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Preface

Stormwater runoff from the built environment remains one of the great
challenges of modern water pollution control, as this source of contamination is
a principal contributor to water quality impairment of waterbodies nationwide.
In addition to entrainment of chemical and microbial contaminants as
stormwater runs over roads, rooftops, and compacted land, stormwater
discharge poses a physical hazard to aquatic habitats and stream function, owing
to the increase in water velocity and volume that inevitably result on a
watershed scale as many individually managed sources are combined. Given
the shift of the world’s population to urban settings, and that this trend is
expected to be accompanied by continued wholesale landscape alteration to
accommodate population increases, the magnitude of the stormwater problem is
only expected to grow.

In recognition of the need for improved control measures, in 1987 the U.S.
Congress mandated the U.S. Environmental Protection Agency (EPA), under
amendments to the Clean Water Act, to control certain stormwater discharges
under the National Pollutant Discharge Elimination System. In response to this
federal legislation, a permitting program was put in place by EPA as the Phase |
(1990) and Phase Il (1999) stormwater regulations, which together set forth
requirements for municipal separate storm sewer systems and industrial
activities including construction. The result of the regulatory program has been
identification of hundreds of thousands of sources needing to be permitted,
which has put a strain on EPA and state administrative systems for
implementation and management. At the same time, achievement of water
quality improvement as a result of the permit requirements has remained an
elusive goal.

To address the seeming intractability of this problem, the EPA requested
that the National Research Council (NRC) review its current permitting program
for stormwater discharge under the Clean Water Act and provide suggestions
for improvement. The broad goals of the study were to better understand the
links between stormwater pollutant discharges and ambient water quality, to
assess the state of the science of stormwater management, and to make
associated policy recommendations. More specifically, the study was asked to:

(1) Clarify the mechanisms by which pollutants in stormwater discharges
affect ambient water quality criteria and define the elements of a “protocol” to
link pollutants in stormwater discharges to ambient water quality criteria.

(2) Consider how useful monitoring is for both determining the potential
of a discharge to contribute to a water quality standards violation and for
determining the adequacy of stormwater pollution prevention plans. What
specific parameters should be monitored and when and where? What effluent

Vii
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Viii PREFACE

limits and benchmarks are needed to ensure that the discharge does not cause or
contribute to a water quality standards violation?

(3) Assess and evaluate the relationship between different levels of
stormwater pollution prevention plan implementation and in-stream water
quality, considering a broad suite of best management practices (BMPSs).

(4) Make recommendations for how to best stipulate provisions in
stormwater permits to ensure that discharges will not cause or contribute to
exceedances of water quality standards. This should be done in the context of
general permits. As a part of this task, the committee will consider currently
available information on permit and program compliance.

(5) Assess the design of the stormwater permitting program implemented
under the Clean Water Act.

There are a number of related topics that one might expect to find in this
report that are excluded, because EPA requested that the study be limited to
problems addressed by the agency’s stormwater regulatory program.
Specifically, nonpoint source pollution from agricultural runoff, septic systems,
combined sewer overflows, sanitary sewer overflows, and concentrated animal
feeding operations are not addressed in this report. In addition, alteration of the
urban base-flow hydrograph from a number of causes that are not directly
related to storm events (e.g., interbasin transfers of water, leakage from water
supply pipes, lawn irrigation, and groundwater withdrawals) is a topic outside
the scope of the report and therefore not included in any depth.

In developing this report, the committee benefited greatly from the advice
and input of EPA representatives, including Jenny Molloy, Linda Boornazian,
and Mike Borst; representatives from the City of Austin; representatives from
King County, Washington, and the City of Seattle; and representatives from the
Irvine Ranch Water District. The committee heard presentations by many of
these individuals in addition to Chris Crockett, City of Philadelphia Water
Department; Pete LaFlamme and Mary Borg, Vermont Department of
Environmental Conservation; Michael Barrett, University of Texas at Austin;
Roger Glick, City of Austin; Michael Piehler, UNC Institute of Marine
Sciences, Keith Stolzenbach, UCLA; Steve Burges, University of Washington;
Wayne Huber, Oregon State University; Don Theiler, King County; Charlie
Logue, Clean Water Services, Hillsboro, Oregon; Don Duke, Florida Gulf Coast
University; Mike Stenstrom, UCLA; Gary Wolff, California Water Board; Paula
Daniels, City of Los Angeles Public Works; Mark Gold, Heal the Bay; Geoff
Brosseau, California Stormwater Quality Association; Steve Weisberg, Southern
California Coastal Water Research Project; Chris Crompton, Southern
California Stormwater Monitoring Coalition; David Beckman, NRDC; and Eric
Strecker, Geosyntec. We also thank all those stakeholders who took time to
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PREFACE ix

share with us their perspectives and wisdom about the various issues affecting
stormwater.

The committee was fortunate to have taken several field trips in conjunction
with committee meetings. The following individuals are thanked for their
participation in organizing and guiding these trips: Austin (Kathy Shay, Mike
Kelly, Matt Hollon, Pat Hartigan, Mateo Scoggins, David Johns, and Nancy
McClintock); Seattle (Darla Inglis, Chris May, Dan Powers, Scott Bawden, Nat
Scholz, John Incardona, Kate McNeil, Bob Duffner, and Curt Crawford); and
Los Angeles (Peter Postlmayr, Matthew Keces, Alan Bay, and Sat
Tamaribuchi).

Completion of this report would not have been possible without the
Herculean efforts of project study director Laura Ehlers. Her powers to
organize, probe, synthesize, and keep the committee on track with completing
its task were simply remarkable. Meeting logistics and travel arrangements
were ably assisted by Ellen De Guzman and Jeanne Aquilino.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise, in accordance with procedures
approved by the NRC’s Report Review Committee. The purpose of this
independent review is to provide candid and critical comments that will assist
the institution in making its published report as sound as possible and to ensure
that the report meets institutional standards for objectivity, evidence, and
responsiveness to the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the deliberative process. We wish
to thank the following individuals for their review of this report: Michael
Barrett, University of Texas; Bruce Ferguson, University of Georgia; James
Heaney, University of Florida; Daniel Medina, CH2MHILL; Margaret Palmer,
University of Maryland Chesapeake Biological Laboratory; Kenneth Potter,
University of Wisconsin; Joan Rose, Michigan State University; Eric Strecker,
Geosyntec; and Bruce Wilson, Minnesota Pollution Control Agency.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions and
recommendations nor did they see the final draft of the report before its release.
The review of this report was overseen by Michael Kavanaugh, Malcolm
Pirnie, Inc., and Richard Conway, Union Carbide Corporation, retired.
Appointed by the NRC, they were responsible for making certain that an
independent examination of this report was carried out in accordance with
institutional procedures and that all review comments were carefully considered.
Responsibility for the final content of this report rests entirely with the
authoring committee and institution.

Claire Welty,
Committee Chair
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Summary

Urbanization is the changing of land use from forest or agricultural uses to
suburban and urban areas. This conversion is proceeding in the United States at
an unprecedented pace, and the majority of the country’s population now lives
in suburban and urban areas. The creation of impervious surfaces that accom-
panies urbanization profoundly affects how water moves both above and below
ground during and following storm events, the quality of that stormwater, and
the ultimate condition of nearby rivers, lakes, and estuaries.

The National Pollutant Discharge Elimination System (NPDES) program
under the Clean Water Act (CWA) is the primary federal vehicle to regulate the
quality of the nation’s waterbodies. This program was initially developed to
reduce pollutants from industrial process wastewater and municipal sewage dis-
charges. These point sources were known to be responsible for poor, often dras-
tically degraded conditions in receiving waterbodies. They were easily regu-
lated because they emanated from identifiable locations, such as pipe outfalls.
To address the role of stormwater in causing or contributing to water quality
impairments, in 1987 Congress wrote Section 402(p) of the CWA, bringing
stormwater control into the NPDES program, and in 1990 the U.S. Environ-
mental Protection Agency (EPA) issued the Phase | Stormwater Rules. These
rules require NPDES permits for operators of municipal separate storm sewer
systems (MS4s) serving populations over 100,000 and for runoff associated with
industry, including construction sites five acres and larger. In 1999 EPA issued
the Phase 1l Stormwater Rule to expand the requirements to small MS4s and
construction sites between one and five acres in size.

With the addition of these regulated entities, the overall NPDES program
has grown by almost an order of magnitude. EPA estimates that the total num-
ber of permittees under the stormwater program at any time exceeds half a mil-
lion. For comparison, there are fewer than 100,000 non-stormwater (meaning
wastewater) permittees covered by the NPDES program. To manage the large
number of permittees, the stormwater program relies heavily on the use of gen-
eral permits to control industrial, construction, and Phase Il MS4 discharges.
These are usually statewide, one-size-fits-all permits in which general provisions
are stipulated.

To comply with the CWA regulations, industrial and construction permit-
tees must create and implement a stormwater pollution prevention plan, and
MS4 permittees must implement a stormwater management plan. These plans
document the stormwater control measures (SCMs) (sometimes known as best
management practices or BMPs) that will be used to prevent stormwater ema-
nating from these sources from degrading nearby waterbodies. These SCMs
range from structural methods such as detention ponds and bioswales to non-
structural methods such as designing new development to reduce the percentage
of impervious surfaces.

A number of problems with the stormwater program as it is currently im-
plemented have been recognized. First, there is limited information available on

1
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2 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

the effectiveness and longevity of many SCMs, thereby contributing to uncer-
tainty in their performance. Second, the requirements for monitoring vary de-
pending on the regulating entity and the type of activity. For example, a subset
of industrial facilities must conduct “benchmark monitoring” and the results
often exceed the values established by EPA or the states, but it is unclear
whether these exceedances provide useful indicators of potential water quality
problems. Finally, state and local stormwater programs are plagued by a lack of
resources to review stormwater pollution prevention plans and conduct regular
compliance inspections. For all these reasons, the stormwater program has suf-
fered from poor accountability and uncertain effectiveness at improving the
quality of the nation’s waters.

In light of these challenges, EPA requested the advice of the National Re-
search Council’s Water Science and Technology Board on the federal stormwa-
ter program, considering all entities regulated under the program (i.e., munici-
pal, industrial, and construction). The following statement of task guided the
work of the committee:

(1) Clarify the mechanisms by which pollutants in stormwater discharges
affect ambient water quality criteria and define the elements of a “protocol” to
link pollutants in stormwater discharges to ambient water quality criteria.

(2) Consider how useful monitoring is for both determining the potential of
a discharge to contribute to a water quality standards violation and for determin-
ing the adequacy of stormwater pollution prevention plans. What specific pa-
rameters should be monitored and when and where? What effluent limits and
benchmarks are needed to ensure that the discharge does not cause or contribute
to a water quality standards violation?

(3) Assess and evaluate the relationship between different levels of storm-
water pollution prevention plan implementation and in-stream water quality,
considering a broad suite of SCMs.

(4) Make recommendations for how to best stipulate provisions in storm-
water permits to ensure that discharges will not cause or contribute to ex-
ceedances of water quality standards. This should be done in the context of
general permits. As a part of this task, the committee will consider currently
available information on permit and program compliance.

(5) Assess the design of the stormwater permitting program implemented
under the CWA.

Chapter 2 of this report presents the regulatory history of stormwater con-
trol in the United States, focusing on relevant portions of the CWA and the fed-
eral and state regulations that have been created to implement the Act. Chapter
3 reviews the scientific aspects of stormwater, including sources of pollutants in
stormwater, how stormwater moves across the land surface, and its impacts on
receiving waters. Chapter 4 evaluates the current industrial and MS4 monitoring
requirements, and it considers the multitude of models available for linking
stormwater discharges to ambient water quality. Chapter 5 considers the vast

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY 3

suite of both structural and nonstructural measures designed to control stormwa-
ter and reduce its pollutant loading to waterbodies. In Chapter 6, the limitations
and possibilities associated with a new regulatory approach are explored, as are
those of a more traditional but enhanced scheme. This new approach, which
rests on the broad foundation of correlative studies demonstrating the effects of
urbanization on aquatic ecosystems, would reduce the impact of stormwater on
receiving waters beyond any efforts currently in widespread practice.

THE CHALLENGE OF REGULATING STORMWATER

Although stormwater has been long recognized as contributing to water
quality impairment, the creation of federal regulations to deal with stormwater
quality has occurred only in the last 20 years. Because this longstanding envi-
ronmental problem is being addressed so late in the development and manage-
ment of urban areas, the laws that mandate better stormwater control are gener-
ally incomplete and are often in conflict with state and local rules that have pri-
marily stressed the flood control aspects of stormwater management (i.e., mov-
ing water away from structures and cities as fast as possible). Many prior inves-
tigators have observed that stormwater discharges would ideally be regulated
through direct controls on land use, strict limits on both the quantity and quality
of stormwater runoff into surface waters, and rigorous monitoring of adjacent
waterbodies to ensure that they are not degraded by stormwater discharges. Fu-
ture land-use development would be controlled to minimize stormwater dis-
charges, and impervious cover and volumetric restrictions would serve as prox-
ies for stormwater loading from many of these developments. Products that
contribute pollutants through stormwater—Ilike de-icing materials, fertilizers,
and vehicular exhaust—would be regulated at a national level to ensure that the
most environmentally benign materials are used.

Presently, however, the regulation of stormwater is hampered by its associa-
tion with a statute that focuses primarily on specific pollutants and ignores the
volume of discharges. Also, most stormwater discharges are regulated on an
individualized basis without accounting for the cumulative contributions from
multiple sources in the same watershed. Perhaps most problematic is that the
requirements governing stormwater dischargers leave a great deal of discretion
to the dischargers themselves in developing stormwater pollution prevention
plans and self-monitoring to ensure compliance. These problems are exacer-
bated by the fact that the dual responsibilities of land-use planning and stormwa-
ter management within local governments are frequently decoupled.

EPA’s current approach to regulating stormwater is unlikely to pro-
duce an accurate or complete picture of the extent of the problem, nor is it
likely to adequately control stormwater’s contribution to waterbody im-
pairment. The lack of rigorous end-of-pipe monitoring, coupled with EPA’s
failure to use flow or alternative measures for regulating stormwater, make it

Copyright © National Academy of Sciences. All rights reserved.
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4 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

difficult for EPA to develop enforceable requirements for stormwater discharg-
ers. Instead, the stormwater permits leave a great deal of discretion to the regu-
lated community to set their own standards and to self-monitor. Current statis-
tics on the states’ implementation of the stormwater program, discharger com-
pliance with stormwater requirements, and the ability of states and EPA to in-
corporate stormwater permits with Total Maximum Daily Loads are uniformly
discouraging. Radical changes to the current regulatory program (see Chapter 6)
appear necessary to provide meaningful regulation of stormwater dischargers in
the future.

Flow and related parameters like impervious cover should be consid-
ered for use as proxies for stormwater pollutant loading. These analogs for
the traditional focus on the “discharge” of “pollutants” have great potential as a
federal stormwater management tool because they provide specific and measur-
able targets, while at the same time they focus regulators on water degradation
resulting from the increased volume as well as increased pollutant loadings in
stormwater runoff. Without these more easily measured parameters for evaluat-
ing the contribution of various stormwater sources, regulators will continue to
struggle with enormously expensive and potentially technically impossible at-
tempts to determine the pollutant loading from individual dischargers or will
rely too heavily on unaudited and largely ineffective self-reporting, self-
policing, and paperwork enforcement.

EPA should engage in much more vigilant regulatory oversight in the
national licensing of products that contribute significantly to stormwater
pollution. De-icing chemicals, materials used in brake linings, motor fuels,
asphalt sealants, fertilizers, and a variety of other products should be examined
for their potential contamination of stormwater. Currently, EPA does not appar-
ently utilize its existing licensing authority to regulate these products in a way
that minimizes their contribution to stormwater contamination. States can also
enact restrictions on or tax the application of pesticides or other particularly
toxic products. Even local efforts could ultimately help motivate broader scale,
federal restrictions on particular products.

The federal government should provide more financial support to state
and local efforts to regulate stormwater. State and local governments do not
have adequate financial support to implement the stormwater program in a rig-
orous way. At the very least, Congress should provide states with financial sup-
port for engaging in more meaningful regulation of stormwater discharges. EPA
should also reassess its allocation of funds within the NPDES program. The
agency has traditionally directed funds to focus on the reissuance of NPDES
wastewater permits, while the present need is to advance the NPDES stormwater
program because NPDES stormwater permittees outnumber wastewater permit-
tees more than five fold, and the contribution of diffuse sources of pollution to
degradation of the nation’s waterbodies continues to increase.

Copyright © National Academy of Sciences. All rights reserved.
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EFFECTS OF URBANIZATION ON WATERSHEDS

Urbanization causes change to natural systems that tends to occur in the fol-
lowing sequence. First, land use and land cover are altered as vegetation and
topsoil are removed to make way for agriculture, or subsequently buildings,
roads, and other urban infrastructure. These changes, and the introduction of a
constructed drainage network, alter the hydrology of the local area, such that
receiving waters in the affected watershed experience radically different flow
regimes than prior to urbanization. Nearly all of the associated problems result
from one underlying cause: loss of the water-retaining and evapotranspirating
functions of the soil and vegetation in the urban landscape. In an undeveloped
area, rainfall typically infiltrates into the ground surface or is evapotranspirated
by vegetation. In the urban landscape, these processes of evapotranspiration and
water retention in the soil are diminished, such that stormwater flows rapidly
across the land surface and arrives at the stream channel in short, concentrated
bursts of high discharge. This transformation of the hydrologic regime is a whole-
sale reorganization of the processes of runoff generation, and it occurs throughout
the developed landscape. When combined with the introduction of pollutant
sources that accompany urbanization (such as lawns, motor vehicles, domesti-
cated animals, and industries), these changes in hydrology have led to water
quality and habitat degradation in virtually all urban streams.

The current state of the science has documented the characteristics of storm-
water runoff, including its quantity and quality from many different land covers,
as well as the characteristics of dry weather runoff. In addition, many correla-
tive studies show how parameters co-vary in important but complex and poorly
understood ways (e.g., changes in macroinvertebrate or fish communities asso-
ciated with watershed road density or the percentage of impervious cover).
Nonetheless, efforts to create mechanistic links between population growth,
land-use change, hydrologic alteration, geomorphic adjustments, chemical con-
tamination in stormwater, disrupted energy flows and biotic interactions, and
changes in ecological communities are still in development. Despite this as-
sessment, there are a number of overarching truths that remain poorly integrated
into stormwater management decision-making, although they have been robustly
characterized for more than a decade and have a strong scientific basis that
reaches even farther back through the history of published investigations.

There is a direct relationship between land cover and the biological
condition of downstream receiving waters. The possibility for the highest
levels of aquatic biological condition exists only with very light urban transfor-
mation of the landscape. Conversely, the lowest levels of biological condition
are inevitable with extensive urban transformation of the landscape, commonly
seen after conversion of about one-third to one-half of a contributing watershed
into impervious area. Although not every degraded waterbody is a product of
intense urban development, all highly urban watersheds produce severely de-
graded receiving waters.

Copyright © National Academy of Sciences. All rights reserved.
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The protection of aquatic life in urban streams requires an approach
that incorporates all stressors. Urban Stream Syndrome reflects a multitude of
effects caused by altered hydrology in urban streams, altered habitat, and pol-
luted runoff. Focusing on only one of these factors is not an effective manage-
ment strategy. For example, even without noticeably elevated pollutant concen-
trations in receiving waters, alterations in their hydrologic regimes are associ-
ated with impaired biological condition. More comprehensive biological moni-
toring of waterbodies will be critical to better understanding the cumulative im-
pacts of urbanization on stream condition.

The full distribution and sequence of flows (i.e., the flow regime) should
be taken into consideration when assessing the impacts of stormwater on
streams. Permanently increased stormwater volume is only one aspect of an
urban-altered storm hydrograph. It contributes to high in-stream velocities,
which in turn increase streambank erosion and accompanying sediment pollu-
tion of surface water. Other hydrologic changes, however, include changes in
the sequence and frequency of high flows, the rate of rise and fall of the hydro-
graph, and the season of the year in which high flows can occur. These all can
affect both the physical and biological conditions of streams, lakes, and wet-
lands. Thus, effective hydrologic mitigation for urban development cannot just
aim to reduce post-development peak flows to predevelopment peak flows.

Roads and parking lots can be the most significant type of land cover
with respect to stormwater. They constitute as much as 70 percent of total
impervious cover in ultra-urban landscapes, and as much as 80 percent of the
directly connected impervious cover. Roads tend to capture and export more
stormwater pollutants than other land covers in these highly impervious areas,
especially in regions of the country having mostly small rainfall events. As rain-
fall amounts become larger, pervious areas in most residential land uses become
more significant sources of runoff, sediment, nutrients, and landscaping chemi-
cals. In all cases, directly connected impervious surfaces (roads, parking lots,
and roofs that are directly connected to the drainage system) produce the first
runoff observed at a storm-drain inlet and outfall because their travel times are
the quickest.

MONITORING AND MODELING

The stormwater monitoring requirements under the EPA Stormwater Pro-
gram are variable and generally sparse, which has led to considerable skepticism
about their usefulness. This report considers the amount and value of the data
collected over the years by municipalities (which are substantial on a nationwide
basis) and by industries, and it makes suggestions for improvement. The MS4
and particularly the industrial stormwater monitoring programs suffer from a
paucity of data, from inconsistent sampling techniques, and from requirements

Copyright © National Academy of Sciences. All rights reserved.
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that are difficult to relate to the compliance of individual dischargers. For these
reasons, conclusions about stormwater management are usually made with in-
complete information. Stormwater management would benefit most substan-
tially from a well-balanced monitoring program that encompasses chemical,
biological, and physical parameters from outfalls to receiving waters.

Many processes connect sources of pollution to an effect observed in a
downstream receiving water—processes that can be represented in watershed
models, which are the key to linking stormwater dischargers to impaired receiv-
ing waters. The report explores the current capability of models to make such
links, including simple models and more involved mechanistic models. At the
present time, stormwater modeling has not evolved enough to consistently say
whether a particular discharger can be linked to a specific waterbody impair-
ment. Some quantitative predictions can be made, particularly those that are
based on well-supported causal relationships of a variable that responds to
changes in a relatively simple driver (e.g., modeling how a runoff hydrograph or
pollutant loading change in response to increased impervious land cover). How-
ever, in almost all cases, the uncertainty in the modeling and the data (including
its general unavailability), the scale of the problems, and the presence of multi-
ple stressors in a watershed make it difficult to assign to any given source a spe-
cific contribution to water quality impairment.

Because of a 10-year effort to collect and analyze monitoring data from
MS4s nationwide, the quality of stormwater from urbanized areas is well
characterized. These results come from many thousands of storm events, sys-
tematically compiled and widely accessible; they form a robust dataset of utility
to theoreticians and practitioners alike. These data make it possible to accu-
rately estimate stormwater pollutant concentrations from various land uses. Ad-
ditional data are available from other stormwater permit holders that were not
originally included in the database and from ongoing projects, and these should
be acquired to augment the database and improve its value in stormwater man-
agement decision-making.

Industry should monitor the quality of stormwater discharges from
certain critical industrial sectors in a more sophisticated manner, so that
permitting authorities can better establish benchmarks and technology-
based effluent guidelines. Many of the benchmark monitoring requirements
and effluent guidelines for certain industrial subsectors are based on inaccurate
and old information. Furthermore, there has been no nationwide compilation
and analysis of industrial benchmark data, as has occurred for MS4 monitoring
data, to better understand typical stormwater concentrations of pollutants from
various industries.

Continuous, flow-weighted sampling methods should replace the tradi-

tional collection of stormwater data using grab samples. Data obtained from
too few grab samples are highly variable, particularly for industrial monitoring

Copyright © National Academy of Sciences. All rights reserved.
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programs, and subject to greater uncertainly because of experimenter error and
poor data-collection practices. In order to use stormwater data for decision mak-
ing in a scientifically defensible fashion, grab sampling should be abandoned as
a credible stormwater sampling approach for virtually all applications. It should
be replaced by more accurate and frequent continuous sampling methods that
are flow weighted. Flow-weighted composite monitoring should continue for
the duration of the rain event. Emerging sensor systems that provide high tem-
poral resolution and real-time estimates for specific pollutants should be further
investigated, with the aim of providing lower costs and more extensive monitor-
ing systems to sample both streamflow and constituent loads.

Watershed models are useful tools for predicting downstream impacts
from urbanization and designing mitigation to reduce those impacts, but
they are incomplete in scope and do not offer definitive causal links between
polluted discharges and downstream degradation. Every model simulates
only a subset of the multiple interconnections between physical, chemical, and
biological processes found in any watershed, and they all use a grossly simpli-
fied representation of the true spatial and temporal variability of a watershed.
To speak of a “comprehensive watershed model” is thus an oxymoron, because
the science of stormwater is not sufficiently far advanced to determine causality
between all sources, resulting stressors, and their physical, chemical, and bio-
logical responses. Thus, it is not yet possible to create a protocol that mechanis-
tically links stormwater dischargers to the quality of receiving waters. The util-
ity of models with more modest goals, however, can still be high—as long as the
questions being addressed by the model are in fact relevant and important to the
functioning of the watershed to which that model is being applied, and sufficient
data are available to calibrate the model for the processes included therein.

STORMWATER MANAGEMENT APPROACHES

A fundamental component of EPA’s stormwater program is the creation of
stormwater pollution prevention plans that document the SCMs that will be used
to prevent the permittee’s stormwater discharges from degrading local water-
bodies. Thus, a consideration of these measures—their effectiveness in meeting
different goals, their cost, and how they are coordinated with one another—is
central to any evaluation of the stormwater program. The statement of task asks
for an evaluation of the relationship between different levels of stormwater pol-
lution prevention plan implementation and in-stream water quality. Although
the state of knowledge has yet to reveal the mechanistic links that would allow
for a full assessment of that relationship, enough is known to design systems of
SCMs, on a site-scale or local watershed scale, that can substantially reduce the
effects of urbanization.

The characteristics, applicability, goals, effectiveness, and cost of nearly 20
different broad categories of SCMs to treat the quality and quantity of stormwa-

Copyright © National Academy of Sciences. All rights reserved.
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ter runoff are discussed in Chapter 5, organized as they might be applied from
the rooftop to the stream. SCMs, when designed, constructed, and maintained
correctly, have demonstrated the ability to reduce runoff volume and peak flows
and to remove pollutants. A multitude of case studies illustrates the use of
SCMs in specific settings and demonstrates that a particular SCM can have a
measurable positive effect on water quality or a biological metric. However, the
implementation of SCMs at the watershed scale has been too inconsistent and
too recent to be able to definitively link their performance to the prolonged sus-
tainment—at the watershed level—of receiving water quality, in-stream habitat,
or stream geomorphology.

Individual controls on stormwater discharges are inadequate as the sole
solution to stormwater in urban watersheds. SCM implementation needs to
be designed as a system, integrating structural and nonstructural SCMs and in-
corporating watershed goals, site characteristics, development land use, con-
struction erosion and sedimentation controls, aesthetics, monitoring, and main-
tenance. Stormwater cannot be adequately managed on a piecemeal basis due to
the complexity of both the hydrologic and pollutant processes and their effect on
habitat and stream quality. Past practices of designing detention basins on a
site-by-site basis have been ineffective at protecting water quality in receiving
waters and only partially effective in meeting flood control requirements.

Nonstructural SCMs such as product substitution, better site design,
downspout disconnection, conservation of natural areas, and watershed and
land-use planning can dramatically reduce the volume of runoff and pollut-
ant load from a new development. Such SCMs should be considered first be-
fore structural practices. For example, lead concentrations in stormwater have
been reduced by at least a factor of 4 after the removal of lead from gasoline.
Not creating impervious surfaces or removing a contaminant from the runoff
stream simplifies and reduces the reliance on structural SCMs.

SCMs that harvest, infiltrate, and evapotranspirate stormwater are
critical to reducing the volume and pollutant loading of small storms. Ur-
ban municipal separate stormwater conveyance systems have been designed for
flood control to protect life and property from extreme rainfall events, but they
have generally failed to address the more frequent rain events (<2.5 cm) that are
key to recharge and baseflow in most areas. These small storms may only gen-
erate runoff from paved areas and transport the “first flush” of contaminants.
SCMs designed to remove this class of storms from surface runoff (runoff-
volume-reduction SCMs—rainwater harvesting, vegetated, and subsurface) can
also help address larger watershed flooding issues.

Performance characteristics are starting to be established for most

structural and some nonstructural SCMs, but additional research is needed
on the relevant hydrologic and water quality processes within SCMs across

Copyright © National Academy of Sciences. All rights reserved.
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different climates and soil conditions. Typical data such as long-term load
reduction efficiencies and pollutant effluent concentrations can be found in the
International Stormwater BMP Database. However, understanding the proc-
esses involved in each SCM is in its infancy, making modeling of these SCMs
difficult. Seasonal differences, the time between storms, and other factors all
affect pollutant loadings emanating from SCMs. Research is needed that moves
away from the use of percent removal and toward better simulation of SCM per-
formance. Research is particularly important for nonstructural SCMs, which in
many cases are more effective, have longer life spans, and require less mainte-
nance than structural SCMs. EPA should be a leader in SCM research, both
directly by improving its internal modeling efforts and by funding state efforts to
monitor and report back on the success of SCMs in the field.

The retrofitting of urban areas presents both unique opportunities and
challenges. Promoting growth in these areas is desirable because it takes pres-
sure off the suburban fringes, thereby preventing sprawl, and it minimizes the
creation of new impervious surfaces. However, it is more complex than
Greenfields development because of the need to upgrade existing infrastructure,
the limited availability and affordability of land, and the complications caused
by rezoning. These sites may be contaminated, requiring cleanup before rede-
velopment can occur. Both innovative zoning and development incentives,
along with the careful selection SCMs, are needed to achieve fair and effective
storm-water management in these areas. For example, incentive or performance
zoning could be used to allow for greater densities on a site, freeing other por-
tions of the site for SCMs. Publicly owned, consolidated SCMs should be
strongly considered as there may be insufficient land to have small, on-site sys-
tems. The performance and maintenance of the former can be overseen more
effectively by a local government entity. The types of SCMs that are used in
consolidated facilities—particularly detention basins, wet/dry ponds, and
stormwater wetlands—perform multiple functions, such as prevention of
streambank erosion, flood control, and large-scale habitat provision.

INNOVATIVE STORMWATER MANAGEMENT
AND REGULATORY PERMITTING

There are numerous innovative regulatory strategies that could be used to
improve the EPA’s stormwater program. The course of action most likely to
check and reverse degradation of the nation’s aquatic resources would be to
base all stormwater and other wastewater discharge permits on watershed
boundaries instead of political boundaries. Watershed-based permitting is the
regulated allowance of discharges of water and wastes borne by those discharges
to waters of the United States, with due consideration of: (1) the implications of
those discharges for preservation or improvement of prevailing ecological con-
ditions in the watershed’s aquatic systems, (2) cooperation among political ju-

Copyright © National Academy of Sciences. All rights reserved.
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risdictions sharing a watershed, and (3) coordinated regulation and management
of all discharges having the potential to modify the hydrology and water quality
of the watershed’s receiving waters.

Responsibility and authority for implementation of watershed-based permits
would be centralized with a municipal lead permittee working in partnership
with other municipalities in the watershed as co-permittees. Permitting authori-
ties (designated states or, otherwise, EPA) would adopt a minimum goal in
every watershed to avoid any further loss or degradation of designated beneficial
uses in the watershed’s component waterbodies and additional goals in some
cases aimed at recovering lost beneficial uses. Permittees, with support by the
states or EPA, would then move to comprehensive impact source analysis as a
foundation for targeting solutions. The most effective solutions are expected to
lie in isolating, to the extent possible, receiving waterbodies from exposure to
those impact sources. In particular, low-impact design methods, termed Aquatic
Resources Conservation Design in this report, should be employed to the fullest
extent feasible and backed by conventional SCMs when necessary.

The approach gives municipal co-permittees more responsibility, with
commensurately greater authority and funding, to manage all of the sources dis-
charging, directly or through municipally owned conveyances, to the waterbod-
ies comprising the watershed. This report also outlines a new monitoring pro-
gram structured to assess progress toward meeting objectives and the overlying
goals, diagnosing reasons for any lack of progress, and determining compliance
by dischargers. The proposal further includes market-based trading of credits
among dischargers to achieve overall compliance in the most efficient manner
and adaptive management to determine additional actions if monitoring demon-
strates failure to achieve objectives.

As a first step to taking the proposed program nationwide, a pilot program
is recommended that will allow EPA to work through some of the more predict-
able impediments to watershed-based permitting, such as the inevitable limits of
an urban municipality’s authority within a larger watershed.

Short of adopting watershed-based permitting, other smaller-scale changes
to the EPA stormwater program are possible. These recommendations do not
preclude watershed-based permitting at some future date, and indeed they lay
the groundwork in the near term for an eventual shift to watershed-based permit-
ting.

Integration of the three permitting types is necessary, such that con-
struction and industrial sites come under the jurisdiction of their associated
municipalities. Federal and state NPDES permitting authorities do not pres-
ently have, and can never reasonably expect to have, sufficient personnel to in-
spect and enforce stormwater regulations on more than 100,000 discrete point
source facilities discharging stormwater. A better structure would be one where
the NPDES permitting authority empowers the MS4 permittees to act as the first
tier of entities exercising control on stormwater discharges to the MS4 to protect

Copyright © National Academy of Sciences. All rights reserved.
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water quality. The National Pretreatment Program, EPA’s successful treatment
program for municipal and industrial wastewater sources, could serve as a model
for integration.

To improve the industrial, construction, and MS4 permitting programs
in their current configuration, EPA should (1) issue guidance for MS4, indus-
trial, and construction permittees on what constitutes a design storm for water
quality purposes; (2) issue guidance for MS4 permittees on methods to identify
high-risk industrial facilities for program prioritization such as inspections; (3)
support the compilation and collection of quality industrial stormwater effluent
data and SCM effluent quality data in a national database; and (4) develop nu-
merical expressions of the MS4 standard of “maximum extent practicable.”
Each of these issues is discussed in greater detail in Chapter 6.

*k*k

Watershed-based permitting will require additional resources and regulatory
program support. Such an approach shifts more attention to ambient outcomes
as well as expanded permitting coverage. Additional resources for program
implementation could come from shifting existing programmatic resources. For
example, some state permitting resources may be shifted away from existing
point source programs toward stormwater permitting. Strategic planning and
prioritization could shift the distribution of federal and state grant and loan pro-
grams to encourage and support more watershed-based stormwater permitting
programs. However, securing new levels of public funds will likely be required.
All levels of government must recognize that additional resources may be re-
quired from citizens and businesses (in the form of taxes, fees, etc.) in order to
operate a more comprehensive and effective stormwater permitting program.

Copyright © National Academy of Sciences. All rights reserved.
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Introduction

URBANIZATION AND ITS IMPACTS

The influence of humans on the physical and biological systems of the
Earth’s surface is not a recent manifestation of modern societies; instead, it is
ubiquitous throughout our history. As human populations have grown, so has
their footprint, such that between 30 and 50 percent of the Earth’s surface has
now been transformed (Vitousek et al., 1997). Most of this land area is not cov-
ered with pavement; indeed, less than 10 percent of this transformed surface is
truly “urban” (Gribler, 1994). However, urbanization causes extensive changes
to the land surface beyond its immediate borders, particularly in ostensibly rural
regions, through alterations by agriculture and forestry that support the urban
population (Lambin et al., 2001). Within the immediate boundaries of cities and
suburbs, the changes to natural conditions and processes wrought by urbaniza-
tion are among the most radical of any human activity.

In the United States, population is growing at an annual rate of 0.9 percent
(U.S. Census Bureau, http://www.census.gov/compendia/statab/2007edition.html);
the majority of the population of the United States now lives in suburban and
urban areas (Figure 1-1). Because the area appropriated for urban land uses is
growing even faster, these patterns of growth all but guarantee that the influ-
ences of urban land uses will continue to expand over time. Cities and suburbia
obviously provide the homes and livelihood for most of the nation’s population.
But, as this report makes clear, these benefits have been accompanied by signifi-
cant environmental change. Urbanization of the landscape profoundly affects
how water moves both above and below ground during and following storm
events; the quality of that stormwater (defined in Box 1-1); and the ultimate
condition of nearby rivers, lakes, and estuaries. Unlike agriculture, which can
display significant interchange with forest cover over time scales of a century
(e.g., Hart, 1968), there is no indication that once-urbanized land ever returns to
a less intensive state. Urban land, however, does continue to change over time;
by one estimate, 42 percent of land currently considered “urban” in the United
States will be redeveloped by 2030 (Brookings Institute, 2004). In their words,
“nearly half of what will be the built environment in 2030 doesn’t even exist
yet” (p. vi). This truth belies the common belief that efforts to improve man-
agement of stormwater are doomed to irrelevancy because so much of the land-
scape is already built. Opportunities for improvement have indeed been lost, but
many more still await an improved management approach.

Measures of urbanization are varied, and the disparate methods of quantify-
ing the presence and influence of human activity tend to confound analyses of
environmental effects. Population density is a direct metric of human presence,
but it is not the most relevant measure of the influence of those people on their
surrounding landscape. Expressions of the built environment, most commonly

13
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FIGURE 1-1 Histogram of population for the United States, based on 2000 census data.
The median population density is about 1,000 people/km’. SOURCE: Modified from Pozzi
and Small (2005), who place the rural—suburban boundary at 100 people/km?. Reprinted,
with permission, from ASPRS (2005). Copyright 2005 by the American Society for Photo-
grammetry and Remote Sensing.

BOX 1-1
What Is “Stormwater”?

“Stormwater” is a term that is used widely in both scientific literature and regulatory
documents. It is also used frequently throughout this report. Although all of these usages
share much in common, there are important differences that benefit from an explicit discus-
sion.

Most broadly, stormwater runoff is the water associated with a rain or snow storm that
can be measured in a downstream river, stream, ditch, gutter, or pipe shortly after the pre-
cipitation has reached the ground. What constitutes “shortly” depends on the size of the
watershed and the efficiency of the drainage system, and a number of techniques exist to
precisely separate stormwater runoff from its more languid counterpart, “baseflow.” For
small and highly urban watersheds, the interval between rainfall and measured stormwater
discharges may be only a few minutes. For watersheds of many tens or hundreds of
square miles, the lag between these two components of storm response may be hours or
even a day.

From a regulatory perspective, stormwater must pass through some sort of engi-
neered conveyance, be it a gutter, a pipe, or a concrete canal. If it simply runs over the
ground surface, or soaks into the soil and soon reemerges as seeps into a nearby stream,
it may be water generated by the storm but it is not regulated stormwater.

This report emphasizes the first, more hydrologically oriented definition. However, at-
tention is focused mainly on that component of stormwater that emanates from those parts
of a landscape that have been affected in some fashion by human activities (“urban storm-
water”). Mostly this includes water that flows over the ground surface and is subsequently
collected by natural channels or artificial conveyance systems, but it can also include water
that has infiltrated into the ground but nonetheless reaches a stream channel relatively
rapidly and that contributes to the increased stream discharge that commonly accompanies
almost any rainfall event in a human-disturbed watershed.

Copyright © National Academy of Sciences. All rights reserved.
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road density or pavement coverage as a percentage of gross land area, are more
likely to determine stormwater runoff-related consequences. An inverse metric,
the percentage of mature vegetation or forest across a landscape, expresses the
magnitude of related, but not identical, impacts to downstream systems. Alter-
natively, these measures of land cover can be replaced by measures of land use,
wherein the types of human activity (e.g., residential, industrial, commercial) are
used as proxies for the suite of hydrologic, chemical, and biological changes
imposed on the surrounding landscape.

All of these metrics of urbanization are strongly correlated, although none
can directly substitute for another. They also are measured differently, which
renders one or another more suitable for a given application. Land use is a
common measure in the realm of urban planning, wherein current and future
conditions for a city or an entire region are characterized using equivalent cate-
gories across parcels, blocks, or broad regions. Road density can be reliably and
rapidly measured, either manually or in a Geographic Information System envi-
ronment, and it commonly displays a very good correlation with other measures
of human activity. “Land cover,” however, and particularly the percentage of
impervious cover, is the metric most commonly used in studying the effects of
urban development on stormwater, because it clearly expresses the hydrologic
influence and watershed scale of urbanization. Box 1-2 describes the ways in
which the percent of impervious cover in a watershed is measured.

There is no universally accepted terminology to describe land-cover or land-
use conditions along the rural-to-urban gradient. Pozzi and Small (2005), for
example, identified “rural,” “suburban,” and “urban” land uses on the basis of
population density and vegetation cover, but they did not observe abrupt transi-
tions that suggested natural boundaries (see Figure 1-1). In contrast, the Center
for Watershed Protection (2005) defined the same terms but used impervious
area percentage as the criterion, with such labels as “rural” (0 to 10 percent im-
perviousness), “suburban” (10 to 25 percent imperviousness), “urban” (25 to 60
percent imperviousness) and “ultra-urban” (greater than 60 percent impervious-
ness).

Beyond the problems posed by precise yet inconsistent definitions for
commonly used words, none of the boundaries specified by these definitions are
reflected in either hydrologic or ecosystem responses. Hydrologic response is
strongly dependent on both land cover and drainage connectivity (e.g., Leopold,
1968); ecological responses in urbanizing watersheds do not show marked
thresholds along an urban gradient (e.g., Figure 1-2) and they are dependent on
not only the sheer magnitude of urban development but also the spatial configu-
ration of that development across the watershed (Alberti et al., 2006). This re-
port, therefore, uses such terms as “urban” and “suburban” under their common
usage, without implying or advocating for a more precise (but ultimately limited
and discipline-specific) definition.

Changing land cover and land use influence the physical, chemical, and bio-
logical conditions of downstream waterways. The specific mechanisms by
which this influence occurs vary from place to place, and even a cursory review

Copyright © National Academy of Sciences. All rights reserved.



Urban

hnp://msﬁaf.@évﬁéa

ter Mapage

&

Unite

Mk the Ulied 378 ge No. 040626

16 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

BOX 1-2
Measures of Impervious Cover

The percentage of impervious surface or cover in a landscape is the most frequently
used measure of urbanization. Yet this parameter has its limitations, in part because it has
not been consistently used or defined. Most significant is the distinction between total imper-
vious area (TIA) and effective impervious area (EIA). TIA is the “intuitive” definition of impervi-
ousness: that fraction of the watershed covered by constructed, non-infiltrating surfaces such
as concrete, asphalt, and buildings. Hydrologically, however, this definition is incomplete for
two reasons. First, it ignores nominally “pervious” surfaces that are sufficiently compacted or
otherwise so low in permeability that the rate of runoff from them is similar or indistinguishable
from pavement. For example, Burges and others (1998) found that the impervious unit-area
runoff was only 20 percent greater than that from pervious areas—primarily thin sodded lawns
over glacial til—in a western Washington residential subdivision. Clearly, this hydrologic con-
tribution cannot be ignored entirely.

The second limitation of TIA is that it includes some paved surfaces that may contribute
nothing to the stormwater-runoff response of the downstream channel. A gazebo in the middle
of parkland, for example, probably will impose no hydrologic changes into the catchment except
for a very localized elevation of soil moisture at the edge of its roof. Less obvious, but still rele-
vant, would be the different downstream consequences of rooftops that drain alternatively into a
piped storm-drain system with direct discharge into a natural stream or onto splash blocks that
disperse the runoff onto the garden or lawn at each corner of the building. This metric therefore
cannot recognize any stormwater mitigation that may result from alternative runoff-
management strategies, for example, pervious pavements or rainwater harvesting.

The first of these TIA limitations, the production of significant runoff from nominally pervi-
ous surfaces, is typically ignored in the characterization of urban development. The reason for
such an approach lies in the difficulty in identifying such areas and estimating their contribution,
and because of the credible belief that the degree to which pervious areas shed water as over-
land flow should be related, albeit imperfectly, with the amount of impervious area: where con-
struction and development are more intense and cover progressively greater fractions of the

of the literature demonstrates that many different factors can be important, such
as changes to flow regime, physical and chemical constituents in the water col-
umn, or the physical form of the stream channel itself (Paul and Meyer, 2001).
Not all of these changes are present in any given system—Ilakes, wetlands, and
streams can be altered by human activity in many different ways, each unique to
the activity and the setting in which it occurs. Nonetheless, direct influences of
land-use change on freshwater systems commonly include the following (Nai-
man and Turner, 2000):

Altering the composition and structure of the natural flora and fauna,
Changing disturbance regimes,

Fragmenting the land into smaller and more diverse parcels, and
Changing the juxtaposition between parcel types.

Historically, human-induced alteration was not universally seen as a prob-
lem. In particular, dams and other stream-channel “improvements” were a

Copyright © National Academy of Sciences. All rights reserved.
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watershed, it is more likely that the intervening green spaces have been stripped and com-
pacted during construction and only imperfectly rehabilitated for their hydrologic functions dur-
ing subsequent “landscaping.”

The second of these TIA limitations, inclusion of non-contributing impervious areas, is
formally addressed through the concept of EIA, defined as the impervious surfaces with direct
hydraulic connection to the downstream drainage (or stream) system. Thus, any part of the TIA
that drains onto pervious (i.e., “green”) ground is excluded from the measurement of EIA. This
parameter, at least conceptually, captures the hydrologic significance of imperviousness. EIA
is the parameter normally used to characterize urban development in hydrologic models.

The direct measurement of EIA is complicated. Studies designed specifically to quantify
this parameter must make direct, independent measurements of both TIA and EIA (Alley and
Veenhuis, 1983; Laenen, 1983; Prysch and Ebbert, 1986). The results can then be general-
ized either as a correlation between the two parameters or as a “typical” value for a given land
use. Sutherland (1995) developed an equation that describes the relationship between EIA
and TIA. Its general form is:

EIA = A (TIA)®
where A and B are a unique combination of numbers that satisfy the following criteria:

TIA = 1 then EIA = 0%
TIA =100 then EIA = 100%

A commonly used version of this equation (EIA = 0.15 TIA™*") was based on samples
from highly urbanized land uses in Denver, Colorado (Alley and Veenhuis, 1983; Gregory
et al.,, 2005). These results, however, are almost certainly region- and even neighborhood-
specific, and, although highly relevant to watershed studies, they can be quite laborious to
develop.

common activity of municipal and federal engineering works of the mid-20"
century (Williams and Wolman, 1984). “Flood control” implied a betterment of
conditions, at least for streamside residents (Chang, 1992). And fisheries “en-
hancements,” commonly reflected by massive infrastructure for hatcheries or
artificial spawning channels, were once seen as unequivocal benefits for fish
populations (White, 1996; Levin et al., 2001).

By almost any currently applied metric, however, the net result of human al-
teration of the landscape to date has resulted in a degradation of the conditions
in downstream watercourses. Many prior researchers, particularly when consid-
ering ecological conditions and metrics, have recognized a crude but monotoni-
cally declining relationship between human-induced landscape alteration and
downstream conditions (e.g., Figure 1-2; Horner et al., 1997; Davies and Jack-
son, 2006). These include metrics of physical stream-channel conditions (e.g.,
Bledsoe and Watson, 2001), chemical constituents (e.g., Figure 1-3; House et al.,
1993), and biological communities (e.g., Figure 1-4; Steedman, 1988; Wang et
al., 1997).

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-2 Conceptual model (top) and actual response (bottom) of a biological system’s
response to stress. The “Urban Gradient of Stressors” might be a single metric of urbani-
zation, such as percent watershed impervious or road density; the “Biological Indicator”
may be single-metric or multi-metric measures of the level of disturbance in an aquatic
community. The right-declining line traces the limits of a “factor-ceiling distribution” (Thom-
son et al., 1986), wherein individual sites (i.e., data points) have a wide range of potential
values for a given position along the urban gradient but are not observed above a maxi-
mum possible limit of the biological index. The bottom graph illustrates actual biological
responses, using a biotic index developed to show responses to urban impacts plotted
against a standardized urban gradient comprising urban land use, road density, and popu-
lation. SOURCE: Top figure reprinted, with permission, from Davies and Jackson (2006).
Copyright by the Ecological Society of America. Bottom figure reprinted, with permission,
from Barbour et al. (2006). Copyright by the Water Environment Research Foundation.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-3 Example relationships between road density (a surrogate measure of urban
development) and common water quality constituents. Direct causality is not necessarily
implied by such relationships, but the monotonic increase in concentrations with increasing
“urbanization,” however measured, is near-universal. SOURCE: Reprinted, with permis-
sion, from Chang and Carlson (2005). Copyright 2005 by Springer.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-4 Plots of Effective Impervious Area (EIA, or “connected imperviousness”)
against metrics of biologic response in fish populations. SOURCE: Reprinted, with permis-
sion, from Wang et al. (2001). Copyright 2001 by Springer.

The association between watercourse degradation and landscape alteration
in general, and urban development in particular, seems inexorable. The scien-
tific and regulatory challenge of the last three decades has been to decouple this
relationship, in some cases to reverse its trend and in others to manage where
these impacts are to occur.

WHAT’S WRONG WITH THE NATION’S WATERS?

Since passage of the Water Quality Act of 1948 and the Clean Water Act
(CWA) of 1972, 1977, and 1987, water quality in the United States has meas-
urably improved in the major streams and rivers and in the Great Lakes. How-
ever, substantial challenges and problems remain. Major reporting efforts that
have examined state and national indicators of condition, such as CWA 305(b)
reports (EPA, 2002) and the Heinz State of the Nation’s Ecosystem report
(Heinz Center, 2002), or environmental monitoring that was designed to provide
statistically valid estimates of condition (e.g., National Wadeable Stream As-
sessment; EPA, 2006), have confirmed widespread impairments related to dif-
fuse sources of pollution and stressors.

The National Water Quality Inventory (derived from Section 305b of the
CWA) compiles data in relation to use designations and water quality standards.

Copyright © National Academy of Sciences. All rights reserved.
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As discussed in greater detail in Chapter 2, such standards include both (1) a
description of the use that a waterbody is supposed to achieve (such as a source
of drinking water or a cold water fishery) and (2) narrative or numeric criteria
for physical, chemical, and biological parameters that allow the designated use
to be achieved. As of 2002, 45 percent of assessed streams and rivers, 47 per-
cent of assessed lakes, 32 percent of assessed estuarine areas, 17 percent of as-
sessed shoreline miles, 87 percent of near-coastal ocean areas, 51 percent of
assessed wetlands, 91 percent of assessed Great Lakes shoreline miles, and 99
percent of assessed Great Lakes open water areas were not meeting water qual-
ity standards set by the states (2002 EPA Report to Congress).

The U.S. Environmental Protection Agency (EPA) has also embarked on a
five-year statistically valid survey of the nation’s waters (http://www.epa.gov/
owow/monitoring/guide.pdf). To date, two waterbody types—coastal areas and
wadeable streams—have been assessed. The most recent data indicate that 42
percent of wadeable streams are in poor biological condition and 25 percent are
in fair condition (EPA, 2006). The overall condition of the nation’s estuaries is
generally fair, with Puerto Rico and Northeast Coast regions rated poor, the Gulf
Coast and West Coast regions rated fair, and the Southeast Coast region rated
good to fair (EPA, 2007). These condition ratings for the National Estuary Pro-
gram are based on a water quality index, a sediment quality index, a benthic
index, and a fish tissue contaminants index.

The impairment of waterbodies is manifested in a multitude of ways. In-
deed, EPA’s primary process for reporting waterbody condition (Section 303(d)
of the CWA—see Chapter 2) identifies over 200 distinct types of impairments.
As shown in Table 1-1, these have been categorized into 15 broad categories,
encompassing about 94 percent of all impairments. 59,515 waterbodies fall into
one of the top 15 categories, while the total reported number of waterbodies
impaired from all causes is 63,599 (which is an underestimate of the actual total
because not all waterbodies are assessed). Mercury, microbial pathogens, sedi-
ments, other metals, and nutrients are the major pollutants associated with im-
paired waterbodies nationwide. These constituents have direct impacts on
aquatic ecosystems and public health, which form the basis of the water quality
standards set for these compounds. Sediments can harm fish and macroinverte-
brate communities by introducing sorbed contaminants, decreasing available
light in streams, and smothering fish eggs. Microbial pathogens can cause dis-
ease to humans via both ingestion and dermal contact and are frequently cited as
the cause of beach closures and other recreational water hazards in lakes and
estuaries. Nutrient over-enrichment can promote a cascade of events in water-
bodies from algal blooms to decreases in dissolved oxygen and associated fish
kills. Metals like mercury, pesticides, and other organic compounds that enter

! EPA does not yet have the 2004 assessment findings compiled in a consistent format
from all the states. EPA is also working on processing the states 2006 Integrated Reports
as the 303(d) portions are approved and the states submit their final assessment findings.
Susan Holdsworth, EPA, personal communication, September 2007.

Copyright © National Academy of Sciences. All rights reserved.
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waterways can be taken up by fish species, accumulating in their tissues and
presenting a health risk to organisms (including humans) that consume the fish.

However, Table 1-1 can be misleading if it implies that degraded water
quality is the primary metric of impairment. In fact, many of the nation’s
streams, lakes, and estuaries also suffer from fundamental changes in their flow
regime and energy inputs, alteration of aquatic habitats, and resulting disruption
of biotic interactions that are not easily measured via pollutant concentrations.
Such waters may not be listed on State 303(d) lists because of the absence of a
corresponding water quality standard that would directly indicate such condi-
tions (like a biocriterion). Figure 1-5A, B, and C show examples of such im-
pacted waterbodies.

TABLE 1-1 Top 15 Categories of Impairment Requiring CWA Section 303(d) Action

Cause of Impairment Number of Waterbodies Percent of the Total
Mercury 8,555 14%
Pathogens 8,526 14%
Sediment 6,689 11%
Metals (other than mercury) 6,389 11%
Nutrients 5,654 10%
Oxygen depletion 4,568 8%
pH 3,389 6%
_Causg unknown - biological 2.866 5%
integrity
Temperature 2,854 5%
Habitat alteration 2,220 4%
PCBs 2,081 3%
Turbidity 2,050 3%
Cause unknown 1,356 2%
Pesticides 1,322 2%
Salinity/TDS/chlorides 996 2%

Note: “Waterbodies” refers to individual river segments, lakes, and reservoirs. A single
waterbody can have multiple impairments. Because most waters are not assessed, how-
ever, there is no estimate of the number of unimpaired waters in the United States.
SOURCE: EPA, National Section 303(d) List Fact Sheet (http://iaspub.epa.gov/waters/
national_rept.control). The data are based on three-fourths of states reporting from 2004
lists, with the remaining from earlier lists and one state from a 2006 list.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-5A Headwater tributary in Philadelphia suffering from Urban Stream Syndrome.
SOURCE: Courtesy of Chris Crockett, Philadelphia Water Department.

FIGURE 1-5B A destabilized stream in Vermont. SOURCE: Courtesy of Pete LaFlamme,
Vermont Department of Environmental Conservation.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-5C An urban stream, the Lower Oso Creek in Orange County, California, fol-
lowing a storm event. Oso Creek was formerly an ephemeral stream, but heavy develop-
ment in the contributing watershed has created perennial flow—stormwater flow during wet
weather and minor wastewater discharges and authorized non-stormwater discharges such
as landscape irrigation runoff during dry weather. Courtesy of Eric Stein, Southern Califor-
nia Coastal Research Water Project.

Over the years, the greatest successes in improving the nation’s waters have
been in abating the often severe impairments caused by municipal and industrial
point source discharges. The pollutant load reductions required of these facili-
ties have been driven by the National Pollutant Discharge Elimination System
(NPDES) permit requirements of the CWA (see Chapter 2). Although the major-
ity of these sources are now controlled, further declines in water quality remain
likely if the land-use changes that typify more diffuse sources of pollution are
not addressed (Palmer and Allan, 2006). These include land-disturbing agricul-
tural, silvicultural, urban, industrial, and construction activities from which
hard-to-monitor pollutants emerge during wet-weather events. Pollution from
these landscapes has been almost universally acknowledged as the most pressing
challenge to the restoration of waterbodies and aquatic ecosystems nationwide.
All population and development forecasts indicate a continued worsening of the
environmental conditions caused by diffuse sources of pollution under the na-
tion’s current growth and land-use trajectories.

Recognition of urban stormwater’s role in the degradation of the nation’s
waters is but the latest stage in the history of this byproduct of the human envi-

Copyright © National Academy of Sciences. All rights reserved.
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ronment. Runoff conveyance systems have been part of cities for centuries, but
they reflected only the desire to remove water from roads and walkways as rap-
idly and efficiently as possible. In some arid environments, rainwater has al-
ways been collected for irrigation or drinking; elsewhere it has been treated as
an unmetered, and largely benign, waste product of cities. Minimal (unengi-
neered) ditches or pipes drained developed areas to the nearest natural water-
course. Where more convenient, stormwater shared conveyance with wastewa-
ter, eliminating the cost of a separate pipe system but commonly resulting in
sewage overflows during rainstorms. Recognition of downstream flooding that
commonly resulted from upstream development led to construction of stormwa-
ter storage ponds or vaults in many municipalities in the 1960s, but their per-
formance has typically fallen far short of design objectives (Booth and Jackson,
1997; Maxted and Shaver, 1999; Nehrke and Roesner, 2004). Water-quality
treatment has been a relatively recent addition to the management of stormwater,
and although a significant fraction of pollutants can be removed through such
efforts (e.g., Strecker et al., 2004; see http://www.bmpdatabase.org), the con-
stituents remaining even in “treated” stormwater represent a substantial, but
largely unappreciated, impact to downstream watercourses.

Of the waterbodies that have been assessed in the United States, impair-
ments from urban runoff are responsible for about 38,114 miles of impaired riv-
ers and streams, 948,420 acres of impaired lakes, 2,742 square miles of impaired
bays and estuaries, and 79,582 acres of impaired wetlands (2002 305(b) report).
These numbers must be considered an underestimate, since the urban runoff
category does not include stormwater discharges from municipal separate storm
sewer systems (MS4s) and permitted industries, including construction. Urban
stormwater is listed as the “primary” source of impairment for 13 percent of all
rivers, 18 percent of all lakes, and 32 percent of all estuaries (2000 305(b) re-
port). Although these numbers may seem low, urban areas cover just 3 percent
of the land mass of the United States (Loveland and Auch, 2004), and so their
influence is disproportionately large. Indeed, developed and developing areas
that are a primary focus of stormwater regulations contain some of the most de-
graded waters in the country. For example, in Ohio few sites with greater than
27 percent imperviousness can meet interim CWA goals in nearby waterbodies,
and biological degradation is observed with much less urban development
(Miltner et al., 2004). Numerous authors have found similar patterns (see Meyer
et al., 2005).

Although no water quality inventory data have been made available from
the EPA since 2002, the dimensions of the stormwater problem can be further
gleaned from several past regional and national water quality inventories. Many
of these assessments are somewhat dated and are subject to the normal data and
assessment limitations of national assessment methods, but they indicate that
stormwater runoff has a deleterious impact on nearly all of the nation’s waters.
For example:

Copyright © National Academy of Sciences. All rights reserved.
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e Harvesting of shellfish is prohibited, restricted, or conditional in nearly
40 percent of all shellfish beds nationally due to high bacterial levels, and urban
runoff and failing septic systems are cited as the prime causes. Reopening of
shellfish beds due to improved wastewater treatment has been more than offset
by bed closures due to rapid coastal development (NOAA, 1992; EPA, 1998).

e In 2006 there were over 15,000 beach closings or swimming advisories
due to bacterial levels exceeding health and safety standards, with polluted run-
off and stormwater cited as the cause of the impairment 40 percent of the time
(NRDC, 2007).

e Pesticides were detected in 97 percent of urban stream water samples
across the United States, and exceeded human health and aquatic life bench-
marks 6.7 and 83 percent of the time, respectively (USGS, 2006). In 94 percent
of fish tissues sampled in urban areas nationwide, organochlorine compounds
were detected.

e Urban development was responsible for almost 39 percent of freshwa-
ter wetland loss (88,960 acres) nationally between 1998 and 2004 (Dahl, 2006),
and the direct impact of stormwater runoff in degrading wetland quality is pre-
dicted to affect an even greater acreage (Wright et al., 2006).

e Eastern brook trout are present in intact populations in only 5 percent
of more than 12,000 subwatersheds in their historical range in eastern North
America, and urbanization is cited as a primary threat in 25 percent of the re-
maining subwatersheds with reduced populations (Trout Unlimited, 2006).

e Increased flooding is common throughout urban and suburban areas,
sometimes as a consequence of improperly sited development (Figure 1-6A) but
more commonly as a result of increasing discharges over time resulting from
progressive urbanization farther upstream (Figure 1-6B). According to FEMA
(undated), property damage from all types of flooding, from flash floods to large
river floods, averages $2 billion a year.

e The chemical effects of stormwater runoff are pervasive and severe
throughout the nation’s urban waterways, and they can extend far downstream of
the urban source. Stormwater discharges from urban areas to marine and estua-
rine waters cause greater water column toxicity than similar discharges from less
urban areas (Bay et al., 2003).

e A variety of studies have shown that stormwater runoff is a vector of
pathogens with potential human health implications in both freshwater
(Calderon et al., 1991) and marine waters (Dwight et al., 2004; Colford et al.,
2007).

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-6 (A) New residential construction in the path of episodic stream discharge
(Issaquah, Washington); (B) recent flooding of an 18‘“-century tavern in Collegeville, Penn-
sylvania following a storm event in an upstream developing watershed. SOURCES: Top,
Derek Booth, Stillwater Sciences, Inc., and bottom, Robert Traver, Villanova University.

WHY IS IT SO HARD TO REDUCE
THE IMPACTS OF STORMWATER?

“Urban stormwater” is the runoff from a landscape that has been affected in
some fashion by human activities, during and immediately after rain. Most visi-
bly, it is the water flow over the ground surface, which is collected by natural
channels and artificial conveyance systems (pipes, gutters, and ditches) and ul-
timately routed to a stream, river, lake, wetland, or ocean. It also includes water
that has percolated into the ground but nonetheless reaches a stream channel
relatively rapidly (typically within a day or so of the rainfall), contributing to the
high discharge in a stream that commonly accompanies rainfall. The subsurface

Copyright © National Academy of Sciences. All rights reserved.
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flow paths that contribute to this stormflow response are typically quite shallow,
in the upper layers of the soil, and are sometimes termed “interflow.” They
stand in contrast to deeper groundwater paths, where water moves at much
lower velocities by longer paths and so reaches the stream slowly, over periods
of days, weeks, or months. This deeper flow sustains streamflow during rainless
periods and is usually called baseflow, as distinct from “stormwater.” A formal
distinction between these types of runoff is sometimes needed for certain com-
putational procedures, but for most purposes a qualitative understanding is suffi-
cient.

These runoff paths can be identified in virtually all modified landscapes,
such as agriculture, forestry, and mining. However, this report focuses on those
settings with the particular combination of activities that constitute “urbaniza-
tion,” by which we mean to include the commonly understood conversion
(whether incremental or total) of a vegetated landscape to one with roads,
houses, and other structures.

Although the role of urban stormwater in degrading the nation’s waters has
been recognized for decades (e.g., Klein, 1979), reducing that role has been no-
toriously difficult. This difficulty arises from three basic attributes of what is
commonly termed “stormwater”:

1. Itis produced from literally everywhere in a developed landscape;

2. Its production and delivery are episodic, and these fluctuations are dif-
ficult to attenuate; and

3. It accumulates and transports much of the collective waste of the urban
environment.

Wherever grasslands and forest are replaced by urban development in gen-
eral, and impervious surfaces in particular, the movement of water across the
landscape is radically altered (see Figure 1-7). Nearly all of the associated prob-
lems result from one underlying cause: loss of the water-retaining function of the
soil and vegetation in the urban landscape. In an undeveloped, vegetated land-
scape, soil structure and hydrologic behavior are strongly influenced by biologi-
cal activities that increase soil porosity (the ratio of void space to total soil vol-
ume) and the number and size of macropores, and thus the storage and conduc-
tivity of water as it moves through the soil. Leaf litter on the soil surface dissi-
pates raindrop energy; the soil’s organic content reduces detachment of small
soil particles and maintains high surface infiltration rates. As a consequence,
rainfall typically infiltrates into the ground surface or is evapotranspired by
vegetation, except during particularly intense rainfall events (Dunne and Leo-
pold, 1978).

In the urban landscape, these processes of evapotranspiration and water reten-
tion in the soil may be lost for the simple reason that the loose upper layers of the
soil and vegetation are gone—stripped away to provide a better foundation for
roads and buildings. Even if the soil still exists, it no longer functions if precipita-
tion is denied access because of paving or rooftops. In either case, a stormwater

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-7 Schematic of the hydrologic pathways in humid-region watersheds, before
and after urban development. The sizes of the arrows suggest relative magnitudes of the
different elements of the hydrologic cycle, but conditions can vary greatly between individ-
ual catchments and only the increase in surface runoff in the post-development condition is
ubiquitous. SOURCE: Adapted from Schueler (1987) and Maryland Department of the
Environment; http://www.mde.state.md.us/Programs/WaterPrograms.

runoff reservoir of tremendous volume is removed from the stormwater runoff
system; water that may have lingered in this reservoir for a few days or many
weeks, or been returned directly to the atmosphere by evaporation or transpiration
by plants, now flows rapidly across the land surface and arrives at the stream
channel in short, concentrated bursts of high discharge.

This transformation of the hydrologic regime from one where subsurface flow
once dominated to one where overland flow now dominates is not simply a read-
justment of runoff flow paths, and it does not just result in a modest increase in
flow volumes. It is a wholesale reorganization of the processes of runoff genera-
tion, and it occurs throughout the developed landscape. As such, it can affect
every aspect of that runoff (Leopold, 1968)—not only its rate of production, its
volume, and its chemistry, but also what it indirectly affects farther downstream
(Walsh et al., 2005a). This includes erosion of mobile channel boundaries, mobili-
zation of once-static channel elements (e.g., large logs), scavenging of contami-
nants from the surface of the urban landscape, and efficient transfer of heat from
warmed surfaces to receiving waterbodies. These changes have commonly in-
spired human reactions—typically with narrow objectives but carrying additional,
far-ranging consequences—such as the piping of once-exposed channels, bank
armoring, and construction of large open-water detention ponds (e.g., Lieb and
Carline, 2000).

Copyright © National Academy of Sciences. All rights reserved.
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This change in runoff regime is also commonly accompanied by certain land-
use activities that have the potential to generate particularly harmful or toxic dis-
charges, notably those commercial activities that are the particular focus of the
industrial NPDES permits. These include manufacturing facilities, transport of
freight or passengers, salvage yards, and a more generally defined category of
“sites where industrial materials, equipment, or activities are exposed to stormwa-
ter” (e.g., EPA, 1992).

Other human actions are associated with urban landscapes that do not affect
stormwater directly, but which can further amplify the negative consequences of
altered flow. These actions include clearing of riparian vegetation around streams
and wetlands, introduction of atmospheric pollutants that are subsequently depos-
ited, inadvertent release of exotic chemicals into the environment, and channel
crossings by roads and utilities. Each of these additional actions further degrades
downstream waterbodies and increases the challenge of finding effective meth-
ods to reverse these changes (Boulton, 1999). There is little doubt as to why the
problem of urban stormwater has not yet been “solved”—because every func-
tional element of an aquatic ecosystem is affected. Urban stormwater has re-
sulted in such widespread impacts, both physical and biological, in aquatic sys-
tems across the world that this phenomenon has been termed the “Urban Stream
Syndrome” (see Figure 1-5; Walsh et al., 2005b).

Of the many possible ways to consider these conditions, Karr (1991) has
recommended a simple yet comprehensive grouping of the major stressors aris-
ing from urbanization that influence aquatic assemblages (Figure 1-8). These
include chemical pollutants (water quality and toxicity); changes to flow magni-
tude, frequency, and seasonality of various discharges; the physical aspects of
stream, lake, or wetland habitats; the energy dynamics of food webs, sunlight,
and temperature; and biotic interactions between native and exotic species.
Stormwater and stormwater-related impacts encompass all of these categories,
some directly (e.g., water chemistry) and some indirectly (e.g., habitat, energy
dynamics). Because of the wide-ranging effects of stormwater, programs to
abate stormwater impacts on aquatic systems must deal with a broad range of
impairments far beyond any single altered feature, whether traditional water-
chemistry parameters or flow rates and volumes.

The broad spatial scale of where and how these impacts are generated sug-
gests that solutions, if effective, should be executed at an equivalent scale. Al-
though the “problem” of stormwater runoff is manifested most directly as an
altered hydrograph or elevated concentrations of pollutants, it is ultimately an
expression of land-use change at a landscape scale. Symptomatic solutions,
applied only at the end of a stormwater collection pipe, are not likely to prove
fully effective because they are not functioning at the scale of the original dis-
turbance (Kloss and Calarusse, 2006).

The landscape-scale generation of stormwater has a number of conse-
quences for any attempt to reduce its effects on receiving waters, as described
below.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1-8 Five features that are affected by urban development and, in turn, affect bio-
logical conditions in urban streams. SOURCES: Modified from Karr (1991), Karr and Yoder
(2004), and Booth (2005). Reprinted, with permission, from Karr (1991). Copyright 2001
by Ecological Society of America. Reprinted, with permission, from Karr and Yoder (2004).
Copyright 2004 by American Society of Civil Engineers. Reprinted, with permission, from
Booth (2005). Copyright 2005 by the North American Benthological Society.

Sources and Volumes

The “source” of stormwater runoff is dispersed, making collection and cen-
tralized treatment challenging. To the extent that collection is successful, how-
ever, the flip side of this condition—very large volumes—becomes manifest.
Either an extensive infrastructure brings stormwater to centralized facilities,
whose operation and maintenance may be relatively straightforward (e.g.,
Anderson et al., 2002) but of modest effectiveness, or stormwater remains dis-
persed for management, treatment, or both across the landscape (e.g., Konrad
and Burges, 2001; Holman-Dodds et al., 2003; Puget Sound Action Team, 2005;
Walsh et al., 2005a; Bloom, 2006; van Roon, 2007), better mimicking the natu-
ral processes of runoff generation but requiring a potentially unlimited number
of “facilities” that may have their own particular needs for space, cost, and
maintenance.

Copyright © National Academy of Sciences. All rights reserved.
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Treatment Challenges

Regardless of the scale at which treatment is attempted, technological diffi-
culties are significant because of the variety of “pollutants” that must be ad-
dressed. These include physical objects, from large debris to microscopic parti-
cles; chemical constituents, both dissolved and immiscible; and less easily cate-
gorized properties such as temperature. Wastewater treatment plants manage a
similarly broad range of pollutants, but stormwater flows have highly unsteady
inflows and, when present, typically much greater volumes to treat.

Industrial sources of stormwater pose a particularly challenging problem
because potential generators of polluted or toxic runoff are widespread and are
regulated under NPDES permitting by their activities, not by the specific cate-
gory of industrial activity under which they fall. This complicates any system-
atic effort to identify those entities that should be regulated (Duke et al., 1999).
Even for the limited number of regulated generators, pollution prevention meas-
ures are of uncertain effectiveness.

Soil erosion from construction sites is another pollution source that has
proven difficult to effectively control. Although most bare sites are relatively
small and only short-lived, at any given time there can be many sites under con-
struction, each of which can deliver sediment loads to downstream waterbodies
at rates that exceed background levels by many orders of magnitude (e.g., Wol-
man and Schick, 1967). Relatively effective approaches and technologies exist
to dramatically reduce the magnitude of these sediment discharges (e.g., Raskin
et al., 2005), but they depend on conscientious installation and regular mainte-
nance. Enforcement of such requirements, normally a low-priority activity of
local departments of building or public works, is commonly lacking.

Another difference between the stormwater and wastewater streams is that
stormwater treatment must address not only “pollutants” but also physically and
ecologically deleterious changes in flow rate and total runoff volume. Treating
these changes constitutes a particularly difficult task for two reasons. First,
there is simply more runoff, as a rule, and so replicating the predevelopment
hydrograph is not an option—the increased volume of runoff guarantees that
some discharges, some of the time, must be allowed to increase. Second, there
is little agreement on what constitutes “adequate” or “effective” treatment for
the various attributes of flow. Even the most basic metrics, such as the magni-
tude of peak flow, can require extensive infrastructure to achieve (e.g., Booth
and Jackson, 1997); other flow metrics that correlate more directly with unde-
sired effects on physical and biological systems can require even greater efforts
to match. In many cases, the urban-induced transformation of the flow regime
makes true “mitigation” virtually impossible.

Copyright © National Academy of Sciences. All rights reserved.
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Widespread Cause and Effects

The spatial scale of stormwater generation and its impacts is wide-ranging.
“Generators” are literally landscape-wide, and impacts can occur at every loca-
tion in the path followed by urban runoff, from source to receiving waterbody
(Hamilton et al., 2004). There are few ways to demonstrate causal connections
between distributed landscape sources and cumulative downstream effects
(Allan, 2004), and so site-specific mitigation typically provides little lasting
improvement in the watershed as a whole (Maxted and Shaver, 1997).

Stormwater Measurements

The desired attributes of stormwater runoff are normally expressed through
a combination of physical and chemical parameters. These parameters are
commonly presumed to have direct correlation to attributes of human or eco-
logical concern, such as the condition of human or fish communities, or the sta-
bility of a stream channel, even though these parameters do not directly measure
those effects. The most commonly measured physical parameters are hydrologic
and simply measure the rate of flow past a specified location. Both the absolute,
instantaneous magnitude of that flow rate (i.e., the discharge) and the variations
in that rate over multiple time scales (i.e., how rapidly the discharge varies over
an hour, a day, a season, etc.) can be captured by analysis of a continuous time
series of a flow. Obviously, however, a nearly unlimited number of possible
metrics, capturing a multitude of temporal scales, could be defined (Poff et al.,
1997, 2006; Cassin et al., 2004; Konrad et al., 2005; Roy et al., 2005; Chang,
2007). Commonly only a single parameter—the peak storm discharge for a
given return period (Hollis, 1975)—has been emphasized in the past. Mitigation
of urban-induced flow increases have followed this narrow approach, typically
by endeavoring to reduce peak discharge by use of detention ponds but leaving
the underlying increase in runoff volumes—and the associated augmentation of
both frequency and duration of high discharges—untouched. This partly ex-
plains why evaluation of downstream conditions commonly document little im-
provement resulting from traditional flow-mitigation measures (e.g., Maxted and
Shaver, 1997; Roesner et al., 2001; May and Horner, 2002).

Other physical parameters, less commonly measured or articulated, can also
express the conditions of downstream watercourses. Measures of size or com-
plexity, particularly for stream channels, are particularly responsive to the
changes in flow regime and discharge. Booth (1990) suggested that discriminat-
ing between channel expansion, the proportional increase in channel cross-
sectional area with increasing discharge, and channel incision, the catastrophic
vertical downcutting that sometimes accompanies urban-induced flow increases,
captures important end-members of the physical response to hydrologic change.
The former (proportional expansion) is more thoroughly documented (Hammer,
1972; Hollis and Luckett, 1976; Morisawa and LaFlure, 1982; Neller, 1988;
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Whitlow and Gregory, 1989; Booth and Jackson, 1997; Moscrip and Montgom-
ery, 1997; Booth and Henshaw, 2001); the latter (catastrophic incision) is more
difficult to quantify but has been recognized in both urban and agricultural set-
tings (e.g., Simon, 1989). Both types of changes result not only in a larger
channel but also in substantial simplification and loss of features normally asso-
ciated with high-quality habitat for fish and other in-stream biota. The sediment
released by these “growing channels” also can be the largest component of the
overall sediment load delivered to downstream waterbodies (Trimble, 1997;
Nelson and Booth, 2002).

Chemical parameters (or, historically, “water-quality parameters”; see Din-
ius, 1987; Gergel et al., 2002) cover a host of naturally and anthropogenically
occurring constituents in water. In flowing water these are normally expressed
as instantaneous measurements of concentration. In waterbodies with long resi-
dence times, such as lakes, these may be expressed as either concentrations or as
loads (total accumulated amounts, or total amounts integrated over an extended
time interval). The CWA defined a list of priority pollutants, of which a subset
is regularly measured in many urban streams (e.g., Field and Pitt, 1990). Pa-
rameters that are not measured may or may not be present, but without assess-
ment they are rarely recognized for their potential (or actual) contribution to
waterbody impairment.

Other attributes of stormwater do not fit as neatly into the categories of wa-
ter quantity or water quality. Temperature is commonly measured and is nor-
mally treated as a water quality parameter, although it is obviously not a chemi-
cal property of the water (LeBlanc et al., 1997; Wang et al., 2003). Similarly,
direct or indirect measures of suspended matter in the water column (e.g., con-
centration of total suspended solids, or secchi disk depths in a lake) are primarily
physical parameters but are normally included in water quality metrics. Flow
velocity is rarely measured in either context, even though it too correlates di-
rectly to stream-channel conditions. Even more direct expressions of a flow’s
ability to transport sediment or other debris, such as shear stress or unit stream
power, are rarely reported and virtually never regulated.

**k%

Urban runoff degrades aquatic systems in multiple ways, which confounds
our attempts to define causality or to demonstrate clear linkages between mitiga-
tion and ecosystem improvement. It is generally recognized from the conceptual
models that seek to describe this system that no single element holds the key to
ecosystem condition. All elements must be functional, and yet every element
can be affected by urban runoff in different ways. These impacts occur at virtu-
ally all spatial scales, from the site-specific to the landscape; this breadth and
diversity challenges our efforts to find effective solutions.

This complexity and the continued growth of the built environment also
present fundamental social choices and management challenges. Stormwater
control measures entail substantial costs for their long-term maintenance, moni-
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toring to determine their performance, and enforcement of their use—all of
which must be weighed against their (sometimes unproven) benefits. Further-
more, the overarching importance of impervious surfaces inextricably links
stormwater management to land-use decisions and policy. For example, where a
reversal of the effects of urbanization cannot be realized, more intensive land-
use development in certain areas may be a paradoxically appropriate response to
reduce the overall impacts of stormwater. That is, increasing population density
and impervious cover in designated urban areas may reduce the creation of im-
pervious surface and the associated ecological impacts in areas that will remain
undeveloped as a result. In these highly urban areas (with very high percentages
of impervious surface), aquatic conditions in local streams will be irreversibly
changed and the Urban Stream Syndrome may be unavoidable to some extent.
Where these impacts occur and what effort and cost will be used to avoid these
impacts are both fundamental issues confronting the nation as it attempts to ad-
dress stormwater.

IMPETUS FOR THE STUDY AND REPORT ROADMAP

In 1972 Congress amended the Federal Water Pollution Control Act (subse-
quently referred to as the Clean Water Act) to require control of discharges of
pollutants to waters of the United States from point sources. Initial efforts to
improve water quality using NPDES permits focused primarily on reducing pol-
lutants from industrial process wastewater and municipal sewage discharges.
These point source discharges were clearly and easily shown to be responsible
for poor, often drastically degraded conditions in receiving waterbodies because
they tended to emanate from identifiable and easily monitored locations, such as
pipe outfalls.

As pollution control measures for industrial process wastewater and mu-
nicipal sewage were implemented and refined during the 1970s and 1980s, more
diffuse sources of water pollution have become the predominant causes of water
quality impairment, including stormwater runoff. To address the role of storm-
water in causing water quality impairments, Congress included Section 402(p)
in the CWA, this section established a comprehensive, two-phase approach to
stormwater control using the NPDES program. In 1990 EPA issued the Phase |
Stormwater Rule (55 Fed. Reg. 47990; November 16, 1990) requiring NPDES
permits for operators of municipal separate storm sewer systems (MS4s) serving
populations over 100,000 and for runoff associated with industrial activity, in-
cluding runoff from construction sites five acres and larger. In 1999 EPA issued
the Phase Il Stormwater Rule (64 Fed. Reg. 68722; December 8, 1999), which
expanded the requirements to small MS4s in urban areas and to construction
sites between one and five acres in size.

Since EPA’s stormwater program came into being, several problems inher-
ent in its design and implementation have become apparent. As discussed in
more detail in Chapter 2, problems stem to a large extent from the diffuse nature
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of stormwater discharges combined with a regulatory process that was created
for point sources (the NPDES permitting approach). These problems are com-
pounded by the shear number of entities requiring oversight. Although exact
numbers are not available, EPA estimates that the number of regulated MS4s is
about 7,000, including 1,000 Phase | municipalities and 6,000 from Phase II.
The number of industrial permittees is thought to be around 100,000. Each year,
the construction permit covers around 200,000 permittees each for both Phase |
(five acres or greater) and Phase Il (one to five acres) projects. Thus, the total
number of permittees under the stormwater program at any time numbers greater
than half a million. There are fewer than 100,000 non-stormwater (meaning
wastewater) permittees covered by the NPDES program, such that stormwater
permittees account for approximately 80 percent of NPDES-regulated entities.
To manage this large number of permittees, the stormwater program relies heav-
ily on the use of general permits to control industrial, construction, and Phase 11
MS4 discharges, which are usually statewide, one-size-fits-all permits in which
general provisions are stipulated.

An example of the burden felt by a single state is provided by Michigan
(David Drullinger, Michigan Department of Environmental Quality Water Bu-
reau, personal communication, September 2007). The Phase | Stormwater regu-
lations that became effective in 1990 regulate 3,400 industrial sites, 765 con-
struction sites per year, and five large cities in Michigan. The Phase Il regula-
tions, effective since 1999, have extended the requirements to 7,000 construction
sites per year and 550 new jurisdictions, which are comprised of about 350
“primary jurisdictions” (cities, villages, and townships) and 200 “nested juris-
dictions” (county drains, road agencies, and public schools). Often, only a hand-
ful of state employees are allocated to administer the entire program (see the
survey in Appendix C).

In order to comply with the CWA regulations, permittees must fulfill a
number of requirements, including the creation and implementation of a storm-
water pollution prevention plan, and in some cases, monitoring of stormwater
discharges. Stormwater pollution prevention plans document the stormwater
control measures (SCMs; sometimes known as best management practices or
BMPs) that will be used to prevent or slow stormwater from quickly reaching
nearby waterbodies and degrading their quality. These include structural meth-
ods such as detention ponds and nonstructural methods such as designing new
development to reduce the percentage of impervious surfaces. Unfortunately,
data on the degree of pollutant reduction that can be assigned to a particular
SCM are only now becoming available (see Chapter 5).

Other sources of variability in EPA’s stormwater program are that (1) there
are three permit types (municipal, industrial, and construction), (2) some states
and local governments have assumed primacy for the program from EPA while
others have not, and state effluent limits or benchmarks for stormwater dis-
charges may differ from the federal requirements, and (3) whether there are
monitoring requirements varies depending on the regulating entity and the type
of activity. For industrial stormwater there are 29 sectors of industrial activity
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covered by the general permit, each of which is characterized by a different suite
of possible contaminants and SCMs.

Because of the industry-, site-, and community-specific nature of stormwa-
ter pollution prevention plans, and because of the lack of resources of most
NPDES permitting authorities to review these plans and conduct regular compli-
ance inspections, water quality-related accountability in the stormwater program
is poor. Monitoring data are minimal for most permittees, despite the fact that
they are often the only indicators of whether an adequate stormwater program is
being implemented. At the present time, available monitoring data indicate that
many industrial facilities routinely exceed “benchmark values” established by
EPA or the states, although it is not clear whether these exceedances provide
useful indicators of stormwater pollution prevention plan inadequacies or poten-
tial water quality problems. These uncertainties have led to mounting and con-
tradictory pressure from permittees to eliminate monitoring requirements en-
tirely as well as from those hoping for greater monitoring requirements to better
understand the true nature of stormwater discharges and their impact.

To improve the accountability of it Stormwater Program, EPA requested ad-
vice on stormwater issues from the National Research Council’s (NRC’s) Water
Science and Technology Board as the next round of general permits is being
prepared. Although the drivers for this study have been in the industrial storm-
water arena, this study considered all entities regulated under the NPDES pro-
gram (municipal, industrial, and construction). The following statement of task
guided the work of the committee:

(1) Clarify the mechanisms by which pollutants in stormwater discharges
affect ambient water quality criteria and define the elements of a “protocol” to
link pollutants in stormwater discharges to ambient water quality criteria.

(2) Consider how useful monitoring is for both determining the potential of
a discharge to contribute to a water quality standards violation and for determin-
ing the adequacy of stormwater pollution prevention plans. What specific pa-
rameters should be monitored and when and where? What effluent limits and
benchmarks are needed to ensure that the discharge does not cause or contribute
to a water quality standards violation?

(3) Assess and evaluate the relationship between different levels of storm-
water pollution prevention plan implementation and in-stream water quality,
considering a broad suite of SCMs.

(4) Make recommendations for how to best stipulate provisions in storm-
water permits to ensure that discharges will not cause or contribute to ex-
ceedances of water quality standards. This should be done in the context of gen-
eral permits. As a part of this task, the committee will consider currently avail-
able information on permit and program compliance.

Copyright © National Academy of Sciences. All rights reserved.
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(5) Assess the design of the stormwater permitting program implemented
under the CWA.

The report is intended to inform decision makers within EPA, affected indus-
tries, public stormwater utilities, other government agencies and the private sec-
tor about potential options for managing stormwater.

EPA requested that the study be limited to those issues that fall under the
agency’s current regulatory scheme for stormwater, which excludes nonpoint
sources of pollution such as agricultural runoff and septic systems. Thus, these
sources are not extensively covered in this report. The reader is referred to NRC
(2000, 2005) for more detailed information on the contribution of agricultural
runoff and septic systems to waterbody impairment and on innovative technolo-
gies for treating these sources. Also at the request of EPA, concentrated animal
feeding operations and combined sewer overflows were not a primary focus.
However, the committee felt that in order to be most useful it should opine on
certain critical effects of regulated stormwater beyond the delivery of traditional
pollutants. Thus, changes in stream flow, streambank erosion, and habitat altera-
tions caused by stormwater are considered, despite the relative inattention given
to them in current regulations.

Chapter 2 presents the regulatory history of stormwater control in the
United States, focusing on relevant portions of the CWA and the regulations that
have been created to implement the Act. Federal, state, and local programs for
or affecting stormwater management are described and critiqued. Chapter 3
deals with the first item in the statement of task. It reviews the scientific aspects
of stormwater, including sources of pollutants in stormwater, how stormwater
moves across the land surface, and its impacts on receiving waters. It reflects
the best of currently available science, and addresses biological endpoints that
go far beyond ambient water quality criteria. Methods for monitoring and mod-
eling stormwater (the subject of the second item in the statement of task) are
described in Chapter 4. The material evaluates the usefulness of current bench-
mark and MS4 monitoring requirements, and suggestions for improvement are
made. The latter half of the chapter considers the multitude of models available
for linking stormwater discharges to ambient water quality. This analysis makes
it clear that stormwater pollution cannot yet be treated as a deterministic system
(in which the contribution of individual dischargers to a waterbody impairment
can be identified) without significantly greater investment in model develop-
ment. Addressing primarily the third item in the statement of task, Chapter 5
considers the vast suite of both structural and nonstructural measures designed
to control stormwater and reduce its pollutant loading to waterbodies. It also
takes on relevant larger-scale concepts, such as the benefit of stormwater man-
agement within a watershed framework. In Chapter 6, the limitations and possi-
bilities associated with a new regulatory approach are explored, as are those of
an enhanced but more traditional scheme. Numerous suggestions for improving
the stormwater permitting process for municipalities, industrial sites, and con-
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struction are made. Along with Chapter 2, this chapter addresses the final two
items in the committee’s statement of task.
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2
The Challenge of Regulating Stormwater

Although stormwater has long been regarded as a major culprit in urban
flooding, only in the past 30 years have policymakers appreciated the significant
role stormwater plays in the impairment of urban watersheds. This recent rise to
fame has led to a cacophony of federal, state, and local regulations to deal with
stormwater, including the federal Clean Water Act (CWA) implemented by the
U.S. Environmental Protection Agency (EPA). Perhaps because this longstand-
ing environmental problem is being addressed so late in the development and
management of urban watersheds, the laws that mandate better stormwater con-
trol are generally incomplete and were often passed for other purposes, like in-
dustrial waste control.

This chapter discusses the regulatory programs that govern stormwater, par-
ticularly the federal program, explaining how these programs manage stormwa-
ter only impartially and often inadequately. While progress has been made in
the regulation of urban stormwater—from the initial emphasis on simply moving
it away from structures and cities as fast as possible to its role in degrading
neighboring waterbodies—a significant number of gaps remain in the existing
system. Chapter 6 returns to these gaps and considers the ways that at least
some of them may be addressed.

FEDERAL REGULATORY FRAMEWORK FOR STORMWATER

The Clean Water Act

The CWA is a comprehensive piece of U.S. legislation that has a goal of re-
storing and maintaining the chemical, physical, and biological integrity of the
nation’s waters. Its long-term goal is the elimination of polluted discharges to
surface waters (originally by 1985), although much of its current effort focuses
on the interim goal of attaining swimmable and fishable waters. Initially en-
acted as the Federal Water Pollution Control Act in 1948, it was revised by
amendments in 1972 that gave it a stronger regulatory, water chemistry-focused
basis to deal with acute industrial and municipal effluents that existed in the
1970s. Amendments in 1987 broadened its focus to deal with more diffuse
sources of impairments, including stormwater. Improved monitoring over the
past two decades has documented that although discharges have not been elimi-
nated, there has been a widespread lessening of the effects of direct municipal
and industrial wastewater discharges.

A timeline of federal regulatory events over the past 125 years relevant to
stormwater, which includes regulatory precursors to the 1972 CWA, is shown in
Table 2-1. The table reveals that while there was a flourish of regulatory activ-
ity related to stormwater during the mid-1980s to 1990s, there has been much
less regulatory activity since that time.
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TABLE 2-1 Legal and Regulatory Milestones for the Stormwater Program

1886 Rivers and Harbors Act. A navigation-oriented statute that was used in the 1960s and
1970s to challenge unpermitted pollutant discharges from industry.

1948 Federal Water Pollution Control Act. Provided matching funds for wastewater treat-

1952 ment facilities, grants for state water pollution control programs, and limited federal au-

1955 thority to act against interstate pollution.

1965 Water Quality Act. Required states to adopt water quality standards for interstate
waters subject to federal approval. It also required states to adopt state implementation
plans, although failure to do so would not result in a federally implemented plan. As a
result, enforceable requirements against polluting industries, even in interstate waters,
was limited.

1972 Federal Water Pollution Control Act. First rigorous national law prohibiting the dis-
charge of pollutants into surface waters without a permit.

e  Goalis to restore and maintain health of U.S. waters

. Protection of aquatic life and human contact recreation by 1983

. Eliminate discharge of pollutants by 1985

e  Wastewater treatment plant financing

Clean Water Act Section 303(d)

. Contains a water quality-based strategy for waters that remain polluted after
the implementation of technology-based standards.

. Requires states to identify waters that remain polluted, to determine the total
maximum daily loads that would reverse the impairments, and then to allo-
cate loads to sources. If states do not perform these actions, EPA must.

Clean Water Act Section 208

. Designated and funded the development of regional water quality man-
agement plans to assess regional water quality, propose stream stan-
dards, identify water quality problem areas, and identify wastewater
treatment plan long-term needs. These plans also include policy state-
ments which provide a common consistent basis for decision making.

1977 Clean Water Act Sections 301 and 402
1981 . Control release of toxic pollutants to U.S. waters

e  Technology treatment standards for conventional pollutants and priority toxic
pollutants.

e  Recognition of technology limitations for some processes.

1977 NRDC vs. Costle. Required EPA to include stormwater discharges in the National
Pollution Discharge Elimination System (NPDES) program.
1987 Clean Water Act Amended Sections 301 and 402

. Control toxic pollutants discharged to U.S. waters.

. Manage urban stormwater pollution.

. Numerical criteria for all toxic pollutants.

. Integrated control strategies for impaired waters.

. Stormwater permit programs for urban areas and industry.

. Stronger enforcement penalties.

e  Anti-backsliding provisions.

Table continues next page
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TABLE 2-1 continued
1990 EPA’s Phase | Stormwater Permit Rules are Promulgated
e  Application and permit requirements for large and medium municipalities
e  Application and permit requirements for light and heavy industrial facilities
based on Standard Industrial Classification (SIC) Codes, and construction
activity 2 5 acres
1999 EPA’s Phase Il Stormwater Permit Rules are Promulgated
. Permit requirements for census-defined urbanized areas
. Permit requirements for construction sites 1 to 5 acres
1997- Total Maximum Daily Load (TMDL) Program Litigation
2001 . Courts order EPA to establish TMDLs in a number of states if the states
fail to do so. The TMDLs assign Waste Load Allocations for stormwater
discharges which must be incorporated as effluent limitations in stormwa-
ter permits.
2006- Section 323 of the Energy Policy Act of 2005
2008 . EPA promulgates rule (2006) to exempt stormwater discharges from oil
and gas exploration, production, processing, treatment operations, or
transmission facilities from NPDES stormwater permit program.
. In 2008, courts order EPA to reverse the rule which exempted certain ac-
tivities in the oil and gas exploration industry from storm water regulations.
In Natural Resources Defense Council vs. EPA (9‘h Cir. 2008), the court
held that it was “arbitrary and capricious” to exempt from the Clean Water
Act stormwater discharges containing sediment contamination that con-
tribute to a violation of water quality standards.
2007 Energy Independence and Security Act of 2007
. Requires all federal development and redevelopment projects with a foot-
print above 5,000 square feet to achieve predevelopment hydrology to the
“maximum extent technically feasible.”

The Basic NPDES Program: Regulating Pollutant Discharges

The centerpiece of the CWA is its mandate “that all discharges into the na-
tion’s waters are unlawful, unless specifically authorized by a permit” [42
U.S.C. §1342(a)]. Discharges do not include all types of pollutant flows, how-
ever. Instead, “discharges” are defined more narrowly as “point sources” of
pollution, which in turn include only sources that flow through a discrete con-
veyance, like a pipe or ditch, into a lake or stream [33 U.S.C. 88 1362(12) and
(14)]. Much of the focus of the CWA program, then, is on limiting pollutants
emanating from these discrete, point sources directly into waters of the United
States. Authority to control nonpoint sources of pollution, like agricultural run-
off (even when drained via pipes or ditches), is generally left to the states with
more limited federal oversight and direction.
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All point sources of pollutants are required to obtain a National Pollutant
Discharge Elimination System (NPDES) permit and ensure that their pollutant
discharges do not exceed specified effluent standards. Congress also com-
manded that rather than tie effluent standards to the needs of the receiving wa-
terbody—an exercise that was far too scientifically uncertain and time-
consuming—the effluent standards should first be based on the best available
pollution technology or the equivalent. In response to a very ambitious man-
date, EPA has promulgated very specific, quantitative discharge limits for the
wastewater produced by over 30 industrial categories of sources based on what
the best pollution control technology could accomplish, and it requires at least
secondary treatment for the effluent produced by most sewage treatment plants.
Under the terms of their permits, these large sources are also required to self-
monitor their effluent at regular intervals and submit compliance reports to state
or federal regulators.

EPA quickly realized after passage of the CWA in 1972 that if it were re-
quired to develop pollution limits for all point sources, it would need to regulate
hundreds of thousands and perhaps even millions of small stormwater ditches
and thousands of small municipal stormwater outfalls, all of which met the tech-
nical definition of “point source”. It attempted to exempt all these sources, only
to have the D.C. Circuit Court read the CWA to permit no exemptions [NRDC
vs. Costle, 568 F.2d 1369 (D.C. Cir. 1977)]. In response, EPA developed a
“general” permit system (an “umbrella” permit that covers multiple permittees)
for smaller outfalls of municipal stormwater and similar sources, but it generally
did not require these sources to meet effluent limitations or monitor their efflu-
ent.

It should be noted that, while the purpose of the CWA is to ensure protec-
tion of the physical, biological, and chemical integrity of the nation’s waters, the
enforceable reach of the Act extends only to the discharges of “pollutants” into
waters of the United States [33 U.S.C. § 1311(a); cf. PUD No. 1 of Jefferson
County v. Washington Department of Ecology, 511 U.S. 700 (1994) (providing
states with broad authority under section 401 of the CWA to protect designated
uses, not simply limit the discharge of pollutants)]. Even though “pollutant” is
defined broadly in the Act to include virtually every imaginable substance added
to surface waters, including heat, it has not traditionally been read to include
water volume [33 U.S.C. § 1362(6)]. Thus, the focus of the CWA with respect
to its application to stormwater has traditionally been on the water quality of
stormwater and not on its quantity, timing, or other hydrologic properties.
Nonetheless, because the statutory definition of “pollutant” includes “industrial,
municipal, and agricultural waste discharged into water,” using transient and
substantial increases in flow in urban watersheds as a proxy for pollutant loading
seems a reasonable interpretation of the statute. EPA Regions 1 and 3 have con-
sidered flow control as a particularly effective way to track sediment loading,
and they have used flow in TMDLs as a surrogate for pollutant loading (EPA
Region 3, 2003). State trial courts have thus far ruled that municipal separate
storm sewer system (MS4) permits issued under delegated federal authority can
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impose restrictions on flow where changes in flow impair the beneficial uses of
surface waters (Beckman, 2007). EPA should consider more formally clarifying
that significant, transient increases in flow in urban watersheds serve as a legally
valid proxy for the loading of pollutants. This clarification will allow regulators
to address the problems of stormwater in more diverse ways that include atten-
tion to water volume as well as to the concentration of individual pollutants.

Stormwater Discharge Program

By 1987, Congress became concerned about the significant role that storm-
water played in contributing to water pollution, and it commanded EPA to regu-
late a number of enumerated stormwater discharges more rigorously. Specifi-
cally, Section 402(p), introduced in the 1987 Amendments to the CWA, directs
EPA to regulate some of the largest stormwater discharges—those that occur at
industrial facilities and municipal storm sewers from larger cities and other sig-
nificant sources (like large construction sites)—by requiring permits and prom-
ulgating discharge standards that require the equivalent of the best available
technology [42 U.S.C. § 1342(p)(3)]. Effectively, then, Congress grafted larger
stormwater discharges onto the existing NPDES program that was governing
discharges from manufacturing and sewage treatment plants.

Upon passage of Section 402(p), EPA divided the promulgation of its
stormwater program into two phases that encompass increasingly smaller dis-
charges. The first phase, finalized in 1990, regulates stormwater discharges
from ten types of industrial operations (this includes the entire manufacturing
sector), construction occurring on five or more acres, and medium or large storm
sewers in areas that serve 100,000 or more people [40 C.F.R. § 122.26(a)(3)
(1990); 40 C.F.R. § 122.26 (b)(14) (1990)]. The second phase, finalized in
1995, includes smaller municipal storm sewer systems and smaller construction
sites (down to one acre) [60 Fed. Reg. 40,230 (Aug. 7, 1995) (codified at 40
C.F.R. Parts 122, 124 (1995)]. If these covered sources fail to apply for a per-
mit, they are in violation of the CWA.

Because stormwater is more variable and site specific with regard to its
quality and quantity than wastewater, EPA found it necessary to diverge in two
important ways from the existing NPDES program governing discharges from
industries and sewage treatment plants. First, stormwater discharge limits are
not federally specified in advance as they are with discharges from manufactur-
ing plants. Even though Congress directed EPA to require stormwater sources
to install the equivalent of the best available technology or “best management
practices,” EPA concluded that the choice of these best management practices
(referred to in this report as stormwater control measures or SCMs) would need
to be source specific. As a result, although EPA provides constraints on the
choices available, it generally leaves stormwater sources with responsibility for

Copyright © National Academy of Sciences. All rights reserved.
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developing a stormwater pollution prevention plan and the state with the author-
ity to approve, amend, or reject these plans (EPA, 2006, p. 15).

Second, because of the great variability in the nature of stormwater flow,
some sources are not required to monitor the pollutants in their stormwater dis-
charges. Even when monitoring is required, there is generally a great deal of
flexibility for regulated parties to self-monitor as compared with the monitoring
requirements applied to industrial waste effluent (not stormwater from indus-
tries). More specifically, for a small subset of stormwater sources such as Phase
| MS4s, some monitoring of effluent during a select number of storms at a select
number of outfalls is required (EPA, 19964, p. VIII-1). A slightly larger number
of identified stormwater dischargers, primarily industrial, are only required to
collect grab samples four times during the year and visually sample and report
on them (so-called benchmark monitoring). The remaining stormwater sources
are not required to monitor their effluent at all (EPA, 1996a). States and locali-
ties may still demand more stringent controls and rigorous stormwater monitor-
ing, particularly in areas undergoing a Total Maximum Daily Load (TMDL)
assessment, as discussed below. Yet, even for degraded waters subject to
TMDLs, any added monitoring that might be required will be limited only to the
pollutants that cause the degraded condition [40 C.F.R. 8§ 420.32-420.36
(2004)].

Water Quality Management

Since technology-based regulatory requirements imposed on both stormwa-
ter and more traditional types of discharges are not tied to the conditions of the
receiving water—that is, they require sources only to do their technological best
to eliminate pollution—basic federal effluent limits are not always adequate to
protect water quality. In response to this gap in protection, Congress has devel-
oped a number of programs to ensure that waters are not degraded below mini-
mal federal and state goals [e.g., 33 U.S.C. §§ 1288, 1313(e), 1329, 1314(1)].
Among these, the TMDL program involves the most rigorous effort to control
both point and nonpoint sources to ensure that water quality goals are met [33
U.S.C. § 1313(d)].

Under the TMDL program, states are required to list waterbodies not meet-
ing water quality standards and to determine, for each degraded waterbody, the
“total maximum daily load” of the problematic pollutant that can be allowed
without violating the applicable water quality standard. The state then deter-
mines what types of additional pollutant loading reductions are needed, consid-
ering not only point sources but also nonpoint sources. It then promulgates con-
trols on these sources to ensure further reductions to achieve applicable water
quality goals.

The TMDL process has four separate components. The first two compo-
nents are already required of the states through other sections of the CWA: (1)
identify beneficial uses for all waters in the state and (2) set water quality stan-

Copyright © National Academy of Sciences. All rights reserved.
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dards that correlate with these various uses. The TMDL program adds two
components by requiring that states then (3) identify segments where water
quality goals have not been met for one or more pollutants and (4) develop a
plan that will ensure added reductions are made by point and/or nonpoint
sources to meet water quality goals in the future. Each of these is discussed
below.

Beneficial Uses. States are required to conduct the equivalent of “zoning”
by identifying, for each water segment in the state, a beneficial use, which con-
sists of ensuring that the waters are fit for either recreation, drinking water,
aquatic life, or agricultural, industrial, and other purposes [33 U.S.C. §
1313(c)(2)(A)].  All states have derived “narrative definitions” to define the
beneficial uses of waterbodies that are components of all water quality standard
programs. Many of these narrative criteria are conceptual in nature and tend to
define general aspects of the beneficial uses. For categories such as aquatic life
uses, most states have a single metric for differentiating uses by type of stream
(e.g., coldwater vs. warmwater fisheries). In general, the desired biological
characteristics of the waterbody are not well defined in the description of the
beneficial use. Some states, such as Ohio, have added important details to their
beneficial uses by developing tiered aquatic life uses that recognize a strong
gradient of anthropogenic background disturbance that controls whether a wa-
terbody can attain a certain water quality and biological functioning (see Box 2-
1; Yoder and Rankin, 1998). Any aquatic life use tier less stringent than the
CWA interim goal of “swimmable—fishable” requires a Use Attainability Analy-
sis to support a finding that restoration is not currently feasible and recovery is
not likely in a reasonable period of time. This analysis and proposed designa-
tion must undergo public comment and review and are always considered tem-
porary in nature. More importantly, typically one or more tiers above the opera-
tive interim goal of “swimmable—fishable” are provided. This method typically
will protect the highest attainable uses in a state more effectively than having
only single uses.

The concept of tiered beneficial uses and use attainability is especially im-
portant with regard to urban stormwater because of the potential irreversibility
of anthropogenic development and the substantial costs that might be incurred in
attempting to repair degraded urban watersheds to “swimmable—fishable” or
higher status. Indeed, it is important to consider what public benefits and costs
might occur for different designated uses. For example, large public benefits (in
terms of aesthetics and safety) might be gained from initial improvements in an
urban stream (e.g., restoring base flow) that achieve modest aquatic use and pro-
tect secondary human contact. However, achieving designated uses associated
with primary human contact or exceptional aquatic habitat may be much more
costly, such that the perceived incremental public gains may be much lower than
the costs that must be expended to achieve that more ambitious designation.

Copyright © National Academy of Sciences. All rights reserved.
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BOX 2-1
Ohio’s Tiered Aquatic Life Uses

“Designated” or “beneficial” uses for waterbodies are an important aspect of the CWA
because they are the explicit water quality goals or endpoints set for each water or class of
waters. Ohio was one of the first states to implement tiered aquatic life uses (TALUS) in
1978 as part of its water quality standards (WQS). Most states have a single aquatic life
use for a class of waters based on narrative biological criteria (e.g., warmwater or cold-
water fisheries) although many states now collect data that would allow identification of
multiple tiers of condition. EPA has recognized the management advantages inherent to
tiered aquatic life uses and has developed a technical document on how to develop the
scientific basis that would allow States to implement tiered uses (EPA, 2005a; Davies and
Jackson, 2006).

Ohio’s TALUs reflect the mosaic of natural features across Ohio and over 200 years of
human changes to the natural landscape. Widespread information on Ohio’s natural his-
tory (e.g., Trautman’s 1957 Fishes of Ohio) provided strong evidence that the potential
fauna of streams was not uniform, but varied geographically. Based on this knowledge,
Ohio developed a more protective aquatic life use tier to protect streams of high biological
diversity that harbored unique assemblages of rare or sensitive aquatic species (e.g., fish,
mussels, invertebrates). In its WQS in 1978, Ohio established a narrative Exceptional
Warmwater Habitat (EWH) aquatic life use to supplement its more widespread general or
“Warmwater Habitat” aquatic life use (WWH) (Yoder and Rankin, 1995).

The CWA permits states to assign aquatic life uses that do not meet the baseline
swimmable-fishable goals of the CWA under specific circumstances after conducting a Use
Attainability Analysis (UAA), which documents that higher CWA agquatic life use goals (e.g.,
WWH and EWH in Ohio) are not feasibly attainable. These alternate aquatic life uses are
always considered temporary in case land use changes or technology changes to make
restoration feasible. The accrual of more than ten years of biological assessment data by
the late 1980s and extensive habitat and stressor data provided a key link between the
stressors that limited attainment of a higher aquatic life use in certain areas and reaches of
Ohio streams. This assessment formed the basis for several “modified” (physical) warm-
water uses for Ohio waters and a “limited” use (limited resource water, LRW) for mostly
small ephemeral or highly artificial waters (Yoder and Rankin, 1995). Table 2-2 summa-
rizes the biological and physical characteristics of Ohio TALUs and the management con-
sequences of these uses. Channelization typically maintained by county or municipal
drainage and flood control efforts, particularly where such changes have been extensive,
are the predominant cause of Modified and Limited aquatic life uses. Extensive channel
modification in urban watersheds has led to some modified warmwater habitat (MWH) and
LRW uses in urban areas. There has been discussion of developing specific “urban”
aquatic life uses; however the complexity of multiple stressors and the need to find a clear
link between the sources limiting aquatic life and feasible remediation is just now being
addressed in urban settings (Barbour et al., 2006).

The TALUs in Ohio (EWH->LRW) reflect a gradient of landscape and direct physical
changes, largely related to changes to instream habitat and associated hydrological fea-
tures. Aguatic life uses and the classification strata based on ecoregion and stream size
(headwater, wadeable, and boatable streams) provide the template for the biocriteria ex-
pectations for Ohio streams (see Box 2-2). Identification of the appropriate tiers for
streams and UAA are a routine part of watershed monitoring in Ohio and are based on
biological, habitat, and other supporting data. Any recommendations for changes in
aquatic life uses are subject to public comment when the Ohio WQS are changed.

Ohio’s water quality standards contain specific listings by stream or stream reach with
notations about the appropriate aquatic life use as well as other applicable uses (e.g., rec-
reation). Much of the impact of tiered uses on regulated entities or watershed management

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-2 Key features associated with tiered aquatic life uses in the Ohio WQS.
SOURCE: EPA (2005a), Appendix B.

Aquatic Life
Use

Key Attributes

Why a Waterbody Would Be
Designated

Practical Impacts
(compared to a baseline of WWH)

Warmwater
Habitat
(WWH)

Balanced assemblages of
fish/invertebrates comparable to
least impacted regional reference
condition

Either supports biota consistent with
numeric biocriteria for that ecoregion
or exhibits the habitat potential to
support recovery of the aquatic fauna

Baseline regulatory requirements
consistent with the CWA “fishable”
and “protection & propagation”
goals; criteria consistent with U.S.
EPA guidance with State/regional
modifications as appropriate

Exceptional
‘Warmwater
ITabitat
(EWH)

Unique and/or diverse
assemblages; comparable to upper
quartile of statewide reference
condition

Attainment of the EWH biocriteria
demonstrated by both organism
groups

More stringent criteria for D.O.,
temperature, ammonia, and nutrient
targets; more stringent restrictions
on dissolved metals translators;
restrictions on nationwide dredge &
fill permits; may result in more
stringent wastewater treatment
requirements

Coldwater
Habitat
(CWH)

Sustained presence of Salmonid or
non-salmonid coldwater aquatic
organisms; bonafide trout fishery

Bioassessment reveals coldwater
species as defined by Ohio EPA
(1987); put-and-take trout fishery
managed by Ohio DNR

Same as above except that common
metals criteria are more stringent;
may result in more stringent
wastewater treatment requirements

Modified
‘Warmwater
Habitat
(MWH)

Warmwater assemblage dominated
by species tolerant of low D.O.,
excessive nutrients, siltation,
and/or habitat modifications

Impairment of the WWH biocriteria;
existence and/or maintenance of
hydrological modifications that
cannot be reversed or abated to attain
the WWH biocriteria; a use
attainability analysis is required

Less stringent criteria for D.O.,
ammonia, and nutrient targets; less
restrictive applications of dissolved
metals translators; Nationwide
permits apply without restrictions or
exception; may result in less
restrictive wastewater treatment
requirements

Limited
Resource
Waters
(LRW)

Highly degraded assemblages
dominated exclusively by tolerant
species; should not reflect acutely
toxic conditions

Extensive physical and hydrological
modifications that cannot be reversed
and which preclude attainment of
higher uses; a use attainability
analysis is required

Chemical criteria are based on the
prevention of acutely lethal
conditions; may result in less
restrictive wastewater treatment
requirements

efforts arises from the tiered chemical and stressor criteria associated with each TALU.
Criteria for compounds such as ammonia and dissolved oxygen vary with aquatic life use

(see Table 2-2).

Furthermore, application of management actions in Ohio, ranging from

assigning antidegradation tiers, awarding funding for wastewater infrastructure and other
projects, to issuing CWA Section 401/404 permits, are influence by the TALU and the bio-
logical assemblages present.

Ohio has been expanding its use of tiered uses by proposing tiered uses for wetlands

(http://www.epa.state.oh.us/dsw/rules/draft_1-53 feb06.pdf) and developing new aquatic
life uses for very small (primary headwater, PHW) streams. Both of these water types have
a strong intersection with urban construction and stormwater practices. In Ohio this is es-
pecially so because the proposed mitigation standards for steams and wetlands are linked
to TALUs (Ohio EPA, 2007).

Davies and Jackson (2006) present a good summary of the Maine rationale for TA-

LUs: “(1) identifying and preserving the highest quality resources, (2) more accurately de-
picting existing conditions, (3) setting realistic and attainable management goals, (4) pre-
serving incremental improvements, and (5) triggering management action when conditions
decline” (Davies et al., 1999). Appendices A and B of EPA (2005a) provide more detailed
information about the TALUs in Maine and Ohio, respectively.

Copyright © National Academy of Sciences. All rights reserved.
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Water Quality Criteria. Once a state has created a list of beneficial uses
for its waters, water quality criteria are then determined that correspond with
these uses. These criteria can target chemical, biological, or physical parame-
ters, and they can be either numeric or narrative.

In response to the acute chemical water pollution that existed when the
CWA was written, the primary focus of water quality criteria was the control of
toxic and conventional pollutants from wastewater treatment plants. EPA de-
veloped water quality criteria for a wide range of conventional pollutants and
began working on criteria for a list of priority pollutants. These were generally
in the form of numeric criteria that are then used by states to set their standards
for the range of waterbody types that exist in that state. While states do not have
to adopt EPA water quality criteria, they must have a scientific basis for setting
their own criteria. In practice, however, states have promulgated numerical wa-
ter quality standards that can vary by as much as 1,000-fold for the same con-
taminant but are still considered justified by the available science [e.g., the water
quality criteria for dioxin—Natural Resources Defense Council, Inc. vs. EPA, 16
F.3d 1395, 1398, 1403-05 (4™ Cir. 1993)].

The gradual abatement of point source impairments and increased focus on
ambient monitoring and nonpoint source pollutants has led to a gradual, albeit
inconsistent, shift by states toward (1) biological and intensive watershed moni-
toring and (2) consideration of stressors that are not typical point source pollut-
ants including nutrients, bedded sediments, and habitat loss. For these parame-
ters, many states have developed narrative criteria (e.g., “nutrients levels that
will not result in noxious algal populations™), but these can be subjective and
hard to enforce.

The use of biological criteria (biocriteria) has gained in popularity because
traditional water quality monitoring is now perceived as insufficient to answer
questions about the wide range of impairments caused by activities other than
wastewater point sources, including stormwater (GAO, 2000). As described in
Box 2-2, Ohio has defined biocriteria in its water quality standards based on
multimetric indices from reference sites that quantify the baseline expectations
for each tier of aquatic life use.

Antidegradation. The antidegradation provision of the water quality stan-
dards deals with waters that already achieve or exceed baseline water quality
criteria for a given designated use. Antidegradation provisions must be consid-
ered before any regulated activity can be authorized that may result in a lower-
ing of water quality which includes biological criteria. These provisions protect
the existing beneficial uses of a water and only allow a lowering of water quality
(but never lower than the baseline criteria associated with the beneficial use)
where necessary to support important social and economic development. It es-
sentially asks the question: is the discharge or activity necessary? States with
refined designated uses and biological criteria have used these programs to their
advantage to craft scientifically sound, protective, yet flexible antidegradation
rules (see Ohio and Maine). Antidegradation is not a replacement for tiered

Copyright © National Academy of Sciences. All rights reserved.
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BOX 2-2
Ohio’s Biocriteria

After it implemented tiered aquatic life uses in 1978, Ohio developed numeric biocrite-
ria in 1990 (Ohio WQS; Ohio Administrative Code 3745-1) as part of its WQS. Since des-
ignated uses were formulated and described in ecological terms, Ohio felt that it was natu-
ral that the criteria should be assessed on an ecological basis (Yoder, 1978). Subsequent
to the establishment of the EWH tier in its WQS, Ohio expanded its biological monitoring
efforts to include both macroinvertebrates and fish (Yoder and Rankin, 1995) and estab-
lished consistent and robust monitoring methodologies that have been maintained to the
present. This core of consistently collected data has allowed the application of analytical
tools, including multimetric indices such as the Index of Biotic Integrity (IBl), the Inverte-
brate Community Index (ICl), and other multivariate tools. The development of aquatic
ecoregions (Omernik, 1987, 1995; Gallant et al., 1989), a practical definition of biological
integrity (Karr and Dudley, 1981), multimetric assessment tools (Karr, 1981; Karr et al.,
1986), and reference site concepts (Hughes et al., 1986) provided the basis for developing
Ohio’s ecoregion-based numeric criteria.

Successful application of biocriteria in Ohio was dependent on the ability to accurately
classify aquatic ecosystem changes based on primarily natural abiotic features of the envi-
ronment. Ohio’s reference sites, on which the biocriteria are based, reflect spatial differ-
ences that were partially explained by aquatic ecoregions and stream size. Biological indi-
ces were calibrated and stratified on this basis to arrive at biological criteria that present
minimally acceptable baseline ecological index scores (e.g., IBI, ICI). Ohio biocriteria strati-
fied by ecoregion aquatic life use and stream size are depicted in Figure 2-1.

Huron Erie Lake Plain %H'ELF'%

Use Size IBI Miwl

VWWH H 28 NA 34 Ere Ontario Lake Pfafn (EOLP)
ICI

W32 7. 3 34 Use Size IBI
B 34 8. 34 WWwH H 40 NA 34
MWH-C H 20 NA 22 W 38 7.9 34
W 22 58 22 B 40 8.7 34
B 20 57 22 MWH-C H 24 NA 22
MWH-I B 30 5.7 NA W 24 6.2 22
B 24 58 22
Erie-Dntario MWH-1 B 30 6.6 NA

Lake Plain

Eastern Com Bel! Plams (ECBPJ (EOLF)

Use Size
WWH H 40 NA 3G
W 40 83 36

B 42 85 36 “® Eastern i
MWHC H 24 NA 22 Gom Belt P i
W 24 62 22 ‘a‘/ggu ;{' Western Alfegheny Plateau { WAP)
B 24 58 22 [y 5 Use  Size IBl Miwb ICI
MWH1 B 30 66 NA i WWH H 44 NA 34
P W 44 B84 34
*57(7"0' f MWHCEI gg m g;
atean b -
Intertor Fiateat (1F) gﬁl i W 24 62 22
Use Size IBI Miwb ICI RN i B 24 58 22
WWH H 40 NA 30 - I~ MWH-A H 24 NA 30
W40 8.4 30 - W 24 55 30
B 38 87 30 B 24 55 30
MWH-C H 24 NA 22 MWH-I B 30 68 NA
w24 62 22 Statewide Exceptional Criteria
B 24 58 22 Use .Size IBI Miwb __ICI
MWH-l B 30 686 NA EWH H 50 NA 46

W 50 94 46

B 48 96 48
FIGURE 2-1 Numeric biological criteria adopted by Ohio EPA in 1990, using three biologi-
cal indices [IBI, ICI, and the Modified Index of well-being (Mlwb), which is used to assessed
fish assemblages] and showing stratification by stream size, ecoregion, and designated use
(warmwater habitat, WWH; modified warmwater habitat-channelized, MWH-C; modified
warmwater habitat-impounded, MWH-I; and exceptional warmwater habitat, EWH).
SOURCE: EPA (2006, Appendix B). The basis for the Ohio biocriteria and sampling meth-
ods is found in Ohio EPA (1987, 1989a,b), DeShon (1995), and Yoder and Rankin (1995).
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uses, which provide a permanent floor against lowering water quality protection.
Tiered beneficial uses and refined antidegradation rules can have substantial
influence on stormwater programs because they influence the goals and levels of
protection assigned to each waterbody.

Monitoring Programs to ldentify Degraded Segments. Monitoring
strategies by the states generally follow the regulatory efforts of EPA and seek
to identify those waterbodies where water quality standards are not being met.
Much of the initial ambient monitoring (i.e., monitoring of receiving waterbod-
ies) was chemical based and focused on documenting changes in pollutant con-
centrations and exceedances of water quality criteria. Biological monitoring
techniques have a long history of use as indicators of water quality impacts.
However, it was not until such tools became more widespread—initially in
states like Maine, North Carolina, and Ohio—that the extent of stormwater and
other stressor effects on waterbodies became better understood. The biological
response to common nonpoint stressors has driven the consideration of new wa-
ter quality criteria (e.g., for nutrients, bedded sediments) that were not major
considerations under an effluent-dominated paradigm of water management.

In parallel with the increase in biocriteria has been the development of bio-
logical monitoring to measure beneficial use attainment. Integrated biological
surveys have revealed impairments of waterbodies that go beyond those caused
by typical point sources (EPA, 1996b; Barbour et al., 1999a). The substantial
increase in biological assemblage monitoring during the 1980s was enhanced by
the development of more standard methods (Davis, 1995; Barbour et al.,
1999a,b; Klemm et al., 2003) along with conceptual advances in the develop-
ment of assessment tools (Karr, 1981; Karr and Chu, 1999). Development of
improved classification tools (e.g., ecoregions, stream types), the reference site
concept (Stoddard et al., 2006), and analytical approaches including multivariate
(e.g., discriminant analysis) and multimetric indices such as IBI and ICI (see
Box 2-3; Karr et al., 1986; DeShon, 1995) resulted in biological criteria being
developed for several states. Biological monitoring approaches are becoming a
widespread tool for assessing attainment of aquatic life use designation goals
inherent to state water quality standards. Development of biocriteria represents
a maturation of the use of biological data and provides institutional advantages
for states in addressing pollutants without numeric criteria (e.g., nutrients) and
non-chemical stressors such as habitat (Yoder and Rankin, 1998).

Setting Loads and Restricting Loading. Section 303d of the CWA re-
quires that states compare existing water quality data with water quality stan-
dards set by the states, territories, and tribes. For those waters found to be in
violation of their water quality standards, Section 303d requires that the state
develop a TMDL. Currently, approximately 20,000 of monitored U.S. waters
are in non-attainment of water quality standards, as evidenced by not meeting at
least one specific narrative or numeric physical, chemical, or biological crite-
rion, and thus require the development of a TMDL.

Copyright © National Academy of Sciences. All rights reserved.



Urban

hnp://msﬁaf.@évﬁéa

ter Mapage

&

Unite

Mk the Ulied 378 ge No. 040669

THE CHALLENGE OF REGULATING STORMWATER 59

BOX 2-3
Commonly Used Biological Assessment Indices

Much of the initial work using biological data to assess the effects of pollution on
inland streams and rivers was a response to Chicago’s routing of sewage effluents into the
lllinois River in the late 1800s. Early research focused on the use of indicator species,
singly or in aggregate, and how they changed along gradients of effluent concentrations
(Davis, 1990, 1995). In the 1950s Ruth Patrick used biological data to assess rivers by
observing longitudinal changes in taxonomic groups, and later in the 1950s and 1960s
“diversity indices” (e.g., Shannon-Wiener index, Shannon and Weaver, 1949) were used to
assess aquatic communities (Washington, 1984; Davis 1990, 1995). These indices were
various mathematical constructs that measured attributes such as richness and evenness
of species abundance in samples and are still widely used today in ecological studies.
Similarity indices are another approach that is used to compare biological assemblages
between sites. There are a wide multitude of such indices (e.g., Bray-Curtis, Jaccard) and
all use various mathematical constructs to examine species in common and absent be-
tween samples.

Biotic indices are generally of more recent origin (1970s to the present). Hilsenhoff
(1987, 1988) assigned organic pollution tolerances to macroinvertebrate taxa and then
combined these ratings in a biotic index that is still widely used for macroinvertebrates.
Karr (1981) developed the Index of Biotic Integrity (IBI), a “multimetric” index that is com-
posed of a series of 12 metrics of a Midwest stream fish community. This approach has
been widely adopted and adapted to many types of waterbodies (streams, lakes, rivers,
estuaries, wetlands, the Great Lakes, etc.) and organism groups and is probably the most
widely used biotic index approach in the United States. Examples include the periphyton
IBI (PIBI; Hill et al., 2000) for algal communities, the Invertebrate Community Index (ICl;
DeShon, 1995) and benthic IBI (B-IBI, Kerans and Karr, 1994) for macroinvertebrates, a
benthic IBI for estuaries (B-IBI; Weisberg et al., 1997), and a vegetative IBI for wetlands
(VIBI-E; Mack, 2007).

Various multivariate statistical approaches have also been used to assess aquatic as-
semblages, often concurrently with multimetric indices. Maine, for example, uses a dis-
criminant analysis that assesses stream stations by comparison to reference sites (Davies
and Tsomides, 1997). Predictive modeling approaches, incorporating both biotic and envi-
ronmental variables, have been widely used in Great Britain and Europe (River Invertebrate
Prediction and Classification System, RIVPACS; Wright et al., 1993), Australia (AUS-
RIVAS; Simpson and Norris, 2000), and more recently in the United States by Hawkins et
al. (2000).

All of these approaches now have a wide scientific literature supporting their use and
application. EPA (2002a) reports that most states have a biomonitoring program with at
least one organism group to assess key waters in their states, although the level of imple-
mentation and sophistication varies by state. For example, only four states have numeric
biocriteria in their state water quality standards, although 11 more are developing such
biocriteria based on one or more of the above monitoring approaches (EPA, 2002a). The
key to implementation of any of these approaches is to set appropriate goals for waters that
can be accurately measured and then to use this type of information to identify limiting
stressors (e.g., EPA Stressor Identification Process; EPA, 2000a).

Copyright © National Academy of Sciences. All rights reserved.
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The TMDL process includes an enforceable pollution control plan for de-
graded waters based on a quantification of the loading of pollutants and an un-
derstanding of problem sources within the watershed [33 U.S.C. §
1313(d)(1)(C)]. Both point and nonpoint sources of the problematic pollutants,
including runoff from agriculture, are typically considered and their contribu-
tions to the problem are assessed. A plan is then developed that may require
these sources to reduce their loading to a level (the TMDL) that ensures that the
water will ultimately meet its designated use. Most of the TMDL requirements
have been developed through regulation. Additional effluent limits for point
sources discharging into segments subject to TMDLs are incorporated into the
NPDES permit.

Total Maximum Daily Load Program and Stormwater

The new emphasis on TMDLSs and the revelation that impacts are primarily
from diffuse sources has increased the attention given to stormwater. If a
TMDL assigns waste load allocations to stormwater discharges, these must be
incorporated as effluent limitations into stormwater permits. In addition, the
TMDL program provides a new opportunity for states to regulate stormwater
sources more vigorously. In degraded waterbodies, effluent reductions for point
sources are not limited by what is economically feasible but instead include re-
quirements that will ensure that the continued degradation of the receiving water
is abated. If a permitted stormwater source is contributing pollutants to a de-
graded waterbody and the state believes that further reductions in pollution from
that source are needed, then more stringent discharge limitations are required.
For example, in City of Arcadia vs. State Water Resources Control Board [135
Cal. App. 4™ 1392 (Ca. Ct. App. 2006)], the court held in part that California’s
zero trash requirements for municipal storm drains, resulting from state TMDLSs,
were not inconsistent with TMDL requirements or the CWA. Thus, the maxi-
mum-extent-practicable standard for MS4s, as well as other technology-based
requirements for other stormwater permittees, are a floor, not a ceiling, for per-
mit requirements when receiving waters are impaired (Beckman, 2007). Finally,
since the TMDL program expects the states to regulate any source—point or
nonpoint—that it considers problematic, any source of stormwater is fair game,
regardless of whether it is listed in Section 402p, and regardless of whether it is
a “point source.” Nonpoint source runoff from agricultural and silvicultural
operations is in fact a common target for TMDL-driven restrictions [see, e.g.,
Pronsolino vs. Nastri, 291 F.3d 1123, 1130 (9th Cir. 2002), upholding restric-
tions on nonpoint sources, such as logging, compelled by State’s TMDLS)].

Despite the potential for positive interaction between stormwater regulation
and the TMDL program, there appears to be little activity occurring at the
stormwater—-TMDL interface. This is partly because the TMDL program itself
has been slow in developing. In 2000, the National Wildlife Federation applied
36 criteria to the 50 states’ water quality programs and concluded that 75 per-
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cent of the states had failed to develop meaningful TMDL programs (National
Wildlife Federation, 2000, pp. 1-2). The General Accounting Office (GAO,
1989) identified the lack of implementation of TMDLs as a major impediment to
attaining the goals of the CWA, which led to a spate of lawsuits filed by envi-
ronmental groups to reverse this pattern. The result was numerous settlements
with ambitious deadlines for issuing TMDLs.

Commentators blame the delays in these TMDL programs on inadequate
ambient monitoring data and on the technical and political challenges of caus-
ally linking individual sources to problems of impairment. In a 2001 report, for
example, the National Research Council (NRC) noted that unjustified and
poorly supported water quality standards, a lack of monitoring, uncertainty in
the relevant models, and a failure to use biocriteria to assess beneficial uses di-
rectly all contributed to the delays in states’ abilities to bring their waters into
attainment through the TMDL program (NRC, 2001). Each of these facets is
not only technically complicated but also expensive. The cost of undertaking a
rigorous TMDL program in a single state has been estimated to be about $4 bil-
lion per state, assuming that each state has 100 watersheds in need of TMDLs
(Houck, 1999, p. 10476).

As a result, the technical demands of the TMDL program make for a par-
ticularly bad fit with the technical impediments already present in monitoring
and managing stormwater. As mentioned earlier, the pollutant loadings in
stormwater effluent vary dramatically over time and stormwater is notoriously
difficult to monitor for pollutants. It is thus difficult to understand how much of
a pollutant a stormwater point source contributes to a degraded waterbody, much
less determine how best to reduce that loading so that the waterbody will meet
its TMDL. As long as the focus in these TMDLSs remains on pollutants rather
than flow (a point raised earlier that will be considered again), the technical
challenges of incorporating stormwater sources in a water quality-based regula-
tory program are substantial. Without considerable resources for modeling and
monitoring, the regulator has insufficient tools to link stormwater contributions
to water quality impairments.

These substantial challenges in linking stormwater sources back to TMDLs
are reflected by the limited number of reports and guidance documents on the
subject. In one recent report, for example, EPA provides 17 case studies in
which states and EPA regions incorporated stormwater control measures into
TMDL plans, but it is not at all clear from this report that these efforts are wide-
spread or indicative of greater statewide activity (EPA, 2007a). Indeed, it al-
most appears that these case studies represent the universe of efforts to link
TMDLs and stormwater management together. The committee’s statement of
task also appears to underscore, albeit implicitly, EPA’s difficulty in making
scientific connections between the TMDL and stormwater programs. This chal-
lenge is returned to in Chapter 6, which suggests some ways that the two can be
joined together more creatively.

Copyright © National Academy of Sciences. All rights reserved.
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Other Statutory Authorities that Control Stormwater

Although the CWA is by far the most direct statutory authority regulating
stormwater discharges, there are other federal regulatory authorities that could
lead to added regulation of at least some stormwater sources of pollution.

Critical Resources

If there is evidence that stormwater flows or pollutants are adversely im-
pacting either endangered species habitat or sensitive drinking water sources,
federal law may impose more stringent regulatory restrictions on these activities.
Under the Endangered Species Act, stormwater that jeopardizes the continued
existence of endangered species may need to be reduced to the point that it no
longer threatens the endangered or threatened populations in measurable ways,
especially if the stormwater discharge results from the activity of a federal
agency [16 U.S.C. §8 1536(a), 1538(a)].

Under the Safe Drinking Water Act, a surface water supply of drinking wa-
ter must conduct periodic “sanitary surveys” to ensure the quality of the supply
(see 40 C.F.R. § 142.16). During the course of these surveys, significant
stormwater contributions to pollution may be discovered that are out of compli-
ance or not regulated under the Clean Water Act because they are outside of an
MS4 area. Such a discovery could lead to more rigorous regulation of stormwa-
ter discharges. For a groundwater source that supplies 50 percent or more of the
drinking water for an area and for which there is no reasonably available alterna-
tive source, the aquifer can be designated as a “Sole Source Aquifer” and re-
ceive greater protection under the Safe Drinking Water Act [42 U.S.C. § 300(h)-
3(e)]. Stormwater sources that result from federally funded projects are also
more closely monitored to ensure they do not cause significant contamination to
these sole source aquifers.

Some particularly sensitive water supplies are covered by both programs.
The Edwards Aquifer underlying parts of Austin and San Antonio, Texas, for
example, is identified as a “Sole Source Aquifer.” There are also several endan-
gered species of fish and salamander in that same area. As a result, both the
Safe Drinking Water Act and the Endangered Species Act demand more rigor-
ous stormwater management programs to protect this delicate watershed.

Stormwater is also regulated indirectly by floodplain control requirements
promulgated by the Federal Emergency Management Agency (FEMA). In order
for a community to participate in the FEMA National Flood Insurance Program,
it must fulfill a number of requirements, including ensuring that projects will not
increase flood heights, including flood levels adjacent to the project site [see,
e.g., 44 C.F.R. § 60.3(d)].

Copyright © National Academy of Sciences. All rights reserved.
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Contaminated Sites

Continuous discharges of contaminated stormwater and other urban pollut-
ants (particularly through combined sewer overflows) have led to highly con-
taminated submerged sediments in many urban bays and rivers throughout the
United States. In several cases where the sediment contamination was perceived
as presenting a risk to human health or has led to substantial natural resource
damages, claims have been filed under the federal hazardous waste cleanup stat-
ute commonly known as Superfund (42 U.S.C. 8 9601 et seq.). This liability
under the Comprehensive Environmental Response, Compensation, and Liabil-
ity Act (CERCLA) technically applies to any area—whether submerged or
not—as long as there is a “release or a threat of release of a hazardous sub-
stance” and the hazardous substances have accumulated in such a way as to lead
to the “incurrence of response [cleanup] costs” or to “natural resource damages”
[42 U.S.C. 8§9607(a)]. Although only a few municipalities and sewer systems
have been sued, Superfund liability is theoretically of concern for possibly a
much larger number of cities or even industries whose stormwater contains haz-
ardous substances and when at least some of the discharges were either in viola-
tion of a permit or unpermitted. The National Oceanic and Atmospheric Ad-
ministration brought suit against the City of Seattle and the Municipality of Met-
ropolitan Seattle alleging natural resource damages to Elliott Bay resulting from
pollution in stormwater and combined sewer overflows; the case was settled in
1991  (United States vs. City of Seattle, No. C90-395WD,
http://www.gc.noaa.gov/natural-officel.html). While some of the elements for
liability remain unresolved by the courts, such as whether some or all of the dis-
charges are exempted under the “federally permitted release” defense of CER-
CLA [42 U.S.C. § 9601(10)(H)], which exempts surface water discharges that
are covered by a general or NPDES permit from liability, the prospect of poten-
tial liability is still present.

Diversion of Stormwater Underground or into Wetlands

In some areas, stormwater is eliminated by discharging it into wetlands. If
done through pipes or other types of point sources, these activities require a
permit under the CWA. Localities or other sources that attempt to dispense with
their stormwater discharges in this fashion must thus first acquire an NPDES
permit.

Even without a direct discharge into wetlands, stormwater can indirectly en-
ter wetland systems and substantially impair their functioning. In a review of
more than 50 studies, the Center for Watershed Protection found that increased
urbanization and development increased the amount of stormwater to wetlands,
which in turn “led to increased ponding, greater water level fluctuation and/or
hydrologic drought in urban wetlands” (Wright et al., 2006). They found that, in
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some cases, the ability of the wetlands to naturally remove pollutants became
overwhelmed by pollutant loadings from stormwater.

An even more common method of controlling stormwater is to discharge it
underground. Technically, these subsurface discharges of stormwater, including
dry wells, bored wells, and infiltration galleries, are considered by EPA to be
infiltration or “Class V" wells, which require a permit under the CWA as long as
they are in proximity to an underground source of drinking water (40 C.F.R.
Parts 144, 146). While EPA’s definition excludes surface impoundments and
excavated trenches lined with stone (provided they do not include subsurface
fluid distribution systems or amount to “improved sinkholes” that involve the
man-made modification of a naturally occurring karst depression for the purpose
of stormwater control), most other types of subsurface drainage systems are
covered regardless of the volume discharged (40 C.F.R. § 144.81(4)).

Given EPA’s recent description of SCMs considered to be Class V injection
wells (EPA, 2008), most SCMs that rely on infiltration are exempted. For ex-
ample, if an infiltration trench is wider than it is deep, it is exempted from the
Class V well regulations. Residential septic systems are also exempted [see 40
C.F.R. 88 144.1(g)(1)(ii) and (2)(iii)]. However, those that involve deeper dry
wells or infiltration galleries appear to require Class V well permits under the
Safe Drinking Water Act. Because the use of these SCMs is likely to involve
expensive compliance requirements, dischargers may steer away from them.

Air Contaminants

Air pollutants from vehicular exhaust and industrial sources that precipitate
on roads and parking lots can also be collected in stormwater and increase pol-
lutant loading (see Chapter 3 discussion of atmospheric deposition). While the
Clean Air Act regulates these sources of air contamination, it does not eliminate
them. Stormwater that is contaminated with air pollutants may consist of both
“legal” releases of air pollutants, as well as “illegal” releases emitted in violation
of a permit, although the distinction between the two groups of pollutants is ef-
fectively impossible to make in practice.

Pesticides and Other Chemical Products Applied to Land and
Road Surfaces

EPA regulates the licensing of pesticides as well as chemicals and chemical
mixtures, although its actual authority to take action, such as restricting product
use or requiring labeling, varies according to the statute and whether the product
is new or existing. Although EPA technically is allowed to consider the extent
to which a chemical is accumulating in stormwater in determining whether addi-
tional restrictions of the chemical are needed, EPA is not aware of any instances
in its Toxic Substances Control Act (TSCA) chemical regulatory decision-
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making in which it actually used this authority to advance water quality protec-
tion (Jenny Molloy, EPA, personal communication, March 13, 2008).

In its pesticide registration program, EPA does routinely consider a pesti-
cide’s potential for adverse aquatic effects from stormwater runoff in determin-
ing whether the pesticide constitutes an unreasonable risk (Bill Jordan, EPA,
personal communication, March 14, 2008). EPA has imposed use restrictions
on a number of individual pesticides, such as prohibiting aerial applications,
requiring buffer strips, or reducing application amounts. Presumably states and
localities are tasked with primary enforcement responsibility for most of these
use restrictions. EPA has also required a surface water monitoring program as a
condition of the re-registration for atrazine and continues to evaluate available
surface water and groundwater data to assess pesticide risks (Bill Jordan, EPA,
personal communication, March 14, 2008).

EPA STORMWATER PROGRAM

Stormwater is defined in federal regulations as “storm water runoff, snow
melt runoff, and surface runoff and drainage” [40 CFR §122.26(b)(13)]. EPA
intended that the term describe runoff from precipitation-related events and not
include any type of non-stormwater discharge (55 Fed. Reg. 47995). A brief
discussion of the evolution of the EPA’s stormwater program is followed by an
explanation of the permitting mechanisms and the various ways in which the
program has been implemented by the states. As shown in Figure 2-2, the entire
NPDES program has grown by almost an order of magnitude over the past 35
years in terms of the number of regulated entities, which explains the reliance of
the program on general rather than individual permits. Both phases of the
stormwater program have brought a large number of new entities under regula-
tion.

Historical Background

States like Florida, Washington, Maryland, Wisconsin, and Vermont and
some local municipalities such as Austin, Texas, Portland, Oregon, and Belle-
vue, Washington, preceded the EPA in implementing programs to mitigate the
adverse impacts of stormwater quality and quantity on surface waters. The State
of Florida, after a period of experimentation in the late 1970s, adopted a rule that
required a state permit for all new stormwater discharges and for modifications
to existing discharges if flows or pollutants increased (Florida Administrative
Code, Chapter 17-25, 1982). The City of Bellevue, WA, established a munici-
pal utility in 1974 to manage stormwater for water quality, hydrologic balance,
and flood management purposes using an interconnected system of natural areas
and existing drainage features.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 2-2 The number of permittees under the NPDES program of the Clean Water Act
from 1972 to the present. Note that concentrated Animal Feeding Operations (CAFOs) are
not considered in this report. SOURCE: Courtesy of Linda Boornazian, EPA.

EPA first considered regulating stormwater in 1973. At that time, it ex-
empted from NPDES permit coverage conveyances carrying stormwater runoff
not contaminated by industrial or commercial activity, unless the discharge was
determined by the Administrator to be a significant contributor of pollutants to
surface waters (38 Fed. Reg. 13530, May 22, 1973). EPA reasoned that while
these stormwater conveyances were point sources, they were not suitable for
end-of-pipe, technology-based controls because of the intermittent, variable, and
less predictable nature of stormwater discharges. Stormwater pollution would
be better managed at the local agency level through nonpoint source controls
such as practices that prevent pollutants from entering the runoff. Further, EPA
justified its decision by noting that the enormous numbers of individual permits
that the Agency would have to issue would be administratively burdensome and
divert resources from addressing industrial process wastewater and municipal
sewage discharges, which presented more identifiable problems.

The Natural Resources Defense Council (NRDC) successfully challenged
the EPA’s selective exemption of stormwater point sources from the NPDES
regulatory permitting scheme in federal court [NRDC vs. Train, 396 F.Supp.
1393 (D.D.C. 1975), aff’d NRDC vs. Costle 568 F.2d. 1369 (D.C. Cir. 1977)].
The court ruled that EPA did not have the authority to exempt point source dis-
charges from the NPDES permit program, but recognized the Agency’s discre-
tion to use reasonable procedures to manage the administrative burden and to
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define what constitutes a stormwater point source. Consequently, EPA issued a
rule establishing a comprehensive permit program for all stormwater discharges
(except rural runoff) including municipal separate storm sewer systems (MS4s),
which were to be issued “general” or area permits after a period of study (41
Fed. Reg. 11307, March 18, 1976). Individual permits were required for storm-
water discharges from industrial or commercial activity, or where the stormwa-
ter discharge was designated by the permitting authority to be a significant con-
tributor of pollutants. Comprehensive revisions to the NPDES regulations were
published next, retaining the broad definition of stormwater discharges subject
to the NPDES permit program and requiring permit application requirements
similar to those for industrial wastewater discharges, including testing for an
extended list of pollutants (44 Fed. Reg. 32854, June 7, 1979; 45 Fed. Reg.
33290, May 19, 1980).

The new NPDES regulations resulted in lawsuits filed in federal courts by a
number of major trade associations, member companies, and environmental
groups challenging several aspects of the NPDES program, including the
stormwater provisions. The cases were consolidated in the D.C. Circuit Court of
Appeals, and EPA reached a settlement with the industry petitioners on July 7,
1982, agreeing to propose changes to the stormwater regulations to balance en-
vironmental concerns with the practical limitations of issuing individual NPDES
permits and limited resources. The Agency significantly narrowed the definition
of stormwater point sources to conveyances contaminated by process wastes,
raw materials, toxics, hazardous pollutants, or oil and grease, and it reduced
application requirements by dividing stormwater discharges into two groups
based on their potential for significant pollution problems (47 Fed. Reg. 52073,
November 18, 1982). EPA issued a final rule retaining the broad coverage of
stormwater point sources, and a two-tiered classification to administratively
regulate these stormwater discharges (49 Fed. Reg. 37998, September 26, 1984).

The rule generated considerably controversy; trade associations and indus-
try contended that application deadlines would be impossible to meet and that
the sampling requirements were excessive, while the environmental community
expressed a concern that additional changes or delays would exacerbate the
Agency’s failure to regulate sources of stormwater pollution. On the basis of the
post-promulgation comments received, EPA determined that it was necessary to
obtain additional data on stormwater discharges to assess their significance, and
it conducted meetings with industry groups, who indicated an interest in provid-
ing representative data on the quality of stormwater discharges of their member-
ship. The Agency determined that the submission of representative data was the
most practical and efficient means of determining appropriate permit terms and
conditions, as well as priorities for the multitude of stormwater point source
discharges that needed to be permitted (50 Fed. Reg. 32548, August 12, 1985).

In the mean time, the U.S. House of Representatives and the Senate both
passed bills to amend the CWA in mid-1985. The separate bills were reconciled
in Conference Committee, and on February 4, 1987, Congress passed the Water
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Quality Act (WQA), which specifically addressed stormwater discharges. The
WQA added Section 402(p) to the CWA, which requires stormwater permits to
be issued prior to October 1992 for (i) municipal stormwater discharges from
large and medium municipalities based on the 1990 census; (ii) discharges asso-
ciated with industrial activity; and (iii) a stormwater discharge that the Adminis-
trator determines contributes to the violation of a water quality standard or is a
significant contributor of pollutants to waters of the United States. MS4s were
required to reduce pollutants in stormwater discharges to the “maximum extent
practicable” (MEP). Industrial and construction stormwater discharges must
meet the best conventional technology (BCT) standard for conventional pollut-
ants and the best available technology economically achievable (BAT) standard
for toxic pollutants. EPA and the NPDES-delegated states were given the flexi-
bility to issue municipal stormwater permits on a system-wide or jurisdiction-
wide basis. In addition, the WQA amended Section 402(1)(2) of the CWA to not
require a permit for stormwater discharges from mining and oil and gas opera-
tions if the stormwater discharge is not contaminated by contact, and it amended
Section 502(14) of the CWA to exclude agricultural stormwater discharges from
the definition of point source.

These regulations had been informed by the National Urban Runoff Pro-
gram, conducted from 1978 to 1983 to characterize the water quality of storm-
water runoff from light industrial, commercial, and residential areas (Athayde et
al., 1983). The majority of samples collected were analyzed for eight conven-
tional pollutants and three heavy metals, and a subset was analyzed for 120 pri-
ority pollutants. The study indicated that on an annual loading basis, some of
the conventional pollutants were greater than the pollutant loadings resulting
from municipal wastewater treatment plants. In addition, the study found that a
significant number of samples exceeded EPA’s water quality criteria for fresh-
water.

The Federal Highway Administration conducted studies over a ten-year pe-
riod ending in 1990 to characterize the water quality of stormwater runoff from
roadways (Driscoll et al., 1990). A total of 993 individual stormwater events at
31 highway sites in 11 states were monitored for eight conventional pollutants
and three heavy metals. In addition, a subset of samples was analyzed for cer-
tain other conventional pollutant parameters. The studies found that urban
highways had significantly higher pollutant concentrations and loads than non-
urban highway sites. Also, sites in relatively dry semi-arid regions had higher
concentrations of many pollutants than sites in humid regions.

Final Stormwater Regulations
EPA issued final regulations in 1990 establishing a process for stormwater
permit application, the required components of municipal stormwater manage-

ment plans, and a permitting strategy for stormwater discharges associated with
industrial activities (55 Fed. Reg. 222, 47992, November 16, 1990). Stormwater
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discharges associated with industrial activity that discharge to MS4s were re-
quired to obtain separate individual or general NPDES permits. Nevertheless,
EPA recognized that medium and large MS4s had a significant role to play in
source identification and the development of pollution controls for industry, and
thus municipalities were obligated to require the implementation of controls
under local government authority for stormwater discharges associated with
industrial activity in their stormwater management program. The final regula-
tions also established minimum sampling requirements during permit applica-
tion for medium and large MS4s (serving a population based on the 1990 census
of 100,000 to 250,000, and 250,000 or more, respectively). MS4s were required
to submit a two-part application over two years with the first part describing the
existing program and resources and the second part providing representative
stormwater quality discharge data and a description of a proposed stormwater
management program, after which individual MS4 NPDES permits would be
issued for medium and large MS4s.

In addition, the regulations identified ten industry groups and construction
activity disturbing land area five acres or greater as being subject to stormwater
NPDES permits. These industries were classified as either heavy industry or
light industry where industrial activities are exposed to stormwater, based on the
Office of Management and Budget Standard Industrial Classifications (SIC).
The main industrial sectors subject to the stormwater program are shown in Ta-
ble 2-3 and include 11 regulatory categories: (i) facilities with effluent limita-
tions, (ii) manufacturing, (iii) mineral, metal, oil and gas, (iv) hazardous waste
treatment, storage, or disposal facilities, (v) landfills, (vi) recycling facilities,
(vii) steam electric plants, (viii) transportation facilities, (ix) treatment works,
(x) construction activity, and (xi) light industrial activity.

The second phase of final stormwater regulations promulgated on Decem-
ber 8, 1999 (64 Fed. Reg. 68722) required small MS4s to obtain permit coverage
for stormwater discharges no later than March 10, 2003. A small MS4 is de-
fined as an MS4 not already covered by an MS4 permit as a medium or large
MS4, or is located in “urbanized areas” as defined by the Bureau of the Census
(unless waived by the NPDES permitting authority), or is designated by the
NPDES permitting authority on a case-by-case basis if situated outside of urban-
ized areas. Further, the regulations lowered the construction activities regula-
tory threshold for permit coverage for stormwater discharges from five acres to
one acre.

To give an idea of the administrative burden associated with the stormwater
program and the different types of permits, Table 2-4 shows the number of regu-
lated entities in the Los Angeles region that fall under either individual or gen-
eral permit categories. Industrial and construction greatly outweigh municipal
permittees, and stormwater permittees are vastly more numerous that traditional
wastewater permittees.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-3 Sectors of Industrial Activity Covered by the EPA Stormwater Program

(Cszt:‘g)gg)é 69) Sector gr((:nl:/'loajor Activity Represented

(i) A 24 Timber products

(i) B 26 Paper and allied products

(i) C 28 and 39 Chemical and allied products

(), (i) D 29 Asphalt paving and roofing materials and lubricants

(i) (ii) E 32 Glass, clay, cement, concrete, and gypsum products

(i) (iii) F 33 Primary metals

(i), (iii) G 10 Metal mining (ore mining and dressing)

(i), (iii) H 12 Coal mines and coal mining-related facilities

(i), (iii) | 13 Oil and gas refining

(i), (iii) J 14 Mineral mining and dressing

(iv) K HZ Hazardous waste, treatment, storage, and disposal

(v) L LF Landfills, land application sites, and open dumps

(vi) M 50 Automobile salvage yards

(vii) N 50 Scrap recycling facilities

(vii) 0 SE Steam electric generating facilities

(viii) P 40, 41, 42, Land transportation and warehousing

43, 51

(viii) Q 44 Water transportation

(viii) R 37 Ship and boat building or repairing yards

(viii) S 45 Air transportation

(ix) T TW Treatment works

(xi) U 20,21 Food and kindred products

(xi) \% 22,23,31 Textile mills, apparel, and other fabric product
manufacturing, leather and leather products

(xi) W 24,25 Furniture and fixtures

(xi) X 27 Printing and publishing

(xi) Y 30, 39, 34 Rubber, miscellaneous plastic products, and miscel-
laneous manufacturing industries

(xi) AB 35, 37 Transportation equipment, industrial or commercial
machinery

(xi) AC 35, 36, 38 Electronic, electrical, photographic, and optical
goods

(x) Construction activity

AD Non-classified facilities designated by Administrator

under 40 CFR 8122.26(g)(1)(1)

SOURCE: 65 Fed. Reg. 64804, October 30, 2000.
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TABLE 2-4 Number of NPDES Wastewater and Stormwater Entities Regulated by the
CalEPA, Los Angeles Regional Water Board, as of May 2007

Waste Type Individual Permittees | General Permittees
Wastewater and Non-stormwater Industry 103 574
Combined Wastewater and Stormwater 23 0
Stormwater (pre-1990) 45 0
Industrial Stormwater (post-1990) 0 2990
Construction Stormwater (post-1990) 0 2551
Municipal Stormwater (post-1990) 100 0
Total 271 6215

Municipal Permits

States with delegated NPDES permit authority (all except Alaska, Arizona,
Idaho, Massachusetts, New Hampshire, and New Mexico) issued the first large
and medium MS4 permits beginning in 1990, some of which are presently in
their fourth permit term. These MS4 permits require large and medium munici-
palities to implement programmatic control measures (the six minimum meas-
ures) in the areas of (1) public education and outreach, (2) public participation
and involvement, (3) illicit discharge detection and elimination, (4) construction
site runoff control, (5) post-construction runoff control, and (6) pollution pre-
vention and good housekeeping—all to reduce the discharge of pollutants in
stormwater to the maximum extent practicable. Efforts to meet the six minimum
measures are documented in a stormwater management plan. Non-stormwater
discharges to the MS4 are prohibited unless separately permitted under the
NPDES, except for certain authorized non-stormwater discharges, such as land-
scape irrigation runoff, which are deemed innocuous nuisance flows and not a
source of pollutants. MS4 permits generally require analytic monitoring of pol-
lutants in stormwater discharges for all Phase | medium and large MS4s from a
subset of their outfalls that are 36 inches or greater in diameter or drain 50 acres
or more. These data, at the discretion of the permitting authority, may be com-
pared with water quality standards and considered (by default) to be effluent
limitations, which refer to any restriction, including schedules of compliance,
established by a state or the Administrator pursuant to CWA Section 304(b) on
quantities, rates, and concentrations of chemical, physical, biological, and other
constituents discharged from point sources into navigable waters, the waters of
the contiguous zone, or the ocean (40 CFR §401.11). A future exceedance of an
effluent limitation constitutes a permit violation. However, permitting authori-
ties have so far not taken this approach to interpreting MS4 stormwater dis-
charge data.

The Phase | stormwater regulations require medium and large MS4s to in-
spect “high-risk” industrial facilities and construction sites within their jurisdic-
tions. Certain industrial facilities and construction sites of a minimum acreage
are also subject to separate EPA/state permitting under the industrial and con-
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struction general permits (see below). While EPA envisioned a partnership with
municipalities on these inspections in its Phase | Rule Making, it provided no
federal funding to build these partnerships. Both industry and municipalities
have argued that the dual inspection responsibilities are duplicative and redun-
dant. Municipalities have further contended that the inspection of Phase | indus-
trial facilities and construction sites are solely an EPA/state obligation, although
state and federal courts have ruled otherwise. In the committee’s experience,
many MS4s do not oversee or regulate industries within their boundaries.

As part of the Phase Il program, small MS4s are covered under general
permits and are required to implement a stormwater management program to
meet the six minimum measures mentioned above. Unlike with Phase I, Phase
Il MS4 stormwater discharge monitoring was made discretionary, and inspection
of industrial facilities within the boundary of a Phase Il MS4 is not required.

Industrial Permits

EPA issued the first nationwide multi-sector industrial stormwater general
permit (MSGP) on September 29, 1995 (60 Fed. Reg. 50804), which was reis-
sued on October 30, 2000 (65 Fed. Reg. 64746). A proposed new MSGP was
released for public comment in 2005 (EPA, 2005b). The proposed MSGP re-
quires that industrial facility operators prepare a stormwater pollution prevention
plan (similar to an MS4’s stormwater management plan) that documents the
SCMs that will be implemented to reduce pollutants in stormwater discharges.
They must achieve technology-based requirements using BAT or BCT or water
quality-based effluent limits, which is the same requirement as for process
wastewater permits.

All industrial sectors covered under the MSGP must conduct visual moni-
toring four times a year. The visual monitoring is performed by collecting a
grab sample within the first hour of stormwater discharge and observing its
characteristics qualitatively. A subset of MSGP industrial categories is required
to perform analytical monitoring for benchmark pollutant parameters four times
in Year 2 of permit coverage and again in Year 4 if benchmarks were exceeded
in Year 2. The benchmark pollutant parameters, listed in Table 2-5, were se-
lected based on the sampling data included with group permit applications sub-
mitted after the EPA issued its stormwater regulations in 1990. To comply with
the benchmark monitoring requirements, a grab sample must be collected within
the first hour of stormwater discharge after a rainfall event of 0.1 inch or greater
and with an interceding dry period of at least 72 hours. A benchmark ex-
ceedance is not a permit violation, but rather is meant to trigger the facility op-
erator to investigate SCMs and make necessary improvements.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-5 Industry Sectors and Sub-Sectors Subject to Benchmark Monitoring
MSGP Required Parameters for
Sector Industry Sub-sector Benchmark Monitoring
Industry organic chemicals Al, Fe, nitrate and nitrite N
c Plastics, synthetic resins, etc. Zn
Soaps, detergents, cosmetics, perfumes Zn, nitrate and nitrite N
Agricultural chemicals Pb, Fe, Zn, P, nitrate and nitrite N
D Asphalt paving and roofing materials TSS
E Clay products Al
Concrete products TSS and Fe
Steel works, blast furnaces, rolling and Al, Zn
finishing mills
F Iron and steel foundries Al, Cu, Fe, Zn, TSS
Non-ferrous rolling and drawing Cu, Zn
Non-ferrous foundries (casting) Cu, Zn
G Copper ore mining and dressing COD, TSS, nitrate and nitrite N
Coal mines and coal mining related TSS
facilities
Dimension stone, crushed stone, and non- TSS, Al, Fe
J metallic minerals (except fuels)
Sand and gravel mining Nitrate and nitrite N, TSS
Hazardous waste treatment, storage, or NHs, Mg, COD, Ar, Cd, CN, Pb,
K disposal Hg, Se, Ag
L Landfills, land application sites, and open Fe, TSS
dumps
M Automobile salvage yards TSS, Al, Fe, Pb
N Scrap recycling Cu, Al, Fe, Pb, Zn, TSS, COD
(0] Steam electric generating facilities Fe
Q Water transportation facilities Al, Fe, Pb, Zn
S Airports with deicing activities BOD, COD, NHs, pH
Grain mill products TSS
U Fats and oils BOD, COD, nitrate and nitrite N,
TSS
Y Rubber products Zn
AA Fabricated metal products except coating Fe, Al, Zn, nitrate and nitrite N
Fabricated metal coating and engraving Zn, nitrate and nitrite N

NOTE: BOD, biological oxygen demand; COD, chemical oxygen demand; TSS, total sus-
pended solids.
SOURCE: 65 Fed. Reg. 64817, October 30, 2000.
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EPA had already established technology-based effluent limitations for
stormwater discharges for eight subcategories of industrial discharges prior to
1987, namely, for cement manufacturing, feedlots, fertilizer manufacturing, pe-
troleum refining, phosphate manufacturing, steam electric, coal mining, and ore
mining and dressing (see Table 2-6). Most of these facilities were covered un-
der individual permits prior to 1987 and are generally required to stay covered
under individual stormwater permits. Facilities in these sub-categories that had
not been issued a stormwater discharge permit prior to 1992 are allowed to be
covered under the MSGP, but they still have analytical monitoring requirements
that must be compared to effluent limitation guidelines. An exceedance of the
effluent limitation constitutes a permit violation.

TABLE 2-6 Select Stormwater Effluent Limitation Guidelines for lllustrative Purposes

Discharges Design Pollutant Effluent Limitations
Storm Parameters (max per day)
Phosphate Fertilizer Not specified | Total P 105 mg/L
Manufacturing Runoff (40 Fluoride 75 mg/L
C.F.R. 418)
Petroleum Refining Not specified | O&G 15 mg/L
(40 C.F.R. 419) TOC 110 mg/L
BOD5 48 kg/1000 m® flow
CcoD 360 mg/1000 m® flow
Phenols 0.35 mg/1000 m® flow
Cr 0.73 mg/1000 m?® flow
Hex Cr 0.062 mg/1000 m® flow
pH 69
Asphalt Paving and Roofing Not specified | TSS 0.023 kg/m®
Emulsion Products Runoff 08&G 0.015 kg/m®
(40 C.F.R. 443) bH 6.0-9.0
Cement Manufacturing 10yr, 24 TSS 50 mg/L
Material Storage Piles hour pH 6.0-9.0
Runoff (40 C.F.R. 411)
Coal Mining (40 C.F.R. 434 lyr,24 hour | Fe 7.0 mg/L
Subpart B) Mn 4 mg/L
TSS 70 mg/L
pH 6.0-9.0
Steam Electric Power 10yr, 24 TSS 50 mg/L
Generating (40 C.F.R. 423) | hour pH 6.0-9.0
PCBs No discharge

NOTE: BODS5, biological oxygen demand; COD, chemical oxygen demand; O&G, oil and
grease; PCBs, polychlorinated biphenyls; TOC, total organic carbon; TSS, total suspended
solids. SOURCE: 40 C.F.R.
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At the issuance of the Final Storm Water Rule in 1990, EPA envisioned the
use of a mix of general permits and individual permits to better manage the ad-
ministrative burden associated with permitting thousands of industrial stormwa-
ter point sources. In its original permitting strategy for industrial stormwater
discharges, EPA articulated a four-tier strategy with the nationwide general
permits: Tier 1 was baseline permitting, Tier 2 would incorporate watershed
permits, Tier 3 would be industry category-specific permitting, and Tier 4 would
encompass facility-specific individual permits. In reality, individual permits,
which would allow for the crafting of permit conditions to be better structured to
the specific industrial facility based on its higher potential risk to water quality,
and could include adequate monitoring for purposes of compliance and en-
forcement, have been sparsely used. Similarly, neither the watershed permitting
strategy nor the industry category-specific permitting strategy has found favor in
the absence of better federal guidance and funding.

Industrial stormwater general permits are issued by the State NPDES Per-
mitting Authority in NPDES-delegated states, and may be in the form a single
statewide permit covering thousands of industrial permittees or sector-specific
stormwater general permits covering less than a hundred facilities. EPA Re-
gions issue the MSGP in states without NPDES-delegated authority and for fa-
cilities on Native Indian and Tribal Lands. EPA’s nationwide 2000 MSGP pres-
ently covers 4,102 facilities.

Construction Permits

EPA issued the first nationwide construction stormwater general permit
(CGP) in February 1998 (63 Fed. Reg. 7858). The permits are valid for five-
year terms. The most recent CGP was issued in 2005 (68 Fed. Reg. 39087), and
the EPA in 2008 administratively continued the CGP until the end of 2009,
when it is expected to have developed effluent guidelines for construction activ-
ity (73 Fed. Reg. 40338). The EPA is presently under court order to develop
effluent limitation guidelines for stormwater discharges from the construction
and land development industry. The construction general permit requires the
implementation of stormwater pollution prevention plans to prevent erosion,
control sediment in stormwater discharges, and manage construction waste ma-
terials. Operators of the construction activity are required to perform visual in-
spections regularly, but no sampling of stormwater discharge during rainfall
events is required. As with the industrial and municipal permittees, an ex-
ceedance of an effluent limitation incorporated in a permit would be a violation
of the CWA and is subject to penalties.

EPA’s CGP covers construction activity in areas where EPA is the permit-
ting authority, including Indian lands, Puerto Rico, the District of Columbia,
Massachusetts, New Hampshire, New Mexico, ldaho, Arizona, and Alaska. All
other states have been delegated the authority to issue NPDES permits, and
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these states issue CGPs based on the EPA model but with subtle variations. For
example the California and Georgia CGPs include monitoring requirements for
construction sites discharging to sediment-impaired waterbodies. Wisconsin
requires weekly inspections and an inspection within 24 hours of a rain event of
0.5 inches or greater. Georgia imposes discharge limits of an increase of no
more than 10 Nephelometric Turbidity Units (NTU) above background in trout
streams and no more than 25 NTU above background in other types of streams.

Permit Creation, Administration, and Requirements

For individual permits, the entity seeking coverage submits an application
and one permit is issued. The conditions of the permit are based on an analysis
of information provided in a rather lengthy permit application by the facility
operator about the facility and the discharge. Generally, it takes six to 18
months for the permittee to compile the application information and for the per-
mitting authority to finalize the permit. Individual permits are common for me-
dium and large MS4s (Phase 1), small MS4s in a few states (Phase 1), and a few
industrial activities.

General permits, on the other hand, are issued by the permitting authority,
and interested parties then submit an Notice of Intent (NOI) to be covered. This
mechanism is used where large numbers of dischargers require permit coverage,
such as construction activities, most industrial activities, and most small MS4s
(Phase II). The permit must identify the area of coverage, the sources covered,
and the process for obtaining coverage. Once the permit is issued, a permittee
may submit a NOI and receive coverage either immediately or within a very
short time frame (e.g., 30 days).

All permits contain “effluent limitations” or “effluent guidelines,” adher-
ence to which is required of the permittee. However, the terms (which are syn-
onymous) are agonizingly broad and encompass (1) meeting numeric pollutant
limits in the discharge, (2) using certain SCMs, and (3) meeting certain design
or performance standards. Effluent limitations may be expressed as SCMs when
numeric limits are infeasible or for stormwater discharges where monitoring
data are insufficient to carry out the purposes and intent of the CWA
[122.44(k)]. If EPA has promulgated numerical “effluent guidelines” for exist-
ing and new stormwater sources under CWA Sections 301, 304, or 306, then the
permits must incorporate the “effluent guidelines” as permit limits.

Effluent limitations can be either technology-based or water quality-based
requirements. Technology-based requirements establish pollutant limits for dis-
charges on what the best pollution control technology installed for that industry
would normally accomplish. Water-quality based requirements, by contrast,
look to the receiving waters to determine the level of pollution reduction needed
for individual sources. There are national technology-based standards available
for many categories of point sources, including many industrial sectors and mu-
nicipal wastewater treatment plants. In the absence of national standards, tech-
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nology-based requirements are developed on a case-by-case basis using best
professional judgment. In general, BAT is the standard for toxic and non-
conventional pollutants, while BCT is the standard for conventional pollutants.
Water quality-based effluent limitations are required where technology-based
limits are found to be insufficient to achieve applicable water quality standards,
including restoring impaired waters, preventing impairments, and protecting
high-quality waters. Limitations must control all pollutants or pollutant parame-
ters that are or may be discharged at a level which will cause, have reasonable
potential to cause, or contribute to an excursion above any applicable water
quality standard. To distinguish between technology-based and water quality-
based effluent limits, consider that a permittee is required to meet a numeric
pollutant limit in their stormwater discharge. A technology-based limit would
be based on studies of effluent concentrations coming from that technology,
while a water quality-based limit would be based on some assessment of the
impact of the discharge on a nearby receiving water (with the applicable water
quality standard being the most conservative choice).

EPA is presently writing stormwater “effluent guidelines” for airport de-
icing operations and construction/development activity, with an estimated final
action date of December 2009.

Permits Prior to 1990

A limited number of individual stormwater permits (perhaps in the low
thousands) were first issued prior to 1990, the period before EPA promulgated
regulations specific to stormwater discharges, and before EPA first received the
authority to issue general NPDES permits. These individual NPDES permits for
industrial stormwater discharges, like traditional individual wastewater NPDES
permits, incorporate numerical effluent limits and they impose discharge moni-
toring requirements to demonstrate compliance. These facilities were selected
for permitting before 1990, presumably because of the risk they presented to
causing or contributing to the exceedance of water quality standards.

Do Permittees Have to Meet Water Quality Standards in their
Effluent?

It is unclear as to whether municipal, industrial, and construction stormwa-
ter discharges must meet water quality standards. Furthermore, even if such
discharges were required to meet water quality standards, the absence of moni-
toring found within the permits means that enforcement of the requirement
would be difficult at best. Nonetheless, some sources suggest that, with the ex-
ception of Phase Il MS4 discharges, EPA’s intent is that stormwater discharges
comply with water quality standards, especially where a TMDL is in place.

Copyright © National Academy of Sciences. All rights reserved.
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First, the EPA Office of General Counsel issued a memorandum in 1991
stating that municipal stormwater permits must require that MS4s reduce
stormwater pollutant discharges to the maximum extent practicable and must
also comply with water quality standards. Recognizing the complexity of
stormwater, EPA’s 1996 Interim Permitting Approach for Water Quality-Based
Effluent Limitations in Storm Water Permits (61 Fed. Reg. 43761) stated that
stormwater permits should use SCMs in first-term stormwater permits and ex-
panded or better-tailored SCMs in subsequent term permits to provide for the
attainment of water quality standards. However, where adequate information
existed to develop more specific conditions or limitations to meet water quality
standards, these conditions or limitations are to be incorporated into stormwater
permits as necessary and appropriate.

As permitting authorities began to develop TMDL waste load allocations to
address impaired receiving waters, and waste load allocations were assigned to
stormwater discharges, EPA issued a TMDL Stormwater Policy. It stated that
stormwater permits must include permit conditions consistent with the assump-
tions and requirements of available waste load allocations (EPA, 2002b). Since
waste load allocations derive directly from water quality standards, this could be
interpreted as saying that stormwater discharges must meet water quality stan-
dards. However, EPA expected that most water quality-based effluent limita-
tions for NPDES-regulated stormwater discharges that implement TMDL waste
load allocations would be expressed as SCMs, and that numeric limits would be
used only in rare instances. This is understandable, given that storm events are
dynamic and variable and it would be expensive to monitor all storm events and
discharge points, particularly for MS4s, to demonstrate compliance with a waste
load allocation expressed as a numeric effluent limitation. Effluent limitations
expressed as SCMs appear to be the best interim approach to demonstrate com-
pliance with TMDLs, provided that these SCMs are reasonably expected to sat-
isfy the waste load allocation in the TMDL. As part of the TMDL, the NPDES
permit must also specify the monitoring necessary to determine compliance with
effluent limitations. Where effluent limits are specified as SCMs, the permit
should specify the monitoring necessary to assess if the load reductions expected
from SCM implementation are achieved (e.g., SCM performance data).

Implementation of the Stormwater Program
by States and Municipalities

NPDES-delegated states and Indian Tribes generally utilize the CGP and
the MSGP as model templates for adopting their respective general permits to
regulate stormwater discharges associated with industrial activity, including
construction, within their jurisdictions. Nevertheless, some variations exist. For
example, the California CGP requires sampling of stormwater at construction
sites that discharge to surface waters that are listed as being impaired for sedi-
ment. Connecticut’s MSGP regulates stormwater discharges associated with
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commercial activity, in addition to industrial activity. With respect to the mu-
nicipal permits, the variability with which the stormwater program is imple-
mented reflects the flexibility inherent in the MEP standard. In the absence of a
definite description of MEP or nationwide effluent guidelines issued by EPA,
states and municipalities have not been very rigorous in determining what con-
stitutes an adequate level of compliance. This self-defined compliance threshold
has been translated into a wide range of efforts at program implementation.

A number of MS4 programs have been leaders in some areas of program
implementation. For example, Prince George’s County, Maryland, was a pio-
neer in implementing low impact development (LID) techniques. Notable ef-
forts have been made by states and municipalities in the Pacific Northwest, such
as Oregon and Washington. California and Florida also are in the forefront of
implementing comprehensive and progressive stormwater programs.

Greater implementation is evident in states that had state stormwater regula-
tions in place prior to the advent of the national stormwater program (GAO,
2007). Some states issued early MS4 permits (e.g., California, Florida, Wash-
ington, and Wisconsin) prior to the promulgation of the national stormwater
program, while a number of MS4s (e.g., Austin, Texas,; Santa Monica, Califor-
nia; and Bellevue, Washington) were already implementing comprehensive
stormwater management programs. In addition, some MS4s conducted individ-
ual stormwater management activities, such as street-sweeping, household haz-
ardous waste collection, construction site plan review, and inspections, prior to
the national stormwater program. These areas are more likely than areas with-
out a stormwater program that predated the EPA program to be successfully
meeting the requirements of the current program.

One of the obvious differences is the level of interest and effort exercised
by coastal communities or communities in close proximity to a water resource
that have immediate access to the beneficial uses of those resources but also
have an immediate view of the impacts of polluted runoff. That interest may
contrast with the less active posture of upstream or further inland communities
that may not be as sensitive and willing to implement more stringent stormwater
programs. A recent report has found that programs with more specific permit
requirements generally result in more comprehensive and progressive stormwa-
ter management programs (TetraTech, 2006a). The report concluded that per-
mittees should be required to develop measurable goals based on the desired
outcomes of the stormwater program. Furthermore, additional stormwater per-
mit requirements can be expected as more TMDLSs are developed and wasteload
allocations must be translated into permit conditions.

GAO Report on Current Status of Implementation

In 2007, the GAO issued a report to determine the impact of EPA’s Storm-
water Program on communities (GAQ, 2007). Some of the relevant findings are
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that urban stormwater runoff continues to be a major contributor to the nation’s
degraded waters and that stormwater program implementation has been slow for
both Phase | and Phase Il communities, with almost 11 percent of all communi-
ties not yet permitted as of fall 2006. Litigation, among other reasons, delayed
the issuance of some permits for years after the application deadlines. As a re-
sult, almost all Phase Il and some Phase | communities are still in the early
stages of program implementation although deadlines for permit applications
were years ago—16 years for Phase | and six years for Phase Il. EPA has ac-
knowledged that it does not currently have a system in place to measure the suc-
cess of the Phase | program on a national scale (EPA, 2000b). Therefore, it is
reasonable to conclude that the level of implementation of the stormwater pro-
gram ranges widely, from municipalities having completed a third-term permit
(such as Los Angeles County MS4 permit) to municipalities not yet covered by
a Phase Il MS4 permit.

The GAO report also indicates that communities’ inconsistent reporting of
activities makes it difficult to evaluate program implementation nationwide.
Based on the report’s findings it seems that little auditing activity has been per-
formed to gauge the status of implementation and effectiveness in achieving
water quality improvements. Most often cited is the effort by EPA’s Region 9
and the State of California auditors that recently discovered, among other things,
that some MS4s (1) had not developed stormwater management plans, (2) were
not properly performing an adequate number of inspections to enforce their
stormwater ordinances, and (3) were lax in implementing SCMs at publicly
owned construction sites. They also found that some MS4s were not adequately
controlling stormwater runoff at municipally owned and operated facilities, such
as maintenance yards. In response to these findings, EPA issued in January
2007 an MS4 Program Evaluation Guidance document (EPA, 2007b).

In the absence of a nationwide perspective of the implementation of the
stormwater program, it is hard to make a determination about the program’s
success. There are communities and states that seem to have made great strides
in implementing progressive stormwater programs, but it also seems that overall
many programs are still in the early stages of implementation, while a number of
communities are still waiting to obtain coverage under the MS4 permits. In ad-
dition, it appears that there is no national uniform system of tracking success or
cost data. All these unknowns make it very difficult to formulate any definite
statements about how successful the implementation of the program is on a na-
tional perspective.

Committee Survey
In order to get a better understanding of how the stormwater program is im-
plemented by the states, during 2007 the committee conducted two surveys ask-

ing states about their monitoring requirements, compliance determination, and
other facts for each program (municipal, industrial, and construction). For the
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larger survey, 18 states representing all ten EPA regions responded to the sur-
vey. Both surveys and all responses are found in Appendix C.

As expected, the responding states reported that Phase | MS4s are required
to sample their stormwater discharges for pollutants, although the frequency of
sampling and the number of pollutants being sampled tended to vary. No state
reported requiring Phase 1l MS4s to sample stormwater discharges. Monitoring
requirements for industrial stormwater varied by state from none in Minnesota,
Nebraska, and Maine to benchmark monitoring required under the MSGP in
Virginia, New York, and Wyoming. California, Connecticut, and Washington
require all industrial facilities to monitor for select chemical pollutants. Con-
necticut, additionally, requires sampling for aquatic toxicity. Most of the re-
sponding states do not require construction sites to do much more than visual
monitoring periodically and after rain events. Georgia and Washington require
construction sites to monitor for parameters such as turbidity and pH. California
and Oregon require sampling when the discharge is to a waterbody impaired by
sediment.

As mentioned previously, Phase | MS4s (but not Phase Il MS4s) are re-
quired to address industrial dischargers within their boundaries. There was con-
siderable variability regarding the survey questions of whether MS4s can con-
duct inspections of industrial facilities and what industries are considered high
risk. In all of the responding states except Virginia, the responders think that
MS4s have the authority to inspect industries within their boundaries, although
the extent to which this is done is not clear and, in the committee’s experience,
is quite rare. Many of the responding states have not identified “high-risk” fa-
cilities and targeted them for compliance scrutiny, although certain categories
were felt to be problematic by the state employee responding to the survey, such
as metal foundries, auto salvage yards, metal recyclers, cement plants, and saw
mills. In California and Washington, however, some of the Phase | MS4 permits
have identified high-risk facilities for the municipal permittee to inspect.

Georgia, Maine, Minnesota, Nevada, New York, Vermont, and Washington
have State Guidance Manuals for MS4 implementation, while in California a
coalition of municipalities and the California Department of Transportation have
developed MS4 guidance manuals. The rest of the responding states rely on
general guidance provided by the EPA. State guidance manuals for the imple-
mentation of the industrial stormwater program were less common than guid-
ance manuals for construction activity, with only California and Washington
having such guidance manuals. In contrast, except for Nebraska and Oklahoma,
statewide guidance manuals for erosion and sediment control were available.
This may have resulted from the fact that many states had laws in place that re-
quired erosion and sediment control practices during land development, timber
harvesting, and agricultural farming that predated the EPA stormwater regula-
tions.

In an attempt to determine the level of oversight that a state provides for in-
dustrial and construction operations, the survey asked whether and to whom
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stormwater pollution prevention plans (SWPPPs) are submitted. Most of the
responding states require the stormwater pollution prevention plans that indus-
trial facilities prepare to be retained at the facility and produced when requested
by the state. Only Oregon, Vermont, Washington, and Hawaii required indus-
trial SWPPPs to be submitted to the state when seeking coverage under the
MSGP. The practice for the submittal of construction SWPPPs was similar,
except that some states required that SWPPPs for large construction projects be
submitted to the state.

Compliance with the MS4 permit in the responding States is mainly deter-
mined through the evaluation of annual reports and program audits, although no
indication was given of the frequency of audits. Regulators in Maine have
monthly meetings with municipalities. The responding states evaluate compli-
ance with the MSGP by reviewing annual monitoring reports and conducting
inspections of industrial facilities. Connecticut characterized its industrial in-
spections as “regular,” Maine inspects industrial facilities twice per five-year
permit cycle, while Vermont performs visual inspections four times a year. No
other responding states specified the frequency of inspections. Inspections and
reviews of the SWPPPs constitute the main ways for responding states to deter-
mine the compliance of sites and facilities covered under the CGP.

With respect to the extent of actual compliance, few states have such infor-
mation, partly because it has not routinely been collected and analyzed. West
Virginia has found that, of the 871 permitted industrial facilities in the state, 576
were delinquent in submitting the results of their benchmark monitoring. Sev-
eral case studies of compliance rates for municipal, industrial, and construction
sites in Southern California are presented in Box 2-4. The data suggest that
compliance in all three groups is poor, particularly for industrial sites. This may
be partly explained by the preponderance of small businesses covered by the
MSGP, whose operators may have financial difficulty in committing funds to
SCMs, or lack a recognition and knowledge of the stormwater program and its
requirements.

Another aspect of compliance is the extent to which industrial facilities
have identified themselves and applied for coverage under the state MSGP. Six
states responded to the committee’s survey about that topic; only two of the six
(California and Vermont) have made efforts to determine the numbers of non-
filers of an NOI to be covered by the MSGP. In both cases, the efforts, which
involved mailings, telephone calls, and file review, found that the number of
non-filing facilities that should be subject to the MSGP was substantial (see Box
2-5 for California’s data). Duke and Augustenborg (2006) studied this level of
compliance (whether industries are filing an NOI for permit coverage) and
found incomplete compliance that is variable among states and urbanized areas.
Texas and Oklahoma had higher levels of permit coverage than California or
Florida.

Copyright © National Academy of Sciences. All rights reserved.
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BOX 2-4
Compliance with Stormwater Permits in Southern California

Construction General Permits

In order to determine the compliance of construction sites with the general stormwater
permit, data were collected and analyzed from three sources: (1) an audit performed in
June 2004 of the development construction program of five cities that are permittees in the
Los Angeles County MS4 permit (about 44 sites), (2) an audit performed in February 2002
of the development construction program (among others) of five Ventura County MS4 per-
mittees (about 32 sites), and (3) a review and inspection of 24 large construction sites (50
acres or greater of disturbed land). These sites accounted for about 5 percent of all con-
struction sites in the region at the time, and they represent both small and large construc-
tion sites. The most common violations on construction sites were paper violations, such
as incomplete SWPPPs and a lack of record keeping. Forty (40) percent of the sites had
some type of paper deficiency. A close second is the absence of erosion and/or sediment
control, observed on 30 percent of the sites. SOURCE: TetraTech (2002, 2006b,c).

Industrial Multi-Sector General Permit

For industrial sites, information was obtained from the following sources: (1) a review
of SCM inspections performed in February 2005 which consisted of 38 sites in the transpor-
tation sector; (2) a review of inspections and non-filer identification information in the plas-
tics sector performed in 2007, which consisted of about 100 permitted sites among a large
number of non-filer sites; and (3) a review of 13 area airport inspections and 55 port tenant
inspections at the ports of Los Angeles and Long Beach. The sites are about 6 percent of
the total number of permittees covered by California’'s MSGP and represent some of the
major regulated industrial sectors. The most common violations observed at industrial sites
were the lack of implementation of SCMs such as overhead cover, secondary containment
and/or spill control. Sixty (60) percent of the sites had poor housekeeping problems. This
was followed by incomplete stormwater pollution prevention plans (40 percent). (SOURCE:
E. Solomon, California EPA, Los Angeles Regional Water Board, personal communication,
2008).

In another study, the California Water Boards with the assistance of an EPA contractor
conducted inspections of 1,848 industrial stormwater permittees (21 percent of permitted
facilities) between 2001 and 2005 (TetraTech, 2006d). Seventy-one (71) percent of the
industrial facilities inspected were not in compliance with the MSGP and 18 percent were
identified as a threat to water quality. Fifty-six (56) percent of facilities that collected one or
more water quality samples reported an exceedance of a benchmark. Facility follow-up
inspections indicated that field presence of the California Water Boards inspectors im-
proved facility compliance with the MSGP.

Municipal Permits

An audit similar to the TetraTech study described above was conducted for 84 Phase |
and Phase Il MS4s in California during the same period (TetraTech, 2006e). The audits
found that municipal maintenance facilities were often deficient in implementing SCMs,
MS4 permittees did not obtain adequate legal authority to implement the program, they
were not inspecting industrial facilities and construction sites or were inspecting them in-
adequately, and they were unable to evaluate program effectiveness in improving water
quality. Overall, the audits found that programs with more specific permit requirements

continues next page
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BOX 2-4 Continued

generally resulted in more comprehensive and progressive stormwater management pro-
grams. For example, the Los Angeles or San Diego MS4 permits enumerate in detail the
permit tasks such as the frequency of inspection, the types of facilities, and the SCMs to be
inspected that permittees must perform in implementing their stormwater program. The
auditors concluded that the specificity of the provisions enabled the permitting authorities to
enforce the MS4 permits and improve the quality of MS4 discharges.

Compliance with Industrial Permits within MS4s

The EPA and the California EPA Los Angeles Regional Water Board conducted a lim-
ited audit of the inspection program requirements of the Los Angeles County MS4 Permit
and the City of Long Beach MS4 Permit in conjunction with industrial facilities covered un-
der the MSGP within the Ports of Los Angeles and Long Beach (EPA, 2007c). The Port of
Long Beach is covered under a single NOI for its 53 tenant facilities that discharge storm-
water associated with industrial activity, while 137 industrial facilities within the Port of Los
Angeles file independent NOIs. At the Port of Los Angeles, of the 23 facilities that were
inspected, 30 percent were judged to pose a significant threat to water quality, 43 percent
were determined to have some violations with regard to implementation of SCMs or paper-
work requirements, and 26 percent appeared to be in compliance with the MSGP. At the
Port of Long Beach, of the 21 tenant facilities that were inspected, 14 percent were judged
to pose a significant threat to water quality, 52 percent were determined to have some defi-
ciencies with regard to implementation of SCMs or paperwork requirements, and 33 per-
cent appeared to be in full compliance with general permit requirements. The Port of Long
Beach had a more comprehensive stormwater monitoring program which indicated that
several pollutant parameters were above EPA benchmark values. Communication be-
tween the MS4 departments and the ports in both programs appeared deficient. The EPA
issued 20 compliance orders for violations of the MSGP, but it did not pursue any action
against the MS4s overseeing the industries because it was outside the scope of the EPA
audit.

LOCAL CODES AND ORDINANCES THAT
AFFECT STORMWATER MANAGEMENT

Zoning and building standards, codes, and ordinances have been the basis
for city building in the United States for almost a century. They define how to
build to protect the health, safety, and welfare of the public, and to establish a
predictable, although often lengthy and cumbersome, process for ensuring that
built improvements become a well-integrated part of the larger urban environ-
ment. Review processes can be as simple as a walk-through in a local building
department for a minor house remodeling project. In other cases, extended re-
zoning processes for larger projects can require several years of planning; multi-
ple public meetings; multiple reviews by city, state, and federal agencies; and
specialized studies to determine impacts on the natural environment and water,
sewer, and transportation systems.

Copyright © National Academy of Sciences. All rights reserved.
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BOX 2-5
Searching for Non-Filers Under the Industrial MSGP in Southern California

The California Water Boards conducted an industrial non-filer identification study be-
tween 1995 and 1998 (CA SWB, 1999). The study had three components: (1) to develop a
mechanism to identify facilities subject to the industrial stormwater general permit that had
not filed an NOI, which involved a comparison of commercially available and agency data-
bases with that maintained by the California Water Boards; (2) to communicate with opera-
tors of these facilities to inform them of their responsibility to comply, which was done using
post-mail, telephone calls, and filed verification; and (3) to refer responses to the communi-
cation efforts to the Water Boards for any appropriate follow-up.

About 9 percent of the potential non-filers submitted an NOI after the initial mail con-
tact. About 52 percent of facilities indicated that they were exempt. About 37 percent
failed to respond and 16 percent of mailed packages were returned unopened. A follow-up
on facilities that claimed they were exempt indicated that 16 percent of them indeed
needed to comply. Similarly 33 percent of facilities that failed to respond were determined
as needing to file NOIs. The study suggested that only half of facilities considered heavy
industrial had filed NOIs through the first five years of the program (Duke and Shaver,
1999).

The California EPA Los Angeles Regional Water Board and the City of Los Angeles
conducted a study in the City of Los Angeles between January 1998 and June 2000 to
identify non-filers and evaluate compliance by door-to-door visits in industrially zoned areas
of the city (Swamikannu et al., 2001). The field investigations covered industrial zones
totaling about 4.2 square miles, or about 22 percent of the area in the City of Los Angeles
zoned for industrial land use. A total of 1,103 of suspected non-filer facilities were subject
to detailed on-site facility investigation. Ninety-three (93) were determined to have already
have submitted NOIs, and 436 were determined not to be subject to the industrial stormwa-
ter general permit. The site visits identified 223 potential non-filers, or industrial facilities
where site-visit evidence suggested the facilities probably needed to comply with relevant
regulations but that had not filed NOIs or recognized their duty to comply at the time of the
visit. Of the faclilities identified as potential non-filers, 202 were identified during detailed
on-site investigations, or 18 percent of facilities inspected with that methodology; and 21
were identified during the less-detailed non-filer assessment visits, or 6 percent of the 379
facilities inspected with that methodology. In total, 295 of the 1,103 facilities visited under
the project (about 27 percent) were known or suspected to be required to file NOIs under
the permit, including 93 facilities that had previously filed NOIs and 202 facilities identified
as probably required to file NOIs based on visual evidence of industrial activities exposed
to stormwater. Thus, prior to the project, only 31 percent of all facilities in the project area
needing to comply had submitted an NOI.

There is an overlapping and conflicting maze of codes, regulations, ordi-
nances, and standards that have a profound influence on the ability to implement
stormwater control measures, although they can be loosely categorized into
three areas. Land-use zoning is the first type of control. Zoning, which was
developed in response to unsanitary and unhealthy living conditions in 19"-
century cities, prescribes permitted land uses, building heights, setbacks, and the
arrangement of different types of land uses on a given site. Zoning often re-
quires improvements that enhance the aesthetic and functional qualities of com-
munities. For example, ordinances prescribing landscaping, minimum parking
requirements, paving types, and related requirements have been developed to

Copyright © National Academy of Sciences. All rights reserved.
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improve the livability of cities. These ordinances have a significant impact on
both how stormwater affects waterbodies and on attempts to mitigate its im-
pacts.

The second category involves the design and construction of buildings. Na-
tional and international building codes and standards, such as the International
Building Code, and Uniform Plumbing, Electrical, and Fire Codes, for example,
allow local governments to establish minimum requirements for building con-
struction. Because these controls primarily affect building construction, they
have less effect on stormwater discharges than zoning.

The third category includes engineering and infrastructure standards and
practices that govern the design and maintenance of the public realm—streets,
roads, utilities rights-of-way, and urban waterways. Roadway design standards
and emergency access requirements have resulted in contemporary cities that are
30 percent or more pavement, just to accommodate the movement and storage of
vehicles in the public right-of-way. The standards for the construction of deep
utilities—water and sewer lines that are typically located underneath streets—
are often the reason that streets are wider than necessary to safely carry traffic.

Over time, these codes, standards, and practices have become more com-
plex, and they may no longer support the latest innovations in planning prac-
tices. The past 10 to 20 years have seen a number of innovations in zoning and
related building standards. Mixed-use, mixed-density communities that incorpo-
rate traditional patterns of community development (often described as “New
Urbanism”), low impact development (LID), and transit-oriented development
are examples of building patterns that challenge traditional zoning and city de-
sign standards. With the exception of LID, proposed new patterns of develop-
ment and regulations connected with their implementation rarely incorporate
specific guidelines for innovations in stormwater management, other than to
have general references to environmental responsibility, ecological restoration,
and natural area protection.

The following sections describe in more detail the codes, ordinances, and
standards that affect stormwater and our ability to control it, and alternative ap-
proaches to developing new standards and practices that support and encourage
effective stormwater management.

Zoning

The primary, traditional purpose of zoning has been to segregate land uses
thought to be incompatible. In practice, zoning is used as a permitting system to
prevent new development from harming existing residents or businesses.
Zoning is commonly controlled by local governments such as counties or cities,
though the specifics of the zoning regime are determined primarily by state
planning laws (see Box 2-6 for a discussion of land use acts in Oregon and
Washington).

Copyright © National Academy of Sciences. All rights reserved.
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BOX 2-6
Growth Management in the Pacific Northwest

In Oregon, the 1973 Legislative Assembly enacted the Oregon Land Use Act, which
recognized that the uncoordinated use of lands threatens orderly development of the envi-
ronment, the health, safety, order, convenience, prosperity and welfare of the people of
Oregon. The state required all of Oregon’s 214 cities and 36 counties to adopt compre-
hensive plans and land-use regulations. It specified planning concerns that had to be ad-
dressed, set statewide standards that local plans and ordinances had to meet, and estab-
lished a review process to ensure that those standards were met. Aims of the program are
to conserve farm land, forest land, coastal resources, and other important natural re-
sources; encourage-efficient development; coordinate the planning activities of local gov-
ernments and state and federal agencies; enhance the state’s economy; and reduce the
public costs that result from poorly planned development. Setting urban growth boundaries
is a major mechanism for implementing the act.

The Washington State Legislature followed in 1990 with the Growth Management Act
(GMA), adopted on grounds similar to Oregon’s act. The GMA requires state and local
governments to manage Washington's growth by identifying and protecting critical areas
and natural resource lands, designating urban growth areas, preparing comprehensive
plans, and implementing them through capital investments and development regulations.
Similar again to Oregon, rather than centralize planning and decision-making at the state
level, the GMA established state goals, set deadlines for compliance, offered direction on
how to prepare local comprehensive plans and regulations, and set forth requirements for
early and continuous public participation. Urban growth areas (UGAs) are those areas,
designated by counties pursuant to the GMA, “within which urban growth shall be encour-
aged and outside of which growth can occur only if it is not urban in nature.” Within these
UGAs, growth is encouraged and supported with adequate facilities. Areas outside of the
UGAs are reserved for primarily rural and resource uses. Urban growth areas are to be
based on population forecasts made by counties, which are required to have a 20-year
supply of land for future residential development inside the boundary—a time frame also
pertaining in the Oregon system. In both states urban growth boundaries are reconsidered
and sometimes adjusted to meet this criterion.

It is important to note that the growth management efforts in the two states have no di-
rect relationship to stormwater management. Rather, the laws control development den-
sity, which has implications for how stormwater should be managed (see discussion in
Chapter 5). The local jurisdictions in Washington have reacted in different ways to link
growth management and stormwater management. For example, the King County, Wash-
ington, stormwater code requires drainage review to evaluate and deal with stormwater
impacts for development that adds 2,000 square feet or more of impervious surface or
clears more than 7,000 square feet. For rural residential lots outside the UGA, the impervi-
ous threshold is reduced to 500 square feet.

Sources:
http://bluebook.state.or.us/state/executive/Land_Conservation/land_conservation_history.htm
http://www.oregonmetro.gov/index.cfm/go/by.web/id=277

http://www.gmhb.wa.gov/gma/ and http://www.mrsc.org/Subjects/Planning/compfags.aspx

Zoning involves regulation of the kinds of activities that will be acceptable
on particular lots (such as open space, residential, agricultural, commercial or
industrial), the densities at which those activities can be performed (from low-
density housing such as single-family homes to high-density housing such as
high-rise apartment buildings), the height of buildings, the amount of space
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structures may occupy, the location of a building on the lot (setbacks), the
proportions of the types of space on a lot (for example, how much landscaped
space and how much paved space), and how much parking must be provided.
Thus, zoning can have a significant impact on the amount of impervious area in
a development and on what constitutes allowable stormwater management.

As an example, local parking ordinances are often found within zoning that
govern the size, number, and surface material of parking spaces, as well as the
overall geometry of the parking lot as a whole. The parking demand require-
ments are tied to particular land uses and zoning categories, and can create need-
less impervious cover. Most local parking codes are overly generous and have
few, if any, provisions to treat stormwater at the source (Wells, 1995). For ex-
ample, in a co-housing project under construction in Fresno, California, current
city codes require 27-foot-long parking spaces. The developer, in an effort to
reduce construction costs, requested that the length of spaces be reduced to 24
feet. The city agreed to the smaller spaces if the developer would sign an in-
demnity clause guaranteeing that the local government would not be sued in
case of an accident (Wenz, 2008).

Similarly, landscaping ordinances apply to certain commercial and institu-
tional zoning categories and specify that a fixed percentage of site area be de-
voted to landscaping, screening, or similar setbacks. These codes may require
as much as 5 to 10 percent of the site area to be landscaped, but seldom refer-
ence opportunities to capture and store runoff at the source, despite the fact that
the area devoted to landscaping is often large enough to meet some or all of their
stormwater treatment needs.

Zoning codes have evolved over the years as urban planning theory has
changed, legal constraints have fluctuated, and political priorities have shifted.
The various approaches to zoning can be divided into four broad categories:
Euclidean, performance, planned unit development, and form-based.

Euclidean Zoning

Named for the type of zoning code adopted in the town of Euclid, Ohio,
Euclidean zoning codes are by far the most prevalent in the United States, used
extensively in small towns and large cities alike. Euclidean zoning is
characterized by the segregation of land uses into specified geographic districts
and dimensional standards stipulating limitations on the magnitude of
development activity that is allowed to take place on lots within each type of
district. Typical land-use districts in Euclidean zoning are residential (single- or
multi-family), commercial, and industrial. Uses within each district are usually
heavily prescribed to exclude other types of uses (for example, residential
districts typically disallow commercial or industrial uses). Some “accessory” or
“conditional” uses may be allowed in order to accommodate the needs of the
primary uses. Dimensional standards apply to any structures built on lots within
each zoning district and typically take the form of setbacks, height limits,
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minimum lot sizes, lot coverage limits, and other limitations on the building
envelope.

Although traditional Euclidean zoning does not include any significant re-
quirements for stormwater drainage, there is no reason that it could not. Modern
Euclidean ordinances include a broad list of “development standards” that ad-
dress topics like signage, lighting, steep slopes, and other topics, and that list
could be expanded to included stormwater standards for private development.

Euclidean zoning is used almost universally across the country (with rare
exceptions) because of its relative effectiveness, ease of implementation (one set
of explicit, prescriptive rules), long-established legal precedent, and familiarity
to planners and design professionals. However, Euclidean zoning has received
heavy criticism for its unnecessary separation of land uses, its lack of flexibility,
and its institutionalization of now-outdated planning theory. . In response,
variances and other methods have been used to modify Euclidean zoning so that
it is better adapted to localized conditions and existing patterns of development.
The sections below briefly describe a range of innovations in local zoning regu-
lations that have potential for incorporating stormwater controls into existing
regulations.

Incentive Zoning. Incentive zoning systems are typically an add-on to
Euclidean zoning systems. First implemented in Chicago and New York City in
1961, incentive zoning is intended to provide a reward-based system to
encourage development that meets established urban development goals.
Typically, a base level of prescriptive limitations on development will be
established and an extensive list of incentive criteria with an associated reward
scale will be established for developers to adopt at their discretion. Common
examples include floor-area-ratio bonuses for affordable housing provided on-
site and height-limit bonuses for the inclusion of public amenities on-site.

With incentive zoning, developers are awarded additional development ca-
pacity in exchange for a public benefit, such as a provision for low- or moder-
ate-income housing, or an amenity, such as additional open space. Incentive
zoning is often used in more highly urbanized areas. Consideration for water
quality treatment and innovative SCMs fits well within the incentive zoning
model. For example, redevelopment sites in urbanized areas are often required
to incorporate stormwater control measures into developments to minimize im-
pacts on aging, undersized stormwater systems in that area, and to meet new
water quality requirements. An incentive could be to allow greater building
height, and therefore higher density, than under existing zoning, freeing up land
area for SCMs that could also serve as a passive park area. Another example
would be to allow a higher density on the site and to require not an on-site sys-
tem but a cash payment to the governing entity to provide for consolidated
stormwater management and treatment. Off-site consolidated systems, dis-
cussed more extensively in Chapter 5, may require creation of a localized main-
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tenance district or an increase in stormwater maintenance fees to offset long-
term maintenance costs.

Incentive zoning could be used to preserve natural areas or stream corridors
as part of a watershed enhancement strategy. For example, transferrable devel-
opment rights (TDR) could be used in the context of the urban or semi-urban
interface with rural lands. Many of the formal TDR programs in Colorado (such
as Fruita/Mesa County and Aspen/Pitkin) involve cities or counties seeking to
preserve sensitive areas in the county, or outlying areas of the city, including the
floodplain, in exchange for urban-level density on a more appropriate site
(David D. Smith, Garfield & Hecht P.C., personal communication, 2008).

Incentive zoning allows for a high degree of flexibility, but it can be
complex to administer. The more a proposed development takes advantage of
incentive criteria, the more closely it has to be reviewed on a discretionary basis.
The initial creation of the incentive structure can also be challenging and often
requires extensive ongoing revision to maintain balance between incentive
magnitude and value given to developers.

Performance Zoning

Performance zoning uses performance-based or goal-oriented criteria to
establish review parameters for proposed development projects in any area of a
municipality. At its heart, performance zoning deemphasizes the specific land
uses, minimum setbacks, and maximum heights applicable to a development site
and instead requires that the development meet certain performance standards
(usually related to noise, glare, traffic generation, or visibility). Performance
zoning sometimes utilizes a “points-based” system whereby a property
developer can apply credits toward meeting established zoning goals through
selecting from a menu of compliance options (some examples include mitigation
of environmental impacts, providing public amenities, and building affordable
housing units). Additional discretionary criteria may also be established as part
of the review process.

The appeal of performance zoning lies in its high level of flexibility,
rationality, transparency, and accountability. Because performance zoning is
grounded in specific and in many cases quantifiable goals, it better
accommodates market principles and private property rights with environmental
protection.  However, performance zoning can be extremely difficult to
implement and can require a high level of discretionary activity on the part of
the supervising authority. City staff must often be trained to use specialized
equipment to measure the performance of the development, and sometimes
those impacts cannot be measured until the building is completed and the
activity operating, by which time it may be difficult and expensive to modify a
building that turns out not to meet the required performance standards. Because
stormwater performance is measurable (especially the amounts of water
retained/detained and rates and amounts of water discharge), stormwater
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regulations could be integrated into a performance zoning system. As with other
topics, however, it might be time-consuming or require special equipment to
measure compliance (particularly before the building is built).

Planned Unit Development (Including Cluster Development and
Conservation Design)

A planned unit development (PUD) is generally a large area of land under
unified control that is planned and developed as a whole through a single devel-
opment operation or series of development phases, in accord with a master plan.
In California, these are known as Specific Plans. More specialized forms of
PUDs include clustered subdivisions where density limitations apply to the de-
velopment site as a whole but provide flexibility in the lot size, setback, and
other standards that apply to individual house lots. These PUDs provide consid-
erable flexibility in locating building sites and associated roads and utilities,
allowing them to be concentrated in parts of the site, with the remaining land use
for agriculture, recreation, preservation of sensitive areas, or other open-space
purposes.

PUDs are typically, although not exclusively, found in new development
areas and have significant open space and park areas that are often 25 percent or
more of the total land area. This large amount of open space provides consider-
able opportunity for the use of consolidated, multifunctional stormwater con-
trols.

Form-Based Zoning

Form-based zoning relies on rules applied to development sites according to
both prescriptive and potentially discretionary criteria. These criteria are
typically dependent on lot size, location, proximity, and other various site- and
use-specific characteristics.  Form-based codes offer considerably more
flexibility in building uses than do Euclidean codes, but, as they are
comparatively new, may be more challenging to create. When form-based
codes do not contain appropriate illustrations and diagrams, they are criticized as
being difficult to interpret.

One example of a recently adopted code with form-based features is the
Land Development Code adopted by Louisville, Kentucky, in 2003. This
zoning code creates “form districts” for Louisville Metro. Each form district
intends to recognize that some areas of the city are more suburban in nature,
while others are more urban. Building setbacks, heights, and design features
vary according to the form district. As an example, in a “traditional
neighborhood” form district, a maximum setback might be 15 feet from the
property line, while in a suburban “neighborhood” there may be no maximum
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setback. Narrower setbacks allow increased density, requiring less land area for
the same number of housing units and resulting in a smaller development
footprint.

In rural and suburban areas, form-based codes can often reinforce the
“open” character of development by preserving open site areas, which could be
used for on-site stormwater management. In denser, urban areas, however,
some form-based ordinances favor shorter, more pedestrian-scale buildings that
cover more of the site than taller buildings of the same square footage, on the
basis that keeping activity closer to the ground and enclosing street frontages
results in a better pedestrian environment and urban form. One result of this
preference is that there may be less of the site left potentially available for on-
site stormwater detention or infiltration. Integrating stormwater management
considerations into form-based codes may require a cash payment system where
the developer contributes to financing of a district or regional stormwater
treatment facility because on-site solutions are not available.

Building Codes

Building codes define minimum standards for the construction of virtually
all types and scales of structures. With a few exceptions, building codes have
limited direct impact on stormwater management. The main example is where
structural and geotechnical design standards, which stem from the need to pro-
tect buildings and infrastructure from water damage, discourage or prohibit the
potential infiltration of water adjacent to building foundations. Such standards
can make it difficult to use landscape-based SCMs, such as porous pavement,
bioinfiltration, and extended detention. There is a need to examine and redefine
structural and geotechnical “standards of care” that ensure the structural integ-
rity of buildings and other infrastructure like buried utilities, in order for land-
scaped areas adjacent to structures to be utilized more effectively for SCMs. For
example, a developer building a mixed-use, medium-density infill development
in Denver intended to incorporate innovative approaches to stormwater man-
agement by infiltrating stormwater in a number of areas around the site. The
standard of care for the geotechnical design of building foundations typically
requires that positive drainage be maintained a minimum of 5 feet from the
building edge. The geotechnical engineer required, when informed that water
might be infiltrated in the area of the building and without further study, that the
minimum distance to an infiltration area must be at least to 20 feet from the
building, greatly limiting the potential for using the building landscape areas as
SCMs. The City of Los Angeles is in the process of updating its Building Code,
but it is not clear if it will be sufficiently comprehensive to address the use of
some LID practices, such as on-site infiltration. The 2002 Building Code now
in effect is written to require the builder to convey water away from the building
using concrete or some other “non-erosive device.”
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Engineering and Infrastructure Standards and Practices

Engineering standards and practices for public rights-of-way complement
building and zoning codes which control development on private property. En-
gineering standards and practices typically describe requirements for public
utilities such as stormwater and wastewater, roadways, and related basic ser-
vices. For example, there are standards for parking and roadway design that
typically describe the specific type of roadway and parking surfacing require-
ments. Regulations and standards often require minimum gradients for surface
drainage, site grading, and drainage pipe size, all of which play an important
role in how stormwater is transported. There are also often landscape planting
requirements, including the requirement to mound landscape areas to screen
cars, which can preclude the opportunity to incorporate SCMs into landscape
areas.

Unless right-of-way improvements are constructed as part of the subdivi-
sion process by private developers, improvements in the right-of-way are typi-
cally provided for by city government and public agencies. Because engineering
standards are often based on decades of refinement and have evolved regionally
and nationally, they are difficult to change. For example, street widths are de-
termined more by the ability to maneuver emergency equipment and to accom-
modate water and sewer easements than the need for adequate lane widths for
vehicles. Street lane-width requirements might be as narrow as 11 feet for each
travel lane, resulting in a street width of 22 to 24 feet. This could accommodate
emergency vehicle access, which typically can require a minimum of 20 feet of
unobstructed street. However, because most streets also include potable water
distribution lines and easement requirements for the lines, which are a minimum
of 30 feet in width, this results in a minimum roadway width of 30 feet.

Local drainage codes govern the disposal of stormwater and essentially dic-
tate the nature and capacity of the stormwater infrastructure from the roof to the
floodplain. Like many codes, they were developed over time to address prob-
lems such as basement flooding, nuisance drainage problems, maintenance of
floodplain boundaries, and protection of infrastructure such as bridges and sew-
ers from storm damage. Local drainage codes, many of which predate the
EPA’s stormwater program, often involve peak discharge control requirements
for a series of design storm events ranging from the 2-year storm up to the 100-
year event. Traditional drainage codes can often conflict with effective ap-
proaches to reducing runoff volume or removing pollutants from stormwater.
Examples of such codes include requirements for positive drainage, directly
connected roof leaders, curbs and gutters, lined channels, storm-drain inlets, and
large-diameter storm-drain pipes discharging to a downstream detention or flood
control basins.

Often, standards have been tested through legal precedent, and case law has
developed around certain standards of care, which can further deter innovation.
Changes in design standards could result in unknown legal exposure and liabil-
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Urban

hnp://msﬂﬁaf.@évﬁea

ter Mapage

&

Unite

Mk thg Ulied 378 ge No. 040704

94 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

ity. Specific types of equipment, maintenance protocols and procedures, and
extensive training further discourage changes in established standards and pro-
cedures.

Innovations in Codes and Regulations to Promote
Better Stormwater Management

A number of innovations have been developed in the previously described
zoning, building codes, and infrastructure and engineering standards that make
them more amenable to stormwater management. These are described in detail
below.

Separate Ordinances for New and Infill Development

Redevelopment of existing urban areas is almost universally more difficult
and expensive than Greenfield development because of the deconstruction costs
of the former, higher costs of designing around existing infrastructure, upgrad-
ing existing infrastructure, and higher costs and risks associated with assuming
liability of pre-existing problems (contamination, etc). Redevelopment often
occurs in areas of medium to high levels of impervious surface (e.g., downtown
areas). Such severely space-limited areas with high land costs drive up storm-
water management costs. Consequently, holding developers of such areas to the
same stormwater standard as for Greenfield developments creates a financial
disincentive for redevelopment. Without careful application, stormwater re-
quirements may discourage needed redevelopment in existing urban areas. This
would be unfortunate because redevelopment can take pressure off of the devel-
opment of lands at the urban fringe, it can accommodate growth without intro-
ducing new impervious surfaces, and it can bring improvements in stormwater
management to areas that had previously had none.

Stormwater planning can include the development of separate ordinances
for infill and new developments. Wisconsin has administrative rules that estab-
lish specific requirements for stormwater management based on whether the site
is new development, redevelopment, or infill. Requirements for new develop-
ment include reducing total suspended solids (TSS) by 80 percent, maintaining
the pre-development peak discharge for the 2-year, 24-hour storm, infiltrating 90
percent of the pre-development infiltration volume for residential areas, and
infiltrating 60 percent of the pre-development infiltration volume for non-
residential areas. Redevelopment varies from new development only in that the
TSS requirement is less at 40 percent reduction. Requirements for existing de-
veloped areas in incorporated cities, villages, and towns do not include peak
flow reduction or infiltration performance standards, but the municipalities must
achieve a 40 percent reduction in their TSS load by 2013. Other requirements
unique to developed areas include public education activities, proper application
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of nutrients on municipality property, and elimination of illicit discharges
(www.dnr.state.wi.us/org/water/wm/nps/stormwater/post-constr/).  Chapter 5
makes recommendations for the specific types of SCMs that should be used for
new, low-density residential development as opposed to redevelopment of exist-
ing urban and industrial areas.

Integrated Stormwater Management and Growth Policies

In the city of San Jose, California, an approach was taken to link water
quality and development policies that emphasized higher density in-fill devel-
opment and performance-based approaches to achieving water quality goals.
The city’s approach encourages stormwater practices such as minimizing imper-
vious surface and incorporating swales as the preferred means of conveyance
and treatment. In urbanized areas, the policy then goes on to define criteria to
determine the practicability of meeting numeric sizing requirements for storm-
water control measures, and identifies Equivalent Alternative Compliance
Measures for cases where on-site controls are impractical. Equivalent Measures
can include regional stormwater treatment and other specific projects that
“count” as SCMs, including certain affordable and senior housing projects, sig-
nificant redevelopment within the urban core, and Brownfield projects. This is
similar to in lieu fee programs that are sometimes implemented by municipali-
ties to provide additional regulated parties with compliance options (see discus-
sion in Chapter 6).

This approach is a breakthrough in terms of measuring environmental per-
formance, which is now focused only on what happens within the boundaries of
a site for a project. This myopic view tends to allow many environmentally un-
friendly projects that encourage sprawl and expand the city’s boundaries to qual-
ify as “low impact,” while more intense projects on a small footprint appear to
have a much higher impact because they cover so much of the site. San Jose
brought several other layers of review, including location in the watershed (close
to other uses or not) as a means of estimating performance. A PowerPoint pres-
entation describing their approach in greater detail is linked here
(http://www.cmcgce.com/media/handouts/260126/THR-PDF/040-Ketchum.PDF,
Lisa Nisenson, Nisenson Consulting, LLC, personal communication, May 8,
2007).

Unified Development Codes
A unified development code (UDC) consolidates development-related regu-
lations into a single code that represents a more consistent, logical, integrated,

and efficient means of controlling development. UDCs integrate zoning and
subdivision regulations, simplifying development controls that are often con-
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flicting, confusing, and that require multiple layers of review and administration.
UDC development standards may include circulation standards that address how
vehicles and pedestrians move, including provision for adequate emergency
access. Utility standards are described for water distribution and sewage collec-
tion, and necessary utility easements are prescribed. Because of the integrated
nature of the code, efficiencies in requirements for right-of-way can reduce
street widths or the reduction in setbacks, for example, resulting in more com-
pact development.

Design Review Incentives to Speed Permitting

A number of incentives have been put in place to promote innovative
stormwater control measures in cities such as Portland and Chicago, where envi-
ronmental concerns have been identified as a key goal for development and re-
development. Practices such as the waiver or reduction of development fees,
preferential treatment and review and approval of innovative plans, reduction in
stormwater fees, and related incentives encourage the use of innovative storm-
water practices. In Chicago, the Green Permit Program initiated in April 2005
has proven attractive to many developers as it speeds up the permitting process.
Under the Green Permit Program, a green building adviser reviews design plans
under an aggressive schedule long before a permit application is submitted.
There is one point of contact with intimate knowledge about the project to help
speed up the permit process. Projects going through the Green Permit Program
receive benefits based on their “level of green.” Tier | commercial projects are
designed to be Leadership in Energy and Environmental Design (LEED) certi-
fied (see Box 2-7). Tier Il projects must obtain LEED silver rating. At this
level, outside consultant review fees, which range from $5,000 to $50,000, are
waived. Tier Ill projects must earn LEED gold. The goal for a Tier Il project
is to issue a permit in three weeks for a small project such as a 12-unit condo
building. Thus, there is both time and money saved. Private developers are
interested in the time savings because they can pay less interest on their con-
struction loans by completing the building faster. By the end of 2005, 19 green
permits were issued. The program’s director estimated that about 50 would be
issued in 2006, which exceeds the city’s goal of 40.

In Portland, Oregon, the city’s Green Building Program is considering insti-
tuting a new High-Performance Green Building Policy. Along with goals for
reducing global warming pollution, it proposes (1) waiving development fees if
goals are exceeded by specified percentages and (2) eligibility for cash rewards
and qualification for state and federal financial incentives and tax credits if even
higher goals are achieved. Developers can earn credits by incorporating en-
hanced stormwater management and water conservation features into their pro-
jects, including the use of green roofs (Wenz, 2008).

**k*k
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BOX 2-7
Innovative Building Codes

An increased interest in energy conservation and more environmentally friendly build-
ing practices in general has led to various methods by which buildings can be evaluated for
environmentally friendly construction, in addition to conventional code compliance. The
most popular system in the United States is the Leadership in Energy and Environmental
Design (LEED) system developed in 2000.

The LEED Green Building Rating System is a voluntary, consensus-based national
rating system for developing high-performance, sustainable buildings. LEED addresses all
building types and emphasizes state-of-the-art strategies in five areas: sustainable site
development, water savings, energy efficiency, materials and resources selection, and
indoor environmental quality. The U.S. Green Building Council is a 501(c)(3) nonprofit
organization that certifies sustainable businesses, homes, hospitals, schools, and
neighborhoods.

The LEED system encourages progressive stormwater management practices as part
of its rating system. The LEED system has identified specific criteria, with points assigned
to each of the criteria, to assess the success of stormwater strategies. Generally, the crite-
ria are based on LID principles and practices and relate directly to the Better Site Design
Handbook of the Center for Watershed Protection (CWP, 1998). The system identifies
eight categories by which building sites and site-planning practices are evaluated. Of the
69 points possible to achieve the highest LEED rating, 16 points are directly related to in-
novative site design and stormwater management practices. Six of the eight criteria de-
scribing sound site-planning practices relate directly to good stormwater practices, includ-
ing the following:

Erosion and sediment control;
Site selection to protect farmland, wetlands, and watercourses;
Site design to encourage denser infill development to protect Greenfield sites;
Limitations on site disturbance;
Specific requirements for the management of stormwater rate and quantity; and

e  Specific requirements for the treatment of stormwater for TSS and phosphorous
removal.

The LEED rating system has been criticized because it focuses on individual buildings
in building sites. A new category, LEED neighborhood development, was developed in
response to consider the interrelationship of buildings and building sites and connections to
existing urban infrastructure. The category is currently in pilot testing. Evaluation criteria
related directly to stormwater include:

e  All requirements of the original site design criteria,

e A reduced requirement for parking based on access to transit and reduced auto
use, and

e  Site planning that emphasizes compact development.

There are parallel challenges in the realm of community development and
city building that tend to discourage innovative stormwater management policies
and practices. Building codes and zoning have evolved to reflect the complex
relationship of legal, political, and social processes and frequently do not pro-
mote or allow the most innovative stormwater management. Engineering stan-
dards and practices that guide the development of roads and utilities present
equal and possibly greater challenges, in that legal and technical precedents and
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Urban

hnp://msﬂﬁaf.@évﬁea

ter Mapage

&

nite

Mk the Ulied 378 ge No. 040708

98 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

large investments in public equipment and infrastructure present even more in-
tractable reasons to resist change.

The difficulty of implementing stormwater control measures cannot be at-
tributed to an individual code, standard, or regulation. It is important to unravel
the complexities of codes, regulations, ordinances, and standards and practices
that discourage innovative stormwater management and target the particular
element (or multiple elements) that is a barrier to innovation. Elements that are
barriers might not have been considered previously. For example, roadway de-
sign is controlled more by access for emergency equipment and utilities rights-
of-way than by the need for wide travel lanes; it is the fire marshal and the water
department that should be the focus of attention, rather than the transportation
engineer.

LIMITATIONS OF THE FEDERAL STORMWATER PROGRAM

The regulation of stormwater discharges seems an inevitable next step to the
CWA'’s objective of “restoring the nation’s waters,” and EPA’s stormwater pro-
gram is still evolving. Yet, in its current configuration EPA’s approach seems
inadequate to overcome the unique challenges of stormwater and therefore runs
the risk of only being partly effective in meeting its goals. A number of regula-
tory, institutional, and societal obstacles continue to hamper stormwater man-
agement in the United States, as described below.

The Poor Fit Between the Clean Water Act’s Regulatory
Approach and the Realities of Stormwater Management

Controlling stormwater discharges with the CWA introduces a number of
obstacles to effective stormwater regulation. Unlike traditional industrial efflu-
ent, stormwater introduces not only contaminants but also surges in volume that
degrade receiving waterbodies; yet the statute appears focused primarily on the
“discharge” of “pollutants.” Moreover, unlike traditional effluent streams from
manufacturing processes, the pollutant loadings in stormwater vary substantially
over time, making effluent monitoring and the development of enforceable con-
trol requirements considerably more challenging. Traditional use of end-of-pipe
control technologies and automated effluent monitors used for industrial effluent
do not work for the episodic and variable loading of pollutants in stormwater
unless they account for these eccentricities by adjustments such as flow-
weighted measurements. Finally, at the root of the stormwater problem is in-
creasingly intensive land use. Yet the CWA contains little authority for regula-
tors to directly limit land development, even though the discharges that result
from these developments increase stormwater loading at a predictably rapid
pace. The CWA thus expects regulators to reduce stormwater loadings, but
gives them incomplete tools for effectuating this goal.

Copyright © National Academy of Sciences. All rights reserved.
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A more straightforward way to regulate stormwater contributions to water-
body impairment would be to use flow or a surrogate, like impervious cover, as
a measure of stormwater loading (such as in the Barberry Creek TMDL [Maine
DEP, 2003, pp. 16-20] or the Eagle Brook TMDL [Connecticut DEP, 2007, pp.
8-10]). Flow from individual stormwater sources is easier to monitor, model,
and even approximate as compared to calculating the loadings of individual con-
taminants in stormwater effluent. Efforts to reduce stormwater flow will auto-
matically achieve reductions in pollutant loading. Moreover, flow is itself re-
sponsible for additional erosion and sedimentation that adversely impacts sur-
face water quality. Flow provides an inexpensive, convenient, and realistic
means of tracking stormwater contributions to surface waters. Congress itself
recently underscored the usefulness of flow as a measure for aquatic impair-
ments by requiring that all future developments involving a federal facility with
a footprint larger than 5,000 square feet ensure that the development achieves
predevelopment hydrology to the maximum extent technically feasible “with
regard to the temperature, rate, volume, and duration of flow” (Energy Inde-
pendence and Security Act of 2007, § 438). Several EPA regions have also used
flow in modeling stormwater inputs for TMDL purposes (EPA, 2007a, Potash
Brook TMDL, pp. 12-13).

Permitting and Enforcement

For industrial wastewater discharged directly from industrial operations
(rather than indirectly through stormwater), the CWA requirements are rela-
tively straightforward. In these traditional cases, EPA essentially identifies an
average manufacturer within a category of industry, like iron and steel manufac-
turers engaged in coke-making, and then quantifies the pollutant concentrations
that would result in the effluent if the industry installed the best available pollu-
tion control technology. EPA promulgates these effluent standards as national,
mandatory limits (e.g., see Table 2-7).

TABLE 2-7 Effluent Limits for Best Available Technology Requirements for By-product
Coke-making in Iron and Steel Manufacturing

Regulated Parameter Maximum Daily1 Maximum Monthly Average1
Ammonia-N 0.00293 0.00202

Benzo(a)pyrene 0.0000110 0.00000612

Cyanide 0.00297 0.00208

Naphthalene 0.0000111 0.00000616

Phenols (4AAP) 0.0000381 0.000238

pounds per thousand pound of product.
SOURCE: 40 C.F.R. § 420.13(a).

Copyright © National Academy of Sciences. All rights reserved.
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By contrast, the uncertainties and variability surrounding both the nature of
the stormwater discharges and the capabilities of various pollution controls for
any given industrial site, construction site, or municipal storm sewer make it
much more difficult to set precise numeric limits in advance for stormwater
sources. The quantity and quality of stormwater are quite variable over time and
vary substantially from one property to another. Natural causes of variation in
the pollutant loads in stormwater runoff include the topography of a site, the soil
conditions, and of course, the nature of storm flows in intensity, frequency, and
volume. In addition, the manner in which the facility stores and uses materials,
the amount of impervious cover, and sometimes even what materials the facility
uses can vary and affect pollutant loads in runoff from one site to another. To-
gether, these sources of variability, particularly the natural features, make it
much more difficult to identify or predict a meaningful “average” pollutant load
of stormwater runoff from a facility. As a result, EPA generally leaves it to the
regulated facilities, with limited oversight from regulators, to identify the appro-
priate SCMs for a site. Unfortunately, this deferential approach makes the per-
mit requirements vulnerable to significant ambiguities and difficult to enforce,
as discussed below for each permit type.

Municipal Stormwater Permits. MS4 permits are difficult to enforce be-
cause the permit requirements have not yet been translated into standardized
procedures to establish end-of-pipe numerical effluent limits for MS4 stormwa-
ter discharges. CWA Section 402(p) requires that pollutants in stormwater dis-
charges from the MS4 be reduced to the maximum extent practicable and com-
ply with water quality standards (when so required by the permitting authority).
However, neither EPA nor NPDES-delegated states have yet expressed these
criteria for compliance in numerical form.

The EPA has not yet defined MEP in an objective manner that could lead to
convergence of MS4 programs to reduce stormwater pollution. Thus, at present
MS4 permittees have no more guidance on the level of effort expected other
than what is stated in the CWA:

[S]hall require controls to reduce the discharge of pollutants to the
maximum extent practicable, including management practice, control
techniques and system, design and engineering methods, and such other
provisions as the Administrator or the State determines appropriate for
the control of such pollutants. [CWA Section 402(p)(3)(B)(iii)]

A legal opinion issued by the California Water Board’s Office of Chief
Counsel in 1993 stated that MEP would be met if MS4 permittees implemented
technically feasible SCMs, considering costs, public acceptance, effectiveness,
and regulatory compliance (Memorandum from Elizabeth Miller Jennings, Of-
fice of Chief Counsel, to Archie Matthews, Division of Water Quality, Califor-
nia Water Board, February 11, 1993). In its promulgation of the Phase Il Rule
in 1999, the EPA described MEP as a flexible site-specific standard, stating that:
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Urban

hnp://msﬂﬁaf.@évﬁea

ter Mapage

&

Unite

e the Uled 39S e No. 040711

THE CHALLENGE OF REGULATING STORMWATER 101

The pollutant reductions that represent MEP may be different for
each [MS4 Permittee] given the unique local hydrological and geologi-
cal concerns that may exist and the differing possible pollutant control
strategies. (64 Fed. Reg. 68722, 68754)

As matters stand today, MS4 programs are free to choose from the EPA’s
menu of SCMs, with MEP being left to the discretionary judgment of the im-
plementing municipality. Similarly, there are no clear criteria to be met for in-
dustrial facilities that discharge to MS4s in order for the MS4s to comply with
MEP. The lack of federal guidance for MS4s is understandable. A stormwater
expert panel convened by the California EPA State Water Board in 2006 (CA
SWB, 2006) concluded that it was not yet feasible to establish strictly enforce-
able end-of-pipe numeric effluent limits for MS4 discharges. The principal rea-
sons cited were (1) the lack of a design storm (because in any year there are few
storms sufficiently large in volume and/or intensity to exceed the design volume
capacity or flow rates of most treatment SCMs) and (2) the high variability of
stormwater quality influenced by factors such as antecedent dry periods, extent
of connected impervious area, geographic location, and land use.

Industrial and Construction Stormwater Permits. The industrial and
construction stormwater programs suffer from the same kind of deficiencies as
the municipal stormwater program. These stormwater discharges are not bound
by the MEP criterion, but they are required to comply with either technology-
based or, less often, water quality-based effluent limitations. In selecting SCMs
to comply with these limitations, the industrial discharger or construction opera-
tor similarly selects from a menu of options devised by the EPA or, in some
cases, the states or localities for their particular facility (EPA, 2006, p. 15). For
example, the regulated party will generally identify structural SCMs, such as
fences and impoundments that minimize runoff, and describe how they will be
installed. The SWPPP must also include nonstructural SCMs, like good house-
keeping practices, that require the discharger to minimize the opportunity for
pollutants to be exposed to stormwater. The SWPPP and the accompanying
SCMs constitute the compliance requirements for the stormwater discharger and
are essentially analogous to the numeric effluent limits listed for industrial efflu-
ents in the Code of Federal Regulations.

This set of requirements leaves considerable discretion to regulated parties
in several important ways. First, the regulations require the discharger to evalu-
ate the site for problematic pollutants; but where the regulated party does not
have specific knowledge or data, they need only offer “estimates” and “predic-
tions” of the types of pollutants that might be present at the site (EPA, 1996a,
pp. 1V-3, V-3). With the exception of visible features, the deferential site inves-
tigation requirements allow regulated parties to describe site conditions in ways
that may effectively escape accountability unless there is a vigorous regulatory
presence.

Copyright © National Academy of Sciences. All rights reserved.
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Second, dischargers enjoy considerable discretion in drafting the SWPPP
(EPA, 19964, p. IV-3). Despite EPA’s instructions to consider a laundry list of
considerations that will help the facility settle on the most effective plan (EPA,
2006, p. 20), rational operators may take advantage of the wiggle room and de-
velop ambiguous requirements that leave them with considerable discretion in
determining whether they are in compliance (EPA, 2006, pp. 15, 20, 132). In-
deed, the federal regulations do little to prevent regulated parties from devising
requirements that maximize their discretion. Instead, EPA describes many of
the permit requirements in general terms. For example, in its industrial storm-
water permit program the EPA commands the regulated party to “implement any
additional SCMs that are economically reasonable and appropriate in light of
current industry practice, and are necessary to eliminate or reduce pollutants in .
.. stormwater discharges” (EPA, 2006, p. 23).

EPA’s program provides few rewards or incentives for dischargers to go
beyond the federal minimum and embrace rigorous or innovative SCMs. In fact,
if the regulated party invests resources to measure pollutant loads on their prop-
erty, they are creating a paper trail that puts them at risk of greater regulation.
Under the EPA’s regulations, a regulated party “must provide a summary of
existing stormwater discharge sampling data previously taken at [its] facility,”
but if there are no data or sampling efforts, then the facility is off the hook
(EPA, 2006, p. 20). Quantitative measures can thus be incriminating, particu-
larly in a regulatory setting where the regulator is willing to settle for estimates.

Dilemma of Self-Monitoring

Unlike the wastewater program where there are relatively rigid self-
monitoring requirements for the end-of-pipe effluent, self-monitoring is much
more difficult to prescribe for stormwater discharges, which are variable over
time and space. [For example, compare 33 U.S.C. § 1342(a)(2)-(b)(2) (2000)
(outlining requirements for compliance under NPDES) with EPA, 2006, p. 26
(outlining requirements for self-compliance under EPA regulations.)] EPA’s
middle ground, in response to these challenges, requires self-monitoring of se-
lect chemicals in stormwater for only a subset of regulated parties—Phase |
MS4 permittees and a limited number of industrial facilities (see Table 2-8,
EPA, 2006, pp. 93-94). Yet even for these more rigid monitoring requirements,
the discharger enjoys some discretion in sampling. The EPA’s sampling guide-
lines do prescribe regular intervals for sampling but ultimately must defer to the
discharger insofar as requiring only that the samples should be taken within 30
minutes after the storm begins, and only if it is the first storm in three days
(EPA, 2006, p. 33).

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-8 Effluent Monitoring Requirements for Various Dischargers of Stormwater

Source Category

Type of Effluent Monitoring Required by EPA

Phase | MS4

Municipality must develop a monitoring plan that provides for rep-
resentative data collection. This requires the municipality, at the
very least, to select at least 5 to 10 of its most representative out-
falls for regular sampling and sample for selected conventional
pollutants and heavy metals in its effluent.

Phase Il MS4

None

Small subset of
highest risk indus-
tries, like hazardous
waste landfills

Must conduct compliance monitoring as specified in effluent guide-
lines and ensure compliance with these effluent limits. Must also
conduct visual monitoring and benchmark monitoring.

Larger subset of
higher risk industrial
dischargers

Benchmark monitoring: Must conduct analytic monitoring to deter-
mine whether effluent exceeds numeric benchmark values; com-
pliance with the numeric values is not required, however. Must
also conduct visual monitoring.

Remaining set of
industry except con-
struction

Visual monitoring: Must take four grab samples of stormwater ef-
fluent each year during first 30 minutes of a storm event and in-
spect the sample visually for contamination.

Construction (larger
than 5 acres)

Visual monitoring: Must take four grab samples of stormwater ef-
fluent each year during first 30 minutes of a storm event and in-
spect the sample visually for contamination.

Construction (be-
tween 1 and 5 acres)

Visual monitoring: Must take four grab samples of stormwater ef-
fluent each year during first 30 minutes of a storm event and in-

spect the sample visually for contamination.

Note: State regulators can and sometimes do require more—see Appendix C.

Moreover, while the monitoring itself is mandatory, the legal consequences
of an exceedance of a numerical limit vary and may be quite limited. For a
small number of identified industries, exceedances of effluent limits established
by EPA are considered permit violations (65 Fed. Reg. 64766). For the other
high-risk industries subject to benchmark monitoring requirements (see Table 2-
5), the analytical limits do not lead to violations per se, but only serve to “flag”
the discharger that it should consider amending its SWPPP to address the prob-
lematic pollutant (EPA, 2006, pp. 10, 30, 34). Although municipalities are re-
quired to do more extensive sampling of stormwater runoff and enjoy less sam-
pling discretion, even municipalities are allowed to select what they believe are
their most representative outfalls for purposes of monitoring pollutant loads
(EPA, 1996a. p. VIII-1).

A large subset of dischargers—the remaining industrial dischargers and
construction sites—are subject to much more limited monitoring requirements.
They are not required to sample contaminant levels, but instead are required
only to conduct a visual inspection of a grab sample of their stormwater runoff
on a quarterly basis and describe the visual appearance of the sample in a docu-
ment that is kept on file at the site (EPA, 2006, p. 28). Certainly a visual sample
is better than nothing, but the requirement allows the discharger not only some
discretion in determining how and when to take the sample (explained below),
but also discretion in how to describe the sample.
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A final set of regulated parties, the Phase 11 MS4s, are not required to per-
form any quantitative monitoring of runoff to test the effectiveness of SCMs
(EPA, 19964, p. 3).

Making matters worse, in some states there appear to be limited regulatory
resources to verify compliance with many of these permit requirements. Thus,
even though monitoring plans are subject to review and approval by permitting
agencies, there may be insufficient resources to support this level of oversight.
As shown in Appendix C, the total number of staff associated with state storm-
water programs is usually just a handful, except in cases of larger states (Cali-
fornia and Georgia) or those where there is a longer history of stormwater man-
agement (Washington and Minnesota). In its survey of state stormwater pro-
grams, the committee asked states how they tracked sources’ compliance with
the stormwater permits. For the 18 states responding to the questionnaire, re-
view of (1) monitoring data, (2) annual reports, and (3) SWPPP as well as on-
site inspections were the primary mechanisms. However, several states indi-
cated that they conduct an inspection only after receiving complaints. West
Virginia tracked whether industrial facilities submitted their required samples
and followed up with a letter if they failed to comply, but in 2006 it found that
over 65 percent of the dischargers were delinquent in their sampling. Although
the states were not asked in the survey to estimate the overall compliance rate,
Ohio admitted that at least for construction, “the general sense is that no site is
100 percent in compliance with the Construction General Permit” (see Appendix
C).

Even where considerable regulatory resources are dedicated to ensuring that
dischargers are in compliance, it is not clear how well regulators can independ-
ently assess compliance with the permit requirements. For example, some of the
permits will require “good housekeeping” practices that should take place daily
at the facility. Whether or how well these practices are followed cannot be as-
sessed during a single inspection. While a particularly non-compliant facility
might be apparent from a brief visual inspection, a facility that is mildly sloppy,
or at least has periods during which it is not careful, can escape detection on one
of these pre-announced audits. Facilities also know best the pollutants they gen-
erate and how or whether those pollutants might make contact with stormwater.
Inspectors might be able to notice some of these problems, but because they do
not have the same level of information about the operations of the facility, they
can be expected to miss some problems.

Identifying Potentially Regulatable Parties

Evidence suggests that a sizable percentage of industrial and construction
stormwater dischargers are also failing to self-identify themselves to regulators,
and hence these unreported dischargers remain both unpermitted and unregu-
lated (GAO, 2005; Duke and Augustenborg, 2006). In contrast to industrial
pipes that carry wastes from factories out to receiving waters, the physical pres-
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ence of stormwater dischargers may be less visible or obvious. Thus, particu-
larly for some industries and construction, if a stormwater discharger does not
apply for a permit, the probability of detecting it is quite low.

In Maine, less than 20 percent of the stormwater dischargers that fall within
the regulatory jurisdiction of the federal stormwater program actually applied for
permits before 2005—more than a decade after the federal regulations were
promulgated (Richardson, 2005). Yet there is no record of enforcement action
taken by Maine against the unpermitted dischargers during that interim period.
Indeed, in the one enforcement action brought by citizens in Maine for an un-
permitted discharge, the discharger claimed ignorance of the stormwater pro-
gram. In Washington, the State Department of Ecology speculates that between
10 and 25 percent of all businesses that should be covered by the federal storm-
water permit program are actually permitted (McClure, 2004). In a four-state
study, Duke and Augustenborg (2006) found a higher percentage of stormwater
dischargers—between 50 and 80 percent—had applied for permits by 2004, but
they concluded that this was still “highly incomplete” compliance for an estab-
lished permit program.

In 2007, the committee sent a short survey to each state stormwater program
inquiring as to whether and how they tracked non-filing stormwater dischargers,
but only six states replied to the questions and only two of the six states had any
methods for tracking non-filers or conducting outreach to encourage all covered
parties to apply for permits (see Appendix C). While the low response rate can-
not be read to mean that the states do not take the stormwater program seriously,
the responses that were received lend some support to the possibility that there is
substantial noncompliance at the filing stage.

In response to this problem of unpermitted discharges, the EPA appears to
be targeting enforcement against stormwater dischargers that do not have per-
mits. In several cases, the EPA pursued regulated industries that failed to apply
for stormwater permits (EPA Region 9, 2005; Kaufman et al., 2005). The EPA
has also brought enforcement actions against at least three construction compa-
nies for failing to apply for a stormwater permit for their construction runoff
(EPA Region 1, 2004). Such enforcement actions help to make the stormwater
program more visible and give the appearance of a higher probability of en-
forcement associated with non-compliance. Nevertheless, the non-intuitive fea-
tures of needing a permit to discharge stormwater, coupled with a rational per-
ception of a low probability of being caught, likely encourage some dischargers
to fail to enter the regulatory system.

Absence of Regulatory Prioritization
Many states have been overwhelmed with the sheer numbers of permittees,

particularly industry and construction sites, and lack a prioritization strategy to
identify high-risk sources in particular need of rigorous and enforceable permit

Copyright © National Academy of Sciences. All rights reserved.
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conditions. For example, in California major facilities like the Los Angeles In-
ternational Airport and the Los Angeles and Long Beach ports are covered under
California’s MSGP along with a half-acre metal plating facility in El Segundo—
all subject to the same level of compliance scrutiny even after nearly two dec-
ades of implementation! Similarly, a multiphase, 20-year, thousand-acre resi-
dential development such as Newhall Land Development in North Los Angeles
County is covered by the same California CGP as a one-acre residential home
construction project in West Los Angeles, and subject to the same level of com-
pliance scrutiny. The lack of an EPA strategy to identify and address high-risk
industrial facilities and construction sites (i.e., those that pose the greatest risk of
discharging polluted stormwater) remains an enormous deficiency. Phase |
MS4s, for example, are left to their own devices to determine how to identify the
most significant contributors to their stormwater systems (Duke, 2007).

Limited Public Participation

Public participation is more limited in the stormwater program in compari-
son to the wastewater permit program, providing less citizen-based oversight
over stormwater discharges. Typically, during the issuance of an individual
NPDES permit (for either wastewater or stormwater) the public has a chance to
comment and review the draft permit requirements that are specifically pre-
scribed for a certain site and discharge. While the same is true about the public
participation during the adoption of a general stormwater permit, those general
permits contain only the framework of the requirements and the menu of condi-
tions, but do not prescribe specific requirements. Instead, it is up to the permit-
tee to tailor the compliance to the specific conditions of the site in the form of a
SWPPP. However, at this phase neither the public nor the regulators have ac-
cess to the site-specific plan developed by the permittee to comply with the ob-
ligations of the permit. In the case of general permits, then, the discharger has
enormous flexibility in designing its compliance activities.

Citizens also encounter difficulties in enforcing stormwater permit require-
ments. Citizens have managed to sue facilities for unpermitted stormwater dis-
charges: this is a straightforward process because citizens need only verify that
the facility should be covered and lacks a permit (Richardson, 2005). Oversee-
ing facility compliance with stormwater permit requirements is a different story,
however, and citizens are stymied at this stage of ensuring facility compliance.
Citizens can access a facility’s SWPPP, but only if they request the plan from
the facility in writing (EPA, 2006, p. 25). Moreover, the facility is given the
authority to make a determination—apparently without regulator oversight—of
whether the plan contains confidential business information and thus cannot be
disclosed to citizens (EPA, 2006, p. 26). But, even if the facility sends the plan
to the citizens, it will be nearly impossible for them to independently assess
whether the facility is in compliance unless the citizens station telescopes,
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conduct air surveillance of the site, or are allowed to access the facility’s records
of its own self-inspections. Moreover, to the extent that the stormwater outfalls
are on the facility’s property, citizens might not be able to conduct their own
sampling without trespassing.

Not surprisingly, significant progress has nevertheless been made in reduc-
ing stormwater pollution when stormwater becomes a visible public issue. This
increased visibility is often accomplished with the help of local environmental
advocacy groups who call attention to the endangered species, tourism, or drink-
ing water supplies that are jeopardized by stormwater contamination. Box 2-8
describes two cases of active public participation in the management of storm-
water.

BOX 2-8
Citizen Involvement/Education in Stormwater Regulations

The federal Clean Water Act, under Section 505, authorizes citizen groups to bring an
action in U.S. or state courts if the EPA or a state fails to enforce water quality regulations.
Unsurprisingly, the few areas nationally where stormwater quality has become a visible
public issue and significant progress has been made in reducing stormwater pollution have
prominent local environmental advocacy groups actively involved.

Heal the Bay, Santa Monica, California. In Southern California, Santa Monica-
based Heal the Bay has utilized research, education, community action, public advocacy,
and political activism to improve the quality of stormwater discharges from MS4s in South-
ern California. Heal the Bay operates an aquarium to educate the public, conducts stream
teams to survey local streams, posts a beach report card on the web to inform swimmers
on beach quality, appears before the California Water Boards to comment on NPDES
stormwater permits, and works with lawmakers to sponsor legislative bills that protect water
quality.

In 1998, the organization helped co-author legislation to notify the public when shore-
line water samples show that water may be unsafe for swimming. California regulations
(AB411) require local health agencies (county or city) to monitor water quality at beaches
that are adjacent to a flowing storm drain and have 50,000 visitors annually (from April 1 to
October 31). At a minimum, these beaches are tested on a weekly basis for three specific
bacteria indicators: total coliform, fecal coliform, and enterococcus. Local health officials
are required to post or close the beach, with warning signs, if state standards for bacterial
indicators are exceeded. The monitoring data collected are available to the public.

In order to better inform and engage the public, Heal the Bay has followed up with a
web-based Weekly Beach Report Card (http:/healthebay.org/brc/statemap.asp) and the
release of an Annual California Beach Report Card assigning an “A” to “F” letter grade to
more than 500 beaches throughout the state based on their levels of bacterial pollution.
Heal the Bay's Annual Beach Report Card is a comprehensive evaluation of California
coastal water quality based on daily and weekly samples gathered at beaches from Hum-
boldt County to the Mexican border. A poor grade means beachgoers face a higher risk of
contracting illnesses such as stomach flu, ear infections, upper respiratory infections, and
skin rashes than swimmers at cleaner beaches.

Heal the Bay was instrumental in passing Proposition O in the City of Los Angeles
which sets aside half a billion dollars to improve the quality of stormwater discharges. In
the 2007 term of the California Legislature, the organization has sponsored five legislative
bills to address marine debris, including plastic litter transported in stormwater runoff, that

continues next page
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Box 2-8 Continued

foul global surface waters (Currents, Vol. 21, No. 2, p.8, 2007). Heal the Bay also coordi-
nates its actions and partners with other regional and national environmental organizations,
such as the WaterKeepers and the NRDC, in advancing water quality protection nationally.

Save Our Springs, Austin, Texas. Citizen groups have played a very influential role
in the development of a rigorous stormwater control program in the City of Austin, Texas.
Catalyzed in 1990 by a proposal for extensive development that threatened the fragile Bar-
ton Springs area, a citizens group named Save Our Springs Legal Defense Fund (later
renamed Save our Springs Alliance) formed to oppose the development. It orchestrated an
infamous all-night council meeting, with 800 citizens registering in opposition to the pro-
posed development and ultimately led to the City Council’s rejection of the 4,000-acre pro-
posal and the formulation of a “no degradation” policy for the Barton Creek watershed. The
nonprofit later sponsored the Save Our Springs Ordinance, a citizen initiative supported by
30,000 signatures, which passed by a 2 to 1 margin in 1992 to further strengthen protection
of the area. The Save Our Springs Ordinance limits impervious cover in the Barton Springs
watershed to a maximum of between 15 and 25 percent, depending on the location of the
development in relation to the recharge and contributing zones. The ordinance also man-
dates that stormwater runoff be as clean after development as before. The ordinance was
subject to a number of legal challenges, all of which were successfully defended by the
nonprofit in a string of court battles.

Since its initial formation in 1990, the Save Our Springs Alliance has continued to
serve a vital role in educating the community about watershed protection and organizing
citizens to oppose development that threatens Barton Springs. The organization has also
been instrumental in working with a variety of government and nonprofit organizations to
set aside large areas of parkland and open spaces within the watershed. Other citizen
groups, like the Save Barton Creek Association, also play a very active, complementary
role to the Save Our Springs Alliance in protecting the watershed. These other nonprofits
are sometimes allied and sometimes diverge to take more moderate stances to develop-
ment proposals. The resulting constellation of citizen groups, citizen outreach, and com-
munity participation is very high in the Austin area and has unquestionably led to a much
more informed citizenry and a more rigorous watershed protection program than would
exist without such grassroots leadership.

Accounting for Future Land Use

One of the challenges of managing stormwater from urban watersheds thus
involves anticipating and channeling future urban growth. Currently, the CWA
does little to anticipate and control for future sources of stormwater pollution in
urban watersheds. Permits are issued individually on a technology-based basis,
allowing for uncontrolled cumulative increases in pollutant and volume loads
over time as individual sources grow in number. The TMDL process in theory
requires states to account for future growth by requiring a “margin of safety” in
loading projections. However, it is not clear how frequently future growth is
included in individual TMDLs or how vigorous the growth calculations are (for
example, see EPA [2007a, pp. 12, 37], mentioning considerations of future land
use as a consideration in stormwater related TMDLs for only a few—Potash
Brook and the lower Cuyahoga River—of the 17 TMDLs described in the re-
port). In any event, as already noted a TMDL is generally triggered only after
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waters have been impaired, which does nothing to anticipate and channel land
development before waters become degraded.

The fact that stormwater regulation and land-use regulation are largely de-
coupled in the federal regulatory system is understandable given the CWA’s
industrial and municipal wastewater focus and concerns about federalism, but
this limited approach is not a credible approach to stormwater management in
the future. Federal incentives must be developed to encourage states and mu-
nicipalities to channel growth in a way that acknowledges, estimates, and mini-
mizes stormwater problems.

Picking up the Slack at the Municipal and State Level

Because it involves land use, any stormwater discharge program strikes at a
target that is traditionally within the province of state and even more likely local
government regulation. Indeed, it is possible that part of the reason for the
EPA’s loosely structured permit program is its concern about intruding on the
province of state and local governments, particularly given their superior exper-
tise in regulating land-use practices through zoning, codes, and ordinances.

In theory, it is perfectly plausible that some state and local governments will
step into the void and overcome some of the problems that afflict the federal
stormwater discharge program. If local or state governments required manda-
tory monitoring or more rigorous and less ambiguous SCMs, they would make
considerable progress in developing a more successful stormwater control pro-
gram. In fact, some states and localities have instituted programs that take these
steps. For example, Oregon has established its own benchmarks based on indus-
trial stormwater monitoring data, and it uses the benchmark exceedances to deny
industries coverage under Oregon’s MSGP. In such cases, the facility operator
must file for an individual stormwater discharge NPDES permit. Some munici-
palities are also engaging in these problems, such as the City of Austin and its
ban on coal tar sealants.

Despite these bursts of activity, most state and local governments have not
taken the initiative to fill the gaps in the EPA’s federal program (see Tucker
[2005] for some exceptions). Because they involve some expense, stormwater
discharge requirements can increase resident taxes, anger businesses, and strain
already busy regulatory staff. Moreover, if the benefits of stormwater controls
are not going to materialize in waters close to or of value to the community in-
stituting the controls, then the costs of the program from the locality’s stand-
point are likely to outweigh its benefits. Federal financial support for state and
local stormwater programs is very limited (see section below). Until serious
resources are allocated to match the seriousness and complexity of the problem
and the magnitude of the caseload, it seems unlikely that states and local com-
munities will step in to fill the gaps in EPA’s program. These impediments help
explain why there appear to be so many stormwater sources out of compliance
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with the stormwater discharge permit program as discussed above, at least in the
few states that have gone on record.

Funding Constraints

Without a doubt, the biggest challenge for states, regions, and municipali-
ties is having adequate fiscal resources dedicated to implement the stormwater
program. Box 2-9 highlights the costs of the program for the State of Wiscon-
sin, which has been traditionally strong in stormwater management. Phase |
regulations require that a brief description of the annual proposed budget for the
following year be included in each annual report, but this requirement has been
dispensed with entirely for Phase I1.

Ever since the promulgation of the stormwater amendments to the CWA
and the issuance of the stormwater regulations, the discharger community
pointed out that this statutory requirement had the flavor of an unfunded man-
date. Unlike the initial CWA that provided significant funding for research,
design, and construction of wastewater treatment plants, the stormwater
amendments did not provide any funding to support the implementation of the
requirements by the municipal operators. The lack of a meaningful level of in-
vestment in addressing the more complex and technologically challenging prob-
lem of cleaning up stormwater has left states and municipalities in the difficult
position of scrambling for financial support in an era of multiple infrastructure
funding challenges.

While a number of communities have passed stormwater fees linked to wa-
ter quality as described below, a significant number of communities still do not
have that financial resource. Municipalities that have not formed utility districts
or imposed user fees have had to rely on general funds, where stormwater permit
compliance must compete with public safety, fire protection, and public librar-
ies. This circumstance explains why elected local government officials have
been reluctant to embrace the stormwater program. Stormwater quality man-
agement is often not regarded as a municipal service, unlike flood control or
wastewater conveyance and treatment. A concerted effort will need to be made
by all stakeholders to make the practical and legal case that stormwater quality
management is truly another municipal service like trash collection, wastewater
treatment, flood control, etc. Even in states that do collect fees to finance
stormwater permit programs, the programs appear underfunded relative to other
types of water pollution initiatives. Table 2-10 shows the water quality budget
of the California EPA, Los Angeles Regional Water Board. The amount of
money per regulated entity (see Table 2-4) dedicated to the stormwater program
pales in comparison to the wastewater portion of the NPDES program, and it has
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BOX 2-9
Preliminary Cost Estimates for Complying with
Stormwater Discharge Permits in Wisconsin

The Wisconsin Department of Natural Resources (WDNR) was delegated authority un-
der the CWA to administer the stormwater permit program under Chapter NR 216. There are
75 municipalities regulated under individual MS4 permits and 141 MS4s regulated under a
general permit for a total of 216 municipalities with stormwater discharge permits.

As part of the “pollution prevention” minimum measure the municipalities are required to
achieve compliance with the developed urban area performance standards in Chapter NR
151.13. By March 10, 2008, municipalities subject to a municipal stormwater permit under NR
216 must reduce their annual TSS loads by 20 percent. These same permitted municipalities
are required to achieve an annual TSS load reduction of 40 percent by March 10, 2013. The
reduction in TSS is compared to no controls, and any existing SCMs will be given credit
toward achieving the 20 or 40 percent. As part of their compliance with NR151.13 developed
area performance standards, the municipalities are preparing stormwater plans describing
how they will achieve the 20 and 40 percent TSS reduction. They are required to use an
urban runoff model, such as WinSLAMM or P8, to do the pollutant load analysis.

As the permitted municipalities comply with the six minimum control measures and sub-
mit the stormwater plans for their developed area urban areas, the WDNR is learning how
much it is going to cost to achieve the requirements in the stormwater discharge permits.
Some cities have already been submitting annual reports that include the cost of the six
minimum measures. Nine of the permitted municipalities in the southeast part of Wisconsin
have been submitting their annual reports for at least four years. The average population of
these nine communities is 17,700 with a range of about 6,000 to 65,000. The average cost of
the six minimum measures in 2007 for the nine municipalities is $162,900 with a range of
$11,600 to $479,000. These costs have not changed significantly from year to year. The
average per capita cost is $9 with a range of $1 to $16 per person. Street cleaning and catch
basin cleaning (Figures 2-3 and 2-4) cost are included in the cost for the pollution prevention
measure, and most of the cities were probably incurring costs for these two activities before
the issuing of the permit. On average the street cleaning and catch basin cleaning represent
about 40 percent of the annual cost for the six minimum measures. These two activities will
help the cities achieve the 20 and 40 percent TSS performance standards for developed
urban areas.

Information is available on the preliminary cost of achieving the 40 percent TSS perform-
ance standard for selected cities in Wisconsin. The costs were prepared for 15 municipalities
by Earth Tech Inc. in Madison, Wisconsin. Areas of the municipality developed after October
2004 are not included in the TSS load analysis. At this point in the preparation of the storm-
water plans the costs are just capital cost estimates done at the planning level (Table 2-9).
Because the municipalities receive credit for their existing practices, these capital costs
represent the additional practices needed to achieve the annual 40 percent TSS reduction.
The costs per capita appear to decline for cities with a population over 50,000. All of the
costs in Table 2-9 will increase when other costs, such as maintenance and land cost, are
included.

For most of the 15 municipalities, the capital costs are for retrofitting dry ponds with per-
manent pools, installing new wet detention ponds, and improved street cleaning capabilities.
Because of their lower cost, the regional type practices have received more attention in the
stormwater plans than the source area practices, such as proprietary devices and biofilters.
Municipalities with a higher percentage of newer areas will usually have lower cost because
the newer developments tend to have stormwater control measures designed to achieve a
high level of TSS control, such as wet detention ponds. Older parts of a municipality are
usually limited to practices with a lower TSS reduction, such as street cleaning and catch
basin cleaning. Of course, retrofitting older areas with higher efficiency practices is expensive,

continues next page
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BOX 2-9 Continued

and the cost can go higher than expected when unexpected site limitations occur, such as
the presence of underground utilities.

Over the next five years all of the 15 municipalities must budget the costs in Table 2-9.
It is not clear yet how much of a burden these costs represent to the taxpayers in each
municipality. All the permits will be reviewed for compliance with the performance stan-
dards in 2013.

TABLE 2-9 Planning-Level Capital Cost Estimate to Meet 40 Percent TSS Reduction

. . Avg. Cost per Capita
; Number Average Minimum Maximum
Population R per Year over 5
of Cities Cost ($) Cost ($) Cost ($) Years (§)

5,000 to

10,000 5 1,380,000 425,000 2,800,000 34

10,000 to

50,000 6 4,600,00 2,700,00 9,200,000 35

50,000 to

100,000 4 9,200,000 | 7,000,000 12,500,000 26

SOURCE: Reprinted, with permission, from James Bachhuber, Earth Tech Inc., personnel
communication (2008). Copyright 2008 by James Bachhuber, Earth Tech Inc.

FIGURE 2-3

Catch

University of Alabama.

basin
cleaning. SOURCE: Robert Pitt,

FIGURE 2-4 Street cleaning.
SOURCE: Courtesy of the
U.S. Geological Survey.
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TABLE 2-10 Comparison of Fiscal Year (FY) 02-03 Budget with FY 06-07 Budget for
Water Quality Programs at the California EPA, Los Angeles Regional Water Board

Program Funding Source 2002-2003 2006-2007
NPDES' Federal $2.8 million $2.6 million
Stormwater State $2.3 million $2.1 million
TMDLs Federal $1.47 million $1.38 million
Spills, Leaks, Investigation State $1.32 million $2.87 million
Cleanup

Underground Storage Tanks State $2.78 million $2.74 million
Non-Chapter 15 (Septics) State $0.93 million $0.93 million
Water Quality Planning Federal $0.2 million $0.21 million
Well Investigation State $1.36 million $0.36 million
Water Quality Certification Federal $0.2 million $0.23 million
Total $17.1 million $15.82 million

"The NPDES row is entirely wastewater funding, as there is no federal money for imple-
menting the stormwater program. Note that the stormwater program in the table is entirely
state funded.

declined over time. Furthermore, of the more than $5 billion dollars in low-
interest loans provided in 2006 for investments in water quality improvements,
96 percent of that total funding went to wastewater treatment (EPA, 2007d).

There are a number of potential methods that agencies can use to collect
stormwater quality management fees, as described more extensively in Chapter
5. A number of states now levy permit fees, with some permits costing in ex-
cess of $10,000, to help defray the costs of implementation and enforcement of
their stormwater programs. The State of Colorado, for example, has developed
an elaborate fee structure for separate types of general permits for industry and
construction, as well as MS4s (see http://www.cdphe.state.co.us/wq/permitsunit/
stormwater/StormwaterFees.pdf). The ability of a state agency to collect fees
generally must first be authorized by the state legislatures (see, e.g., Revised
Code of Washington 90.48.465, providing the state agency with the authority to
“collect expenses for issuing and administering each class of permits”). The
lack of state legislative authorization may limit some state agencies from creat-
ing such programs on their own. In fact, in those states where fees cannot be
levied against permittees, the stormwater programs appear to be both underfi-
nanced and understaffed. Some municipalities have even experienced political
backlash because of the absence of a strong state or federal program requiring
them to engage in rigorous stormwater management (see Box 2-10).

Stormwater Management Expertise
Historically, engineering curriculum dealt with stormwater management by

focusing on the flood control aspects, with little attention given to the water
quality aspects. Thus, there has been a significant gap in knowledge and a lack

Copyright © National Academy of Sciences. All rights reserved.




Urban

http://wma:ﬁﬁe‘a

ter Mapage

&

Unite

Mk the UAled 378 ge No. 040724

114 URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

BOX 2-10
A City’s Ability to Pay for Stormwater, Water, and Sewage Utility Fees

With the implementation of the stormwater permit program of the CWA, stormwater utilities
are becoming more common as a way to jointly address regional stormwater quality and drain-
age issues. One such program is the Jefferson County, Alabama, Storm Water Management
Authority (SWMA), formed in 1997 under state legislation that enables local governments to pool
their resources in a regional stormwater authority to meet regulations required by the CWA.
Jefferson County, the City of Birmingham, and 22 other regional municipalities in Jefferson, part
of Shelby and part of St. Clair counties, Alabama, were required to comply with CWA regula-
tions. The act gave the stormwater program the ability to develop a funding mechanism for the
program and to form a Public Corporation.

Over the years, SWMA has been responsible for many activities. One of their first goals
was to develop a comprehensive GIS database to map outfalls, land uses, stormwater practices,
and many other features that were required as part of the permit program. Another major
activity conducted by SWMA was the collection of water samples from about 150 sites in the
authority’s jurisdiction, both during wet and dry weather. SWMA also inspects approximately
4,000 outfalls during dry weather to check for inappropriate connections to the storm drainage
system. SWMA coordinates public volunteer efforts with local environmental groups, including
the Alabama Water Watch, the Alabama River Alliance, the Black Warrior Riverkeeper, and the
Cahaba River Society. SWMA also inspects businesses and industries (including construction
sites) within their jurisdictions that are not permitted by the Alabama Department of Environ-
mental Management (ADEM). SWMA does not enforce rules or issue fines, although it can
report violators to the state. In its most famous case, it reported McWane Inc. for pollution that
led to investigations by the state and the federal government, and ultimately a trial and criminal
convictions.

The Birmingham News (Bouma, 2007) reported that from 1997 to 2005, SWMA's responsi-
bilities under the CWA increased substantially, although their fees did not rise. In late 2005,
SWMA proposed that member cities increase their stormwater charges from $5 a year to $12 a
year per household for residences and from $15 to $36 per year for businesses. At that point,
the Business Alliance for Responsible Development (BARD), a group of large businesses,
utilities, mining interests, developers and landowners, began to argue that the group was
financially irresponsible, and its attorneys convinced member cities that they could save money
by withdrawing from SWMA. Even though SWMA withdrew its fee increase request, many local
municipalities have pulled out of SWMA, significantly reducing the agency’s budget and ability to
conduct comprehensive monitoring and reporting. BARD claims the pollution control programs
of the ADEM are sufficient. In their countersuit, several environmental groups maintain that
ADEM has failed to adequately protect the state’s waters because the agency is underfunded,
understaffed, and ineffective at enforcement. Much of the Cahaba and Black Warrior River
systems within Jefferson County have such poor water quality that they frequently violate water
quality standards (http://www.southernenvironment.org). SWMA has been significantly impaired
in its ability to monitor and report water quality violations with the withdrawal of many of its
original member municipalities and the associated reduced budget.

At the same time, the sewer bill for a family of four in the region is expected to be about
$63 per month in 2008. Domestic water rates have also increased, up to about $32 per month
(The Birmingham News, Barnett Wright, December 30, 2007). Domestic water rates have
increased in recent years in attempts to upgrade infrastructure in response to widespread and
long-lasting droughts and to cover rising fuel costs. It is ironic that stormwater management
agency fees are very small compared to these other urban water agency fees per household by
orders of magnitude. The $12 per year stormwater fee was used to justify the dismantling of an
agency that was doing its job and identifying CWA violators. In order to bring some reasonable-
ness to the stormwater management situation and expected fees, it may be possible for the EPA
to re-examine its guidelines of 2 percent of the household income for sewer fees to reflect other
components of the urban water system, and to ensure adequate enforcement of existing regula-
tions, especially by underfunded state environmental agencies.
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of qualified personnel. In areas where SCMs are just beginning to be intro-
duced, many municipalities, industrial operators, and construction site operators
are not prepared to address water quality issues; the problem is especially diffi-
cult for smaller municipalities and operators. The profession and academia are
moving to correct this shortfall. Professional associations such as the Water
Environment Federation (WEF) and the American Society for Civil Engineers
(ASCE) are co-authoring an update of the WEF/ASCE Manual of Practice “De-
sign of Urban Runoff Controls” that integrates quality and quantity, after years
of issuing separate manuals of design and operation for the water quality and
water quantity elements of stormwater management.

The split between water quantity and quality is evident in municipal efforts
that have focused primarily on flood control issues and design of appropriate
appurtenances tailored for this purpose. As discussed earlier, most municipal
codes specify practices to collect and move water away as fast as possible from
urbanized areas. Very little focus has been put on practices to mitigate the qual-
ity of the stormwater runoff. This is especially true in urbanized areas with
separate municipal storm sewer systems. Even the designation “sewer” is bor-
rowed from the sanitary sewer conveyance system terminology. In arid or semi-
arid areas, these flood control systems have been maximally engineered such
that river beds have become concrete channels. A typical example is the Los
Angeles River, which most of the year resembles an empty freeway. This
analysis does not intend to minimize the engineering feat of designing a robust
and reliable flood control system. For example, during the unusually wet 2005
season in Southern California, the Los Angeles area did not have any major
flooding incidents. However, based on recent studies (Stein and Ackerman,
2007) up to 80 percent of the annual metals loading from six watersheds in the
Los Angeles area was transported by stormwater events.

Because of the historical lack of focus on stormwater quality, municipal de-
partments in general are not designed to address the issue of pollution in urban
runoff. Just recently and due to the stormwater regulations, cities have been
adding personnel and creating new sections to deal with the issue. However,
because of the complexities of the task, many duties are spread among various
municipal departments, and more often than not coordination is still lacking.
Perhaps most problematic is the fact that the local governmental entities in
charge of stormwater management are often different from those that oversee
land-use planning and regulation. This disconnect between land-use planning
and stormwater management is especially true for large cities. It is not unusual
for program responsibilities to be compartmentalized, with industrial aspects of
the program handled by one group, construction by another, and planning and
public education by other distinct units. Smaller cities may have one person
handling all aspects of the program assisted by a consulting firm. While coordi-
nation may be ensured, the task can be overwhelming for a single staff person.

Beyond water quality issues, training to better understand the importance of
volume control and the role of LID has not yet reached many practitioners.
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Many established practices and industry standards in the fields of civil, geotech-
nical, and structural engineering were developed prior to the introduction of the
current group of SCMs and can unnecessarily limit their use. Indeed, certain
SCMs such as porous landscape detention, extended detention, and vegetated
swales require special knowledge about soils and appropriate plant communities
to ensure their longevity and ease of maintenance.

Supplementing the Clean Water Act with Other Federal
Authorities that Can Control Stormwater Pollutants at
the Source

EPA does have other supplemental authorities that are capable of making
significant progress in reducing or even eliminating some of the problematic
stormwater pollutants at the national level. Under both the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) and the TSCA, for example, EPA
could restrict some of the most problematic pollutants at their source by requir-
ing labels that alert consumers to the deleterious water quality impacts caused by
widely marketed chemical products, restricting their use, or even banning them.
This source-based regulation bypasses the need of individual dischargers or
governments to be concerned with reducing the individual contaminants in
stormwater.

The City of Austin’s encounter with coal tar-based asphalt sealants provides
an illustration of the types of products contributing toxins to stormwater dis-
charges that could be far better controlled at the production or marketing stage.
Through detective work, the City of Austin learned that coal tar-based asphalt
sealants leach high levels of polycyclic aromatic hydrocarbons (PAHS) into sur-
face waters (Mahler et al., 2005; Van Metre et al., 2006). The city discovered
this because the PAHs were found in sediments in Barton Springs, which were
in turn leading to the decline of the endangered Barton Creek salamander
(Richardson, 2006). By tracing upstream, the city was able to find the culprit—
a parking lot at the top of the hill that was recently sealed with coal tar sealant
and produced very high PAH readings. Further tests revealed that coal tar seal-
ants typically leach very high levels of PAHSs, but other types of asphalt sealants
that are not created from coal tar are much less toxic to the environment and are
no more expensive than the coal tar-based sealants (City of Austin, 2004). As a
result of its findings, the City of Austin banned the use of coal tar-based asphalt
sealants. Several retailers, including Lowes and Home Depot followed the
city’s lead and refused to carry coal tar sealants. Dane County in the State of
Wisconsin has now also banned coal tar sealants™.

! See, e.g., Coal Tar-based pavement sealants studied, Science Daily, February 12, 2007,
available at http://www.sciencedaily.com/upi/index.php?feed=Science&article=UPI-1-2007
0212-10255500-bc-us-sealants.xml; Matthew DeFour, Dane County bans Sealants with
Coal Tar, Wisconsin State Journal, April 6, 2007, available at http://www.madison.com/
wsj/home/local/index.php?ntid=128156&ntpid=5.
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For reasons that appear to inure to the perceived impotency of TSCA and
the enormous burdens of restricting chemicals under that statute, EPA declined
to take regulatory action under TSCA against coal tar sealants (Letter from
Brent Fewell, Acting Assisting Administrator, U.S. EPA, to Senator Jeffords,
October 16, 2006, p. 3). Yet, it had authority to consider whether this particular
chemical mixture presents an “unreasonable risk” to health and the environment,
particularly in comparison to a substitute product that is available at the same or
even lower price [15 U.S.C. § 2605(a); Corrosion Proof Fittings vs. EPA, 947
F.2d 1201 (5th Cir. 1991)]. Indeed, if EPA had undertaken such an assessment,
it might have even discovered that the coal tar sealants are not as inferior as
Austin and others have concluded; alternatively it could reveal that these seal-
ants do present an “unreasonable risk” since there are substantial risks from the
sealant without corresponding benefits, given the availability of a less risky sub-
stitute.

A similar situation holds for other ubiquitous stormwater pollutants, such as
the zinc in tires, roof shingles, and downspouts; the copper in brake pads; heavy
metals in fertilizers; creosote- and chromated copper arsenate (CCA)-treated
wood; and de-icers, including road salt. Each of these sources may be contribut-
ing toxins to stormwater in environmentally damaging amounts, and each of
these products might have less deleterious and equally cost-effective substitutes
available, yet EPA and other federal agencies seem not to be undertaking any
analysis of these possibilities. The EPA’s phase-out of lead in gasoline in the
1970s, which led to measurable declines in the concentrations of lead in storm-
water by the mid-1980s (see Figure 2-5), may provide a model of the type of
gradual regulatory ban EPA could use to reduce contaminants in products that
are non-essential.

Some states are taking more aggressive forms of product regulation. For
example, in the mid-1990s, numerous scientific studies conducted in California
by stormwater programs, wastewater treatment plants, the University of Califor-
nia, California Water Boards, the U.S. Geological Survey, and EPA showed
widespread toxicity in local creeks, stormwater runoff, and wastewater treatment
plant effluent from pesticide residues, particularly diazinon and chlopyrifos
(which are commonly used organophosphate pesticides available in hundreds of
consumer products) (Kuivila and Foe, 1995; MacCoy et al., 1995). As a result,
the California Water Boards and EPA listed many waters in urban areas of Cali-
fornia as being impaired in accordance with CWA Section 303(d). Many cities
and counties were required to implement expensive programs to control the pol-
lution under the MS4 NPDES permits to restore the designated beneficial uses
of pesticide-impaired waters. Figure 2-6 shows the results of one such action—
a ban on diazinon.

In sum, even though there are a number of sources of pollutants—from roof
tiles to asphalt sealants to de-icers to brake linings—that could be regulated
more restrictively at the product and market stage, EPA currently provides little
meaningful regulatory oversight of these sources with regard to their contri-
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FIGURE 2-5 Trend of lead concentrations in stormwater in EPA rain zone 2 from 1980 to
2001. Although the range of lead concentrations for any narrow range of years is quite
large, there is a significant and obvious trend in concentration for these 20 years.
SOURCE: National Stormwater Quality Database (version 3).

Fresno Basin EK Inlet Diazinon

n (ug/L)

FIGURE 2-6 Trend of the organophosphate pesticide diazinon in MS4 discharges that flow
into a stormwater basin in Fresno County, California, following a ban on the pesticide. The
figure shows the significant drop in the diazinon concentration in just four years to levels
where it is no longer toxic to freshwater aquatic life. EPA prohibited the retail sale of diazi-
non for crack and crevice and virtually all indoor uses after December 31, 2002, and non-
agriculture outdoor use was phased out by December 31, 2004. Restricted use for agricul-
tural purposes is still allowed. SOURCE: Reprinted, with permission, from Brosseau
(2007). Copyright 2006 by Fresno Metropolitan Flood Control District.
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bution to stormwater pollution. The EPA’s authority to prioritize and target
products that increase pollutants in runoff, both for added testing and regulation,
seems clear from the broad language of TSCA [15 U.S.C. § 2605(a)]. The un-
derutilization of this national authority to regulate environmentally deleterious
stormwater pollutants thus seems to be a remediable shortcoming of EPA’s cur-
rent stormwater regulatory program.

CONCLUSIONS AND RECOMMENDATIONS

In an ideal world, stormwater discharges would be regulated through direct
controls on land use, strict limits on both the quantity and quality of stormwater
runoff into surface waters, and rigorous monitoring of adjacent waterbodies to
ensure that they are not degraded by stormwater discharges. Future land-use
development would be controlled to prevent increases in stormwater discharges
from predevelopment conditions, and impervious cover and volumetric restric-
tions would serve as a reliable proxy for stormwater loading from many of these
developments. Large construction and industrial areas with significant amounts
of impervious cover would face strict regulatory standards and monitoring re-
quirements for their stormwater discharges. Products and other sources that
contribute significant pollutants through stormwater—like de-icing materials,
urban fertilizers and pesticides, and vehicular exhaust—would be regulated at a
national level to ensure that the most environmentally benign materials are used
when they are likely to end up in surface waters.

In the United States, the regulation of stormwater looks quite different from
this idealized vision. Since the primary federal statute—the CWA—is con-
cerned with limiting pollutants into surface waters, the volume of discharges are
secondary and are generally not regulated at all. Moreover, given the CWA'’s
focus on regulating pollutants, there are few if any incentives to anticipate or
limit intensive future land uses that generate large quantities of stormwater.
Most stormwater discharges are regulated instead on an individualized basis
with the demand that existing point sources of stormwater pollutants implement
SCMs, without accounting for the cumulative contributions of multiple sources
in the same watershed. Moreover, since individual stormwater discharges vary
with terrain, rainfall, and use of the land, the restrictions governing regulated
parties are generally site-specific, leaving a great deal of discretion to the dis-
chargers themselves in developing SWPPPs and self-monitoring to ensure com-
pliance. While states and local governments are free to pick up the large slack
left by the federal program, there are effectively no resources and very limited
infrastructure with which to address the technical and costly challenges faced by
the control of stormwater. These problems are exacerbated by the fact that land
use and stormwater management responsibilities within local governments are
frequently decoupled. The following conclusions and recommendations are
made.
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EPA’s current approach to regulating stormwater is unlikely to pro-
duce an accurate or complete picture of the extent of the problem, nor is it
likely to adequately control stormwater’s contribution to waterbody im-
pairment. The lack of rigorous end-of-pipe monitoring, coupled with EPA’s
failure to use flow or alternative measures for regulating stormwater, make it
difficult for EPA to develop enforceable requirements for stormwater discharg-
ers. Instead, under EPA’s program, the stormwater permits leave a great deal of
discretion to the regulated community to set their own standards and self-
monitor.

Implementation of the federal program has also been incomplete. Current
statistics on the states’ implementation of the stormwater program, discharger
compliance with stormwater requirements, and the ability of states and EPA to
incorporate stormwater permits with TMDLSs are uniformly discouraging. Radi-
cal changes to the current regulatory program (see Chapter 6) appear necessary
to provide meaningful regulation of stormwater dischargers in the future.

Future land development and its potential increases in stormwater
must be considered and addressed in a stormwater regulatory program.
The NPDES permit program governing stormwater discharges does not provide
for explicit consideration of future land use. Although the TMDL program ex-
pects states to account for future growth in calculating loadings, even these more
limited requirements for degraded waters may not always be implemented in a
rigorous way. In the future, EPA stormwater programs should include more
direct and explicit consideration of future land developments. For example,
stormwater permit programs could be predicated on rigorous projections of fu-
ture growth and changes in impervious cover within an MS4. Regulators could
also be encouraged to use incentives to lessen the impact of land development
(e.g., by reducing needless impervious cover within future developments).

Flow and related parameters like impervious cover should be consid-
ered for use as proxies for stormwater pollutant loading. These analogs for
the traditional focus on the “discharge” of “pollutants” have great potential as a
federal stormwater management tool because they provide specific and measur-
able targets, while at the same time they focus regulators on water degradation
resulting from the increased volume as well as increased pollutant loadings in
stormwater runoff. Without these more easily measured parameters for evaluat-
ing the contribution of various stormwater sources, regulators will continue to
struggle with enormously expensive and potentially technically impossible at-
tempts to determine the pollutant loading from individual dischargers or will
rely too heavily on unaudited and largely ineffective self-reporting, self-
policing, and paperwork enforcement.

Local building and zoning codes, and engineering standards and prac-

tices that guide the development of roads and utilities, frequently do not
promote or allow the most innovative stormwater management. Fortu-
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nately, a variety of regulatory innovations—from more flexible and thoughtful
zoning to using design review incentives to guide building codes to having sepa-
rate ordinances for new versus infill development can be used to encourage
more effective stormwater management. These are particularly important to
promoting redevelopment in existing urban areas, which reduces the creation of
new impervious areas and takes pressure off of the development of lands at the
urban fringe (i.e., reduces sprawl).

EPA should provide more robust regulatory guidelines for state and lo-
cal government efforts to regulate stormwater discharges. There are a num-
ber of ambiguities in the current federal stormwater program that complicate the
ability of state and local governments to rigorously implement the program.
EPA should issue clarifying guidance on several key areas. Among the areas
most in need of additional federal direction are the identification of industrial
dischargers that constitute the highest risk with regard to stormwater pollution
and the types of permit requirements that should apply to these high-risk
sources. EPA should also issue more detailed guidance on how state and local
governments might prioritize monitoring and enforcement of the numerous and
diverse stormwater sources within their purview. Finally, EPA should issue
guidance on how stormwater permits could be drafted to produce more easily
enforced requirements that enable oversight and enforcement not only by gov-
ernment officials, but also by citizens. Further detail is found in Chapter 6.

EPA should engage in much more vigilant regulatory oversight in the
national licensing of products that contribute significantly to stormwater
pollution. De-icing chemicals, materials used in brake linings, motor fuels,
asphalt sealants, fertilizers, and a variety of other products should be examined
for their potential contamination of stormwater. Currently, EPA does not appar-
ently utilize its existing licensing authority to regulate these products in a way
that minimizes their contribution to stormwater contamination. States can also
enact restrictions on or tax the application of pesticides or even ban particular
pesticides or other particularly toxic products. Austin, for example, has banned
the use of coal-tar sealants within city boundaries. States and localities have
also experimented with alternatives to road salt that are less environmentally
toxic. These local efforts are important and could ultimately help motivate
broader scale, federal restrictions on particular products.

The federal government should provide more financial support to state
and local efforts to regulate stormwater. State and local governments do not
have adequate financial support to implement the stormwater program in a rig-
orous way. At the very least, Congress should provide states with financial sup-
port for engaging in more meaningful regulation of stormwater discharges. EPA
should also reassess its allocation of funds within the NPDES program. The
agency has traditionally directed funds to focus on the reissuance of NPDES
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wastewater permits, while the present need is to advance the NPDES stormwater
program because NPDES stormwater permittees outnumber wastewater permit-
tees more than five fold, and the contribution of diffuse sources of pollution to
degradation of the nation’s waterbodies continues to increase.
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Hydrologic, Geomorphic, and Biological
Effects of Urbanization on Watersheds

A watershed is defined as the contributing drainage area connected to an
outlet or waterbody of interest, for example a stream or river reach, lake, reser-
voir, or estuary. Watershed structure and composition include both naturally
formed and constructed drainage networks, and both undisturbed areas and hu-
man dominated landscape elements. Therefore, the watershed is a natural geo-
graphic unit to address the cumulative impacts of urban stormwater. Urbaniza-
tion has affected change to natural systems that tends to occur in the following
sequence. First, land use and land cover are altered as vegetation and topsoil are
removed to make way for agriculture or subsequently buildings, roads, and other
urban infrastructure. These changes, and the introduction of a built drainage
network, alter the hydrology of the local area, such that receiving waters in the
affected watershed can experience radically different flow regimes than they did
prior to urbanization. This altered hydrology, when combined with the introduc-
tion of pollutant sources that accompany urbanization (such as people, domesti-
cated animals, industries, etc.), has led to water quality degradation of many
urban streams.

This chapter first discusses the typical land-use and land-cover composition
of urbanized watersheds. This is followed by a description of changes to the
hydrologic and geomorphic framework of the watershed that result from urbani-
zation, including altered runoff, streamflow mass transport, and stream-channel
stability. The chapter then discusses the characteristics of stormwater runoff,
including its quantity and quality from different land covers, as well as the char-
acteristics of dry weather runoff. Finally, the effects of urbanization on aquatic
ecosystems and human health are explored.

LAND-USE CHANGES

Land use has been described as the human modification of the natural
environment into the built environment, such as fields, pastures, and settlements.
Important characteristics of different land uses are the modified surface charac-
teristics of the land and the activities that take place within that land use. From
a stormwater viewpoint, land uses are usually differentiated by building density
and comprised of residential, commercial, industrial, institutional, recreational,
and open-space land uses, among others. Each of these land uses usually has
distinct activities taking place within it that affect runoff quality. In addition,
each land use is comprised of various amounts of surface land cover, such as
roofs, roads, parking areas, and landscaped areas. The amount and type of each
cover also affect the quality and quantity of runoff from urban areas. Changes
in land use and in the land covers within the land uses associated with develop-
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ment and redevelopment are therefore important considerations when studying
local receiving water problems, the sources of these problems within the water-
shed, and the stormwater control opportunities.

Land-Use Definitions

Although there can be many classifications of residential land use, a crude
and common categorization is to differentiate by density. High-density residen-
tial land use refers to urban single-family housing at a density of greater than 6
units per acre, including the house, driveway, yards, sidewalks, and streets. Me-
dium density is between 2 and 6 units per acre, while low density refers to areas
where the density is 0.7 to 2 units per acre. Another significant residential land
use is multiple-family housing for three or more families and from one to three
stories in height. These units may be adjoined up-and-down, side-by-side, or
front-and-rear.

There are a variety of commercial land uses common in the United States.
The strip commercial area includes those buildings for which the primary func-
tion is the sale of goods or services. This category includes some institutional
lands found in commercial strips, such as post offices, court houses, and fire and
police stations. This category does not include warehouses or buildings used for
the manufacture of goods. Shopping centers are another common commercial
area and have the unique distinction that the related parking lot that surrounds
the buildings is at least 2.5 times the area of the building roof area. Office parks
are a land use on which non-retail business takes place. The buildings are usu-
ally multi-storied and surrounded by larger areas of lawn and other landscaping.
Finally, downtown central business districts are highly impervious areas of
commercial and institutional land use.

Industrial areas can be differentiated by the intensity of the industry. For
example, “manufacturing industrial” is a land use that encompasses those build-
ings and premises that are devoted to the manufacture of products, with many of
the operations conducted outside, such as power plants, steel mills, and cement
plants. Institutional areas include a variety of buildings, for example schools,
churches, and hospitals and other medical facilities that provide patient over-
night care.

Roads constitute a very important land use in terms of pollutant contribu-
tions. The “freeway” land use includes limited-access highways and the inter-
change areas, including any vegetated rights-of-ways. Finally, there are a vari-
ety of open-space categories, such as cemeteries, parks, and undeveloped land.
Parks include outdoor recreational areas such as municipal playgrounds, botani-
cal gardens, arboretums, golf courses, and natural areas. Undeveloped lands are
private or publicly owned with no structures and have a complete vegetative
cover. This includes vacant lots, transformer stations, radio and TV transmis-
sion areas, water towers, and railroad rights-of-way.

The preceding land-use descriptions are the traditional categories that make
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up the vast majority of the land in U.S. cities. However, there are emerging
categories of land use, such as those espoused under the term New Urbanism,
which combine several area types (such as commercial and high-density residen-
tial areas). Although land use can be broadly and generally categorized, local
variations can be extremely important such that locally available land-use data
and definitions should always be used. For example, local planning agencies
typically do not separate the medium-density residential areas into subcatego-
ries. However, this may be necessary to represent different development trends
that have occurred with time, and to represent newly emerging types of land
uses for an area. Box 3-1 discusses the subtle influence that tree canopy could
have on the residential land-use classification.

Trends in Urbanization

Researchers at Columbia University (de Sherbinin, 2002) state that 83 per-
cent of the Earth’s land surface has been affected by human settlements and ac-
tivities, with the urbanized areas comprising about 4 percent of the total land use
of the world. Urban areas are expanding world-wide, especially in developing
countries. The United Nations Population Division estimates suggest that the

BOX 3-1
The Role of Tree Cover in Residential Land Use

Figure 3-1 shows two medium-density residential neighborhoods, one older and one
newer. Tree canopy is obviously different in each case, and it may have an effect on sea-
sonal organic debris in an area and possibly on nutrient loads (although nutrient discharges
appear to be more related to homeowner fertilizer applications). Increased tree canopy
cover also has a theoretical benefit in reducing runoff quantities due to increased intercep-
tion losses. In both cases, however, monitoring data to quantify these benefits are sparse.
Xiao (1998) examined the effect urban tree cover had on the rainfall volume striking the
ground in Sacramento, California. The results indicated that the type of tree or type of
canopy cover affected the amount of rainfall reduction measured during a rain event, such
that large broad-leafed evergreens and conifers reduced the rainfall that reached the
ground by 36 percent, while medium-sized conifers and deciduous trees reduced the rain-
fall by 18 percent. Cochran (2008) compared the volume and intensity of rain that reached
the ground in an open area (no canopy cover) versus two areas with intact canopy covers
in Shelby County, Alabama, over a year. The sites were sufficiently close to each other to
assume that the rainfall characteristics were the same in terms of the intensity and the
variation of intensity and volume during the storm. Rainfall “throughfall” was reduced by
about 13.5 percent during the spring and summer months when heavily wooded cover
existed. The rainfall characteristics at the leafless tree sites (winter deciduous trees) were
not significantly different from the parking lot control sites. In many locations around the
county, very high winds are associated with severe storms, significantly decreasing the
interception losses. Of course, mature trees are known to provide other benefits in urban
areas, including shading to counteract stormwater temperature increases and massive root
systems that help restore beneficial soil structure conditions. Additional research is needed
to quantify the benefits of urban trees through a comprehensive monitoring program.

continues next page
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BOX 3-1 Continued

FIGURE 3-1 Two medium-density residential areas (no alleys); the area below is older.
SOURCE: Robert Pitt, University of Alabama.
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world’s population will become mostly urbanized by 2010, whereas only 37
percent of the world’s population was urbanized in 1970. De Sherbinin (2002)
concludes that although the extent of urban areas is not large when compared
with other land uses (such as agriculture or forestry) their environmental impact
is significant. Population densities in the cities are large, and their political,
cultural, and economic influence is great. Most industrial activity is also located
near cities. The influence of urban areas extends beyond their boundaries due to
the need for large amounts of land for food and energy production, to generate
raw materials for industry, for building water supplies, for obtaining other re-
sources such as construction materials, and for recreational areas. One study
estimated that the cities of Baltic Europe require from 500 to more than 1,000
times the urbanized land area (in the form of forests, agricultural, marine, and
wetland areas) to supply their resources and to provide for waste disposal (de
Sherbinin, 2002).

Currently, considerable effort is being spent investigating land-use changes
world-wide and in the United States in support of global climate change re-
search. The U.S. Geological Survey (USGS, 1999) has prepared many research
reports describing these changes; Figure 3-2 shows the results for one study in
the Chicago and Milwaukee areas, and Figure 3-3 shows the results for a study
in the Chesapeake Bay area. These maps graphically show the dramatic rate of
change in land use in these areas. The very large growth in urban areas during
the 20 years between 1975 and 1995 is especially astonishing. By 1995, Mil-
waukee and Chicago’s urbanized areas more than doubled in size from prior
years. Even more rapid growth has occurred in the Washington, D.C.—
Baltimore area.

FIGURE 3-2 The extent of urban land in
Chicago and Milwaukee in 1955 (black),
1975 (medium gray), and 1995 (light gray).
SOURCE: USGS (1999).
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Many different metrics can be used to measure the rate of urbanization in
the United States, including the number of housing starts and permits and the
level of new U.S. development. The latter is tracked by the U.S. Department of
Agriculture’s (USDA) National Resources Inventory (USDA, 2000). The in-
ventory, conducted every five years, covers all non-federal lands in the United
States, which is 75 percent of the U.S. total land area. The inventory uses land-
use information from about 800,000 statistically selected locations. From 1992
to 1997, about 2.2 million acres per year were converted from non-developed to
developed status. According to the USDA (2000), the per capita developed land
use (acres per person, a classical measure of urban sprawl) has increased in the
United States between the years of 1982 and 1997 from about 0.43 to about 0.49
acres per person. The smallest amount of developed land used per person was
for New York and Hawaii (0.15 acres), while the largest land consumption rate
was for North Dakota, at about 10 times greater. Surprisingly, Los Angeles is
the densest urban area in the country at 0.11 acres per person. The amount of
urban sprawl is also directly proportionate to the population growth. According
to Beck et al. (2003):

In the 16 cities that grew in population by 10 percent or less
between 1970 and 1990 (but whose population did not decline),
developed area expanded 38 percent—more than in cities that de-
clined in population but considerably less than in the cities where
population increased more dramatically. Cities that grew in popu-
lation by between 10 and 30 percent sprawled 54 percent on aver-
age. Cities that grew between 31 and 50 percent sprawled 72 per-
cent on average. Cities that grew in population by more than 50
percent sprawled on average 112 percent. These findings confirm
the common sense, but often unacknowledged proposition, that
there is a strong positive relationship between sprawl and popula-
tion growth.

In most areas, the per capita use of developed land has increased, along with
the population growth. However, even some cities that had no population
growth or had negative growth, such as Detroit, still had large amounts of
sprawl (increased amounts of developed land used per person), but usually much
less than cities that had large population growth. Los Angeles actually had an 8
percent decreased rate of land consumption per resident during this period, but
the city still experienced tremendous growth in land area due to its very large
population growth. The additional 3.1 million residents in the Los Angeles area
during this time resulted in the development of almost an additional 400 square
miles.

Land-Cover Characteristics in Urban Areas

As an area urbanizes, the land cover changes from pre-existing rural sur-
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faces, such as agricultural fields or forests, to a combination of different surface
types. In municipal areas, land cover can be separated into various common
categories—pictured and described in Box 3-2—that include roofs, roads, park-
ing areas, storage areas, other paved areas, and landscaped or undeveloped ar-
eas.

Most attention is given to impervious cover, which can be easily quantified
for different types of land development. Given the many types of land cover
described in Box 3-2, impervious cover is composed of two principal compo-
nents: building rooftops and the transportation system (roads, driveways, and
parking lots). Compacted soils and unpaved parking areas and driveways also
have “impervious” characteristics in that they severely hinder the infiltration of
water, although they are not composed of pavement or roofing material. In
terms of total impervious area, the transportation component often exceeds the
rooftop component (Schueler, 1994). For example, in Olympia, Washington,
where 11 residential multifamily and commercial areas were analyzed in detail,
the areas associated with transportation-related uses comprised 63 to 70 percent
of the total impervious cover (Wells, 1995). A significant portion of these im-
pervious areas—mainly parking lots, driveways, and road shoulders—
experience only minimal traffic activity. Most retail parking lots are sized to
accommodate peak parking usage, which occurs only occasionally during the
peak holiday shopping season, leaving most of the area unused for a majority of
the time. On the other hand, many business and school parking areas are used to
their full capacity nearly every work day and during the school year. Other dif-
ferences at parking areas relate to the turnover of parking during the day.
Parked vehicles in business and school lots are mostly stationary throughout the
work and school hours. The lighter traffic in these areas results in less vehicle-
associated pollutant deposition and less surface wear in comparison to the
greater parking turnover and larger traffic volumes in retail areas (Brattebo and
Booth, 2003).

As described in Box 1-1, impervious cover is broken down into two main
categories: directly connected impervious areas (or effective impervious area)
and non-directly connected (disconnected) impervious areas (Sutherland, 2000;
Gregory et al., 2005) (although it is recognized that these two states are end-
members of a range of conditions). Directly connected impervious area includes
impervious surfaces which drain directly to the sealed drainage system without
flowing appreciable distances over pervious surfaces (usually a flow length of
less than 5 to 20 feet over pervious surfaces, depending on soil and slope charac-
teristics and the amount of runoff). Those areas are the most important compo-
nent of stormwater runoff quantity and quality problems. Approximately 80
percent of directly connected impervious areas are associated with vehicle use
such as streets, driveways, and parking (Heaney, 2000).

Values of imperviousness can vary significantly according to the method
used to estimate the impervious cover. In a detailed analysis of urban impervi-
ousness in Boulder, Colorado, Lee and Heaney (2003) found that hydrologic
modeling of the study area resulted in large variations (265 percent difference)

Copyright © National Academy of Sciences. All rights reserved.
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BOX 3-2
Land Cover in Urban Areas

For any given land use, there is a range of land covers that are typical. Common land
covers are described below, along with some indication of their contribution to stormwater
runoff and their pollutant-generating ability.

Roofs. These are usually either flat or pitched, as both have significantly different
runoff responses. Flat roofs can have about 5 to 10 mm of detention storage while pitched
roofs have very little detention storage. Roofing materials are also usually quite different
for these types of roofs, further affecting runoff quality. In addition, roof flashing and roof
gutters may be major sources of heavy metals if made of galvanized metal or copper. Di-
rectly connected roofs have their roof drains efficiently connected to the drainage system,
such as direct connections to the storm drainage itself or draining to driveways that lead to
the drainage system. These directly connected roofs have much more of their runoff wa-
ters reaching the receiving waters than do partially connected roofs, which drain to pervious
areas.

A directly connected roof drain A disconnected roof drain (drains to pervi-

ous area)

Parking Areas. These can be asphalt or concrete paved (impervious surface) or un-
paved (traditionally considered a pervious surface) and are either directly connected or
drain to adjacent pervious areas. Areas that have rapid turnover of parked cars throughout
the day likely have greater levels of contamination due to the frequent starting of the vehi-
cles, an expected major source of pavement pollutants. Unpaved parking areas actually
should be considered impervious surfaces, as the compacted surface does not allow any
infiltration of runoff. Besides automobile activity in the parking areas, other associated
activities contribute to contamination. For example, parked cars in disrepair awaiting ser-
vice can contribute to parking area runoff contamination. In addition, maintenance of the
pavement surface, such as coal-tar seal coating, can be significant sources of polycyclic
aromatic hydrocarbons (PAHS) to the runoff.

continues next page
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BOX 3-2 Continued

Paved parking area with frequent automobile Contamination of paved parking areas due to
movement commercial activities

Storage Areas. These can also be paved, unpaved, directly connected, or drained to
pervious areas. As with parking areas, unpaved storage areas should not be considered
pervious surfaces because the compacted material effectively hinders infiltration. Deten-
tion storage runoff losses from unpaved storage areas can be significant. In storage areas
(especially in commercial and industrial land uses), activities in the area can have signifi-
cant effects on runoff quality.

Contaminated paved storage area at vehicle Heavy equipment storage area on concrete
junk yard surface

Streets. Streets in municipal areas are usually paved and directly connected to the
storm drainage system. In municipal areas, streets constitute a significant percentage of all
impervious surfaces and runoff flows. Features that affect the quality of runoff from streets
include the varying amounts of traffic on different roads and the amount and type of road-
side vegetation. Large seasonal phosphorus loads can occur from residential roads in
heavily wooded areas, for example.

Copyright © National Academy of Sciences. All rights reserved.
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Wide arterial street with little roadside vegetation
(left) and narrow residential street with substantial
vegetation (top, right)

Other Paved Areas. Other paved areas in municipal regions include driveways,
playgrounds, and sidewalks. Depending on their slopes and local grading, these areas
may drain directly to the drainage system or to adjacent pervious areas. In most cases, the
runoff from these areas contributes little to the overall runoff for an area, and the runoff
quality is of relatively better quality than from the other “hard” surfaces.

Landscaped and Turf Areas. Although these are some of the only true pervious sur-
faces in municipal areas, disturbed urban soils can be severely compacted, with much
more reduced infiltration rates than are assumed for undisturbed regional soils. Besides
the usually greater than expected quantities of runoff of pervious surfaces in urban areas,
they can also contribute high concentrations of various pollutants. In areas with high rain
intensities, erosion of sediment can be high from pervious areas, resulting in much higher
concentrations of total suspended solids (TSS) than from paved areas. Also, landscaping
chemicals, including fertilizers and pesticides, can be transported from landscaped urban
areas. Undeveloped woods in urban areas can have close to natural runoff conditions, but
many parks and other open-space areas usually have degraded runoff compared to natural
conditions. Turf grass has unique characteristics compared to other landscaped areas in
that the soil structure is usually more severely degraded compared to natural conditions.
The normally shallower root systems are not as effective in restoring compacted soils and
they can remain compacted due to some activities (pathways, parked cars, playing fields,
etc.) that do not occur on areas planted with shrubs and trees.

continues on next page
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BOX 3-2 Continued

Soil erosion from turf areas with
fine-grained soils during periods of
high rain intensities

Undeveloped Areas. Undeveloped areas in otherwise urban locations differ from
natural areas. In many situations, they can be previously disturbed (cleared and graded)
areas that have not been sold or developed. They may be overgrown with various local
vegetation types that thrive in disturbed locations. In other situations, undeveloped areas
may be small segments of natural areas that have not been disturbed or revegetated. In
this case, their stormwater characteristics may approach natural conditions but still be de-
graded due to adjacent activities and atmospheric deposition.

SOURCE: Pitt and Voorhees (1995, 2002). Photographs courtesy of Robert Pitt, University
of Alabama.

in the calculations of peak discharge when impervious surface areas were de-
termined using different methods. They concluded that the main focus should
be on effective impervious area (EIA) when examining the effects of urbaniza-
tion on stormwater quantity and quality.

Runoff from disconnected impervious areas can be spread over pervious
surfaces as sheet flow and given the opportunity to infiltrate before reaching the
drainage system. Therefore, there can be a substantial reduction in the runoff
volume and a delay in the remaining runoff entering the storm drainage collec-
tion system, depending on the soil infiltration rate, the depth of the flow, and the

Copyright © National Academy of Sciences. All rights reserved.
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available flow length. Examples of disconnected impervious surfaces are roof-
tops that discharge into lawns, streets with swales, and parking lots with runoff
directed to adjacent open space or swales. From a hydrologic point of view,
road-related imperviousness usually exerts a larger impact than rooftop-related
imperviousness, because roadways are usually directly connected whereas roofs
can be disconnected (Schueler, 1994).

Methods for Determining Land Use and Land Cover

Historically, land-use and land-cover information was acquired by a combi-
nation of field measurements and aerial photographic analyses—methods that
required intensive interpretation and cross validation to guarantee that the ana-
lyst’s interpretations were reliable (Goetz et al., 2003). Figure 3-4 is an example
of a high-resolution panchromatic aerial photograph that was taken from an air-
plane in Toronto and used for measurements of urban surfaces (Pitt and
McLean, 1986). Most recently, satellite images have become available at high
spatial resolution for many areas (<1 to 5 m resolution) and have the advantage
of digital multi-spectral information more complete than even that provided by
digital orthophotographs. Minnesota has one of the longest records (over 20
years) of continuously recorded statistics on land cover and impervious surfaces
derived from satellite images—information which has been incorporated into the

and McLean (1986).

Copyright © National Academy of Sciences. All rights reserved.

FIGURE 3-4 Example of a high-
resolution panchromatic aerial
photograph of an industrial area
used for measurements of ur-
ban surfaces. SOURCE: Pitt
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Minnesota Statewide Conservation and Preservation Plan. Some of the remain-
ing problems to be overcome with satellite imagery include difficulties in ob-
taining consistent sequential acquisition dates, intensive computer processing
time requirements, and large computer storage space requirements to store mas-
sive amounts of image information.

The recommended approach for conducting a survey of land uses and de-
velopment characteristics (land cover and activities) for an area is to use both
aerial photography and site surveys. Aerial photography has improved greatly
in recent years, but it is still not suitable for obtaining all the information needed
for developing a comprehensive stormwater management plan. Initially, aerial
photos should be used to identify the locations and extents of the various land
uses in the study area. Neighborhoods representing homogenous land uses
should then be identified for site surveys. Usually, about 10 to 15 neighbor-
hoods for each land use are sufficient for a community being studied (Burton
and Pitt, 2002). After the field surveys are conducted, the aerials are again used
to measure the actual areas associated with land surface cover. This information
can be used with field survey data to separate the surfaces into the appropriate
categories for analyses and modeling.

Box 3-3 presents a detailed study of land cover for several land uses in the
southern United States using satellite imagery and ground surveys (Bochis,
2007; Bochis et al., 2008). The results presented here have been found to be
broadly similar to other areas studied in the United States, although few studies
have been as detailed, and there are likely to be regional differences.

The general conclusion of many land-use and land-cover studies is that in
urban areas, the amount of impervious surfaces has increased since the early
years of the 20™ century because of the tendency toward increased automobile
use and bigger houses, which is associated with an increase in the facilities nec-
essary to accommodate them (wider streets, more parking lots, and garages). As
shown in later sections of this report, the construction of impervious surfaces
leads to multiple impacts on stream systems. Therefore, future development
plans and water resource protection programs should consider reducing imper-
vious cover in the potential expansion of communities. Wells (1995), Booth
(2000), Stone (2004), and Gregory et al. (2005) show that reducing the size and
dimensions of residential parcels, promoting cluster developments (clustered
medium-density residential areas in conjunction with open space, instead of
large tracts of low-density areas), building taller buildings, reducing the residen-
tial street width (local access streets), narrowing the width and/or building one-
side sidewalks, reducing the size of paved parking areas to reflect the average
parking needs instead of peak needs, and using permeable pavement for inter-
mittent/overflow parking can reduce the traditional impervious cover in com-
munities by 10 to 50 percent. Many of these benefits can also be met by paying
better attention to how the pavement and roof areas are connected to the drain-
age system. Impervious surfaces that are “disconnected” by allowing their
drainage water to flow to adjacent landscaped areas can result in reduced runoff
quantities.

Copyright © National Academy of Sciences. All rights reserved.
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BOX 3-3
Land Use and Land Cover for the Little Shades Creek Watershed

Data collected by Bochis-Micu and Pitt (2005) and Bochis (2007) for the Little Shades
Creek watershed near Birmingham, Alabama, were acquired using IKONOS satellite im-
agery (provided by the Jefferson County Storm Water Management Authority) as an alter-
native to classical aerial photography to map the characteristics of the land uses in the
monitored watershed areas, supplemented with verified ground truth surveys. IKONOS is
the first commercially owned satellite that provides 1-m-resolution panchromatic image data
and 4-m multi-spectral imagery (Goetz et al., 2003).

This project was conducted to evaluate the effects of variable site conditions associ-
ated with each land-use category. About 12 homogeneous neighborhoods were investi-
gated in each of the 16 major land uses in this 2,500-hectare watershed. Detailed land-
cover measurements were made using a variety of techniques, as listed above, including
field surveys for small details that were not visible with remote sensing tools (such as roof
drain connectiveness, pavement texture, and landscaping maintenance practices). Each of
these individual neighborhoods was individually modeled to investigate the resultant vari-
ability in runoff volume and pollutant discharges. These were statistically evaluated to de-
termine if the land-use categories properly stratified these data by explaining significant
fractions of the variability. Bochis-Micu and Pitt (2005) and Bochis (2007) concluded that
land-use categories were an appropriate surrogate that can be used to describe the ob-
served combinations of land surfaces. However, proper stormwater modeling should ex-
amine the specific land surfaces in each land-use category in order to better understand
the likely sources of the pollutants and the effectiveness of candidate stormwater control
measures (SCMs).

This watershed has an overall impervious cover of about 35 percent, of which about
25 percent is directly connected to the drainage system. Table 3-1 shows the average land
covers for each of the surveyed land uses, along with the major source areas in each of the
directly connected and disconnected impervious and pervious surface categories. The
impervious covers include streets, driveways, parking, playgrounds, roofs, walkways, and
storage areas. The directly connected areas are indicated as “connected” or “draining to
impervious” and do not include the pervious area or the impervious areas that drain to per-
vious areas. As expected, the land uses with the least impervious cover are open space
(vacant land, cemeteries, golf courses) and low-density residential, and the land uses with
the largest impervious covers are commercial areas, followed by industrial areas. For a
typical high-density residential land use in this region (having 15 or more units per hectare),
the major land cover was found to be landscaped areas, subdivided into front- and back-
yard categories, while 25 percent of this land-use area is covered by impervious surfaces
broken down into three major subcategories: roofs, streets, and driveways. The subareas
making up each land use show expected trends, with roofs and streets being the predomi-
nant directly connected impervious covers in residential areas, and parking and storage
areas also being important in commercial and industrial areas.

continues next page
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BOX 3-3 Continued

TABLE 3-1 Little Shades Creek Watershed Land Cover Information (percent and the

predominant land cover)

Land Use Directly Connected Disconnected Pervious Cover

Impervious Cover (%) | Impervious Cover (%) (%)
High-Density 76 (front and rear
Residential 14 (streets and roof) 10 (roofs) landscaping)
Medium-

Density 81 (front and rear

Residential 11 (streets and roofs) 8 (roofs) landscaping)

(<1960 to 1980)

Medium-

Density 80 (front and rear

Residential 14 (streets and roofs) 5 (roofs) landscaping)

(>1980)

Low-Density 89 (front and rear

Residential & (e A landscaping)

Apartments 21 (_streets and 22 (roofs) 58 (front _and rear
parking) landscaping)

Multiple 28 (roofs, parking , 7 (roofs) 65 (front and rear

Families and streets) landscaping)

. 59 (parking, streets, . 39 (front and rear
itz and roofs) &g landscaping)
Shopping 64 (parking, roofs, and 31 (front
Centers streets) o e landscaping)

64 (front and rear
Schools 16 (roofs and parking) | 20 (playground) landscaping, large
turf)

53 (parking and - 40 (front
Clnii=s streets) 7 (=0 ) landscaping)
Industrial 39 (storage, parking, 18 (storage and roofs) 44 (front and rear

and streets) landscaping)

32 (streets and 34 (large turf and
el parking) S5 (o) undeveloped)
Cemeteries 7 (streets) 15 (parking) 78 (large turf)
Golf Courses 2 (streets) 4 (roofs) 95 (large turf)

. 94 (undeveloped
Vacant 5 (streets) 1 (driveways) and large turf)
SOURCE: Bochis-Micu and Pitt (2005) and Bochis (2007). Reprinted, with permission,
from Bochis (2007). Copyright 2007 by Celina Bochis.

Copyright © National Academy of Sciences. All rights reserved.
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HYDROLOGIC AND GEOMORPHIC CHANGES

The watershed provides an organizing framework for the management of
stormwater because it determines the natural patterns of water flow as well as
the constituent sediment, nutrient, and pollutant loads. In undeveloped water-
sheds, hillslope hydrologic flow-path systems co-evolve with microclimate,
soils, and vegetation to form topographic patterns within which ecosystems are
spatially arranged and adjusted to the long-term patterns of water, energy, and
nutrient availability. The landforms that comprise the watershed include the
network patterns of streams, rivers, and their associated riparian zones and
floodplains, as well as component freshwater lakes, reservoirs, wetlands, and
estuaries.

This section starts with a discussion of precipitation measurement and char-
acteristics before turning to the typical changes in hydrology and geomorphol-
ogy of the watershed brought on by urbanization. In both the terrestrial and
aquatic phases, retention and residence time of sediment and solutes decreases
with increasing flow volume and velocity. This results in relatively high reten-
tion and low export of water and nutrients in undeveloped watersheds compared
to decreasing retention and greater pollutant export in disturbed or developed
systems.

The Storm in Stormwater

The magnitude and frequency of stormwater discharges are not just deter-
mined by rainfall. Instead, they are the combined product of storm and inter-
storm characteristics, land use, the natural and built drainage system, and any
stormwater control measures (SCMs) that have been implemented. The total
volume and peak discharge of runoff, as well as the mobilization and transport
of pollutants, are dependent on all aspects of the storm magnitude, catchment
antecedent moisture conditions, and the interstorm period. Therefore, informa-
tion on the frequency distribution of storm events and properties is an important
aspect of understanding the distribution of pollutant concentrations and loads in
stormwater discharges. In northern climates, runoff production from precipita-
tion can be significantly delayed by the accumulation, ripening, and melt of
snowpacks, such that much of the annual load of certain pollutants may be mo-
bilized in peak flow from snowmelt events. Therefore, measurement of precipi-
tation and potential accumulation in both liquid and solid form is critical for
stormwater assessment.

Precipitation Measurements

Any given storm is characterized by the storm’s total rainfall (depth), its du-
ration, and the average and peak intensity. A storm hyetograph depicts meas-

Copyright © National Academy of Sciences. All rights reserved.
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ured precipitation depth (or intensity) at a precipitation gauge as a function of
time; an example is shown in Figure 3-5. This figure illustrates the typical high
degree of variability of precipitation over the total duration of a storm. In this
example, the total storm depth is 50.9 mm, the duration is 19 hours, and the peak
intensity is 0.56 mm/minute (peak depth of 2.79 mm divided by the measure-
ment increment of 5 minutes). The average intensity is 0.045 mm/minute, quite
a bit lower than the peak intensity, since the storm duration is punctuated by
periods of low and no measurable precipitation.

ke 1 e e e e e e e e o I
LA L L L L L) N ) LR RLLN L L R LB L L) L) LR AL R Loy A L LB R L L R L T L e

2.5+ +

Rainfall {mm)

Time

FIGURE 3-5 Example of a storm hyetograph at location RG2, September 20-21, 2001,
Valley Creek watershed, Chester County, Pennsylvania. The time increment of measure-
ment is 5 minutes, while the entire duration of this storm is about 16 hours.

Copyright © National Academy of Sciences. All rights reserved.
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In addition to measurements of individual storm events, precipitation data
are routinely collected for longer time periods and compiled and analyzed annu-
ally when trying to understand local rainfall patterns and their impact on base-
flow, water quality, and infrastructure design. Figure 3-6 shows the rainfall dur-
ing 2007 at both humid (Baltimore) and arid (Phoenix) locations. Especially
apparent in the Baltimore data is the fact that the majority of storm events are
less than 20 mm in depth.

Several networks of precipitation gauges are available in the United States;
gauge data are available online from the National Climatic Data Center (NCDC)
(http://ncdc.nws.noaa.gov). High-resolution precipitation data (i.e., with meas-
urement intervals of an hour or less) are typically not recorded except at primary
weather service meteorological stations, while daily precipitation records are
more extensively collected and available through the Cooperative Weather Ob-
server Program (http://www.nws.noaa.gov/om/coop/). This distinction is impor-
tant to stormwater managers because most stormwater applications require
short-duration measurements or model results (minutes to hours). Fortunately, a
combination of precipitation gauges and precipitation radar estimates are avail-
able to estimate precipitation depth and duration, as well as additional methods
to estimate snowfall and snowpack water equivalent depth and conditions. (A
thorough description of precipitation measurement by radar is given by Kra-
jewski and Smith [2001]). While most of the conterminous United States is
covered by NEXRAD radar for estimation of high-temporal-resolution precipita-
tion at current resolutions of ~4 km, the radar backscatter information requires
calibration and correction with precipitation gauge data, and satellite estimates
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FIGURE 3-6 Daily precipitation totals for the Baltimore-Washington and Phoenix airports
for 2007. SOURCE: Data from the National Weather Service.
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of precipitation are generally not sufficiently reliable for stormwater applica-
tions. It goes without saying that the measurement, quality assurance, and main-
tenance of long-term precipitation records are both vital and nontrivial to
stormwater management.

Precipitation Statistics

The basic characterization of precipitation is by depth-duration-frequency
curves, which describe the return period, recurrence interval, and exceedance
probability (terms all denoting frequency) of different precipitation intensities
(depths) over different durations. The methodology for determining the curves
is described in Box 3-4. Precipitation durations of interest in stormwater man-
agement range from a few minutes (important for determining peak discharge
from small urban drainage areas) to a year (where the interest is in the total an-
nual volume of runoff production). As an example, one might be interested in
the return period of the 1-inch, 1-hour event, or the 1-inch, 24-hour event; the
latter would have a much shorter return period, because accumulating an inch of
rain over a day is much more common than accumulating the same amount over
just an hour.

BOX 3-4
Determining Depth-Duration-Frequency Curves

Depth-duration-frequency curves are developed from precipitation records using either
annual maximum data series or annual exceedance data series. Annual maximum data
series are calculated by extracting the annual maximum precipitation depths of a chosen
duration from a record. In cases where there are only a few years of data available (less
than 20 to 25 years), then an annual exceedance series (a type of “partial duration series”)
for each storm duration can be calculated, where N largest values from N years are cho-
sen. An annual maximum series excludes other extreme values of record that may occur in
the same year. For example, the second highest value on record at an observing station
may occur in the same year as the highest value on record but will not be included in the
annual maximum series. The design precipitation depths determined from the annual ex-
ceedance series can be adjusted to match those derived from an annual maximum series
using empirical factors (Chow et al, 1988; NOAA Atlas data series, see
http://www.weather.gov/oh/hdsc/currentpf.htm, e.g., Bonnin et al., 2006). Hydrologic fre-
quency analysis is then applied the data series to determine desired return periods by fit-
ting a probability distribution to the data to determine the return periods® of interest. The

process is repeated for other chosen storm durations.

*Analysis of annual maximum series produces estimates of the average period between years
when a particular value is exceeded (“average recurrence interval”). Analysis of partial duration (annual
exceedance) series gives the average period between cases of a particular magnitude (“annual ex-
ceedance probability”). The two results are numerically similar at rarer average recurrence intervals but
differ at shorter average recurrence intervals (below about 20 years). NOAA (e.g., Bonnin et al., 2006)
notes that the use of the terminology “average recurrence interval” and “annual exceedance probability”
typically reflects the analysis of the two different series, but that sometimes the term “average recur-
rence interval” is used as a general term for ease of reference.

Copyright © National Academy of Sciences. All rights reserved.
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The National Weather Service has developed an online utility to estimate
the return period for a range of depth—duration events for any place in the con-
terminous United States (http://hdsc.nws.noaa.gov/hdsc/pfds/). Figures 3-7 and
3-8 show examples of precipitation depth-duration-frequency curves for a humid
location (Baltimore, Maryland) and an arid site (Phoenix, Arizona). As an illus-
tration of the climatic influence on the depth-duration-frequency curves, the 2-
year, 1-hour storm is associated with a depth of 1.2 inches of precipitation in
Baltimore, whereas this same recurrence interval and duration are associated
with a depth of only 0.6 inch of precipitation in Phoenix. Durations from 5
minutes to one day are shown because this is the range typically used in the de-
sign of stormwater management facilities. The shorter durations provide ex-
pected magnitude and frequency for brief but significant precipitation intensity
peaks that can mobilize and transport large amounts of pollutants and erode soil,
and they are used in high-resolution stormwater models. More commonly, how-
ever, stormwater regulations are written for 24-hour durations at 2-, 10-, 25-, 50,
or 100-year recurrence intervals.

Because storm magnitudes and frequencies vary by climatic region, it is
reasonable to expect them to change during recurring climate events (e.g., El
Nifio) or over the long term by climate change. Alteration in convective precipi-
tation by major urban centers has been documented for some time (Huff and
Changnon, 1973). Some evidence exists that precipitation regimes are shifting
systematically toward an increase in more intense rainfall events, which is con-
sistent with modeled projections of global climate change increases in hydro-
logic extremes. Kunkel et al. (1999) analyzed precipitation data from 1,295
weather stations from 1931 to 1996 across the contiguous United States and
found that storms with extreme levels of precipitation have increased in fre-
quency. The analysis considered short-duration events (1, 3, and 7 days) of 1-
year and 5-year return intervals. A linear trend analysis using Kendall’s slope
estimator statistic indicated that the overall trend in 7-day, 1-yr events for the
conterminous United States is upward at a rate of about 3 percent per decade for
1931 to 1996; the upward trend in 7-day, 5-year events is about 4 percent per
decade. These two time series are shown in Figure 3-9. An increased frequency
of intense precipitation events will shift depth-frequency-duration curves for a
given location, with a given return period being associated with a more intense
event. Alternatively, the return period for a given intensity (or depth) of an
event will be reduced if the event is occurring more frequently. In light of cli-
mate change, depth-duration-frequency curves will need to be updated regularly
in order to ensure that stormwater management facilities are not underdesigned
for an increasing intensity of precipitation. Additional implications of climate
change for stormwater management are discussed in Box 3-5.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-7 Depth-duration-frequency curves for Baltimore, Maryland. SOURCE: Data
from the National Weather Service.
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FIGURE 3-8 Depth-duration-frequency curves for Phoenix, Arizona. SOURCE: Data from
the National Weather Service.
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FIGURE 3-9 Nationally averaged annual U.S. time series of the number of precipitation
events of 7-day duration exceeding 1-year (dots) and 5-year (diamonds) recurrence inter-
vals. SOURCE: Reprinted, with permission, from Kunkel et al. (1999). Copyright 1999 by
American Meteorological Society.

BOX 3-5
Climate Change and Stormwater Management

An ongoing report series issued by the U.S. Climate Change Science Program and
the Subcommittee on Global Change Research summarizes the evidence for climate
change to date and expected impacts of climate change, including impacts on the water
resources sector (http://www.climatescience.gov/). According to the Intergovernmental
Panel on Climate Change (IPCC 2007), annual precipitation will likely increase in the
northeastern United States and will likely decrease in the southwestern United States over
the next 100 years. In the western United States, precipitation increases are projected
during the winter, whereas decreases are projected for the summer. As temperatures
warm, precipitation will increasingly fall as rain rather than snow, and snow season length
and snow depth are very likely to decrease in most of the country. More extreme precipita-
tion events are also projected, which, when coupled with an anticipated increase in rain-on-
snow events, would contribute to more severe flooding due to increases in extreme storm-
water runoff.

The predictions for increases in the intensity and frequency of extreme events have
significant implications for future stormwater management. First, many of the design stan-
dards currently in use will need to be revised, since they are based on historical data. For
example, depth-duration-frequency curves used for design storm data will need to be up-
dated, because the magnitude of the design storms will change. Even with revised design
standards, in light of future uncertainty, new SCMs will need to be designed conservatively
to allow for additional storage that will be required for regions with predicted trends in in-
creased precipitation. In addition, existing SCM designs based on old standards may prove
to be undersized in the future. Implementation of a monitoring program to check existing
SCM inflows against original design inflows may be prudent to aid in judging whether retro-
fit of existing facilities or additional stormwater infrastructure is needed.

Copyright © National Academy of Sciences. All rights reserved.
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Design Storms

Given that only daily precipitation records are widely available, but short-
duration data are required for stormwater analysis and prediction, design storms
have been developed for the different regions of the United States by different
state and federal resource agencies. A design storm is a specified temporal pat-
tern of rainfall at a location, created using an overall storm duration and fre-
quency relevant to the design problem at hand. Examples of design storms in-
clude the 24-hour, 100-year event for flood control and the 24-hour, 2-year
event for channel protection. The magnitude of the design storm can be derived
from data at a single gauge, or from synthesized regional data published by state
or federal agencies. The simplest form of a design storm is a triangular hyeto-
graph where the base is the duration and the height is adjusted so that the area
under the curve equals the total precipitation. In instances where the hyetograph
is to be used to estimate sequences of shorter duration intensities (i.e., minutes to
a few hours) within larger duration events, depth-duration-frequency curve data
can be used to synthesize a design storm hyetograph (see Chow et al., 1988).
An example design storm for the 100-year storm event for St. Louis based on
NOAA Atlas 14 depth-duration-frequency data is shown in Figure 3-10.

Tirma

FIGURE 3-10 Hundred-year design storm for St. Louis based on NOAA Atlas 14 data.
SOURCE: Hoblit et al. (2004) based on data from Bonnin et al. (2003).

Copyright © National Academy of Sciences. All rights reserved.
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Conversion of Precipitation to Runoff

Dynamics of Watershed Flowpaths

Precipitation falling on the land surface is subject to evaporative loss to the
atmosphere by vegetation canopy and leaf litter interception, evaporation di-
rectly from standing water on the surface and upper soil layers or impervious
surfaces, and later transpiration through root uptake by vascular plants. Snow-
pack is also subject to sublimation (conversion of snow or ice directly to vapor),
which results in the loss of a portion of the snow prior to melt. The rate of
evaporative loss depends on local weather conditions (temperature, humidity,
wind speed, solar radiation) and the rate and duration of precipitation. Precipita-
tion (or snowmelt) in excess of interception and potential evaporative loss rates
is then partitioned into infiltration and direct runoff.!

There is a gradation of flowpaths transporting water, sediment, and solutes
through a watershed, ranging from rapid surface flowpaths through generally
slower subsurface flowpaths. Residence times generally increase from surface
to subsurface flowpaths, with rapid surface flow providing the major contribu-
tion to flood flow while subsurface flowpaths contribute to longer-term patterns
of surface wetness. Watershed characteristics that influence the relative domi-
nance of surface versus subsurface flowpaths include infiltration capacity as
affected by land cover, soil properties, and macropores; subsurface structure or
soil horizons with varying conductivity; antecedent soil moisture and groundwa-
ter levels; and the precipitation duration and intensity for a particular storm.

The distribution and activity of flowpaths result in changing patterns of soil
moisture and groundwater depth, which result in patterns of soil properties,
vegetation, and microbial communities. These ecosystem patterns, in turn, can
have strong influences on the hydraulics of flow and biogeochemical transfor-
mations within the flowpaths, with important implications for sources, sinks,
and transport of solutes and sediment in the watershed. Riparian areas, wet-
lands, and the benthos of streams and waterbodies are nodes of interaction be-
tween surface and groundwater flowpaths, yielding reactive environments in
which “hot spots” of biogeochemical transformation develop (McClain et al.,
2003). Thus, any alteration of surface and subsurface hydrologic flowpaths, for

! The term runoff is often used in two senses. For a given precipitation event, direct storm
runoff refers to the rainfall (minus losses) that is shed by the landscape to a receiving wa-
terbody. In an area of 100 percent imperviousness, the runoff nearly equals the rainfall
(especially for larger storms). Over greater time and space scales, surface water runoff
refers to streamflow passing through the outlet of a catchment, including base flow from
groundwater that has entered the stream channel. The raw units of runoff in either case
are volume per time, but the volumetric flowrate (discharge) is often divided by contributing
area to express runoff in units of depth per time. In this way, unit runoff rates from various-
sized watersheds can be compared to account for differences other than the contributing
area.

Copyright © National Academy of Sciences. All rights reserved.
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example due to urbanization, not only alters the properties of soil and vegetation
canopy but also reforms the ecosystem distribution of biogeochemical transfor-
mations.

Runoff Measurements

Surface water runoff for a given area is measured by dividing the discharge
at a given point in the stream channel by the contributing watershed area. The
basic variables describing channel hydraulics include width, mean depth, slope,
roughness, and velocity. Channel discharge is the product of width, depth, and
velocity and is typically estimated by either directly measuring each of these
three components, or by development of a rating curve of measured discharge as
a function of water depth, or stage relative to a datum, of the channel that is
more easily estimated by a staff gauge or pressure transducer. The establish-
ment of a gauging station to measure discharge typically requires a stable cross
section so that stage can be uniquely related to discharge. Maintenance of reli-
able, long-term gauge sites is expensive and requires periodic remeasurement to
update rating curves, as well as to remove temporary obstructions that may raise
stage relative to unobstructed conditions.

Most stream gauging in the United States is carried out by the USGS, and
can be found on-line at http://waterdata.usgs.gov/nwis. Recent reviews of stan-
dard methods of stream gauging and the status of the USGS stream gauging
network are given by the USGS (1998) and the National Research Council
(NRC, 2004). A major concern is the overall decline in the number of active
gauges, particularly long-term gauges, as well as the representativeness of the
stream gauge network relative to the needs of stormwater permitting. For ex-
ample, restored streams typically lack any gauged streamflow or water quality
information prior to or following restoration. This makes it very difficult to
assess both the potential for successful restoration and whether project goals are
met.

Support of existing and development of new gauges is often in collaboration
through a co-funding mechanism with other agencies. Municipal co-funding for
stations in support of National Pollutant Discharge Elimination System
(NPDES) permitting is common and has tended to shift the concentration of
active gauges toward more urban areas. Note that the USGS river monitoring
system was originally designed for resource inventory, and therefore did not
originally sample many headwater streams, particularly intermittent and ephem-
eral channels that are typically most proximal to stormwater discharges. While
this is beginning to change with municipal co-funding, headwater streams are
still underrepresented in the National Water Information System relative to their
ecological significance.

Reliable records for stream discharge are vital because the frequency distri-
bution and temporal trends of flows must be known to evaluate long-term load-
ing to waterbodies. Magnitude and frequency analysis of sediment and other

Copyright © National Academy of Sciences. All rights reserved.
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stream constituent loads consists of a transport equation as a function of dis-
charge, integrated over the discharge frequency distribution (e.g., Wolman and
Miller, 1960). Different constituent loads have different forms of dependency
on discharge, but are often nonlinear such that long-term or expected loads can-
not be simply evaluated from mean flow conditions. Similar to precipitation,
discharge levels often follow an Extreme Value distribution, dependent on cli-
mate, land use, and hydrogeology, but which is typically dampened compared to
precipitation due to the memory effects of subsurface storage and flows (e.g.,
Winter, 2007).

Impacts of Urbanization on Runoff

Shift from Infiltration and Evapotranspiration to Surface Runoff

Replacement of vegetation with impervious or hardened surfaces affects the
hydrologic budget—the quantity of water moving through each component of
the hydrologic cycle—in a number of predictable ways. As the percent of the
landscape that is paved over or compacted is increased, the land area available
for infiltration of precipitation is reduced, and the amount of stormwater avail-
able for direct surface runoff becomes greater, leading to increased frequency
and severity of flooding. Reduced infiltration of precipitation leads to reduced
recharge of the groundwater reservoir; absent new sources of recharge, this can
lead to reduction in base flow of streams (e.g., Simmons and Reynolds, 1982;
Rose and Peters, 2001). Vegetation removal also results in a lower amount of
evapotranspiration compared to undeveloped land. This can have particularly
profound hydrologic effects in those regions of the country where a significant
percent of precipitation is evapotranspirated, such as the arid Southwest (Ng and
Miller, 1980). Figure 3-11 illustrates the changes to these components of the
hydrologic budget as the percent of impervious area is increased.

It should be noted that the conversion in hydrology from infiltrated water to
surface runoff following urbanization is not entirely straightforward in all cases.
Leaking pressurized water supply pipes and sanitary sewers, subsurface dis-
charge of septic system effluent (Burns et al., 2005), infiltration of stormwater
from unlined detention ponds, and lawn irrigation can offset reduced infiltration
of precipitation, such that stream baseflow levels may actually be increased,
especially during low base flow months, when such effects would be most pro-
nounced (Konrad and Booth, 2005; Meyer, 2005). Cracks in sealed surfaces can
also provide concentrated points of infiltration (Sharp et al., 2006).

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-11 As land cover changes from vegetated and undeveloped (upper left) to de-
veloped with increased connected impervious surfaces (lower right), the partitioning of
precipitation into other components of the hydrologic cycle is shifted. Evapotranspiration
and shallow and deep infiltration are reduced, and surface runoff is increased. SOURCE:
Adapted from the Federal Interagency Stream Restoration Working Group (FISRWG,
2000).

Relationship Between Imperviousness, Drainage Density, and
Runoff

Excess runoff due to urbanization is a direct reflection of the land uses onto
which the precipitation falls, as well as the presence of drainage systems that
receive stormwater from many separate source areas before it enters receiving
waters. Thus, a functional way of partitioning urban areas is by the nature of the
impervious cover and by its connection to the drainage system, underlying the
differentiation of total impervious area and effective impervious area discussed
in Box 1-2.

As examples of how runoff changes with urbanization, Figure 3-12 shows

Copyright © National Academy of Sciences. All rights reserved.
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daily stream flow values for a low-density suburban catchment and a high-
density urban catchment in the Baltimore, Maryland area. The low-density site
(Figure 3-12A) shows a strong seasonal signal and a marked decline in flow
during an extreme drought in 2002. In contrast, the more densely urbanized
catchment (Figure 3-12B) shows a much greater variability in flow that is domi-
nated by impervious surface runoff, and a dampened response to the drought
because natural groundwater flow is a much smaller component of the total dis-
charge.

The percentage of time a discharge level is equaled or exceeded is displayed
by flow duration curves, which show the cumulative frequency distributions of
flows for a given duration. Examples for three catchments in the Baltimore area
are given in Figure 3-13, showing the tendency for urban areas to produce high
flows with much longer aggregate durations.

As another example of how runoff changes with imperviousness, a locally
calibrated version of WinSLAMM was used to investigate the relationships be-
tween watershed and runoff characteristics for 125 individual neighborhoods in
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FIGURE 3-12 Daily time series of flows in (A) a low-density suburban and forested catch-
ment (Baisman Run, http://waterdata.usgs.gov/md/nwis/uv/?site_no=01583580) and (B) a
catchment dominated by medium- to high-density residential and commercial land uses
(Dead Run, http://waterdata.usgs.gov/md/nwis/uv/?site_no=01589330). Both lie within the
Piedmont physiographic province.
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FIGURE 3-13 Flow duration curves for three watersheds with distinct land use in the Bal-
timore, Maryland area. Pond branch is a forested reference site, Baisman's Run is ex-
urban, and Dead Run is urban. Urban areas have flashier runoff with greater frequency of
low and high extreme flows.

Jefferson County, Alabama (Bochis-Micu and Pitt, 2005). Figure 3-14 shows
the relationships between the directly connected impervious area values and the
calculated volumetric runoff coefficient (R,, which is the volumetric fraction of
the rainfall that occurs as runoff), based on 43 years of local rain data. As ex-
pected, there is a strong relationship between these parameters for both sandy
and clayey soil conditions. It is interesting to note that the R, values are rela-
tively constant until values of directly connected impervious cover of 10 to 15
percent are reached (at R, values of about 0.07 for sandy soil areas and 0.16 for
clayey soil areas)—the point where receiving water degradation typically has
been observed to start (as discussed later in the chapter). The 25 to 30 percent
directly connected impervious levels (where significant degradation is usually
observed) is associated with R, values of about 0.14 for sandy soil areas and
0.25 for clayey soil areas; this is where the curves start to greatly increase in
slope.

Relationship Between Runoff and Rainfall Conditions

The runoff that results from various land uses also varies depending on rain-
fall conditions. For small rain depths, almost all the runoff originates solely
from directly connected impervious areas, as disconnected areas have most of
their flows infiltrated (Pitt, 1987). For larger storms, both directly connected

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-14 Relationships between the directly connected impervious area (%) and
the calculated volumetric runoff coefficients (R,) for sandy soil (top) and clayey soil
(bottom). SOURCE: Reprinted, with permission, from Bochis-Micu and Pitt (2005).
Copyright 2005 by Water Environment Federation, Alexandria, Virginia.

Copyright © National Academy of Sciences. All rights reserved.



Urban Stormwater Mapage!
http://ww&.‘g:gﬁéaav’@d

;Eent in the Unite

FEENMECO

160

$3%B%ge No. 040770

URBAN STORMWATER MANAGEMENT IN THE UNITED STATES

and disconnected impervious areas contribute runoff to the stormwater man-
agement system. For example, Figure 3-15 (created using WinSLAMM,; Pitt
and Voorhees, 1995) shows the relative runoff contributions for a large com-
mercial/mall area in Hoover, Alabama, for different rains (Bochis, 2007). In this
example, about 80 percent of the runoff originates from the parking areas for the
smallest runoff-producing rains. This contribution decreases to about 55 percent
at rain depths of about 0.5 inch (13 mm). This decrease in the importance of
parking areas as a source of runoff volume is associated with an increase in run-
off contributions from streets and directly connected roofs. In many areas, per-
vious areas are not hydrologically active until the rain depths are relatively large
and are not significant runoff contributors until the rainfall exceeds about 25 mm
for many land uses and soil conditions. However, compacted urban soils can
greatly increase the flow contributions from pervious areas during smaller rains.
Burges and others (1998), for example, found that more than 60 percent of the
storm runoff in a suburban development in western Washington State originated
from nominally “green” parts of the landscape, primarily lawns.

A further example illustrating the relationship between rainfall and runoff is
given for Milwaukee, summarized in Box 3-6. The two curves of Figure 3-16
show a relationship between rainfall and runoff that is typical of urban areas.
Very small storms (< 0.05 inch) produce no measurable runoff, owing to re-
moval by interception storage and evaporation. Storms that deposit up to one
inch of rainfall constitute about 90 percent of the storm events in this region, but
these events produced only about 50 percent of the runoff. Very large events
(greater than 3 inches of precipitation) are rare and destructive, accounting for
only a few percent of the annual rainfall events.
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FIGURE 3-15 Surfaces contributing to runoff for a commercial/mall area. SOURCE:
Reprinted, with permission, from Bochis (2007). Copyright 2007 by Celina Bochis.
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BOX 3-6
Example Rainfall and Runoff Distributions

Figure 3-16 is an example of rainfall and runoff observed at Milwaukee, Wisconsin (Ban-
nerman et al., 1983), as monitored during the Nationwide Urban Runoff Program (NURP) (EPA,
1983). This observed distribution is interesting because of the unusually large rains that oc-
curred twice during the monitoring program. These two major rains would be in the category of
design storms for conventional drainage systems. These plots indicate that these very large
events, in the year they occurred, caused a measureable fraction of the annual pollutant loads
and runoff volume discharges, but smaller events were responsible for the vast majority of the
discharges. In typical years, when these rare design events do not occur, their pro-rated
contributions would be even smaller.

More than half of the runoff from this typical medium-density residential area was associ-
ated with rain events that were smaller than 0.75 inch. Two large storms (about 3 and 5 inches
in depth), which are included in the figure, distort this figure because, on average, the Milwaukee
area only expects one 3.5-inch storm about every five years, and 5-inch storms even less
frequently. If these large rains did not occur, such as for most years, then the significance of the
smaller rains would be even greater. The figure also shows the accumulated mass discharges
of different pollutants (suspended solids, chemical oxygen demand [COD], phosphates, and
lead) monitored during the Milwaukee NURP project. When these figures are compared, it is
seen that the runoff and pollutant mass discharge distributions are very similar and that varia-
tions in the runoff volume are much more important than variations in pollutant concentrations
(the mass divided by the runoff volume) for determining pollutant mass discharges.

These rainfall and runoff distributions for Milwaukee can thus be divided into four regions:

e Less than 0.5 inch. These rains account for most of the events, but little of the runoff
volume, and they are therefore easiest to control. They produce much less pollutant mass
discharge and probably have less receiving water effects than other rains. However, the runoff
pollutant concentrations likely exceed regulatory standards for several categories of critical
pollutants (bacteria and some total recoverable heavy metals). They also cause large numbers
of overflow events in uncontrolled combined sewers. These rains are very common, occurring
once or twice a week (accounting for about 60 percent of the total rainfall events and about 45
percent of the total runoff-generating events), but they only account for about 20 percent of the
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FIGURE 3-16 Milwaukee rainfall and runoff probability distributions, and pollutant mass dis-
charge probability distributions (1981 to 1983). Rain count refers to the number of rain events.
SOURCE: Data from Bannerman et al. (1983).
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BOX 3-6 Continued

annual runoff and pollutant discharges. Rains less than about 0.05 inch did not produce notice-
able runoff.

e 0.5 to 1.5 inches. These rains account for the majority of the runoff volume (about 50
percent of the annual volume for this Milwaukee example) and produce moderate to high flows.
They account for about 35 percent of the annual rain events, and about 20 percent of the annual
runoff events, by number. These rains occur on average about every two weeks from spring to
fall and subject the receiving waters to frequent high pollutant loads and moderate to high flows.

e 1.5 to 3 inches. These rains produce the most damaging flows from a habitat destruction
standpoint and occur every several months (at least once or twice a year). These recurring high
flows, which were historically associated with much less frequent rains, establish the energy
gradient of the stream and cause unstable streambanks. Only about 2 percent of the rains are
in this category, but they are responsible for about 10 percent of the annual runoff and pollutant
discharges.

o Greater than 3 inches. The rains in this category are included in design storms used for
traditional drainage systems in Milwaukee, depending on the times of concentration and rain
intensities. These rains occur only rarely (once every several years to once every several dec-
ades, or less frequently) and produce extremely large flows that greatly exceed the capacities of
the storm drainage systems, causing extensive flooding. The monitoring period during the
Milwaukee NURP was unusual in that two of these events occurred. Less than 2 percent of the
rains were in this category (typically <<1 percent would be in this category), and they produced
about 15 percent of the annual runoff quantity and pollutant discharges. However, when they do
occur, substantial property and receiving water damage results (mostly associated with habitat
destruction, sediment scouring, and the flushing of organisms great distances downstream and
out of the system). The receiving water can conceivably recover naturally to pre-storm condi-
tions within a few years. These storms, while very destructive, are sufficiently rare that the
resulting environmental problems do not justify the massive controls that would be necessary to
decrease their environmental effects.

Alteration of the Drainage Network

As shown in Figure 3-17, urbanization disrupts natural systems in ways that
further complicate the hydrologic budget, beyond the imperviousness effects on
runoff discussed earlier. As an area is urbanized, lower-order stream channels
are typically re-routed or encased in pipes and paved over, resulting in a highly
altered drainage pattern. The buried stream system is augmented by an exten-
sive system of storm drains and pipes, providing enhanced drainage density (to-
tal lengths of pipes and channels divided by drainage area) compared to the
natural system. Figure 3-18 shows how the drainage density of Baltimore today
compares to the natural watershed before the modern stormwater system was
fully developed. The artificial drainage system occupies a greater percentage of
the landscape compared to natural conditions, permanently altering the terres-
trial component of the hydrologic cycle.

Copyright © National Academy of Sciences. All rights reserved.
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The Urban Water Cycle
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FIGURE 3-17 Alteration of the natural hydrologic cycle by the presence of piped systems.
Black arrows represent the natural system; outlined arrows indicate short-circuiting due to
piped systems. Note that several elements of the water cycle shown in this diagram are
not considered in this report, such as septic systems, interbasin transfers of water and
wastewater, and the influence of groundwater withdrawals. SOURCE: Courtesy of Kenneth
Belt, USDA Forest Service, Baltimore, Maryland.

Flowpaths are altered in other ways by urban infrastructure. Buried storm-
water and sewer pipes can act as infiltration galleries for groundwater, causing
shortened groundwater flowpaths between groundwater reservoirs and stream
systems. Natural surface water pathways are often interrupted or reversed, as
shown by the blue lines in Figure 3-19 for a drainage system in Baltimore. Un-
derstanding how the system operates as a whole can often require knowledge of
the history of construction conditions and field verification of the actual flow
paths.

Large-scale infrastructure such as dams, ponds, and bridges can also have a
major impact on stormwater flows. Figure 3-20 illustrates the interruption of the
drainage network by bridges and culverts, even in places where there have been
attempts to keep excessive development out of the riparian corridor. Simula-
tions and post-flood mapping in areas around Baltimore have shown that bridge
abutments such as those shown in Figure 3-20 can slow down channel floodwa-
ters during storms. This is because water backs up behind bridges constructed

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-19 Dead Run drainage system, Baltimore, Maryland. Black lines indicate sur-
face (daylighted) drainage; dark grey indicates the subsurface storm-drain system. The
surface drainage system is highly disconnected. From the coverage it is difficult to impos-
sible to discern the flow direction of some of the surface drainage components. SOURCE:
Reprinted, with permission, from Meierdierks et al. (2004). Copyright 2004 by the Ameri-
can Geophysical Union.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-20 Shaded-relief lidar image of a portion of the Middle Patuxent River valley in
Howard County, Maryland, showing the pervasive interruption of the drainage network by
bridges and culverts, even in places where there is an attempt to keep excessive develop-
ment out of the riparian corridor. SOURCE: Reprinted, with permission, from Miller, Uni-
versity of Maryland, Baltimore County. Copyright 2006 by Andrew J. Miller.

across the floodplain and spreads out over land surfaces and then flows back
into channels as floodwaters subside. Although reducing the severity of down-
stream flooding, this phenomenon also interrupts the transport of sediment, lead-
ing to local zones of both enhanced deposition and downstream scour.

Alteration of Travel Times

The combination of impervious surface and altered drainage density pro-
vides significantly more rapid hydraulic pathways for stormwater to enter the
nearest receiving waterbody compared to a natural landscape. This is illustrated
quantitatively by Figure 3-21, which shows that the lag time—the difference in
time between the center of mass of precipitation and the center of mass of the
storm response hydrograph—is reduced for an urbanized landscape compared to
a natural one.

The increase in surface runoff volumes and reduction in lag times between

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-21 lllustration of the effect of urbanization on storm hydrograph lag time, the
difference in time between the center of mass of rainfall and runoff response before and
after urbanization. SOURCE: Leopold (1968).

precipitation and a waterbody’s response give rise to greater velocities and
volumetric discharges in receiving waters. Storm hydrographs in a developed
setting peak earlier and higher than they do in undeveloped landscapes. This
altered flow regime is of concern to property owners because upstream devel-
opment can increase the probability of a flood-prone property being inundated.
Properties in the floodplain and near stream channels are particularly susceptible
to flooding from upstream development. Such increased flood risk is accompa-
nied by associated potential property damages and costs of replacement or re-
pair.

Various descriptors can be used to quantify the effects of urbanization on
streamflow including flood frequency, flow duration, mean annual flood, dis-
charge at bankfull stage, and frequency of bankfull stage. The “classic” view of

Copyright © National Academy of Sciences. All rights reserved.
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urban-induced changes to runoff was presented by Leopold (1968), who pro-
vided several quantitative descriptors of the effects of urbanization on the mean
annual flood. For example, Figure 3-22 shows the ratio of discharge before and
after urbanization for the mean annual flood for a 1-square-mile area as a func-
tion of percentage of impervious area and percentage area served by a storm-
drain system. This shows that for unsewered areas, increases from 0 to 100 per-
cent impervious area will increase the peak discharge by a factor of 2.5. How-
ever, for 100 percent sewered areas, the ratio of peak discharges ranges from 1.7
to 8 for 0 to 100 percent impervious area. Clearly both impervious surfaces and
the presence of a storm-drain system combine to increase discharge rates in re-
ceiving waters. Combining this information with regional flood frequency data,
a discharge—frequency relationship can be developed that shows the expected
discharge and recurrence interval for varying degrees of storm-drain coverage
and impervious area coverage. An example is shown in Figure 3-23, using data
from the Brandywine Creek watershed in Pennsylvania (Leopold, 1968). Bank-
full flow for undeveloped conditions in general has a recurrence interval of
about 1.5 years (which, in the particular case of the Brandywine, was 67 cubic
feet per second); with 40 percent of the watershed area paved, this discharge
would occur about three times as often.
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FIGURE 3-22 Ratio of peak discharge after urbanization to peak discharge before urbani-
zation for the mean annual flood for a 1-square-mile drainage area, as a function of percent
impervious surface and percent area drained by storm sewers. SOURCE: Leopold (1968).

Copyright © National Academy of Sciences. All rights reserved.
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cent of area serviced by storm sewers. The unurbanized data are from Brandywine Creek,
Pennsylvania. SOURCE: Leopold (1968).

Over the past four decades since this first quantitative characterization of
urban hydrology, a much greater variety of hydrologic changes resulting from
urbanization has been recognized. Increases in peak discharge are certainly
among those changes, and they will always gather attention because of their
direct impact on human infrastructure and potential for more frequent and more
severe flooding. The extended duration of flood flows, however, also affects
natural channels because of the potential increase in erosion. Ecological effects
of urban-altered flow regimes are even more diverse, because changes in the
sequence and frequency of high flows, the rate of rise and fall of the hydrograph,
and even the season of the year in which high flows can occur all have signifi-
cant ecological effects and can be dramatically altered by watershed urbaniza-
tion (e.g., Rose and Peters, 2001; Konrad et al., 2005; Roy et al., 2005; Poff et
al., 2006).

*Kk*k
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The overarching conclusion of many studies is that the impact of urbaniza-
tion on the hydrologic cycle is dramatic. Increased impervious area and drain-
age connectedness decreases stormwater travel times, increases flow rates and
volumes, and increases the erosive potential of streams. The flooding caused by
increased flows can be life-threatening and damaging to property. As described
below, changes to the hydrologic flow regime also can have deleterious effects
on the geomorphic form of stream channels and the stability of aquatic ecosys-
tems. Although these impacts are commonly ignored in efforts to improve “wa-
ter quality,” they are inextricably linked to measured changes in water chemistry
and must be part of any attempt to recover beneficial uses that have been lost to
upstream urbanization.

Geomorphology

Watershed geomorphology is determined by the arrangement, interactions,
and characteristics of component landforms, which include the stream-channel
network, the interlocking network of ridges and drainage divides, and the set of
hillslopes between the channel (or floodplain) and ridge. The stream and ridge
systems define complementary networks, with the ridge (or drainage divide)
network separating the drainage areas contributing to each reach in the stream
network. At the hillslope scale, the ridges provide upper boundaries of all sur-
face flowpaths which converge into the complementary stream reaches. A rich
literature describes the topology and geometry of stream and ridge networks
(e.g., Horton, 1945; Strahler, 1957, 1964; Shreve, 1966, 1967, 1969; Smart,
1968; Abrahams, 1984; Rodriguez-Iturbe et al., 1992).

Besides stream channels, a variety of other water features and landforms
make up a watershed. Fresh waterbodies (ponds, lakes, and reservoirs) are typi-
cally embedded within the stream network, while wetlands may be either em-
bedded within the stream network or separated and upslope from the channels.
Estuaries represent the interface of the stream network with the open ocean.
Additional fluvial and colluvial landforms include alluvial fans, landslide fea-
tures, and a set of smaller features within or near the channels and floodplains
including bar deposits, levees, and terraces. Each of these landforms are devel-
oped and maintained by the fluvial and gravitational transport and deposition of
sediment, and are therefore potentially sensitive to disruption or alteration of
flowpaths, hydrologic flow regimes, and sediment supply.

Stream Network Form and Ordering Methods
Most watersheds are fully convergent, with tributary streams combining to
form progressively larger channels downstream. The manner is which streams

from different source areas join to produce mainstreams strongly influences the
propagation of stormwater discharge and pollutant concentrations, and the con-

Copyright © National Academy of Sciences. All rights reserved.
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sequent level of ecological impairment in the aquatic ecosystem.

Methods for indexing the topologic position of individual reaches within the
drainage network have been introduced by Horton (1945), Strahler (1957),
Shreve (1966, 1967) and others. All stream topologic systems are dependent on
the identification of first-order streams—the most upstream element of the net-
work—and their lengths and drainage areas. Unfortunately, no universal stan-
dards exist to define where the stream head is located, or whether perennial,
intermittent, and ephemeral channels should be considered in this determination.
While this may seem like a trivial process, the identification and delineation of
these sources effectively determines what lengths and sections of channels are
defined to be waterbodies and, thus, the classification of all downstream water-
bodies.

Nadeau and Rains (2007) have recently reviewed stream-channel delinea-
tion in the United States using standardized maps and hydrographic datasets to
better relate climate to the extent of perennial, intermittent, and ephemeral chan-
nel types. Because this may influence the set of stream channels that are regu-
lated by the Clean Water Act (CWA), it is the subject of current legal arguments
in courts up to and including the Supreme Court (e.g., Solid Waste Agency of
Northern Cook County v. U.S. Army Corps of Engineers, 531 U.S. 159 [2001],
John A. Rapanos et al. vs. United States [U.S., No. 04-1034, 2005]). In addition
to the stream-channel network, additional features (discussed below) that are
embedded in or isolated from the delineated stream network (lakes, ponds, and
wetlands) are subject to regulation under the CWA based on their proximity or
interaction with the defined stream and river network. Therefore, definition of
the extent and degree of connectivity of the nation’s stream network, with an
emphasis on the headwater region, is a critical determinant of the set of water-
bodies that are regulated for stormwater permitting (Nadeau and Rains, 2007).

Stream Reach Geomorphology

Within the channel network, stream reaches typically follow a regular pat-
tern of changes in downstream channel form. Hydraulic geometry equations,
first introduced by Leopold and Maddock (1953), describe the gross geomorphic
adjustment of the channel (in terms of average channel depth and width) to the
flow regime and sometimes the sediment supply. Within this general pattern of
larger flows producing larger channels, variations in channel form are evident,
particularly the continuum among straight, meandering, or braided patterns.
These forms are dependent on the spatial and temporal patterns of discharge,
sediment supply, transport capacity, and roughness elements.

Most natural channels have high width-to-depth ratios and complexity of
channel form compared with engineered channels. Meanders are ubiquitous
self-forming features in channels, created as accelerated flow around the outside
of the meander entrains and transports more sediment, producing greater flow
depths and eroding the bank, while decelerated flow on the inside of the mean-

Copyright © National Academy of Sciences. All rights reserved.
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der results in deposition and the formation of lower water depth and bank gradi-
ents. These channels typically show small-scale alternation between larger cross
sections with lower velocities and defining pools, and smaller cross sections
with higher velocity flow in riffles. Braided streams form repeated subdivision
and reconvergence of the channel in multiple threads, with reduced specific dis-
charge compared to a single channel. Natural obstructions including woody
debris, boulders, and other large (relative to channel dimensions) features all
contribute to hydraulic and habitat heterogeneity. The complexity of these
channel patterns contributes to hydraulic roughness, further dissipating stream
energy by increasing the effective wetted perimeter of the channel through a
valley and deflecting flow between banks.

Embedded Standing Waterbodies

Standing waterbodies include natural, constructed, or modified ponds and
lakes and are characterized by low or near-zero lateral velocity. They can be
thought of as extensions of pools within the drainage network, although there is
no clear threshold at which a pool can be defined as a pond or lake. When they
are embedded within the channel network, they are characterized with much
greater cross-sectional area (width x depth), lower surface water slopes (ap-
proaching flat), and lower velocities than a stream reach of similar length.
Therefore, standing waterbodies function as depositional zones, have higher
residence times, and provide significant storage of water, sediment, nutrients,
and other pollutants within the stream network.

Riparian Zone

The riparian area is a transitional zone between the active channel and the
uplands, and between surface water and groundwater. The area typically has
shallower groundwater levels and higher soil moisture than the surrounding up-
lands, and it may support wetlands or other vegetation communities that require
higher soil moisture. Riparian zones provide important ecosystem functions and
services, such as reducing peak flood flows, transforming bioavailable nutrients
into organic matter, and providing critical habitat.

In humid landscapes, a functioning riparian area commonly is an area where
shallow groundwater forms discharge seeps, either directly to the surface and
then to the stream channel or through subsurface flowpaths to the stream chan-
nel. The potential for high moisture and organic material content provides an
environment conducive to anaerobic microbial activity, which can provide effec-
tive sinks for inorganic nitrogen by denitrification, reducing nitrate loading to
the stream channel. However, the width of the effective riparian zone depends
on local topographic gradients, hydrogeology, and the channel geomorphology
(Lowrance et al., 1997). In steeply incised channels and valleys, or areas with

Copyright © National Academy of Sciences. All rights reserved.
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deeper flowpaths, the riparian zone may be narrow and relatively well drained.

Under more arid conditions with lower groundwater levels, riparian areas
may be the only areas within the watershed with sufficient moisture levels to
support significant vegetation canopy cover, even though saturation conditions
may occur only infrequently. Subsurface flowpaths may be oriented most com-
monly from the channel to the bed and banks, forming the major source of re-
charge to this zone from periodic flooding. In monsoonal climates in the U.S.
southwest, runoff generated in mountainous areas or from storm activity may
recharge riparian aquifers well downstream from the storm or snowmelt activity.
Channelization that reduces this channel-to-riparian recharge may significantly
impair riparian and floodplain ecosystems that provide critical habitat and other
ecosystem services (NRC, 2002).

Floodplains

The presence and distribution of alluvial depositional zones, including
floodplains, is dependent on the distribution and balance of upstream sediment
sources and sediment transport capacity, the temporal and spatial variability of
discharge, and any geological structural controls on valley gradient. Lateral
migration of streams contributes to the development of floodplains as the outer
bank of the migrating channel erodes sediment and deposition occurs on the
opposite bank. This leads to channels that are closely coupled to their flood-
plains, with frequent overbank flow and deposition, backwater deposits, wet-
lands, abandoned channels, and other floodplain features. During major events,
overbank flooding and deposition adds sediment, nutrients, and contaminants to
the floodplain surface, and may significantly rework preexisting deposits and
drainage patterns. Constructional landforms typical of urbanized watersheds,
such as levees, tend to disconnect streams from their floodplains.

Changes in Geomorphology from Urbanization

Changes to channel morphology are among the most common and readily
visible effects of urban development on natural stream systems (Booth and Hen-
shaw, 2001). The actions of deforestation, channelization, and paving of the
uplands can produce tremendous changes in the delivery of water and sediment
into the channel network. In channel reaches that are alluvial, the responses are
commonly rapid and often dramatic. Channels widen and deepen, and in some
cases may incise many meters below the original level of their beds. Alterna-
tively, channels may fill with sediment derived from farther upstream to produce
a braided form where a single-thread channel previously existed.

The clearest single determinant of urban channel change is the alteration of
the hydrologic response of an urban watershed, notably the increase in stream-
flow discharges. Increases in runoff mobilize sediment both on the land surface

Copyright © National Academy of Sciences. All rights reserved.
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and within the stream channel. Because transport capacity increases nonlinearly
with flow velocity (Vogel et al., 2003), much greater transport will occur in
higher flow events. However, the low frequency of these events may result in
decreasing cumulative sediment transport during the highest flows, as described
by standard magnitude and frequency analysis (Wolman and Miller, 1960), such
that the maximum time-integrated sediment transport occurs at moderate flows
(e.g., bankfull stage in streams in the eastern United States).

If the increase in sediment transport caused by the shift in the runoff regime
is not matched by the sediment supply, channel bed entrenchment and bank ero-
sion and collapse lead to a deeper, wider channel form. Increases in channel
dimensions caused by increased discharges have been observed in numerous
studies, including Hammer (1972), Hollis and Luckett (1976), Morisawa and
LaFlure (1982), Neller (1988), Whitlow and Gregory (1989), Moscrip and
Montgomery (1997), and Booth and Jackson (1997). MacRae (1997), reporting
on other studies, found that channel cross-sectional areas began to enlarge after
about 20 to 25 percent of the watershed was developed, commonly correspond-
ing to about 5 percent impervious cover. When the watersheds were completely
developed, the channel enlargements were about 5 to 7 times the original cross-
sectional areas. Channel widening can occur for several decades before a new
equilibrium is established between the new cross-section and the new dis-
charges.

Construction results in a large—but normally temporary—increase in sedi-
ment load to aquatic systems (e.g., Wolman and Schick, 1967). Indeed, erosion
and sediment transport rates can reach up to more than 200 Mg/ha/yr on con-
struction sites, which is well in excess of typical rates from agricultural land
(e.g., Wolman and Schick, 1967; Dunne and Leopold, 1978); rates from undis-
turbed and well-vegetated catchments are negligible (e.g., <<1 Mg/halyr). The
increased sediment loads from construction exert an opposing tendency to chan-
nel erosion and probably explain much of the channel narrowing or shallowing
that is sometimes reported (e.g., Leopold, 1973; Nanson and Young, 1981; Ebi-
semiju, 1989; Odemerho, 1992).

Additional sediment is commonly introduced into the channel network by
the erosion of the streambank and bed itself. Indeed, this source can become the
largest single fraction of the sediment load in an urbanizing watershed (Trimble,
1997). For example, Nelson and Booth (2002) reported on sediment sources in
the Issaquah Creek watershed, an urbanizing, mixed-use watershed in the Pacific
Northwest. Human activity in the watershed, particularly urban development,
has caused an increase of nearly 50 percent in the annual sediment yield, now
estimated to be 44 tons/km?/yr'. The main sources of sediment in the watershed
are landslides (50 percent), channel-bank erosion (20 percent), and stormwater
discharges (15 percent).

The higher flow volumes and peak discharge caused by urbanization also
tend to preferentially remove fine-grained sediment, leaving a lag of coarser bed
material (armoring) or removing alluvial material entirely and eroding into the
geologic substrate (Figure 3-24). The geomorphic outcome of these changes is a

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-24 Example of an urban stream that has eroded entirely through its alluvium to
expose the underlying consolidated geologic stratum below (Thornton Creek, Seattle,
Washington). SOURCE: Derek Booth, Stillwater Sciences, Inc.

mix of erosional enlargement of some stream reaches, significant sedimentation
in others, and potential head-ward downcutting of tributaries as discharge levels
from small catchments increase. The collective effects of these processes have
been described by Walsh et al. (2005) as “Urban Stream Syndrome,” which in-
cludes not only the visible alteration of the physical form of the channel but also
the consequent deterioration of stream biogeochemical function and aquatic tro-
phic structures.

Other changes also accompany these geomorphic changes. Episodic inun-
dation of the floodplain during floods may be reduced in magnitude and fre-
quency, depending on the increases in peak flow relative to the deepening and
resultant increase in flow capacity of the channel. Where deeply entrenched,
this channel morphology will lower the groundwater level adjacent to the chan-
nel. The effectiveness of riparian areas in filtering or removing solutes is thus
reduced because subsurface water may reach the channel only by flowpaths now
well below the organic-rich upper soil horizons. Removal of fine-grained
stream-bottom sediment, or erosion down to bedrock, may substantially lower
the exchange of stream water with the surrounding groundwater of the hypor-
heic zone.

In addition to these indirect effects on the physical form of the stream chan-
nel, urbanization also commonly modifies streams directly to improve drainage,
applying channel straightening and lining to reduce friction, increase flow ca-
pacity, and stabilize channel position (Figure 3-25). The enlarged and often

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-25 Example of a channelized urban stream for maximized flood conveyance
and geomorphic stability (Los Angeles River, California). SOURCE: Robert Pitt, University
of Alabama.

lined and straightened stream-channel cross section reduces the complexity of
the bed and the contact between the stream and floodplain, and increases trans-
port efficiency of sediment and solutes to receiving waterbodies. Enhanced
sedimentation of receiving waterbodies, in turn, reduces water clarity, decreases
depth, and buries the benthic environment.

POLLUTANT LOADING IN STORMWATER

Hydrologic flowpaths influence the production of particulate and dissolved
substances on the land surface during storms, as well as their delivery to the
stream-channel network. Natural watersheds typically develop a sequence of
ecosystem types along hydrologic flowpaths that utilize available limiting re-
sources, thereby reducing their export farther downslope or downstream, such
that in-stream concentrations of these nutrients are low. As a watershed shifts
from having mostly natural pervious surfaces to having heavily disturbed soils,
new impervious surfaces, and activities characteristic of urbanization, the runoff
quality shifts from relatively lower to higher concentrations of pollutants. An-
thropogenic activities that can increase runoff pollutant concentrations in urban
watersheds include application of chemicals for fertilization and pest control;
leaching and corrosion of pollutants from exposed materials; exhaust emissions,

Copyright © National Academy of Sciences. All rights reserved.
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leaks from, and wear of vehicles; atmospheric deposition of pollutants; and in-
appropriate discharges of wastes.

Most lands in the United States that have been developed were originally
grasslands, prairies, or forest. About 40 percent of today’s developed land went
through an agricultural phase (cropland or pastureland) before becoming urban-
ized, while more than half of today’s developed land area has been a direct con-
version of natural covers (USDA, 2000). Agricultural land can produce storm-
water runoff with high pollutant concentrations via soil erosion, the introduction
of chemicals (fertilizers, pesticides, and herbicides), animal operations that are
major sources of bacteria in runoff, and forestry operations. Indeed, urban
stormwater may actually have slightly lower pollutant concentrations than other
nonpoint sources of pollution, especially for sediment and nutrients. The key
difference is that urban watersheds produce a much larger annual volume of
runoff waters, such that the mass of pollutants discharged is often greater fol-
lowing urbanization. Some of the complex land-use—pollutant loading relation-
ships are evident in Box 3-7, which shows the measured annual mass loads of
nitrogen and phosphorus in four small watersheds of different land use moni-
tored as part of the Baltimore Long-Term Ecological Research program. De-
pending on the nutrient and the year, the agricultural and urban watersheds had a
higher nutrient export rate than the forested subwatershed.

Table 3-3 summarizes the comparative importance of urban land-use types
in generating pollutants of concerns that can impact receiving waters (Burton
and Pitt, 2002). This summary is highly qualitative and may vary depending on
the site-specific conditions, regional climate, activities being conducted in each
land use, and development characteristics. It should be noted that the rankings
in Table 3-3 are relative to one another and classified on a per-unit-area basis.
Furthermore, this table shows the parameters for each land-use category, such
that the effects for a community at large would be dependent on the areas of
each land use shown. Thus, although residential land use is shown to be a rela-
tively smaller source of many pollutants, it is the largest fraction of land use in
most communities, typically making it the largest stormwater source on a mass
pollutant discharge basis. Similarly, freeway, industrial, and commercial areas
can be very significant sources of many stormwater problems, and their dis-
charge significance is usually much greater than their land area indicates. Con-
struction sites are usually the overwhelming source of sediment in urban areas,
even though they make up very small areas of most communities. A later table
(Table 3-4) presents observed stormwater discharge concentrations for selected
constituents for different land uses.

The following section describes stormwater characteristics associated with
urbanized conditions. At any given time, parts of an urban area will be under
construction, which is the source of large sediment losses, flow path disruptions,
increased runoff quantities, and some chemical contamination. Depending on
the time frame of development, increased stormwater pollutant discharges asso-
ciated with construction activities may last for several years until land covers are
stabilized. After construction has been completed, the characteristics of urban

Copyright © National Academy of Sciences. All rights reserved.
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BOX 3-7
Comparison of Nitrogen and Phosphorus Export from
Watersheds with Different Land Uses

Land use is a significant influence on nutrient export as controlled by impervious area,
sanitary infrastructure, fertilizer application, and other determinants of input, retention, and
stormwater transport. Tables 3-2A and 3-2B compare dissolved nitrate, total nitrogen,
phosphate, and total phosphorus loads exported from forest catchments with catchments in
different developed land uses studied by the Baltimore Ecosystem Study (Groffman et al.,
2004). Loads were computed with the Fluxmaster system (Schwarz et al., 2006) from
weekly samples taken at outlet gauges. In these sites in Baltimore County, the forested
catchment, Pond Branch, has nitrogen loads one to two orders of magnitude lower than the
developed catchments. Baisman Run, with one-third of the catchment in low-density, sep-
tic-served suburban land use, has nitrogen export exceeding Dead Run, an older, dense
urban catchment. In this case, nutrient load does not follow the direct variation of impervi-
ous area because of the switch to septic systems and greater fertilizer use in lower density
areas. However, Figure 3-26 shows that as impervious area increases, a much greater
proportion of the total nitrogen load is discharged in less frequent, higher runoff events
(Shields et al., 2008), reducing the potential to decrease loads by on-site SCMs. Total
phosphorus loads were similarly as low (0.05-0.6 kg P/halyr) as nitrogen in the Pond
Branch catchment (forest) over the 2000—2004 time period, and one to two orders of mag-
nitude lower compared to agricultural and residential catchments.

It should be noted that specific areal loading rates, even in undeveloped catchments,
can vary significantly depending on rates of atmospheric deposition, disturbance, and cli-
mate conditions. The hydrologic connectivity of nonpoint pollutant source areas to receiv-
ing waterbodies is also a critical control on loading in developed catchments (Nadeau and
Rains, 2007) and is dependent on both properties of the pollutant as well as the catchment
hydrology. For example, total nitrogen was high in both the agricultural and low-density
suburban sites. Total phosphorus, on the other hand, was high in the Baltimore Ecosystem
Study agricultural catchment, but close to the concentration of the forest site in the low-
density suburban site serviced by septic systems. This is because septic systems tend to
retain phosphorus, while septic wastewater nitrogen is typically nitrified in the unsaturated
zone below a spreading field and efficiently transported in the groundwater to nearby
streams.

TABLE 3-2A Dissolved Nitrate and Total Nitrogen Export Rates from Forest and Devel-
oped Land-Use Catchments in the Baltimore Ecosystem Study

Nitrate (kg N/ha/yr) Total N (kg N/ha/yr)

Catchment | Land Use

2000 2001 2002 2000 2001 2002
o Forest 011 | o008| 004| 047| o037 017
Branch
McDonogh Agriculture 17.6 12.9 4.3 20.5 14.5 4.5
Baisman Mixed Forest
Run and Suburban 7.2 3.8 15 8.2 4.2 1.7
Dead Run Urban 3.0 2.9 2.9 5.6 5.3 4.2
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TABLE 3-2B Dissolved Phosphate and Total Phosphorus Export Rates from Forest and
Developed Land-Use Catchments in the Baltimore Ecosystem Study

Phosphate (kg P/ha/yr) Total P (kg P/halyr)
Catchment | Land Use
2000 2001 2002 2000 2001 2002
Pond
Forest 0.009 0.007 0.003 0.02 0.014 0.006
Branch
McDonogh Agriculture 0.12 0.080 0.022 0.22 0.14 0.043
ez Mixed Forest | 559 | 9005 | 0002 | 002 | 0011 | 0.004
Run and Suburban
Dead Run Urban 0.039 | 0.037 0.03 0.10 0.10 0.08
1 o~ c
. /
/
7
0.75 I/
- — 'Pond
5 . ’ Branch
o] Ve .
5 : e ---- Baisman's
— 0.5 1 P - Run
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FIGURE 3-26 Cumulative transport of total nitrogen at increasing flow levels from catch-
ments in Baltimore City and County including dominantly forest (Pond Branch), low-density
development on septic systems and forest (Baisman Run), agricultural (McDonogh), me-
dium-density suburban development on separate sewers (Glyndon), and higher-density
residential, commercial, and highway land cover (Dead Run). SOURCE: Reprinted, with
permission, from Shields et al. (2008). Copyright 2008 by the American Geophysical Un-
ion.
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TABLE 3-3 Relative Sources of Parameters of Concern for Different Land Uses in Urban
Areas

Problem Residential | Commercial | Industrial | Freeway | Construction
Parameter

High flow rates Low High Moderate High Moderate
(energy)

Large runoff . .

volumes Low High Moderate High Moderate
Debris (floatables . . .

and gross solids) High High Low Moderate | High
Sediment Low Moderate Low Low Very high
Inappropriate

discharges (mostly Moderate High Moderate Low Low
sewage and

cleaning wastes)

Microorganisms High Moderate Moderate Low Low
Toxicants (he_avy Low Moderate High High Moderate
metals/organics)

Nutrlent; ) Moderate Moderate Low Low Moderate
(eutrophication)

Organic debris .

(SOD and DO) High Low Low Low Moderate
Heat (elevated Moderate High Moderate High Low
water temperature)

NOTE: SOD, sediment oxygen demand; DO, dissolved oxygen.
SOURCE: Summarized from Burton and Pitt (2002), Pitt et al. (2008), and CWP and Pitt
(2008).

runoff are controlled largely by the increase in volume and the washoff of pol-
lutants from impervious surfaces. Stormwater in this phase is associated with
increases in discharges of most pollutants, but with less sediment washoff than
from construction and likely less sediment and nutrient discharges compared to
any pre-urbanization agricultural operations (although increased channel erosion
may increase the mass of sediment delivered in this phase; Pitt et al., 2007). A
third significant urban land use is industrial activity. As described later, indus-
trial site stormwater discharges are highly variable, but often greater than other
land uses.

Construction Site Erosion Characteristics

Problems associated with construction site runoff have been known for
many years. More than 25 years ago, Willett (1980) estimated that approxi-
mately 5 billion tons of sediment reached U.S. surface waters annually, of which
30 percent was generated by natural processes and 70 percent by human activi-
ties. Half of this 70 percent was attributed to eroding croplands. Although con-
struction occurred on only about 0.007 percent of U.S. land in the 1970s, it ac-

Copyright © National Academy of Sciences. All rights reserved.
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counted for approximately 10 percent of the sediment load to all U.S. surface
waters and equaled the combined sediment contributions of forestry, mining,
industrial, and commercial land uses (Willett, 1980).

Construction accounts for a much greater proportion of the sediment load in
urban areas than it does in the nation as a whole. This is because construction
sites have extremely high erosion rates and because urban construction sites are
efficiently drained by stormwater drainage systems installed early during the
construction activities. Construction site erosion losses vary greatly throughout
the nation, depending on local rain, soil, topographic, and management condi-
tions. As an example, the Birmingham, Alabama, area may have some of the
highest erosion rates in the United States because of its combination of very
high-energy rains, moderately to severely erosive soils, and steep slopes (Pitt et
al., 2007). The typically high erosion rates mean that even a small construction
project may have a significant detrimental effect on local waterbodies.

Extensive evaluations of urban construction site runoff problems have been
conducted in Wisconsin for many years. Data from the highly urbanized
Menomonee River watershed in southeastern Wisconsin indicate that construc-
tion sites have much greater potentials for generating sediment and phosphorus
than do other land uses (Chesters et al., 1979). For example, construction sites
can generate approximately 8 times more sediment and 18 times more phospho-
rus than industrial sites (the land use that contributes the second highest amount
of these pollutants) and 25 times more sediment and phosphorus than row crops.
In fact, construction sites contributed more sediment and phosphorus to the
Menomonee River than any other land use, although in 1979, construction com-
prised only 3.3 percent of the watershed’s total land area. During this early
study, construction sites were found to contribute about 50 percent of the sus-
pended sediment and total phosphorus loading at the river mouth (Novotny and
Chesters, 1981).

Similar conclusions were reported by the Southeastern Wisconsin Regional
Planning Commission (SEWRPC) in a 1978 modeling study of the relative pol-
lutant contributions of 17 categories of point and nonpoint pollution sources to
14 watersheds in the southeast Wisconsin regional planning area (SEWRPC,
1978). This study revealed construction as the first or second largest contributor
of sediment and phosphorus in 12 of the 14 watersheds. Although construction
occupied only 2 percent of the region’s total land area in 1978, it contributed
approximately 36 percent of the sediment and 28 percent of the total phosphorus
load to inland waters, making construction the region’s second largest source of
these two pollutants. The largest source of sediment was estimated to be crop-
land; livestock operations were estimated to be the largest source of phosphorus.
By comparison, cropland comprised 72 percent of the region’s land area and
contributed about 45 percent of the sediment and only 11 percent of the phos-
phorus to regional watersheds. When looking at the Milwaukee River watershed
as a whole, construction is a major sediment contributor, even though the
amount of land under active construction is very low. Construction areas were
estimated to contribute about 53 percent of the total sediment discharged by the

Copyright © National Academy of Sciences. All rights reserved.
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Milwaukee River in 1985 (total sediment load of 12,500 Ib/yr), while croplands
contributed 25 percent, streambank erosion contributed 13 percent, and urban
runoff contributed 8 percent.

Line and White (2007) recently investigated runoff characteristics from two
similar drainage areas in the Piedmont region of North Carolina. One of the
drainage areas was being developed as part of a large residential subdivision
during the course of the study, while the other remained forested or in agricul-
tural fields. Runoff volume was 68 percent greater for the developing compared
with the undeveloped area, and baseflow as a percentage of overall discharge
was approximately zero compared with 25 percent for the undeveloped area.
Overall annual export of sediment was 95 percent greater for the developing
area, while export of nitrogen and phosphorus forms was 66 to 88 percent
greater for the developing area.

The biological stream impact of construction site runoff can be severe. For
example, Hunt and Grow (2001) describe a field study conducted to determine
the impact to a stream from a poorly controlled construction site, with impact
being measured via fish electroshocking and using the Qualitative Habitat
Evaluation Index. The 33-acre construction site consisted of severely eroded silt
and clay loam subsoil and was located within the Turkey Creek drainage, Scioto
County, Ohio. The number of fish species declined (from 26 to 19) and the
number of fish found decreased (from 525 to 230) when comparing upstream
unimpacted reaches to areas below the heavily eroding site. The Index of Biotic
Integrity and the Modified Index of Well-Being, common fisheries indexes for
stream quality, were reduced from 46 to 32 and 8.3 to 6.3, respectively. Up-
stream of the area of impact, Turkey Creek had the highest water quality desig-
nation available, but fell to the lowest water quality designation in the area of
the construction activity. Water quality sampling conducted at upstream and
downstream sites verified that the decline in fish diversity was not due to chemi-
cal affects alone.

Municipal Stormwater Characteristics

The suite of stormwater pollutants generated by municipal areas is expected
to be much more diverse than construction sites because of the greater variety of
land uses and pollutant source areas found within a typical city. Many studies
have investigated stormwater quality, with the U.S. Environmental Protection
Agency’s (EPA’s) NURP (EPA, 1983) being the best known and earliest effort
to collect and summarize these data. Unfortunately, NURP was limited in that it
did not represent all areas of the United States or all important land uses. More
recently, the National Stormwater Quality Database (NSQD) (CWP and Pitt,
2008; Pitt et al., 2008 for version 3) has been compiling data from the EPA’s
NPDES stormwater permit program for larger Phase | municipal separate storm
sewer system (MS4) communities. As a condition of their Phase | permits, mu-
nicipalities were required to establish a monitoring program to characterize their
local stormwater quality for their most important land uses discharging to the

Copyright © National Academy of Sciences. All rights reserved.
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MS4. Although only a few samples from a few locations were required to be
monitored each year in each community, the many years of sampling and large
number of communities has produced a database containing runoff quality in-
formation for nearly 8,000 individual storm events over a wide range of urban
land uses. The NSQD makes it possible to statistically compare runoff from
different land uses for different areas of the country.

A number of land uses are represented in MS4 permits and also the data-
base, including industrial stormwater discharges to an MS4. However, there is
no separate compilation of quantitative mass emissions from specific industrial
stormwater sources that may have been collected under industrial permit moni-
toring efforts. The observations in the NSQD were all obtained at outfall loca-
tions and do not include snowmelt or construction erosion sources. The most
recent version of the NSQD contains stormwater data from about one-fourth of
the total number of communities that participated in the Phase | NPDES storm-
water permit monitoring activities. The database is located at
http://unix.eng.ua.edu/~rpitt/Research/ms4/mainms4.shtml.

Table 3-4 is a summary of some of the stormwater data included in NSQD
version 3, while Figure 3-27 shows selected plots of these data. The table de-
scribes the total number of observations, the percentage of observations above
the detection limits, the median, and coefficients of variation for a few of the
major constituents for residential, commercial, industrial, institutional, freeway,
and open-space land-use categories, although relatively few data are available
for institutional and open-space areas. It should be noted that even if there are
significant differences in the median concentrations by the land uses, the range
of the concentrations within single land uses can still be quite large. Further-
more, plots like Figure 3-27 do not capture the large variability in data points
observed at an individual site.

There are many factors that can be considered when examining the quality
of stormwater, including land use, geographical region, and season. The follow-
ing is a narrative summary of the entire database and may not reflect informa-
tion in Table 3-4 and Figure 3-29, which show only subsets of the data. First,
statistical analyses of variance on the NSQD found significant differences
among land-use categories for all of the conventional constituents, except for
dissolved oxygen. (Turbidity, total solids, total coliforms, and total E. coli did
not have enough samples in each group to evaluate land-use differences.) Free-
way sites were found to be significant sources of several pollutants. For exam-
ple, the highest TSS, COD, and oil and grease concentrations (but not necessar-
ily the highest median concentrations) were reported for freeways. The median
ammonia concentration in freeway stormwater is almost three times the median
concentration observed in residential and open-space land uses, while freeways
have the lowest orthophosphate and nitrite—nitrate concentrations—nhalf of the
concentration levels that were observed in industrial land uses.

In almost all cases the median metal concentrations at the industrial areas
were about three times the median concentrations observed in open-space and
residential areas. The highest lead and zinc concentrations (but not necessarily

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 3-4 Summary of Selected Stormwater Quality Data Included in NSQD, Version 3.0
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the highest median concentrations) were found in industrial land uses. Lower
concentrations of TDS, five-day biological oxygen demand (BODs), and fecal
coliforms were observed in industrial land-use areas. By contrast, the highest
concentrations of dissolved and total phosphorus were associated with residen-
tial land uses. Fecal coliform concentrations are also relatively high for residen-
tial and mixed residential land uses. Open-space land-use areas show consis-
tently low concentrations for the constituents examined. There was no signifi-
cant difference noted for total nitrogen among any of the land uses monitored.

In terms of regional differences, significantly higher concentrations of TSS,
BODs, COD, total phosphorus, total copper, and total zinc were observed in arid
and semi-arid regions compared to more humid regions. In contrast, fecal coli-
forms and total dissolved solids were found to be higher in the upper Midwest.
More detailed discussions of land use and regional differences in stormwater
quality can be found in Maestre et al. (2004) and Maestre and Pitt (2005, 2006).
In addition to the information presented above, numerous researchers have con-
ducted source area monitoring to characterize sheet flows originating from urban
surfaces (such as roofs, parking lots, streets, landscaped areas, storage areas, and
loading docks). The reader is referred to Pitt et al. (2005a,b,c) for much of this
information.

Industrial Stormwater Characteristics

The NSQD, described earlier, has shown that industrial-area stormwater has
higher concentrations of most pollutants compared to other land uses, although
the variability is high. MS4 monitoring activities are usually conducted at out-
falls of drainage systems containing many individual industrial activities, so
discharge characteristics for specific industrial types are rarely available. This
discussion provides some additional information concerning industrial stormwa-
ter beyond that included in the previous discussion of municipal stormwater. In
general, there is a profound lack of data on industrial stormwater compared to
municipal stormwater, and a correspondingly greater uncertainty about indus-
trial stormwater characteristics.

The first comprehensive monitoring of an industrial area that included
stormwater, dry weather base flows, and snowmelt runoff was conducted in se-
lected Humber River catchments in Ontario (Pitt and McLean, 1986). Table 3-5
shows the annual mass discharges from the monitored industrial area in North
York, along with ratios of these annual discharges compared to discharges from
a mixed commercial and residential area in Etobicoke. The mass discharges of
heavy metals, total phosphorus, and COD from industrial stormwater are three
to six times that of the mixed residential and commercial areas.

Hotspots of contamination on industrial sites are a specific concern.
Stormwater runoff from “hotspots” may contain loadings of hydrocarbons, trace
metals, nutrients, pathogens and/or other toxicants that are greater than the load-
ings of “normal” runoff. Examples of these hotspots include airport de-icing
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TABLE 3-5 Annual Storm Drainage Mass Discharges from Toronto-Area Industrial Land
Use

Annual Mass Discharges Stormwater Annual Discharge
Measured . . arg Ratio (Industrial Compared to
Parameter Units from Industrial Drainage Residential and Commercial
Area Mixed Area)

Runoff m¥hrlyr 6,580 16

volume

total solids kg/halyr 6,190 2.8

total

phosphorus kg/halyr 4,320 45

TKN g/halyr 16,500 1.2

COD kg/ha/yr 662 3.3

Cu glhalyr 416 4.0

Pb g/halyr 595 4.2

Zn g/halyr 1,700 5.8

SOURCE: Pitt and McLean (1986).

facilities, auto recyclers/junkyards, commercial garden nurseries, parking lots,
vehicle fueling and maintenance stations, bus or truck (fleet) storage areas, in-
dustrial rooftops, marinas, outdoor transfer facilities, public works storage areas,
and vehicle and equipment washing/steam cleaning facilities (Bannerman et al.,
1993; Pitt et al., 1995; Claytor and Schueler, 1996).

The elevated concentrations and mass discharges found in stormwater at in-
dustrial sites are associated with both the activities that occur and the materials
used in industrial areas, as discussed in the sections that follow.

Effects of Roofing Materials on Stormwater Quality

The extensive rooftops of industrial areas can be a significant pollutant
source area. A summary of the literature on roof-top runoff quality, including
both roof surfaces and underlying materials used as subbases (such as treated
wood), is presented in Table 3-6. Good (1993) found that dissolved metals’
concentrations and toxicity remained high in roof runoff samples, especially
from rusty galvanized metal roofs during both first flush and several hours after
a rain has started, indicating that metal leaching continued throughout the events
and for many years. During pilot-scale tests of roof panels exposed to rains over
a two-year period, Clark et al. (2008) found that copper roof runoff concentra-
tions for newly treated wood panels exceeded 5 mg/L (a very high value com-
pared to median NSQD stormwater concentrations of about 10 to 40 pg/L for
different land uses) for the first nine months of exposure. These results indi-
cated that copper continued to be released from these wood products at levels
high enough to exceed aquatic life criteria for long periods after installation, and
were not simply due to excess surface coating washing off in the first few storms
after installation.

Copyright © National Academy of Sciences. All rights reserved.
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Traditional unpainted or uncoated hot-dip galvanized steel roof surfaces can
also produce very high zinc concentrations. For example, pilot-scale tests by
Clark et al. (2008) indicated that zinc roof runoff concentrations were 5 to 30
mg/L throughout the first two years of monitoring of a traditional galvanized
metal panel. These are very high values compared to median stormwater values
reported in the NSQD of 60 to 300 pg/L for different land uses. Factory-painted
aluminum-zinc alloy panels had runoff zinc levels less than 250 pg/L, which
were closer to the reported NSQD median values. The authors concluded that
traditional galvanized metal roofing contributed the greatest concentrations of
many metals and nutrients. In addition, they found that pressure-treated and
waterproofed wood contributed substantial copper loads. The potential for nu-
trient release exists in many of the materials tested (possibly as a result of phos-
phate washes and binders used in the material’s preparation or due to natural
degradation).

Other researchers have investigated the effects of industrial rooftop runoff
on receiving waters and biota. Bailey et al. (1999) investigated the toxicity to
juvenile rainbow trout of runoff from British Columbia sawmills and found that
much of the toxicity may have been a result of divalent cations on the industrial
site, especially zinc from galvanized roofs.

Effects of Pavement and Pavement Maintenance on Stormwater
Quality

Pavement surfaces can also have a strong influence on stormwater runoff
quality. For example, concrete is often mixed with industrial waste sludges as a
way of disposing of the wastes. However, this can lead to stormwater dis-
charges high in toxic compounds, either due to the additives themselves or due
to the mobilization of compounds via the additives. Salaita and Tate (1998)
showed that high levels of aluminum, iron, calcium, magnesium, silicon, and
sodium were seen in the cement-waste samples. A variety of sands, including
waste sands, have been suggested as potential additives to cement and for use as
fill in roadway construction. Wiebusch et al. (1998) tested brick sands and
found that the higher the concentration of alkaline and alkaline earth metals in
the samples, the more easily the heavy metals were released. Pitt et al. (1995)
also found that concrete yard runoff had the highest toxicity (using Microtox
screening methods) observed from many source areas, likely due to the elevated
pH (about 11) from the lime dust washing off from the site.

The components of asphalt have been investigated by Rogge et al. (1997),
who found that the majority of the elutable organic mass that could be identified
consisted of n-alkanes (73 percent), carboxylic acids such as n-alkanoic acids
(17 percent), and benzoic acids. PAHSs and thiaarenes were 7.9 percent of the
identifiable mass. In addition, heterocyclic aromatic hydrocarbons containing
sulfur (S-PAH), such as dibenzothiophene, were identified at concentration lev-
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els similar to that of phenanthrene. S-PAHSs are potentially mutagenic (similar
to other PAHS), but due to their slightly increased polarity, they are more solu-
ble in water and more prone to aquatic bioaccumulation.

In addition to the bitumens and asphalts, other compounds are added to pav-
ing (and asphaltic roofing) materials. Chemical modifiers are used both to in-
crease the temperature range at which asphalts can be used and to prevent strip-
ping of the asphalt from the binder. A variety of fillers may also be used in as-
phalt pavement mixtures. The long-term environmental effects of these chemi-
cals in asphalts are unknown. Reclaimed asphalt pavements have also been pro-
posed for use as fill materials for roadways. Brantley and Townsend (1999)
performed a series of leaching tests and analyzed the leachate for a variety of
organics and heavy metals. Only lead from asphalt pavements reclaimed from
older roadways was found to be elevated in the leachate.

Stormwater quality from asphalt-paved surfaces seems to vary with time.
Fish kills have been reported when rains occur shortly after asphalt has been
installed in parking areas near ponds or streams (Anonymous, 2000; Perez-
Rivas, 2000; Kline, 2002). It is expected that these effects are associated with
losses of the more volatile and toxic hydrocarbons that are present on new sur-
faces. It is likely that the concentrations of these materials in runoff decrease as
the pavement ages. Toxicity tests conducted on pavements several years old
have not indicated any significant detrimental effects, except for those associ-
ated with activities conducted on the surface (such as maintenance and storage
of heavy equipment; Pitt et al., 1995, 1999). However, pavement maintenance
used to “renew” the asphalt surfaces has been shown to cause significant prob-
lems, which are summarized below.

A significant source of PAHs in the Austin, Texas, area (and likely else-
where) has been identified as coal-tar sealants commonly used to “restore” as-
phalt parking lots and storage areas. Mabhler et al. (2005) found that small parti-
cles of sealcoat that flake off due to abrasion by vehicle tires have PAH concen-
trations about 65 times higher than for particles washed off parking lots that are
not seal coated. Unsealed parking lots receive PAHs from the same urban
sources as do sealed parking lots (e.g., tire particles, leaking motor oil, vehicle
exhaust, and atmospheric fallout), and yet the average yield of PAHs from the
sealed parking lots was found to be 50 times greater than that from the control
lots. The authors concluded that sealed parking lots could be the dominant
source of PAHSs in watersheds that have seal-coated surfaces, such as many in-
dustrial, commercial, and residential areas. Consequently, the City of Austin
has restricted the use of parking lot coal-tar sealants, as have several Wisconsin
communities.

Stored Materials Exposed to Rain
Although roofing and pavement materials make up a large fraction of the

total surface covers and can have significant effects on stormwater quality,
leaching of rain through stored materials may also be a significant pollutant

Copyright © National Academy of Sciences. All rights reserved.
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source at industrial sites. Exposed metals in scrap yards can result in very high
concentrations of heavy metals. For example, Table 3-7 summarizes data from
three metals recycling facilities/scrap yards in Wisconsin and shows the large
fraction of metals that are either dissolved in the runoff or associated with very
fine particulate matter. For most of these metals, their greatest abundance is
associated with the small particles (<20 um in diameter), and relatively little is
associated with the filterable fraction. These metals concentrations (especially
zinc, copper, and lead) are also very high compared to that of most outfall indus-
trial stormwater.

OTHER SOURCES OF URBAN RUNOFF DISCHARGES

Wet weather stormwater discharges from separate storm sewer outfalls are
not the only discharges entering receiving waters from these systems. Dry
weather flows, snowmelt, and atmospheric deposition all contribute to the pol-
lutant loading of urban areas to receiving waters, and for some compounds may
be the largest contributor. Many structural SCMs, especially those that rely on
sedimentation or filtration, have been designed to function primarily with
stormwater and are not nearly as effective for dry weather discharges, snowmelt,
or atmospheric deposition because these nontraditional sources vary considera-
bly in key characteristics, such as the flow rate and volume to be treated, sedi-
ment concentrsations and particle size distribution, major competing ions, asso-
ciation of pollutants with particulates of different sizes, and temperature. Infor-
mation on the treatability of stormwater vs. snowmelt and other nontraditional
sources of urban runoff can be found in Pitt and McLean (1986), Pitt et al.
(1995), Johnson et al. (2003), and Morquecho (2005).

TABLE 3-7 Metal Concentration Ranges Observed in Scrapyard Runoff

Particle Size Iron (mg/L) Aluminum (mg/L) Zinc (mg/L)
Total 20 -810 15-70 16-8
< 63 um diameter 22 — 767 15 -58 15-7.6
< 38 um diameter 21 -705 15 - 58 14-74
< 20 um diameter 15-534 12 - 50 11-7.2
< 0.45 um diameter
(fiIterabTe fraction) 0.1-38 01-5 01-67
Copper (mg/L) Lead (mg/L) Chromium (mg/L)
Total 1.1-38 06-17 01-1.9
< 63 um diameter 1.1-3.6 0.1-1.6 0.1-1.6
< 38 um diameter 1.1-33 0.1-1.6 01-14
< 20 um diameter 1.0-238 0.1-1.6 01-1.2
< 045 um diameter 01-03 01-03 01-03

(filterable fraction)

SOURCE: Reprinted, with permission, from Clark et al. (2000). Copyright 2000 by Shirley
Clark.

Copyright © National Academy of Sciences. All rights reserved.
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Dry Weather Flows

At many stormwater outfalls, discharges occur during dry weather. These
may be associated with discharges from leaking sanitary sewer and drinking
water distribution systems, industrial wastewaters, irrigation return flows, or
natural spring water entering the system (Figures 3-28 to 3-33). Possibly 25
percent of all separate stormwater outfalls have water flowing in them during
dry weather, and as much as 10 percent are grossly contaminated with raw sew-
age, industrial wastewaters, and so forth (Pitt et al., 1993). These flow contribu-
tions can be significant on an annual mass basis, even though the flow rates are
relatively small, because they have long duration. This is particularly true in
arid areas, where dry weather discharges can occur daily. For example, despite
the fact that rain is scarce from May to September in Southern California, an
estimated 40 to 90 million liters of discharge flow per day into Santa Monica
Bay through approximately 70 stormwater outlets that empty onto or across
beaches (LAC DPW, 1985; SMBRP, 1994), such that the contribution of dry
weather flow to the total volume of runoff into the bay is about 30 percent
(NRC, 1984). Furthermore, in the nearby Ballona Creek watershed, dry weather
discharges of trace metals were found to comprise from 8 to 42 percent of the
total annual loading (McPherson et al., 2002). Stein and Tiefenthaler (2003)
further found that the highest loadings of metals and bacteria in this watershed
discharging during dry weather can be attributed to a few specific stormwater
drains.

In many cases, stormwater managers tend to overlook the contribution of
dry weather discharges, although the EPA’s NPDES Stormwater Permit pro-
gram requires municipalities to conduct stormwater outfall surveys to identify,
and then correct, inappropriate discharges into separate storm sewer systems.
The role of inappropriate discharges in the NPDES Stormwater Permit program,
the developed and tested program to identify and quantify their discharges, and
an extensive review of these programs throughout the United States can be
found in the recently updated report prepared for the EPA (CWP and Pitt, 2004).

FIGURE 3-28 Washing of
vehicle engine and allowing
runoff to enter storm drainage
system. SOURCE: Robert
Pitt, University of Alabama.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-29 Contamination of storm drainage with inappropriate disposal of oil.
SOURCE: Courtesy of the Center for Watershed Protection.

FIGURE 3-30 Dry weather flows from Toronto industrial area outfall. SOURCE: Pitt and
McLean (1986).

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-31 Sewage from clogged system overflowing into storm drainage system.
SOURCE: Robert Pitt, University of Alabama.

FIGURE 3-32 Failing sanitary sewer, causing upwelling of sewage through soil, and drain-
ing to gutter and then to storm drainage system. SOURCE: Robert Pitt, University of Ala-
bama.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-33 Dye tests to confirm improper sanitary sewage connection to storm drainage
system. SOURCE: Robert Pitt, University of Alabama.

Snowmelt

In northern areas, snowmelt runoff can be a significant contributor to the
annual discharges from urban areas through the storm drainage system (see Fig-
ure 3-34). In locations having long and harsh winters, with little snowmelt until
the spring, pollutants can accumulate and be trapped in the snowpack all winter
until the major thaw when the contaminants are transported in short-duration
events to the outfalls (Jokela, 1990). The sources of the contaminants accumu-
lating in snowpack depend on the location, but they usually include emissions
from nearby motor vehicles and heating equipment and industrial activity in the
neighborhood. Dry deposition of sulfur dioxide from industrial and power plant
smokestacks affects snow packs over a wider area and has frequently been stud-
ied because of its role in the acid deposition process (Cadle, 1991). Pollutants
are also directly deposited on the snowpack. The sources of directly deposited
pollutants include debris from deteriorated roadways, vehicles depositing petro-
leum products and metals, and roadway maintenance crews applying salt and
anti-skid grit (Oberts, 1994). Urban snowmelt, like rain runoff, washes some
material off streets, roofs, parking and industrial storage lots, and drainage gut-
ters. However, snowmelt runoff usually has much less energy than striking rain
and heavy flowing stormwater. Novotny et al. (1986) found that urban soil ero-

Copyright © National Academy of Sciences. All rights reserved.
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sion is reduced or eliminated during winter snow-cover conditions. However,
erosion of bare ground at construction sites in the spring due to snowmelt can
still be very high (Figure 3-35).

FIGURE 3-34 Snowmelt photos. SOURCE: Roger Bannerman, Wisconsin Department of
Natural Resources.

FIGURE 3-35 Construction site in early spring after snowmelt showing extensive sediment
transport. SOURCE: Roger Bannerman, Wisconsin Department of Natural Resources.

Copyright © National Academy of Sciences. All rights reserved.
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Sources of Contaminants in Snowmelt

Several mechanisms can bring about contamination of snow and snowmelt
waters. Initially, air pollutants can be incorporated into snowflakes as they form
and fall to the ground. After it falls to the ground and accumulates, the snow
can become further contaminated by dry atmospheric deposition, deposition of
nearby lost fugitive dust materials (usually blown onto snow packs near roads by
passing vehicles), and wash off of particulates from the exposed ground surfaces
as it melts and flows to the drainage system.

Snowflakes can remove particulates and gases from the air by in-cloud or
below-cloud capture. In-cloud capture of pollutants can occur during snowflake
formation as super-cooled cloud water condenses on particles and aerosols that
act as cloud condensation nuclei. This is known as nucleation scavenging and is
a major pathway for air pollution to be incorporated into snow. Particles and
gases may also be scavenged as snowflakes fall to the ground. Gases can also
be absorbed as snow falls. Snowflakes are more effective below-cloud scaven-
gers than raindrops because they are bigger and fall slower. Barrie (1991) re-
ports that large snowflakes capture particles in the 0.2- to 0.4-um-diameter
range, not by impaction but by filtering the air that moves through the snow
flakes as they fall to the ground.

Most of the contamination of snow in urban areas likely occurs after it lands
on the ground. Table 3-8 shows the flow-weighted mean concentrations of pol-
lutants found in undisturbed falling snow compared to snow found in urban
snow cover (Bennett et al., 1981). Pitt and McLean (1986) also measured
snowpack contamination as a function of distance from a heavily traveled road
passing through a park. The contaminants in the snow were at much greater
concentrations near the road (the major source of blown contamination on the
snow) than farther away. (The pollutant levels in the fresh fallen snow are gen-
erally a small fraction of the levels in the snow collected from urban study ar-
eas.) Pierstorff and Bishop (1980) also analyzed freshly fallen snow and com-
pared the quality to snow stored at a snow dump site. They concluded that “pol-
lutant levels at the dump site are the result of environmental input occurring
after the snow falls.” Some pollutants in snowmelt have almost no atmospheric

TABLE 3-8 Comparison of Flow-Weighted Pollutant Concentration Means of Snow Sam-
ples from Boulder, Colorado

High Density Low Density
Fresh Fallen Land Use Land Use
CoD 10 402 54
TS 86 2000 165
SS 16 545 4.5
TKN 0.19 2.69 2
NO3 0.15 0 0
P — 0.66 0.017
Pb — 0.95 —

Note: The units are mg/L. SOURCE: Reprinted, with permission, from Bennett et al. (1981). Copyright
1981 by Water Pollution Control Federation.

Copyright © National Academy of Sciences. All rights reserved.
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sources. For example, Oliver et al. (1974) found negligible amounts of chlo-
rides in samples of snow from rooftops, indicating that the high chloride level
found in the snowmelt runoff water comes almost entirely from surface sources
(i.e., road salting). Similar roadside snowpack observations along city park
roads by Pitt and McLean (1986) also indicated the strong association of road
salt with snowpack chloride levels.

Runoff and Pollutant Loading from Snowmelt

Snowmelt events can exhibit a first flush, in which there are higher concen-
trations of contaminants at the beginning compared to the total event averaged
concentration. The enrichment of the first portion of a snowmelt event by solu-
ble pollutants may be due to snowpack density changes, where water percolation
and melt/freeze events that occur in the snowpack cause soluble pollutants to be
flushed from throughout the snowpack to concentrate at the bottom of the pack
(Colbeck, 1981). This concentrated layer leaves the snowpack as a highly con-
centrated pulse, as snow melts from the bottom due to warmth from the ground
(Oberts, 1994).

When it rains on snow, heavy pollutant loads can be produced because both
soluble and particulate pollutants are melted from the snowpack simultaneously.
Also, the large volume of melt plus rain can wash off pollutants that have accu-
mulated on various surfaces such as roads, parking lots, roofs, and saturated soil
surfaces. The intensity of runoff from a rain-on-snow event can be greater than
a summer thunderstorm because the ground is saturated or frozen and the rapidly
melting snowpack provides added runoff volume (Oberts, 1994).

Figure 3-36 compares the runoff volumes associated with snowmelts alone
to those associated with snowmelts mixed with rain from monitoring at an in-
dustrial area in Toronto (Pitt and McLean, 1986). Rain with snowmelt contrib-
utes over 80 percent of the total cold-weather event runoff volume.

50

40

30

snow melt alone

B rain with snow melt

20

Runoff volume, mm

10

January February March

FIGURE 3-36 Runoff volumes for snowmelt events alone and when rain falls on melting
snow packs (Toronto industrial area). SOURCE: Pitt and McLean (1986).

Copyright © National Academy of Sciences. All rights reserved.
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Whether pollutant loadings are higher or lower for snowmelt than for rain-
fall depends on the particular pollutant and its seasonal prevalence in the envi-
ronment. For example, the high concentrations of dissolved solids found in
snowmelt are usually caused by high chloride concentrations that stem from the
amount of de-icing salt used. Figure 3-37 is a plot of the chloride concentrations
in the influent to the Monroe Street detention pond in Madison, Wisconsin.
Chloride levels are negligible in the non-winter months but increase dramati-
cally when road salting begins in the fall, and remain high through the snow
melting period, even extending another month or so after the snowpack in the
area has melted. Bennett et al. (1981) found that suspended solids and COD
loadings for snowmelt runoff were about one-half of those for rainfall. Nutri-
ents were much lower for snowmelt, while the loadings for lead were about the
same for both forms of precipitation. Oberts (1994) reports that much of the
annual pollutant yields from event flows in Minneapolis is accounted for by end-
of-winter major melts. End-of-winter melts yielded 8 to 20 percent of the total
phosphorous and total lead annual load in Minnesota. Small midwinter melts
accounted for less than 5 percent of the total loads. Box 3-8 shows mass pollut-
ant discharges for a study site in Toronto and emphasizes the significance of
snowmelt discharges on the total annual storm drainage discharges.

Chloride Concentration in the Inlet Water

of the Monroe Street Detention Pond
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FIGURE 3-37 Monroe Street detention pond chloride concentration of influent (1986—
1988). SOURCE: House et al. (1993).
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BOX 3-8
The Contribution of Dry Weather Discharges and
Snowmelt to Overall Runoff in Toronto, Ontario

An extensive analysis of all types of stormwater flow—for both dry and wet weather—
was conducted in Toronto in the mid-1980s (Pitt and McLean, 1986). The Toronto Area
Watershed Management Strategy study included comprehensive monitoring in a residen-
tial/lcommercial area and an industrial area for summer stormwater, warm season dry
weather flows, snowmelt, and cold season dry weather flows. In addition to the outfall
monitoring, detailed source area sheet flow monitoring was also conducted during rain and
snowmelt events to determine the relative magnitude of pollutant sources. Particulate ac-
cumulation and wash-off tests were also conducted for a variety of streets in order to better
determine their role in contaminant contributions.

Tables 3-9 and 3-10 summarize Toronto residential/commercial and industrial urban
runoff median concentrations during both warm and cold weather, respectively. These
tables show the relative volumes and concentrations of wet weather and dry weather flows
coming from the different land uses. The bacteria densities during cold weather are sub-
stantially less than during warm weather, but are still relatively high; similar findings were
noted during the NURP studies (EPA, 1983). However, chloride concentrations and dis-
solved solids are much higher during cold weather. Early spring stormwater events also
contain high dissolved solids concentrations. Cold weather runoff accounted for more than
half of the heavy metal discharges in the residential/commercial area, while warm weather
discharges of zinc were much greater than the cold weather discharges for the industrial
area. Warm weather flows were also the predominant sources of phosphorus for the indus-
trial area.

One of the interesting observations is that, at these monitoring locations, warm
weather stormwater runoff only contributed about 20 to 30 percent of the total annual flows
being discharged from the separate stormwater outfalls. The magnitudes of the base flows
were especially surprising, as these monitoring locations were research sites to investigate
stormwater processes and were carefully investigated to ensure that they did not have
significant inappropriate discharges before they were selected for the monitoring programs.

In comparing runoff from the industrial and residential catchments, Pitt and McLean
(1986) observed that concentrations of most constituents in runoff from the industrial wa-
tershed were typically greater than the concentrations of the same constituents in the resi-
dential runoff. The only constituents with a unit-area yield that were lower in the industrial
area were chlorides and total dissolved solids, which was attributed to the use of road de-
icing salts in residential areas. Annual yields of several constituents (total solids, total dis-
solved solids, chlorides, ammonia nitrogen, and phenolics) were dominated by cold
weather flows, irrespective of the land use.

A comparison of the Toronto sheet flow data from the different land-use areas indi-
cated that the highest concentrations of lead and zinc were found in samples collected from
paved areas and roads during both rain runoff and snowmelt (Pitt and McLean, 1986).
Fecal coliform values were significantly higher on sidewalks and on, or near, roads during
snowmelt sampling, likely because these areas are where dogs would be walked in winter
conditions. In warm weather, dog walking would be less concentrated into these areas.
The concentrations for total solids from grass or bare open areas were reduced dramati-
cally during snowmelt compared to rain runoff, an indication of the reduced erosion and the

continues next page
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BOX 3-8 Continued
poor delivery of particulate pollutants during snowmelt periods. Cold weather sheet flow
median concentrations of particulate solids for the grass and open areas (80 mg/L) were
much less than the TSS concentrations observed during warm weather runoff (250 mg/L)
for these same areas. Snowmelt total solids concentrations also increased in areas located
near roads due to the influence of road salting on dissolved solids concentrations. In the
residential areas, streets were the most significant source of snowmelt solids, while yards
and open areas were the major sources of nutrients. Parking and storage areas contrib-
TABLE 3-9 Median Pollutant Concentrations Observed at Toronto Outfalls during Warm
Weather"

Baseflow Stormwater

Measured Parameter Residential | Industrial | Residential | Industrial
Stormwater volume (m°/ha/season) — — 950 1500
Baseflow volume (m*/ha/season) 1700 2100 — —
Total residue 979 554 256 371
Total dissolved solids 973 454 230 208
Suspended solids <5 43 22 117
Chlorides 281 78 34 17
Total phosphorus 0.09 0.73 0.28 0.75
Phosphates <0.06 0.12 0.02 0.16
Total Kjeldahl nitrogen (organic N 0.9 24 25 20
plus NHs)
Ammonia nitrogen <0.1 <0.1 <0.1 <0.1
Chemical oxygen demand 22 108 55 106
Fecal coliform bacteria (#/100 mL) 33,000 7,000 40,000 49,000
Fecal strep. bacteria (#/100 mL) 2,300 8,800 20,000 39,000
Pseudomonas aeruginosa bacteria
(#1100 mL) 2,900 2,380 2,700 11,000
Cadmium <0.01 <0.01 <0.01 <0.01
Chromium <0.06 0.42 <0.06 0.32
Copper 0.02 0.05 0.03 0.06
Lead <0.04 <0.04 <0.06 0.08
Zinc 0.04 0.18 0.06 0.19
Phenolics (ug/L) <15 2.0 1.2 5.1
o-BHC (ng/L) 17 <1 1 35
y-BHC (lindane) (ng/L) 5 <2 <1 <1
Chlordane (ng/L) 4 <2 <2 <2
Dieldrin (ng/L) 4 <5 <2 <2
Pentachlorophenol (ng/L) 280 50 70 705
Values are in mg/L unless otherwise indicated. Warm weather samples were obtained during the late spring,
summer, and early fall months when the air temperatures were above freezing and no snow was present.
SOURCE: Pitt and McLean (1986).

Copyright © National Academy of Sciences. All rights reserved.
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uted the most snowmelt pollutants in the industrial area. An analysis of snow samples
taken along a transect of a snowpack adjacent to an industrial road showed that the pollut-
ant levels decreased as a function of distance from the roadway. At distances greater than
3 to 5 meters from the edge of the snowpack, the concentrations were relatively constant.
Novotny et al. (1986) sampled along a transect of a snowpack by a freeway in Milwaukee.
They also found that the concentration of constituents decreased as the distance from the
road increased. Most of the measured constituents, including total solids and lead, were at
or near background levels at 30 meters or more from the road.

TABLE %—10 Median Pollutant Concentrations Observed at Toronto Outfalls during Cold
Weather

Baseflow Snowmelt
Measured Parameter Residential | Industrial | Residential | Industrial
Stormwater volume (m°/ha/season) — — 1800 830
Base flow volume (m°/ha/season) 1100 660 — —
Total residue 2230 1080 1580 1340
Total dissolved solids 2210 1020 1530 1240
Suspended solids 21 50 30 95
Chlorides 1080 470 660 620
Total phosphorus 0.18 0.34 0.23 0.50
Phosphates <0.05 <0.02 <0.06 0.14
Total Kjeldahl nitrogen (organic N 14 20 17 25
plus NHs)
Ammonia nitrogen <0.1 <0.1 0.2 0.4
Chemical oxygen demand 48 68 40 94
Fecal coliform bacteria (#/100 mL) 9800 400 2320 300
Fecal strep bacteria (#/100 mL) 1400 2400 1900 2500
Pseudomonas aeruginosa bacteria
(#1100 mL) 85 55 20 30
Cadmium <0.01 <0.01 <0.01 0.01
Chromium <0.01 0.24 <0.01 0.35
Copper 0.02 0.04 0.04 0.07
Lead <0.06 <0.04 0.09 0.08
Zinc 0.07 0.15 0.12 0.31
Phenolics (mg/L) 2.0 7.3 25 15
o-BHC (ng/L) NA 3 4 5
y-BHC (lindane) (ng/L) NA NA 2 1
Chlordane (ng/L) NA NA 11 2
Dieldrin (ng/L) NA NA 2 NA
Pentachlorophenol (ng/L) NA NA NA 40

*Values are in mg/L unless otherwise indicated. Cold weather samples were obtained during the winter months
when the air temperatures were commonly below freezing. Snowmelt samples were obtained during snowmelt

episodes and when rain fell on snow.
NA, not analyzed
SOURCE: Pitt and McLean (1986).
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Atmospheric Deposition

The atmosphere contains a diverse array of contaminants, including metals
(e.g., copper, chromium, lead, mercury, zinc), nutrients (nitrogen, phosphorus),
and organic compounds (e.g., PAHSs, polychlorinated biphenyls, pesticides).
These contaminants are introduced to the atmosphere by a variety of sources,
including local point sources (e.g., power plant stacks) and mobile sources (e.g.,
motor vehicles), local fugitive emissions (e.g., street dust and wind-eroded mate-
rials), and transport from non-local areas. These emissions, composed of gases,
small particles (aerosols), and larger particles, become entrained in the atmos-
phere and subject to a complex series of physical and chemical reactions
(Schueler, 1983).

Atmospheric contaminants are deposited on land and water in two ways—
termed wet deposition and dry deposition. Wet deposition (or wetfall) involves
the sorption and condensation of pollutants to water drops and snowflakes fol-
lowed by deposition with precipitation. This mechanism dominates the deposi-
tion of gases and aerosol particles. Dry deposition (or dryfall) is the direct trans-
fer of contaminants to land or water by gravity (particles) or by diffusion (vapor
and particles). Dry deposition occurs when atmospheric turbulence is not suffi-
cient to counteract the tendency of particles to fall out at a rate governed, but not
exclusively determined, by gravity (Schueler, 1983).

As atmospheric contaminants deposit, they can exert an influence on storm-
water in several ways. Contaminants deposited by wetfall are directly conveyed
to stormwater while those in dryfall can be washed off the land surface. For
both processes, the atmospheric load of contaminants is strongly influenced by-
characteristics such as the amount of impervious surface, the magnitude and
proximity of emission sources, wind speed and direction, and precipitation mag-
nitude and frequency (Schueler, 1983). Deposition rates can depend on the type
of contaminant and can be site-specific. The relationships between atmospheric
deposition and stormwater quality are, however, not well understood and diffi-
cult to determine. Following are a few illustrative examples.

Southern California

Several studies have addressed atmospheric deposition in Southern Califor-
nia (e.g., Lu et al., 2003; Harris and Davidson, 2005; Stolzenbach et al., 2007).
Stolzenbach et al. and Lu et al. conclude the following for this region:

» the major source of contaminants to the atmosphere in this region is as-
sociated with resuspended dust, primarily from roads,

e contaminants in resuspended dust may reflect historical as well as cur-
rent sources and distant as well as local sources,

« atmospheric loadings to the receiving water are primarily the result of
chronic daily dry deposition of large particles greater than 10 um in size on the

Copyright © National Academy of Sciences. All rights reserved.
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watershed rather than directly on a waterbody,

« significant spatial variability occurs in trace metal mass loadings and
deposition fluxes, particularly along transportation corridors along the coast and
the mountain slopes of the airshed,

» significant diurnal and seasonal variations occur in the deposition of
trace metals, and

» atmospheric deposition of metals is a significant component of con-
taminant loading to waterbodies in the region relative to other point and non-
point sources.

Harris and Davidson (2005) have reported that traditional sources of lead to
the south coast air basin of California accounted for less than 15 percent of the
lead exiting the basin each year. They resolve this difference by considering
that lead particles deposited during the years of leaded gasoline use are resus-
pended as airborne lead at this time, some decades after their original deposition.
This result indicates that lead levels in the soil will remain elevated for decades
and that resuspension of this lead will remain a major source of atmospheric
lead well into the future.

Sabin et al. (2005) assessed the contribution of trace metals (chromium,
copper, lead, nickel, and zinc) from atmospheric deposition to stormwater runoff
in a small impervious urban catchment in the Los Angeles area. Dry deposition
contributed 90 percent or more of the total deposition inside the catchment, indi-
cating the dominance of dry deposition in semi-arid regions such as Los Ange-
les. Deposition potentially accounted for from 57 to 90 percent of the total trace
metals in stormwater in the study area, demonstrating that atmospheric deposi-
tion can be an important source of trace metals in stormwater near urban centers.

San Francisco

Dissolved copper is toxic to phytoplankton, the base of the aquatic food
chain. Copper and other metals are released in small quantities when drivers
depress their brakes. The Brake Pad Partnership (http://www.suscon.org/
brakepad/index/asp) has conducted studies to determine how much copper is
released as wear debris, and how it travels through the air and streets to surface
waters. A comprehensive and complex model of copper loads to and of trans-
port and reactions in San Francisco Bay was developed (Yee and Franz, 2005).
Objectives were to provide daily loadings of flow, TSS, and copper to the bay
and to estimate the relative contribution of brake pad wear debris to copper in
the bay. The modeling results (Rosselot, 2006a) indicated that an estimated
47,000 kg of copper was released to the atmosphere in the Bay Area in 2003. Of
this amount, 17,000 kg Cu/yr was dry-deposited in subwatersheds; 3,200 kg
Cul/yr was wet-deposited in subwatersheds; 1,200 kg Cu/yr was dry-deposited
directly to bay waters; and 1,300 kg Cu/yr was wet-deposited directly to bay
waters. The remaining 24,000 kg Cu/yr remained airborne until it left the Bay

Copyright © National Academy of Sciences. All rights reserved.
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Area. The contribution of copper from brake pads to the bay is estimated to
range from 10 to 35 percent of the total copper input, with the best estimate be-
ing 23 percent (Rosselot, 2006a,b).

Washington, D.C., Metropolitan Area

Schueler (1983) investigated the atmospheric deposition of several con-
taminants in Washington, D.C., and its surrounding areas in the early 1980s.
The contaminants assessed included trace metals (cadmium, copper, iron, lead,
nickel, and zinc), nutrients (nitrogen and phosphorus), solids, and organics as
measured collectively by BOD and COD. Dryfall solids loading increased pro-
gressively from rural to urban sites. A similar trend was observed for total
phosphorus, total nitrogen, and trace metal dry deposition rates. Wet deposition
rates exhibited few consistent regional patterns.

The relative importance of wet and dry deposition varied considerably with
each contaminant and each site. For example, most of the nitrogen was supplied
by wet deposition while most of the phosphorus was delivered via dry deposi-
tion. If a contaminant is deposited primarily by wet deposition, it is likely that a
major fraction of it will be rapidly entrained in urban runoff.

Atmospheric sources were estimated to contribute from 70 to 95 percent of
the total nitrogen load to urban runoff and 20 to 35 percent of the total phospho-
rus load. Overall, atmospheric deposition appeared to be a moderate source of
pollutants in urban runoff. However, with the exception of nitrogen, atmos-
pheric deposition was not the major source.

Average annual atmospheric deposition rates suggested a general trend to-
ward greater deposition rates from rural to suburban to urban sites. This pattern
was most pronounced for dry deposition. Wet deposition was the most impor-
tant deposition mechanism for total nitrogen, nitrate, organic nitrogen, COD,
copper, and zinc. Dry deposition was most important for most soil-related con-
stituents, such as total solids, iron, lead, total phosphorus, and orthophosphate.

Measurements of rainfall pH showed median values between 4.0 and 4.1 at
all stations and during all seasons. Increased mobilization of trace metals from
urban surfaces caused by acid rain was noted at several monitoring sites.

*k*k

Relationships between atmospheric deposition rates and the quality of urban
stormwater are complex and cannot be generalized regionally or temporally.
Site-specific measurements or reliable estimates of (1) contaminant sources, (2)
atmospheric particle size and contaminant concentrations, (3) deposition rates
and mechanisms, (4) land surface characteristics, (5) local and regional hydrol-
ogy and meteorology, and (6) contaminant concentrations in stormwater are
needed to assess management decisions to improve stormwater quality. Trans-
portation is a major source of metals (lead in gasoline, zinc in tires, copper in

Copyright © National Academy of Sciences. All rights reserved.
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brake pads). The results of the modeling of copper in San Francisco and its wa-
tershed demonstrate the feasibility of modeling the impact of a source, in this
case copper input by atmospheric deposition, on water quality in a receiving
waterbody.

BIOLOGICAL RESPONSES TO URBANIZATION

As discussed in Chapter 1, the biological integrity of aquatic ecosystems is
influenced by five major categories of environmental stressors: (1) chemical, (2)
hydrologic, (3) physical (e.g., habitat), (4) biological (e.g., disease, alien spe-
cies), and (5) energy-related factors (e.g., nutrient dynamics). Recent studies on
biological assemblages in urban or urbanizing waters have begun to examine
how stormwater stressors limit biological potential along various urban gradi-
ents (Horner et al., 2003; Carter and Fend, 2005; Meador et al., 2005; Barbour et
al., 2008; Purcell et al., 2009). Advances in biological monitoring and assess-
ment over the past two decades have enabled much of this research. Today,
many states and tribes use biological data to directly measure their aquatic life
beneficial uses and have developed numeric biocriteria that are institutionalized
in their water quality standards. Most of these approaches compare biology and
stressors to suites of reference sites (Hughes, 1995; Stoddard et al., 2006), which
can vary from near-pristine areas to agricultural landscapes. While this section
focuses on streams because of the wealth of data, similar work is being per-
formed on other waterbody types such as wetlands (Mack and Micacchion,
2007) and estuaries, both of which are susceptible to stormwater pollutants such
as metals because of their depositional nature (Morrisey et al., 2000).

Aquatic life beneficial uses are based on achieving aquatic potential given
feasible restorative actions. Because such potential may vary substantially
across a region depending on land use and other factors, some states have
adopted tiered aquatic life uses (see Box 2-1). The potential of many urban
streams is likely to be something less than “biological integrity” (the ultimate
goal of the CWA) or even “fishable-swimmable” goals, which are the interim
goals of the CWA. Indeed, there is a near-universal, negative association be-
tween biological assemblages in streams and increasing urbanization, to the ex-
tent that it has been termed the “Urban Stream Syndrome” (Walsh et al., 2005).
Recent investigations that have quantified the responses of macroinvertebrates
and other biological assemblages along multiple measures of urban/stormwater
stressors have discussed how best to set aquatic life goals for urban streams
(Booth and Jackson, 1997; Bernhardt and Palmer, 2007). One of the most im-
portant contributions to this debate has been the development of the Biological
Condition Gradient (BCG) concept by EPA. The BCG is an attempt to anchor
and standardize interpretations of biological conditions and to unify biological
monitoring results across the United States in order to advance the use of tiered
aquatic life beneficial uses. This section summarizes the characteristic biologi-
cal responses to urban gradients, within the framework of the BCG, and it re-

Copyright © National Academy of Sciences. All rights reserved.
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views evidence of biological responses within the aforementioned five major
categories of environmental stressors.

Biological Condition Gradient

The BCG framework is an ecological model of how structural and func-
tional components of biological assemblages change along gradients of increas-
ing stressors of many kinds (Davies and Jackson, 2006). Ecological systems
have some common general attributes related to their structure and function that
form the basis for how biological organisms respond to stressors in the environ-
ment. Over the past 20 years, development of biological indicators nationwide
has taken advantage of these repeatable biological responses to stress; however,
state benchmarks often have varied substantially, even between adjacent states.
To gain consistency, the EPA convened a national workgroup of EPA Regions,
States, and Tribes to develop the BCG—a standardized, nationally applicable
model that defines important attributes of biological assemblages and describes
how these attributes change along a gradient of increasing stress from pristine
environments to severely impaired conditions (Figure 3-38; Davies and Jackson,
2006). The goals of this work were to improve national consistency in the rating
and application of biological assessment tools for all types of waterbodies and to
provide a baseline for the development of tiered aquatic life uses.

To date, the BCG has been applied to assemblages including aquatic macro-
invertebrates, fish, Unionid mussels, and algae in streams, but it could be ap-
plied to any organism group in any type of waterbody. The BCG is derived by
applying a suite of ten ecological attributes that allows biological condition to be
interpreted independently of assessment method (Table 3-11; Davies and Jack-
son, 2006). The first five attributes focus on taxa sensitivity, an important com-
ponent of tools such as multimetric indices (e.g., the Index of Biotic Integrity
[IBI], the Invertebrate Community Index [ICI]; see Box 2-3) used in the United
States and Europe. Many indicator taxa have been widely studied, and, for
groups such as fish, historical data often exist. Most states have established lists
of tolerant and intolerant species as part of their use of biological indices (Simon
and Lyons, 1995). The relatively large literature on species population and dis-
tribution changes in response to stressors and landscape condition offers insight
into the mechanisms for population shifts, some of which are summarized in this
section.

The first two attributes of the BCG relate to those streams that are closest to
natural or pristine, with most taxa “as naturally occur.” Attribute 1 and 2 taxa
are the most sensitive species that typically disappear with even minor stress.
Table 3-12 lists some example attribute 1 taxa for four different regions of the
United States. Attribute 3 reflects more ubiquitous, but still sensitive, species
that can provide information as human influence on the landscape becomes
more obvious, but is not yet severe. Attributes 5 and 6 are taxa that increase in
abundance and distribution with increasing stress. The organism condition at-

Copyright © National Academy of Sciences. All rights reserved.
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The Biological Condition Gradient: Biological Response to

Increasing Levels of Stress

Levels of Biological Condition

Natural structural, functional, and
taxonomic integrity is preserved.

Structure & function similar to natural
community with some additional taxa &
biomass; ecosystem level functions are
fully maintained.

Evident changes in structure due to loss
of some rare native taxa; shifts in relative
abundance; ecosystem level functions
fully maintained.

Moderate changes in structure due to
replacement of sensitive ubiquitous taxa
by more tolerant taxa; ecosystem
functions largely maintained.

Sensitive taxa markedly diminished;
conspicuously unbalanced distribution
of major taxonomic groups; ecosystem
function shows reduced complexity &
redundancy.

Extreme changes in structure and
ecosystem function; wholesale changes
in taxonomic composition; extreme
alterations from normal densities.

Watershed, habitat, flow regime Chemistry, habitat, and/or flow
and water chemistry as naturally regime severely altered from
oceurs. natural conditions.

FIGURE 3-38 The Biological Condition Gradient (BCG) and summaries of biological condi-
tion along tiers of this gradient. SOURCE: Modified from Davies and Jackson (2006) by

EPA.

TABLE 3-11 Ecological attributes that comprise the basis for the BCG

Sensitive-rare taxa

Tolerant taxa

Organism condition
Ecosystem functions

Boo~NooMwNE

Historically documented, sensitive, long-lived or regionally endemic taxa

Sensitive-ubiquitous taxa
Taxa of intermediate tolerance

Non-native or introduced taxa

Spatial and temporal extent of detrimental effects
0. Ecosystem connectance

SOURCE: EPA (2005).

Copyright ©

National Academy of Sciences. All rights reserved.
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TABLE 3-12 Example of Taxa that Might Serve as Attribute 1: “Historically Documented,
Sensitive, Long-Lived, Regionally Endemic Taxa for Streams in Four Regions of the United
States”

State and Taxon | Taxa Representative of Attribute |
Maine
brook floater (Alasmodonta varicosa), triangle floater (Alasmodon-
Mollusks - )
ta undulata), yellow lampmussel (Lampsilis cariosa)
. brook stickleback (Culaea inconstans), swamp darter (Etheo-
Fishes .
stoma fusiforme)
Washington
Fishes steelhead (Oncorhynchus mykiss)
Amphibians spotted frog (Rana pretiosa)
Arizona
Mollusks spring snails (Pyrgulopsis spp.)
Fishes Gila trout (Oncorhynchus gilae),_ Apac_he trout (Oncorhynchus '
apache), cutthroat trout (endemic strains) (Oncorhynchus clarki)
Amphibians Chihuahua leopard frog (Rana chiricahuensis)
Kansas
hickorynut (Obovaria olivaria), black sandshell (Ligumia recta),
Molluskst
ponderous campeloma (Campeloma crassulum)
Arkansas River shiner (Notropis girardi), Topeka shiner (Notropis
Fishes topeka), Arkansas darter (Etheostoma cragini), Neosho madtom
(Noturus placidus), flathead chub (Platygobio gracilisa)
Other ringed crayfish (Orconectes neglectus neglectus), Plains sand-
invertebrates burrowing mayfly (Homoeoneuria ammophila)
Plains spadefood toad (Spea bombifrans), Great Plains toad
Amphibians (Bugo cognatus), Great Plains narrowmouth toad (Gastrophryne
olivaceae), Plains leopard frog (Rana blairi)

TAlthough not truly endemic to the central plains, these regionally extirpated mollusks were
widely distributed in eastern Kansas prior to the onset of intensive agriculture.

SOURCE: Table 7 from Davies and Jackson (2006). Reprinted, with permission, from
Davies and Jackson (2006). Copyright 2006 by Ecological Society of America.

tribute (7) includes the presence of anomalies (e.g., tumors, lesions, eroded fins,
etc.) or the presence of large or long-lived individuals in a population. Most
natural streams typically have few or incidental rates of “anomalies” associated
with disease and stress. Natural waterbodies typically also have the entire range
of life stages present, as would be expected. However, as stress is increased,
larger individuals may disappear or emigrate, or reproductive failure may occur.
Ecosystem function (attribute 8) is very difficult to measure directly (Davies and
Jackson, 2006). However, certain functions can be inferred from structural
measures common to various multimetric indices, examples of which are listed
in Table 3-13. The last two attributes (9 and 10) may be of particular impor-
tance with regard to stormwater and urban impacts. Cumulative impacts are a
characteristic of urbanization, and biological organisms typically integrate the
effects of many small insults to the landscape. Additionally, most natural sys-
tems often have strong “connectance,” such that aquatic life often has stages that
rely on migrating across multiple types or sizes of waterbodies. Urbanized
streams can decrease connectance by creating migration blocks, including verti-
cal barriers at road crossings and small dams (Warren and Pardew, 1998).

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 3-13 Function Ecological Attributes or Process Rates and Their Structural Indica-
tors

Biotic Level and Function or Process | Structural Indicator

Individual level

Fecundity Maximum individual size, number of eggs
Growth and metabolism Length/mass (condition)
Morbidity Percentage anomalies
Population Level
Growth and fecundity Density
Mortality Size- or age-class distribution
Production Biomass, standing crop, catch per unit effort
Sustainability Size- or age-class distribution
Migration, reproduction Presence or absence, density

Community or assemblage level

Production/respiration ratio,

autotrophy vs heterotrophy Trophic guilds, indicator species

Primary production Biomass, ash-free dry mass

Ecosystem level

Degree of aquatic and riparian fragmentation
longitudinally, vertically, and horizontally;
presence or absence of diadromous and
potadromous species

Connectivity

SOURCE: Table 4 from Davies and Jackson (2006). Reprinted, with permission, from
Davies and Jackson (2006). Copyright 2006 by Ecological Society of America.

Construction of a BCG creates a conceptual framework for developing
stressor—response gradients for particular urban areas. The initial work done to
develop the BCG derived a series of six tiers to describe a gradient of biological
condition that is anchored in pristine conditions (*“as naturally occurs”) and that
extends to severely degraded conditions (see Figure 3-38). Exercises done by
the national work group to derive such a gradient for macroinvertebrates in
wadeable streams showed strong consistency in assigning tiers to datasets using
the descriptions of taxa for each attribute along these gradients (Davies and
Jackson, 2006). Substantial data already exist to populate many of the attributes
of the BCG and to provide mechanistic underpinning for the expected directions
of change.

The BCG is not a replacement for assessment tools such as the IBI or mul-
tivariate predictive models (e.g., RIVPACS approach), but rather a conceptual
overlay for characterizing the anchor point-of-reference conditions and a consis-
tent way to communicate biological condition along gradients of stress. As
such, it has strong application to understanding stormwater impacts and to
communicating where a goal is located along the gradient of biological condi-
tion. While most urban goals may be distant from “pristine” or “natural,” the
BCG process can dispel misconceptions that alternate urban goals are “dead
streams” or unsafe in some manner.

Copyright © National Academy of Sciences. All rights reserved.
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Factors Limiting Aquatic Assemblages in Urban Waters

A slew of recent investigations have quantified the responses of macroin-
vertebrates and other biological assemblages to multiple measures of urbaniza-
tion and to stormwater in particular. One important conclusion of some of this
work is that declines in the highest biological condition start with low levels of
anthropogenic change (e.g., 5 to 25 percent impervious surface); higher levels of
urbanization severely alter aquatic conditions (Horner et al., 2003). This has
important consequences for protecting sites with the highest biological integrity,
as they may be among the most vulnerable. The non-threshold nature of this
aquatic response and the typical wedge-shaped response to multiple stressors by
aquatic assemblages are discussed in Box 3-9.

BOX 3-9
Non-threshold Nature of the Decline of Biological
Assemblages Along Urban Stressor Gradients

Several recent surveys have demonstrated that biological assemblages begin to de-
cline in condition with even low levels of urban disturbance as measured by various gradi-
ents of urbanization (e.g., May, 1996; Horner et al., 1997; May et al., 1997; Horner et al.,
2003; Moore and Palmer, 2005; Barbour et al., 2008). This box summarizes the work of
Horner et al. (2003) in small streams in three regions: Montgomery County, Maryland; Aus-
tin, Texas; and the Puget Sound area of Washington. Geographic Information System
(GIS) analyses using information such as land use, total impervious area, and riparian land
use were used to develop multi-metric Watershed Condition Indices (WClIs) for each re-
gion. These in turn were related to fish and macroinvertebrate indices, e.g., benthic IBls,
(B-IBlI, all three regions), a fish IBI (F-IBI for Maryland) and an index that was the ratio of
the sensitive coho salmon to the more tolerant cutthroat trout in collections for the Puget
Sound lowland area.

In each of these areas, no or extremely low urban development, substantial forest
cover, and minimal disturbance of riparian zones characterized sites with the highest bio-
logical scores, but these conditions did not guarantee high scores because other impacts
could limit biology even with these “natural” characteristics. In all three regions, high ur-
banization and loss of natural cover always led to biological degradation (Figures 3-39 and
3-40). The results of this study were similar to other recent studies such as Barbour et al.
(2008) that identify a “wedge-shaped” relationship or a “polygonal” relationship (Carter and
Fend, 2005) between urban gradients and biological condition. These types of relation-
ships have also been termed “factor-ceiling” relationships (Thomson et al., 1996). The
outer surface of these wedges or polygons reflects where the urban gradients limit biologi-
cal assemblages, such that points below this surface typically represent sites affected by
other stressors (e.g., combined sewer overflows, discharges, etc.). In all of these studies it
is easier to predict loss of biological conditions as the urban gradients (e.g., WCI) worsen
than it is to ensure high biological integrity at low proportions of urban stress (because
some other stressor may still limit aquatic condition).

continues next page
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FIGURE 3-39 Plots of a measure of urbanization (TIA + Wetland & Forest Cover + IRI)
versus B-IBls for Austin, Texas (top), and Montgomery County, Maryland (bottom).
SOURCE: Horner et al. (2003).
continues next page
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FIGURE 3-40 Plots of a measure of urbanization (TIA + Wetland & Forest Cover + IRI)
versus B-IBIs for Puget Sound (top) and versus the ratio of coho salmon to cutthroat trout
for Puget Sound (bottom). SOURCE: Horner et al. (2003).

continues next page
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BOX 3-9 Continued

Horner et al. (2003) also focused on whether structural SCMs could moderate the ef-
fects of urbanization on biological assemblages. They made detailed observations of two
subbasins in the Puget Sound lowland area, one with a greater degree of stormwater man-
agement than the other (although neither had what would be considered comprehensive
stormwater management with a focus on water quality issues). As shown in Figure 3-41, at
the highest levels of urbanization (triangles), the subbasin with the more extensive use of
structural SCMs did have better biological conditions. There was less evidence of biologi-
cal benefit in the watershed that used SCMs but it had only moderate urbanization and
more natural land cover (squares and diamonds). There were no circumstances where
high biological condition was observed along with the use of SCMs because high biological
condition only occurred where little human alteration was present, and thus SCMs were not
used.

FIGURE 3-41 Macroinvertebrate community index versus structural SCM density with the
highest, intermediate, and lowest one-third of natural watershed and riparian cover. The
upper and lower horizontal lines represent indices considered to define relatively high and
low levels of biological integrity, respectively. SOURCE: Horner et al. (2003).

The sections that follow review the evidence underlying biological re-
sponses to each of the major categories of stressors: chemical, hydrologic,
physical habitat, biological, and energy-related factors. As will be evident in
some of the examples, the stressors themselves can interact (e.g., flow can influ-
ence habitat, habitat can influence energy processing, etc.), which increases the
complexity of understanding how stormwater affects aquatic ecosystems.

Copyright © National Academy of Sciences. All rights reserved.
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Biological Responses to Toxic Pollutants

The chemical constituents of natural streams vary widely with climatic re-
gion, stream size, soil types, and geological setting. Most small natural streams,
outside of unique areas wth naturally occurring toxicants, have very low levels
of chemicals considered to be toxicants and have relatively low levels of dis-
solved and particulate materials in general. This applies to chemicals in the wa-
ter column and in sediments. Increasing amounts of impervious surface in the
watershed typically increase the concentrations of many chemical parameters in
runoff derived from urban surfaces (e.g., Porcella and Sorenson, 1980; Sprague
etal., 2007).

Stormwater concentrations of these pollutants can be variable and some-
times extreme or “toxic” depending on the timing of flows (e.g., first flush),
although concentrations at base flows may not routinely exceed water quality
benchmarks (Sprague et al., 2007). Historical deposition of toxics in sediments
can also be responsible for extremely high pollutant concentrations within wa-
terbodies, even though the stormwater discharges may no longer be active.
These situations have been termed “legacy pollution” and are most commonly
associated with urban centers that have a history of industrial production.

Natural constituents such as dissolved materials (e.g., chlorides), particulate
material (e.g., fine sediments), nutrients (e.g., phosphorus and nitrogen com-
pounds), as well as a myriad of man-made parameters such as heavy metals and
organic chemicals (e.g., hydrocarbons, pesticides and herbicides) have been
documented to be increased and at times pervasive in stormwater (Heany and
Huber, 1984; Paul and Meyer, 2001; Roy et al., 2003; Gilliom et al., 2006) al-
though specific patterns of concentrations can vary with region and ecological
setting (Sprague et al., 2007). Water chemistry impacts can also arise from a
complex array of permitted discharges, storm sewer discharges, and combined
sewer overflows that are treated to certain limits but at times fail to remove all
constituents from flows, especially when associated with storm events (Paul and
Meyer, 2001).

Streams in urban settings can have increases in toxicant levels compared to
background concentrations. In many instances these cases have been associated
with loss of aquatic species and impairment of aquatic life goals (EPA, 2002),
which are usually explained in terms of typical lethal responses. The complex-
ity of urban systems with regard to pathways, magnitude, duration, and timing
of toxicity as well as possible synergistic or antagonistic effects of mixtures of
pollutants argues for a broad approach to characterizing effects including not
only toxicity testing, but also novel approaches and direct monitoring of biologi-
cal assemblages (Burton et al., 1999). What is problematic from a traditional
management perspective is that aquatic communities may decline before ex-
ceedances of water quality criteria are evident (May et al., 1997; Horner et al.,
2003).

The first three BCG attributes focus on populations of species of high to
very high sensitivity, most of which are uncommon or absent in waters with any

Copyright © National Academy of Sciences. All rights reserved.
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substantial level of urbanization. Multi-metric indices such as IBI, which reflect
loss of these species, decline at least linearly with increasing urbanization (e.g.,
Miltner et al., 2004; Meador et al., 2005; Walters et al., 2005). Although toxic-
ity to compounds varies with species, many species of federal and state endan-
gered and threatened aquatic species are more sensitive than “commonly” used
test species (Dwyer et al., 2005), such that the loss of aquatic species when toxi-
cant levels exceed criteria are readily explained.

The mechanisms of species population declines in response to chemical
contaminants are likely complex and not just limited to direct lethality of the
pollutant. Indeed, initial chemical changes may have no “toxic” effects, but
rather could change competitive and trophic dynamics by changing primary pro-
duction and energy dynamics in streams. For example, exposures to aromatic
and chlorinated organic compounds from sediments derived from urban areas
have been found to increase the susceptibility of salmonids to the bacterial
pathogen Vibrio anguillarum (Arkoosh et al., 2001). Recent work has found
that salmonids show substantial behavioral changes from olfactory degradation
related to copper at concentrations as low as 2 ug/L, well below copper water
quality criteria and above levels measured in most stormwater-affected streams
(Hecht et al., 2007; Sandahl et al., 2007). Salmonid and other fish depend ex-
tensively on olfactory cues for feeding, emigration, responding to prey and
predators, social and spawning interactions, and other behaviors, such that loss
or diminution of such cues may have population-level effects on these species
(Sandahl et al., 2007). Copper has been shown to cause olfactory effects on
other species (Beyers et al., 2001) and to impair the sensory ability of the fish
lateral line (Hernandez et al., 2006), which is nearly ubiquitous in fishes and
important for most freshwater species in feeding, schooling, spawning, and other
behaviors.

Whole effluent toxicity testing or sediment toxicity testing may misclassify
the effects of runoff and effluents in urban settings (Burton et al., 1999). Short-
term toxicity tests of stormwater often result in no identified toxicity. However,
longer studies (e.g., 30 days) have shown increasing toxicity with time
(Masterson and Bannerman, 1994; Ramcheck and Crunkilton, 1995). This sug-
gests that the mechanism of toxicity could be through an ingestion pathway, for
example, rather than gill uptake. Metals are often in high concentrations where
fine sediments accumulate, and their legacy can extend past the time period of
active discharge. Metal concentrations in urban stream sediments have been
associated with high rates of fish and invertebrate anomalies such as tumors,
lesions, and deformities (Burton, 1992; Ingersoll et al., 1997; Smith et al., 2003).

Biological Responses to Non-Toxicant Chemicals
Non-toxic chemical compounds that occur in stormwater such as nutrients,

dissolved oxygen (DO), pH, and dissolved solids as well as physical factors such
as temperature can have impacts on aquatic life. The effects of some of these

Copyright © National Academy of Sciences. All rights reserved.
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compounds (e.g., DO, pH) have been well documented from other impacts (e.g.,
wastewater, mining), such that nearly all states have developed water quality
criteria for these parameters. For example, nutrient enrichment in stormwater
runoff has been associated with declines of biological condition in streams
(Miltner and Rankin, 1998). Chloride, sulfate, and other dissolved ions that are
often elevated in urban areas can have effects on osmoregulation of aquatic or-
ganisms and have been associated with loss of species sensitive to dissolved
materials such as mayflies (Kennedy et al., 2004). The concentrations of these
compounds can vary regionally (Sprague et al., 2007) and with the degree of
urbanization.

Water quality criteria for temperature were spurred by the need for thermal
permits for industrial and power plant cooling water discharges. There is a very
large literature on the importance of water temperature to aquatic organisms;
preference, avoidance, and lethal temperature ranges have been derived for
many aquatic species (e.g., Brungs and Jones, 1977; Coutant, 1977; Eaton et al.,
1995). In addition, temperature is one of the key classification strata for aquatic
life, in that streams are routinely classified as cold water, cool water, or warm
water based on the geographic and natural settings of waters. The removal of
catchment and riparian vegetation and the general increase in surface runoff
from impervious, man-made, and heat-capturing surfaces has been associated
with increasing water temperatures in urban waterbodies (Wang and Kanehl,
2003; Nelson and Palmer, 2007). A number of researchers have created models
to predict in-stream temperatures based on urban characteristics (Krause et al.,
2004; Herb et al., 2008).

Hydrologic Influences on Aquatic Life

The importance of “natural” flow regimes on aquatic life has been well
documented (Poff et al., 1997; Richter et al., 1997a, 2003). As watersheds ur-
banize, flow regimes change from little runoff to over 40 to 90 percent of the
rainfall becoming surface runoff (Roesner and Bledsoe, 2003). Flow regimes in
urban streams typically are very “flashy,” with higher and more frequent peak
events, compared to undisturbed systems (Poff et al., 1997; Baker et al., 2004)
and well as reduced base flows and more frequent desiccation (Bernhardt and
Palmer, 2007). Richter et al. (1996) proposed a series of indicators that could be
used to measure hydrologic disturbance, many of which have been used in the
recent studies identifying the hydrologic effects of stormwater on aquatic biota
(Barbour et al., 2008). Pomeroy et al. (2008) did an extensive review of which
flow characteristics appear to have the greatest influence on biological metrics
and biological integrity. No single measure of flow was found to be significant
in all studies; however, important attributes included flow variability and flashi-
ness, flood frequency, flow volume, flow variability, flow timing, and flow du-
ration.

There are a number of mechanisms that may be responsible for the influ-

Copyright © National Academy of Sciences. All rights reserved.
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ence of flow characteristics on aquatic assemblages. Aquatic species vary dra-
matically in their swimming performance and behaviors, and species are gener-
ally adapted to undisturbed flow regimes in an area. Many low- to moderate-
gradient small streams in the United States, for example, have strong connec-
tions with their flood-prone areas and often possess habitat features that insulate
poor swimming species from episodic natural high flows. Undercut banks,
rootwads, oxbows, and backwater habitats all can act as refugia from high flows.
Some aquatic species are more or less mobile within the sediments, like certain
macroinvertebrates (meiofauna or hyporheos) and fish species such as sculpins
and madtoms. Secondary impacts from hydrologic changes such as bank ero-
sion and aggradation of fines can render substrates embedded and prohibit or-
ganisms, particularly the meiofauna, from moving vertically within the bottom
substrates (Schmid-Araya, 2000). Substrate fining has been documented to oc-
cur with increasing urbanization, especially in the early stages of development,
which can embed spawning habitats and eliminate or reduce spawning success
of fish such as salmonids and minnows (Waters, 1995).

Flood flows can cause mortality in the absence of urbanization. For exam-
ple, flood flows in streams under natural conditions have been documented as a
cause of substantial mortality in young or larval fish such as smallmouth bass
(Funk and Fleener, 1974; Lorantas and Kristine, 2004). Increased flashiness
from urbanization is likely to exacerbate this effect. Thus, increases in the fre-
quency of peak flows during spring will increase the probability of spawning
failure, such that sensitive species may eventually be locally extirpated. In ur-
ban areas, culverts and other flow obstructions can create conditions that may
preclude re-colonization of upstream reaches because weak-swimming fishes
cannot move past flow constrictions or leap past vertical drops caused by artifi-
cial structures.

Hydrologic simplification and stream straightening that occur in urban
streams, often as a result of increased peak flows or as a local management re-
sponse, typically remove habitat used as temporary refuges from high flows,
such as backwater areas, undercut banks, and rootwads. There is a large litera-
ture relating populations of fish and macroinvertebrates to various habitat fea-
tures of streams, rivers, and wetlands. The first two attributes of the BCG iden-
tify taxa that are historically documented, sensitive, long-lived, or regionally
endemic taxa or sensitive-rare taxa. Many of these taxa are endangered because
of large-scale changes in flow-influenced habitats; that is, threats of extinction
often center on habitat degradation that influence spawning, feeding, or other
aspects of a species life history (Rieman et al., 1993). In contrast, many of the
fish and macroinvertebrate taxa that compose regional lists of tolerant taxa are
tolerant to habitat changes related to flow disturbance as well as chemical pa-
rameters. Understanding the life history attributes of certain species and how
they may change with multiple stressors (Power, 1997) is an important tool for
understanding complex responses of aquatic ecosystems to urban stressors.

Copyright © National Academy of Sciences. All rights reserved.
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Geomorphic and Habitat Influences on Aquatic Life

In natural waters, geomorphic factors and climate, modified by vegetation
and land use, constrain the types of physical habitat features likely to occur in
streams (Webster and D’Angelo, 1997). For example, very-low-gradient
streams may have few riffles and be dominated by woody debris and bank
cover, whereas higher gradient waters may have more habitat types formed by
rapidly flowing waters (riffles, runs). Aquatic life in streams is influenced di-
rectly by the habitat features that are present, such as substrate types, in-stream
structures, bank structure, and flow types (e.g., deep-fast vs. shallow-slow).

As discussed previously, human alteration of landscapes, encroachment on
riparian areas, and direct channel modifications (e.g., channelization) that acom-
pany urbanization have often resulted in unstable channels, with negative conse-
quences for aquatic habitat. As urbanization has increased, channel density has
declined because streams have been piped, dewatered, and straightened (Meyer
and Wallace, 2001; Paul and Meyer, 2001). Changes in the magnitude, relative
proportions, and timing of sediment and water delivery have resulted in loss of
aquatic life and habitat via a wide range of mechanisms, including changes in
channel bed materials, increased suspended sediment loads, loss of riparian
habitat due to bank erosion, and changes in the variability of flow and sediment
transport characteristics relative to aquatic life cycles (Roesner and Bledsoe,
2003). There are still significant gaps in knowledge about how stormwater
stressors can affect stream habitat, especially as one moves from the reach scale
to the watershed scale. Understanding the stage and trajectory of channel evolu-
tion is critical to understanding channel recovery and expected habitat condi-
tions or in choosing effective restoration options (Simon et al., 2007).

Across much of the United States, stream habitats have been altered to the
imperilment of aquatic species (Williams et al., 1989; Richter et al., 1997b;
Strayer et al., 2004). A study of rapidly urbanizing streams in central Ohio iden-
tified the loss of highly and moderately sensitive species as a key factor the de-
cline in the IBI in these streams (Miltner et al., 2004). These streams had his-
torical fish collections when they were primarily influenced by agricultural land
use; sampling after the onset of suburban development documented the loss of
many of these species attributable to land-use changes and habitat degradation
along these urban streams. Along the BCGs that have been developed for
streams, most of the species in attributes 1-3 are specialists requiring very spe-
cific habitats for spawning, feeding, and refuge. Habitat alteration, either direct
or indirect, creates harsh environments that tend to favor tolerant taxa, which
would otherwise be in low abundance. Often these tolerant species are charac-
terized by high reproductive potential, generalist feeding behaviors, tolerance to
chemical stressors such as low DO, and pioneering strategies that allow rapid
recolonization following acute stressful events.

Copyright © National Academy of Sciences. All rights reserved.
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Altered Energy Pathways in Urban Streams

The pathways of energy flow in streams are an important determinant of
aquatic species distributions. In most natural temperate streams, headwaters
transform and export energy from stream side vegetation and adjacent land uses
into aquatic biomass. The types, amount, and timing of delivery of water, or-
ganic material, and debris have important consequences for conditions down-
stream (Dolloff and Webster, 2000). The energy-transforming aspect of stream
ecosystems is difficult to capture directly, so most measures are surrogates, such
as the trophic characteristics of assemblages and chemical and physical charac-
teristics consistent with natural energy processes.

An increasingly urban landscape can have a complex array of effects on en-
ergy dynamics in streams (Allan, 2004). Loss of riparian areas and changes in
riparian vegetation can reduce the supply and quality of coarse organic matter
that forms the base of aquatic food webs in most small streams. The reduction
in the amount of organic matter with riparian loss is obvious; however, changing
species of vegetation (e.g., invasion or planting of exotic species) can affect the
quality of organic matter and influence higher trophic levels because, for exam-
ple, exotic species may have different nutrient values (e.g., C/N ratios, trace
chemicals) or process nutrients at a different rate (Royer et al., 1999). Further-
more, native invertebrate taxa may not be adapted to utilize the exotic material
(Miller and Boulton, 2005). For example, changes in leaf species in a stream
may alter the macroinvertebrate community by favoring species that feed on
fast-decaying versus slow-decaying leaves (Smock and MacGregor, 1988;
Cummins et al., 1989; Gregory et al., 1991).

Other recent work is examining ways that changes in geomorphology with
increasing urbanization can influence trophic structure in streams (Doyle, 2006).
Groffman et al. (2005) examined nitrogen processing in stream geomorphic
structures such as bars, riffles, and debris dams in suburban and forested areas.
Although suburban areas had high rates of production in organic-rich debris
dams and gravel bars, higher storm flow effects in urban streams may make
these features less stable and able to be maintained (Groffman et al., 2005).
Changes in habitat and riparian vegetation may greatly alter trophic patterns of
energy transport. For example, local nutrient enrichments combined with re-
duced riparian vegetation can result in nuisance algal growths in waterbodies
that are evidence of simpler energy pathways. Corresponding effects are further
water chemistry changes from algal decomposition (e.g.., low DO) or very high
algal activity (e.g., high pH) (Ehlinger et al., 2004).

The complexity of energy flow through simple ecosystems is illustrated in
Figure 3-42, a “simplified” food web of a headwater stream published by Meyer
(1994). The forms in which nutrients are delivered to streams may be more im-
portant than actual concentrations as well as the availability of carbon sources
essential for nutrient transformation. The nutrient components that form the
base of the food web in Figure 3-42 are the FPOM and CPOM boxes. In many
natural streams, woody and leafy debris are the most common form of nutrient

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 3-42 Simplified diagram of a lotic food web showing sources and major pathways
of organic carbon. Dotted lines indicate flows that are a part of the microbial loop in flowing
water but not in planktonic systems. SOURCE: Reprinted, with permission, from Meyer
(1994). Copyright 1994 by Springer.

input, and changes to urban landscapes often change this to dissolved and finer
forms. Urbanization can also reduce the retention of organic debris of streams
(Groffman et al., 2005) and the timing of nutrient delivery. Timing can be of
crucial importance since species spawning and growth periods may be specifi-
cally timed to take advantage of available nutrients.

As important as energy and nutrient dynamics are to stream function, many
of the stream characteristics that determine effective energy flow are not typi-
cally considered when characterizing stormwater impacts. The best chance for
considering these variables and maximizing ecosystem function is through inte-

Copyright © National Academy of Sciences. All rights reserved.
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grated, biologically based monitoring programs that include urban areas
(Barbour et al., 2008) and stressor identification procedures (EPA, 2000) to iso-
late likely causes of impact and to inform the choices of SCMs.

Biological Interactions in Urban Streams

Streams in urbanized environments often are characterized by fewer native
and more alien species than natural streams (DeVivo, 1996; Meador et al.,
2005). The influence of exotic species is not always predictable and may be
most severe in lentic environments (e.g., wetlands, estuaries) and in riparian
zones where various exotic aquatic plants can greatly alter natural systems in
both structure and function (Hood and Naiman, 2000). Riley et al. (2005)
foundthat the presence of alien aquatic amphibians was positively related to de-
gree of urbanization, as was the absence of certain native amphibian species. In
a review of possible reasons for this observation, he suggested that altered flow
regimes were responsible. In the arid California streams they studied, flow be-
came more constant with urbanization (i.e., natural streams were generally
ephemeral), which allowed invasion by exotic species that can prey on, compete
with, or hybridize with native species (Riley et al., 2005). The alteration of
stream habitat that accompanies urbanization can also lead to predation by do-
mestic cats and dogs or collection by humans, especially where species (e.g.,
California newts) are large and conspicuous (Riley et al., 2005).

The effects of specific exotic species on aquatic systems has been observed
to vary geographically, although recent work has found correlations between
total invasion rate and the number of high-impact exotic species (Ricciardi and
Kipp, 2008). This suggests that overall efforts to reduce the importation or
spread of all alien species should be helpful.

The Role of Biological Monitoring

The preceding sections illustrate the importance of biological data to under-
standing the complexities associated with urban and stormwater impacts to wa-
terbodies. Although categories of urban stressors have been discussed individu-
ally, these stressors routinely, if not universally, co-occur in urban waterbodies.
Their cumulative impacts are best measured with biological tools because the
biota integrate the influence of all of these stressors.

Many programmatic aspects of the CWA arose as a response to rather obvi-
ous impacts of chemical pollutants that were occurring in surface waters during
this time. The initial focus of water quality standards was on developing chemi-
cal criteria that could serve as engineering endpoints for waste treatment sys-
tems (e.g., NPDES permits). Rather general aquatic life goals for streams and
rivers that were suitable for the initial focus of the CWA are now considered
insufficient to deal with the complex suite of stressors limiting aquatic systems.

Copyright © National Academy of Sciences. All rights reserved.
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To that end, refined aquatic life goals and improved biological monitoring are
essential for effective water quality management, including stormwater issues
(NRC, 2001). Practical biological and physical monitoring tools have even been
developed for very small headwater streams (Ohio EPA, 2002; Fritz et al.,
2006), which are particularly affected by stormwater because of their prevalence
(greater than 95 percent of channels), their relatively high surface-to-volume
ratio, their role in nutrient and material processing, and their vulnerability to
direct modification such as channelization and piping (Meyer and Wallace,
2001).

Surrogate indicators of stormwater impacts to aquatic life (such as TSS
concentrations) have been widely used because direct biological measures were
poorly developed and these surrogates were assumed to be important to pollut-
ant delivery to urban streams. However, biological assessment has rapidly ad-
vanced in many states and can be readily applied or if needed modified to be
sensitive to stormwater stressors (Barbour et al., 2008). As Karr and Chu (1999)
warned, the management of complex systems requires measures that integrate
multiple factors. Stormwater permitting is no different, and care must be taken
to ensure that permitting and regulatory actions retain ecological relevance.
Surrogate measures have an essential role in the assessment of individual SCMs;
however, this needs to be kept in context with the entire suite of stressors likely
to be important to the aquatic life goals in streams.

Stormwater management programs should not necessarily bear the burden
of biological monitoring; rather, well-conceived biological monitoring should be
the prevue of state and local government agencies (as discussed more exten-
sively in Chapter 6). Refined aquatic life goals developed for all waters, includ-
ing urban waters, measured with appropriate biological measures, should be the
final endpoint for management. The collection of biological data needs to be
closely integrated across multiple disciplines in order to be effective. Pomeroy
et al. (2008) describe a multidisciplinary approach to study the effects of storm-
water in urban settings, and Scholz and Booth (2001) also propose a monitoring
approach for urban watersheds. Such efforts are not necessarily easy, and many
institutions find pitfalls when trying to integrate scientific information across
disciplines (Benda et al., 2002).

EPA water programs, such as the Total Maximum Daily Load (TMDL)
program, have been criticized for having too narrow a focus on a limited number
of traditional pollutants to the exclusion of important stressors such as hydrol-
ogy, habitat alteration, and invasive taxa (Karr and Yoder, 2004)—all serious
problems associated with stormwater and urbanization. The science has ad-
vanced significantly over the past decade so that biological assessment should
be an essential tool for identifying stormwater impacts and informing the choice
of SCMs in a region or watershed. Although biological responses to stressors in
the ambient environment are by their nature correlative exercises, ecological
epidemiology principles or “stressor identification” methods can identify likely
causative agents of impairment with relatively high certainty in many instances
(Suter, 1993, 2006; EPA, 2000). Coupled with other ambient and source moni-

Copyright © National Academy of Sciences. All rights reserved.
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toring information, biological information can form the basis for an effective
stormwater program. As an example, Box 3-10 introduces the Impervious
Cover Model (ICM), which was developed using correlative information on the
association between impervious cover and biological metrics. The crux of the
ICM is that stormwater management is tailored along a readily measureable gra-
dient (impervious cover) that integrates multiple individual stressor categories
that would otherwise be overlooked in the traditional pollutant-based approach
to stormwater management. Even the form of the ICM (as conceptualized in
Figure 3-43) matches that outlined for the BCG (Figure 3-38). Use of the ICM
to improve the MS4 stormwater program is discussed in Chapter 6.

Human Health Impacts

Despite the unequivocal evidence of ecosystem consequences resulting
from urban stormwater, a formal risk analysis of the human health effects asso-
ciated with stormwater runoff is not yet possible. This is because (1) many of
the most important waterborne pathogens have not been quantified in stormwa-
ter, (2) enumeration methods reported in the current literature are disparate and
do not account for particle-bound pathogens, and (3) sampling times during
storms have not been standardized nor are known to have occurred during peri-
ods of human exposure. Individual studies have investigated the runoff impacts
on public health in freshwater (Calderon et al., 1991) and marine waters (Haile
et al., 1999; Dwight et al,. 2004; Colford et al., 2007). Although these studies
provide ample evidence that stormwater runoff can serve as a vector of patho-
gens with potential health implications (for example, Ahn et al., 2005, found that
fecal indicator bacteria concentrations could exceed California ocean bathing
water standards by up to 500 percent in surf zones receiving stormwater runoff),
it is difficult to draw conclusive inferences about the specific human health im-
pacts from microbial contamination of stormwater. Calderon et al. (1991) con-
cluded that the currently recommended bacterial indicators are ineffective for
predicting potential health effects associated with water contaminated by non-
point sources of fecal pollution. Furthermore, in a study conducted in Mission
Bay, California, which analyzed bacterial indicators using traditional and non-
traditional methods (chromogenic substrate and quantitative polymerase chain
reaction), as well as a novel bacterial indicator and viruses, traditional fecal in-
dicators were not associated with identified human health risks such as diarrhea
and skin rash (Colford et al., 2007).

The Santa Monica Bay study (Haile et al., 1999) indicated that the risks of
several health outcomes were higher for people who swam at storm-drain loca-
tions compared to those who swam farther from the drain. However, the list of
health outcomes that were more statistically significant (fever, chills, ear dis-
charge, cough and phlegm, and significant respiratory) did not include highly

Copyright © National Academy of Sciences. All rights reserved.
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BOX 3-10
The Impervious Cover Model: An Emerging Framework
for Urban Stormwater Management

The Impervious Cover Model (ICM) is a management tool that is useful for diagnosing
the severity of future stream problems in a subwatershed. The ICM defines four categories
of urban streams based on how much impervious cover exists in their subwatershed: high-
quality streams, impacted streams, non-supporting streams, and urban drainage. The ICM
is then used to develop specific quantitative or narrative predictions for stream indicators
within each stream category (see Figure 3-43). These predictions define the severity of
current stream impacts and the prospects for their future restoration. Predictions are made
for five kinds of urban stream impacts: changes in stream hydrology, alteration of the
stream corridor, stream habitat degradation, declining water quality, and loss of aquatic
diversity.

The general predictions of the ICM are as follows. Stream segments with less than 10
percent impervious cover (IC) in their contributing drainage area continue to function as
Sensitive Streams, and are generally able to retain their hydrologic function and support
good-to-excellent aquatic diversity. Stream segments that have 10 to 25 percent IC in their
contributing drainage area behave as Impacted Streams and show clear signs of declining
stream health. Most indicators of stream health will fall in the fair range, although some
segments may range from fair to good as riparian cover improves. The decline in stream
quality is greatest toward the higher end of the IC range. Stream segments that range
between 25 and 60 percent subwatershed impervious cover are classified as Non-
Supporting Streams (i.e., no longer supporting their designated uses in terms of hydrol-
ogy, channel stability habitat, water quality, or biological diversity). These stream segments
become so degraded that any future stream restoration or riparian cover improvements are
insufficient to fully recover stream function and diversity (i.e., the streams are so dominated
by subwatershed IC that they cannot attain predevelopment conditions). Stream segments
whose subwatersheds exceed 60 percent IC are physically altered so that they merely
function as a conduit for flood waters. These streams are classified as Urban Drainage
and consistently have poor water quality, highly unstable channels, and very poor habitat
and biodiversity scores. In many cases, these urban stream segments are eliminated alto-
gether by earthworks and/or storm-drain enclosure. Table 3-14 shows in greater detail how
stream corridor indicators respond to greater subwatershed impervious cover.

Sensitive Impacted Non-Supporting

Excellent

FIGURE 3-43 Changes in
Stream Quality with Percent Im-
pervious Cover in the Contribut-
ing Watershed. SOURCE:
Chesapeake Stormwater Network
(2008). Reprinted, with permis-

sion, from Chesapeake Stormwa-
Pa— - P p ter Network (2008). Copyright
2008 by Chesapeake Stormwater
Network.
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Stream Quality

Poor

Watershed Impervious Cover
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TABLE 3-14 General ICM Predictions Based on Urban Subwatershed Classification (CWP,

2004):

L Impacted Non-supporting Urban Drainage
PUEEhELE (IC11t025%)° | (IC 26 to 60%) (IC > 60%)
RUTIeH 55 B A Een @ 10 to 20% 25 to 60% 60 to 90%

Annual Rainfall *

Frequency of Bankfull
Flow per Year *

1.5 to 3 per year

3to 7 per year

7 to 10 per year

Fraction of Original

Stream Network 60 to 90% 25 to 60% 10 to 30%

Remaining

AE RG] 50 to 70% 30 to 60% Less than 30%

Forest Buffer Intact

leossmgs 8 S 1to2 2to 10 None left

Mile

Ultimate Channel 150 2.5 larger 2.5to 6 times 6 to 12 times

Enlargement Ration * ’ ' 9 larger larger

Tzl S [l Fair, but variable Consistently poor PO, it

Score absent

Increa_sedAStream 2104 °F 4108 °F 8+ °F

Warming

Annual Nutrient Load ° l_to 2 HES 2 to 4 times higher 4_to S TES
higher higher

Wet Weather Violations of . -

Bacteria Standards Frequent Continuous Ubiquitous

Fish Advisories Rare Potential rl_sk of Should be

accumulation presumed
Aquatic Insect Diversity ° Fair to good Fair Very poor
Fish Diversity * Fair to good Poor Very poor

* Based on annual storm runoff coefficient; ranges from 2 to 5% for undeveloped streams.
2 Predevelopment bankfull flood frequency is about 0.5 per year, or about one bankfull flood every two

ears.

Ultimate stream-channel cross-section compared to typical predevelopment channel cross section.
* Typical increase in mean summer stream temperature in degrees Fahrenheit, compared with shaded

rural stream.

® Annual unit-area stormwater phosphorus and/or nitrogen load produced from a rural subwatershed.
® As measured by benthic index of biotic integrity. Scores for rural streams range from good to very

ood.

As measured by fish index of biotic integrity. Scores for rural streams range from good to very good.
8 |C is not the strongest indicator of stream health below 10% IC, so the sensitive streams category is

omitted from this table.

SOURCE: Adapted from Schueler (2004).

continues next page
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BOX 3-10 Continued
Scientific Support for the ICM

The ICM predicts that hydrological, habitat, water quality, and biotic indicators of
stream health first begin to decline sharply at around 10 percent total IC in smaller catch-
ments (Schueler, 1994). The ICM has since been extensively tested in ecoregions around
the United States and elsewhere, with more than 200 different studies confirming the basic
model for single stream indicators or groups of stream indicators (CWP, 2003; Schueler,
2004). Several recent research studies have reinforced the ICM as it is applied to first- to
third-order streams (Coles et al., 2004; Horner et al., 2004; Deacon et al., 2005; Fitzpatrick
et al., 2005; King et al., 2005; McBride and Booth, 2005; Cianfrina et al., 2006; Urban et al.,
2006; Schueler et al., 2008).

Researchers have focused their efforts to define the specific thresholds where urban
stream degradation first begins. There is robust debate as to whether there is a sharp
initial threshold or merely a continuum of degradation as IC increases, although the latter is
more favored. There is much less debate, however, about the dominant role of IC in defin-
ing the hydrologic, habitat, water quality, and biodiversity expectations for streams with
higher levels of IC (15 to 60 percent).

Caveats to the ICM

The ICM is a powerful predictor of urban stream quality when used appropriately. The
first caveat is that subwatershed IC is defined as total impervious area (TIA) and not effec-
tive impervious area (EIA). Second, the ICM should be restricted to first- to third-order allu-
vial streams with moderate gradient and no major point sources of pollutant discharge. The
ICM is most useful in projecting the behavior of numerous stream health indicators, and it is
not intended to be accurate for every individual stream indicator. In addition, management
practices in the contributing catchment or subwatershed must not be poor (e.g., no defores-
tation, acid mine drainage, intensive row crops, etc.); just because a subwatershed has
less than 10 percent IC does not automatically mean that it will have good or excellent
stream quality if past catchment management practices were poor.

ICM predictions are general and may not apply to every stream within the proposed
classifications. Urban streams are notoriously variable, and factors such as gradient,
stream order, stream type, age of subwatershed development, and past land use can and
will make some streams depart from these predictions. Indeed, these “outlier” streams are
extremely interesting from the standpoint of restoration. In general, subwatershed IC
causes a continuous but variable decline in most stream corridor indicators. Consequently,
the severity of individual indicator impacts tends to be greater at the upper end of the IC
range for each stream category.

Effects of Catchment Treatment on the ICM

Most studies that investigated the ICM were done in communities with some degree of
catchment treatment (e.g., stormwater management or stream buffers). Detecting the ef-
fect of catchment treatment on the ICM involves a very complex and difficult paired water-
shed design. Very few catchments meet the criteria for either full treatment or the lack of it,

Copyright © National Academy of Sciences. All rights reserved.
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no two catchments are ever really identical, and individual catchments exhibit great variabil-
ity from year to year. Not surprisingly, the first generation of research studies has produced
ambiguous results. For example, seven research studies showed that ponds and wetlands
are unable to prevent the degradation of aquatic life in downstream channels associated
with higher levels of IC (Galli, 1990; Jones et al., 1996; Horner and May, 1999; Maxted,
1999; MNCPPC, 2000; Horner et al., 2001; Stribling et al., 2001). The primary reasons
cited are stream warming (amplified by ponds), changes in organic matter processing, the
increased runoff volumes delivered to downstream channels, and habitat degradation
caused by channel enlargement.

Riparian forest cover is defined as canopy cover within 100 meters of the stream, and
is measured as the percentage of the upstream network in this condition. Numerous re-
searchers have evaluated the relative impact of riparian forest cover and IC on stream
geomorphology, aquatic insects, fish assemblages, and various indices of biotic integrity.
As a group, the studies suggest that indicator values for urban streams improve when ripar-
ian forest cover is retained over at least 50 to 75 percent of the length of the upstream net-
work (Booth et al., 2002; Morley and Karr, 2002; Wang et al., 2003; Allan, 2004; Sweeney
et al., 2004; Moore and Palmer, 2005; Cianfrina et al., 2006; Urban et al., 2006).

Application of the ICM to other Receiving Waters

Recent research has focused on the potential value of the ICM in predicting the future
quality of receiving waters such as tidal coves, lakes, wetlands and small estuaries. The
primary work on small estuaries by Holland et al. (2004) [references cited in CWP (2003),
Lerberg et al. (2000)] indicates that adverse changes in physical, sediment, and water qual-
ity variables can be detected at 10 to 20 percent subwatershed IC, with a clear biological
response observed in the range of 20 to 30 percent IC. The primary physical changes
involve greater salinity fluctuations, greater sedimentation, and greater pollutant contamina-
tion of sediments. The biological response includes declines in diversity of benthic macro-
invertebrates, shrimp, and finfish.

More recent work by King et al. (2005) reported a biological response for coastal plain
streams at around 21 to 32 percent urban development (which is usually about twice as
high as IC). The thresholds for important water quality indicators such as bacterial ex-
ceedances in shellfish beds and beaches appears to begin at about 10 percent subwater-
shed IC, with chronic violations observed at 20 percent IC (Mallin et al., 2001). Algal
blooms and anoxia resulting from nutrient enrichment by stormwater runoff also are rou-
tinely noted at 10 to 20 percent subwatershed IC (Mallin et al., 2004).

The primary conclusion to be drawn from the existing science is that the ICM does ap-
ply to tidal coves and streams, but that the impervious levels associated with particular
biological responses appear to be higher (20 to 30 percent IC for significant declines) than
for freshwater streams, presumably due to their greater tidal mixing and inputs from near-
shore ecosystems. The ICM may also apply to lakes (CWP, 2003) and freshwater wet-
lands (Wright et al., 2007) under carefully defined conditions. The initial conclusion is that
the application of the ICM shows promise under special conditions, but more controlled
research is needed to determine if IC (or other watershed metrics) is useful in forecasting
receiving water quality conditions.

continues next page
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BOX 3-10 Continued
Utility of the ICM in Urban Stream Classification and Watershed Management

The ICM is best used as an urban stream classification tool to set reasonable expecta-
tions for the range of likely stream quality indicators (e.g., physical, hydrologic, water qual-
ity, habitat, and biological diversity) over broad ranges of subwatershed IC. In particular, it
helps define general thresholds where water quality standards or biological narrative condi-
tions cannot be consistently met during wet weather conditions (see Table 6-2). These
predictions help stormwater managers and regulators to devise appropriate and geographi-
cally explicit stormwater management and subwatershed restoration strategies for their
catchments as part of MS4 permit compliance. More specifically, assuming that local moni-
toring data are available to confirm the general predictions of the ICM, it enables managers
to manage stormwater within the context of current and future watershed conditions.

credible gastrointestinal illness, which is curious because the vast majority of
epidemiological studies worldwide suggests a causal dose-related relationship
between gastrointestinal symptoms and recreational water quality measured by
bacterial indicator counts (Pruss, 1998). Dwight et al. (2004) found that surfers
in an urban environment reported more symptoms than their rural counterparts;
however, water quality was not specifically evaluated in that study.

To better assess the relationship between swimming in waters contaminated
by stormwater, which have not been influenced by human sewage, and the risk
of related illness, the California Water Boards and the City of Dana Point have
initiated an epidemiological study. This study will be conducted at Doheny
Beach, Orange County, California, which is a beach known to have high fecal
indicator bacteria concentrations with no known human source. The project will
examine new techniques for measuring traditional fecal indicator bacteria, new
species of bacteria, and viruses to determine whether they yield a better relation-
ship to human health outcomes than the indicators presently used in California.
The study is expected to be completed in 2010. In addition, the State of Califor-
nia is researching new methods for rapid detection of beach bacterial indicators
and ways to bring these methods into regular use by the environmental monitor-
ing and public health communities to better protect human health.

CONCLUSIONS AND RECOMMENDATIONS

The present state of the science of stormwater reflects both the strengths
and weaknesses of historic, monodisciplinary investigations. Each of the com-
ponent disciplines—hydrology, geomorphology, aquatic chemistry, ecology,
land use, and population dynamics—have well-tested theoretical foundations
and useful predictive models. In particular, there are many correlative studies
showing how parameters co-vary in important but complex and poorly under-
stood ways (e.g., changes in fish community associated with watershed road

Copyright © National Academy of Sciences. All rights reserved.
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density or the percentage of IC). Nonetheless, efforts to create mechanistic links
between population growth, land-use change, hydrologic alteration, geomorphic
adjustments, chemical contamination in stormwater, disrupted energy flows, and
biotic interactions, to changes in ecological communities are still in develop-
ment. Despite this assessment, there are a number of overarching truths that
remain poorly integrated into stormwater management decision making, al-
though they have been robustly characterized and have a strong scientific basis.
These are expanded upon below.

There is a direct relationship between land cover and the biological
condition of downstream receiving waters. The possibility for the highest
levels of aquatic biological condition exists only with very light urban transfor-
mation of the landscape. Even then, alterations to biological communities have
been documented at such low levels of imperviousness, typically associated with
roads and the clearing of native vegetation, that there has been no real “urban
development” at all. Conversely, the lowest levels of biological condition are
inevitable with extensive urban transformation of the landscape, commonly seen
after conversion of about one-third to one-half of a contributing watershed into
impervious area. Although not every degraded waterbody is a product of in-
tense urban development, all highly urban watersheds produce severely de-
graded receiving waters. Because of the close and, to date, inexorable linkage
between land cover and the health of downstream waters, stormwater manage-
ment is an unavoidable offshoot of watershed-based land-use planning (or, more
commonly, its absence).

The protection of aquatic life in urban streams requires an approach
that incorporates all stressors. Urban Stream Syndrome reflects a multitude of
effects caused by altered hydrology in urban streams, altered habitat, and pol-
luted runoff. Focusing on only one of these factors is not an effective manage-
ment strategy. For example, even without noticeably elevated pollutant concen-
trations in receiving waters, alterations in their hydrologic regimes are associ-
ated with impaired biological condition. Achieving the articulated goals for
stormwater management under the CWA will require a balanced approach that
incorporates hydrology, water quality, and habitat considerations.

The full distribution and sequence of flows (i.e., the flow regime) should
be taken into consideration when assessing the impacts of stormwater on
streams. Permanently increased stormwater volume is only one aspect of an
urban-altered storm hydrograph. It contributes to high in-stream velocities,
which in turn increase streambank erosion and accompanying sediment pollu-
tion of surface water. Other hydrologic changes, however, include changes in
the sequence and frequency of high flows, the rate of rise and fall of the hydro-
graph, and the season of the year in which high flows can occur. These all can
affect both the physical and biological conditions of streams, lakes, and wet-
lands. Thus, effective hydrologic mitigation for urban development cannot just

Copyright © National Academy of Sciences. All rights reserved.
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aim to reduce post-development peak flows to predevelopment peak flows.

A single design storm cannot adequately capture the variability of rain
and how that translates into runoff or pollutant loadings, and thus is not
suitable for addressing the multiple objectives of stormwater management.
Of particular importance to the types of problems associated with urbanization is
the size of rain events. The largest and most infrequent rains cause near-bank-
full conditions and may be most responsible for habitat destruction; these are the
traditional “design storms” used to design safe drainage systems. However,
moderate-sized rains are more likely to be associated with most of the annual
mass discharges of stormwater pollutants, and these can be very important to the
eutrophication of lakes and nearshore waters. Water quality standards for bacte-
rial indicators and total recoverable heavy metals are exceeded for almost every
rain in urban areas. Therefore, the whole distribution of storm size needs to be
evaluated for most urban receiving waters because many of these problems co-
exist.

Roads and parking lots can be the most significant type of land cover
with respect to stormwater. They constitute as much as 70 percent of total
impervious cover in ultra-urban landscapes, and as much as 80 percent of the
directly connected impervious cover. Roads tend to capture and export more
stormwater pollutants than other land covers in these highly impervious areas
because of their close proximity to the variety of pollutants associated with
automobiles. This is especially true in areas of the country having mostly small
rainfall events (as in the Pacific Northwest). As rainfall amounts become larger,
pervious areas in most residential land uses become more significant sources of
runoff, sediment, nutrients, and landscaping chemicals. In all cases, directly
connected impervious surfaces (roads, parking lots, and roofs that are directly
connected to the drainage system) produce the first runoff observed at a storm-
drain inlet and outfall because their travel times are the quickest.

Generally, the quality of stormwater from urbanized areas is well
characterized, with the common pollutants being sediment, metals, bacte-
ria, nutrients, pesticides, trash, and polycyclic aromatic hydrocarbons.
These results come from many thousands of storm events from across the na-
tion, systematically compiled and widely accessible; they form a robust data set
of utility to theoreticians and practitioners alike. These data make it possible to
accurately estimate pollutant concentrations, which have been shown to vary by
land cover and by region across the country. However, characterization data are
relatively sparse for individual industrial operations, which makes these sources
less amenable to generalized approaches based on reliable assumptions of pol-
lutant types and loads. In addition, industrial operations vary greatly from site
to site, such that it may be necessary to separate them into different categories in
order to better understand industrial stormwater quality.

Copyright © National Academy of Sciences. All rights reserved.
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Nontraditional sources of stormwater pollution must be taken into con-
sideration when assessing the overall impact of urbanization on receiving
waterbodies. These nontraditional sources include atmospheric deposition,
snowmelt, and dry weather discharges, which can constitute a significant portion
of annual pollutant loadings from storm systems in urban areas (such as metals
in Los Angeles). For example, atmospheric deposition of metals is a very sig-
nificant component of contaminant loading to waterbodies in the Los Angeles
region relative to other point and nonpoint sources. Similarly, much of the sedi-
ment found in receiving waters following watershed urbanization can come from
streambank erosion as opposed to being contributed by polluted stormwater.

Biological monitoring of waterbodies is critical to better understanding
the cumulative impacts of urbanization on stream condition. Over 25 years
ago, individual states developed the concept of regional reference sites and de-
veloped multi-metric indices to identify and characterize degraded aquatic as-
semblages in urban streams. Biological assessments respond to the range of
non-chemical stressors identified as being important in urban waterways includ-
ing habitat degradation, hydrological alterations, and sediment and siltation im-
pacts, as well as to the influence of nutrients and other chemical stressors where
chemical criteria do not exist or where their effects are difficult to measure di-
rectly (e.g., episodic stressors). The increase in biological monitoring has also
helped to frame issues related to exotic species, which are locally of critical im-
portance but completely unrecognized by traditional physical monitoring pro-
grams.

Epidemiological studies on the human health risks of swimming in
freshwater and marine waters contaminated by urban stormwater dis-
charges in temperate and warm climates are needed. Unlike with aquatic
organisms, there is little information on the health risks of urban stormwater to
humans. Standardized watershed assessment methods to identify the sources of
human pathogens and indicator organisms in receiving waters need to be devel-
oped, especially for those waters with a contact-recreation use designation that
have had multiple exceedances of pathogen or indicator criteria in a relatively
short period of time. Given their difficulty and expense, epidemiological studies
should be undertaken only after careful characterization of water quality and
stormwater flows in the study area.
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