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Preface

In 1994, the Watershed Management Institute, through
the Terrene Institute and in conjunction with the U.S.
Environmental Protection Agency (EPA), published
Fundamentals of Urban Runoff Management: Technical and
Institutional Issues. That manual combined technical and
institutional information to provide a handy resource
for practitioners and regulators for both erosion and
sediment control and stormwater management. The
manual was well received.

As luck would have it,in 2001 several of the original
authors met up at a conference, and began to discuss
the amount of new information available and our desire
to update the previous work.The idea was planted and
communication between the original authors began.
Most of the authors wanted to contribute so we went
about looking for a vehicle for distribution. As two of’
the previously involved organizations were not avail-
able, discussions began with the North American Lake
Management Society (NALMS) which felt the manual
would provide a resource for its members and anyone

working with stormwater impacts on aquatic habitats.

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

Discussion began with the EPA for funding assistance,
which was subsequently approved.

If the new information represented only an evolu-
tion or increase in the data available, this book would
probably not have been pursued. Rather, there has been
a significant shift in program direction that represents a
movement from the historic mitigation-based approach
for stormwater treatment to a more source-based
approach. The main reason for this shift in thinking is
based on an increased recognition that streams are a
valued aquatic resource that should be protected.

This change in thinking necessitated a philosophical
shift from larger stormwater practices on streams to the
use of practices on individual subdivisions and even
individual lots. Linking stormwater goals to aquatic
resource protection mainly necessitated this change
in approach. Much more information continues to
become available to demonstrate the significant shift
necessary to protect and enhance aquatic resources.
We are pleased that this new edition of Fundamentals of
Urban Runoff Management can play a role in that shift.
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CHAPTER 1

Introduction

Discussion

To begin, this chapter sets out some of the reasons
for updating Fundamentals of Urban Runoff Management.
These include:

e The shifting emphasis and impacts of stormwater
management programs and regulations;

e The Storm Water Phase II Rule published on
December 8,1999, which greatly expanded the
scope and coverage of the Phase I program;

* The increased emphasis on the Total Maximum
Daily Load (TMDL) approach to stormwater
management;

* Changing hydrologic approaches that increas-
ingly consider long-term continuous simulation
of rainfall to more accurately size BMPs;

e The increase in the quantity and quality of water
data;

e The increased prominence of biomonitoring and
biocriteria; and

*  New and improved stormwater management
practices.

Shifting Program Emphasis

When the original Fundamentals manual was written
in 1994, programs were focused on limiting peak
discharges and providing water quality treatment. The
performance of practices for quality treatment was
more assumed than realized. In addition, there was little

widespread documentation of practice performance and

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

the relationships between hydrology and water quality.
Aquatic ecosystems were also not recognized to any
great degree. There was an assumption that removal
of contaminants would be good for the environment,
but at the time few studies had been done to verify
the accuracy of that assumption. There has since been
significant work done in this regard, with one of the
studies (Horner et al., 2001) assessing the effectiveness
of structural practices to protect stream aquatic re-
sources from a watershed-wide perspective. They make
a number of interesting statements, although some need
to be further documented. Key findings were:

e Until watershed total impervious area exceeds
40 per cent, biological decline was more strongly
associated with hydrologic fluctuation than with
chemical water and sediment quality decreases.
Accompanying hydrologic alteration was loss of
habitat features, such as large woody debris and
pool cover, and deposition of fine sediments.

e Structural BMPs at current densities of imple-
mentation demonstrated less potential than the
non-structural methods (riparian bufters, vegeta-
tion preservation) to forestall resource decline as
urbanization starts and progresses. There was a
suggestion in the data, however, that more thor-
ough coverage would offer substantive benefits
in this situation. Moreover, structural BMPs
were seen to help prevent further resource de-
terioration in moderately and highly developed
watersheds. Analysis showed that none of the
options is without limitations, and widespread
landscape preservation must be incorporated to
retain the most biologically productive aquatic

resources.
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e Structural BMPs can make a substantive con-
tribution to keeping stream ecosystem health
from falling to the lowest levels at moderately
high urbanization and, with extensive coverage,
to maintaining relatively high biotic integrity at
light urbanization.

Clearly, we are finding that you cannot separate water
quantity and water quality issues if aquatic resource
protection is a program goal. Some people, mainly
from an anecdotal perspective, have recognized this,
but now increasing amounts of literature support that
fact.What has clearly come out of recent research is the
relationship of land use to aquatic system health and
well-being: it isn’t just pollutants that are an issue.

Phase Il Storm Water Rule

The Storm Water Phase II Rule published on Decem-
ber 8, 1999 greatly expanded the extent of the Phase
I program. This was done by requiring operators of’
municipal separate storm sewer systems (MS4s) and
operators of small construction sites (greater than one
acre) to obtain National Pollutant Discharge Elimina-
tion System (NPDES) permits that implement programs
and practices to control polluted stormwater runoff.

The expansion of Phase II is directed toward
municipalities with populations under 100,000, which
were not covered in Phase I. There are a number of
variations to the general requirement, best set out in
fact sheets developed by the EPA (Storm Water Phase
IT Final Rule Fact Sheet Series).

The bottom line is that most municipalities and fed-
eral facilities in the U.S. are now covered by the Storm
Water Program and must implement programs and
practices that control stormwater runoff. The minimum
control measures required by the EPA as essential to an

effective stormwater management program are:
¢ Public education and outreach on stormwater
impacts;
e Public involvement/participation;
¢ Construction site stormwater runoff control;

* Post-construction stormwater management in

new development and redevelopment;

* Pollution prevention/good housekeeping for

municipal operations; and

 Illicit discharge detection and elimination.

Increased Emphasis on the TMDL Approach

The Total Maximum Daily Load (TMDL) approach
to stormwater management has existed for a number
of years (originally identified in the Clean Water Act,
1972). For various reasons TMDLs have now assumed
much more priority on a national and state basis than
was the case historically. A number of TMDLs done
around the country are now serving as templates to
be followed. The approach is evolving fairly rapidly
with new guidance information available almost on a
routine basis.

Biannually, states, territories, and authorized tribes
must list those impaired waters that do not meet
applicable water quality standards. Lists submitted to
the EPA must identify the pollutants that cause the
impairment and the water bodies targeted for TMDL
development. TMDLs must then be established at levels
necessary to achieve applicable water quality standards,
along with a margin of safety that takes into account any
lack of knowledge concerning the relationship between
effluent limitations and water quality.

A TMDL specifies the amount of a particular pol-
lutant that may be introduced into a water body and al-
locates the total allowable pollutant load among sources.
The TMDL provides a roadmap for efforts to attain and
maintain state water quality standards. TMDLs consider
both point and nonpoint source pollutant loadings in
determining the overall state of a receiving system and
allow prioritization of efforts to achieve compliance
with water quality standards.

The core of aTMDL is a computer model or simula-
tion that predicts outcomes for various pollutants on a
watershed basis. Most models in use today have been
around for quite some time and are generally under-
stood in terms of data entry and model process. Where
improved data is especially important in the TMDL
process is for pollutant loadings from various land uses
and performance data for BMP treatment expectations.
More data is absolutely essential if the TMDL process
is to provide for a reasonable consideration of alterna-
tives in a given watershed and selection of a preferred
approach.There are huge issues related to funding, both
public and private, and the anticipated outcome must

be defined as much as possible.
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Changing Hydrologic Approaches

While stormwater management has historically relied
on event-based approaches to BMP design, more
practitioners are now considering long-term continu-
ous simulation of rainfall to accurately size BMPs. By
considering actual long-term rainfall records in a given
area, a better gauge of performance may be obtained.
Analysis of continuous rainfall data over a given time,
possibly supplemented by simulation of much longer
terms, may give a different performance expectation
than would be expected using an event-driven sizing
approach. This will have a major influence on models
used for analysis and on existing design standards and

sizing methodologies.

Better Water Quality Data

Water quality data is becoming much more available
than was the case historically. In the past, early monitor-
ing was based to a very large extent on the results of the
National Urban Runoff Program (NURP) done in the
late 1970s and early 1980s.The NURP study provided
a national perspective on water quality issues, but there
are now many other studies done in the U.S.and around
the world, notably Australia, Canada, England, New
Zealand, and a number of European countries.

Another excellent source of water quality data for
practice performance is the International Stormwater
Management Best Management Practices Database,
which provides access to BMP performance data for
about 200 studies conducted over the past 15 years.
This data was compiled by the Urban Water R esources
Research Council of the American Society of Civil
Engineers (ASCE) to provide consistent and scien-
tifically defensible data for BMP designs and related
performance. That information is available at www.
bmpdatabase.org.

In addition, considerable research is being done on
the performance of wetland systems, filter systems, and
newer practices such as rain gardens. Many proprietary
practices are also becoming more commonly used. The
development of proprietary systems will continue; this
should be encouraged, subject to collection of good
monitoring data that would justify their use. Some of

that data is already available.

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

Increased Prominence of
Biomonitoring and Biocriteria

While there remains an important role for chemical
monitoring, biological indicators are increasingly
recognized as a necessary component of stormwater
monitoring and assessment.

Chemical monitoring provides a picture over the
period monitoring is done, while sediment sampling
provides a rate of accumulation. Biological monitoring
adds to the picture by providing an overall health rating
of the receiving system, including a compilation of the
effects of stressors on aquatic organisms, a perspective
that is not available through chemical or sediment
monitoring. As such, it can be considered the third
leg of the monitoring stool: without all three legs the

picture is not complete.

Improved and New Practices

Stormwater Management

This is an exciting time to be considering stormwater
management and means of reducing impacts related to
society’s use of land. Initial stormwater management
efforts focussed on control of water quantity related
to flooding impacts. Flood control programs were
generally initiated in response to a local flooding event
and involved channel modifications, detention dams,
or floodplain regulation. As the issue of water quality
became more recognized, the existing infrastructure
of flood control programs was generally modified to
incorporate water quality concerns.

The approach at the time was to modify existing
water quantity practices to also provide water quality
improvement; however, the overall design philosophy
was still directed toward large, on-line stormwater treat-
ment systems that first and foremost provided control
of downstream flooding and through design approaches
(wet ponds) provided water quality treatment. There was
little consideration of the stream or receiving system as
an important resource. That lack of importance changed
in the early 1990s. It was also recognized that one
practice could not provide treatment for a wide range
of pollutants: filter systems, wetlands, and biofiltration

practices were all investigated for pollutant reduction.
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As a result, stormwater management has become a
very different entity than it was in the 1980s. There is
much more emphasis on practices at the headwaters of
perennial streams, and practices are being much more
targeted to the pollutants generated through specific
land use activities than was done historically.

Finally, there are new practices being developed as
variations of their historic counterparts. Filter systems
are being used with filter media other than sand, infiltra-
tion practices are being considered on a wider basis, and
newer practices (at least from a U.S. perspective) such
as rain gardens, green roofs, and water re-use are being

advocated. These really are exciting times.

Erosion and Sediment Control

Erosion and sediment control practices have not evolved
to the same extent as those for stormwater. The suite
of practices in use has remained pretty much the
same since the early 1970s. That can’t be good. Other
components that have more recently begun to emerge
consider temporary and permanent revegetation, phas-
ing work to limit open areas, and chemical flocculation
of sediment ponds to provide for enhanced sediment
discharge reduction, especially of clay soils. More atten-
tion to erosion and sediment control practices is needed
for improved treatment to be achieved.

Where From Here

As both our understanding and practices evolve, more
emphasis will be placed on the “treatment train”
concept, where several types of stormwater practices
are used together and integrated into a comprehensive

stormwater management system. Although this is

Figure 1-1: Stormwater Treatment Train

ﬂ |

obvious when multiple issues are considered (such as
stormwater quantity, quality and aquatic ecosystem
protection), it is also sometimes needed when consider-
ing a single issue. For example, stormwater quality may
include a variety of contaminants to be managed, but
processes that facilitate one type of pollutant in one
practice may not facilitate removal of a pollutant in
another phase (liquid versus particulate). The treatment
train approach to stormwater management will become
increasingly important to reduce overall stormwater
impacts on the urban environment.

For erosion and sediment control programs, technol-
ogy must improve and approaches further refined for
aquatic resource protection to be realized. An aggressive
stormwater management program will not realize its
goals if the receiving systems are severely impacted
during the construction phase of a project. In addition
to significant sediment loads, the amount of stormwater
exiting a construction site can be significantly increased,
causing downstream channel instability concerns.
Erosion and sediment control must be given greater
attention by regulators and designers. It is a positive step,
therefore, that the Phase II program is also emphasizing
erosion and sediment control on smaller sites than did
the Phase I program.

Most importantly, if we are to reverse the existing
trend of aquatic and terrestrial destruction that so
defines traditional development, we must alter our
existing approach to land use. There may be areas of
significant habitat, groundwater recharge, or steep
slopes where intensive land development is simply not
appropriate. Those areas should protected, regardless of
their location, and urban planners should instead insist
on higher densities in other areas. Stream corridors
should be protected, riparian cover established (or
re-established), water re-use emphasized to reduce the
use of potable water in addition to reducing stormwater

runoft, and the use of green roofs should be expanded,
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especially for redevelopment opportunities. Finally,
stormwater management implementation should be
done as an integral component of site development
and as an urban retrofit.

We are approaching a point where we now have
the tools to eliminate further declines in receiving
systems, and in a number of situations actually improve
on existing conditions.

Concluding Thoughts

Stormwater management has historically been an
afterthought — when thought of at all — to the site
development process. Development tends to first lay
out streets, lots, and public areas, and then consider
how to deal with any required stormwater management
concerns. As long as stormwater management remains
an afterthought, even the best resource protection
intentions are doomed to fail.

In the same regard, we too often design for minimum

standards in environmental areas, with no factor of safety.
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If a code says to stay out of wetlands, we stay out of
them, barely. In the same regard, if we have a design
standard of 80 per cent reduction in T'SS, that is what
designers will design for — very seldom does someone
intentionally design for a higher standard. We really
ought to consider a factor of safety in land development
to allow for better assurance of a desired outcome.

‘We must also recognize that we have not yet fulfilled
our potential understanding of how best to protect the
environment. We are learning, and we hope to apply
our increasing knowledge to better outcomes, but
stormwater management is an inexact science and there
are huge pressures on land use, along with infrastructure
provision, to be considered. We aren’t alone in our
efforts, although it may seem like it at times. People all
around the world are dealing with the same problems
and developing innovative solutions we have not yet
thought of.

All of us have never-ending jobs in teaching other
staff members, politicians, members of the design and
construction community, and the public. At the same
time, we must never cease to be students, always willing
to learn and apply new information and insight for the

betterment of the environment.
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CHAPTER 2

Water Quantity Impacts
of Urban Land Use

Urban runoff is a by-product of the land’s
interaction with rainfall. Since, by definition,
urban runoff remains on and moves along the
land’s sutface, it is the most visible of the many
forms into which rainfall is converted. This
chapter provides the technical fundamentals of
the rainfall-runoff ... process. It also describes
ways that land development alters this process
and quantifies some of the adverse impacts.

So began Chapter 2 of the 1994 edition of Fun-
damentals of Urban Runoff Management. And while it
still can serve as the opening paragraph of this new
Chapter 2, our technical knowledge of both urban
runoft hydrology and the eftects of land use change has
grown considerably in the intervening years. As a result,
the technical content of this new chapter goes beyond
the original version, including new and updated topics.
However, in presenting this technical information, the
chapter’s goal remains the same: to present the infor-
mation not as an end in itself, but so as to assist in the
development of urban runoff management programs.
The arrival of the EPA’s Stormwater Phase II Final
Rule in 1999, which requires municipalities and other
entities to develop such programs by 2003, highlights
the value of such assistance.

The volume of stormwater runoff produced by a
rain event, the rates, velocities, and depths at which
it flows, and the pollutants that it carries depend on
several factors. In addition to the quantity, intensity,
and duration of the rain itself, the resultant runoff will
be determined by the characteristics, condition, and
relative areas of the various surfaces on which it falls.
As explained in detail in the following sections, these
characteristics include the type of surface cover, the
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surface slope, and the texture, density, and permeability
of the surface and subsurface soils. Conditions that affect
stormwater runoft also include the thickness and quality
of the surface cover and the amount of water already
stored both on the surface and within the soil profile.

Conversely, stormwater runoff also affects the sur-
faces upon which it is created and/or that it flows across.
These eftects include both the deposition of pollutants
captured from the atmosphere by the falling rain and
the mobilization and removal of pollutants previously
stored on the surfaces. The most readily visible effects
are erosion and sedimentation, where forces created by
the moving runoff become large enough to dislodge,
suspend, and transport soil particles and associated
pollutants downstream. This process continues until
slower velocity areas are encountered, whereupon the
particles drop out of the runoft and back onto the
surface. Depending on the type and character of the
surface cover, this process of dislodging soil particles and
mobilizing pollutants can be aided by the impact of the
falling raindrops themselves. Further erosion, sedimenta-
tion, and pollutant loading can occur downstream in
swales, channels, streams, and rivers, depending on the
rate, depth, velocity, and duration of the runoff flowing

in them.

From the above, three key conclusions can already

be reached:

* Since the volume, rate, and velocity of runoff
from a particular rain event will depend upon the
characteristics of the surfaces on which the rain
falls, changes to these surfaces can significantly
change the resultant runoff volume, rate, and
velocity. Changes normally associated with land
development and urbanization that increase
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impervious cover and decrease soil permeability
can significantly increase runoft.

* Since pollutant mobilization and soil erosion
are the direct result of excessive runoft rates
and durations, changes in land surfaces can also
significantly increase both surface and channel
erosion rates and runoft pollutant loadings.

e In developing urban runoff management
programs, the greater the knowledge of the
rainfall-runoff process, the more eftective the
resultant program will be.

While the details of the rainfall-runoft process are
highly complex and much remains to be learned about
them, the fundamentals are readily understandable,
particularly when presented in a direct, concise man-
ner.That is the goal of this chapter. Equipped with the
information presented here, those involved in develop-
ing urban runoff management programs at all levels, as
well as those responsible for complying with them, can
base their efforts on a sound understanding of the basic
hydrologic processes at the core of their program.

This chapter provides readers with basic information
on the rainfall-runoff process. It also highlights some
of the important unknowns and uncertainties of the
process and recommends ways to acknowledge and
account for them in computation methods and program
requirements. Using this information, the chapter also
provides information on the adverse impacts land use
change and urbanization can have on runoft quantity
and the damaging consequences of excessive increases
in runoff rates, volumes, and velocities.

Next, the chapter utilizes this rainfall-runoft infor-
mation to illustrate how various practices can either
avoid or control such impacts. This broad approach
not only helps ensure that decisions made during the
development of an urban runoft management program
are based on an informed understanding of runoff
fundamentals, but also helps readers to better understand
the more technically complex topics presented in
subsequent chapters.

The chapter concludes with a list of recommended
textbooks, research papers, and other references. These
works were selected from a constantly growing body
of technical information on urban runoft and the
impacts of land use change based upon their seminal or
definitive role in the field of urban runoff management.
In light of the chapter’s broad scope and emphasis on
learning the fundamentals first, these references can be

used to expand readers’ knowledge beyond the pages
of this book.

It is important to note that, as our understanding of
urban runoft processes and impacts continues to grow,
so does the scope and requirements of the programs
we’ve developed to manage them. Following along and,
at times, inspiring this growth has been an increasing
emphasis on and understanding of runoft fundamentals.
It is this greater understanding that has allowed us to
progress from relatively simple runoff quantity controls
in the 1970s to the integrated quantity and quality
programs of today. It has also allowed us to expand
the scope and applicability of both our mathematical
models and the various measures and practices we can
now use to implement their findings. For example, the
growing use of nonstructural measures and low-impact
development practices essentially began with a detailed
re-examination of the fundamental principles of the
hydrologic cycle which, in turn, became the basis for
their design and implementation. Therefore, it is hoped
that the runoff fundamentals presented in this chapter
will continue to inspire and direct the development of
urban runoff programs with ever greater scopes, goals,
and accomplishments.

Reality vs. Theory

In most complex technical matters, differences exist
between reality and theory. That is because theories
developed to explain or simulate reality can only go
so far. Typically, there are aspects of reality that are not
entirely understood and, therefore, are either ignored or
simplified in the theory. Recognizing these differences
is important when developing and implementing a
technology-based regulatory program such as one that
manages urban runoft. The “real” runoft processes that
occur during an actual storm event can be extremely
complex and can be influenced by an equally complex,
highly variable set of factors and circumstances. Due
to this complexity, the theories on which we base our
runoft computations and models cannot include all
aspects and factors.

For example, the mechanics of infiltration that
govern the amount and rate at which rain will enter a
soil (and therefore the amount and rate that will become
runoff) are difficult to precisely discern. They can
include the forces that govern the movement of water
entering and moving through the void spaces within
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the soil as well as the intensity of the rainfall, the sizes,
shapes, and chemical characteristics of the soil particles,
the number and size of the void spaces between the
soil particles, the amount of moisture already stored
within the soil void spaces at the onset of rainfall, the
slope and relative smoothness of the soil surface, and the
type and character of the cover on the surface. Further
complications include the fact that many of these forces
and factors typically change over time, not only from
storm to storm, but during a single storm event. This
inherent complexity of the process, coupled with the
complexity and variability of the factors that influence
it, makes it difficult to develop a comprehensive theory
that can precisely predict the resultant runoff from a
specific rainfall event.

At first glance, this difficulty in precisely predict-
ing runoff volumes, rates, and velocities from rainfall
events does not bode well for the development of a
regulatory program intended to effectively manage that
runoft and its impacts. However, an awareness of these
difficulties and the complexities, uncertainties, and vari-
ability that cause them can help us develop assumptions,
simplifications, and representative values that enable us
to overcome these difficulties and produce accurate,
reliable, and safe runoft estimates. This ability further
underscores how important it is for runoff management
program developers to possess an understanding of
runoft fundamentals.

Generally, there are three analytic techniques
typically employed to overcome the complexities and
uncertainties of estimating runoff and produce safe,
usable results. The first involves analyzing the various
processes that help convert rainfall to runoft and deter-
mining the relative influence each of their many factors
may have on the process’s outcome. Those parameters
that are found to exert very small influence on the
outcome or answer are typically dropped from further
consideration in the computations or, if their presence
is needed for mathematical rigor, they are assigned
a nominal value. At times, factors that have minimal
influence individually but, when combined, can have
a meaningful and estimable effect on the outcome are
grouped together and assigned a value that reflects that
combined influence. Such factors are often referred to
as lumped parameters in recognition of their combined
contribution to the outcome. Mathematical models that
utilize such parameters to estimate runoft from rainfall
are known as lumped parameter models.

The second analytic technique that is used at times
to address the complexities and uncertainties normally
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associated with runoff computations is an outgrowth
of the first technique. Following the identification and
analysis of the factors or parameters that influence
the various rainfall-runoff processes, those factors that
are found to exert a meaningful influence are further
analyzed for the ways and amounts in which they do
so. Sometimes called sensitivity analysis, this procedure
fixes the value or influence of all other significant factors
and then allows the parameter in question to vary over
a range of possible or probable values. Each time the
parameter value changes by a certain percentage of its
total value range, both the qualitative and quantitative
effects of such a change on the outcome or answer
are noted. Once the entire range of parameter values
is evaluated, the parameter’s influence can be assessed.
This assessment can indicate to the runoff modeler
how much the outcome or answer will vary due to
certain changes in parameter value. The assessment
also indicates which direction (i.e., higher or lower)
the answer will move. For example, does an increase in
parameter value cause the answer to similarly increase
or, in fact, to decrease? While direction influences can
be readily determined for certain parameters in simple,
generally steady-state rainfall-runoft models merely by
analyzing their basic equations and algorithms, more
complex, dynamic models may require more extensive
sensitivity analysis.

Once the sensitivity and direction of a model param-
eter is understood, the second analytic technique then
assigns it a value that the runoft modeler considers to
be both a) reasonably representative of its typical value
for the circumstances under consideration, and b) safe
for the application or action that the model results will
be used for. “Typical” values in many models are usu-
ally determined from representative numbers of actual
parameter measurements taken either in the field or the
laboratory.““Safe” values are based upon the parameter’s
directional influence and the acceptable risk inherent
in the application of its results.

For example, in designing a stormwater facility to
reduce peak runoff rates and pollutant loads from a land
development site, a key design parameter would be the
ability of the site’s soils under developed conditions to
infiltrate rainfall. While there may be extensive data
available to the designer upon which to select a typical
infiltration value, the designer may also allow the desire
for a safe value (and, consequently, a safe design) to
influence the final selection. As a result, the designer
may select an infiltration rate for the developed site that
is somewhat lower than the typical value, knowing that
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its use value will result in greater runoft volume and
peak rate to the facility which, in turn, would require a
somewhat larger facility size than if the typical value was
selected. Once again, the selection of a safe parameter
value may be a matter of experience and professional
judgment when using simple, generally steady-state
rainfall-runoft models or may require extensive statisti-
cal analysis when using more complex ones.

Selection of safe design parameters may also be com-
plicated by the design itself. For example, in the design
described above, the selected infiltration rate for the site
soils under developed conditions was lower than the
actual or typical rate in order to achieve a conservative
facility design. However, let’s assume that the required
peak outflow rate from the facility could not exceed
the peak rate from the site in existing or predeveloped
conditions. In computing this predeveloped peak rate,
use of a lower than actual soil infiltration value would
not be considered safe, since it would result in a peak
rate from the predeveloped site (and, therefore, the
stormwater facility under developed site conditions)
that was greater than the actual predeveloped site rate.
In order to select a safe value, the designer would instead
need to select a soil infiltration rate for the predeveloped
site that was actually higher than the actual value.

As illustrated by these examples, a stormwater
facility designer must understand the basics of the
rainfall-runoff process in order to consistently select
safe parameter values. We cannot be sure that our
assumptions, computations, and, ultimately, our runoff’
management programs are inherently safe unless we
understand the fundamental aspects of urban runoft well
enough to identify all pertinent factors and parameters
and understand their ettects. This conclusion once
again revisits the “learn the fundamentals first” theme
of this chapter.

It should be noted that the use of a “safe” parameter
value cannot typically be relied on to address proc-
ess complexity and uncertainty when attempting to
estimate runoft from actual rain events. Such events
are often described as “historic” events to distinguish
them from synthetic design storms, which are typically
based upon a hypothetical arrangement of rainfall
depths, intensities, and durations that are often used
to design stormwater facilities. Estimating runoff from
actual rainfall events is often necessary to demonstrate
the accuracy of a particular rainfall-runoft model or to
provide feedback that can be used to improve its ac-
curacy. Such procedures are known as model calibration
and verification, where a model’s algorithms and/or

parameter values are adjusted so that its predicted
outcomes match the recorded outcomes from actual or
historic storm events. Once so adjusted (or calibrated),
the model is then used to predict the outcomes for
one or more additional historic storms. The predicted
results from the calibrated model are then compared
with the additional storms’ recorded outcomes to verify
or validate that the model remains accurate for storms
other than the one by which it was calibrated. When
estimating outcomes for actual rain events, the selection
of model parameter values must usually be based only
on the parameter’s actual value (or values) during the
actual event, a process that requires considerably more
understanding of the rainfall-runoft process and usually
event-specific records of parameter data.

The third analytic technique addresses the complexi-
ties and uncertainties normally associated with runoft
computations by including such uncertainties in the
runoff computations.To do so requires a rainfall-runoft
model that will simulate a large number of storm events.
While doing so, the model will allow the value of the
uncertain parameter to vary from event to event or
even within a particular event based upon the way the
parameter may be expected to vary in reality. Such
variations may follow a particular pattern (e.g., expo-
nentially or logarithmically) so that, while the actual
parameter value for a particular rain event may not be
known, the overall range of values and the pattern by
which the parameter value varies within that range is
known or can be reasonably estimated. Equipped with
such information and utilizing a technique known as
Monte Carlo simulation (Pitt and Voorhees, 1993), the
model will allow the parameter value to vary within
the known range and pattern either randomly or in
accordance with prescribed probabilities. The results
produced by the model can then be statistically analyzed
to determine an appropriate answer. Depending upon
the parameter, such variations in parameter value can
represent a more accurate way to address parameter
value uncertainty than selecting typical and/or safe val-
ues. However, use of Monte Carlo simulations requires
the use of generally more sophisticated rainfall-runoft
models and long-term rainfall input data. Further
discussion of such models is presented in later sections
of this chapter.

In summary, the above section presented the follow-

ing ideas and information:

e Inherent complexities in the rainfall-runoff
process lead to differences between the theories,
equations, and models we use to estimate runoft
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rates and volumes and the actual amounts that

may occur;

*  To safely address these differences, we utilize both
our understanding of rainfall-runoff fundamen-
tals and techniques such as sensitivity analysis to
select equation or model input parameters that
will produce answers that are accurate and safe;
and

e In certain instances where appropriate data and
models are available, we may actually allow an
input parameter to vary during the computations
rather than using a single value for it. Known
as Monte Carlo simulation, it produces a range
of possible answers that can then be statisti-
cally analyzed to produce an accurate and safe

ANSWETr.

Finally, the role of urban runoff management pro-
gram developers should not be overlooked in the above.
That’s because the theories, equations, models, and input
parameter values they choose to incorporate into their
programs will influence and even require designers to
follow certain procedures, include certain parameters,
and/or select certain data values. As such, it is just as
important for the program developer to understand the

fundamentals of the rainfall-runoft process.

The Rainfall-Runoff Process

As described in the chapter’s opening paragraph, runoft
represents a by-product of the land’s interaction with
rainfall. As such, changes in the character or cover of
the land can cause changes in runoff volumes, rates, and
velocities. However, to better understand the rainfall-
runoft process, it is important to realize that it is only
a portion of a larger, cyclical process that is constantly
taking place. This process, known as the hydrologic
cycle, involves all of the forms water can take as it
continually moves on, above, and within the earth.
The hydrologic cycle is illustrated in Figure 2-1.Due
to its cyclical nature, there are no starting or ending
points in the hydrologic cycle, just points along the
way as water moves between the earth’s surface and
atmosphere, changing its form as necessary. Selecting
the atmosphere as a starting point, Figure 2-1 demon-
strates how water vapor is converted into rainfall and
other forms of precipitation and is pulled by gravity
toward the earth’s surface. On the way, some of the
precipitation may be converted back to water vapor
and remain suspended in the atmosphere, while the
remainder continues to fall. Upon reaching the earth’s
surface, precipitation can follow one of several routes.

It can be stored in surface depressions or infiltrate into

Figure 2-1: The Hydrologic Cycle
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the soil. Once there, it can be taken up by plant roots
and, through the transpiration process, returned to the
atmosphere as water vapor or remain in the soil as soil
moisture.

Other infiltrated precipitation may continue to move
down, again by gravity, until it reaches the groundwater
table, which can then re-emerge on the surface as flow
in waterways. Precipitation stored on the surface can
be evaporated into the atmosphere, along with that
intercepted by vegetation. Finally, a certain amount of
the original precipitation can become runoff, moving
across the earth’s surface to waterways and bodies,
including the oceans. Once there, evaporation can then
return the water to the atmosphere, where precipitation
can resume.

It is important to recognize two basic aspects of the
hydrologic cycle. First, the movement of water from
the atmosphere to the earth is exactly balanced by its
movement in the opposite direction. We know this is
true because, as noted in the 1994 Fundamentals of Urban
Runoff Management, the skies would get very cloudy or
inland property owners would eventually have ocean or
lakeside views if it weren’t. From the standpoint of urban
runoft management, we can use this mass balance to
help estimate how much water may exist in each of the
hydrologic cycle’s available forms, including runoft.

Second, due to the interaction between all of the
various water forms within it, the hydrologic cycle
is not easily separated into discrete components. De-
pending on actual conditions, the precipitation that
became runoff from a parking lot may join flow in an
adjacent stream, or moisture in the soil surrounding
the lot, or groundwater moving below the lot. In fact,
the water that was originally parking lot runoft and
then groundwater may eventually become flow in the
stream or evaporate back into the atmosphere where
the precipitation originated.

Despite its complexity and interrelationships,
experience and research has demonstrated that, to
be successful, an urban runoft management program
must not only be based upon an understanding of the
hydrologic cycle, but must also utilize as many water
forms and processes within the cycle as possible.As such,
it is no longer sufficient to target and regulate only the
runoft process. Instead, the program must also utilize
the infiltration, transpiration, and even the evaporation
processes to optimal levels in order to manage urban
runoft and prevent the adverse runoff impacts of the
land use changes caused by urbanization. Coordinated
use of all available hydrologic cycle components and

processes allows a program to move beyond simple
runoff control to true runoft management, limiting
the amount of rainfall that becomes runoft to begin
with as well as managing the runoft that is ultimately
created. In doing so, the program can also provide
protection of groundwater resources, waterway and
wetland baseflows, and soil moisture levels necessary
for healthy vegetated covers.

In summary, the above section presented the follow-
ing ideas and information:
e The hydrologic cycle represents the complex,
interrelated movement of water in various forms
on, above, and under the earth’s surface.

e Despite its complexity, there are fundamental
concepts and processes in the hydrologic cycle
that can be readily grasped and utilized.

e To be successful, an urban runoff management
program must be based upon the hydrologic
cycle and utilize as many of its concepts and
processes as possible.

Runoff Estimation:
Typical Parameters

As noted above, the actual process by which rainfall
is converted to runoff is complex with variable and,
at times, unknown factors. Fortunately, from years of
research, experimentation, and experience, the essential
factors or parameters that most strongly govern or
influence the process have been identified. These fun-
damental or typical parameters are described below.

Rainfall

Since runoff is considered its by-product, rainfall can
readily be considered the most significant factor in
estimating runoft. Actual rainfall amounts and patterns
measured at gages are used to estimate the runoff from
real or historic rain events. Hypothetical or synthetic
design rainstorms are frequently used for design and
regulatory purposes. Actual rainfalls can also be used to
check the results produced by a design storm method
or can even serve as the design storm itself if it has the
appropriate magnitude, duration, and probability. This
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is particularly true for long-term rainfall records, which
can provide superior results to design storms in certain
instances (James and Robinson, 1982). As a result, the
use of such rainfall records can be expected to grow in
the future, particularly in the analysis and management
of runoft quality, as more data becomes available and
computer programs are developed to utilize it. Long
term records may also serve as a valuable indicator of
climate change impacts on rainfall, in which care must
be taken in their use.

In general, our interest in rainfall not only focuses
on real and hypothetical events, but also on both small
and large rainfall amounts. From statistical analyses and
experience, we know that small rainfalls occur much
more frequently than large ones. As such, relatively small
rainfalls are typically associated with runoft pollution
and erosion problems and their associated environ-
mental consequences, while larger rainfalls are typically
associated with flooding and its associated threat to
lives and property. The following examples highlight
these various interests and the use of data from real
rainfall events.

Figure 2-2 depicts radar-based total rainfall estimates
in the United States during a 24-hour period ending at
8 a.m. on July 13,2004. From the scale at the bottom
of the figure, it can be seen that the greatest rainfall
occurred in the northeastern United States, particularly

in New Jersey and Delaware. Figure 2-3 presents a more

detailed view of the rain event in this area. As can be
seen in the figure, 24-hour rainfall totals of more than 11
inches fell in Kent County, Delaware, and more that 13
inches fell in Burlington County, New Jersey. As docu-
mented by the National Weather Service (NWS), U.S.
Geological Survey (USGS), and the N.J. Department
of Environmental Protection, this rain event resulted
in record or near-record flooding on several southern
New Jersey waterways, including Rancocas Creek and
the Cooper River.The rain also led to the failure of 21
dams in Burlington County.An analysis of the rain event
in the county by the NWS indicated that the event had
an estimated average recurrence interval or frequency
of approximately 1,000 years. As described later in this
chapter,such an event would statistically have only a 0.1
percent chance of occurring in any given year.

Rainfall data from such an extreme rain event is
not only useful in analyzing the runoft, flooding, and
damage caused by the event itself. The data may also
be used to evaluate the design of dams, spillways, and
other hydraulic structures produced through the use of
hypothetical design rainfall events or, where appropri-
ate, may even serve as the design storm itself. Such
use would depend upon the total depth, duration, and
probability of the actual rain event compared with the
required design frequency of the structure.

At the opposite end of the rainfall depth and fre-
quency spectrum, data from much smaller and more

Figure 2-2: 24-Hour Rainfall in Millimeters Ending 8 a.m., July 13, 2004
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common rain events can also be used in the analysis
and design of certain hydraulic structures. As described
above, such rainfalls are not typically associated with
structures intended to withstand the effects of a very
large, rare rainfall event, such as a dam’s spillway. Instead,
they would be intended to reduce pollutant loadings
in runoft and waterway flows or prevent surface or
waterway erosion. Such rainfall data can also be used
to evaluate the impacts that land development practices
and policies have on producing pollution and erosion
problems in the first place.

Figure 2-4 depicts the rainfall depth from approxi-
mately 750 storm events recorded at Newark Liberty
International Airport in Newark, New Jersey between
1982 and 1992. It was taken from the long-term pre-

Figure 2-3: 24-Hour Rainfall in New Jersey-Delaware, July 12-

BEG: 11.191%
END: 12.9661

kdix Storm Total Precip (in) 4bit Tue 05:59Z 13-Jul-04

Source: National Weather Service, Mt. Holly, New Jersey Forecast Office

cipitation records contained in the computer program
WinSLAMM - Source Loading and Management
Model (Pitt andVoorhees, 1993). Such data can be used
in programs like WinSLAMM and the EPA’s Stormwa-
ter Management Model (SWMM) to estimate runoff
amounts over the long periods of time which problems
such as runoft pollution and erosion typically take to
manifest. Assuming that the length and accuracy of the
rainfall data is sufficient, structure designs and practice
evaluations based upon such data can be considerably
more robust than those based upon hypothetical or
synthetic design storms (James, 1995).

This increased robustness is due to the uncertainties
associated with the rainfall-runoff process noted above
and the ways in which they are addressed differently
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through the use of long-term rainfall records versus
single-event design storms. When using a hypothetical
design storm approach, decisions must be made as to the
total amount of rain, how long it will fall, how it will
vary in intensity (if at all) over this duration, how long
it has been since the previous rain fell and, if significant,
in what time of year the event will occur. Such deci-
sions must be made by the designer or modeler, either
actively through the development of an appropriate
design storm or by default through the selection of a
previously developed, standardized design storm often
specified by an urban runoff management program.
Selecting fixed values for each of these factors can and
often will affect the resultant runoff estimate.

However, when using a suitably long and accurate
record of actual rainfall, these decisions do not have to
be made. Instead, the long-term rainfall record contains
all of these factors, and its use allows them to vary over
a naturally-occurring range of values. The result 1s a
similarly varied series of runoft estimates that reflect
this natural range of conditions. Analyzing this resultant
runoft series with relatively simple statistical techniques
can then produce results for a storm with a particular
depth, frequency, duration, etc.

Despite this enhanced robustness or accuracy and its
applicability to a range of analytic and design problems,
the use of actual rainfall data, either from single, extreme
events or over long time periods, is not without its
problems. First and foremost is the availability of such
data. While the number of recording rain gages in the
United States is constantly increasing along with their
reliability and data accessibility, there still remain many

areas with inadequate gage coverage.

Second, the data record available must be sufficiently
long for the intended use. Even the design of practices
or facilities that must control the runoft from relatively
high-frequency, low-depth rain events can require up
to five to ten years of continuous rainfall data. The
design of facilities such as dams and flood control works
to control much lower frequency, higher recurrence
interval events would typically require several decades
of data at a minimum, unless one or more events in
the available record can be accurately designated as
statistically extreme. In these cases, such as the one
illustrated in Figure 2-3, such extreme events may be
used, with suitable caution, as design storms or, more
typically, to supplement or evaluate the results produced
by a hypothetical design storm.

Third, the data must have been recorded in time
increments suitable for the event analysis or facility
design in question.As explained more fully in following
sections, rainfall data that has been recorded in time
increments that approach or even exceed the length of
time it will take for an area of land to respond to rainfall
may be suitable for estimating total runoff volumes
from rainfall events, but are generally not appropriate
for predicting peak runoff rates or runoff hydrograph
shapes. Use of such data can cause rounding and other
errors that can lead to underestimated peak runoft rates,
hydrographs, and, in certain models, runoft volumes
(James and Robinson, 1982; Pitt and Voorhees, 2003).

An additional problem typically cited in the past with
using actual rainfall data, particularly long-term records,
was difficulty inputting, storing, and processing large
amounts of rainfall data. It should be noted that this
problem has been largely eliminated through the vastly
larger data storage capacities and higher data processing

Figure 2-4: Rainfall Data for Newark, New Jersey, 1982 to 1992
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speeds of modern computers. If any computer-related
problems remain in this area, it may be in the relatively
limited number of computer programs that can accept
long-term rainfall data.

As aresult, the use of hypothetical or synthetic design
storms in urban runoff management programs remains
relatively high. The data used to develop such storms is
obtained from statistical compilations and extrapolations
of real rainfall data collected over a statistically significant
period of time. Figure 2-5 presents such a compilation.
It depicts rainfall depth-duration-frequency curves for
Newark, New Jersey based on hourly rainfall collected
at Newark Liberty International Airport between 1948
and 2000.The curves predict the expected rainfall depth
for a given period of rainfall and storm frequency, with
the storm frequency expressed as an average exceed-
ance probability in years. For example, the expected
100-year, 1-hour rainfall depth at the airport would
be approximately 2.8 inches, while similar frequency
storms for 2-, 6-,and 24-hour periods would have depth
of approximately 3.8, 5.5, and 8.4 inches, respectively.

Similar curves can be developed for average rainfall
intensity, which is obtained by dividing the rainfall
depth by the rainfall period.

The curves in Figure 2-5 were developed by the
Hydrometeorological Design Studies Center (HDSC)
of the National Weather Service and were published
in 2004 in the National Oceanic and Atmospheric
Administration’s (NOAA) Atlas 14 — Precipitation
Frequency Estimates. Rainfall data for this and other U.S.
locations is available at the HDSC Precipitation Data
Frequency Center (PFDS) at http://hdsc.nws.noaa.
gov/hdsc/pfds/. Additional rainfall data is also available
through various publications and agencies throughout
the country.

Rainfall data such as that shown in Figure 2-5 can
be used in a variety of ways. If the total rainfall depth
for a specific storm frequency and rainfall period is
needed (for example, to estimate total runoft volume to
a stormwater facility), the depth can be taken directly
from charts or associated tables like the one in Figure
2-5.As described above, the depth can also be converted

Figure 2-5: Rainfall Depth-Duration-Frequency Data for Newark, New Jersey
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to an average rainfall intensity in instances where a
peak runoft rate is required (for example, to select the
appropriate size of a storm sewer).

In addition, rainfall data like that shown in Figure 2-5
can be used to construct an entire hypothetical design
storm. Such storms are typically needed when some
or all of the runoff hydrograph (a depiction of how
the runoft rate varies with time) is needed, not just the
total runoft volume or peak runoff rate. Hydrographs
are typically necessary for the analysis or design of any
drainage area or stormwater facility where the variation
of runoff rate over time is critical. Such areas include
two or more subareas of a larger watershed that are
added together to determine a combined peak rate or
hydrograph. Time-sensitive stormwater facilities include
wet ponds and detention basins.

The rainfall data in Figure 2-5 could be used, for
example, to construct a 24-hour, 100-year hypothetical
design storm for Newark by allowing the rain intensity
to vary in such a way that the various 100-year rainfalls
for durations less than 24 hours occur over the storm’s
total 24-hour duration. For example, such a storm
would have maximum 1-, 2-, 6- and 12-hour rainfalls
of2.8,3.8,and 5.5 inches respectively falling within its
total 24-hour rainfall of 8.4 inches. It should be noted

that, as shown in Figure 2-5, each of these rainfall-dura-
tion combinations have a 100-year frequency.

Figure 2-6 depicts the temporal distribution of four
hypothetical design storms that are regularly used for
drainage area runoft analysis and stormwater facility
design. All four storms have varying rainfall intensities
over their 24-hour length. They were developed by
the Natural Resources Conservation Service (NRCS)
of the U.S. Department of Agriculture and are used
in NRCS rainfall-runoft methods and models. They
have also been adopted for use by many urban runoft
management programs throughout the country. Co-
ordinates of the various NRCS design storm events
can be obtained from the NRCS State Conservation
Engineer in each state.

As shown in Figure 2-6, the rainfalls associated with
each of the four NRCS hypothetical design storms is
expressed as a percent of the total 24-hour rainfall. As
such, an entire design storm for a given frequency can be
computed simply by selecting a 24-hour rainfall depth
with that frequency and applying it over the 24-hour
period to the various rain depths in the appropriate
design storm. An example of such a design storm with
a 100-year frequency for Newark, New Jersey is shown
in Figure 2-7. It was developed by multiplying the

Figure 2-6: NRCS Design Storm Distributions
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100-year frequency, 24-hour rainfall for Newark by the
various rainfall depths shown in Figure 2-6 for the Type
IIT design storm which the NRCS has designated as
the most appropriate of the four design storms shown
in Figure 2-6 for the city.

There are some interesting and helpful observations
that can be made about the four different NR CS design
storm distributions shown in Figure 2-6, all of which
would have the same total rainfall at the end of the
24-hour event. First, it can be seen that the Types IT and
IIT storms are distributed more or less symmetrically
about the storm’s 12-hour midpoint, while Types I and
IA are not. Second, in the Type II and III storms, the
rain falls at lower intensities at the beginning and end
of each storm (evidenced by the relatively flat slope of
the curves between hours 0 and 9 and between hours
15 and 24) than the Type I and IA storms. As a result of
these lower starting and ending rainfall intensities, the
Type II and III storms have greater intensities during
their middle periods and these high intensity periods last
longer than the Type I and IA. In fact, as can be seen in
Figure 2-7, fully 50 percent of the total rain depth of 8.4
inches falls in the middle two hours (between hours 11
and 13) of the Type III storm for Newark, New Jersey.
Finally, the high-intensity rainfall periods in the Type

IT and III storms occur later than the Types I and TA.As
a result of these differences, the Type II and III design
storms can be expected to produce higher peak runoft
rates than the Type I and IA storms for the same total
24-hour rainfall. This illustrates the complexities and
influences that must be considered when developing
or selecting a hypothetical design storm.

In addition to the four NRCS design storms, several
other hypothetical design storm distributions have
been developed and adopted by various jurisdictions
and agencies with urban runoff management programs.
These include the City of Austin, Texas; the State of
New Jersey; the South Florida Water Management
District, and the U.S. Army Corps of Engineers. And
as additional rainfall data is collected and statistically
analyzed, modifications to existing hypothetical distri-
butions or the development of entirely new ones may
be necessary in the future.

Finally, our discussion of rainfall would not be
complete without mentioning rain that may have fallen
during prior storms. While most of the runoft from a
storm may have long since drained away, some is likely
to still be present as soil moisture or stored in surface
depressions in the drainage area. The exact amount of
such water, referred to as the antecedent rainfall or

Figure 2-7: NRCS 100-Year Type Ill Design Storm for Newark, New Jersey
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moisture condition, can influence the amount of runoff
from a subsequent design storm by affecting how much
of that storm’s rain can infiltrate into the soil or be stored
in the depressions. As such, its effect must be quantified
in all rainfall-runoff computations.

Antecedent moisture conditions are particularly
critical when recreating real storm events or analyz-
ing both real and design storms with relatively low
rainfall depths. For real storms, the antecedent moisture
conditions can be estimated from the rainfall data for
the antecedent period. When using a design storm,
however, many runoff estimating methods assume for
simplicity that average antecedent conditions exist in a
drainage area prior to the start of the design storm. As
a result, the frequency of the runoft event will equal
that of the rainfall that produced it, an occurrence
that is not always true. Such assumptions highlight the
advantage of using long-term rainfall data, where the
actual antecedent rainfall condition for each storm
can be directly estimated from the prior event’s data.
More sophisticated methods allow the analyst to vary
the antecedent condition to judge its sensitivity to the
answer or to increase the conservatism or “safety” (as
discussed above) of the answer.

In summary, the above subsection presented the

following ideas and information:

e In estimating runoft, rainfall from both actual

and hypothetical storm events may be used;

*  Various hypothetical design storms have been de-
veloped and are used in many runoft estimation
methods and runoff management programs;

* Hypothetical design storms can produce reliable
results, particularly for large, relatively infrequent
storms where the depth of the rainfall dominates
the rainfall-runoff process;

*  Conversely, design storms may be less reliable for
smaller, more frequent storms where antecedent
rainfall, climate, soil type, slope, and cover have
greater influence on the resultant runoff;

*  Design storms may need periodic updating or
replacement as additional rainfall data is collected
and analyzed;

e Data from actual rain events may be used to
supplement or check design storm results;

e Suitable, actual rain data may also be used for de-
sign purposes, provided it represents a sufficiently

long period of time or severity of storm;

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

e The use of long-term rain data to estimate runoff
from smaller, more frequent storms is increasing
as more suitable data and computer models

become available; and

e Long term rain data may also serve as an indicator
of climate change on rainfall. If verified, such
effects must be taken into consideration when
using such data.

Time

Time plays a critical role in the actual rainfall-runoft
process and, as such, plays a similar role in the various
theoretical methods used to simulate it. This is not
surprising, since the gravitational, thermodynamic,
and other natural forces involved in the creation of
runoft from rainfall are constantly changing with, and
therefore influenced by, time. These influences can
be exceptionally complex. The following discussion
presents a simplified description of how time affects
runoft estimates.

Two fundamental measures or lengths of time are
important when performing runoff estimates from
rainfall. The first is the runoft response time of the drain-
age area to a rainfall input. This response time indicates
how quickly the runoff created by a given amount of
rain drains to the outlet of the drainage area and how
quickly the rate of that runoft will change as the rainfall
rate changes. In more sophisticated estimating methods,
this response time may also affect the volume of runoft
produced by the rain.

Several terms and definitions can be used to describe
this response time; most are applicable to a particular
runoft estimating technique. The most common term
is Time of Concentration (TC), which the USDA
Natural Resources Conservation Service and others
define as the time it takes runoff (once it has begun) to
flow from the most distant point in the drainage area
to the drainage area’s outlet. Numerous procedures,
equations, and nomographs are available for estimating
TC, including those presented in Chapter 3 of the
NRCS Technical Release 55 — Urban Hydrology for Small
Watersheds (TR-55), which is used as the hydrologic
basis of many urban runoftf management programs.

Regardless of the method used to estimate TC, it is
important to recognize its direct effect on the resultant
rate of runoft, including the peak rate. As noted above,
TC is a measure of how quickly the runoff from a given
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amount of rain throughout a drainage area can flow to
the area’s outlet. Stated differently, it represents how
much time it takes the runoff produced throughout
the drainage area to concentrate at the outlet. The more
quickly a fixed volume of runoft can concentrate at
the outlet, the more runoff will exist at any point in
time at that outlet. As such, the TC will directly aftect
the overall shape of the runoft hydrograph, including
the peak runoft rate. The shorter the TC, the higher
the runoff rate, including the peak. In light of these
effects, it can be seen that whether we seek to estimate
a peak runoft rate or an entire runoft hydrograph for a
given rainfall, we must compute a reasonably accurate
estimate of TC.

In computing runoft peaks and hydrographs, TC can
also assist us in another way. Since most rainfall data,
whether for a real event or hypothetical design storm,
is rarely provided in a continuous form over time but
rather in discrete time increments, we must assume
an average rate of rainfall will occur during each of
these time increments. Since TC is a measure of how
quickly the rate of runoff will vary due to changes in
rainfall rate, we can use it to determine how small of a
time increment we must divide our rain event into to
produce an accurate runoff peak or hydrograph.

For example, a drainage area that takes six hours to
respond at its outlet to rain falling within it will show
little change in runoft rate from a change in rainfall
intensity lasting only a few minutes. Therefore, using
a time increment of 30 to 60 minutes (during which
rain is assumed to fall at an average rate) would be ap-
propriate. However, using a 30-minute time increment
for a drainage area that responds in 15 minutes would
not be appropriate, since the assumption of a uniform
rainfall rate during each 30-minute storm increment
would mask any shorter-term variations in rainfall rate
that would have a significant effect on the resultant
runoft rate. Such time increment-induced errors are
examples of the “rounding errors” described above that
may occur in the use of actual rainfall data. This also
illustrates the problem that can be encountered when
attempting to find actual rainfall data in sufficiently
short time increments.

The second fundamental period of time in rainfall-
runoff computations is the effective event time. When
computing only a peak runoft rate from a drainage
area, this time is typically based upon the time the
area can respond to rainfall and, as a result, can be set
equal to the drainage area’s TC.When performing such
computations, therefore, we are interested only in a

period of rainfall within a longer storm event; namely,
the period with the greatest rainfall rate or intensity.
For example, if we wish to estimate the peak 10-year
rate of runoff from a drainage area in Newark, New
Jersey with a 30-minute TC, we would use a 10-year
recurrence interval, 30-minute rainfall of 1.5 inches
from Figure 2-5.

However, if we wish to estimate the total runoft
volume for a 10-year storm event, the effective event
time will have to include the entire storm duration in
order to obtain the total rain depth. While such times
are readily available when using data from actual rain
events, they must be carefully selected when using a
hypothetical design storm. For example, while Figure
2-5 indicates that a 10-year, 1.5-inch period of rainfall
would last for 30 minutes (see previous paragraph), it
gives no indication of the total duration or depth of
the storm in which that 1.5-inch, 30-minute rainfall
would occur, other than the fact that it would last for
at least 30 minutes. However, it could also be part of a
longer, much larger storm event.

In addition, when designing certain runoff treat-
ment or control practices such as infiltration basins, the
effective event time may also include some additional
period of time following the end of the rainfall event.
This additional time, known as the inter-event dry
period (Wanielista and Yousef, 1993), reflects the time
by which the practice artificially prolongs or extends a
drainage area’s response time (through its slow release
of stored runoff) and, therefore, the effective event time.
As a result, when developing or selecting an appropriate
hypothetical design storm to estimate total runoft depth,
judgment must be used to ensure that the total event
time is appropriate for the design or analysis at hand.

In summary, the above subsection presented the
following ideas and information:
e Time plays a critical role in the rainfall-runoft
process and the various methods and models
used to simulate it.

e This role includes influencing the various rates
of runoff that may occur during a rain event,
including the peak runoft rate, and, in certain
methods, the total volume of runoft.

* There are two fundamental lengths of time that
are important when performing rainfall-runoft
computations.

 The first one is the time a drainage area
takes to respond to the rain falling within
it. This time, typically expressed as the
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area’s Time of Concentration, can be used
to both estimate peak runoff rates and
determine the maximum time interval
that rainfall data should be divided into
to produce reliable hydrograph estimates.

* The second one is the effective rainfall
event time. When estimating peak runott
rates, this time is typically based upon a
drainage area’s rainfall response time as

expressed by its Time of Concentration.

*  When estimating total runoff volume, however,
the effective event time must span the entire
rainfall event in order for a total rainfall depth
to be obtained.

e When designing runoff management practices
such as infiltration basins that artificially extend
an area’s response time, the effective event time
may include an additional period of time beyond
the total rainfall duration known as the inter-
event dry period.

Drainage Area

The concept of drainage area is fundamental to any
rainfall-runoff analysis. It is the area that contributes
runoft to a particular point in a drainage system typi-
cally referred to as the drainage area’s outlet. For this
reason, it may also be known as a watershed, since it
represents the area that “sheds” water or rainfall to the
outlet. However, this term is typically applied to larger
areas draining to streams and rivers. Catchment is
another term used at times instead of drainage area, as
it represents the area that “catches” rainfall and delivers
a portion of it as runoff to the outlet.

Both a drainage area’s size and various character-
istics about its soils, cover, slope, and response time
are typically used to estimate runoff from rain falling
within it. Of these, the drainage area size is a primary
consideration. It is usually determined from a combina-
tion of topographic maps, waterway and storm sewer
plans, and field reconnaissance. Most runoft estimating
methods assume a linear relationship between drainage
area and runoft volume. Therefore, a 20 percent error
in estimating a drainage area’s size will, among other
impacts, directly result in a similar error in the estimated
runoff volume. This relationship is important when
determining the required accuracy of drainage area

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

size computations and the required time and effort to
achieve it.

Two important drainage area characteristics for esti-
mating runoft are its shape and slope. As discussed above,
a drainage area’s response time will influence the rate
of runoff from a given rain event, with shorter response
times producing greater runoft rates than longer ones.A
drainage area with generally steep slopes can therefore
be expected to respond faster to rainfall and concentrate
a greater amount of runoff over a given period of time.
Similarly, the length that the runoft must travel to the
drainage area’s outlet can also aftect the response time,
with elongated drainage areas with relatively longer
travel lengths typically producing lower runoft rates than
more rounded ones with shorter travel lengths.

It is important, however, to avoid over-generalizing
the effects of drainage area shape and slope on runoft
rates, particularly for complex drainage areas and wa-
tersheds with multiple branches or tributaries. Each
drainage area within an overall watershed has its own
unique shape, slope, flow length, and complexity, all of
which can have a direct effect on response time and re-
sultant runoft rates. Therefore, a representative response
time, typically expressed as its Time of Concentration,
should be estimated as accurately as possible for each
drainage area based upon these characteristics.

The variation in ground surface within portions
within a drainage area, particularly those that create
surface depressions and other irregularities, can also
have a direct effect on the area’s response time, runoft
rate, and even runoft volume. Depending upon their
depth and size, surface depressions can slow the rate of’
runoft movement and concentration as well as store
a portion of the runoff. This not only increases the
drainage area’s peak runoft rate but the runoff volume
as well. Such runoff delays and storage, in combination
with such factors as antecedent rainfall, surface wetting,
soil infiltration, and interception by vegetation, typically
are greatest at the inception of rainfall and as such
produce an effect known as initial abstraction. This is
the amount of initial rainfall that must occur before
runoft at the drainage area outlet begins. Depending on
a drainage area’s surface depressions and irregularities,
along with its soils and covers, the initial abstraction
can significantly affect the volume of runoft and the
size and timing of its peak rate. Therefore, the eftects of
initial abstraction should not be overlooked, particularly
for small rainfall depths where the initial abstraction
amount is a significant percentage of the total rainfall.
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In summary, the above subsection presented the
following ideas and information:
e The concept of a drainage area that catches
rainfall and drains the resultant runoff to its outlet
is fundamental to runoff estimation.

e  Most runoff estimation methods assume a
linear relationship between drainage area size
and runoff volume.

* In general, the slope and shape of a drainage area
can influence the rate of runoff, including the
peak rate.

e Localized surface irregularities, in combination
with soil and cover characteristics, can store or
abstract an initial amount of rainfall and both
delay the start of runoff and reduce runoft
volume and rates.

Soils

The surface and subsurface soils within a drainage
area can play a direct role in determining the volume
and rate of runoff from rainfall. As a result, various soil
characteristics are included in most runoff estimating
methods. These characteristics include the texture,
structure, permeability, thickness, and moisture content
of the various layers within the soil profile. Soil texture,
structure, and thickness can help determine how much
rain a soil can absorb and retain, with granular soils such
as sands possessing greater storage capacity than silts and
clays. Similarly, a thin layer of soil on top of bedrock will
have less storage capacity than a deeper soil with similar
texture. Permeability will affect the rate at which rainfall
can enter and move through a soil and, therefore, the
volume and rate of any resultant runoff. A soil’s moisture

content at the start of rainfall is not only a measure of’
its available storage capacity but can also influence its
permeability rates. Rain falling on a pervious drainage
area whose soils are saturated from antecedent rain
events can produce runoff volumes and rates similar to
a drainage area that is largely impervious.

Soil texture, permeability, and thickness data can be
found in numerous sources, including laboratory tests of
soil samples taken from various drainage area locations.
County Soil Surveys, developed cooperatively by the
USDA Natural Resources Conservation Service and
various state agencies, are generally reliable sources of
such information. Depending upon the Survey date,
the drainage area size, the required degree of accuracy,
and the sensitivity of soil characteristics in the selected
runoff estimation method, field verification of Soil
Survey information may be necessary. Such verification
can also be used to assess soil structure, which can also
influence resultant runoff amounts.

The relationship between soil texture and perme-
ability should be noted. The relatively large percentage
of void space within granular soils such as sands creates
not only significant storage volume but also relatively
high permeability rates.As a result of these two features,
sands can be expected to produce less runoff volume
than silts or clays, which have less void space and perme-
ability. In certain instances, this relationship can permit
a soil’s permeability to be estimated from its texture.

As discussed above, soil permeability, texture, and
moisture content in combination with vegetation and
surface depressions and irregularities can also affect the
amount of initial rainfall that is abstracted before runoft’
begins. This initial abstraction can significantly affect the
volume of runoff and the size and timing of its peak

rate. Therefore, the effects of drainage area soils on initial

Table 2-1: Summary of Ocean County, New Jersey Soil Compaction Study Results

Study Site Mean[:;lcllr(nginsitg Mean Eir/r:re]abilitg

Woods 142 15
Cleared Woods 1.83 0.13
Subdivision Lawn 1 1.79 0.14
Subdivision Lawn 2 2.03 0.03
Athletic Field 1.95 0.01
Single House 1.67 ’1
Source: Ocean County Soil Conservation District et al., 1993
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abstraction should not be overlooked, particularly for
small rainfall depths.

Finally, research continues to confirm that compac-
tion can significantly modify or damage a soil structure,
resulting in decreasing storage volumes and permeabil-
ity rates and increased runoff. Research conducted in
New Jersey (Ocean County Soil Conservation District
et al., 2001) demonstrated that soils compacted either
by construction equipment or post-construction use
can experience significant reductions in permeability.
A summary of this research is shown in Table 2-1. It
compares the bulk density (as a measure of soil structure)
and permeability rates of soils with generally similar
sandy soil textures at various sites. The Woods site shown
in the table represents an undisturbed condition with
natural soil structure. The Cleared Woods site represents
a disturbed condition where the vegetation and organic
ground layer have been cleared by heavy equipment
without significant regrading. The Subdivision Lawns

1 and 2 and Athletic Field sites represent highly
disturbed areas where both clearing and regrading
by heavy equipment have occurred. The bulk density
and permeability values summarized in the table are
the mean of three replications in a soil layer 20 inches
below the surface.

As shown in the table, the mean soil permeability
of the Cleared Woods and Subdivision Lawn 1 are
approximately 100 times lower than the 15 inches per
hour mean permeability at the undisturbed Woods site.
Greater reductions can be seen at the Subdivision Lawn
2 and Athletic Field sites, where mean permeabilities
ranging from 500 to 1000 times lower than the Woods
site were measured. The mean permeabilities for the
various disturbed sites are similar to those found for
impervious areas such as roads, highways, and parking
lots (Pitt, 1991).

Further research in Alabama into the effects of
compaction on both sandy and clayey soils (Pitt et al.,

Figure 2-8: Alabama Compaction Test Results for Sandy Soils

Infiltration Rate (in/hr)

Source: Pitt et al., 1999
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1999) confirmed the impacts to sandy soils previously
demonstrated in Ocean County. Based upon more than
150 infiltration tests in disturbed urban soils, this re-
search also demonstrated that such effects were generally
independent of soil moisture in such soils. However, the
research also found that, while compaction had similar
effects on clayey soils with low moisture content, these
effects were of minor significance when the moisture
content approached saturated levels. A graphical sum-
mary of this research is shown in Figures 2-8 and 2-9.
From the results shown in Table 2-1 and Figures
2-8 and 2-9, it is felt that the effects of compaction on
the rainfall-runoft process can no longer be ignored,
particularly for sand and other coarse grained soils. As
a result, inclusion of appropriate factors in runoff esti-
mation methods is warranted when predicting runoft
from a future, developed drainage area with such soils.
However, this may require additional research data in
order to reliably predict the degree of expected compac-

Figure 2-9: Alabama Compaction Test Results for Clayey Soil

Infiltration Rate (in/hr)

Source: Pitt et al., 1999

tion and its impacts on soil permeability and runoff.
Further study of the long-term eftects of compaction,
and whether natural weathering processes can restore
some or all of the lost soil structure and permeability,
are also required. Until such research is concluded, the
results of the New Jersey and Alabama studies and a
conservative or “safe” design approach may be used
as guidance.

Potential measures to address the adverse impacts
of soil compaction may be found in the results for the
Single House site shown on the bottom row of Table
2-1. According to the Ocean County Study report,
this site was not constructed through widespread
regrading with heavy equipment typical of large tract
construction, but instead through limited regrading
with relatively light construction equipment.According
to the results in Table 2-1, the lawn area at this site had
a mean permeability rate of 7.1 inches per hour. While
this is less than half the tested mean of 15 inches per
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hour for woods, it nevertheless represents a relatively
high permeability rate, particularly in comparison with
the other, more highly disturbed sites in the table. This
relatively high disturbed site permeability rate may
indicate that the adverse impacts of compaction may
be avoided or reduced through the use of site design
techniques and construction practices and equipment
that minimize site disturbance, regrading, and construc-
tion equipment weight and movement.

The Alabama research also presents a potential
measure to address soil compaction through the addi-
tion of large amounts of compost to the soil. Tested on
a glacial till soil, this measure was shown to significantly
increase soil permeability at the expense, however,
of an increase in nutrients in the runoff. Such soils
also produced superior turf with little or no need for

maintenance fertilization.

In summary, the above subsection presented the

following ideas and information:

* Soil characteristics such as texture, permeability,
and thickness can greatly influence the rainfall-
runoff process and are therefore included in most
runoff estimation methods.

e These characteristics can affect both the amount
of initial rain that must fall before runoft begins
and the total volume and peak rate of runoff.

e The general relationship between soil texture and
permeability may allow the latter to be estimated
from the former.

*  Soil moisture content at the start of rainfall can
significantly modify a soil’s storage capacity and
permeability rate.

* Compaction can also significantly modify a
granular soil’s undisturbed storage capacity and

permeability rate.

Land Cover

In addition to the soils at and below the land surface
within a drainage area, the type of cover on the soils’
surface directly affects the rainfall-runoff process
and 1s an important factor in most runoff estimation
methods. Land covers can range from none (i.e., bare
soil) to vegetated to impervious. Important vegetation
characteristics include type, density, condition, extent
of coverage, degree of natural residue or litter at the

base, and degree of base surface roughness. Important

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT

impervious surface characteristics also include surface
roughness, age and condition, connectivity, and the
presence of cracks and seams. Connectivity describes
whether runoff from an impervious surface can flow
through a direct connection to a downstream swale,
gutter, pipe, channel, or other concentrated flow con-
veyance system, or whether the runoft can flow onto
and be distributed over a downstream pervious area,
where a portion can infiltrate into the soil. As a result,
unconnected impervious surfaces typically produce less
runoff volume than directly connected ones.

All of the above characteristics can affect the volume
of resultant runoft by influencing the amount of rainfall
that is either stored on the land and vegetated surfaces
or infiltrated into the soil. These characteristics can
also affect a drainage area’s response time or Time of
Concentration and, consequently, the rate and duration
of runoff. For example, TC equations developed by
the NRCS indicate that runoft flowing as sheet flow
across relatively smooth impervious surfaces will travel
approximately 10 times faster than it would across a
wooded area.The surface storage and delaying effects of
land cover, particularly vegetation, can also help increase
the amount of initial abstraction, thereby decreasing the
runoft volume from a drainage area.

Land cover data sources, frequently used in combina-
tion, include field reconnaissance, aerial photographs,
satellite imagery, and geographic information system
(GIS) databases for existing drainage area conditions.
Land cover under proposed or future conditions can
be estimated from zoning maps, development regula-
tions, proposed land development plans, and build-out
analyses.

In estimating runoft from rainfall, it is interesting to
compare the different responses from the impervious
portions of a drainage area with those with pervious
land covers such as turf grass, woods, or even bare soil.
At the start of rainfall, the initial abstractions of both
the impervious and pervious surfaces must be overcome
before runoff begins. While the initial abstractions for
typical impervious covers like roofs, roadways, parking
lots, and sidewalks are considerably less than for areas
with pervious covers, they nevertheless exist (Pitt and
Voorhees, 1993). However, having a lower value, the
initial abstraction for the impervious surfaces is over-
come first, and the impervious surfaces will begin to
produce runoft. This will continue until the larger initial
abstraction of the pervious covers is also overcome. At
this point, both the impervious and pervious portions
of a drainage area will produce runoft.
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Once runoft has started, it is generally accepted
that its amount will increase exponentially as rainfall
continues. This nonlinear relationship between rainfall
and the runoft it produces is more pronounced for
pervious land covers than impervious ones, which
typically have a near constant or linear rainfall-runoft
response once runoft begins. These different initial
abstractions and rainfall-runoff responses result in the
relative percentage of runoft produced from each type
of cover varying considerably, depending upon the total
rainfall amount.

This difterence is illustrated in Figure 2-10. It depicts
the relative percentage of total runoft volume produced
for a given amount of rain from various runoff source
areas at a typical medium density residential housing
site with clayey soils. As shown in the figure, site runoft
would be entirely comprised of runoff from those site
areas with impervious covers (i.e., streets, driveways, and
roofs) from the start of rainfall until approximately 0.1
inches have fallen. However, as rainfall continues and
overcomes the initial abstraction of the site’s pervious
landscaped areas, runoff from these areas also begins.
‘When the rainfall has reached approximately 1 inch, ap-
proximately 50 percent of the site runoffis produced by

these pervious areas. This increase in runoff percentage

continues as rainfall continues, reaching approximately
70 percent at a total rainfall depth of 4 inches.

Such relationships are useful to urban stormwater
management programs because they identify the criti-
cal runoff source areas that have the greatest impact
on various program objectives. If a program objective
is to address the runoff quality and pollution impacts
caused predominantly by small, frequent rainfalls, then
the control of impervious surfaces and the runoft from
them is important. If flood or erosion control is critical,
then all land covers may be important, since they all
contribute important percentages of the total site runoff
during the larger rainfall normally associated with these

types of problems.

In summary, the above subsection presented the

following ideas and information:

e The type, character, extent, and condition of
the various land covers within a drainage area
can have a significant effect on initial rainfall
abstractions and resultant runoff volumes, rates,
and durations.

e There are typically many sources of land cover
data,including aerial photographs, GIS databases,
field reconnaissance, and land development

plans.

Figure 2-10: Relative Runoff Contributions from Various Source Areas at Medium Density Residential Site with Clayey Soils
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e Pervious and impervious covers respond dif-
ferently to rainfall. The relative percentage of
the total runoft from each varies with the total

amount of rainfall.

* Impervious areas typically produce the majority
of runoff from small rainfalls, while the percent-
age from pervious areas typically increases with
increasing rainfall.

*  Runoft from impervious areas can also vary,
depending upon their roughness, condition, and
connectivity. Directly connected impervious
areas can produce significantly more runoff
volume than unconnected ones.

Runoff Estimation:
Methods and Models

There are numerous methods currently available to
estimate runoft from rainfall. In general, most methods
will include some if not all of the parameters described
in the previous section. Exactly what method to utilize
and what parameters to include typically depends upon
available parameter data and the desired results.

Using desired results as a basis, runoff estimation
techniques can be broadly grouped into the following
three categories:

1. RunoftVolume Methods

2. Peak Runoft Rate Methods

3. Runoff Hydrograph Methods

Each category will generally utilize certain param-
eters and equations and, therefore, will require certain
types and ranges of data. A brief description of each
category is presented below. As can be seen from the
descriptions, the number of parameters increases as we

proceed down the list.

Runoff Volume Methods

‘When an estimate of runoft volume is desired, typical
parameters include total rainfall, drainage area size, and
soil and land cover characteristics. Soil characteristics
will generally include estimates of initial abstraction
amounts, soil infiltration rates, and some measure of
antecedent moisture condition. Infiltration rates may

be fixed at a constant rate or may vary throughout
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the event, typically in an exponential manner. A more
sophisticated method may include consideration of
drainage area slope. A similarly sophisticated method
may also include rainfall intensity and total storm dura-
tion, although, in general, time-based parameters are not
included, particularly those based upon a single design
storm. However, runoff volume estimating methods
which utilize long-term rainfall data will typically
consider time in the form of interevent dry periods
and the amount of soil moisture depletion that may
occur during each one.

Peak Runoff Rate Methods

Methods that produce estimates of peak runoft rate
from a given storm event typically include all or most
of the parameters utilized in runoff volume methods.
However, as the term “rate” implies, time plays a more
important role and, consequently, more time-based
parameters are typically included. These include an
estimate of the drainage area’s Time of Concentration
as well as the peak rainfall intensities over this period.
Simplified methods utilize a single, average rainfall
intensity over the entire TC while more sophisticated
ones allow the use of several, shorter-term intensities
within the overall TC.

Runoff Hydrograph Methods

‘When an entire runoff hydrograph is desired, additional
time-based parameters and data are required in addi-
tion to the parameters used in runoff volume or peak
runoft rate methods. First, since a runoff hydrograph is
a measure of runoff rate resulting from all or a portion
of a rainfall event, rainfall data throughout the entire
event is required, typically divided into time periods
equal to at least 20 percent to 25 percent of the drainage
area’s TC. In addition, some measure of the movement
of runoft through the drainage area over time is also
required. Once again, simplified methods typically as-
sume a linear relationship, while more sophisticated ones
utilize a nonlinear one based upon such mathematical
techniques as unit hydrographs and kinematic wave
equations.

In comparing the above descriptions of the three
general runoff estimation methods, several observa-
tions can be made. First, as noted above, the number
of time-based parameters increases as we move from
estimating runoff volume to peak rates and then entire
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runoft hydrographs.This relationship can tell us which
type of method is needed when designing or analyzing
a particular stormwater management facility or practice.
That is, a stormwater management measure such as an
infiltration basin that is relatively insensitive to the rate
of runoff inflow can often be designed from estimates
of total runoff volume only. However, designing a
stormwater facility such as a detention basin that is
sensitive to the rate of runoft inflow will typically
require a runoff hydrograph.

This relationship between stormwater facility type
and required runoff method can also guide us toward
the type of rainfall data that may be utilized in facility
design. Since records of total storm depth are generally
more available than records of incremental rainfall over
short time increments, an infiltration basin designer will
be much more likely to have a choice between actual
long-term rainfall data and a single design storm ap-
proach than a detention basin designer would. Similarly,
the designer of a stormwater facility to control the
runoft from relatively small, frequent rainfalls is more
likely to be able to choose between a long-term data and
a design storm approach than the designer of a facility
to control runoff from large, relatively infrequent events.
This is because the first designer requires a relatively
short period of rainfall record, which is presently more
available than the longer-term records required by the
second designer.

In addition, as noted above, the number and range
of included parameters increases as we move from the
runoft volume estimation methods to the runoft peak
and then the runoft hydrograph methods.This increas-
ing data and computational complexity can also signal
a decrease in the certainty of the estimates produced
by these methods. As a result, whether using long-
term data or a single design storm approach, we can
generally expect our estimates of total runoff volume
to be more reliable and accurate than our estimates of
peak runoff rate and, to an even greater extent, entire
runoft hydrographs. This realization should guide our
selection of design parameters and facility features so
that the inherent safety of the facility design increases
with decreasing estimation certainty.

Finally, as our concerns for runoft quality and the
environment have grown, there has been an increasing
interest in estimating the runoff from relatively small
rainfalls. In recognition of this interest, it is important
to note a second categorization of runoff estimation
methods that is based upon the range of applicable rain-
fall depths. At the time of the 1994 publication of the

original Fundamentals of Urban Runoff Management, the
NRCS Runoft Equation and its variants had become
the standard method for estimating runoff volume from
rainfall. As clearly stated in various NR CS publications
such as TR-55, this method was and remains intended
for runoft depths of 0.5 inches or more. In many
instances, this would require a minimum total rainfall
depth of approximately two to three inches which, in
many locations, would have an average frequency or
recurrence interval of one year or more.

‘While these rainfall depths and frequencies typically
represented the lower limits of interest or jurisdiction
of runoft management programs in 1994, research and
experience has pointed toward the need to manage
the runoff from smaller rainfall amounts in order to
optimize control of runoft quality and water ecosystem
problems (Pitt and Voorhees, 1993). Therefore, it has
likewise become important to develop and utilize
newer runoff estimation methods suitable for these
lower rainfall depths. Equations such as those developed
by Pitt and Voorhees and by the Center for Watershed
Protection for the State of Maryland have been shown
to be particularly reliable for such rainfall depths. Use
of the NR CS Runoft Equation for runoffs less than the
ofticial NR CS limit, which may be necessary in certain
existing runoff management programs and computer
models, should only be made with caution and a
thorough understanding of the method’s assumptions,
limitations, and sensitivities. Similar caution should be
used when using a method intended for small rainfalls

to estimate runoft from larger events.

In summary, the above section presented the follow-
ing ideas and information:

e Runoff estimation methods can be categorized
by the type of result they produce.

* In general, the three basic method types are those
that estimate runoft volume, peak runoff rate,and
runoff hydrographs.

e Each method utilizes a certain combination of
parameters, equations, and assumptions.

e Asyou proceed from estimating runoft volume
to peak runoff rate and then runoft hydrographs,
the degree of complexity and range of param-
eters typically increases as well, particularly of
those associated with time.

e This increased complexity can also signal a
decrease in reliability of results, indicating the
need for increased discretion and data accuracy
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to ensure effective and safe stormwater facilities
and practices.

e The type of estimation method required to
design a stormwater facility will depend upon
the facility’s sensitivity to changes in inflow over
time.

e Methods that utilize long-term rainfall data and
single design storms are both available. Which
approach can be utilized will depend upon the
range of rainfalls to be controlled, the facility’s
sensitivity to time, and the availability of suitable
rainfall data and computer programs.

Impacts of Land Use Change

Typically, a land development project will result in
modifications to several of the factors associated with
the rainfall-runoff process. These can include replacing
indigenous vegetation with both impervious land covers
and planted vegetated covers such as turf grass. Such
land covers are less permeable and have fewer surface
irregularities and surface storage, resulting in increased
runoft volumes and longer runoff durations. This prob-
lem may be compounded by increases in drainage area
size through surface regrading and conveyance system
construction, which can make a larger area contribute
runoft to a particular location. Soil compaction during
construction may further increase the volume of runoft’
from the turf grass and other constructed pervious
areas.

The land cover changes described above can also
cause significant reductions in initial abstraction,
creating a lower rainfall threshold in order for runoft
to begin. This lower threshold can be particularly
damaging, for it results in runoff to downstream wa-
terways from rainfalls that previously did not produce
any runoff, hypothetically causing an infinite increase
in the runoft from such rains. This also compounds the
increased runoft volume impacts by creating a greater
number of runoft producing storm events and increas-
ing the frequency of runoff and pollutant loadings in
downstream waterways.

In addition to being less permeable, impervious
and turf grass land covers are typically more efficient
in transporting runoff across their surfaces, resulting in
decreases in a drainage area’s Time of Concentration
and a corresponding increase in runoff rates, including
the peak runoft rate. Such increases, which can be
compounded by the replacement of natural conveyance
systems with more efficient constructed ones such as
gutters, storm sewers, and drainage channels, can cause
an increase in flow velocity in downstream waterways
which, when combined with the increased flow dura-
tion, can create new or aggravate existing waterway
erosion and scour.

Finally, the decrease in infiltration and resultant
increase in runoff indicates that less rainfall may be
entering the local or regional groundwater, resulting
in the depletion or complete eradication of waterway
baseflows and the lowering of the groundwater table.
‘While research into these impacts has at times produced
somewhat conflicting results (Center for Watershed

Protection, 2003), the negative impacts to baseflows

Table 2-2: Land Development Impacts Example, Pre- and Post-Development Site Conditions

Development Condition

Site Land Cover

Average Initial Abstraction

Pre-developed

Woods 1.6

Post-developed

25% impervious and ?5% turf grass 0.9

Table 2-3: Land Development Impacts Example, Pre- and Post-Development Runoff Volumes

Storm Frequency 24-Hour Rainfall (Inches)

Estimated Runoff Depth

Pre-Developed Post-Developed

2-year storm 2.8

0.1 0.6

10-year storm 4.0

0.5 13

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT
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and groundwater levels caused by land use changes
have become a generally accepted tenet of urban runoft
management programs.

Such impacts can be quantified through a hypo-
thetical land development example utilizing the NRCS
Runoff Equation. The pre- and post-developed land
uses and covers are summarized in Table 2-2. As shown
in the table, the wooded land cover that exists in the
pre-developed condition will be changed to a combina-
tion of 75 percent turf grass and 25 percent impervious
cover that is directly connected to the site’s drainage
system. Our example will assume a relatively granular
site soil, identified as a Hydrologic Soil Group B soil
in the NRCS method, and will analyze the impacts
of the site development for both a 2- and 10-year,
24-hour rainfall. The resultant pre- and post-developed
runoft volumes for both storm events are summarized
in Table 2-3.

A review of Table 2-2 indicates that the average
initial abstraction for the post-developed site will be
approximately 40 percent smaller than for the pre-
developed one, decreasing by 0.7 inches from 1.6 to
0.9 inches. This means that while a minimum of 1.6
inches of rainfall is required to produce runoff from the
pre-developed site, only 0.9 inches on average will be
necessary under post-developed conditions. It should be
noted that this post-developed initial abstraction is an
average value for the combined turf grass and impervi-

ous cover site and that only approximately 0.1 inches

of rain should be necessary to produce runoff from the
impervious portions. This means that runoft volumes
to downstream waterways are not only expected to
increase but that this runoft will now be occurring from
rain events between approximately 0.1 and 1.6 inches
that previously produced no site runoft or waterway
flow.This will significantly increase the number of times
when runoft and associated pollutants will be flowing
to and through downstream waterways.

A review of Table 2-3 indicates the extent of the
estimated runoff volume increases that can be expected
due to the proposed land use change. As shown in
the table, the total 2-year runoff volume from the
site is estimated to increase by 500 percent following
development from approximately 0.1 to 0.6 inches. The
estimated 10-year volume increase, while smaller, is
nevertheless significant, increasing from approximately
0.5 to 1.3 inches or by approximately 160 percent.
This also indicates that the quantity impacts of land
use change are more acute for smaller, more frequent
rainfalls — a distinct problem for waterways that are
particularly sensitive to such storm events.

The potential impacts of this increased frequency and
volume of development site runoft to downstream wa-
terways is illustrated in Figure 2-11, which depicts the
changes to a stream cross section in Maryland between
1950 and 2000 (Center for Watershed Protection, 2003).
As shown in the figure, both the width and depth of

the cross section have increased considerably between

Figure 2-11: Effects of Urbanization on Maryland Stream Cross Section
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the 1950 or “Historic” configuration and the 2000 or
“Current” condition. It should be noted that, over this
time period, sufficient land development has occurred
in the stream’s drainage area to increase the total
impervious land cover from approximately 2 percent
to 27 percent. The “Ultimate” cross section shown in
the figure is an estimate of the final cross section size
in response to this degree of urbanization. Additional
research indicates that stream channel areas can enlarge
by two to eight times due to drainage area urbanization
(Center for Watershed Protection, 2003).

In addition to channel cross section enlargement,
other physical impacts of increased runoff volumes,
rates, frequencies, and durations include (Center for
Watershed Protection, 2003):

¢ Channel bank undercutting;

¢ Channel bottom incision;

e Loss of aquatic habitat;

e Increase in sediment yield and transport;
e Loss of riparian cover; and

* Increase in water temperature.

Utilizing the results from a number of research stud-
ies, the Center for Watershed Protection has developed
a relatively simple model that demonstrates a direct
relationship between drainage area urbanization (as
measured by the percentage of impervious land cover in
the drainage area) and the general quality of the stream
to which the area’s runoft drains. This model is depicted
in Figure 2-12. It indicates that as total impervious
cover in a drainage area increases, the quality of the
stream decreases. This model has been widely adopted
as a predictor of the adverse effects that can occur if
drainage area development continues in an unmanaged

or unregulated way.

In summary, the above section presented the follow-
ing ideas and information:

* Land use changes can increase impervious land
cover, decrease soil permeability and vegetated
cover, reduce initial abstractions, and shorten
runoff response times.

*  Such changes can result in increased volumes,
rates, durations, and frequencies of surface runoff

and waterway flows.

Figure 2-12: Center for Watershed Protection’s Impervious Cover Model
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e Such increases can adversely impact waterways
through channel enlargement, bank undercutting,
aquatic habitat destruction, increased sediment

loadings, and increased water temperatures.

*  Such impacts have been extensively documented
through research.

Summary and Conclusions

This chapter demonstrates how an understanding of
the fundamentals of the rainfall-runoft process is criti-
cal to the development and operation of an eftective
urban runoft management program. Such fundamentals
include:

1. The rainfall-runoft process is complex, and no
perfect runoff estimation methods exist.

2. However, through informed assumptions and an
understanding of the fundamentals, we can gen-
erally overcome these complexities and produce
reasonable, reliable, and safe runoff estimates.

3. Several types of runoff estimation methods are
available, utilizing a range of parameters and data
including both actual long-term rainfall data and
single event design storms.

4. The type and accuracy of the required runoft
estimate and the availability of the required data
will largely determine the runoft estimation
method to be used.

5. The impacts of land use change include increased
runoff and waterway flow volumes, rates, dura-
tions, and frequencies.

6. These increases can cause significant physical
damage to waterways and aquatic habitats as
well as biological, chemical, and environmental
damage to ground and surface waters. Further
information on these quality impacts are pre-
sented in Chapters 3 and 4.

7. Management of land use changes and preserva-
tion of the rainfall-runoff process for undevel-
oped conditions can prevent or mitigate such
damage.

8. Structural stormwater management measures
can also be used to reduce or control the runoft
impacts of land use changes both during and after
site construction. These measures are described
in detail in Chapters 8 and 9.
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CHAPTER 3

Water Quality Impacts

of Urbanization

This chapter focuses on the physio-chemical aspects of
water quality by examining the characteristics, sources,
and patterns of urban runoff pollutants. Stormwater
runoff from urbanized areas carries with it a wide
variety of pollutants from diverse and diftfuse sources.
Based on data collected over many decades, throughout
the country, it is apparent that there is a great deal of
variability in urban runoft pollutant composition and
concentrations. Representing all recognized classes of
water pollutants, these runoff contaminants originate
not only from land-use activities in the drainage area
where runoft'is collected but also occur as atmospheric
deposition from areas outside the watershed of the
receiving water body. In addition, exchanges between
surface and groundwater can also be a pathway for
pollutants. For example, landfill leachate or buried toxic
waste can easily contaminate groundwater, which can
then become a source of pollutants to surface waters.
On the other hand, pollution can be transported via
urban surface runoff and can result in the contamina-
tion of groundwater or surface receiving water bodies.
The multiple sources of urban runoft pollution on,
above, and below the surface represent a complex set of
watershed conditions. They determine the effects that
drainage from the watershed will have on natural receiv-
ing water, and represent a challenge for management.
The impact of stormwater runoft pollutants on
receiving water quality depends on a number of fac-
tors, including pollutant concentrations, the mixture of
pollutants present in the runoff, and the total load of
pollutants delivered to the water body. Water pollutants
often go through various physio-chemical processes

before they can impact an aquatic biota. During their
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transport by surface waters and stormwater runoft;, losses
such as sedimentation can reduce the total stress burden
on aquatic organisms, although the reduction may not
be permanent (e.g., sediments can be resuspended).
Physical, chemical, and biological processes can also
cause transformations to different physical (particulate
versus dissolved) or chemical (organic or inorganic)
forms. Depending on the environmental conditions
and the organisms involved, transformations can cause
enhanced (synergistic) or reduced stress potential.
Water pollution is not the only condition in the
watershed that causes ecological stress. Chief among
other stresses is modified hydrology from increased
stormwater runoff flow volumes and peak rates
discharged from urbanized landscapes. Conversely,
stress can come from decreased dry weather baseflows
resulting from reduced groundwater recharge in urban
areas. Finally, aquatic biota can be affected by the various
stresses in whatever form they arrive. Biota may have an
easier time dealing with a few rather than many stressors,
especially when they act in a synergistic manner. Of
course, populations of aquatic organisms do not live
in isolation but interact with other species, especially
in predator-prey relationships. These interactions have
many implications for the ecosystem. For example,
the loss of one species from a pollution problem will
likely result in the decline or elimination of a major
predator of that species. These and other physical or
biological stressors will be discussed in detail in the

next chapter.
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Background

Stormwater Pollutant Sources

Stormwater runoff from urbanized areas is generated
from a number of sources, including residential areas,
commercial and industrial areas, roads, highways, and
bridges. Essentially, any surface that does not have the
capability to store and infiltrate water will produce runoft
during storm events. These are known as impervious
surfaces. As the level of imperviousness increases in
a watershed, more rainfall is converted to runoff. In
addition to creating greater runoff volumes, impervi-
ous surfaces (roads, parking lots, rooftops, etc.) are the
primary source areas for pollutants to collect within
the built environment (Figure 3-1). Runoff from storm
events then carries these pollutants into receiving waters
via the stormwater conveyance network. Land-use (e.g.,
residential, commercial, and industrial) and human activi-
ties (e.g., industrial operations, residential lawn care, and
vehicle maintenance) characteristic of a drainage basin
largely determine the mixture and level of pollutants
found in stormwater runoff (Weibel et al., 1964; Griffin
et al., 1980; Novotny and Chester, 1981; Bannerman et
al., 1993; Makepeace et al., 1995; Pitt et al., 1995).
Atmospheric deposition of pollutants is typically
divided into wet-fall and dry-fall components. These

inputs can come from local sources, such as automobile
exhaust, or from distant sources such as coal or oil power
plant emissions. Regional industrial and agricultural
activities can also contribute to atmospheric deposition
as dry-fall. Precipitation also carries pollutants from
the atmosphere to earth as wet-fall. Depending on the
season and location, atmospheric deposition can be a
significant source of pollutants in the urban environ-
ment. The USGS has estimated that up to 25 percent of
the nitrogen entering the Chesapeake Bay likely comes
from atmospheric deposition (USGS, 1999).

The types of land-use activities present in a drainage
basin are also important in determining stormwater
quality. The method of conveyance within the built
environment is influential as well. The traditional means
of managing stormwater runoff in urban areas has been
to construct a network of curb-and-gutter streets, drain-
inlet catch basins, and storm drain piping to collect this
runoft, transport it quickly and efficiently away from
the urbanized area, and discharge the stormwater into
receiving waters.

Separate storm sewer systems convey only storm-
water runoff. Water conveyed in separate storm sewers
is frequently discharged directly to receiving waters
without treatment. Stormwater can also bypass the
stormwater infrastructure and flow into receiving
waters as diffuse runoff from parking lots, roads, and
landscaped areas. In cases where a separate storm sewer

Figure 3-1: Stormwater Runoff Pathways and Pollutant Sources

S

channel potluted stormwater directly into streams.

Source: Schueler, 1995

Streets provide several pathways for stormwater pollutants. Atmospheric potlutants settle or are washed onto
the street during rain events (a, b). Pavement fragments also contribute to stormwater pollution (c). Vehicles
contribute emissions and tire and brake pad particles (d, e). Snow collected at the street edge melts and
contributes salts (f). Leaves and pollen from trees are blown into the street (g). Curb and gutter systems
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system is present, sanitary sewer flows are conveyed to
the municipal wastewater treatment plant (WWTP) in
a separate sanitary sewer systemn.

In a combined sewer system, stormwater runoft may
be combined with sanitary sewer flows for convey-
ance. During low flow periods, flows from combined
sewers are treated by the WWTP prior to discharge to
receiving waters. During large rainfall events, however,
the volume of water conveyed in combined sewers
can exceed the storage and treatment capacity of the
wastewater treatment system. As a result, discharges of
untreated stormwater and sanitary wastewater directly to
receiving streams can occur in these systems.These types
of discharges are known as combined sewer overflow
(CSO) events.

Urban streets are typically significant source areas for
most contaminants in all land-use categories. Parking lots
and roads are generally the most critical source areas in
industrial and commercial areas. Along with roads, lawns,
landscaped areas, and driveways can be significant sources
of pollution in residential areas. In addition, roofs can
contribute significant quantities of pollutants in all land-
use types (Bannerman et al., 1993). The quantity of these
pollutants delivered to receiving waters tends to increase
with the degree of development in urban areas.

Historically, as urbanization occurred and storm
drainage infrastructure systems were developed in this
country, the primary concern was to limit nuisance and
potentially damaging flooding due to the large volumes
of stormwater runoff that were generated. Little, if any,
thought was given to the environmental impacts of such
practices on water quality. Due to the diffuse nature of
many stormwater discharges, it 1s difficult to quantify
the range of pollutant loadings to receiving waters that
are attributable to stormwater discharges. Awareness of
the damaging effects stormwater runoft is causing to
the water quality and aquatic life of receiving waters is
a relatively recent development, as is stormwater quality

treatment.

Stormwater Runoff Pollutants

Stormwater runoff from urban areas can contain sig-
nificant concentrations of harmful pollutants that can
contribute to adverse water quality impacts in receiving
streams. Impacts on beneficial uses can include such
things as beach closures, shellfish bed closures, limits

on fishing, and limits on recreational contact in waters
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that receive stormwater discharges. Contaminants enter
stormwater from a variety of sources in the urban
landscape. In general, these pollutants degrade water
quality in receiving waters associated with urbanizing
watersheds. Stormwater pollution is often a contribut-
ing factor where there is an impairment of beneficial
use and/or an exceedance of criteria included in
water-quality standards (WQS).

Research has identified stormwater runoff as a
major contributor to water quality degradation in
urbanizing watersheds (Field and Pitt, 1990; Makepeace
et al., 1995; Pitt et al., 1995; Herricks, 1995; CWP,
2003). Stormwater or urban runoft typically contains
a mixture of pollutants, including the following major
constituents:

¢ Sediment;

* Nutrients (nitrogen and phosphorus);

¢ Chlorides ;

e Trace metals ;

e Petroleum hydrocarbons ;

*  Microbial pollution ; and

e Organic chemicals (pesticides, herbicides, and
industrial).

Sediment is one of the most common and potentially
damaging pollutants found in urban runoft. Sediment
pollutant levels can be measured as Total Suspended
Solids (TSS) and/or Turbidity. TSS is a measure of
the total mass of suspended sediment particles in a
sample of water. The combination of flow and TSS
gives a measure of sediment load carried downstream.
Turbidity measures the scattering of light by suspended
sediment particles in a water sample. Turbidity and TSS
in stormwater runoff can vary significantly from region
to region, as well as within a local area, depending on
the sources of sediment contributing to the runoft
load. The size distribution of suspended particles, as
well as the composition of particulate (e.g. organic
vs. inorganic) can have a significant influence on the
measured turbidity or TSS of a water sample. Current
research indicates that particle size distribution (PSD)
may be an important parameter to measure when
evaluating the sediment component in surface waters
or stormwater runoff (Bent et al. 2001; US-EPA 2001;
Burton and Pitt 2002).

Sediment in stormwater runoff can come from
the wash-oft of particulate material from impervious
surfaces in already urbanized areas and/or from active
construction sites in urbanizing areas. Streets, parking
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lots, lawns, and landscaped areas have been identified
as the primary source areas for sediment in the urban
environment (CWP,2003). Construction site runoft has
the potential to contain very high levels of sediment,
especially if proper erosion and sediment control (ESC)
best management practices (BMP) are not employed.
TheTSS concentration from uncontrolled construction
sites can be more than 150 times greater than that found
in natural, undeveloped landscapes (Leopold, 1968).
Uncontrolled runoft from construction sites has been
shown to have a TSS ranging from 3,000 to 7,000 mg/1
(CWP, 2003). When proper ESC BMP techniques are
utilized, the TSS level can typically be reduced by at least
an order of magnitude, if not more (CWP, 2003).

Nutrients (nitrogen and phosphorous) are essential
elements in all aquatic ecosystems. However, when these
nutrients are found at excessive levels, they can have a
negative impact on aquatic systems. Common sources
of nutrients such as nitrates and phosphates include
chemical fertilizers applied to lawns, golf courses,
landscaped areas, and gardens. Residential lawns and
turf areas (e.g., sports fields, golf courses, and parks)
in urbanizing watersheds have been shown to be “hot
spots” for nutrient input into urban runoff (CWP,
2003).In general,lawns and turf areas contribute greater
quantities of nutrients than other urban source areas.
In fact, research suggests that nutrient concentrations
in runoff from lawns and turf areas can be as much as
four times greater than those from other urban nutrient
source areas (Bannerman et al., 1993; Steuer et al., 1997;
Waschbusch et al., 2000; Garn, 2002).

Sources of nutrients such as nitrates and phosphates
include chemical fertilizers applied to lawns, golf
courses, landscaped areas, and gardens. In addition,
nutrient pollution can originate from failing septic
systems or from inadequate treatment of wastewater
discharges from an urban WWTP. Atmospheric deposi-
tion of nutrient compounds from industrial facilities
or power generation plants is also a source of nutrients
in the built environment. Soil erosion and other sedi-
ment sources can also be significant nutrient sources,
as nutrients often tend to be found in particulate form.
Research indicates that human land-use activity can be
a significant source of nutrient pollution to stream and
wetland ecosystems (Bolstad and Swank, 1997; Sonoda
etal.,2001; Brett et al., 2005). Many studies have linked
nutrient levels in runoft to contributing drainage area
land uses, with agricultural and urban areas producing
the highest concentrations (Chessman et al., 1992;
Wernick et al., 1998; USGS, 1999). Snowmelt runoff in

urban areas can also contain elevated levels of nutrients
(Oberts, 1994).

Excessive nutrient levels in urban runoft can stimu-
late algal growth in receiving waters and cause nuisance
algal blooms when stimulated by sunlight and high
temperatures. The decomposition that follows these
algal blooms, along with any organic matter (OM)
carried by runoff, can lead to depletion of dissolved
oxygen (DO) levels in the receiving water and bottom
sediments. This can result in a degradation of habitat
conditions (low DO), offensive odors, loss of contact
recreation usage, or even fish kills in extremely low
DO situations.

Nitrate 1s the form of nitrogen found in urban runoft
that is of most concern.The nitrate anion (NO3) is not
usually adsorbed by soil and therefore moves with infil-
trating water. Nitrates are present in fertilizers, human
wastewater, and animal wastes. Nitrate contamination
of groundwater can be a serious problem, resulting in
contamination of drinking water supplies (CWP,2003).
High nitrate levels in drinking water can cause human
health problems.

Phosphates (PO,) are the key form of phosphorus
found in stormwater runoff. Phosphates in runoff
exist as soluble reactive phosphorus (SRP) or ortho-
phosphates, poly-phosphates, and as organically bound
phosphate. The poly-form of phosphates is the one
that is found in some detergents. Orthophosphates are
found in sewage and in natural sources. Organically
bound phosphates are also found in nature, but can also
result from the breakdown of phosphorus-based organic
pesticides. Very high concentrations of phosphates can
be toxic.

Chlorides are salt compounds found in runoff that
result primarily from road de-icer applications during
winter months. Sodium chloride (NaCl) is the most
common example. Although chlorides in urban runoft
come primarily from road deicing materials, they can
also be found in agricultural runoff and wastewater.
Small amounts of chlorides are essential for life, but
high chloride levels can cause human illness and can
be toxic to plants or animals.

Metals are among the most common stormwater
pollutant components. These pollutants are also referred
to as trace metals (e.g., zinc, copper, lead, chromium,
etc.). Many trace metals can often be found at poten-
tially harmful concentrations in urban stormwater
runoft (CWP, 2003). Metals are typically associated
with industrial activities, landfill leachate, vehicle main-
tenance, roads, and parking areas (Wilber and Hunter,
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1977; Davies, 1986; Field and Pitt, 1990; Pitt et al., 1995).
In one study in the Atlanta (GA) metropolitan area, zinc
(Zn) was found to be the most significant metal found
in urban street runoft (Rose et al.,2001). Similar results
were found in the Puget Sound (WA) region (May
et al., 1997). A study in Michigan found that parking
lots, driveways, and residential streets were the primary
source areas for zinc, copper, and cadmium pollution
found in urban runoff (Steuer et al., 1997).

Most of the metal contamination found in urban
runoff is associated with fine particulate (mostly organic
matter), such as 1s found deposited on rooftops, roads,
parking lots, and other depositional areas within the
urban environment (Furguson and Ryan, 1984; Good,
1993; Pitt et al., 1995; Stone and Marsalek, 1996;
Crunkilton et al., 1996; Sutherland and Tolosa, 2000).
However, a significant fraction of copper (Cu), cadmium
(Cd), and zinc (Zn) can be found in urban runoff in
the dissolved form (Pitt et al., 1995; Crunkilton et al.,
1996; Sansalone and Buchberger, 1997).

Petroleum hydrocarbon compounds are another
common component of urban runoft pollution. Hydro-

carbon sources include vehicle fuels and lubricants
(MacKenzie and Hunter, 1979; Whipple and Hunter,
1979; Hoftman et al., 1982; Fram et al., 1987; Kucklick
et al., 1997; Smith et al., 1997). Hydrocarbons are
normally attached to sediment particles or organic
matter carried in urban runoft.The increase in vehicular
traftic associated with urbanization is frequently linked
to air pollution, but there is also a negative relationship
between the level of automobile use in a watershed
and the quality of water and aquatic sediments. This
has been shown for polycyclic aromatic hydrocarbon
(PAH) compounds (Van Hoftfman et al., 1982; Metre et
al.,2000; Stein et al., 2006). In most urban stormwater
runoff, hydrocarbon concentrations are generally less
than 5 mg/1, but concentrations can increase to 10 mg/1
in urban areas that include highways, commercial zones,
or industrial areas (CWP, 2003). Hydrocarbon “hot
spots” in the urban environment include gas stations,
high-use parking lots, and high-traffic streets (Stein et
al., 2006). A Michigan study showed that commercial
parking lots contributed over 60 percent of the total
hydrocarbon load in an urban watershed (Steuer et al.,

Table 3-1: Pollutants Commonly Found in Stormwater and Their Forms

Pollutant Category

Specific Measures

Solids

Settleable solids
Total suspended solids (TSS)
Turbidity (NTU)

Oxygen-demanding material

Biochemical oxygen demand (BOD)
Chemical oxygen demand (COD)
Organic matter (OM)

Total organic carbon (TOC)

Phosphorus (P)

Total phosphorus (TP)
Soluble reactive phosphorus (SRP)
Biologically available phosphorus (BAP)

Nitrogen (N)

Total nitrogen (TN]

Total kjeldahl nitrogen (TKN)

Nitrate + nitrite-nitrogen (NO3+N02-N)
Ammonia-nitrogen (NH3-N]

Copper (Cu), lead (Pb), zinc (Zn], cadmium (Cd],

Metals arsenic (As], nickel (Ni], chromium (Cr), mercury (Hg),
selenium (Se), silver (Ag)
Fecal coliform bacteria (FC)

Pathogens Enterococcus bacteria (EC)

Total coliform bacteria (TC)
Viruses

Petroleum hydrocarbons

Oil and grease (0G)
Total petroleum hydrocarbons (TPH])

Synthetic organics

Polynuclear aromatic hydrocarbons (PAH)
Pesticides and herbicides
Polychlorobiphenols (PCB)

FUNDAMENTALS OF URBAN RUNOFF MANAGEMENT
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1997). Lopes and Dionne (1998) found that highways
were the largest contributor of hydrocarbon runoft
pollution.

Microbial pollution includes bacteria, protozoa, and
viruses that are common in the natural environment,
as well as those that come from human sources (Field
and Pitt, 1990; Young and Thackston, 1999; Mallin et
al., 2000). Many microbes are naturally occurring and
beneficial, but others can cause diseases in aquatic biota
and illness or even death in humans. Some types of

microbes can be pathogenic, while others may indicate

a potential risk of water contamination, which can limit
swimming, boating, shellfish harvest, or fish consump-
tion in receiving waters. Microbial pollution is almost
always found in stormwater runoff, often at very high
levels, but concentrations are typically highly variable
(Pitt et al., 2004). Sources of bacterial pollution in
the urban environment include failing septic systems,
WWTP discharges, CSO events, livestock manure
runoff, and pet waste, as well as natural sources such
as wildlife. Young and Thackston (1999) showed that

bacterial concentrations in stormwater runoff were

Table 3-2: Pollutants Commonly Found in Stormwater and Their Sources

Pollutant

Potential Sources

Hydrocarbons (gasoline, oil, and grease)

Internal combustion engines
Automobiles
Industrial machinery

Copper (Cu)

Building materials

Paints and wood preservatives
Algicides

Brake pads

Zinc (Zn)

Galvanized metals

Paints and wood preservatives
Roofing and gutters

Tires

Lead (Pb)

Gasoline
Paint
Batteries

Chromium (Cr)

Electro-plating
Paints and preservatives

Cadmium (Cd)

Electro-plating
Paints and preservatives

Agriculture and grazing

Pesticides ) . .
Residential and commercial use
Agriculture and grazing

Herbicides Residential and commercial use

Roadside vegetation maintenance

Organic compounds

Industrial processes
Power generation

Bacteria and pathogens

Human sewage
Livestock manure
Domestic animal fecal material

BOD

Agriculture and grazing
Human sewage

Nutrients (N and P)

Agriculture and grazing
Lawn and landscape fertilizer

Fine sediment

Agriculture and grazing
Timber harvest
Pavement wear
Construction sites
Road sanding

CHAPTER 3: WATER QUALITY IMPACTS OF URBANIZATION

3-49



Administrative Record Page No. 039637

directly related to the level of watershed and impervious In urban runoft, most pollutants are associated
surface area. Mallin and others (2000) also found that ~ with fine sediment or other natural particulates (e.g.,
bacterial pollution problems were much more common organic matter). This condition differs between the
in urbanized coastal watersheds than in undeveloped  specific pollutants. For example, depending on overall
catchments. There is also evidence that microbial chemical conditions, each metal differs in solubility. For
populations can survive and possibly even grow in in-stance, lead (Pb) is relatively insoluble, while zinc
urban stream sediments and in sediments found in storm (Zn) is relatively soluble. The nutrients phosphorus (P)
sewer systems, making the stormwater infrastructure a and nitrogen (N) typically differ substantially from one

potential source of microbial pollution (Bannerman et sample to another in dissolved and particulate forms.

al., 1993; Steuer et al., 1997; Schueler, 1999).
Pesticides, herbicides, and other organic pollutants

In addition to pollutants, other water quality char-
acteristics affect the behavior and fate of contaminants

are often found in stormwater flowing from residential in receiving water. These characteristics include:

and agricultural areas throughout the U.S. (Ferrari et ¢ Temperature — critical to the survival of cold-wa-
al., 1997; USGS, 1999:; Black et al., 2000; Hoffman et ter organisms. Temperature also affects solubility
al., 2000). Among the many pesticides and herbicides
commonly found in urban runoff and urban streams * PH — an expression of the relative hydrogen
are the following: ion concentration on a logarithmic scale of
0-14, with a pH < 7.0 being acidic,a pH of 7.0
being neutral, and a pH > 7.0 representing basic

and 1on mobility;

¢ Diazinon;
e Chlorpyrifos;
e Chlordane

conditions;

* Dissolved oxygen (DO) —a measure of molecular

e Carbaryl;

e Atrazine;

¢ Malathion;

¢ Dicamba;

¢ Prometon;

e Simazine; and

e 24-D.

Toxic industrial compounds such as PCBs can also
be present in urban runoff (Black et al., 2000). Stud-
ies in Puget Sound confirm these findings (Hall and
Anderson, 1988; May et al., 1997; USGS, 1997; Black
etal.,2000). In many cases, even banned pesticides such
as DDT or other organo-chlorine based pesticides (e.g.,
chlordane and dieldrin) can be found in urban stream
sediments. The EPA estimates that nearly 70 million
pounds of pesticides and herbicides are applied to lawns
and other surfaces within the urban environment of
the U.S. each year (CWP, 2003). These pesticides or
herbicides vary in mobility, persistence, and potential
aquatic impact. Many pesticides and herbicides are
known or suspected carcinogens and can be toxic to
humans and aquatic biota. However, most of the known
health effects require exposure to higher concentrations
than are typically found in the urban environment.
However, the health effects of chronic exposure to
low levels of pesticides and herbicides are generally

unknown (Ferrari et al., 1997).
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oxygen dissolved in water, critical to the survival
of aerobic aquatic biota. In addition, DO levels
can affect the release of chemically bound con-

stituents from sediments;

e Alkalinity or acid neutralizing capacity (ANC)
— the capacity of a solution to neutralize acid of
a standard pH, usually the result of its carbonate
and bicarbonate ion content, but convention-
ally expressed in terms of calcium carbonate
equivalents;

*  Hardness — an expression of the relative concen-
tration of divalent cations, principally calcium
(Ca) and magnesium (Mg), also conventionally
expressed in terms of calcium carbonate equiva-
lents; and

* Conductivity — a measure of the ability to
conduct an electrical current as a result of its
total content of dissolved substances.

These physio-chemical characteristics can affect
pollutant behavior in several ways. For example,
metals generally become more soluble as pH drops
below neutral and hence become more bioavailable to
organisms (Davies, 1986). Alternatively, the chemical
elements creating hardness work against the toxicity
of many heavy metals. Low DO levels can 