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DATE

SUBJECT:  Transmittal of Document Entitled "A Statistical Method
for Assessment of Urban Runoff" -7.

FROM:  Swep T. Davis, Deputy assistant Administrato _“;’///i::;:zinmw__
Office of Water Planning and Standards ]‘ R _

T0: A1l Regional Water Division Directors
ATTN: Al11 Regional 208 Coordinators
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A1l State and Areawide Water Quality Management Agencies
Other Concerned Groups

TECHNICAL GUIDANCE MEMORANDUM-TECH- 49

Purpose

This document "A Statistical Method for Assessment of Urban Runoff"

has been prepared to provide technical assistance to the Nationwide
Urban Runoff prototype projects and other interested groups in assessing
the impact of urban stormloads on the quality of receiving waters, and
to evaluate the cost and effectiveness of control measures for reducing
these pollutant loads.

Guidance

The enclosed report is provided in accordance with the Nationwide

Urban Runoff Program established under Section 208 of the Clean Water

Act of 1977. This methodology is appropriate for use at the planning
Tevel where preliminary assessments are made to define problems, establish
the relative significance of contributing sources, assess feasibility of
control, and determine the need for and focus on additional evaluations.
It can also be used effectively in conjunction with detail studies, in
evaluating the most cost-effective alternatives for controlling urban
runoff.
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CHAPTER 1

INTRODUCTION

This manual describes a simplified methodology which can be used to
assess the impact of urban stocrmloads on the quality of receiving waters, and
to evaluate the cost and effectiveness of control measures for reducing these
pollutant loads. The methodology is particularly appropriate for use at the
planning level where preliminary assessments are made to define problems,
establish the relative significance of contributing sources, assess feasibil-
ity of control, and determine the need for and focus of additional evalua-
tions. It can also be used effectively in conjunction with detailed studies,
by providing a cost-effective screening of an array of alternatives, so that
the more detailed and sophisticated techniques can examine only the more
attractive alternatives.

The methodology is based on the determination of certain statistical
properties of the rainfall history of an area. From these statistics, the
desired information on loads, performance of controls, and receiving water
impacts is generated directly. Procedures are quite simple to apply, using
charts and graphs which facilitate screening alternate types or levels of
control, testing sensitity to assumptions concerning drainage area character-
istics, stormwater contaminant levels and similar variable factors.

The theoretical basis for the methodology is presented, although the
reader need not be familiar with statistical theory or procedures to utilize
it effectively. The user need not read the manual from cover to cover and
understand and apply each part of it in a rigorous sequence, in order to
benefit from it. While separate chapters are mutually supporting, each
essentially stands on its own for the particular aspects which are addressed.

Chapter 2 -  Presents an overview of the urban stormwater problem,
and a perspective in which water quality problems caused
by storm loads can be considered.

Chapter 3 -  Presents a description of the statistical methodology,
its theoretical basis, and its application for character-
izing storm loads, receiving water impacts and the per-
formance of selected control measures.

Chapter 4 -  Presents a description of a simulation model which

calculates receiving water impacts for streams and
estuaries. It is designed to operate on input consisting
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of time variable storm loads as generated by various load
generating simulators (e.g. STORM). As an alternative to
the statistical calculations, it will provide the user
with both the time history of receiving water concentra-
tions and their statistics for the period analyzed, at a
number of receiving water locations.

Chapter 5 -  Presents a condensed summary and analysis of available
information and data on numerical estimates of para-
meters required for performing a stormwater impact
analysis. The information is of value for analyses
utilizing simulation methods as well as for application
of the statistical procedures described in this manual.

Chapter 6 -  Presents considerations for the design of effective
monitoring programs, applicable for either preliminary
assessments or more intensive programs.

Chapter 7 -  Provides examples which illustrate the applications of
the methodology to specific problem settings.

Bibliography - An extensive bibliography is provided which can direct
the reader to additional sources of information on
aspects which he may wish to pursue in greater depth.

Although the statistical methodology presented is essentially designed
to be an estimating technique, and of maximum applicability and value in
preliminary assessments performed at the planning level, it provides results
quite similar to those generated by simulation techniques (such as STORM)
when similar basic data inputs are used, and comparable levels of spatial
and/or temporal definition are employed. The validity of calculations per-
formed by the statistical methodology has been '"established'" by comparisons
with simulation results both as reported in this manual, and by others.

The statistical methodology is not proposed as a substitute for simu-
lation techniques, other than for preliminary assessments. For preparation
of formal facility plans and especially for final design, the optimum dis-
tribution, location and individual size of controls will normally require a
definition of spatial and temporal detail which can be more effectively
provided by detailed simulation techniques.



CHAPTER 2

STORMWATER RUNOFF - A REVIEW OF THE PROBLEM

The most fundamental issue in urban stormwater control studies is
determining the degree of control which is justifiable from the standpoint
of benefits returned on investment. While this basic issue is quite clear,
the best methods for addressing it within the context of a planning study
are the subject of continuing debate. Numerous analytical approaches for
evaluating urban stormwater needs have been developed and applied (1,2,3).
Most of these tend to be strongly oriented toward load estimation, treatment
performance, or cost estimation, and useful assessment procedures for these
problems have been presented. However, the other side of the equation, that
of evaluating benefits, has generally been approached with subdued enthusiasm.
This is principally due to the difficulty in quantifying the long term water
quality improvements associated with urban stormwater control.

The principal purpose of this chapter is to develop a framework within
which stormwater control requirements can be evaluated from the standpoint
of water quality improvements. This perspective is essential to the planning
study, since stormwater control is a questionable investment if it does not
result in long term enhancements to legitimate water uses.

From this perspective, stormwater control studies must begin with an
evaluation of water quality problems. What are the existing problems in an
area? To what extent does urban stormwater runoff contribute to identifiable
problems? Is stormwater treatment a reasonable alternative to effectively
control existing water quality problems?

Once the potential benefits of stormwater control have been defined,
the planning process can proceed to more specific planning questions such as:
How much treatment is enough? What are the benefits of alternative levels of
treatment? Are there particularly effective treatment devices or other
controls which should be considered? What are the costs of achieving alter-
native water quality objectives?

Chapter 2 will explore problems and opportunities in evaluating the
needs for urban stormwater control. The principal water quality problems
in urban areas will be discussed in terms of the resulting limitation of
beneficial water uses. Various analysis methods for evaluating stormwater
problems and control requirements will also be discussed. A more detailed
presentation of the analysis methods required for effective planning will
be made in subsequent chapters.
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2.1 Major Water Quality Problems in Urban Areas

The nature of water quality problems associated with the receiving
waters in and around metropolitan areas is quite varied. Although a 1list of
common potential problems can be drawn up readily, local factors have a
predominant influence in determining both the class of problem, its severity,
and the specific source or sources which are most critical. The local
factors which affect water quality include climate, geography, population,
population concentration, the nature and degree of industrialization in the
area, the receiving water system, its nature, size and hydrology; and the
nature of the surrounding area - both upstream and downstream of the urhan
area itself.

Water quality problems, either current or potential, will be generated
by waste loads which enter the receiving water from the area in question.
There are a number of different types of sources which contribute waste
loads, including discharges of domestic sewage, either treated or untreated,
industrial waste discharges, storm runoff from urban, agricultural, or un-
developed land areas, surface returns from irrigated agriculture, sub-
surface seepage of groundwater, and leachate from land disposal sites.

Waste loads are generally classified according to their temporal
variability as either continuous or intermittent, and according to their
spatial extent as either point or non-point (distributed) sources. Contin-
uous sources, such as municipal sewage treatment plants or industrial
facilities, produce a relatively constant load over time, although daily or
seasonal variations are often present. Intermittent loads, often associated
with wet weather conditions, occur infrequently and at random intervals.
Some types of pollutant loads, such as those due to groundwater seepage, may
occur with an intermediate degree of temporal variability.

The classification of waste lcads as point or distributed sources is
also somewhat ambiguous in certain cases. Storm runoff, for example, is
essentially a non-point source in that it is generated by precipitation
falling over a wide area. 1In terms of the actual load to the receiving
water, however, the point source classification may be more appropriate for
urban areas where storm runoff is collected and enters the stream at specific
locations. In developing a solution oriented approach to water quality
problems, storm water loads may be treated as either intermittent point
sources, or as distributed loads in order to fit the simplest and most
effective approach to analysis.

Each of the individual source types has distinctive characteristics.
The type of pollutants which predominate can differ radically between
sources, as can the absolute quantity of pollutant. Further, controls
which may be applied, with either treatment facilities or management
practices, usually modify both the total quantity of pollutant in the source
and the predominant type present. The method of analyzing the effect of all
sources on water quality, and the impact of alternative control measures
must be able to handle these variations effectively.
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2.2 Urban Runoff

Human activity as well as natural processes result in conditions which
cause contaminants to be mixed with stormwater. Automobiles cause oils and
other hydrocarbons as well as certain heavy metals to accumulate on streets
and parking lots. Lawn fertilizers and pesticides are applied in a manner
which makes them suseptible to erosive processes. Pets contribute to
organic pollutant buildups in the urban environment. Construction activity
often leaves unconsolidated soils exposed to the elements. Natural processes
such as the decomposition of animal and vegetative materials and wind erosion
similarly cause potential pollutants to buildup on the land surface where
they are susceptable to transport by storm runoff.

Urban runoff may reach receiving waters via storm sewers, overland
runoff, or combined sewer overflows. The quantity of storm related pollut-
ants entering a receiving water is largely influenced by which of these
conveyance systems are present.

Storm sewers are designed to reduce ponding and flooding problems in a
drainage area by conveying runoff away from the area into the receiving
stream. Sources of the runoff flows include street runoff, roof drains,
drainage from large paved areas (such as parking lots and industrial com-
plexes), and runoff from parks and vacant lands. The quantity of storm sewer
flow is influenced by drainage basin characteristics such as the percent
impervious area, soil types, and land slope, which will be discussed in more
detail in Chapters 3 and 5.

Overland runoff has essentially the same quality and flow character-
istics as stormwater discharges with one exception; the flow and load enter
receiving waters as distributed sources rather than at discrete stormwater
discharge points.

Combined sewer systems convey both dry weather sewage flows and storm-
water runoff, normally to a wastewater treatment plant., The systems are
designed to accommodate a design flow which is periodically exceeded. When
a storm runoff volume exceeds the design capacity of the combined sewer
system, the excess flow, a mixture of raw sewage and stormwater, is bypassed
to nearby receiving waters. The quantity of flow bypassed is a function of
interceptor capacity and regulator operational procedures.

Combined sewer overflow is generally higher than storm runoff in its
concentration of most pollutants, due to the higher concentration of these
materials (BOD, nutrients, bacteria, etc,) in raw sewage. This generaliza-
tion should, however, be borne out by site specific measurements since
certain materials, such as suspended solids, are frequently higher in storm
runoff than in domestic sewage. Monitoring programs for making evaluations
of this type are discussed in Chapter 6.

2.3 Contaminants in Urban Runoff

The previous discussion of urban runoff sources describes some of the
factors which influence the types and concentrations of contaminants which
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are present in storm related loads from an urban area. Materials transported
by runoff constitute a problem when their discharge into receiving streams
cause violations of water quality standards or limit legitimate water use.
The definition of a problem may be either quantitative, as in the case of
comparing measured or computed water quality with standards, or as is often
the case, a qualitative description. This later type of problem definition
often focuses on factors such as aesthetic concerns (floatables, turbidity,
or surface slicks) or on quantitative measurements for which federal, state
and local standards do not exist.

The contaminants in urban runoff generally fall into the seven categor-
ies itemized in Table 2-1.

TABLE 2-1 - CONTAMINANTS IN URBAN RUNOFF

1. Floatables and visual contaminants
2. Degradable organics

3. Suspended solids

4, Nutrients

5. Bacteria, virus

6. Toxicants

7.

Dissolved solids

Each of these contaminant categories can, when present in sufficient
quantities, contribute to water quality problems. Although stormwater re-
lated loads generally contain measurable amounts of materials in all seven
classes, the total load may or may not constitute a water quality problem
depending on the magnitude of the instream impact to the load. Table 2-2
lists some typical classes of water quality impacts which can result from
urban runoff loads.

TABLE 2-2 - SELECTED INSTREAM IMPACTS

Aesthetic deterioration
Dissolved oxygen depression
Sediment deposition
Excessive algal growth
Public health threats
Impaired recreational value
Ecological damage

Reduced commercial value

QO NN UTE NN

The relationships between the contaminants generally found in urban
runoff and the resulting instream impacts are discussed in the following
paragraphs.

1. Floatables and Visual Contaminants - Aesthetic deterioration is caused
either by the general appearance of water bodies (dirty, turbid, cloudy), or
the actual presence of specific objectionable conditions, including odors,
floating debris or films, scums or slimes, etc. These conditions may make
the receiving water unattractive or repugnant to those in its proximity.
Ecological problems might also result in fish, water fowl, or lower levels
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of the food chain due to impairments of physiological functions.

2. Degradables Organics - Degradable organic materials stimulate the growth
of bacteria which may consume oxygen more rapidly than it can be replenished
by natural reaeration processes. This condition may or may not be visually
apparent. In its extreme stages, excessive oxygen depressions can cause dis-~
coloration and the formation of gas and odors. However, before this extreme
is reached, the environmental stress may be sufficient to cause respiratory
damage to fish and other lower aquatic organisms. Species diversity shifts
may result if conditions prevail for more than a few days. Similar condi-
tions can occur due to the presence of reduced organic and ammonia forms of
nitrogen which utilize oxygen as they are stabilized.

3. Suspended Solids - Particulate matter may contribute to a variety of

problems, such as objectionable aesthetic conditions and the formation of
sediment deposits which smother bottom dwelling aquatic organisms, impede
navigation, and restrict river flows, thus increasing flooding potential.
Organic sediment deposits can also react to form a benthal oxygen demand.

4, Nutrients - The discharge of materials which fertilize or stimulate
excessive or undesirable forms of aquatic growth can create significant
problems in some receiving water systems, particularly lakes and impound-
ments. Overstimulation of aquatic weeds or algae (eutrophication) can be
aesthetically objectionable, cause dissolved oxygen problems, and in extreme
cases, interfere with commercial and recreational uses by impeding small boat
navigation, creating odors, and heavy mats of floating material at shore-
lines.

5. Bacteria/Virus Concentrations - The presence of excessive concentrations
of objectionable microorganisms can impair the ability to utilize the re-
ceiving water for water supply, recreational purposes. or shell-fish harvest-
ing. Excessive bacteria concentrations are generally taken as an indication
of a potential public health problem.

6. Toxicants - Toxicity problems can fall into either of two categories:
chronic bioinhibition or acute toxicity. Chronic effects may be exhibited
by relatively low concentrations of metals, pesticides or persistent
organics which tend to accumulate in the tissue of aquatic organisms over
long periods of time. Their effects can be manifested at all levels of the
food chain and may occur in areas well removed from the point of discharge.
In excessive concentrations these materials, and others such as ammonia
nitrogen and effluent chlorine bi-products, can exhibit acute toxic impacts
in a local area surrounding a discharge. These effects are typified by
fish kills or shifts in biological diversity.

7. Dissolved Solids - A number of beneficial uses can be impaired by ex-
cessive concentrations of dissolved solids. Both domestic and industrial
water uses are sensitive to dissolved solids concentrations. Irrigated
agricultural is quite sensitive to the salt content of the applied water.

On a practical day to day basis, farmers must compensate for high salinity
in irrigation water by increasing the quantity of irrigation flow. This
imposes additional demands on water development and conveyance programs, and
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further contributes to drainage problems. Effective agriculture can be
destroyed if irrigation rates required to compensate for high salinity exceed
the percolation and drainage capacity of the soil.

2.4 Water Quality Problem Definition

The previous section summaries the potential problems which can result
from a variety of storm related water impacts. The severity of each problem
is defined by the degree to which water use interferences occur. From this
perspective, ''the stormwater problem'" can be defined only in terms of
specific water quality impacts in a study area. Site specific water quality
problems are related to specific contaminants, often originating from
identifiable sources. Each contaminant, and possibly each of its sources,
will respond differently to control measures. Therefore, effective control
practices must concentrate on reducing the specific contaminants which con-
tribute to identified water quality problems, and not those which have neg-
ligible or insignificant water quality impacts., Thus, effective control of
a stormwater related problem requires an accurate definition of the problem.

The definition of a problem should begin with a stream walk for visual
identification of conditions, and be followed by a quantitative of water
quality impacts. This is often a difficult task, since water quality is also
influenced by factors other than stormwater runoff and it is necessary to
separate the existing water quality impact into its component parts. This
can be accomplished using a mathematical analysis of the receiving water
system, An illustration of such an analysis is shown in Figure 2-1.

Figure 2-1(a) shows the result of an analysis of urban point and non-
point source impacts on dissolved oxygen in a hypothetical river. The dis-
solved oxygen example is used to illustrate one type of impact, and to show
an approach for identifying the relative impact of storm loads versus input
from other sources. Similar comparisons can be made for other contaminants,
some of which may have more significant impacts than dissolved oxygen in
specific cases.

The computed dissolved oxygen concentrations are given as a function of
downstream distance. The dissolved oxygen saturation concentration, and a
dissolved oxygen standard are also shown. This analysis is for the impact
of a particular event, the mean summer storm, on the river. It indicates
a violation of the 4.0 mg/1 dissolved oxygen standard between Milepoints 24
and 35. The causes of the dissolved oxygen depression may be seen more
clearly in Figure 2-1(b) which converts the dissolved oxygen concentration
to the corresponding dissolved oxygen deficit value (amount below saturation)
and displays the components of the dissolved oxygen deficit profile that
make up Figure 2-1(a). It is apparent that the most significant factors
contributing to the problem (violation of the water quality standard during
the average summer storm) is the storm related loads from storm sewers and
combined sewer overflows within the urban area. Point sources from two
sewage treatment plants, and various industrial discharges contribute to the
problem to a lesser degree. Similar analyses for other water quality indi-
cators would yield similar insight into the causes of potential or actual
problems.
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This type of analysis may be used to develop certain conclusions regard-
ing storm related dissolved oxygen problems. For example, stormwater appears
to be a major contributor to the problem, where the problem is defined in
terms of a stream standard specifying dissolved oxygen concentrations to
never be less than some value (in this example, 4.0 mg/l). Control of storm
sewer flow and/or combined sewer overflow will yield the largest single im-
provement to the indicated problem. But there are other important questions
which Figure 2-1 cannot answer, and which can have a significant bearing on
the cost of controls required to protect the beneficial use which the stream
standard is designed to preserve. These relate to: How often will storm-
water events cause violations of standards? This is a final refinement to
the definition of the problem which provides major additional insights.

Figure 2-2 presents these results for the same urban area indicated in
Figure 2-1. 1In this case, however, the water quality is associated with
storms having different frequencies of occurrence. This analysis provides
additional insights into the problem. It indicates that the summer storm,
shown in Figure 1, is a large storm; one which is exceeded only 35 percent of
the time. The degree to which other storm frequencies impact summer water
quality is also apparent. The analysis indicates that 50 percent of the
storms are small enough not to cause water quality standard violations,

Furthermore, the analysis permits an assessment of how frequently dis-
solved oxygen concentrations fall below prescribed levels due to storm im-
pacts. These frequencies are shown on the right side of the figure and in-
clude both dry and wet weather periods. For example, summer dissolved oxygen
concentrations fall below the 4.0 mg/1 standard 2 percent of the time due to
stormwater impacts. This analysis applies for the conditions selected to
characterize the other significant elements of the analysis, principally the
magnitude of other contributing waste loads and the stream flow assigned.
However, where uncertainty exists in the selection of these factors, ad-
ditional calculations of the same type can be made to provide the desired
understanding and perspective on the problem. For example, the analysis
could be repeated for a different stream flow, selected such that the two
analyses would bound the range of possible responses.

An alternative method of presenting probabilistic water quality results
is shown in Figure 2-3, reproduced from the '"Nationwide Evaluation of Com-
bined Sewer Overflows and Urban Stormwater Discharges, Volume II, Cost
Assessment and Impacts'" (5), which shows the result of wet weather mathema-
tical modeling studies for the Des Moines River. The computed minimum dis-
solved oxygen concentration during wet weather periods is indicated as a
function of the storm frequency. The components of the dissolved oxygen im-
pact are also indicated. Storm related loads from separate runoff and com-
bined sewer overflows are shown to be the primary source of the dissolved
oxygen deficit during runoff periods. Under existing conditions, the model
indicates that the minimum dissolved oxygen concentration falls below the
desired level (4.0 mg/1) following 42 percent of the runoff events.

The planning question which relates to problem definition at this

point is: does violation of the standard 2 percent of the time (from
Figure 2~2) or following 42 percent of the storms (in the case of Figure

2-8



N39AXO0 Q3ATTOSSIQ Y3HLVIM L13IM 40 SISATVNY J11S1119v80¥8d

¢-¢ 34¥N9ld

3N 3HL 40 % € 3NTVA G31VIIANI 0138 38 TIM
NOILVYHINIINOD N3I9AXO0 A3IAT0SSIA WVYIYLIS ~NVYHL SS3T INIL 40 %¢E

31VvYH JJONNY ¥IMOT V 3AVH SWYHOLS 30 %02 = WH0LS %02

‘gN3937
390149 08 3.iN0H MO138 SITIN
GE (0373 G2 o2 Sl o] S 0
T T T T T T 0
e e .N\.:&Em %54 i
b2t — 5 NYOLS NVIN
- : H
Oy,
&R - GUVONVIS 0Q
e nyOLS %0S .. 9
4 =
x m
z
lllllllllllllllllllllllllllllllllllllll -8
1786, T 6= NOTIVHNLVS
5§43 02 = MO14 3SVE —o1
2062 =3UNLV¥IANIL
S00/&3Id WYHOLS YTAHNNS

2l

(1/76w) N3OAXO G3IAT0SS!A

[v] 30N3¥343Y
. FLON




00— — — — — PRECIPITATION YEAR OF RECORD - 1968

~

N DWF TREATMENT RATE ‘- 85% (SECONDARY)
904 ™ 2 WWF TREATMENT RATE - 0% (NO TREATMENT)
o A \ RIVER FLOW :100% (OF MEASURED FLOW)
a - COMBINED SEWER AREA 816% (OF TOTAL URBAN AREA)
= 80 . \ \

N\
w .
> ) \ \ INFLOW COMBINATION
S 70 A R g
- , . -~ — RIVER FLOW + DWF
= ‘Q§\\ .\ — — RIVER FLOW + DWF + SEPARATE FLOW
3 604 N\ \ © RIVER FLOV/ + DWF + COMBINED FLOW
wo o ——— *\ —— RIVER FLOW + SEPARATE FLOW + COMBINED FLOW
o A\ \ ---= RIVER FLOW + DWF + SEPARATE FLOW + COMBINED FLOW
X 504 1\ —-— INDICATES EVENTS EXCEEDING DESIRED DO. LEVEL
w
=
& 409
>
W |
@ 30 A
i
T
[
& 20 ,
S
—
W 10+
z
® I
9 1 T -
0 20 40 60 8.0 100 120 140

DISSOLVED OXYGEN CONCENTRATION, mg/i

NOTE.'
REPRODUCED FROM REF. [5]

FIGURE 2-3

MINIMUM DISSOLVED OXYGEN FREQUENCY CURVES
FOR EXISTING CONDITIONS IN THE DES MOINES RIVER

2~-10




2-3) constitute a water quality problem? This type of question is at the
heart of meaningful analyses of stormwater related problems and will be dis-
cussed in detail in subsequent chapters. Those discussions will focus on
the frequency analysis of stormwater loads, treatment, and receiving water
impacts. For the purposes of this section a more detailed discussion of the
factors influencing the definition of water quality problems is appropriate.

The principal factors involved in defining stormwater problems have,
thus far, been related in a very general way to water quality. There are,
however, a series of factors which must r~e considered for an adequate review
of the potential for water quality probl s in a site specific urban setting.
These are:

1. Relevant time and space scales of the problem
2. Water use objectives and criteria
3. Characteristics of the particular study area

These factors are discussed below.
2.4.1 Relevant Time and Space Scales

A basic step in identifying potential water quality problems is the
definition of the time and space scale of the problem. How large an area
might be affected by a particular class of contaminant? How long does it
take for the problem to become manifest and over what interval will the
impact be felt?

The definition of proper time and space scales is important in a number
of stormwater problem analysis tasks. The time and space scale of a poten-
tial problem will determine the time and space scale of the models or other
analyses which are used to address it. Short term transient phenomenon are
analyzed using different analysis frameworks than those used to evaluate
longer term steady state buildups of less reactive contaminants.

Time and space scales of receiving water impacts are also important
in the determination of effective monitoring programs and for the character-
ization of waste loads. If a particular problem is due to continuous point
source loads, the monitoring program which addresses it will be entirely
different than a monitoring program evaluating stormwater loadings to the
same river.

2.4.1.1 Nature of Contaminants

Each of the classes of water quality contaminants in Table 2-1 and the
potential problems in Table 2-2 must be viewed in a specific time and space
scale. For example, bacterial contamination is particularly relevant in the
time scale of a few days and generally occurs in a localized area. This is
due to the high rate of decay of coliform bacteria in natural water systems
which typically result in their reduction to background levels within a few
days. The space scale over which they are relevant is similarly small and is
governed by the distance that they are transported before they die-away. By
way of contrast, toxic substances such as pesticides, persistent organics,
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and heavy metals are normally viewed in longer time scales, and space scales
which may extend many hundreds of miles. These substances tend to be per-
sistent (i.e., they do not readily decay in the environment). The time scale
in this case may be as large as decades, and contaminants can have effects

at locations which are remote from their point of introduction into the
environment.

Certain contaminants may fall into multiple time and space scales. For
example, the persistent toxicants discussed above may exhibit acute toxic
effects in the immediate vicinity of discharge if local concentrations exceed
tolerable limits of sensitive aquatic species. The appropriate time and space
scale chosen for the analysis should reflect judgement based on local con-
ditions, the type of water body, particularly sensitive areas, local transport
conditions, and types of waste loads. A guideline in developing the proper
time and space scales for suspected water quality problem is contained in
Figure 2-4 and 2-5.

2.4.1.2 Nature of the Receiving Water System

The classes and appropriate time and space scales of storm related water
quality problems in a particular urban setting is often related to the nature
of the receiving waters. Streams and rivers are particularly sensitive to
intermittent short term discharges (storm loadings) because the mass is trans-
ported as an identifiable pulse with relatively little dispersive mixing.
Sensitive downstream locations, such as water intakes or bathing areas, may
be affected by these identifiable pulses. Other systems such as estuaries
tend to spread and dilute the impacts of storm loads, and short term temporal
definition may not be necessary.

Specific types of contaminants are assimilated differently in different
water bodies. For instance, sediment inputs may contribute to high suspended
solids concentrations in a swiftly moving river. C(Classes of water quality
problems which are important in this case are normally related to aesthetic
concerns or interferences with physiological functions of aquatic organisms.
In estuaries and lakes where velocities are not as great the sediment problem
is largely due to deposition which causes solids buildup in navigable
channels or increased organic bottom activity. Similarly, nutrient enrichment
is normally more critical in lakes of long detention times than in free flow-
ing streams. In lake systems the problem is often related to discoloration,
floating algal mats, and depressed oxygen levels, while in streams and rivers
aquatic weeds may be the major problem.

2.4.2 Water Use Objectives and Criteria
Water quality problems should be defined in terms of their limitation
of beneficial uses of the water body. Thus, an inventory of present and

planned water use is an integral part of the planning process. An example
inventory of beneficial water uses is presented in Table 2-3.
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TABLE 2-3 EXAMPLE BENEFICIAL WATER USE INVENTORY

1. Water Supply
a. Domestic Water Supply
b. Industrial Water Supply
c. Irrigation
d. Livestock and Wildlife Use

2. Maintenance and Propagation of Fish and Other Aquatic Life
a. Commercial Fisheries
b. Recreational Fishing
c. Aesthetic Value
3. Recreation
a. Water Contact Sports, Swimming
b. Boating
c. Aesthetic Value
4. Navigation
5. Power Generation
6. Transport and Assimilation of Treated Wastes

Each of these should be screened for potential impacts early in the planning
process. The protection and enhancement of these beneficial water uses is
the primary goal of any stormwater control plan.

Water quality criteria and standards should be developed to protect
specific beneficial water uses. Comparing current or projected pollutant
concentrations in the receiving water with regulatory standards thus
provides a basis for defining the stormwater problem in terms of beneficial
water use limitations.

2.4.3 Characteristics of Particular Study Area

Planning studies are particularly meaningful when their scope goes
beyond the ''standard" dissolved oxygen and suspended solids problems, and
explores other potential problem classes which are important in terms of
water use in the study area. This does not mean that every potential water
use interference must be explored in detail. But, the potential for signifi-
cant water use limitations should at the very least be screened.

In this regard the planner must think beyond documented problems in
their study area and identify areas where storm loads might contribute to as
yet undocumented problems. These can include concerns related to oils and
greases, heavy metals, pesticides, herbicides, carcinogens, and viruses. 1In
identifying the potential for water use interferences in any of these classes
two factors are normally evaluated: 1) existing or potential water uses
which might be effected, and 2) potential sources of the contaminant. Local
knowledge of the study area is required for both evaluations. For example,
downstream water supplies suggest a class of potentially harmful contaminants.
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A review of upstream study area characteristics will indicate whether storm
loads could potentially contribute harmful contaminant loads. Agricultural
areas are a potential source of pesticides and herbicides. Landfill leachate
is a potential source of heavy metals and oils and grease. Combined sewer
overflows are sources of viruses. Any one of these areas may be a potentially
important contaminant source. Crude but conservative estimates of loads

from each source, using local data where possible, and simple mass balance
computations are generally sufficient to determine the potential for water
quality problems from each of these sources. Where these simple estimates
indicate a high problem potential, more detailed analyses using sampling data
will serve to further document the problem.

Planning develops sequentially and planners must continually expand
their technical base of information in order to provide input to the water
resource management decision process. The current trend towards higher
water quality standards and increased water use will undoubtedly continue.
Planning studies must therefore be responsive to this increased demand.
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CHAPTER 3

THE STATISTICAL METHOD FOR THE ASSESSMENT
OF RUNOFF AND TREATMENT

Once site specific urban stormwater problems are identified, suitable
analysis techniques are required for evaluating the magnitude of the receiv-
ing water impact and the effectiveness of alternative control options. This
task is particularly complex because of the random nature of the problem's
principal forcing function, the rainfall-runoff process.

Chapter 3 explores a particularly effective methodology for evaluating
urban stormwater problems. It is the result of a growing awareness on the
part of individuals involved in stormwater impact analysis that the real
benefits in stormwater control can only be determined by evaluating the long
term response characteristics of treatment devices and receiving water
quality (1,2,3,4,5,6). The techniques discussed in this chapter accommodate
this need by analyzing storm related problems in terms of the long term
statistical properties of rainfall, runoff, treatment performance and receiv-
ing water quality. The analysis produces results which address critical
urban stormwater questions such as: How often will stormwater runoff cause
water quality and water use objectives to be violated? What is the long term
performance efficiency of various control options? What are the marginal
costs associated with alternative water quality objective sets? Subsequent
chapters will develop analytical techniques for evaluating model coefficients
in a specific urban setting. These incorporate monitoring program design as
well as various numerical estimates.

The predominant analytical tool currently used to evaluate stormwater
problems is rainfall-runoff simulation. The emphasis in simulation models
has evolved from the more detailed description of a particular storm event
(7,8,9,10) towards the more general analysis of long term stormwater impacts
with "continuous versions'" (4,5,11,12). Examples of these more general,
long term simulators are discussed in Chapter 4.

Recently, analytical methods which utilize the statistical properties
of rainfall and runoff to investigate stormwater problems have been developed
(2,13,14,15). This chapter presents a general methodology for assessing
stormwater problems analytically, without a computer based simulation model.
The method requires minimal computer use and can be implemented with an
electronic calculator. Both the statistical method and computer simulation
models are analysis tools which involve simplifying assumptions about the
mechanisms of the real stormwater process. Many of the assumptions are the
same in both approaches, and as demonstrated in Section 3.6.7.7, the results



are similar. The primary advantage of the statistical method is that it
allows a relatively quick, simple, and inexpensive screening of stormwater
problems and a wide range of control alternatives. This is particularly
useful in the early stages of the planning process. The use of the tech-
niques and curves of the statistical method gives planners a better under-
standing of their stormwater problems. Insight is gained by following the
problem through, step by step, rather than developing a list of input
factors, running a complex simulation model, and receiving the final output.

The statistical method is particularly well suited to assessment studies
where the principal issues involve broad planning questions such as: What
are the major loads contributing to the problem? What treatment devices are
particularly effective? What are the levels of costs associated with alter-
native controls or alternative water quality objectives? While the statisti-
cal method may also have utility in more detailed siting studies, such as 201
facilities plans, it is often advisable to supplement the statistical method
with additional detailed modeling using one of the more sophisticated storm-
water simulators. Refined simulation is particularly useful at the design
stage, where the planner is interested in the behavior of control alternatives
and the response of the receiving water during a specific sequence of critical
storms. In this respect, the statistical method and simulators should be
viewed as complementary, each appropriate at different stages in the analysis
and each providing insight and direction for the use of the other.

Chapter 3 presents a sequential development of the statistical method.
The chapter begins with a discussion of the random nature of storm events and
provides the basic framework for the characterization of the rainfall-runoff
process. Stormwater loads are developed through the analysis of rainfall,
runoff quantity, and quality. Methods for determining receiving water im-
pacts are presented, and techniques for assessing the benefits of stormwater
control alternatives are developed.

3.1 Storm Runoff Events as Random Occurrences

The most basic source of variability in the rainfall-runoff process is
the fact that sometimes it is raining, and sometimes (usually) it is not.
The rainfall-runoff process consists of a series of events occurring randomly
in time. A more precise definition of the random nature of storm event
occurrences is presented in this section.

Consider the rainfall event process and let T be a fixed length of time,
e.g., one month. For each successive period of length T, let n be the number
of events which occur in that period. Since the occurrence of rainfall is a
probabilistic event, the number of occurrences during a fixed length of time
is a random variable. The critical assumption which allows a comparatively
straightforward analysis is that n is a Poisson random variable with discrete
probability density function:

.n -T/A
£ (n) = (T/A)n!e n=o0,1, ... (3-1)




with parameter A. Further, n is assumed to be an independent random
variable, that is, the number of rainfall events in any period of length T is
independent of the number that occurred in any other period. A direct con-
sequence of this assumption is that the storm interval, § (measured from the
temporal midpoints of the events), is a random variable with an exponential
probability density function. To see this, consider the probability that

8§ < T, that is, that at least one rainfall event occurs during the period T:

Pr (6 <T) =1 Pr (8 >T) (3-2)
and
Pr(6 >T) = Pr(n = 0) = e/ 2 (3-3)

since if & > T no rainfall event has occurred within the period T and n = 0.
Therefore, the cumulative distribution function of the random variable § is

Pr(s§ <T) =1 e'T/A (3-4)
so that & has an exponential probability density function:
py(6) =L e 550 (3-5)
Further, the average value of ¢ is:
S=}°—2e'6/A ds = A (3-6)
o

The parameter of the Poisson density function is thus seen to be the average
time between storms.

This characterization of the rainfall events as a Poisson process is the
most convenient available and is also surprisingly realistic. Analysis of
rainfall records (Chapter 5) indicate that the storm intervals is well de-
scribed by the exponential distribution and that the storm event definition
(number of consecutive dry hours needed to terminate an event) may be chosen
to more accurately approximate an exponential distribution for §. The
assumption that the interval between two storms is independent of the interval
between any other two storms is also quite reasonable.

3.2 Characterization of Runoff Events

The storm runoff process may now be characterized as in Figure 3-1 as a
series of independent events occurring randomly in time. The intrastorm
variability depicted in Figure 3-1(a) is ignored for the time being and each
event is characterized in Figure 3-1(b) by its duration (d_), runoff volume
(vr), time since the previous storm (§) (defined from the %idpoints of the
successive storms), and the average runoff flow (q = v_/d ). The transforma-
tion from rainfall to runoff is not yet directly addreSsed. Rather it is
assumed that the relevant runoff characteristics are available either from
direct observations, or from suitable modifications of the rainfall record.
This is discussed in more detail in Section 3.2.3.
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3.2.1 Statistical Properties of Runoff Parameters

The runoff event characteristics may be treated as random variables,
each with an associated probability density function. For a given period of
record, the mean and coefficient of variation (standard deviation divided by
the mean) of each variable are calculated. The required statistics are
summarized in Table 3-1,

e e m e wm e e e e e e e e e o m wm m e m e e e e e e v v v e e = v e = e e e e

TABLE 3-1

STATISTICS FOR STORM CHARACTERIZATION

Coefficient
Parameter For Each Storm Mean of Variation
Runoff Flow q QR vq
Duration dr DR V4
Runoff Volume Vr VR YR
Time Between Storms 8 A v6

- e = e e m = m = m e o e e e e e e e o e o e e e e e e e = e = e e e = e =

Storm flows and durations are assumed to be independent and gamma dis-
tributed. A gamma distribution is defined by a mean, in thjs case, Q_ and
D,; and a coefficient of variation v_ and 2L The probability density
function for runoff flows is then:

k-1

= ¥, 9 - .
P(@) = Q" T P (ea/Qy) (3-7)

2
in which « = 1/v_ . A similar expression describes the probability density
function of storm durations. The gamma distribution is effectively a more
generalized version of the exponential distribution. The gamma distribution
allows the coefficient of variation to vary; the exponential distribution is
a special case of a gamma distribution in which the coefficient of variation
is equal to 1.

As described in the previous section, the probability density function
of the time between storms (&) is well described by an exponential distri-
bution; that is, the coefficient of variation is approximately equal to one.
If this is not the case, the gamma distribution may also be used to describe
the time between storms.

The runoff volume of a particular event is equal to the product of the
runoff flow and the duration. The runoff volumes may thus be represented by



the product of two independent, gamma distributed, random variables. If this
were completely true, the mean runoff volume, V_, would equal the product of
the mean runoff flow and mean runoff duration ( R = D QR). This may not al-
ways be valid, however, particularly in areas where sﬁorter, intense summer
storms and longer, less intense winter and spring showers are typical and
runoff flows and durations are not completely independent. Thus the statis-
tics of runoff volumes must be obtained in addition to those on flows and
durations. In fact, the assumption that storm runoff volumes are themselves
gamma distributed is probably quite reasonable.

The cumulative distribution function for the gamma distribution is
shown in Figure 3-2. Figure 3-2 is used to determine the percent of storms
with runoff characteristics less than or equal to the given value. For
example, if the variation of storm runoff flows is v = 1.25, from Figure
3-2(a) the 90th percentile runoff flow is 2.6 times fhe mean runoff flow,
Q.. 1In other words, ten percent of the storms have average runoff flows
greater than 2.6 Q,. Interpolation may be used for intermediate values of
the coefficient of variation. Note that when the coefficient of variation
(v) is large, events with very small and very large values relative to the
mean become more likely. That is, there is more spread around the mean in
the probability density function.

Once the percent of storms larger than a given value is determined, the
expected number of storms greater than a given value may be estimated. The
average number of storms occurring during a given period is first calculated:

Length of Period
A

Average’number of storms = (3-8)
Then, for example, if the period of interest is one year and the statistical
analysis indicates that the average time between storms, A, is 70 hours:

1 year « 8766 hr/year

Average number of storms = 70 hr = 125

The expected number of storms greater than a given value is then the fraction
of storms greater than the given value times the average number of storms.
From the previous example, there will be (on the average) (0.10)125 = 12.5
storms per year with average runoff flows greater than 2.6 QR'

3.2.2 Long Term Runoff Process

Once the expected number of events exceeding a given criterion is
estimated, the final step in the statistical characterization is the deter-
mination of how often this will occur during the entire interval of interest,
including both the rain and nonrain periods. This estimate is most strongly
influenced by the fact that it is usually not raining.

The transformation from a probability distribution function for storm
events to a probability distribution function for both rain and non-rain
periods is depicted in Figure 3-3. The fraction of the time during which
storm runoff is occurring is estimated as D_/A. The remaining portion of
the time (generally between 70 and 98 percent) there is no storm runoff. The
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a) STORM EVENT DISTRIBUTION

100 N

RUNOFF FLOW

PERCENT OF STORMS LESS THAN GIVEN FLOW

b) LONG TERM DISTRIBUTION
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FIGURE 3-3
STORM EVENT AND LONG TERM FREQUENCY DISTRIBUTIONS




probability of a given runoff flow being exceeded is the probability that a
storm will have an average runoff equal to or greater than the given flow
times the fraction of the time that runoff occurs. Given the assumption that
storm runoff flows are gamma distributed, the percent of time (including rain
and nonrain periods) when runoff flows exceed a given flow may be determined
from Figure 3-2 by knowing Q,, v , and D /A. For example, assuming D_ = 8
hours, A = 70 hours, Q, = 4. cfg, and v = 1.25; Figure 3-2(a) indicates
that 10 percent of the storms have average runoff flows greater than 2.6 Q

= 10.4 cfs. The fraction of time when average runoff flows exceed 10.4 cfs
then equals:

0.10 (DR/A) = 0.10 (8/70) = 0.0114

In other words, considering the entire time history, runoff flows are estima-
ted to exceed 10.4 cfs about 1.1 percent of the time.

The mean and variance of the long term runoff process shown in Figure
3-3(b) may be calculated from the generalized Cambell's Theorem for random
(i.e., Poisson) pulse processes (17,18). The long term average runoff flow
and its coefficient of variation (including rain and non-rain periods) are:

Q, = Q (Dp/8) (3-9)
N
Vq + 1

Yq0 =W/ W 7H (5-10)

Note that the long term average runoff flow is calculated by assuming that
the storm runoff is effectively spread out over the entire time history, and
Q. is thus smaller than Q_. The coefficient of variation of the long term
process (v_ ) is larger tﬁan the variation of storm flows (v ) due to the
many increfi@nts of time when runoff flows equal zero. The sflaller the
fraction of the time runoff is occurring (D_./A), the smaller is the long term
average flow (QO), and the larger is the variability of the long term process

(vqo).
3.2.3 Determination of Runoff Parameters

The basic theoretical framework for analyzing the statistical properties
of runoff events has been presented. The actual method for determining the
runoff characteristics (i.e., the runoff volume, duration, etc., for a series
of storms) has not yet been addressed. A number of approaches may be taken
to determine runoff event characteristics. The most direct method is to
monitor the runoff flows each storm for a period of interest. Although a
monitoring program is useful and necessary for certain aspects of the study
plan, time and budgetary constraints limit the applicability of monitoring
for a complete long term characterization, and estimating techniques are
required.

Rainfall is the primary driving force in the generation of stormwater
runoff. Analytical models may be used to transform rain event characteristics
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to runoff event parameters. These may range from simple models using a direct
linear conversion of the precipitation falling over an area to its runoff; to
sophisticated models employing varying infiltration rates, depression storage,
overland flow and flow routing through the conveyance system.

A simple method for converting rainfall records to runoff records is
presented in the following sections. The techniques for evaluating the long
term statistical properties of the stormwater induced receiving water re-
sponses and the long term efficiency of control alternatives are not depen-
dent upon the use of these simple rainfall - runoff conversions. More
sophisticated models may be appropriate, particularly during the later stages
of the planning study. The general statistical methodology is flexible, and
more refined estimates may be used at different stages in the analysis, de-
pending upon the specific problem setting and the data available.

3.3 Rainfall, the Driving Force

Precipitation is the driving force in the generation of stormwater run-
off and its associated pollutant loadings. Precipitation may occur as rain-
fall, snow, or hail; and the characteristics of the resulting runoff are
very different, depending upon which of these types of precipitation has
occurred. Stormwater impacts generated by rainfall are the primary focus of
this manual. The techniques presented in this manual may be suitable for
evaluating impacts caused by snowmelt on a long term (i.e., yearly) time
scale, however, more sophisticated modeling techniques are required for a
more detailed analysis (19,20,21). Rainfall and snow impacts may be sep-
arated by a seasonal assessment, aided by the monthly characterization of
precipitation described later in this sectiom.

Rainfall occurs as a series of random events, with the amount of pre-
cipitation varying spatially as well as temporally. The approach for ana-
lyzing rainfall presented in this section is directed towards a long term
characterization of rainfall at a point, i.e., a raingage. A discussion of
the areal variability of rainfall, and techniques for transforming point to
areal rainfall are presented in Section 5.1.4,

The method used to describe point rainfall is based on a statistical
characterization of event properties for a long period hourly rainfall
record. Such records are collected by the U. S. Weather Bureau at weather
stations through the United States, and are available on cards or magnetic
tape through:

The National Climatic Center

National Oceanic and Atmospheric Administration
Federal Building

Asheville, North Carolina 28801

The length of rainfall record required to adequately define the statistical
variability of the rainfall record is generally 20 to 30 years. Shorter
records may contain atypical numbers of dry or wet years, but may be used if
longer data records are not available.
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The development of rainfall event statistics begins with a grouping of
the discrete hourly records into a series of storm events. Table 3-2 demon-
strates the implied transformation. Table 3-2(a) shows one month of hourly
rainfall data from Minneapolis, Minnesota. Only days with some precipitation,
and the first day of the month, are shown. The characteristics of the events
for this period are shown in Table 3-2(b). The storm duration is calculated
from the first hour of rainfall until the last hour of rainfall which is
followed by 6 consecutive dry hours. The number of consecutive dry hours
required to end a storm event is the basic parameter which determines how the
hourly records are grouped into storms. Considerations for selecting this
parameter in a particular study area are presented in Section 5.1.2. The
intensity is the average intensity during the storm and the volume (also re-
ferred to as the depth) is the total storm volume in inches. The interval
between storms (calculated from the temporal midpoint of the previous storm)
is also shown. This analysis thus characterizes each storm for the period of
record.

The event characteristics are statistically analyzed for all storms or
for groups of storms in the period of record. These statistics are used to
evaluate the long term properties of storm events in the urban area. The
mean and coefficient of variation of each of the event characteristics are
calculated. This is accomplished using a synoptic rainfall analysis which
has been described in the Areawide Assessment Procedures Manual (2). A
typical output from such an analysis is presented in Figure 3-4 which dis-
plays the rainfall statistics from Central Park, New York City, summarizing
the mean and coefficient of variation of the four rainfall parameters on a
monthly basis. The statistical summary is for all storms which occurred in
each of the months during the 27 year period (1948-1975).

Some interesting properties of the rainfall process are evident in
Figure 3-4. For example, the mean intensity and mean duration show marked
seasonal variability. The summer months are generally characterized by
short, high intensity storms (an indication of thunderstorm activity), while
the winter months have longer, less intense events. Note that the mean storm
volume is less variable seasonally (0.3 to 0.4 inches) and the mean storms
interval is approximately 80 hours, or slightly more than three days. Storms
occur least frequently in October, when the mean time between events is
approximately 110 hours. Storm intensities and volumes tend to be more
variable in the summer, while the coefficient of variation of duration and
the time between storms (vd and V., respectively) are relatively constant
throughout the year and vety near?y equal to one.

The rainfall statistics for a particular month or seasonal period may
be estimated from Figure 3-4. For example, for the period of June - August,
the storm characteristics are given below:
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Date

5/ 1/74

5/ 4/74

5/ 7/74

5/ 9/74

5/10/74

5/11/74

5/13/74

5/14/74

5/15/74

5/16/74

5/21/74

5/30/74

am
pm

am
pm

am
pm

am
pm

am
pm

am
Pm

am
pm

am
pm

Ppm

am
Pm

am
Pm

am
pm

TABLE 3-2

MINNEAPOLIS RAINFALL ANALYSIS

A. HOURLY PRECIPITATION (Hundredths of an Inch)

1 2 3 4 S5 6 7 8 9 10 11 12
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 2 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 1 1
0 0 0 0 0 5 6 2 0 1 1 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 1 1 15 2 3 8 12 23 13
0 0 0 0 0 6 0 0 0 0 0 0
0 0 0 0 3 0 0 0 0 0 0 0
0 0 0 0 0 5 19 6 1 0 0 0
0 0 0 0 0 1 0 0 1 3 0 0
0 0 0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 ) 2 0 0 0 0 0 J
0 0 0 0 5 0 0 0 0 0 0 0
0 0 0 4 4 10 27 0 0 0 0 0
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TABLE 3-2
MINNEAPOLIS RAINFALL ANALYSIS (Continued)

B. CHARACTERISTICS OF STORM EVENTS

Interval

Between
Storm Beginning Duration  Intensity Volume Storms
No. Date Hour (hr) (in/hr) (in) (hr)
2688 05/04/74 21 1 0.020005 0.02 186.5
2689 05/07/74 19 6 0.005000 0.03 72.5
2690 05/09/74 6 6 0.025000 0.15 35.0
2691 05/10/74 14 17 0.050000 0.85 37.5
2692 05/11/74 17 1 0.030005 0.03 19.0
2693 05/13/74 6 4 0.077501 0.31 38.5
2584 05/13/74 18 5 0.010001 0.05 12.5
2695 05/14/74 13 2 0.010002 0.02 17.5
2696 05/15/74 19 2 0.010002 0.02 30.0
2697 05/16/74 4 1 0.020005 0.02 8.5
2698 05/21/74 14 5 0.016000 0.08 132.0
2699 05/30/74 5 1 0.050005 0.05 205.0
2700 05/30/74 16 4 0.112501 0.45 12.5
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Estimated Central Park Storm Characteristics

June - August

Coefficient
Mean of Variation
Storm Intensity I = 0,08 in/hr vy = 1.4
Duration D= 4.5 hr Vg = 1.1
Unit Volume (Depth) V = 0.35 in v, = 1.5
Time Between Storms A =70 hr Ve = 1.0

(Note that some error is introduced by simply averaging monthly statistics
for a given season, particularly for the coefficient of variation where a
pooled variance calculation is necessary. This error is usually quite small,
however, and may be ignored for the purposes of this manual.)

After the mean and coefficient of variation of the rainfall properties
are determined, the frequency distribution is compared to the gamma distri-
bution in Figure 3-2. Examples are presented in Section 5.1.3, along with a
more detailed discussion of the applicability of the gamma distribution to
storm characteristics.

Once the rainfall properties are adequately characterized, the estima-
tion of stormwater loads may proceed. This is outlined in the following
sections.

3.4 Development of Stormwater Loads

This section discusses estimating techniques for stormwater loads of
various time scales, consistent with the problem definition time scales
presented in Chapter 2. These include the average annual load, various
seasonal loads, and transient loads occurring from individual events. The
technique for making these estimates utilizes a direct and simple transforma-
tion from rainfall to runoff quantity and quality. It is a basic and very
effective method for long term load characterizations when applied with
reasonable estimates of the various model coefficients.

The specific techniques for estimating loads are presented here.
Detailed discussions of model coefficients and useful numerical estimates
are presented in Chapter 5.

3.4,1 Runoff Quantity

Stormwater runoff is generated by the rainfall on an area, which flows
across the surface and gravitates toward the natural outlet from the area
either through natural drainage courses or through sewers or other collection
systems. The amount of runoff is related to the quantity of rain. Not all
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rainfall reaches the outlet of the drainage area. Some percolates into the
ground or is retained in natural depressions. The net result is that only a
fraction of the rain falling on an area ultimately becomes runoff.

An important influence on the fraction of rainfall which runs off is the
degree of imperviousness of the area. The major effect is due to artificial
surface cover such as pavement, roof tops, sidewalks, and street surfaces.
Soil types in the other areas (i.e., sandy vs. clay type) also exert an in-
fluence, as do ground slopes and soil moisture. Regardless of the signifi-
cance of these factors, it is well to bear in mind that the predominant in-
fluence on the amount of runoff to be expected at any particular time is the
amount of rainfall. A convenient approach is to define the average runoff
to rainfall ratio for a study area:

_ Volume of Runoff
RV = Volume of Rainfall

(3-11)

This assumes a linear relationship between rainfall and runoff volume, and
assumes that this relationship is the same for all storms in the period of
record. The fraction of the rainfall volume which becomes runoff actually
varies from storm to storm, depending upon the antecedent conditions, the
storm intensity and patterns, etc. In using a single ratio of runoff volume
to rainfall (R,,), the runoff volume is overestimated for some storms and
underestimated for others. The long term characterization of the storm
runoff properties (i.e., mean, variability, and frequency distribution) is,
however, well estimated, and the simple runoff to rainfall ratio is used in
other long term, initial assessment methodologies employing simulators (4).

The best way to determine the runoff coefficient for a particular
study area is to compare raingage data with the runoff monitored during cor-
responding storms. Sufficient data of this type are often not available, and
in such cases estimates must be made based upon land use characteristics,
either from land use surveys of the drainage area, or inferred from the pop-
ulation density. Methods for estimating the average volumetric ratio of
runoff to rainfall (RV) based on drainage basin characteristics are presented
in Section 5.2.1. o

W
o
°

The average volumetric ratio of runoff to rainfall is used to convert
the rainfall statistics to runoff statistics. The mean runoff volume (VR)
is determined:

VR = 0.027(RVVA) (3-12)
where:

VR = mean runoff volume (million gallons, MG)

Y = mean storm volume (in)

A = drainage area (acres)

0.027 = conversion factor (MG/acre-in).
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To estimate the mean runoff flow (QR), a transformation from rainfall
intensity is required:

QR = RVIA(D/DR) (3-13)
where:

QR = mean runoff volume ({(cfs)

I = mean storm intensity (in/hr)

D = mean storm event duration (hr)

DR = mean runoff event duration (hr)

The conversion factor from (acrein/hr) to (cfs) equals one. The term (D/D,)
is a correction factor to account for the attenuation of runoff beyond the
end of a rain event. This is particularly necessary for a large catchment
area with a long equilibrium time (the time it takes for the entire basin to
contribute runoff at a particular point in the receiving water) where D

will be somewhat larger than D. A method for estimating D, as a function of
drainage area size and the degree of urbanization, using unit hydrograph
analysis, is presented in Section 5.2.2.

The storm to storm variation in runoff volumes and flows is due primar-
ily to differences in the amount of rainfall, although variability in the
ratio of runoff to rainfall and the amount of runoff attenuation experienced
during storms, caused by changing antecedent conditions, may also contribute
variability. However, for most planning purposes, the estimate of runoff
variation may be based solely upon the variation of the measured rainfall
parameters:

Vor = Vv (3-14)

vq = Vs (3-15)

The procedure described does not specifically correct for runoff
attenuation due to depression storage in the drainage basin. Where the user
considers it important to take this into account in his analysis, the long
term effect of depression storage on runoff loads reaching the receiving
water can be estimated by using the treatment curves presented later (Figure
3-18) which define the level of control provided by storage basins.

Since the statistical analysis does not depend directly on the method
used to estimate runoff statistical properties more sophisticated models or
data for estimating the basic runoff parameters may be incorporated where
appropriate in the later stages of the planning process, without loss of
continuity.
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3.4.2 Runoff Quality and Resulting Loads

Runoff flows may be translated into stormwater loads by multiplying by
the appropriate pollutant concentration, c¢ (mg/l). The concentration of
contaminants in stormwater runoff and overflows varies within storms, between
storms, and from location to location as a function of drainage basin char-
acteristics, land use, conveyance type, season, storm type. Since the
variation is often, random and unpredictable, it is useful to begin the load-
ing assessment in a particular area using a simple average pollutant concen-
tration (c, mg/l) in the runoff or overflows. The significance of concentra-
tion variation between and within storms will be presented as the methodology
is developed.

The best way to estimate average runoff pollutant concentrations is with
a wet weather monitoring program. When sufficient data of this type are
unavailable, however, estimates may be made based on drainage area character-
istics, although significant errors are possible due to the wide variability
observed in stormwater concentrations. Further guidance and estimates for
determining runoff quality are presented in Sections 5.3.1 and 5.3.2.

Once appropriate estimates of the average runoff concentration are made,
storm loads may be determined. Equations for estimating the mean runoff
loading rate during storms (WR, 1bs/day), the mean load per storm (MR, 1bs),
and the long term average mass discharge rate (W_, 1bs/day) are presented in
this section. The relevance of each of these loading characterizations is
discussed in Chapter 2. Estimates for the variability and frequency distri-
bution of stormwater loads are also presented.

Advective streams and rivers are usually sensitive to instantaneous
loading rates of pollutants, and the analysis of transient stormwater impacts
thus requires a characterization at this time scale. If storm runoff flows
and concentrations are statistically independent, the mean runoff loading
rate, (W,, lbs/day), will simply equal the product of the mean concentration,
(c, mg/1), and the mean runoff flow, (Qq» cfs).

WR = 5.4 ¢ QR (3-16)
where 5.4 is a conversion factor to make units consistent (1lbs/day)/(cfs-
mg/1) 1. It is reasonable to begin by assuming c and qp are independent;
if data collected for specific pollutants indicate they are not, the
following refinement can be employed:

WR = 5.4 cQR (1 + vcvqpcq) (3-17)
where:

Vo the variation of the pollutant concentration (between storms)

Vq = the variation of the runoff flow (between storms)
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Veqg = the linear correlation coefficient between the pollutant
K concentration and the storm runoff flow (ranging from -1
to +1)

Positive correlation between the pollutant concentration and the storm
runoff flow will yield a higher average loading rate, while negative correla-
tion will yield a lower average loading rate. Positive correlations general-
ly occur where higher flows are necessary to cause a significant scouring of
suspended solids in the sewer system or to dislodge and transport solids
from the ground surface. Negative correlations may occur when the diluting
effects of the larger runoff flows dominate.

Equation 3-16 calculates mass loadings based on mean runoff concentration
(¢), when there is no flow-concentration correlation. Where a flow-concentra-
tion correlation does exist for a particular study area, the correct mass
loading will be calculated either by equation 3-17 (in which ¢ is the un-
weighted mean concentration), or by equation 3-16 when ¢ is taken to be a
flow-weighted concentration.

The variation of the runoff loading rate at a particular site is due to
variation in both the flow and the concentration. An equation is available
for estimating loading rate variability as a function of v and v_ by
assuming flow and concentration are independent (2). Becallse thectechnique
for evaluating instream responses to runoff loads requires information on
both the pollutant load and the flow associated with it (except in large
rivers where the flow contributed by the runoff is insignificant compared to
the base flow already present), a consistent probabilistic analysis requires
that all the variability in the runoff load be associated with flow variation.
This is discussed further in section 3.4.2,1 on impacts in streams and rivers.
The coefficient of variation of the loading rate during storms (v ) is thus
estimated to be equal to the coefficient of variation of the runoff flow:

v, = vq (3-18)
This is equivalent to assuming the runoff concentration is constant, as if
often done with simplified simulation models (4).

Highly dispersive receiving waters such as estuarine rivers and bays
require only that the total mass entering the water due to the storm runoff
be properly identified. The high degree of mixing makes them insensitive
to the actual loading rate which occurs during the storm. For these systems,
an estimate of the total mass discharged per storm and its variability from
event to event is sufficient. If storm runoff volumes and concentrations are
independent, the mean storm runoff load (M,, 1bs) is estimated as the product
of the mean concentration (c, mg/l) and the mean runoff volume (VR, MG).

My = 8.34 &V, (3-19)

where 8.34 is a conversion factor to make the units consistent [1b/(MG-

mg/1)].
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If storm runoff volumes and concentrations are not independent, a
correction similar in form to Equation 3-17 may be used to adjust the
estimate of M,. This correction requires large amounts of data to estimate
the correlation coefficient between storm volumes and concentrations with
statistical significance. When a first flush effect is present, however,
there is a negative correlation inherent between runoff concentrations and
storm volumes as shown below.

The first flush phenomenon is the condition, often occurring in storm-
water discharges, in which a disproportionately high fraction of the runoff
load is carried in the first portion of the discharge or overflow. The
pollutant concentration in the runoff at the beginning of a rainfall event is
relatively high, and as the rainfall continues, the subsequent runoff con-
centration decreases. The temporal profile of the pollutant concentration
during storms is approximated by an exponential decrease, as depicted in
Figure 3-5. Given this assumption, and the assumption that runoff durations
and flows are independent and exponentially distributed (v_= v, = 1, and
VR = v3) the correction in the estimate of M_ due to the first®flush effect
can be calculated. The average runoff concen%ration (¢) is calculated as
the expected value of time integral c(t) for the varying storm durations:

© d +
S=Ec(t) = f f Eial py(d) dt dd (3-20)
d=o t=o
The result is:
¢ = R (cpco) In(l + DR/B) (3-21)

R

Where the calculated average concentration is between c¢_ and c_, depending
upon the rate of subsidence of the first flush peak. TRis proBides an
estimate of the time averaged runoff concentration observed at a site
(without flow weighting). The average runoff volume is the product of the
mean duration and runoff flow:

V. = -
Ve = Dy (3-22)

The average runoff load is calculated as the expected value of the storm
load for the varying flows and durations from event to event; and the
decaying concentration profile within storms:

[ee] fe ]

d
M= E c(t)ad = [ f Cét) q d py(d) p_(q) dt dd dq
q=0 d=o t=0 9 (3-23)

This calculation accounts for the fact that storms of longer duration have a
lower average runoff concentration.

The result is:

(8/Dg) (¢ -c )
= P o B
L (DR/ ) + 1 * Dp (cp_co) (3-24)
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The quantity of interest is M_/cV_, which is the ratio of the actual
mean storm load to the storm load predicted by using ¢ and V. MR/EVR is
plotted in Figure 3-6 as a function of c_/c , the ratio of tﬁe peak concen-
tration to the concentration after the fBrs? flush has subsided, which in-
dicates the magnitude of the first flush; and D_/B, the ratio of the average
runoff duration to the first flush decay time, which indicates the rate of
first flush subsidence. The effect is seen to be generally small, with the
correction factor for M, near 1.0 although it can approach 0.7 for large,
rapidly subsiding first flush effects. Note that these curves will be some-
what different when durations and flows are not independent and exponentially
distributed, i.e., v, # 1, v # 1, and v R # V/3), However the results in
Figure 3-6 are reasonable fof a first es¥1mate, and may be used to adjust the
estimate of MR when a first flush effect is present.

Theoretically, a first flush should always exist, since materials will
accumulate on land surfaces and in sewer lines during the periods between
storms. Local factors, such as the size of the drainage basin and the
staggered time interval during which first flushes from different parts of
the basin reach the overflow or monitoring location, may suppress this effect.
Generally, local monitoring of a sufficiently large number of storm events
will be necessary to reliably characterize the first flush effect actually
present in a study area. However, as shown in Figure 3-6, the influence on
the estimate of the mean runoff load (MR) may not be of major importance.

The first flush effect also has an impact on the performance of storage
devices for stormwater control, as discussed in Section 3.6.1.2.3.

The variability of storm runoff loads is due to variation in both the
volume and the concentration. Because of the negative correlation sometimes
present between storm volumes and concentrations, it is reasonable to
associate all of the load variation with volume. The coefficient of varia-
tion of the runoff load (v_) is thus estimated to equal the coefficient
of variation of the runoff"volume:

Vo = Yur (3-25)

The probability distribution of storm loads and loading rates is
expected to be similar to the distribution of volumes and flows. A gamma
distribution describes the frequency characteristics and Figure 32 may be
used to predict the fraction of storms and the expected number of times per
year, month, or season that a given storm load or loading rate is exceeded,
as outlined previously.

The average storm load (M_) and loading rate (WR) are representative of
pollutant loads during storm periods. The long term average mass discharge
rate, W , is calculated by determining the total storm load during the year
(pounds}, and assuming that it occurs continuously (during both rain and non-
rain periods). If the period of interest is a particular month or season,
rather than the entire year, W_may be calculated by determining the total
storm load during the particular month or season, and by assuming that the
storm load occurs continuously. W_ is also estimated from the mean storm
load (MR) as follows: °
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= 3-2

W= W /A (3-26)
The total pollutant mass occurring over a long term period is the product

of the length of the period and Wo' For example, the average yearly load

(Ym, 1bs/year) is:

Ym = 365.25 (day/year) x WO (1bs/day) (3-27)

W is the loading rate which is used to assess the cumulative long term
stormwater effects and may be compared with the continuous municipal and in-
dustrial point source loadings to determine the relative magnitude of each
source. At least five years of raingage data, either for the entire year, or
during the particular month or season of interest, should be used to provide
adequate confidence in Wo'

For pollutants which impact the receiving water in a transient fashion,
such as coliforms or BOD;, the long term loading rate, W_, may not fully in-
dicate the severity of the problem. For example, stormwater loads may con-
tribute only a small part of the total yearly BOD; load entering a receiving
water in a particular area, but the occurrence of this load only during storm
periods may lead to violations of dissolved oxygen standards during or immed-
iately following a number of rain events., It is for such cases that the
actual mean storm load (MR), mean loading rate during storms (W,), and their
variations, v_ and v_, respectively, become the important indicators of storm-
water 1oading§. v

To demonstrate a typical loading table developed for a study area, assume
the following factors are determined for stormwater BODg loadings in the
summer (July - September).

QR = 10 cfs, vq = 1.20, VR = 2.2 MG

A = 85 hr = 3.54 days, c = 40 mg/1 BOD , Moderate first flush

The mean storm loading rate (WR) is

WR = 5.4 cQR

5.4 (1bs/day)/(cfs-mg/1) 40{mg/1) 10 (cfs)

2,160 1b BODs/day

The coefficient of variation of the loading rate (vw) is estimated to be:
v = v =1.20
w q

The mean storm load (M,) calculated from equation 3-19 is:

)

R 8.34 cVR

8.34 1b/(MG-mg/1)  40(mg/1) 2.2(MG)

M

[
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= 734 1bs BOD4

Correcting the estimate of M_ for a moderate first flush ef assuming D_/g =
1.0, Figure 3-6 indicates MR EVR equals about 0.85. The corrected estimate
of MR is therefore:

M

0.85(734)

624 1bs BODg

To calculate the frequency of occurrence of different storm flows and loading
rates, Figure 3-2 is used. These are translated into the expected number of
summer storms which will exceed a given flow and loading rate by knowing the
average number of storms per summer:

Length of Period _ 92 days

A = 3.54 days ~ °°

Average Number of Storms =

The results are summarized in Table 3-3, together with the long term average
loading information. The probabilistic loading rate information (W, 1bs/day)
is appropriate for an advective stream or river, whereas a table constructed
for an estuarine area would include frequencies of storm loads (M, 1lbs) in

multiples of the mean load (MR). The long term average loading rate during
the summer (Wo)'is:
W= Mp/A

624 (1b)/3.54 (days)

176 1b BODg/day

Table 3-3 summarizes the essential loading information necessary for
the instream response estimate.

3.5 Impacts in the Receiving Water

The quantification of stormwater related loads in an urban area provides
insight into the importance of runoff and overflows relative to other waste
loads. It is not, however, the final step in the assessment since contami-
nant loadings from urban runoff are evaluated in terms of their impact on
the adjacent receiving water. The range of water quality problems which may
be due to stormwater runoff is quite large. This section presents methods
and equations for making quantitative assessments of receiving water impacts
including both long term and transient effects. Different estimating
techniques are developed for streams, rivers, estuaries, lakes and impound-
ments. Guidance for selecting particular model coefficients and parameters
is presented in Section 5.4 of Numerical Estimates. Note that a basic
understanding of receiving water modeling is assumed for the users of this
manual. A more detailed description of mathematical water quality models
and their important components may be obtained from the following references:

1. Areawide Assessment Procedures Manual, Chapters 2 and 5 (2)
2.  Simplified Mathematical Modeling of Water Quality (22)
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TABLE 3-3

EXAMPLE STORMWATER LOADING TABLE FOR ADVECTIVE STREAM
(JULY - SEPTEMBER)

1. Loading during storms:
QR = 10 cfs WR = 2,160 1bs BODg/day
v = 1.20 v = 1,20
q W
Percent Expected Number
Flows Loading Rate of Storms Summer Storms
Q W Greater Than Greater Than
(cfs) VY& (1bs/day) "W/Wr (%) (No.)
5.5 0.55 1190 0.55 50% 13.0
12.0 1.20 2590 1.20 30% 7.8
17.0 1.70 3670 1.70 20% 5.2
25.0 2.50 5400 2.50 10% 2.6
35.0 3.50 7560 3.50 5% 1.3
2. Long term loading rate

Wo = 176 1bs BODg/day
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3.  Mathematical Modeling of Natural Systems (23)
4. Systems Analysis and Water Quality Management (24)

3.5.1 Prediction of Long Term Impacts

Although stormwater loads occur intermittently in the order of hours,
their important receiving water impacts may be manifest over longer time
periods. As discussed in Chapter 2, this is particularly true for problems
such as sediment or nutrient buildups in lakes and impoundments, and the in-
crease in levels of persistent organics or metals. These problems may be
addressed by determining the portion of the average, steady state receiving
water concentration which is due to stormwater loads. The long term average
loading rate (W_) is the appropriate input for such an analysis. In addition
to these long térm problems, some understanding of transient effects, such as
coliform bacteria increases and dissolved oxygen depressions, may be gained
by examining the average, long term contributions of stormwater runoff.
Again, a steady state analysis using long term average loads is appropriate.
Finally, results from steady state mathematical models may also be used to
infer information about the transient nature of these impacts, as will be
demonstrated in the following sections. Steady state representations are
particularly useful at the assessment stage because of the relative simplici-
ty of the calculation and the ability to respond rapidly and relatively in-
expensively to specific planning questions.

3.5.1.1 Streams and Rivers

The simplest type of receiving water is a one-dimensional flowing
stream or river where the mixing characteristics are such that the dispersion
of the mass of material can be neglected in comparison to the flow. In this
case, the river flow is the major mass transport mechanism. This simplifi-
cation is significant in terms of computational complexity and the amount
of information required for water quality analysis.

For a complete specification of stream responses to pollutant loads,
the initial concentration, the reaction rate, and the river flow and cross-
sectional areas are required. For some variables, there may be a coupling
effect where the solution of one equation feeds forward into a second equa-
tion and acts as an input. For example, the interaction between the bio-
chemical oxygen demand and dissolved oxygen is represented by a coupled set
of equations. A summary of the basic Streeter-Phelps solutions for steady
state pollutant concentrations in a stream is presented in Table 3-4.
Critical seasonal effects are estimated by assuming constant waste and stream
characteristics for the particular season. Concentrations are assumed to be
constant throughout the depth and across the width of the receiving water.
The receiving water geometry is, therefore, approximated by a series of con-
stant geometry and constant flow segments. The governing differential
equations for the receiving water concentrations are linear so that the
effects of the individual waste sources can be calculated separately and, at
a given location, added together to give the total instream concentration.

It is recommended for the first assessment that a single segment model
be used with a spatially aggregated stormwater load (WO). If more spatial
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detail is required, it is recommended that the stream be segmented into a
maximum of five reaches. The purpcse of limiting the segmentation of the
stream is to simplify the number of calculations required in the impact
analysis and to keep the level of detail of the impact analysis consistent
with the accuracy of the load estimation. In general, stream segments are
constructed for areas of approximately constant flow, cross-sectional areas,
depths, and velocities. Additional segments are formed at the location of
important point source load inputs. If less than five stream segments are
required for the particular basin, then the analysis is more manageable.

An important factor in the segmentation of the model is the effect of
the spatial detail of the stormwater load characterization on the accuracy
of the predicted instream response. Various levels of spatial detail which
may be employed are demonstrated in Figure 3-7, To limit the error in the
predicted downstream water quality concentration to 5 percent, 1oadingUaggre-
gations should be limited to a distance X (miles), such that X = 0.05 =,
where U is the stream velocity (miles/day) and K is the reaction rate %per
day). The resulting load is the sum of the individual loads.

Note that as the reactivity of the water quality parameter increases,
the distance over which load aggregation can take place is reduced. There-
fore, an analysis of coliform bacteria loads will usually result in con-
siderably smaller aggregation distances than an analysis of BOD or suspended
solids loads. Judgment should be used in aggregating loadings of conserva-
tive materials as there is a practical limit to the aggregation distance.

3.5.1.2 Estuaries and Coastal Waters

An estuary is that portion of a coastal river where the tidal action
from the ocean is a significant hydrodynamic parameter. There are two broad
sections of estuaries, the tidal river portion where the water body ebbs and
floods, but is entirely freshwater; and the lower estuarine portion where,
in addition to the ebbing and flooding of the tide, a significant intrusion
of sea salts occurs. One or two spatial dimensions (e.g., the longitudinal
and vertical dimensions) may be of importance in estuaries, although initial
assessments may simplify the problem to a one-dimensional analysis. The
primary difference between estuaries and the one-dimensional river flow
situation is the dispersive mass transport due to the tidal mixing. This
forms an important transport phenomena in addition to the net freshwater flow
through the estuary and is included in the analysis. The steady state
equations for pollutant concentrations in one dimensional estuaries are pre-
sented in Table 3-5. The additional parameter of interest is the dispersion
coefficient (E) due to the tidal action. The long term stormwater loading
rate (W ) is used to determine the average response of the estuary. The
variabi?ity of the response for transient impacts is addressed in Section
3.5.2.2.

Coastal waters such as tidal embayments and near-shore areas usually
require more complex analysis with two or three-dimensional specification of
geometry, hydraulic regimes, circulation, etc. Some simplified analysis
techniques for evaluating ocean outfalls and localized near-shore areas are
presented in Chapter 5 of the Areawide Assessment Procedures Manual (2).
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3.5.1.3 Lakes and Reservoirs

Lakes and reservoirs can involve either two or three spatial dimensionms.
The flow regime in these bodies of water can be quite complex since there are
usually no dominant mechanisms which determine the advective flow and mixing,
in contrast to the case of estuaries and rivers. The stratification which can
occur due to the absence of intense advective or mixing forces, complicates
the distribution of water quality constituents in a vertical direction. Thus,
lakes and reservoirs can encompass a broad spectrum of complexity, ranging
from completely mixed water bodies to highly stratified water bodies.

Initial assessments of long term stormwater impacts in lakes and
reservoirs may be made with a few simplifying assumptions. To determine the
average concentration of conservative or slowly reactive constituents (i.e.,
dissolved solids, persistent organics, etc.), the water body may be assumed
to be completely mixed. Equations for a large, completely mixed impoundment
are presented in Table 3-6. Because lakes with long detention times require
a long time period to reach steady state, equations for estimating the
pollutant buildup (or reduction after treatment) over time are also presented.
Note that these equations are appropriate only for an initial assessment, and
not for more detailed planning.

The eutrophication of lakes and impoundments due to excessive nutrient
load is a problem which has received a considerable amount of attention (25).
Simplified techniques for estimating the potential for lake eutrophication
have been recently developed (26, 27). These techniques are particularly
applicable for estimating the long term impact of stormwater related nutrient
loads. Because eutrophication of a water body is very complex, simplified
analysis techniques should be used with extreme caution.

The equation used for the model developed by Dillon (27) considers the
hydraulic flushing time, the nutrient loading, the nutrient retention ratio,
the mean depth, and the nutrient concentration of the impoundment:

L (10- R - N (3-28)
where:

L = nutrient loading divided by the surface area of the lake

(gm/m /yr);

R = fraction of nutrient retained;

p = hydraulic flushing rate (1/yr);

H = mean depth (m); and

N = nutrient concentration (mg/l)

The nutrient loading due to stormwater runoff is calculated from the total
yearly load (Ym). The graphical solution to this equation is a log-log plot
of L (1R)/p versus H. Figure 3-8 is a reproduction of Dillon's work on
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CONCENTRATIONS IN LARGE, COMPLETELY MIXED IMPOUNDMENT
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several lakes in Canada, based on phosphorous loadings. The nitrogen axis
has been added to the graph based on a stoichiometric relationship of the
mass of nitrogen to phosphorous in algae. This relationship does vary; a
range of 3 to 15 mgN/mgP has been reported (28) with an average of 8 being
typically used. Lakes or impoundments which fall above the 20 ugP/1 or 160
ugN/1 concentration for total phosphorous or total inorganic nitrogen re-
spectively tend to be eutrophic while those below the 10 pgP/1 or 80 ugN/1
concentration line for total phosphorous or total inorganic nitrogen respec-
tively tend to be oligotrophic. Dillon's work should be referred to for a
more detailed description and development of the method.

3.5.2 Prediction of Transient Impacts

Steady state mathematical models are useful for determining the long
term average concentration of pollutants in the receiving water. For many
water quality problems, however, this information is insufficient for a
complete evaluation. Significant stormwater impacts leading to violations of
receiving water standards and criteria may only occur during, or immediately
following, storms. A method is needed for estimating the variability of the
receiving water response and the frequency with which stormwater related
problems occur,

The most direct method for evaluating the variation of receiving water
quality is with a time variable simulation model. The hourly {(or any other
suitable time interval) stormwater flows and loads are input into the model,
and the resulting pollutant concentration is calculated for each hour during
the period of interest, such as a season or a given year. The next step is
to statistically evaluate the continuous temporal concentration profile cal-
culated by the model to determine its mean, variability and frequency
characteristics. Because time variable receiving water simulations are
complex and costly, methods have been developed for directly estimating the
pertinent characteristics of the receiving water response from steady state
models using information on the mean and variability of the stormwater loads.

3.5.2.1 Streams and Rivers

Streams and rivers are characterized by a predominantly advective
transport. Storm loads from an urban area enter the river and are transport-
ed downstream. In the idealized case, there is no interaction between storm
events in the river, and the response to each storm may be calculated indepen-
dently of any other event. The frequency distribution of instream concentra-
tions is thus directly related to the frequency characteristics of the storm-
water loadings.

In the special case of constant flow advective systems, the variability
characteristics of the response function as a function of load variability
have been investigated {24). In particular, it can be demonstrated that the
coefficient of variation of the water quality response at any location is
equal to the coefficient of variation of the input loads. Thus, knowing the
mean load and its variability, one can compute the mean response using a
steady state water quality model and then calculate the variability of the
water quality response based on the variability of the load. This is a valid
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and recommended approach for analyzing variable load impacts on streams where
the constant flow assumption is reasonable. However, in situations where
intermittent storm related loads are important, the impact of the runoff on
the advective flow is often a major factor. A calculation of the impact of
each storm event, with a defined frequency of occurrence, is thus required.

The concept is shown diagrammatically in Figure 3-9. Two loads are
considered: a continuous steady state load and an intermittent load. The
continuous loading rate is characterized completely by its mean, W, the in-
termittent loading rate is characterized completely by its mean, W_, its
coefficient of variation, v , and its probability distribution function.
The runoff flow associated With each of the loadings is also required. The
instream concentrations calculated by the water quality model are peak con-
centrations which pass a particular location during or following a given
storm. The 90th percentile receiving water response is induced by the 90th
percentile storm loading and flow, determined by a loading table such as that
shown in Table 3-3.

This is a considerably simplified representation of the probabilistic
nature of pollutant concentrations in rivers and streams. The frequency
distribution of instream concentrations is in reality also affected by
variations in the base flow {(which may be partially correlated with storm
events, depending on the size of the upstream drainage area and areal rain-
fall patterns) and temperature; both of which are assumed to be constant in
this simplified analysis. Variations in these and other factors may be
included in a sophisticated continuous simulation by incorporating them as
stochastic inputs. For initial planning studies, however, it is felt that a
simplified representation based on the frequency characteristics of storm
loads and flows provides an adequate basis for estimating and assessing
stormwater impacts.

There are two steps in determining the impacts of a particular storm.
First, the steady state Streeter-Phelps equations are used to estimate the
spatial profile which would result if the given storm load and flow occurred
continuously. If there is no dispersion in the river, this would be the
concentration observed at each location as the storm pulse passes (23). The
second step is to adjust the result to account for attenuation of the pulse
due to dispersion.

To understand the effect of dispersion, one may first view the stream
as a purely advective, plug flow system. If such a system is loaded with a
series of pulse loads of a conservative tracer as indicated in Figure 3-10(a),
measurements of a downstream point would yield a series of pulse responses as
indicated in Figure 3-10(b). The time between the measured pulses and their
magnitude would be directly related to the characteristics of the input load-
ing function and the pertinent stream characteristics such as river flow,
channel characteristics, etc.

In natural water systems, there is normally some longitudinal mixing
taking place as the pulses move downstream. The effect of such mixing, or
dispersion as it is commonly called, is to spread the pulses out, as indica-
ted in Figure 3-10(c). The effects of longitudinal dispersion on wet weather
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receiving water quality can be quite dramatic. Under certain conditions

peak concentrations in a storm related pulse can be attenuated by 30-60%
within 15 miles of the point of stormwater discharge. Figure 3-11 presents
a simple graphical solution for determining the degree to which model results
should be corrected to account for dispersion. Figure 3-11 was developed
based on simulation calculations with and without dispersion (29). The
figure indicates the reduction in peak concentration as a function of a
dispersive transport factor, a:

o= 5ty (3-29)
where: :

E = longitudinal dispersion coefficient (miles?/day)

t = time of travel from the discharge point (days)

dr = duration of the runoff event (hours)

U = river velocity (miles/day)

An o is computed for discrete distances downstream using the time of
travel to that point from the discharge location, the average stream
velocity through the river segment, and an estimate of the instream long-
itudinal dispersion. Typically, dispersion coefficients for streams and
rivers vary between 0.01 and 1.0 miles?/day. The site specific value is
dependent upon a number of factors which influence velocity gradients. For
example, the existence of impoundments or dense aquatic weed growths lead to
high dispersion coefficients while narrow, free flowing streams generally
have low dispersion coefficients. The best method for determining the dis-
persion characteristics of a specific stream is through the analysis of dye
study results (30). A technique for estimating E in the absence of dye
studies is presented in Section 5.4.1.2. As an example of the use of
Figure 3-11, assume the following stream characteristics:

E = 0.3 miles?/day
t = 10 hours = 0.42 days
dr = 3 hours = 0.125 days
U = 10 miles/day
_ 2Et
- erU2
2(0.3) (0.42) 0.16

(.125)2(10)

From Figure 3-11, a = 0.16 corresponds to a reduction in the peak concentra-
tion of a 3 hour loading pulse to 78% of its initial value at the point of
discharge. This will occur a distance:
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3.6 miles downstream of the loading point.

The concentrations calculated represent the maximum concentration of
each water quality indicator that will occur as the diluted and dispersed
pulse load moves downstream. This minimum concentration is calculated for
each storm with a given frequency of occurrence. Note that for a direct
mapping of the storm frequency onto the stream imput frequency, the resultant
pellutant concentration in the river must increase monotonically with larger
storm sizes. The applicability and limitations of this assumption are dis-
cussed in Chapter 7 where a detailed example of the computation of probabil-
istic water quality in streams using the statistical method is presented for
Salt Lake City,

3.5.2.2 Estuarine Systems

The high degree of mixing in estuarine systems makes the separate
analysis of individual storm events inappropriate. The effects of previous
storms may still be prevalent when the current storm occurs, and the impact
of each of the storms must be superimposed to determine the total stormwater
response. This may be accomplished with a time variable simulation of the
loadings and system response.

It is possible however, to estimate the mean and variability of pol-
lutant concentrations in an estuary directly, without continuous simulation
(18). The equations are derived from the response shape of a single loading
pulse to an advective-dispersive system, and the assumption that these pulses
occur as a Poissen process. The mean and standard deviation of the concen-
tration are estimated as:

¢ = g%;ﬁ-exp [%% (1 +m] (3-30)
2.2
o, = _Sﬂifg__ exp %% KE H%ﬂ (3-31)
AV2TER
where:

m = /1 + 4KE/UZ

MR = mean storm load (1b/storm)

O = standard deviation of storm load
U = freshwater velocity = (freshwater flow)/ a
A = ¢ross sectional area
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E = dispersion coefficient
K = reaction rate

X = distance from storm load (The sign in Equation 3-30 is
negative when x > 0, positive when x < 0., Positive x
is in the direction of freshwater flow).

A = mean time between storms

K = modified Bessel function (Note K (-b) = Ko(b) ). Figure
3-12 or tables of modified Bessel functioRs may be used
for evaluating this term (31).

The solution for the mean concentration is the same as the steady state
solution which would be calculated using the long term average loading
rate, Wo = M, /A. This is reasonable given the fact that the total mass of
pollutant en%ering the estuary is the same, whether it occurs as discrete
pulses, or evenly distributed in time. The standard deviation of the re-
ceiving water response increases as the storm loads increase (increasing MR)
and more variable (increasing o ). The variability within tidal cycles is
not included in this analysis. n

The simplicity of Equations 3-30 and 3-31 is remarkable. The equations

allow the simulation procedure to be by-passed in the calculation of c and

o To illustrate the results of this calculation, an example using storm-
water coliform loads into a simple, one dimensional model of the lower Hudson
River Estuary is summarized in Figure 3-13. The theoretical results are
calculated using Equations 3-30 and 3-31, The simulator results are from an
hourly simulation using Central Park raingage data transformed into runoff
loads. Note the close agreement between the theoretical and the simulated
results. The highly variable nature of the response is reflected in the fact
that the standard deviation is from one to two times the mean concentration.
The final step in the analysis is to determine the frequency distribution of
the estuary response to predict, for example, what the 90th percentile
coliform concentration is at a given location. Further research is currently
under way to examine this problem.

3.6 Assessment of Stormwater Control Alternatives

Once the magnitude of stormwater impacts on receiving water quality are
estimated, control strategies for the reduction of these impacts may be
analyzed. A variety of stormwater control alternatives are available.

These are generally grouped into two types of approaches:

1. Structural, end-of-pipe treatment devices.
2. Management practices.

Structural, end-of-pipe alternatives include devices which capture and store
runoff, such as interceptors and retention basins, and devices which reduce

the pollutant concentration of runoff or overflows, such as screens, filters,
concentrators, and disinfection systems. Management practices include source
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controls, such as street sweeping and erosion control; and collection system
management techniques, such as sewer flushing and polymer injection to in-
crease the flow capacity of the sewerage system.

A brief description of each control alternative is presented in this
section together with quantitative methods for estimating their effective-
ness. The basic statistical properties of the runoff loads and the charac-
teristics of the treatment alternatives are used to determine modified
stormwater loads to the receiving water. The projected improvement in re-
ceiving water quality due to the modification of stormwater loads then rep-
resents the benefit of potential stormwater control actions.

3.6.1 Structural Treatment Devices

Stormwater control devices may be constructed to provide a given level
of treatment for a fixed runoff flow, storm duration and influent concentra-
tion. Treatment performance will change, however, as the storm runoff
characteristics vary from storm to storm. A statistical method of analysis
is described in this section, which focuses on the determination of the long
term performance efficiency of devices subjected to the varying rainfall-
runoff process.

The structural control devices considered are grouped into two basic
categories: ~ (1) those which capture and store runoff, and (2) those which
reduce the pollutant concentration of the stormwater. The first group is
typified by interceptors and retention basins or tanks.

The operation of interceptors and storage devices is depicted in Figure
3-14. The storm runoff process is represented as a series of independent
events, as shown in Figure 3-14(b). The interceptor removes a constant flow
rate, Figure 3-14(c), the storage device captures a fixed volume, Figures
3-14(d), and the combination of interception and storage removes a constant
flow rate and captures a fixed volume of the interceptor overflow (Figure
3-14(e)). The unshaded areas in Figure 3-14 represent the uncaptured portion
of the storm runoff. This provides the basic theoretical framework for the
analysis of the long term performance of devices which capture and store
runoff.

3.6.1.1 Interception

An interceptor captures up to a flow rate, Q., the available treatment
plant capacity. Thus, Q, is the total capacity minus the dry weather flow.
The portion of the runof% in excess of Q. overflows into the receiving water
through established relief points in the system. The performance of the
interceptor is important because it captures a portion of the runoff which
may subsequently receive treatment; either at the municipal treatment plant
of a combined sewer system, or at special stormwater treatment facilities for
separate storm sewer systems.

The long term fraction of the runoff load, f_, not captured by an inter-
ceptor is calculated as the expectation of the runoff load that overflows
[cd(q—QI)] divided by the total runoff load:
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0o oo

¢ I/ (@-Q)d py(d) p,(a) dd dq

Mo 97Q d=0

f_ = M— = - (3—32)
R cQRD

where M is the mean overflow load per storm, and p,(d) and p_(q) are the
probability distribution functions of storm durations and flows respectively,
which are assumed to be independent and gamma distributed. The integrals in
Equation 3-32 are evaluated numerically, and the results are shown in

Figure 3-15. The fraction of the runoff load which is uncaptured, f_, is a
function of the normalized interceptor size, Q./Q,, and the coefficient of
variation of the runoff flows v . The greater the variation in runoff flow,
the more poorly the interceptorqperforms on average. Note the diminishing
increases in the amount of runoff captured for each increment in interceptor
size.

The use of Figure 3-15 may be demonstrated with an example. Assume
a drainage area with an interceptor has the following characteristics:

Mean runoff flow = QR = 10 cfs
Variation of runoff flow = vq = 1.15
Available interceptor capacity = QI = 12.5 cfs

For Q./Q, = 1.25, and interpolating between the curves for v_= 1.00 and
v_o= {.25 for the case when v = 1.15, Figure 3-15 indicatesthat the
flaction of the runoff load ndt captured is: fI = 0,33,

The analysis has assumed that the variation of flow within storms is
small compared to the variation of flow between storms. When this is not
the case, the performance level of the interceptor will be further reduced
beyond that shown in Figure 3-15. The analysis has also assumed that the
concentration of the runoff is independent of the flow. If this is not the
case, and higher flows tend to have higher concentrations, the interceptor
will perform more poorly than predicted in Figure 3-15. If higher flows
tend to have lower concentrations, the device will perform better than pre-
dicted in Figure 3-15. Analysis of runoff data have thus far indicated that
these effects are not of major importance for a first estimate.

3.6.1.2 Storage

A storage device captures up to a capacity volume, V_, and the remaining
flow from the storm is by-passed. The captured runoff may then be discharged
at greatly reduced flow rates, with or without treatment, to the receiving
water, or pumped to the interceptor for treatment at the municipal or indus-
trial treatment plant. The storage capacity allows a significant reduction
in the size of the treatment facilities required and provides a reduction in
the magnitude of the shock load delivered to the receiving water.
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3.6.1.2.1 Effect of Previous Storms

The total storage may not always be available at the beginning of a
particular storm. The basin may still have leftover stored runoff from pre-
vious storms. The storage that is available on the average, termed the
effective storage capacity, V., will determine the long term performance of
the retention basin. The efféctive storage capacity, V_,, is a function of
the actual size of the basin, V_, the mean runoff volumé, V_, the rate at
which the basin is emptied, @, and the average time between storms, A.

The derivation of the solution for the effective storage capacity is
outlined in Figure 3-16. Storm 1 is assumed to begin with the long term
effective storage capacity available, It rains and a volume, v, further
fills the basin. Between storm 1 and storm 2 the tank is emptied at a rate
2. The basin then has an available storage capacity of V_at the beginning
of storm 2. The problem is to find the expectation of V “over the possible
values of v and §. This expectation of V_is the long térm effective volume
of the basin, VE. ©

The integral of Figure 3-16 is solved for the special case when v_= v
=v, =1 (i.e., runoff flows durations, and the time between storms ard ex-
ponentially distributed and independent). The results, normalized by the
mean runoff volume, VR’ are displayed in Figure 3-17.

This analysis provides a useful guideline for estimating the effect of
previous storms and determining an adequate treatment rate for the storage
volume. The expression AQ may be thought of as the average captured volume
processed (i.e., emptied from the tank) between storms. The smaller this
value is relative to V_, the more likely the basin will still contain left-
over runoff with a storm begins, and the effective storage capacity, VE’ is
lower. When AQ/VR > 2, there is very little loss in effective storage
volume, When AQ/V_ < 2, however, the effective storage drops rapidly. The
drop is more pronounced in large basins where large storms may be accumulated
rather than by-passed or overflowed.

Note that some error in the estimate of the effect of previous storms
may be introduced due to deviations from the assumptions used to derive the
curves of Figure 3-17; for example, the coefficient of variation of storm
volumes may not equal VY3 as assumed in the calculations, or the actual
storage device may be operated with a variable emptying rate. The estimate
is still useful, however, for an initial assessment and screening of storage
treatment,

3.6.1.2.2 Storage Effectiveness
Once the effective storage capacity has been determined, the analysis
of basin performance may proceed. The long term fraction of the runoff load,

f,,, not captured by a storage device is calculated as the expectation of the
by-passed runoff load, cq(d-VE/q), divided by the total runoff load:
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¢ T 7 ald-vg/a) py(d) py(a) dd dq
q=0 d=VE

/q (3-33)
c QgD

where M is the mean by-passed load per storm. Equation 3-33 is evaluated
numerically, and the results shown in Figure 3-18. The fraction of the run-
off load which is not captured, f,,, is a function of the normalized storage
capacity, V./V,, and the coefficient of variation of the runoff volumes, Vv
The use of Volume statistics makes the curves applicable to situations in °
which runoff flows and durations are not independent, as is often the case.
Note that for a given coefficient of variation, the curves in Figure 3-18 are
very similar to the curves in Figure 3-15. This suggests that there is a
similarity between a random variable which is gamma distributed (runoff flows)
and a random variable which is the product of two independent, gamma dis-
tributed, random variables (runoff volumes). The assumption that storm run-
off volumes are themselves gamma distributed is probably quite adequate (16).

3.6.1.2.3 First Flush Effect

The curves in Figure 3-18 are developed without consideration of a first
flush effect. Therefore, the curves actually represent the fraction of the
runoff volume captured, rather than the runoff load. Adjustments should be
made to account for the first flush effect when it exists. Because a first
flush effect results in a disproportionately high fraction of the runoff
load in the first portion of the discharge or overflow, a correspondingly
high fraction of the runoff load is captured by a storage device.

The improvement in storage device performance associated with the first
flush effect is evaluated by assuming that the temporal concentration profile
of the runoff has an exponential shape as shown in Figure 3-5. The results
of this analysis are simplified and presented in Figure 3-19, which may be
used to adjust the performance curve selected on Figure 3-18, with the cor-
responding new values of f .. The magnitude of the first flush effect to be
used in Figure 3-19 may be estimated from the ratio of the peak pollutant
concentrations generally found at the beginning of storms, c_, to pollutant
concentrations observed after the first flush subsides, c . Prable 3-7 pro-
vides general guidelines for estimating the magnitude of ®he first flush
effect. As previously stated, local monitoring of a sufficiently large
number of storm events will be necessary to reliably characterize the first
flush effect actually present in a study area. However, as shown in Figure
3-19, the influence on device performance may not be of major importance.

The analysis of the first flush effect assumes that the storage device
is operated in a by-pass mode, that is, by-passing the later storm runoff
flows after the device is full. The device may also be operated in an over-
flow mode; accepting all storm runoff flows in one end, and overflowing from
the other when the basin becomes full. This will negate the storage improve-
ments related to the first flush effect, however, some treatment may be pro-
vided within the storage device, such as sedimentation, which may make the
overflow mode more favorable. These factors should be considered and weighed
when designing a storage-treatment system.
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TABLE 3-7

GENERAL GUIDELINES FOR ESTIMATING MAGNITUDE
OF FIRST FLUSH EFFECT

Ratio of Peak to

Final Concentrations Magnitude of

(CP/CO) First Flush Effect
1.0 - 1.5 Small
1.5 - 4.0 Moderate
> 4.0 Large

Assumed DR/B = 1.0
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3.6.1.2.4 Treatment of Stored Runoff

Once the fraction of the runoff load captured by a storage device has
been determined, the effects of treating the stored portion of the runoff
(off-line treatment) may be incorporated. Treatment may occur either through
settling or reaction in the basin itself or by pumping the stored stormwater
through a treatment device. The treatment rate should be controlled to maxi-
mize the overall treatment benefits. A lower treatment rate is desirable
to improve the pollutant removal and to attenuate the release of stormwater
into the receiving stream. If the rate is too low, however, the effective
storage capacity may be reduced, as described previously. Assuming the
captured runoff is treated with a percent removal (r), the modified average
runoff load (ME), will be:

ME = £ M+ (1 - £OM (1 - 1) (3-34)

Again, note that this modified load will enter the receiving water over a
longer time period than the original storm runoff.

3.6.1.2.5 Example of Storage Device Evaluation

The determination of storage device performance may be demonstrated with
an example. Assume a drainage area served by a storage device has the fol-
lowing characteristics:

Mean runoff volume = Vp = 4 MG (.536 x 103 ft3)

Variation of runoff volume = ViR = 1.75

Mean runoff load = MR = 2,000 1b BOD

First flush effect = moderate

Average time between storms = A = 84 hr = 3.5 days

Storage volume (empty) = V 6 MG (.804 x 10° ft3)

B
Emptying rate from storage = Q = 3 MGD (4.6 cfs)
Percent removal of BODs in stored runoff = r = 50%

To determine the effective storage capacity, the ratio of the average volume
processed between storms to the mean runoff volume is calculated:

AQ/VR = (3.5 days) (3 MGD)/(4 MG) = 2.63
The ratio of the empty storage volume to the mean runoff volume is:
VB/VR = (6 MG)/(4 MG) = 1.5

Figure 3-17 is then used to determine the effective storage capacity:
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VE/VR = 1,35

VE = 5.4 MG
The long term performance, assuming no first flush effect, is determined
from Figure 3-18. For V_/V_ = 1.35 and v_, = 1.75, Figure 3-18 indicates
the long term fraction og tﬁe runoff not captured:

fV = 0.45
The improved treatment due to the moderate first flush effect is then incor-
porated, using Figure 3-19. Adjusting f, = 0.45 for a moderate first flush
effect, Figure 3-19 indicates the reviseg fraction of the runoff load not
captured is:

fV = 0.35
Given the average runoff load M, = 2,000 1b BODs, and the percent BOD
removal of the captured runoff load r = 50%, the modified average runoff
load 1is:

=
*
1}

x wa + (1 - £M (1 - 1)

0.35(2,000) + (0.65)(2,000)(0.50)

1,350 1b BODs

To demonstrate the long term average pollutant reduction achieved by the
storage treatment system, the yearly stormwater BODg load (Ym) may be calcu-
lated with and without the control:

Before storage:

Y
m

(MR/A)(365.25 days/year)

(2,000 1b BODs/3.5 days)(365.25 days/year)

208,700 1b BODg/year
After storage:

Y
m

(Mﬁ/A) (365.25 days/year)

(1350 1b BODg/3.5 days) (365.25 days/year)

140,900 1b BODg/year

A 32% reduction in the long term average BODg load is indicated. In addition,
because of the storage device, part of the load discharged to the receiving
water can be spread over an extended period, rather than just during or
immediately following storm events.
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3.6.1.3 Interception and Storage

Interceptors and storage devices may be operated in combination. The
interceptor captures up to a flow rate, Q.. The overflow from the interceptor
is stored until the basin capacity is reached, after which overflows from the
interceptor are by-passed. This is equivalent to the ''storage-treatment"
system commonly analyzed with simulators. The treatment component can be
thought of as available interceptor capacity.

The long term fraction of the runoff load, f_. , not captured by an
interceptor in combination with a storage device is calculated as the expec-
tation of the runoff load both overflowed and by-passed, divided by the
total runoff load:

c f s (q-Q;) d-V./(q-Q) pd(d)pq(q)dd dq

q=Qq d=V./(a-Q;)
= (3-35)
R c QRD

frv =

ZIZI

Equation 3-35 is evaluated numerically and the fraction of the runoff load
not captured by both the interceptor and the storage device is well estimated
by the product of the individual fractions remaining for each device:

fIV = fIfV (3-36)
Equation 3-36 is exact when v = 1, slightly underestimates f_., when v > 1,
and slightly overestimates f v when v_ < 1. The error of the éstimatelis
small compared to the overalI uncertainties involved in stormwater treatment
analyses.

The effect of treating the captured portion of the runoff may again be
incorporated for the combination interceptor-storage device system. This is
typified by a combined sewer system where the interceptor routes runoff to
the municipal treatment plant and storage is added to capture overflows which
are subsequently pumped back to the interceptor and the treatment plant.
Assuming the treatment plant provides a percent removal, r, for both flows
captured by the interceptor and for stormwater retained by the storage device
and subsequently returned, the modified runoff load, Mﬁ, is:

ME = £ M+ (1 - £.0M (1 - 1) (3-37)

This assumes that the percent removal (r) obtained at the treatment facility
is similar for both the storm flows which reach it during the rainfall event
and for the captured stormwater returned later at controlled rates. This is
not usually the case, however, and it may be prefereable to analyze such a
system as an in-line treatment device whose percent removal decreases with
flow, as will be described in the following section.
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3.6.1.4 In-Line Treatment Devices Which Reduce Pollutant Concentration

A number of treatment devices have been applied as control measures to
reduce the concentration of stormwater overflows and runoff. The pollutant
removal efficiency will vary from one treatment device to another, and may
also vary in any one unit operation due to variations in the flow rate and
the influent waste load characteristics. In general, as more flow passes
through a device of a given size, the efficiency of removal will decrease.
Furthermore, the removal efficiency (expressed as percent removal) of some
treatment devices, in particular screens and sedimentation tanks, will be en-
hanced when the influent suspended solids concentration increases.

The performance of most treatment devices may be approximated by an ex-
ponential decrease in the percent removal as the flow increases. Most treat-
ment devices cannot be subjected to an excessive large flow rate, however,
and runoff beyond a certain flow rate must be by-passed. Hydraulic capacity
limitations as well as process considerations will determine the maximum flow
accepted. The effect of this by-pass may be approximated as a continued
exponential decrease in the overall treatment efficiency (including processed
and by-passed stormwater). This is demonstrated for dissolved air flotation
in Figure 3-20. The assumption that the percent removal decreases exponent-
ially as the flow increases is an approximation and may not describe the
performance of some devices as well as it does others; however, this approach
is a useful simplification and is reasonable for initial assessments.

For an exponential performance curve the relationship between flow and
percent removal is described analytically by the following equation:

r(q) = Z exp(a 1n(3)/Qp) (3-38)
where:

r(q) = percent removal as a function of q

q = influent flow

QR = mean runoff flow

Z = best percent removal obtainable at very low flows

F =

percent removal at the mean runoff flow, QR'
The relationship is shown graphically in Figure 3-21.

The long term average reduction, P_, obtained by a treatment device
which is subject to varying runoff flows is calculated from the expectation
of the portion of the load remaining:

00 00

S/ f 1-1(q) qde p_(q) py(d) p_(d) dq dd dc (3-39)
o d=o c=0 L

1
1-P_ =:—
P,

N - 8
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where storm flows are assumed to be gamma distributed and independent of c
and d, and r(q) is expressed as a fraction. The result is:

K+l

where: k = l/vq2

Equation 3-40 is plotted in Figure 3-22 which demonstrates the long term
performance which can be achieved by in-line treatment devices. Note that
the greater the variation in the runoff flow (v_}, the more poorly the device
performs on average. 4

To use Equation 3-40 or Figure 3-22, an efficiency curve for the partic-
ular device is required. These are presented for many devices in Figures
5-43 - 5-54 in Section 5.5.2 of the Numerical Estimates Chapter. Also in-
cluded in Section 5.5 is a discussion of the amount of field and experimental
data used to develop the curves, their applicability to separate versus com-
bined runoff, and the extrapolation of information on suspended solids re-
moval to predictions for the removal of other pollutants. If other informa-
tion is available to develop an efficiency curve for a particular treatment
device, this curve may be used in the same manner. Once the percent removal
versus flow curve is chosen, the following procedure is employed to determine
the average long term performance:

Step 1. From the efficiency curve, determine F, the percent removal
of the given size device at the mean runoff flow (QR).

Step 2. From the efficiency curve, determine Z, the largest percent
removal of the given size device at very low flows. The
idealized removal curve (from Equation 3-38) should be
drawn over the actual curve to insure a reasonable
representation.

Step 3. Given the variation of the runoff flow, v _, use Equation
3-40 or Figure 3-22 to determine PF' q

3.6.1.4.1 Example: Analysis of In-Line Treatment Device

To demonstrate the evaluation of the long term performance of a treat-
ment device, assume a drainage area served by an in-line dissolved air flo-
tation system with chemicals (see Figure 3-20 for efficiency curve) has the
following characteristics:

Mean runoff flow = QR = 4 MGD

4,000,000 GPD (6.2 cfs)

Variation of runoff flow = vq 1.15

Mean runoff load = MR = 2,000 1b BODg

Surface area of air flotation device = 1,000 sq. ft,
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The surface loading rate at the mean runoff flow is (4,000,000 GPD)/ (1,000
ft2) = 4,000 GPD/ft?, which is 4 times the nominal design flow. From Figure
3-20 (BODg with chemicals), the values of F and Z are selected. The first
inclination is to select F = 57 and Z = 80. Because of the flat shape of the
actual performance curve at low flows, however, the idealized exponential
curve with F = 57 and Z = 80 does not provide a good match to the actual
performance. Selecting F = 55 and Z = 100 provides a much better overall
match. The idealized curves are compared to the actual performance curve in
Figure 3-23. For these values the long term average reduction in the runoff
load is calculated from Equation 3-40.

K = 1/vq2 = 1/1.152 = 0.76

K k+1 0.76 0.76+1

Pe = Zmarny) = 100 59— in(s5/100))

36 percent reduction of long term BODg load.

Using Figure 3-22, F/Z = 55/100 = 0.55. Giyen that v = 1,15, P_/Z =
0.36, and P, is determined as P_ = 100(0.36) = 36 percent.q Note that either
the numerical or the graphical method may be used, yielding the same result.
The modified runoff load, M*, is then:

Mﬁ = (1 - 36/100) MR = 0.64 (2,000) = 1,280 1b BODg

As with the interceptor, the long term performance of the flow sensitive
treatment device is adversely affected by large within storm flow variations
and positive flow-concentration correlations. Again, these effects are
usually not large enough to be significant over the long term (see Section
3.6.1.7.4).

3.6.1.4.2 Concentration Sensitive Treatment Devices

The percent pollutant removal obtained by a number of treatment devices,
including screens and sedimentation tanks, increases with higher influent
concentrations. The relationship between the influent concentration and the
percent removal is assumed to be increasing to a limit. An analysis similar
to the one for the flow sensitive treatment device has been performed to
determine the long term load reduction as a function of the percent removal
at the mean runoff concentration, the best percent removal obtainable at very
high concentrations, and the variability of the runoff concentration (32).
The long term performance curves are similar in form to those of Figure 3-22,
except the performance improves with a higher coefficient of variation of
runoff concentration. Similarly, high within storm concentration variations
and positive flow concentration correlations improve the long term treatment.

Most treatment devices which are sensitive to influent concentration
are also sensitive to influent flow. These dually sensitive devices have
also been analyzed (32), and an intermediate long term performance is
obtained, depending upon the degree of sensitivity to either flow or
concentration. The improved treatment at higher concentrations generally

3 - 65



100
N \ NOMINAL DESIGN FLOW RATE 1000 GPD/ft%

BODy WITH CHEMICALS (ACTUAL)

X
.}
g
>
o
= -
W “~§
o o \‘\s
304
N ~
20 REMOVALS BASED ON =~
— BYPASS AT Q>4.5 Q DESIGN
F =
ol LOW: Q,
o N T U N T SRS S B
0 : 2 3 a 5 6 7 8 9 10
FLOW/DESIGN FLOW
LEGEND

~——«— |[DEALIZED CURVE. F=57,2=80
-— —— |DEALIZED CURVE: F=55,2=100

FIGURE 3-23

COMPARISON OF IDEALIZED
AND ACTUAL DISSOLVED AIR FLOTATION PERFORMANCE

3-66




to an improvement in the long term performance of the device subjected to
varying influent concentrations. This improvement may be ignored, however,
for an initial, conservative assessment, and the methodology developed for
the flow sensitive treatment device may be used, with the average influent
pollutant concentration determining the appropriate curve selected in Section
5.5.2 to define the treatment device performance at the mean runoff flow

and low flows.

3.6.1.4.3 Disinfection

Disinfection of pathogenic organisms in stormwater overflows is often
necessary to protect public health, protect water supplies, bathing beaches,
and other water uses. Conventional disinfection of wastewater generally uses
chlorine and chlorine compounds, and most of the investigations on the
disinfection of combined sewer overflows have been conducted with chlorine
disinfectants. These and other disinfection systems are discussed in more
detail in Section 5.5.2.7 of the Numerical Estimates Chapter.

The disinfection process is quite complicated and the approach outlined
in Figure 3-22 is not readily applicable to the analysis of disinfection. A
unique methodology is required and the basic assumptions and mathematical
development of the analysis are presented in Section 5.5.2.7.

The purpose of the analysis is to provide a method of transforming in-
formation about the bacterial removal of disinfection systems under controlled
conditions to estimates of the long term performance of systems subjected to
varying runoff or overflow rates. The results are displayed in Figure 3-24.
The abscissa is the product of the effective kill rate (k), the mean contact
time (t), each determined with the influent flow equal to the mean runoff
flow, (QR). The long term bacteria reduction is shown for a device treating
a constant influent flow (equal to Q,) and devices subjected to varying in-
fluent flow (v_= 1); one with a constant disinfectant feed rate and one with
a feed rate di%ectly proportional to the influent flow.

To demonstrate how Figure 3-24 is used, assume a proposed disinfection
system is designed to achieve nearly plug flow and gives a 99.99 percent
bacteria removal (10™% remaining) at the mean runoff flow. This is equiva-
lent to (k t), = 20. The long term average reduction for the proportional
feed device is 99.85 percent (1.5 x 103 remaining) and only 97 percent (3 x
1072 remaining) for the constant feed device. Changes in the size of the
device may be estimated by changing the contact time (t) while changes in the
amount of disinfectant used may be estimated by changing the kill rate (k).
Improvements in long term performance may be compared to the cost of flow
metering and proportional feed equipment, larger disinfection systems, and
the use of more disinfectant.

The analysis of disinfection systems, as well as other types of storm-
water treatment, has been directed towards the determination of the long
term pollutant load reduction. While this provides much insight as to the
effectiveness of the treatment alternative, and may be adequate for many
planning purposes, it may provide an incomplete picture. This is particularly
true for disinfection controls, where the fact that most storms are treated
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adequately is more important than the fact that a few large storms are over-
flowing with little treatment, thereby having an adverse effect on the long
term average reduction. The important consideration is the frequency of storm
load occurrences after treatment, rather than the long term average. This is
discussed in more detail for disinfection and other stormwater control al-
ternatives in Section 3.6.1.6, The Effect of Stormwater Control Devices on

the Frequency of Loadings.

3.6.1.5 Combined Treatment Systems Which Capture, Store, and Treat
Runoff

To estimate the long term performance of a combined treatment system
which captures, stores, and provides in-line treatment for stormwater over-
flows, the approximation developed for a combination of interceptors and
storage devices may be employed: the fraction of the load remaining for the
combined system equals the product of the fractions remaining from each of
the individual components.

To illustrate the evaluation of combinations of control strategies,
assume the storage and the in-line facility previously presented are both
used. The storage device captures runoff until it is full, when the by-
passed flows are treated by the in-line dissolved air flotation system. The
runoff captured by the storage device is then treated at a controlled rate
such that there is 50 percent treatment (r = 50%). For these examples, the
following loads were determined:

=
i

Mean runoff load = 2,000 1b BODjg

M* predicted after storage and treatment of captured runoff alone
= 1,350 1b BODj

Mz predicted after in-line treatment alone = 1,280 1b BODg

The resulting runoff load with both the storage and in-line treatment is
then estimated as:
1,350

MR = Goo0) X ¢

1,280,
2,000

x 2,000 = 860 1b BODs

3.6.1.6 The Effects of Stormwater Control Devices on the Frequency
of Loadings

The techniques, curves, and equations presented in the previous
sections for estimating the reduction in the long term average stormwater
load due to various control devices provide useful information to the
planner; and for stormwater impacts which are long term in nature, such as
sediment desposition and eutrophication due to nutrient runoff into an im-
poundment, the knowledge of the long term removal is completely adequate.
For transient stormwater impacts which occur primarily during, or immediately
following storm events, however, planning decisions may require information
on how treatment devices modify the frequency of stormwater loadings.
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Research has been conducted to determine the effect of treatment on
the variance of stormwater loads (33). A general observation is that control
devices reduce the variance of the runoff load less than they reduce the
mean. The majority of the smaller storms are treated very well, and in the
case of storage or interception, they may be completely captured. The larger
storm loads, however, may only be marginally reduced by the treatment system.
The long term output from the treatment system thus has more variation around
the mean than does the input.

Assuming one can estimate the effect of treatment on the variance of the
runoff load, problems still arise because the modified storm loads may no
longer be gamma distributed. Different control devices affect the frequency
distribution of storm loads in different ways. A few simple examples of this
are presented for different control devices. When a single, simple device
is used some estimates may be made of the resulting frequency of modified
storm loads. More complex cases involving combinations of control devices
require simulation for reliable estimation.

3.6.1.6.1 Interception

Interceptors capture a portion of the flow from a storm runoff event
and their effect on the frequency distribution of storm loading rates (i.e.,
pounds per hour during the storm) may therefore be approximated. All storms
with flows less than or equal to the available interceptor capacity (Q,) are
completely captured while larger storms (higher average flows) have their
flow rates reduced by Q.. Assuming a constant runoff concentration, this
effect on the flow rate may be transformed to an equivalent effect on the
loading rate.

The effect of an interceptor on the frequency distribution of storm
loading rates is demonstrated in Figure 3-25. The original runoff loading
rates are assumed to be gamma distributed, and Figure 3-2 is used to draw
the frequency distribution given the coefficient of variation of the runoff
flows, v = 1.15. An interceptor with QI/Q = 1.25 completely captures 71
percent 8f the storms. The overflow ratés %rom the remaining 29 percent of
the storms are reduced as indicated. For example the loading rate during
the 90th percentile storm (with a loading rate exceeded by only 10 percent of
the storms) is reduced from about 2.4 W_ to 1.15 W_. Knowing the average
number of storms per year or season, this result may be transferred to the
expected number of occurrences during the year or during the particular
season.

3.6.1.6.2 Storage

Storage devices capture a portion of the volume from a storm runoff
event, and their effect on the frequency distribution of storm loads (i.e.,
total pounds per storm) may therefore be approximated. All storms with
volumes less than or equal to the effective storage capacity (V_.) are com-
pletely captured while larger storms (higher total runoff volumé€s) have their
runoff volumes reduced by V_. Assuming a constant runoff concentration, this
effect on the runoff volume may be transferred to an equivalent effect on the
runoff load.
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The effect of a storage device on the frequency distribution of storm
loads is demonstrated in Figure 3-26. The original runoff loads are assumed
to be gamma distributed and Figure 3-2 is used to draw the frequency distri-
bution given the coefficient of variation of the runoff volumes, v _ = 1.75.
A storage device with V_/V_ = 1.35 completely captures 77 percent 3¥ the
storms. The by-pass lodds from the remaining 23 percent of the storms are
reduced as indicated. For example, the total runoff load from the 90th per-
centile storm (with a total load exceeded by only 10 percent of the storms)
is reduced from about 2.9 MR to 1.55 MR’

3.6.1.6.3 In-Line Treatment Devices

In-1line treatment devices reduce the concentration of stormwater runoff
and overflows. Assuming the removal efficiency is sensitive to influent flow,
as described in Equation 3-38, and assuming that the influent concentration
is constant and equal for all storms, the effluent loading rate during a
particular storm (i.e., pounds per hour) is a function only of the flow rate.
Therefore, the effect of in-line treatment on the frequency distribution of
storm loading rates may be approximated.

Larger storms (higher average flows) have lower percent removals, as
shown in Figure 3-22 and Equation 3-38. Therefore, if a particular storm
has a higher loading rate than another storm before treatment, it will also
have a higher loading rate after treatment (though both are reduced). The
nth percentile storm before treatment is thus the nth percentile storm after
treatment, allowing a simple transformation from the untreated frequency
distribution to the treated frequency distribution with Equation 3-38. This
is demonstrated in Figure 3-27 for a device which gives 60 percent removal
at the mean runoff flow (F = 60) and 80 percent removal at low flows (Z = 80).
The untreated frequency distribution is drawn for v_ = 1.15, as in Figure
3-25. For example the 66th percentile (mean) stormlwhich has a loading rate
of W_ before treatment, has a loading rate of 0.4 W_ after treatment, cor-
responding to a 60 percent reduction. Note that for larger storms the un-
treated and treated curves become approximately parallel. This indicates
that none of the additional runoff is receiving treatment, as is the case
when the hydraulic capacity of the device is reached and the additional flows
are merely by-passed.

3.6.1.6.4 Disinfection

Disinfection systems are assumed to operate in a similar fashion to in-
line treatment devices. Given the basic assumptions presented in Section
5.5.2.7, the effluent coliform bacteria loading rate is a function of only
the runoff flow. Larger storms (higher average flows) have lower percent re-
movals due to the decreased contact time in the device and, in the case of a
constant chlorine feed system, lower disinfectant concentrations.

Assuming the empirical disinfection device designed to achieve nearly
plug flow (described in Section 5.5.2.7) is used, Figure 3-28 shows the
frequency distribution of storm loading rates before and after disinfection.
The untreated loading rate distribution is estimated by assuming that v_ =
1.00. The treated loading rate distribution is calculated from Equatioﬁs
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5<25 and 5-26 in Numerical Estimates and shown for systems with a flow pro-
portioned and a constant chlorine feed rate. Both systems are designed to
give 99.99 percent removal (10 “ remaining) at the mean runoff flow. If it
‘has been determined, for example, that coliform loading rates greater than
0.01 W_ result in unacceptable receiving water impacts, the frequency of
occurrence of these impacts may now be estimated for each of the disinfection
alternatives. The constant chlorine feed system results in about 13 percent
of the storms having loading rates greater than 0.01 W_ while the flow
proportioned feed system results in about 3.5 percent of the storms having
loading rates greater than 0.0l WR.

A few simple examples of frequency estimates have been presented.
However, estimates of the frequency distribution of stormwater loads result-
ing from more complex combinations of treatment systems may require a more
sophisticated analysis with simulation.

3.6.1.7 Comparison of Statistical Method to Simulations of Treatment

This section presents comparisons between the treatment performances
predicted by the statistical method and results obtained with simulation
studies. The comparisons support the validity of the theoretical curves and
indicate that estimates based on these curves are likely to be similar to
those obtained with simulation modeling techniques,

3.6.1.7.1 Effect of Previous Storms

To check the approximation for the effect of previous storms on the long
term effective storage capacity given in Figure 3-17, the results of a
simulation of an 8 square mile drainage basin in Dallas, Texas, are used.
A simple rainfall/runoff ratio is used to convert the 1968 hourly rainfall
record to runoff flows. A storage device is simulated and the amount of
storage available at the beginning of each storm is recorded. Nine simu-
lations are made with different size basins and different emptying rates.
The results of these simulations are summarized in Figure 3-29. The curves
for AQ/V_ = 0.5, 1.0, and 2.0 reasonably approximate the simulation results.
However @hese curves are intended only for an initial assessment of storage
device operation and not for actual design since they depend on an idealized
representation of the basin operation.

3.6.1.7.2 Storage Device Performance

In a report on combined sewer overflow problems in the City of Trenton,
New Jersey, Kaufman analyzes the potential impact of a detention basin at
the storm by-pass of the City's sewage treatment plant (34, 35). The Trenton
rainfall is characterized by ten years of United States Weather Bureau
Records (1963-1973). Assumed relationships between the intensity of rainfall
and the amount of runoff lost to infiltration and overland flow (not entering
the combined sewer) are used to determine the volume of combined sewage
overflowed during each storm at the treatment plant by-pass. These volumes
are used to calculate the percent of the total overflow which would be cap-
tured by a detention basin of various sizes (35, Plate 14).
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To compare the Trenton results with the statistical method, the mean
and the coefficient of variation of the overflow volumes were determined
(VR = 3.48 MG, v R 1.49). The results plotted in Figure 3-30 show a very
close agreement ¥Ctween the theoretical and calculated long term performance.
Note that storm overflow volumes are calculated in a more sophisticated
manner than with a simple rainfall to runoff ratio. This demonstrates the
flexibility of the general methodology, where more refined estimates may be
used to determine the runoff statistics, depending upon the specific problem
setting and the data available.

3.6.1.7.3 Interception and Storage

As part of a nationwide evaluation of combined sewer overflows and
urban stormwater discharges, Heaney and Huber et al. use the STORM simulation
model to develop storage-treatment isoquants for five cities in the United
States (3, 36). A relatively simple transformation from rainfall to runoff
is used to generate one year of hourly runoff flows and loads, and a storage-
treatment system is employed to simulate the capture of these flows and
loads. A number of these STORM simulations are executed with different
combinations of storage and interception, and the percent of the yearly
runoff load captured is noted for each simulation. Curves are fitted to
storage-interception combinations with equal percentages of the runoff load
captured to form the isoquants (3, Figures 12-16).

The curves and relationships of the statistical method presented in this
Chapter can be used to generate similar isoquants for one of the cities,
Denver, Colorado; and the results are compared to those generated by the
STORM simulation. The STORM simulations were made with Raingage 052220 in
Denver for the year 1960, and this record is therefore used to generate the
appropriate runoff characteristics, summarized in Table 3-8, for use in the
comparison. The mean runoff volume and flow are given per unit area, in
inches per storm and inches per hour respectively. The effects of depression
storage and evaporation are considered negligible and not included. Accumu-
lation rates for the BOD and the effects of street sweeping which are used in
the STORM simulations are also not incorporated. The storage-interception
isoquants are generated using the statistics in Table 3-8, Figures 3-15,
3-17, 3-18, and 3-19, and Equation 3-36. The results are compared to the
STORM simulations in Figure 3-31. The amounts of BOD captured as predicted
using the curves and relationships of the statistical method are very
similar to those simulated with the STORM model.

3.6.1.7.4 In-Line Treatment Device

The performance of an idealized flow sensitive treatment device is
simulated using actual runoff quality (chemical oxygen demand, COD, and
suspended solids, (SS) and flow data from Durham, North Carolina (37),
Milwaukee, Wisconsin (38), Washington, D, C. (39), and Lubbock, Texas
(40). A summary of the data is presented in Table 3-9. For each data set,
the performance of a flow sensitive treatment device is simulated by assum-
ing that Equation 3-38 applies exactly. The actual observed concentrations
and flows are then subjected to a removal consistent with Equation 3-38,
The within storm observations are processed sequentially for all storms.
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TABLE 3-8

SUMMARY OF RUNOFF STATISTICS
DENVER, COLORADO, RAINGAGE 052220, 1960

Runoff to Rainfall Ratio = 0.39
QR = 0.0131 in/hr vq = 1.38
VR = 0,078 in/storm VR T 1.49
A = 119 hrs

Assume Moderate First Flush

- e = = e e o e e e e e e o e e e e e = v e o mm e e e o e e e = om e wm e o e

TABLE 3-9

SUMMARY OF RUNOFF DATA ANALYZED

Coefficient Constituent Pollutants
of Variation

of Flow = v oD S5
q No. of Total No. No. of Total No.
City (Between Storms) Storms Samples  Storms Samples
Durham (37) 1.59 26 398 26 354
Milwaukee (38) 1.05 13 144 12 130
Washington, D.C. (39) 0.70 6 45 * *
Lubbock (40) 0.68 11 93 11 93

*Insufficient data.
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The results are analyzed for the average percent removal. The calculation
is made with F/Z equal to 0.2, 0.4, 0.6, 0.8, and 0.9. The resulting removal
over all the storms is compared to the theoretical reduction in Figure 3-32.

In general, the comparison between the theoretical and simulated re-
duction is quite good. Stipulation of the relative removal at the mean
runoff flow (F/Z), and a knowledge of the coefficient of variation of the
runoff flow (v )}, allows a reasonable prediction of the long term perfor-
mance. Furthe%more, the differences between the theoretical and the simu-
lated values are explainable in terms of two mechanisms previously mentioned:
high within storm flow variation and flow-concentration correlation.

Lubbock, which has very high flow variability within storms, has simu-
lated overall reductions smaller than those predicted by Equation 3-40.
The relative magnitude of within storm flow variation is depicted in Table
3-10 as the average standard deviation of flow within storms (o_ ) divided by
the standard deviation of flow between storms (¢ ). For all thd"cities
except Lubbock, the within storm flow variation $s small compared to the
between storm variation.

The other effect, flow-concentration correlation, is depicted in Table
3-11 as the ratio of the flow-weighted average concentration (c,.) to the
standard, time average concentration (c). If flow and concentration are
independent, c./c is nearly equal to one. If flow and concentration are
positively correlated, c./c is greater than one; and if the correlation is
negative, c./c is less than one. Note that the SS data tend to show a
positive correlation (scour effect), particularly in Durham; while the COD
data tend to show a negative correlation (dilution effect), with the excep-
tion of Durham. The ratios shown in Table 3-11 are consistent with the
observation that:

1. The simulated COD reductions for Durham are very nearly equal to
the theoretical reductions, while the SS reductions are less than
predicted.

2. The simulated SS reductions for both Milwaukee and Lubbock are

less than their respective COD reductions.

3. The simulated COD reductions for Washington, D. C., are greater
than the theoretical reductions.

Despite the influence of within storm flow variation and flow-concen-
tration correlation, Equation 3-40 provides a reasonable first estimate of
the long term performance of flow sensitive stormwater treatment devices.

A number of other checks of the statistical method have been made using
results from Atlanta, Georgia, Chippewa Falls, Wisconsin, and the four
cities used in the comparison of in-line treatment devices., These compari-
sons together with the results presented in this section, demonstrate the
utility of the statistical method for initial assessments of stormwater
control systems.
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TABLE 3-10

RATIO OF WITHIN STORM FLOW VARIABILITY
TO BETWEEN STORM FLOW VARIABILITY

Qi
~
Q

City qw’ _q
Durham 0.48
Milwaukee 0.59
Washington, D.C. 0.64
Lubbock 1.43

TABLE 3-11

FLOW CONCENTRATION CORRELATION

City Constituent Cf/C
Durham COoD 1.07
SS 1.50

Milwaukee COD 0.97
SS 1.15

Washington, D.C. CoD 0.65
Lubbock COD 0.82
SS 1.17
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3.6.2 Management Practices for Stormwater Control

Controls can be instituted at several stages of the stormwater pollution
process. The previous section was directed towards controls instituted at
the "end of the pipe," after the loads have been generated and conveyed.
Because of the magnitude and intermittent nature of stormwater loads, the
structural requirements to provide adequate end-of-pipe treatment may be
significant. Management practices designed to reduce stormwater pollution
before it is generated and conveyed provide an alternative to these large
structural controls.

Management practices include source controls, such as street sweeping,
catch basin cleaning programs, controls on the use and transport of harmful
or hazardous materials, erosion control, control of surface flows, and for
long range planning programs, land use control., Management techniques are
also available for reducing pollutant concentrations and overflows from the
sewer system. These include sewer separation, infiltration-inflow control,
sewer flushing, polymer injection, and automated system controls. The
effectiveness of each of these practices can be assessed by estimating their
impact on the quality and quantity of stormwater runoff and overflows. A
brief discussion of each of these management practices is presented, to-
gether with guidelines for quantitatively estimating their effectiveness.

3.6.2.1 Source Controls: Street Sweeping and Catch Basin Cleaning

Studies have been conducted to characterize the effect of street
sweeping and catch basin cleanout on the removal of various contaminants
(41,42,43,44). Important factors to consider are the type of sweeper used,
the frequency of sweeping, the frequency of rain events, the rate at which
contaminants accumulate in the drainage basin, and the street surface type
and condition.

Current street sweeping practices in urban areas are estimated to be
between 35 and 65 percent effective, averaging about 50 percent (42). In-
creased efficiencies can be achieved by reducing the speed of a sweeping
pass to less than five m.p.h., and by increasing the frequency of passes
(41). Enforced bans on parking along sweeping routes is necessary to insure
effective removal. Utilization of more efficient machines and the adjustment
of schedules to sweep more frequently near areas of high solids production
can increase the total effectiveness of a street cleaning program (43).

Street sweeping approaches its maximum performance in terms of reducing
the total yearly stormwater load when its frequency is much greater than the
frequency of storm events. For example, street sweeping in areas with very
long periods between storms, such as Phoenix, Arizona, would be quite
effective at reducing the yearly stormwater load. One sweeping per week
might be sufficient in these areas. However, in areas where it rains more
frequently, such as Portland, Oregon, more frequent sweeping in the order of
once per day may be necessary to significantly reduce the long term storm-
water load.
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To quantitatively assess the effect of street sweeping, an estimate may
be made of the reduction in the average runoff concentration, c¢c. Experiments
have demonstrated the accumulation of solids on street surfaces as a function
of the elapsed time since the last cleaning by sweeping or rain (45), how-
ever, this is not the same as the concentration of contaminants in the run-
off. Recently, numerous runs of the STORM simulation model were made by
Heaney and Nix (46) for the City of Minneapolis, Minnesota, with varying
street sweeping frequencies. From these runs, a relationship was developed
for the long term fraction of street surface BOD removed as a function of
the fraction of days streets are swept and the efficiency of the sweeper.
This relationship is shown in Figure 3-33. Typical '"pick-up" efficiency for
a common brush-type sweeper is e = 0.50 while more expensive vacuum sweepers
may yield a higher efficiency of about ¢ = 0.90 (46). Note that Figure 3-33
was developed with one year's simulation in one location (A = 3-3.5 days),
and as previously discussed, may not be applicable to areas where the
average time between storms (A) is significantly different. Ideally, a
relationship similar to that shown in Figure 3-33 should be developed in-
corporating both the sweeping frequency and the average rainfall frequency.
Until this analysis has been performed, however, Figure 3-33 may be used
with caution for a first estimate. Also, note that Figure 3-33 describes
the fraction of available street surface pollutants (BOD) removed, while
nothing is said about pollutant runoff from other portions of the drainage
area. Heany and Nix estimate that in a typical separate or unsewered area,
70 percent of the pollutant runoff is from the street surface, however, this
number may vary (46). Area specific land use information may be used to
refine the estimate of the fraction of the runoff load actually treatable by
street sweeping. Finally, in combined sewer areas where overflow quality is
largely influenced by the mix of runoff with sanitary sewage, street sweeping
is considerably less effective at reducing stormwater loads,

3.6.2.2 Control of Harmful Materials

An effective method of decreasing the levels of toxic materials in
stormwater runoff is to restrict the usage of those materials, Lead, zinc,
antimony and asbestos are examples of toxic materials which are currently
introduced to the environment through wear of automobile brakes and clutches
and the breakdown of fuel and lubricants. In a long term program, these
substances could be replaced by others which are less harmful. More
immediate results could be expected through restrictions on the local use of
pesticides and herbicides. The elimination of harmful compounds from
deicing materials and a general improvement in the efficiency of deicing
programs can reduce the pollution from this activity.

Very little is known about the relationship between the amount of a
particular material introduced into the environment and its eventual concen-
tration in stormwater runoff. Preliminary assessments may assume a direct
relationship to estimate an order of magnitude concentration. Sophisticated
simulation techniques are available for materials such as pesticides (2,47,
48), however, the projected improvement in runoff quality due to the re-
stricted use of materials will probably only be a general estimate.
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3.6.2.3 Erosion Control

The following activities are suggested to improve control over erosion,
which can introduce large amounts of nutrients and suspended solids to
stormwater (42,44).

proper selection of building and highway sites
maintenance and protection of native vegetation
use of mulches

drainage channel protection modification
careful backfilling after laying pipes
protection of stockpiles for removed earth
sediment retention basins

scheduling of clearing and grading during season when erosion
is less

traffic control for construction and earth hauling equipment
seeding areas with high erosion potential

Additional information for assessing the effect of erosion controls is pre-
sented in Chapter 4 of the Areawide Assessment Procedures Manual (2).

3.6.2.4 Control of Surface Flows

Several methods are available to reduce or delay stormwater runoff in
urban areas. The increased attention these methods have received in recent
years mark a new philosophy in the design of stormwater collection facilities
which seek to retain stormwater within a drainage basin rather than trans-
porting it as quickly as possible from the area.

A reduction of runoff can be brought about by increasing the period
over which stormwater can percolate through permeable soil layers. Further-
more, stormwater which is not able to percolate into the soil can at least
be delayed in order to reduce the surge or ''slug'" effects of the runoff.
Methods for reducing or delaying runoff are listed in Table 3-12 (49). Al-
though many of these methods actually involve structural modifications of
the drainage basin, they are included in this section because they generally
involve decentralized measures rather than larger, end-of-pipe facilities.

To assess the effectiveness of surface flow controls, estimates may be
made of the increase in infiltration rates or the effective storage capacity
provided throughout the watershed. Once these are determined, techniques
developed for the analysis of long term interceptor and storage device per-
formance can be applied. For example, the increased infiltration rate
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TABLE 3-12

MEASURES FOR REDUCING AND DELAYING URBAN STORM RUNOFF

Area

Large flat roof

Parking lots

Residential

General

(ref. 49)

N

H W

N

Reducing Runoff

Cistern storage

. Rooftop gardens
. Pool storage or

fountain storage

. Sod roof cover

. Porous pavement

a. Gravel parking
lots

b, Porous or punc-
tured asphalt

. Concrete vaults and

cisterns beneath
parking lots in
high value areas

. Vegetated ponding

areas around parking
lots

. Gravel trenches

Cisterns for indi-
vidual homes or
groups of homes

. Gravel driveways

(porous)

. Contoured landscape
. Grandwater recharge

a. Perforated pipe
b. Gravel (sand)
c. Trench

d. Porous pipe

e. Drywells

A

egetated depressions

. Gravel alleys
. Porous sidewalks
. Mulched planters
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Delaying Runoff

. Ponding on roof by

constricted downspouts
Increasing roof
roughness

a. Rippled roof

b. Gravelled roof

. Grassy strips on

parking lots
Grassed waterways
draining parking lot

. Ponding and detention

measures for imper-
vious areas

a. Rippled pavement
b. Depressions

c. Basins

. Reservoir or detention

basin

. Planting a high delay-

ing grass (high
roughness)

. Gravel driveways
. Grassy gutters or

channels

Increased length of
travel of runoff by
means of gutters,
diversions, etc.

Gravel alleys



provided by porous pavement is equivalent to an available interceptor capac-
ity, QI; with the captured runoff entering the groundwater regime. The
amount of depression storage provided by rippled pavement or ponding on
roofs is equivalent to an effective storage capacity, VE’ in the watershed.

3.6.2.5 Land Use Control

Increases in the degree of development and urbanization generally result
in more severe stormwater impacts. The relationships between land use and
stormwater loads are important for predicting future changes in stormwater
loadings and for investigating the efficacy of land use control as a means
of stormwater management. The Numerical Estimate sections of this manual
discuss the impact of land use on both runoff quantity and quality. The
relationships presented in these sections may be used to estimate the effec-
tiveness of land use control.

A relationship between the percent impervious area and the average ratio
of runoff to rainfall (R,) is shown in Figure 5-20. Land use modifications
which change the percent impervious area may be evaluated by calculating the
new ratio of runoff to rainfall, the resulting change in stormwater loads,
and the subsequent impact on receiving stream concentrations.

Urbanization often results in an even greater increase in runoff rates
than in the total volume of runoff. This is due to a decrease in the
attenuation time of the runoff event. The relationship between the attenua-
tion of runoff events and urbanization is depicted in Figure 5-23 and
Equations 3-13 and 5-9. Note that population density is used as a general
indicator of land use conditions. Although the assessment of land use
changes is thus somewhat indirect, estimates may still be made of the new
mean runoff event duration (D.), the resulting mean runoff flow (Q,) and
loading rate (WR), and the sugsequent change in stream concentrations.

Land use changes may also affect the quality of stormwater runoff., As
discussed in Section 5.3.2 of Numerical Estimates, the ability to assess the
effect of land use changes in runoff quality is dependent upon the establish-
ment of a significant relationship for the particular study area. Assuming
a satisfactory relationship exists, the new land use proposed for an area
will result in a new estimate of the average pollutant runoff concentration

().
3.6.2.6 Collection System Management: Sewer Separation

It is recognized that routing stormwater through the same sewer system
as sanitary sewage, i.e., a combined sewer system, can cause a reduction
in municipal treatment plant efficiency during storm events, Furthermore,
the surges in flow force the collection system to by-pass wastewater and
discharge it directly to the receiving water body. Separate conveyance
systems for the stormwater and the wastewater help to eliminate this problem,
however, the cost of sewer separation in the older urban areas where combined
sewers are prevalent may be prohibitive. Furthermore, if provisions are not
made to treat the stormwater, direct stormwater discharges to a receiving
water body from a separate system may contribute a greater pollution load
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than would be caused by occasional by-passes from a combined system (50).

To quantitatively estimate the effect of sewer separation on stormwater
loads three steps are required. First, the stormwater concentration is
changed in the now separately sewered area as indicated in Section 5.3.1 of
Numerical Estimates. Secondly, the fraction of the runoff load formerly
captured by the interceptor and treated at the municipal treatment plant now
enters the receiving stream directly (though with a different pollutant
concentration). Finally, the average sewage treatment efficiency at the
municipal plant may improve, thereby decreasing the continuous municipal
loading rate.

3.6.2.7 Infiltration and Inflow Control

"Infiltration" is the introduction of additional flow into a sewer
through leaky joints and broken pipes. '"Inflow" is the introduction of
additional flow through deliberate or accidental sewer connections from
water users. Both intrusions utilize a portion of the sewer capacity.

Infiltration can be prevented in new pipe systems through adequate
design and testing; it can be eliminated in existing systems by survey and
correction. Elimination systems can help reduce the necessity for by-passing
during storm events. Roof leaders can either be reconnected to the storm
sewer system,. where the runoff will be treated or discharged to the receiving
water body, or can be allowed to drain onto pervious areas. The reduction of
the infiltration rates into a combined sewer system will increase the avail-
able interceptor capacity for stormwater capture, Q,. This may be evaluated
using Figure 3-15 or with the technique demonstrateé in Figure 3-25. The
control of infiltration and inflow into a separate sewer system should
ideally eliminate wet weather overflows,

3.6.2.8 Sewer Flushing

The deposition of solids during dry weather in slow flowing portions of
combined sewers and the trapping of sediments in portions of separate sewers
provide a source of pollutants for resuspension during subsequent stormwater
flows. Recent studies of this phenomena and the potential of flushing to
reduce the resulting wet weather load provide some basis for evaluating the
effectiveness of sewer flushing (51,52,46),

The study of deposition and flushing in the Boston area (52) presents
general relationships for estimating the total mass of solids deposited in
a combined sewer system as a function of the total collection system pipe
length, drainage area, average pipe slope, and the average wastewater flow.
Guidelines are also presented for estimating the extent of the sewer system
over which significant deposition occurs. Finally, current research on
sewer flushing operations is described. The relationships presented are
appropriate for an initial assessment of the potential effectiveness of sewer
flushing in a study area. Hendy and Nix (46) provide a further simplifica-
tion of this approach which allows an estimate of the reduction in the
deposition related stormwater load. This assessment may be used to modify
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the average overflow concentration (¢) to relate flushing programs to
eventual changes in receiving water quality.

3.6.2.9 Polymer Injection

The flow capacity of certain pipes can be increased by adding polymers
to the water flowing through them. Injection of a polymer-gelled slurry
reduces wall friction and allows a temporary increase in line capacity.
Automatic polymer-injecting units can be positioned along key sewer trunk
lines and directed to inject the chemical at critical points in a storm
event. The polymers selected for this use are similar to those developed
for treatment plant clarifiers, and have been shown not to be disruptive to
bacterial growth or to provide nutritive value to algae.

The overall combined sewer flow capacity is dictated by the critical
points in the system, where the pelymer injection should be directed. The
long term effectivness of the polymer injection program is thus evaluated by
estimating the resulting increase in the available interceptor capacity for
storm runoff (QI).

3.6.2.10 Automated System Control

In combined sewer systems, interceptor lines which carry both dry
weather sewage flows and storm runoff during rainfall events may provide a
significant measure of control by virtue of their ability to retain a portion
of the storm flow and route it to the sewage treatment plant. Consistent
with the ability of the sewage treatment plant to handle increased flows,
control may be improved by maximizing retention of storm flows in existing
collection systems.

Both separate and combined sewer systems can be made more effective by
the utilization of remote monitoring and control systems. These systems,
which might include level sensors, tide gates, raingage networks, sewage
and receiving water quality monitors, overflow detectors, and flow meters,
can effectively regulate sewer flows and provide a controlled flow to the
treatment facility. This approach can be useful in avoiding overflowing and
by-passing by making a more effective use of the line capacities (53,54).

To assess the effectiveness of automated controls on a preliminary
basis, an estimate may be made of the increase in the effective storage
capacity (V.) provided by the sewer system. A decrease in the average over-
flow concengration (c) may also be appropriate for systems with selective,
quality sensitive overflows. Simulation should be used for more detailed
studies of automated control systems.

An overview of management practices available for the control of storm-
water runoff and overflows has been presented. Guidelines for evaluating
their effectiveness within the framework of the statistical assessment
methodology have also been provided. The final step is to relate the im-
provements in receiving water quality due to the various treatment alterna-
tives to the cost of each plan.
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3.6.3 Benefit and Cost Evaluation

Stormwater controls in an urban area are implemented to protect or im-
prove the quality of adjacent waterways. As discussed in Chapter 2, benefits
are measured in terms of the value of beneficial uses of the water which
are created or preserved. The costs are measured in terms of the resources
required to develop, implement, and maintain the stormwater control strategy.
The selection of a stormwater control plan requires a favorable balance
between these benefits and costs.

Methods are available for quantitatively estimating the value of water
uses, such a water supply, recreation, navigation, etc. If this can be done
for a particular area, a rigorous cost-benefit analysis may be performed
(55). Often, however, the benefits may be difficult to quantify, and the
assessment framework becomes less direct. Receiving water benefits are
measured in terms of compliance with water quality standards or criteria,
which in turn are established by responsible planning agencies to protect
or enhance specific beneficial uses. The problem then becomes one of meeting
receiving water standards in a cost-effective manner. The following sections
develop this approach and provide guidelines for implementing it in a
planning study.

3.6.3.1 Improvements in Receiving Water Quality

Methods for estimating the impact of stormwater loads in the receiving
water are presented in Section 3.5. These methods may again be used with the
modified loads determined after treatment, and a new receiving water response
is predicted. Different combinations of types of controls and sizes or
amounts for each may be tested.

If a particular water quality standard is used as the basis for anal-
usis, the load reductions necessary to meet the standard may be determined.
For standards directed towards long term average water quality, reductions
in the long term average loading rate (W ) are determined. For transient
impacts, load reductions necessary to violate a standard less frequently
(i.e., only 3 times per summer rather than 15 times) are examined. In some
areas, standards are now being written in a probabilistic manner, identifying
the number or frequency of exceedances which are permitted (56), These types
of standards are more appropriate for dealing with intermittent, stormwater
related water quality problems. The primary problem in developing these
standards is identifying the ecological effects of intermittent periods of
high (or in the case of dissolved oxygen, low) instream concentrations.
Research is needed to obtain a better understanding of the severity of these
impacts in terms of water use limitations. Once these relationships are
better understood, more meaningful probabilistic standards may be developed.
Changes in the mean, variability, and frequency distribution of stormwater
loads are then examined and translated into receiving water responses to test
for compliance.

Analysis tools have been presented for quantitatively assessing pollut-
ant concentrations in the receiving water. These tools are appropriate for
addressing many of the standard water quality problems encountered in a
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planning study: dissolved oxygen, coliform bacteria, solids, toxicants, etc.
Many of the stormwater problems found in an urban area, however, are not as
readily addressed with these models. These problems include such things as
floatables, and oils and grease in the vicinity of combined sewer overflows,
particularly near residential or recreational areas, the deposition of
organic matter near outfalls, and the erosion of natural stream channels.
These problems are more difficult to analyze with generalized models, and a
good understanding of local conditions and particular problems in the study
area is required. The planner should visit the area during and following
storms, and significant interaction with the public should be encouraged. In
certain areas, these less easily modeled problems may be the most important
for improving the quality of urban waterways (57).

3.6.3.2 Indirect Benefits of Stormwater Control

Although the most direct impact of stormwater control is the benefit on
receiving water quality, there are also a number of other impacts which may
result from the implementation of the plan. These indirect impacts are par-
ticularly important when considering stormwater control as one aspect of an
overall, integrated plan for improving the quality of life in urban areas.

Flood control is one of the most obvious programs which may be integrat-
ed with a stormwater control plan. Storage ponds or tanks which reduce and
attenuate pollutant loads may also serve to alleviate downstream flooding
problems. Indeed, flood control may be