOURCES OF POLLUTANTS 

The pollution from storm water runoff has three distinct 

sources: dissolved pollutants removed from the atmosphere during 

precipitation; dissolved or suspended pollutants removed from im

pervious areas, ground surfaces, or man-made structures; or pollu

tants which have previously been deposited in storm drainage systems. 

[l] A complex interrelationship exists between pollutants from 

these three sources and the resulting quality of the storm water 

runoff. 

Atmosphere 

Air pollution problems in many urban areas are approaching 

dangerous levels. Some of the contaminants are associated with 

natural pollution sources--such as wind erosion, forest fires, and 

volcanoes--and are largely uncontrollable. In the urban environ

ment, however, a large percentage of the contaminants found in the 

air are derived from man-made sources and are controllable with 

properly designed abatement facilities. 

The contaminants found in the atmosphere may be classified as 

particulate matter (or aerosols) and gases. Particulate matter 

consists of minute separate particles (both solid and liquid) sus

pended in the atmosphere. [1] These particles range in size from 



less than 0.1 micron to more than 100 microns . [l] The larger 

dirt and dust particles settle rapidly and are easily removed by 

gravity. It has been estimated that the annual dustfall in urban 

areas ranges from 500 to 900 tons per square mile. [l, p. 23] In 

addition, particulates finer than about 10 microns generally stay 
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in suspension unless their weight and size are increased by agglom

eration or solution by raindrops. These smaller particles can remain 

i n suspension for long periods of time . 

The noxious gases commonly found in the atmosphere are carbon 

monoxide, oxides of nitrogen and sulfur, hydrocarbons, and total 

oxidants. These gases are generally colorless and are, therefore, 

less obvious than the particulate matter, but their effect on human 

and animal life and the quality of the precipitation may be much 

greater . Removal of these gases from the atmosphere depends on 

chemical reactions between the gases and some larger transporting 

particles in the air. The removal rate -of these gases by precipi

tation (fraction removed per unit of time) is directly related to 

the rainfall intensity . [l, p. 106] 

Nature has provided a cleaning mechanism for removal of con

taminants from the atmosphere through the normal precipitation pro

cess. Suspended pollutants can be removed through impact with and 

retention on raindrop surfaces as they fall toward the earth. Gases, 

on the other hand, can be removed by the process of molecular diffu

sion of the gases through the raindrop surfaces. This cleaning 

process converts air pollutants to potential water pollutants. 
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Ground Surf ace 

Once the precipi tation reaches the ground surface, it comes in 

contact with other potential pollutants. These contaminants are 

found on streets, sidewalks, gutters, driveways, man-made structures, 

alleys, vacant lots, grassed areas, and storm sewer systems and they 

contribute pollution to storm water runoff through the addition of 

floating matter, dissolved or suspended matter, and bacterial 

contamination. 

Sources of these pollutants vary widely from cotrmunity to 

commun·; ty, from area to area within a cotrmuni ty, and from season to 

season. [l] In general , most of the potential pollutants are 

· deposited as a result of some human activity . These pollutants are 

composed of dirt and dust, yard refuse (leaves and grass), rubbish, 

garbage, human and animal wastes, oil and grease, and chemicals, as 

well as many other substances found in the urban environment. A 

survey of the sources of street litter tn Chicago [l] revealed six 

major sources: (1) spillage from overloaded trucks, (2) yard refuse, 

(3) improper trash storage facilities, (4) construction and demoli

tion debris, (5) littering·, (6) poor public cooperation. 

Storm Drainage System 

The storm drainage system itself can be a significant source of 

pollutants. La_rger particles are often deposited in the bottoms 

of storm sewers during low flow periods where they can become septic 

through bacterial decomposition of the organics present. This septic 

material is then removed by the higher flow velocities in the next 



event and its removal can result in an outflow with little or no 

dissolved oxygen. 

In addition, citizens often use stonn sewer inlets as deposi

tories for unwanted debris such as grass clippings, leaves, dead 

animals, and animal or human waste. These items can add signifi

cantly to the organic deposits in the sewer system that are subject 

to decomposition between storms. 

In many cities, particularly in the eastern United States, 

combined sewer systems are still used. They present an additional 

pollution source for the stonn water runoff. Proper design, 

operation, and maintenance of these combined systems are of 

paramount importance if overflows of untreated stonn water and 

domestic sewage are to be prevented. 

Table 2 shows some sources of the various pollutants in each 

of the three zones. This list is by no means complete. It should 

serve only as a guideline for identific~tion of pollutant sources. 

Factors Affecting The Quality Of Runoff 

The simulation process attempts to model the essence of a 
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system without attaining reality. It therefore requires the identi

fication of a set of variables which has the greatest effect on the 

response of the system. The identification of the critical variables 

which influence the quality of stonn water runoff is extremely complex. 

In the various attempts which have been made to identify the critical 

factors affecting . the quality of stonn water runoff, no general 

agreement has been found. [l, 3] Nevertheless, four broad 
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Table 2. Possible Sources of Pollutants Found in Urban Runoff 

ZONE CLASSIFICATION EXAMPLES SOURCES 
Inorganic Dirt and dust Wind erosion 

Sulfur dioxide Combustion of 
gas natural gas and 

high-sulfur fuels 
Atmosphere Nitrogen oxide Automobiles 

gas 
Organic Hydrocarbons Automobiles 

Carbon monoxide Automobiles 
gas 

Industrv 
Inorganic Dirt and dust Air deposition, 

Rubbish erosion, traffic, 
construction, 
alleys, vacant 
lots 

Organic Leaves Trees and shrubs 
Ground Grass clippings Mowing 
Surfaces Trash Garbage in alleys 

Garbage Litter 
Animal waste. Pets and domestic 

animals 
Birds 

Human waste 
Oils and cirease Automobiles 

Inorganic Dirt and dust Deposits during 
Rubbish low flow 

Organic Leaves Deposits during 
Storm Grass clippings low flow 
Drainage Trash and garbage Unwanted debris 
Systems Animal waste 

Human waste 
Oils and grease Uncontrolled 

industrial 
dumoinQ 
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classifications of variables can be delineated. These are variables 

associated with the type of development, the stonn characteristics, 

the runoff regimen, and the antecedent conditions. 

The Development 

The type and general sanitary condition of the development has 

a significant effect on the quality of the runoff produced. The 

presence of poorly maintained dwellings, inadequate storage areas for 

refuse and garbage, human and animal wastes ·sources, poorly main

tained vacant lots and other unsanitary situations all tend to in

crease the quantity of pollutants available for removal by storm 

water. Each individual lot within the development has some influence 

on the general environmental condition of the entire basin and 

therefore influences the quality of the runoff produced. 

In addition, the socioeconomic status of the development has 

been found to be directly related to the general environmental 

condition of the basin . [3J For example, in an upper-class resident

ial development, the lawns are well groomed and the litter and 

garbage are adequately collected and stored. In contrast, a lower

class residential development often exhibits a completely different 

environment with unsanitary conditions prevailing . Inadequately 

maintained industrial developments may present an even worse 

environmental condition . 

Cleveland defined an environmental index to describe the general 

environmental condition of a basin . [3] This index is a function 

of the condition of the houses and vacant lots in the basin and the 



deficiencies (unsanitary sources su~h as livestock, poultry, and 

privies) in the basin. Several factors which influence the 

environmental condition are not included in this index (such as 

population density, air pollution sources, traffic volume, total 

impervious area); however, this index is a good initial step toward 

developing a method of comparing the environmental conditions of 

several basins. 

Storm Characteristics 

Precipitation is necessary for the removal of pollutants from 
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an urban development. Three basic precipitation variables are 

thought to influence the quality of the runoff produced: storm 

volume, duration, and average intensity. These variables are not 

independent, thus any two of the variables will describe the storm 

conditions. The instantaneous intensity and the areal distribution 

of rainfall also influence the variation_ in the quality of the runoff 

within a storm, but measurements of these variables are not gene.rally 

available. 

The exact relationship between precipitation characteristics 

and the quality of the runoff is not determined by these few 

variables. In general, the total pollutant .load is expected to 

increase as the volume and dur·ation of the storm increases. The 

suspended matter concentration carried in the runoff is more 

dependent on the storm intensity, velocity of the runoff, and the 

angle of incidence of the raindrops. In general, the higher the 
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velocity of_ runoff the larger th.e volume and concentration of suspended 

matter that will be transported. 

The instantaneous pollutant concentration may not exhibit the 

same characteristic dependency on stonn characteristics as the total 

storm load. The sediment concentrations are expected to decrease 

with time during the stonn, with the initial runoff exhibiting the 

highest concentrations. In addition, the concentrations are 

expected to be higher during high-intensity storms. 

Antecedent Conditions 

Immediately after a precipitation event, pollutants begin to 

accumulate on the impervious surfaces in the basin. This "recharge" 

of pollutants influences the quality of the runoff in the next stonn. 

For example, a high-intensity, long-duration storm will remove a 

large volume of pollutants from the basin thereby reducing the 

volume available for transport by subseq_uent storms. In general, 

the pollutant load carried by runoff is expected to increase as 

the time between events increases; however, this process is not 

unlimited since, after sufficient time, 11 recharge 11 of pollutants 

has reached such a level that the influence of additional time 

between events is insignificant. In a study of runoff from a housing 

estate in Oxney, England, [l, 36] it was concluded that BOD con

centrations found in storm water runoff tended to increase as the 

time between events increases up to about eight days after which 

little or no additional increase was observed. 



Recharge of pollutants is also influenced by street cleaning 

operations. Street sweeping is an effective method of reducing 

pollutants carried by storm water runoff. Therefore, the time 

since the last event is not only a time between storms, but is 

instead a time available for "recharge". In the case of street 

sweeping, the time between events begins after the sweeping, 

regardless of the actual time between storms. 
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In addition to the length of time between storm events, the 

antecedent storm characteristics - volume, duration, and average 

intensity - will have influenced the volume of pollutants removed 

from the basin by previous storms and thus have affected the volume 

of pollutants remaining on the basin. For example, a high-intensity, 

long-duration storm will remove a large volume of pollutants, thus 

the remaining pollutant level will be low and a relatively long 

time between events would be required for pollutants to build 

up to the "saturation level". 

Runoff Characteristics 

Cleveland [3, 4] observed a decrease in the BOD concentration 

with increasing flow rates during the rising limb of the hydrograph. 

The suspended solids concentration is thought to be greatly 

influenced by velocity of the runoff. 

The presence or abse.nce of any significant decrease in pollutant 

concentrations during a storm has been reported by several invest

igators. [l, 3, 4, 6, 36] It appears logical to assume that a 

"first flush" action would exist on small watersheds. However, 



this phenomenon may be reduced in larger ~atersheds by the 

differences 1n _the time of arrival of these "first flushes" from 

the smaller contributing areas. The configuration of the basin 

could be such that the arrival of a first flush from one smaller 

area coincides with a large flow of low-pollutant concentration 

from another area whereby the resulting outflow would not 

demonstrate the first flush action. 
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The quantity of the runoff is a critical parameter in evaluating 

the pollution potential of storm water. The total stonn pollutant 

load is a function of the quantity of the runoff as well as the 

quality. Therefore, any investigation into the quality of stonn 

water runoff that does not also consider the quantity is not truly 

comprehensive. 

Regression And Correlation Analyses 

The variables that are thought to ~ffect the quality of stonn

water runoff were discussed in the previous section. The degre~ of 

dependency of the runoff quality on the several variables is of 

interest. Regression analysis is used to determine the 11 best 11 

functional relationship among several variables. The general linear 

regression model may be represented by: 
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where: 60, e, ' 62 6p are tne p population regression 
coefficients. 

X1' X2, X3 xP are the p independent variables. 

v is the unknown random error . 
is the dependent variable. 

This model involves the unknown population regression coefficients, 

s0, s1, Sp' whi.ch cannot generally be determined with any degree of 

accuracy. Estimates of the regression coefficients, b0, b1, ···b , 
. p 

may, however, be determined using the available data. Several methods 

of estimating these coefficients are available. The most widely 

used method is probably that of least squares . This method determines 

a set of regression coefficients which minimizes the sum of the 

squares of the deviations of the estimated value of the dependent 

variable from the observed value . Using these estimated coeffi cients, 

the regression model becomes: 

where: Y is the dependent variable. 
bj is the jth independent variable. 
E is the residual or deviation of the predicted value 

of the dependent variable from the observed value. 

In regression analysis, it is assumed that the form of the 

functional relationship can be postulated from knowledge of the 

mechanisms associated with the experiment and that this relationship 



represents some basic 1 causal dependency between the variables. 

Merely bec~use a particular functional relationship has been used 

and a spectfic computational procedure followed, one should not 

assume that a causal relationship exists among the variables . It 

is, therefore, imperative that -the process under investigation be 

examined carefully, and that judgment be used in the selection of 

the basic variables and the fonn of the functional relationship in 

order for the regression function to be meaningful. 

Correlation Analysis 

Correlation analysis is used to measure the degree or strength 
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of the relationship among the variables. In multidimensional 

analysis, the multiple correlation coefficient, R, is used to define 

the strength of the linear relationship between the observed values 

of the dependent variable and the predicted values obtained from the 

multiple regression function. For perfect correlation -- observed 

values identical to the predicted values -- the multiple correlation 

coefficient is unity and conversely, for linearly unrelated variables, 

the multiple correlation coefficient is zero. 

The square of the multiple correlation coefficient - expressed 

in percent - is called the coefficient of detennination and gives the 

percentage of the variation of the dependent variable accounted for 

by the regression function. This statistic is important in sulllllarizing 

the ability of a model to account for the variations in the dependent 

variable. 



Stepwise Regre~sion 

Stepwise regression is a technique of multiple regression 

analysis in which the independent variables are entered into the 

regression function in the order of their contributions to account 

for the variations of the dependent variable. In other words, 

the first independent variable used in the analysis is the one 

that accounts for the greatest percentage of the variation in the 

dependent variable. At each step, the relative importance of the 

remaining independent variables is evaluated and the one with the 

greatest influence is chosen for entry at the next step. 
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At each step, the multiple correlation coefficient and the 

coefficient of determination are calculated. The coefficients of 

determination for all steps fonn a monotonic, non-decreasing series 

with the increase from step to step representing the additional 

variation in the dependent variable accounted for by the addition of 

another independent variable. This gives the analyst some feel for 

the improvement in the regression function with the addition of . 

other independent variables. A significant decrease in the rate of 

this incremental increase indicates that the addition of more 

independent variables will not materially improve the ability of the 

model to predict the dependent variable. This provides a means of 

eliminating those variables whose contributions are insignificant. 

Residuals 

The general linear multiple regression model (Equation 20) 

includes an unknown random error component which .is a measure of 



the deviation of the dependent variable from an exact linear 

relationship. Under most conditions, the multiple correlation 

coefficient is not unity and/or the assumption of a linear 

relationship is not strictly valid. Therefore, some residuals or 

deviations of the observed. value from the predicted value are 

expected. All statistical tests of significance of a regression 

model are built on the assumption that these residuals are normally 

distributed with mean equal to zero and with a constant variance. 

These residuals about the regression function are estimates of the 

population random error component. 

Details Of The Quality Model 

Deterministic Component 
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A multiple regression function is used to produce a deterministic 

component of the pollutant concentration at each incremental time 

step during the storm. The locus of these points defines the 

variations in the pollutant concentrations with time during the . 

storm. Stepwise regression techniques were used to determine the 

critical variables and the regression coefficients. 

A one-step lag linear regression model of the form: 



Qj = ·bj + bj Q~ + bj xj + 
i+l 0 1 1 2 2 . . . . . . . . . . 22 

where: Q~+l , Q1 are the jth pollutant concentrations at 
time i+l and i, respectively, 

are the jth ·pollutant regression 
coefficients, and 

are the storm, antecedent, and runoff 
variables that effect the jth pollutant 
concentration, 

was used to produce the deterministic component of the pollutant 

concentration at time t + l. An initial value of the pollutant 

concentration at an infinitesimal time after the event began is 

needed in order to provide a starting value for the model. Thus, 

a second regression function relating the initial pollutant concen

tration to the storm and antecedent variables is needed. With 
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these two regression functions, pollutographs showing the variations 
-

in pollutant concentrations with time can be derived for any set of 

stonn, antecedent, and flow conditions. 

Stochastic Component 

A stochastic component--representing the population random 

error component--is added to the deterministic component to produce 

the outflow pollutant concentration. This random error component 

accounts for measurement errors and uncontrollable random deviations 

in the data. 

The residuals about the regression function are estimates of 

this random err0r component. Thus, goodness of fit tests of these 



residuals can validate the assumption of nonnality. Once this 

assumption is tested, the Monte Carlo simulation technique can be 

used to generate a stochastic residual component from a normal 

distribution function with the parameters estimated from the 

observed residuals. 
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CHAPTER V 

APPLICATION. OF THE URBAN RUNOFF MODEL 

Validation of any simulation model .is a difficult, if not 

impossible, task involving testing the ability of the model to 

repeat historical events, within a given degree of accuracy, as 

well as an intuitive evaluation of the "reality" of the model's 

responses . This chapter presents an application of the urban 

runoff simulation model to a basin in Lubbock, Texas, and attempts 

to lend credibility to its usefulness as a predictive and design 

tool . 

Description Of Watershed 

The watershed used in this study is a 223-acre, largely 

residential, watershed located in Lubbock, Texas. The basin 

drains to a playa lake which is surrounded by a 110-acre park. 

(Figure 4) There are no industrial developments within this study 

area; however, one conmercial shopping center with a large paved 

parking area appears to significantly influence the runoff regime. 

The basin's drainage system consists completely of overland flow 

and curb and gutter flow, with no storm sewer drainage within the 

basin. 

The exact dimensions of the drainage area are difficult to 

determine since they tend to vary somewhat with location, movement, 
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intensity, an~ duration of the storm. These variations result from 

the flat slopes and low ridges which characterize the area and pennit 

overflows both- into and out of the drainage basin. The outlined 

area (Figure 4) represents the average watershed boundary as 

observed during this study . 

A survey of the various types of developments within the study 

area was conducted using aerial photographs obtained from the City 

of Lubbock Planning Department. These photographs were taken in 

January, 1968, and are the latest available. Table 3 contains the 

results of this survey. The population density for the study area, 

Table 3. Survey of Types of Developments, K. N. Clapp Drainage 
Basin, Lubbock, Texas. 

Type of Development Number Equivalent Estimated 
"Single Family Units" Population 

Single Family Units 554 ~ 554 1 '7 51 ' 

Duplex Apartments 77 154 486 

Schools 2 --- ---
Community Recreational 1 --- ---
Center 

Shopping Centers 1 --- ---
Vacant Lots 4 --- ---
Total 708 2,237 

based on the City of Lubbock Planning Department's population factor 

of .3.16 persons per single family residence, was detennined to be 



10.03 persons per acre. A listing of tne major categories of land 

uses in the basin is found in Table .4. Impervious areas make up 

a total of 66.13 acres or 29.55 percent of the total drainage basin 

area with the remainder made up largely of lawns, alleys, and 

vacant lots. 

Table 4. land Use Survey, K. N. Clapp Drainage Basin, Lubbock, 
Texas. 

Type Area Percent of 
(Acre) Total Area 

Streets 33.02 14.76 

Sidewalks and Driveways 4.44 1.98 

Parking Lots 2.73 1.22 

Roofs 25.94 11 . 59 

Grass (lawns) 149.92 67 .01 

Vacant lots 0 :64 0.29 

Alleys 7.04 3 .15 

Total 223.73 100.00 
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The socioeconomic condition of the watershed varies widely due 

mainly to the piecemeal manner in which the area was developed. In 

general , the area east of Boston Avenue (see Figure 4) is lower 

middle-class, largely wood frame houses built during the early to 

mid 1950's. Most of these houses are well kept and are in good 

condition . 



The area between Elgin Avenue and Boston Avenue, south of 42nd 

Street is composed largely of duplexes and triplexes separated by 

relatively large open spaces. The general upkeep and condition 

of this development is fair to good. 

The area between Elgin Avenue and Flint Avenue is lower to 

average middle-class housing. Wood frame, two-or-three bedroom 

homes dominate this area and are generally well kept. 
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The area west of Flint Avenue is the latest to develop. The 

houses are characteristic of average to upper middle-class neighbor

hoods . In general, these homes are well groomed and sanitary 

conditions are excellent. 

Climate 

Precipitation 

Three types of precipitation events characterize the rainfall 

of the Texas High Plains. [13] The first type is the intermittent 

or continuous precipitation events accompanied by a continuous 

cloud cover . These events are associated with the slow upward 

movement of large air masses resulting from colder air transported 

into the area by frontal activity. The second type is the convective 

thunderstorm resulting from either the rapid rise of small unstable 

air masses or squall lines preceding frontal activity. These events 

can be violent, high intensity storms but they are normally of short 

duration. The third type is the slow drizzle associated with stable 

atmospheric conditions. [13] 
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The mean annual precipitation for Lubbock, Texas, is approximately 

18 inches, but the time distribution ts such that more than 80 

percent of the annual precipitation occurs in a seven-month period 

between April and October. The heaviest rainfall amounts occur in 

the months of April, May, June, and September (see Figure 5) and 

are largely the result of convective thunderstonn events. [13] Sunlner 

rainfalls are generally associated with convective activity resulting 

from the upward movement of small air masses which have been heated 

during the daylight hours. [13] The available moisture in the 

atmosphere during the summer months is generally low and as a result 

most of these sumner events are widely scattered, light showers 

during the late evening hours; however, when adequate moisture is 

available, thes~ events can be high-intensity, violent thunderstonns. 

These high-intensity convective events have historically been 

associated with major flooding in the low-lying areas of the 

High Plains. 

Temperature 

The temperatures observed on the High Plains of Texas are 

generally mild, characterized by wann days and cool nights. However 

sudden, wide changes in temperature can occur with the rapid 

movement of Artie air masses through the area. The annual mean 

temperature for Lubbock is 59.7° f. About 83 days have a maximum 

temperature greater than 90° F. and about 101 days have a minimum 

temperature less than 32° f. 
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Data 

Precipitation 

Data on the occurrence of precipitation in Lubbock, Texas, were 

obtained from the local National Weather Service Office. This 

station has been collecting precipitation data since 1911, but 

continuous records of storm intensi~ies began in September, 1957, 

with the installation of a weighing-bucket raingage. Data on storm 

date, type of precipitation, rainfall depth, and the beginning and 

ending times of each individual storm whose depth was greater than 

0.10 inches, were obtained from the daily weather observation 

sheets for. the period from September, 1957, to September, 1970. 

Four hundred eighty individual storms were recorded during the 

study period. These included some snow events as well as long

duration frontal events. Emphasis in this study was on convective 

storms. Thus, all snow events and long-duration frontal events 

were eliminated. For this study, all storms of less than six hours 

duration were classified as being convective. After elimination 

of all "non-convective" events, the set of data contained a total 

of 357 events. 

The statistical properties of the rainfall depth, duration, 

and the time since the last event (TSLE) are summarized in Table 5. 

The maximum recorded rainfall depth was 3.25 inches. By definition, 

the maximum allowable duration was 6.0 hours. As expected, the time 

since the last event demonstrated a wide variation with the maximum 

(4359 .6 hours or 181.6 days) being recorded during an extended 



Table 5. Statistical Data on Precipitation for Lubbock, Texas. 

Parameter Units Mean Standard Third Fourth Coefficient Minimum Maximum 
Devi at ion Moment Moment of Variation 

** Depth inches 0.375 0.392 0 .188 0.396 1.045 o. 10 3.25 

Duration hours 1 .826 1.092 0.466 2.714 0.598 0.117 6.000 
* 5.06xl08 l.66x1012 · TSLE hours 255 .464 478.361 1.873 0.167 4359.574 

* **TSLE is the time since the last convective event whose depth was greater than 0.10 inches. 
Arbitrary limits set on the data. 

** 

O'I 
CX> 



drought period beginning in early September, 1966, and ending in 

mid-March, 1967. 
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The coefficient of variation is a statistic used to compare the 

relative variability of several sets of data . Rainfall depth and 

time between events have coefficients of variation greater than 

one indicating a ·1arge relative variation in the data . On the other 

hand, the stonn duration has a much smaller relative variation. 

In addition to the data from the National Weather Service, a 

raingage network of about forty manual raingages has been in 

operation on the study basin since April, 1968. These gages were 

installed in the back yards of volunteer participants who had 

agreed to . record and report the rainfall depths. The success 

of this network is questionable since less than fifty percent of 

the participants report the rain depths regularly. 

In connection with a recent matching-fund research project 

between the Office of Water Resources Research and Texas Tech 

University, three automatic recording raingages have been installed 

in the study area. These gages are designed to start automatically 

when 0.01 inch of rainfall has occurred and provide a continuous 

time distribution of the rainfall. 

Runoff 

Measurements of storm water runoff from urban drainage basins 

are generally not available; however, a Parshall flume was installed 

in June, 1970, to measure the storm water runoff from the study 

area. This flume was installed in the concrete drainage channel 



which carries the runoff to the lake. It has a 2.5-foot throat 

width. The flume was designed to carry a maximum of 55.4 cubic 

feet per second at a depth of three feet . A Stevens• Type-FM float 

recorder, designed to begin recording automatically when the water 

level in the flume exceeds 0.08 feet, was installed in a stilling 
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basin in the flume. This recorder gives a continuous trace of the out

flow hydrograph . Six storms have been recorded since the installation 

of this flume. 

Quality 

Samples of storm water runoff from the study basin have been 

collected and analyzed in connection with a matching-fund research 

agreement between the Office of Water Resources Research and Texas 

Tech University since July, 1969. Prior to the installation of 

the Parshall flume, grab samples were collected at fifteen to twenty 

minute intervals during the runoff event. An automatic sampler 

which collects samples in the throat section of the flume at fifteen

minute intervals beginning when the depth of the runoff in the flume 

exceeds 0.08 feet was installed in the Parshall flume. A total of 

twenty-four samples (six hours of operation) can be collected with 

this sampler. 

Water quality samples have been collected on a total of sixteen 

separate storms. These samples were analyzed for total and suspended 

solids concentration, total and suspended volatile solids· concentra

tion, BOD concentration, COD concentration, pH, total alkalinity, 

and hardness. All analyses were conducted in the sanitary engineering 
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laboratory at Texas Tech University using the procedures specified 

in Standard Methods for the Examination of Water and Wastewater, 12th 

Edition. 

Table 6 contains the means and ranges of the constituents 

found in the storm water runoff from Lubbock, Texas. 

Table 6. Statistical Properties of Constituent Concentrations 
found in Urban Runoff from Lubbock, Texas . 

mg/l 
Constituent Standard Coefri ci ent of Mean Deviation Range Variation 

Total solids 920.0 580.6 3150-90 0.631 

Total volatile 
solids 274.3 104. 7 1605-28 0.382 

Suspended solids 546.5 426.-3 2488.20 0.780 

Suspended volatile 
159. 7 1268- 8 1.088 solids 146.8 

.... 

BOD 22.2 13.8 72- 3 0.622 

COD 342.8 231 .3 1015-48 0.675 

pH 7.48 1.3 7.80-6 .90 0.174 

Total Alkalinity 174 .1 151 . 7 806-20 0.871 

Hardness 
as Ca ~o3 186.6 82.5 316-88 0.442 

Application Of The Precipitation Model 

A regression and correlation analysis was performed on the 

rainfall depth and duration. ·The correlation coefficient was detennined 
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to be 0.409. The hypothesis that the slope of the regression line 

was zero--or rainfall depth is linearly independent of rainfall 

duration--was tested using the appropriate t-test and rejected at the 

95 percent significance level. The conclusion was that a significant 

relationship between depth and duration of rainfall existed; 

thus, the two variables are not independent. Similar correlation 

analyses using the time between events and rainfall depth and the 

time between events and rainfall duration resulted in acceptance 

of the hypothesis that the time between events was linearly independent 

of depth and duration of the stonn, at the 95 percent significance 

level. Table 7 shows the test statistics from these analyses. 

· Table 7. Regression Analyses of Precipitation Events. 

Correl at ion Standard Error Computed Tabulated t*** 
Variables Coefficient of Regression t Value Value 

( R) Coefficient 95% Level 
-

Volume vs. * Duration 0.409 0.00630 9. 281 1.966 

TSLE vs. ** Volume O. l 02 0.00006 -1. 128 -1.966 

TSLE vs. ** Duration 0.018 0.00044 -0.3710 -l. 966 

* Reject hypothesis of linear independence at 95 percent level. 
** Accept hypothesis of linear independence at 95 percent level. 

*** Tabulated values taken from [23, p. 529]. 
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As a result of the acceptance of the hypothesis of linear independence 

between the time since last event and the depth and duration of 

rainfall, a univariate model is appropriate. On the other hand, 

a bivariate model is appropriate for the depth and duration of 

rainfall. 

The Kolmogorov - Smirnov test is used to detennine if a set 

of data appears to be governed by the assumed density function. 

Six continuous density functions were used in this study : the 

normal distribution, exponential distribution, log-normal distribution, 

extreme value type I {Gumbel) distribution, and extreme value 

type I-A {smallest value) distribution. The fonn of the density 

functions and the equations used to estimate the parameters of the 

distributions were taken from Hahn and Shapiro. [11, p. 122-134] 

In this model, the data for rainfall depth was tested for 

goodness of fit to the six distributions, independent of rainfall 

duration . The distribution found to fit the data best represents 

the marginal density function of rainfall depth . A similar analysis 

was conducted for rainfall duration, and the marginal density 

function of rainfall duration was detennined . The logarithms 

of the rainfall depth and duration were detennined to fit the nonnal 

density function best. Table 8 shows the resu.lts of these analyses. 



Table 8. Goodness of Fit for Rainfall Volume and Duration. 

Variable Distribution Mean Standard Computed Test Tabulated 
Jeviation Statistic Statistic 

-1.319: Depth Log-Normal 
(inches) 

* 0.7692 0.0935 0.0971 

Duration 0. 369~ * Log-Normal 0.7532 0.0764 0.0971 
(hours) 

* **Significant at the 99 percent level. 
Tabulated in [23, p. 560]. 

The time between events was also tested for goodness of fi t 

using the six assumed density functions. The best fit was obtained 

by using the gamma distribution function with the cube root 

transformation. Table 9 shows the results of this analysis. 

Table 9. Goodness of Fit for Time Between Events. 

** 
Variable Distribution LAMBDA Nu Computed Tabulated 

Statistic Statistic 

* TSLE Ga1T111a 0.6336 3.1369 0.0534 0.0788 

* **Significant at the 99 percent level . 
Tabulated in [23, p. 560]. 

Operations of the Precipitation Model 

The precipitation model uses the Monte Carlo simulation method 

to obtain random samples from the probability density functions of 
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** 



rainfall depth, duration, and time between events. The depth and 

duration of rainfall were detennined to be governed by a bivariate 

log-normal distribution and the time between events was determined 

to be governed by a cube-root gamma distribution. The parameters 

of the density functions are shown in Tables 8 and 9. 

The calculations begin by generating a random digit used to 

detennine the rainfall duration. Since the logarithms of the 

rainfall duration are assumed to be normally distributed, the 

nonnalized variate corresponding to the generated probability level 

(random digit) can be detennined from the asymptotic equation (32): 

= t - 2.515517 + 0,802853t + 0.010328t2 

xP 1 + l.432788t + o.189269t2 + o.0013oat3 23 

75 

where: XP is the value of the random variable at the probability 
level, p. 

and O<:p~0.5 

The normalized variate has zero mean and unit variance and has to 

be adjusted by multiplying by the observed variance of the duration 

and adding the observed mean of the duration. The value generated 

is the logarithm of the rainfall duration; thus, the duration is 

detennined by taking the anti-logarithm. 

The duration was generated from the marginal density function, 

independent of rainfall depth. Since depth and duration are 

bivariate log-nonnally distributed, the depth can be generated from 



the conditional density function assuming the ·above value of the 

rainfall duration is given. If the joint probability density 

function is bivariate normal, the marginal and conditional densi~y 

functions will be univariate normal. [5, p. 86l 

With the duration known, a second random digit is generated 

and the normalized variate determined using equation 23. Equations 

12 and 13 gives the mean and standard deviation of the conditional 

density function and are used to adjust this n~rmalized variate. 

The anti-logarithm is obtained to determine the rainfall depth. 
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Generation of time between eve~ts. follows the same general 

methodology, beginning with the generation of a random digit. The 

value of the variate corresponding to the generated probability level 

(random digit) is determined by numerical integration of the ganvna 

density function to the point where the area under the density 

curve equals the generated probability level. Time between events 

is assumed to be cube-root gamma distrieuted. Therefore, the 

variate must be cubed in order to obtain the time between events. 

Distributing Rainfall Volume During Storm 

Most runoff models require storm intensities as input. It 

would, therefore, b~ expedient to distribute the rainfall volume in 

short time intervals during the storm. The time interval chosen 

for this study was four minutes. 

It was assumed that the four-minute storm intensities occurred in 

a random manner within a storm. The observed intensities were found to 

best fit an exponential density function with the parameter equal to 9.0. 



The distribution model determine·s the number of four-minute 

intensities required to produce th.e stonn's duration. The first 

interval is adjusted to insure that the proper duration is always 

maintained. Random digits, drawn from an exponential distribution, 

are generated for each interval to represent a simulated set of 

stonn intensities. The total depth ·of rainfall occurring in this 

simulated stonn· is then computed by multiplying each time interval 

by its simulated stonn intensity and summing over the duration. 

This simulated depth is adjusted to insure that the proper depth 
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is preserved ~ These four-minute stonn intensities are then available 

as input to a runoff model. 

Application Of The RRL Method 

The first step in the application of the RRL method to a basin 

is the development of a detailed map of the connected impervious 

areas. Aerial photographs and subdivision plats were obtained from 

the City Engineer's Office of the City of Lubbock. The dimensions 

and average slope of all impervious areas were determined from field 

data. Figure 4 is a drainage basin map showing the interconnected 

impervious areas. 

The drainage system for the study area c-0n~ists entirely of sur-

face drainage via curb and gutter flow. Slopes of the gutter vary 

from about 0.10 percent to l.4 percent and generally increase near 

the lake. The curb and gutter sections , of concrete with a maximum 

depth of 0.5 feet, form chan.nels ~ich are approximately triangular. 

(Figure 6) 
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Figure 6. Standard Curb and Gutter Section and Street Cross
Section. 

Streets normally have a crown with the center of the street 
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on the same elevation as the top of the curb section. The length, 

width, and average slope of each street in the study basin are listed 

in Appendix A. 

Time-Area Curve 

The time-area relationship was determined by calculating the 

travel time for runoff to reach the outlet from critical points 

within the basin. Travel time for this basin consisted of time 

of overland flow to the gutter plus time of gutter flow to the 

basin outlet. 

Travel time of overland flow was calculated us.ing Hick's Equation 

(Equation 14) with the constants for a tar and sand surface. These 

constants best describe the street surfaces where most overland flow 

occurs. The average length of overland flow was determined to be 



about 5 feet and the 5-year, 1-hour rainfall intensity-~l.85 inches 

per ftour--[15] was used as tf.te ra inf a 11 excess supp 1 y rate. 
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Travel time for gutter flow was calculated using the modified 

Manning formula (Equation 15). The time required for a particle of 

water to traverse each block in the basin was determined using the 

average slope and length of the block, a maximum depth of 0.5 feet 

(or full curb capacity), and a Manning roughness factor for concrete 

surfaces . The travel time at each intersection in the basin was 

determined by sunming the individual travel times for each block in 

the flow path. Isochrones or contours of equal travel time were then 

drawn at four-minute intervals. (Figure 7) .The time-area relationship 

was determined by planimetering the impervious areas 

between contours and plotting these areas against the travel time. 

(Figure 8) The curve, which gives the percent of the total area 

contributing to the outflow at any time, was approximated by four 

straight-line segments. The incrementat additional area contribu~ing 

during an interval from t 1 to t 2 can be obtained by subtracting the 

percent of the total area at t 2 from that at t1 and multiplying by 

the total impervious area. 

Outflow-Storage Curve 

Outflow from the study basin is measured by a Parshall flume 

located in the concrete drainage channel which carries the runoff 

to the lake. This flume was only recently installed and hydrographs 

of only six storms are available. Recession curves of these 

hydrographs were assumed to represent depletion from storage within 
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the basin. Outflow rates were plotted against the time of occurrence 

on semi-logaritfunic paper. The points, from the recession portion 

of the hydrograph, plotted as a straight line with the slope of the 

line representing the recession constant, K • The recession r 
constants obtained from the six hydrographs were in close agreement. 

Thus, the mean recession constant was used in Equation 17 to 

determine the storage remaining within the basin at any time . A 

curve showing the relationship between the discharge, 0, and the value 

of S + 20/t was derived using Equation 17. {Figure 9) 

Rainfall Excess 

Rainfall excess may be defined as the depth of rainfall in 

excess of interception storage, depression storage, and surface 

wetting . Wiessman, et al [34] suggest the use of an initial loss 

of 0.10 inch and an exponential decay loss function similar to the 

Horton infiltration function. 

To ascertain the effect of rainfall losses on the runoff, the 

rainfall depth required to produce the recorded runoff volume was 

determined, consistent with the assumption of the impervious 

areas being the only source of runoff. The difference between the 

recorded rainfall depth and the depth required to produce the 

recorded runoff volume represents the losses due to interception, 

depression storage, and surface wetting. These losses were plotted 

against the recorded rainfall depths (Figure 10). A parabolic 

relationship asymptotic to 0.10 inch was used to describe this 

phenomenon. 



83 

20 

18 

16 
c 
:z: 
0 u 
L1.I 14 V') 

0::: 
L1.I 
0. 

t- 12 
UJ 
UJ 
LL. 

u 10 -co 
::::> 
u 
c: 8 -.. 

0 .. 
6 0 = 0.06 (S + Ot/2) 3 

0 _. 
LL. 
t-
::::> 4 0 

2 

100 200 300 400 

S. + Ot/2 in CUBIC FEET PER SECOND 

Figure 9. Outflow versus S + Ot/2. 



84 

0.10 

V) 
LU 
:I: 
(,.,) 0.05 z -z -
V) 
LU 
V) 
V) 

.0 
...J 

...J 

~ 
z -cc 
0::: 

0. 1 0.2 0.3 0.4 

RAINFALL DEPTH IN INCHES 

Figure 10. Rainfall Depth versus Rainfall Losses. 



85 

Application Of The Quality Model 

The parameters chosen to describe the quality of stonn water 

runoff for this study were the concentrations of total solids, 

suspended solids, and BOD. These parameters do not define a unique 

quality profile since many other physical, chemical, and 

biological parameters influence the water quality. The selection 

of these parameters for use in this study should not be viewed as 

degrading the importance of other parameters in establishing the 

quality of stonn water runoff. 

The quality model developed in this study utilizes a detennin

istic component, determined from a multiple regression function, 

and a stochastic residual component. 

Detenninistic Component 

Generation of the deterministic component of the pollutant 
. . 

concentration consists of two basic phases. Phase I utilizes a 

one-step lag regression model to generate the deterministic 

component of the outflow pollutograph based on an arbitary initial 

pollutant concentration. By combining this pollutograph and the 

outflow hydrograph, the simulated total storm load can be calculated. 

Phase II uses a second regression function involving storm and 

antecedent conditions to predict the total stonn pollutant load. 

The simulated pollutant load from Phase I is then adjusted to agree 

with the predicted load from Phase II. This adjustment factor is 

applied to the pollutant concentrations in order to adjust the 

pollutograph so that the predicted stonn load is maintained. 



Phase I. The generation of the pollutograph uses a one~step 

lag regression model of tne fonnt 

where: is the jth pollutant concentration at time i+l 
in mg/l, 
is the jth pollutant concentration at time i, 
in mg/l, 
is the time at i+l in minutes, 
is the outflow rate in cubic feet per second 
at time i+l, and 

A
0

,A1,A2,A3 are the regression coefficients . 

Seven stonns (or about 52 recorded concentrations) were 

available for use in determining the constants for use in Equation 

24. These regression coefficients are found in Table 10. 

Table 10. Regression Coefficients for One-Step Lag Regression 
Model. 
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Quality 
Ao Al A2 A3 

Correlation 
Parameter Coefficient 

Total Solids l .07285 0.82892 -0.00051 -0 .02856 0.9805 * 

Suspended 
$olids 1.44903 0.78027 -0.00224 -0 .03175 * 0.8836 

* BOD 0. 77094 0. 72571 -0.00044 -0 .00949 0.8038 

* Significant at the five percent level. 
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The initial pollutant concentration was chosen to be the mean 

of all recorded pollutant concentrations. (From Table 6) Since the 

pollijtograph is to be adjusted to insure that the total volume is 

maintained, the initial pollutant concentration is not critical. 

Phase II. A multiple regression analysis was performed using 

the total pollutant loads as the dependent variable and the storm 

and antecedent conditions as independent variables. The 11 best fit 11 

model relates the logarithm of the pollutant load to the depth and 

duration of the storm, time between events, and depth and duration 

·of the last event: 

where: Lj is the jth total storm pollutant load in pounds, 
V is the depth of rainfall in inches, 
O is the inverse of the duration of rainfall in hours, 
X is a variable related to the time between storm 

events, 
VA is the depth of the last storm in inches, and 
DA is the inverse of the duration of the last storm 

in hours. 

The regression coefficients used in Equation 25 are found in Table 11. 



Table 11. Regression Coefficients for Pollutant Load Regression Model. 

Quality B Bl 82 B3 84 85 
Correlation 

Parameter 0 Coefficient 

* Total Solids 5.44037 3.75466 -0.94186 1 .68827 6.44306 -0.96767 0.9423 

* Suspended Solids 4.68595 5.36677 -0 .98674 1 . 76898 6.79054 -1 .15281 0.9766 

* BOD 2.69746 4.95531 -0 .09021 -0.34713 3.82166 -1.67940 0.9529 

* Significant at the five percent level. 

~ 
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Influence of the time between events on the pollutant concen

tration is thought to decrease as tne time between events increases. 

After about twenty days, additional time between events has no 

significant influence on the quality of the runoff. The variable, 

X, in equation 25 discounts tbe time between events so that after 

twenty days there is no additional influence. The value of the 

variable is the fraction of the twenty day limit that has not 

expired and .is zero after twenty days . 

The time between events obtained from the precipitation model 

is the time between short duration "convective" events. The use 

of this variable in the quality model introduces some error 

resulting from the pollutants removed by long duration and snow 

events which occur between convective events. Spring and summer 

precipitation on the Texas High Plains has been shown to be dominated 

by convective events. [13] Thus, the precipitation and quality 

models are essentially applicable for t~e late spring and sunmer 

months (April to October). 

Street sweeping has been shown to be an effective means of 

removing potential pollutants from street surfaces. [l] The 

effect of street sweeping is essentially the same as a large volume, 

high intensity stonn. Thus, the time between events should reflect 

street sweeping operations by considering the time available for 

"recharge" as being either the time since tbe last stonn (provided 

no sweeping has occurred) or the time since the last sweeping. 

No regular street sweeping schedule is available for the study basin. 



Periodic street cleaning (about every two months), however, is 

conducted on the basin but no records on dates of the sweepings 

are available. Since the sweeping operations in the study area 

were sporadic, their effect on the quality of the runoff was 

considered insignificant. 

Stochastic Component 

Residuals, or deviations of the observed value from the 

predicted value, are approximations of the population error 

component. In all tests of significance of a regression 

model, these residuals are assumed to be normally distributed with 

mean equal to zero and a constant variance. 

The residuals obtained from the one-step lag regression 

model were tested for goodness of fit to a normal distribution. 

Table 12 contains the statistical properties of these residuals. 

Residuals for all three parameters-were accepted as being 

from a normal distribution with mean equal to zero. 

Monte Carlo simulation was used for random selection of a 

residual component from a normal distribution. This component 

represents the population random error that was added to the 

deterministic component to provide the outflow pollutant 

concentrations. 
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Table 12. Statistical Properties of the Residuals About the 
Regression function. 

Parameter Mean Standard Goodness Of 
Devi at ion Fit Statistic 

Total Solids 0.00192 0.36450 * 0.2270 
(mg/l) 

Suspended 0.0000208 0.41752 * 0. 2153 
Solids (mg/1} 

BOD (mg/l) 0.00218 0.32033 * 0.1139 

* Significant at the five percent significance level. 
** Tabulated value taken from [23, p. 560]. 

Evaluating The Urban Runoff Model 

Precipitation Model 
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** 

Stochastic generation of sequential hydrologic data is based on 

the population distribution and paramet:rs estimated using historical 

data. It is imperative, therefore, that the statistical parameters 

of the generated data be the same as those observed in the historical 

data. Some error may be introduced if some of the random variables 

deviate from the statistical distributions used in the generation 

process. In addition, the generated data, since they are generally 

of no better quality than the historical data, may be biased by 

sampling and measurement errors inherent in the original data . 

The test of reliability of a particular model must be based on 

the model 1s ability to reproduce the statistical moments of the 

historical data. The t-test, for detennining whether or not a 



sample drawn from a nonnal population has a mean equal to some 

predetennined value, was used to evaluate the model's ~bility to 

maintain the mean values of the marginal distributions of rainfall 

depth and duration. (Table 13) It was concluded that the means 

92 

of the generated depths and durations were indistinguishable from the 

population means, at the five percent significance level. A chi 

square test, for determining if a sample drawn from a nonnal 

population maintains a predetermined value of the variance, was 
. . 

used to evaluate the model's ability to maintain the variance 

of the marginal distributions of rainfall depth and duration. 

(Table 13) It was concluded that the variances of the generated 

depths and durations were maintained, at the five percent 

significance level. 

In addition to maintaining the critical moments of the marginal 

distributions, it is necessary to maintain the mean vector and 

covariance matrix of the bivariate distrtbution of rainfall depth 

and duration. The Hotelling T2 statistic was used to test the 

hypothesis that the mean vector for a generated sample was equal 

to the population mean vector. [5] The mean vector of the generated 

data was indistinguishable from the population mean vector at the 

five percent level. (Table 14) 

The conclusion drawn from this testing program was that the 

model of precipitation depth and duration does in fact maintain the 

first and second moments observed in the historical data. This gives 

reliability to the model's ability to reproduce the historical data. 



Table 13. Statistical Comparison of Recorded and Simulated Rainfall Depths and Durations. 

· Simulated Rainfall Deoth Simulated .Rainfall Duration 
Run Number of Mean Standard Computed Computed Mean Standard Computed Computed 

Number Storms (inches) Deviation t Chi-Square (hours) Deviation . t Chi-Square 
(inches) (hours) 

l 25 -1.5747 0.8969 * -1.423 32.5 * * * 0. 1234 0.6582 -1.867 18.3 

* * * * 2 500 -1.3140 0.7577 0.156 484 0.3464 0.7224 -0.706 459 

* * * * 3 500 -1.3070 0.7485 0.518 472 0.4080 0.7205 1.204 456 

* * * * 4 500 -1.3313 0.7679 -0.035 497 0.3605 0.7689 -0.025 520 

5 500 -1. 2989 0.7517 
I 

0.6068
11 

476 * * * 0.4223 0.7653 l. 551 515 

* ** * * 6 600 -1.2848 0.6920 -0 .122 494 0.4155 0.7244 o. 156 554 

* **Significant at the 95 percent level. 
Not significant at the 95 percent level. 

Covariance 

0.3674 

0.2529 

0.2632 

0.2393 

0.2516 

0.1161 

\0 
w 



Table 14. Statistical Tests of Simulated Mean Vector of the 
Bivaria~e Distribution of Rainfall Depth and Duration. 

Run Number of F-ratioa Number Stonns 

* 1 25 0.719* 
2 500 0.462* 
3 500 0.584* 
4 500 0.513* 
5 500 0.628* 
6 600 0.809 

* Significant ·at the 95 percent level. 

a F-ratio using the Hotelling r2 Statistic. [22, p.120] 

Table 15. Statistical Comparison of Recorded and Simulated Time 
Between Events. 

Run Number of Simulated Cube-Root of Time Between Events 

Number Storms 
Mean Standard Computed 

(hours) Deviation t 
(hours) 

** 
1 25 3.570 2.024 3.412* 
2 500 4.836 2.693 0.955* 
3 500 5.008 3.056 0.418* 
4 500 4.908 2. 761 0.350* 
5 500 4.822 2.754 1 .045* 
6 600 4.993 2.867 0.358 

* Significant at the 95 percent level . 
** Not significant at the 95 percent level. 

Computed 
Chi-Square 

* 12. 5* 
463 ** 596 * 486 * 484 ** 629 
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Serial correlation analyses were performed on rainfall depth 

and duration. Figures 11 and 12 show a comparison between the serial 

correlation coefficients observed in the historical data and those 

observed in the simulated events. Little serial correlation was 

found in either the recorded or simulated storms for both rainfall 

depth and duration. A similar analysis was performed on the 

recorded and simulated four-minute stonn intensities. (Figure 13) 

The lag one serial correlation coefficient observed in the simulated 

intensities was significantly lower than that found in the 

historical data. The model does not appear to adequately maintain 

the lag one serial correlation coefficient of four-minute storm 

intensities . 

All of the tests discussed above require that the sample be 

drawn from a normal or bivariate nonnal population. The model 

assumes that the logarithms of the depth and duration are normally 

distributed. Thus, these tests are vali-d. The time between events, 

however, is assumed to be cube-root garrma distributed. No general

ization test for distributions, other than nonnal, is available . If 

the distribution does not differ significantly from the normal, 

the tests discussed above can be applied without large errors. 

[23] Hahn and Shapiro [11] have demonstrated that the garrma 

distribution approaches the nonnal distribution as the shape 

parameter increases . Although some error is introduced by using 

these tests to evaluate the time between events, the consequences 

resulting from an error in this judgment were considered to be 
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insignificant. The application of the t-test and chi square test 

to the generated time between events resulted in acceptance of the 

respective hypotheses and a conclusion that the critical statistical 

moments of the cube-root of the time between events are being 
' 

maintained. (Table 15) 

Runoff Model 

Two basic variables were used to evaluate the runoff model: 

total volume of runoff in inches and peak discharge in cubic feet 

per second. Nine storms were available for use in validating the 

model. Comparisons of the recorded and simulated responses for the 

nine storms are found in Table 16. 

There were three storms with negative errors in total runoff 

(simulated volume less than recorded volume) and six storms with 

positive errors. The mean positive error in the volume of runoff 

was 12.l percent and the mean negative error in volume was 10.2 

percent. There were three storms with negative errors in peak 

discharge (simulated less than recorded) and five storms with 

positive errors. The mean positive ert or in the peak discharge 

was 16.2 percent and the mean negative error was 19 .3 percent . 

Figures 14, 15, 16, and 17 show four of the simulated hydro

graphs. In most cases, the simulated time to peak was in good 

agreement with that recorded. However, the durations of the simulated 

hydrographs were generally longer than the recorded durations. 

The recorded storms were all low-recurrence-interval storms. 

The one-year, th.i rty-mi nute ra i nfa 11 for Lubbock, Texas, is 
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Table 16. Comparison of Recorded and Simulated Stonn Runoff. 

Runoff in Inches Peak Discharge in 
Storm Date Rainfall Cubic Feet per second 

(inches) Recorded Simulated Error Recorded Simulated Error 
{inches) {inches) (oercent} (percent) 

5/25/70 0.22 . 149 .154 + 3.2 5.2 4.3 -17. 3 
5/26.70 0.42 .357 .324 - 9.2 l3.3 10.2 -23. 1 
5/31/70 0.20 .127 .144 +13.4 4.3 4.3 0 

*9/13/70 AM 0.27 .200 . 191 - 4.5 5.8 6.8 +17.2 
*9/13/70 PM 0.10 .062 .072 + 16. 1 1.9 2.2 +15. 8 
*9/14/70 AM 0.07 .a.so .066 +32.0 2.0 2.4 +20.0 
*9/14/70 PM 0.31 .230 .246 + 6.9 10.3 8.3 -19.4 
9/18/70 AM 0.47 .365 .368 + 0.8 5.9 6.6 +11.9 
9/18/70 PM 0.20 .149 .139 - 6.7 8.0 9.3 +16.2 

* Hydrographs plotted in Figures 15, 16, 17, and 18. 

-0 
w 



approximately 0.90 inches flS] . Thus, all nine storms are less 

than the one.year storm. 

Quality Model 

104 

The accuracy of the simulated responses from the quality model 

is adversely affected by the lack of data covering a broad range 

of stonn and antecedent conditions. The seven stonns with complete 

data were all short duration, low-recurrence-interval events; thus, 

the model's responses tend to become erratic for the more extreme 

stonns. For this reason, the quality model lacks some of the 

flexibility required for the simulation process. This is not to 

say, however, that the procedures used in developing the quality 

model are not valid . The methodology is useful, but adequate 

data must be available so that the regression coefficients can be 

determined. 

Tables 17 and 18 show comparisons of the recorded and simulated 

storms for both the total pollutant load model (Table 17) and the 

one-step lag model (Table 18). 

There were three stonns with positive errors in total solids 

load (simulated load greater than recorded) and four storms with 

negative errors. The storm of May 26, 1970, exhibited an extremely 

large negative error in the total solids load (-93.9 percent). 

One reason for this erratic behavior is the short time since the 

last event (7.17 hours). Three stonns exhibited positive errors in 

suspended solids load and four storms had negative errors. BOD 

loads showed a high positive mean error (38.6 percent}, caused 



Table 17. Comparison of Recorded and Simulated Pollutant Loads. 

Pollutant Loads in Pounds 

Storm Total Solids Suspended Solids 
Date 

Recorded Simulated Error Recorded Simu lated Error 
(percent) . (percent)" 

5/25/69 780.5 1046 .9 +34. l 51 2.0 633.5 +23.7 

5/26/69 2066. 0 1249 .8 -93.9 1601 .6 886.9 -44.6 

5/31/69 490.0 598. 4 +22. l 341.7 347.0 + 1.5 

9/13/70 AM 1770. l 1572. l -11. 2 1084.8 953.3 -12 . l 

9/14/70 AM 436 .7 397.7 - 8.9 201.0 187.4 - 6.3 

9/18/70· AM 3798. 9 4557.8 +19.9 2975.6 3975.4 +33.6 

9/18/70 PM 1382.8 1847 .4 -33.6 1102. 7 1083. l - 1.8 

Mean Positive Errors +25.4 +19.6 

Mean NP-Oative Errors -36.9 -16.2 

BOD 

Recorded Simulated 

31.2 30.4 

37.3 35.5 

17.5 22.0 

64.3 54.2 

7.0 6. l 

50.5 76 .6 

19. 3 26.7 

Error 
(percent) 

- 2.6 

- 4. 8 

+25.7 

-15 . 3 

-12 . 8 

+51.8 

+38.3 

+38.6 

- 8.9 
...... 
0 
(11 



Table 18. Comparison of Means of Recorded and Simulated Mean Pollutant Concentrations. 

Means of logarithms of Pollutant Concentrations 
Stonn 

Date Total Solids mg/l Suspended Solids mg/l BOD mg/l 

Recorded Simulated Error Recorded Simulated Error Recorded Simulated Error 
(percent) (percent) (percent) 

. . 

5/25/69 6.47 6.86 + 6.0 5.99 6.25 + 4.3 3. 14 3. 31 + 5.4 

5/26/69 6.36 6.52 + 2.5 4.64 5.69 +23 . 1 2.42 2.44 + 0.8 

5/31/69 6.22 6.06 - 2.6 5.83 6.00 + 2.9 2.89 2.72 _. 5.9 

9/13/70 AM 7.03 6.50 - t.6 6.54 6.24 - 4.6 3.73 3.46 - 7.2 

9/14/70 AM 7.04 6.08 -13.7 6.28 5.54 -11.8 2.85 2.42 -15. l 

9/18/70 AM 7.20 7.28 + 1.1 6.91 6.97 + 0.9 2.82 3.94 +39.6 

9/18/70 PM 7 .10 7.62 + 7.3 6.87 6.94 + 1.0 2.78 3. 15 +12.8 

Mean Positive Error + 4.2 + 8.5 +19.5 

Mean Neaative Error - 7.9 - 8.2 -14.1 

-0 
0\ 
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mainly by the large positive error in the stonn of Septenher 18, 1970, 

A.M. The mean positive and negative errors are sunmarized i"n 

Table 16. 

In general, the logarithms of the means of the simulated 

pollutant concentrations were in close agreement with the log

arithms of the means of the recorded concentrations. The BOD 

concentration again exhibited a large positive error, resulting 

mainly from the large error in simulating the storm of September 18, 

1970, A.M. 

Regression analyses were perfonned using the simulated pollutant 

load as the dependent variable and the recorded pollutant load as 

the independent variable. The correlation coefficient gives an 

indication of the ability of the model to reproduce historical 

data. Figures 18, 19, and 20 show the best-fit linear relation

ships. The correlation coefficients for these relationships are 

summarized in Table 19. 

The output from the quality model is an outflow pollutograph, 

showing the variation of pollutant concentration with time, and a 

total pollutant load. Pollutographs of four simulated stonns are 

shown in Figures 21, 22, and 23. The simulated responses for the 

storms of May 31, 1970, and September 18, 1970, P.M., are in close 

agreement with the recorded data. The simulated responses from the 

stonn of September 13, 1970, A.M., however, are consistently lower 

than recorded. 
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Table 19. Statistical Test of Significance of Regression of 
Simulated Load on Recorded Load . 

Parameter Intercept Slope Correlation 
Coefficient 

Total Solids - 86.07 1.107 0.936*** 

Suspended Solids -140.30 1 .175 0.957*** 

BOD 3.47 1 .001 0.869*** 

* 

114 

Compwted 
t 

0.156** 

0.285** 

0.0009** 

Computed t statistic for testing hypothesis that slope of 
the regression line is one. 

** Accept hypothesis at the 95 percent level. , 
*** Significant at the five percent level . 

Serial correlation analyses were performed on the recorded 

and simulated pollutant concentrations. (Figures 24, 25, 26) The 

quality model appears to maintain the serial correlation coefficient 

observed in the historical data . 

Discussion 

The urban runoff simulation model is a first step toward 

application of systems concepts to predicting the quantity and 

quality of storm water runoff. The procedures outlined herein are 

valid approaches to the simulation of urban runoff. Adequate 

data were not, however, available to completely demonstrate the 

model's flexibility and usefulness. 
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The usefulness of. this method is in the flexibility it gives 

to the design engineer . This model allows him to compare alternate 

drainage system designs which have been subjected to long sequences 

of simulated hydrographs and pollutographs. 

The simulation model was developed for use on the IBM 360-50 

computer at Texas Tech University. Five hundred stonns were 

generated during each simulation run which required about 23 minutes 

of computation time . 



CHAPTER VI 

TREATABILITY OF RUNOFF 

As a final step in completing the investigation of the pollution 

potential of urban runoff, a series of samples were taken during con

vective thunderstorms occurring during the afternoon of July 5, 1971, 

and during the morning of July 20, 1971. Three samples of approximately 

five gallons each were taken during each storm to provide an adequate 

quantity of runoff for completion of simple treatability studies. 

Characteristics of Storms 

The storm of July 5, 1971 was very erratic in its distribution 

over the watershed, and the quantity of runoff was not of sufficient 

magnitude to activate the recorder on the Parshall flume . The total 

duration of runoff was approximately thirty minutes, and three samples 

were taken. The first was taken just after col11llencement of runoff, 

the second approximately fifteen minutes later, and the third just 

prior to cessation of runoff. 

The storm of July 20, 1971 was longer and more intense. The 

initial runoff reached the flume in K. N. Clapp Park at approximately 

9:00 A.M., and the first sample was taken at that time. The subsequent 

samples were taken at 10:00 A.M., and 11 :00 A.M., respectively. The 

recorder on the Parshall flume indicated that the maximum discharge 

occurred at 11:00 A.M. with a maximum flow of two cfs, and runoff had 

ceased by 12:12 P.M. 
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Test Procedure 

The tests run on the samples were selected to give some indication 

of the effect of conventional treatment processes on the quality of 

runoff. The settling test was performed by thoroughly mixing the sam

ple, then pouring a portion of it into a two-liter graduated cylinder. 

Starting with time zero and continuing at thirty minute intervals 

thereafter for two hours, a sample was withdrawn from the top inch of 

the water in the graduated cylinder, giving a total of five samples 

from each increment of runoff. Each of the samples obtained was then 

analyzed to determine the concentrations of COD and suspended solids. 

Procedures described in Standard Methods for Examination of Water and 

Wastewater, 12th Edition, were used in making the analyses. The 

standard jar test was also performed upon the initial test samples, 

using both aluminum sulfate and ferric chloride as coagulants. 

Discussion of Results 

The data obtained from the analyses are shown in Table 20. Con

centrations of COD in mixed and settled runoff from the July 5, 1971 

storm are graphically presented in Figure 27. As would be expected, 

the first s_ample (Sample A) contained the highest concentration of 

COD . The concentration of COD in this sample was reduced from 1536 

mg/1 to 1208 mg/1 by two hours of settling. Samples Band C show 

roughly the same degree of improvement with the passage of settling 

time, 
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Table 20 1 . Concentration_~ . o~:S®;~rded . S'1ll ids ·i~. Run~ff (mgll l 

UJ . Time .Si nce . Runoff .. Began (Min) 
_J 
~ 
:E 
ex: 0 3.0 60 .90 120 V') 

A 1536 1376 1344 1280 1208 
7-5-71 COD B 1408 1200 1184 1088 1024 
Storm c 1312 1152 1120 1024 944 

A 1152 504 364 256 256 
SS B 1412 536 312 192 200 

c 1396 632 384 244 196 

D 1312 1264 1136 1088 1072 
7-20-71 COD E 640 656 640 624 640 
Storm F 464 336 320 320 . 400** 

D 792 388 ** 208 240 
SS E 600 300 212 064** 256 

F 440 312 208 240 .· 104 

* Sample A collected at beginning of runoff, B & Cat 15 min intervals . 
Sample D collected at beginning of runoff, E & F at about l hr inter-
vals. ·. 

** Suspected or known error in data. 

The results of the suspended solids test were much more erratic 

than were the COD test results. Figure 28 indicates graphically the 

concentration of suspended solids remaining in the runoff _from the 

July 5 storm after various times. Intuition would suggest that the 

earlier samples would contain a greater concentration of suspended 

solids . One possible explanation of the results indicated by Figure 

28 is that the "flushing action " of _the watershed was incomplete, and 

that the volume of runoff was insufficient to complete flushing of the 

watershed. 
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The concentrations of COD in the samples collected from the July 

20, 1971 storm are shown in Figure 29. The total volume of runoff was 

adequate to reduce significantly the concentration of COO in the last 

sample collected. The distribution is nearly uniform and linear as 

indicated by Samples A and B. The suspended solids concentrations in 

the runoff samples are shown in Figure 30. The relative concentrations 

found in Samples A, B, and C indicate that the initial runoff provided 

some flushing action which had been completed by the time the last 

sample was taken. 

Plain sedimentation tests were run on samples collected from both 

storms to determine the effect of ordinary primary treatment on reducing 

the load of pollutants carried by .the runoff. As indicated by Figures 

29 and 30, two hours of plain sedimentation provided very effective 

removal of suspended solids, but ·removed only approximately one-third 

of the COO from the runoff. 

Jar tests were then run on the samples collected to determine the 

amount of ferric chloride or alum that would be required to improve 

substantially the quality of the runoff. These tests indicated that 

approximately 600 ppm of either coagulant would be required to form an 

effective floe. It therefore appears that chemical treatment is im

practical at this time, both because of the quantity of coagulant re

quired and because of the volume of sludge that such treatment would 

generate. 
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APPENDIX 

A. Data. 

B. Simplified Flow Diagram of the Urban Runoff Simulation Model. 
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TABLE 21. PRECIPITATION DATA 

OATE RUN.FA.LL BEGINNING ENDING 
DEPTH TIME TIME 

4/11.169. o.~6 810 1158 
4/11/69 0.20 2213 152 
51 3/~.~ .Q.J/t ?045 2215 
5/ 4/69 0.65 1515 1750 
5.1 6/fJ'!_ . ··- . ...... Q~8.~ . .. _____ J5. 710 
5/ 6/69 0.15 2125 2154 
5/14~69 0.(>7 1809 2005 
5/14/69 0.11 2051 2258 
s1ist69 0.59 1635 1742 
5/16/69 0.45 1800 2203 
51_?:.4/_§_9 _ _ . -· . . o~ l~ .. 2l~~ -- . . 2400 
6/13/69 1.28 1705 2005 
7/21/69 2.75 2127 410 
7/26/69 o. 12 6 125 
8/24/69 2.21 2025 210 
8/28/69 0.10 225 420 
8/2.6/~9 ~ •. 10 1318 1629 
9/ 2/69 0.37 1102 1450 
9/ 8/69 0.21 1144 1445 
9/ 8/69 0.12 2035 2400 
9/ 9/69 0.66 810 1458 
9/10/69 o. 25 205 715 
9/ 13/6.9. o.~o 1702 1735 
9/13/69 0.50 1917 2033 
9/13/69 0.13 2206 2340 
9/17/69 0.53 2258 115 
9/ 21/6.9 0.75 1713 2230 

10/ 6/69 o.ao 305 744 
10/21/.69 - ~ -· -'H 210 1143 
10/22/69 1.00 147 605 
10/22/69 0.20 922 1255 
10/22/69 0.22 1907 2210 
10/23/69 0.45 507 905 
10/26/69 0.21 1515 1842 
10/ 26/ (>9 l! 3_8 1~49 201 
10/28/69 0.20 627 943 
11/ 1/69 0.14 1745 530 
12/ 4/69 0.15 235 725 
12/ .5/ 69 0.14 1820 2040 
12/28/69 0.28 1344 2258 
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TABLE 21. PRECIPITATION DATA (CONTINUED). 

DATE RAINFALL BEGINNING ENDING 
CEPTH TIME TIME 

2/ 21/70 0.06 2316 102 
3/ 6/70 0.84 115 1358 
3/11/70 0.10 606 1430 
3/16/70 0.10 1910 2235 
3/29/70 - o.~_5 . ··- - - ~~~ 113 
3/27/70 0.37 1848 2144 
4/17./70 Q.13 1225 1729 
5/11/70 3. 25 1903 2215 
5/14/70 0.11 1858 2110 
5/25/70 0.10 1825 2335 
5 /.l..9JJ_O ·Q.14 190.:2 2130 
5/31/70 o. 50 1833 2400 
6/ 8/70 0.63 2012 2320 
6/29/70 0.48 1050 1210 
6/29/70 0.16 1415 1452 
8/30/70 1. 07 1250 1710 
9( __ 9-_l_JJL . ·-·- _Q_._5,_9 2315 10 
9/13/70 0.18 906 1440 
9/13./70 0.12 1905 2025 
9/13}70 o. 05 2311 2327 
9/ 14/70 0.15 835 1025 
9/14/70 0.22 1405 1445 
9/16/lO 0.31 1723 1840 
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TABLE 22 . . RECORDED CONST JTUENT CONCENTRA T JONS. 

Tip.1E CGNCE .~TRA TI ON IN MG/l FLOW 
DATE IN TOTAL SUSPENDED 800 RATE 

~INUTES SCLl05 SOL I CS c.F.s. 

--
5/25/70 15. 1165. 682. 72.C C.3 
5/25/70 30. 1080. 730. 57.C 1.2 
5/25/7C 45. 763. 630. 38.7 3.3 
5/25/70 6C. 1130. 6CO. J0.8 5.3 
5/25/70 75. 648. 530. 18.6 3. 6 
5/25/70 _9C. 602. 440. 14.7 2.1 
5/ 25/70 1C5. 368. 220. 13.2 l. 3 
5/25/70 . l2C. 384. 130. 12.C o. a· 
5/25/70 135. 629. 580. 1£-. 8 0.3 
5/25/70 l5C. 444. 210. 16.7 0 .2 
5/25170 165. 460. 2 20. 16. 1 0.1 
5/26/70 10. 950. 680. 33.2 c.1 
5/26/70 25. 930. 680. o.o o.a 
5/26/70 70. 950. q 10. a. t 12.0 
5/26170 65. 1152. 840. 6.6 9.5 
5/26/70 lOC. 918. 810. 1.2 6.3 
5/26/70 115. 592. 500. 6.C 3.7 
5/26/70 130 . 427. 350. 6. C l. 2 
5/26/70 145. 410. 310. 4.8 l.O 
5/26/70 l6C. 510. 340. 12.9 0.2 
5/26/70 175. 643. 430. 10. 8 0.1 
5/31/70 25. 644. 49.3. 20.5 1.8 
5/31/70 40. 700 . 532. 24. 0 4 .1 
5/ 31/70 55. 520. 380. 18. c 3.8 
5/31170 10. 410. 306. 15. 0 3. l 
5/31/70 85. 420. 233. 20.5 1.8 
5/31170 100. 410. 220. 12.7 0.7 
9/13/70AM 48. 1868. 1340. 52. C 5. 0 
9/13/70Af'o 63. 1768. 990. 6 7. 0 4.3 
9/13/7CAM 78. 1212. 880. 43.C l.7 
9/l3/70AM 93. 708. 440. 33.C 2 .1 
9/13/70AM 108. 816. 400. 26.C l.c 
9/13/70AM 123. 1000. 590. 36. 0 0.3 
9/l3/70AM 138. 1044. 630. 46. c 0 .2 
9/14170 74. 1640. 540. 26.7 c.1 
9/14/70 89. lGC O. 426. 9.7 Q.4 
9/14/70 104. 970. 558. 13.8 0.2 
9/14170 119. 1070. 630. 24.8 c.2 
9/le/-,QAf', 33. 1544. o. 41.4 4.1 
9/le/70AM 48. 1256. 994. 13.8 3.7 

* ZERO INDICATES ~ISSING DATA. 
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TABLE 22. RECOROEO CONSTITUENT CONCENTRATIONS. 

TIME CONCENTRATION IN MG/l FLOW 
DATE IN TOTAL SUSPENDED BOD RATE 

~INUTES SOLICJS SOLIDS C.F.S. 

-
9/l8/70AM ll3. 892. 620. 12.5 2.2 
9/l8/70A~ 78. 948. 560. 16.6 1.2 
CJ/l8/70AM 93. 1776. l5e6. 8. l 0.2 
9/ 18/"/_0AM 108. 1836 • . 1660. 23.5 c.2 
9/ le /70AM 123. 1460. 1100. 16.6 0.2 
9/ ielJQP.M s. 1480. 1414. 13. a 0.6 
9/18/70PM 20. 1820. o. 20.1 4.8 
9/18/70PM 35. 1128. 1026. 12.4 5.2 
9/ l8/70PM so. 924. 880. 6.9 4.2 
9/l8/70PM 65. 996. 646. 13.e 2.9 
9/18/70Pt-! 95. 1104. 986. 21.c 0.2 

* ZERO INDICATES MISSING DATA. 



Table 23~ Recorded Pollutant Loads 

Total Suspended 
Date Solids Solids BOD Rain 

(lbs) (lbs) (lbs) (inches) 

r.1ay 25 l 005.07 543 .04 31. 26 0.25 

May 26 2053.61 1613.78 37.31 0.40 

May 31 490.00 341 .63 17.46 0.20 

Sept.13 
A.M . 1771 .40 1085. 61 64.32 0.27 

Sept.14 
A.M . 436 .76 193.82 7 .14 0.07 

Sept.14 
P.M . 2773. 06 1917.91 39.83 0.31 

Sept.18 
P.M. 1382.72 1213.49 20.52 0.47 

Sept.18 
A.M. 1483 .96 1102.66 19.34 0.20 

* TSLE is the time since the last event. 

Duration TSLE* 
(hours) (hours) 

1.12 67.45 

0.75 7. 17 

0.55 21 .05 

Q.33 56.93 

0.73 12. 17 

0.80 3.67 

1.28 74.63 

0.50 7.38 

Antecedent 
Rain 

(inches) 

0. 17 

0.25 

0.14 

0.59 

0.12 

0.15 

0.22 

0.37 

Antecedent 
Duration 
(hours) 

2. 20 

1.12 

2.47 

0.92 

1.33 

1.83 

3.67 

l.28 

...... 
w 
O'\ 
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Table 24. Impervious Areas, K. N. Clapp Drainage Area. 

Street From To Average Width (Ft) Slone 

42nd Hartford Gary .0092 42 
Gary Fl int .0082 42 
Fl int Elgin .0094 36 
Elgin Canton .0040 36 
Canton Boston .0057 36 
Boston Akron .0043 30 
Akron University .0091 30 

4lst Elgin Canton .0023 30 
Canton Boston .0064 30 
Boston Akron .0050 30 
Akron University .0052 30 

40th Elgin Canton .0075 15 
Canton Boston .0052 15 
Boston Akron .0058 15 
Akron University .0050 15 
University E. · to Pkng. lot .0073 18 

45th Elgin Detroit .0017 36 
Canton 45th 44th .0025 30 

44th 42nd .0072 30 
Detroit 46th 44th .0022 30 
46th Detroit Canton .0012 36 

Canton Belton .0022 36 
Belton Boston .0050 36 

45th 46th Boston .0053 30 
44th Canton 45th .0022 30 

45th Boston .0071 30 
Canton 40th 4lst .0014 30 

41st 42nd .0018 30 
Boston 40th 4lst .0016 36 

4lst 42nd .0045 36 
42nd 44th .0045 36 
44th Belton .0049 36 

43rd Boston Akron .0113 30 
Akron University .0044 30 

University 40th 4lst .0035 42 
4lst 42nd .0016 42 
42nd 43rd .0010 42 
43rd A'l l ey S. 43rd .0015 42 

43rd Indiana Hartford .0034 30 
Hartford Gary .0040 30 
Gary · Fl int .0090 30 
Fl int Elgin .0103 30 
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Table 24. Impervious Areas, K. N. Clapp Drainage Area (Continued). 

Street From To Average Width (Ft) Slope 

44th Indiana Hartford .0045 30 
Hartford Gary .0020 30 
Gary Flint .0109 30 
Flint Elgin .0099 30 

45th Indiana Hartford .0048 30 
Hartford Gary .0026 30 
Gary Flint .0090 30 
Fl int Elgin .0059 30 

46th Indiana Hartford .0035 30 
Hartford Gary .0022 30 
Gary Flint .0050 30 
Flint Elgin .0068 30 

47th Indiana Hartford .0040 15 
Hartford Gary .0060 15 
Gary Fl int .0067 30 
Flint Elgin .0057 30 

Hartford 43rd 44th .0016 30 
44th 45th .0028 30 
45th 46th .0014 30 
46th 47th .0035 30 

Gary 42nd 43rd .0057 30 
43rd 44th .0062 30 
44th 45th .0010 30 
45th 46th .0046 30 
46th 47th .0033 30 

Fl int 42nd 43rd .0085 36 
43rd 44th .0069 36 
44th 45th .0016 36 
45th 46th .0018 36 
46th 47th .0002 36 
47th Alley S. 47th .0010 36 

Elgin 42nd 43rd .0033 36 
43rd 44th .0047 36 
44th 45th .0015 36 
45th 46th .0029 36 
46th 47th .0015 36 
47th Alley S. 47th .0020 36 

Parking Lot 40th South .0110 --
Parking Lot University East .0110 --
Drainage 
Channel University East .0182 6 
Drainage 
Channel Parking Lot South .0120 6 



Appendix B: Simplified Flow Diagram of Urban Runoff Simulation 
Model . 
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