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construction and design costs exceed larger-scale SCMs (Low Impact Development Center, 
2007). Higher construction costs, however, may be offset to various degrees by reducing the 
investments in stormwater conveyance and storage infrastructure (i.e., less storage volume is 
needed) (CWP, 1998a, 2000a; Low Impact Development Center, 2007). Others have suggested 
that per-unit costs to reduce runoff may be less for these small-scale distributed practices because 
of higher infdtration rates and retention rates (MacMullan and Reich, 2007). 

Compared to construction costs, less is known about the operation and maintenance costs 
of SCMs (Wossink and Hunt, 2003; Lambe et al., 2005; MacMullan and Reich, 2007). Most 
stormwater practices are not maintenance free and can create financial and long-term 
management obligations for responsible parties (Hager, 2003). Cost-estimation programs and 
procedures have been developed to estimate operation and maintenance costs as well as 
construction costs (SWRPC, 1991; Lambe et al., 2005; Narayanan and Pitt, 2006), but 
examination of observed maintenance costs is less common. Based on estimates from Wossink 
and Hunt (2003), the total present value of maintenance costs over 20 years can range from 15 to 
70 percent of total capital construction costs for wet ponds and constructed wetlands and appear 
generally consistent with percentages reported in EPA (1999). Operation and maintenance costs 
were also reported to be a substantial percentage of construction costs of infiltration pits and 
bioretention areas in Southern California (DeWoody, 2007). Others estimate that over the life of 
many SCMs, maintenance costs may equal construction costs (CWP, 2000a). In general, 
maintenance costs tend to decrease as a percentage of total SCM cost as the total size of the SCM 
increases (Wossink and Hunt, 2003). 

Very few quantifiable estimates are available for public and private regulatory 
compliance costs. Compliance costs could include both initial permitting costs (labor and time 
delays) of gaining regulatory approval for a particular stormwater design to post-construction 
compliance costs (administration, inspection monitoring, and enforcement). Compliance 
monitoring is a particular concern if a stormwater management program relies on widespread use 
of small-scale distributed on-site practices (Hager, 2003). Unlike larger-scale or regional 
stormwater facilities that might be located on public lands or on private lands with an active 
stormwater management plan, a multitude of smaller SCMs would increase monitoring and 
inspection times by increasing the number of SCMs. Furthermore, municipal governments may 
be reluctant to undertake enforcement actions against citizens with SCMs located on private 
land. 

Land costs tend to be site specific and exhibit a great deal of spatial variation. Some 
types of SCMs, such as constructed wetlands, are more land intensive than others. In highly 
urban areas, land costs may be the single biggest cost outlay of land-intensive SCMs (Wossink 
and Hunt, 2003). 

In general, cost analyses generally find that the cost to treat a given acreage or volume of 
water is less for regional SCMs than for smaller-scale SCMs (Brown and Schueler, 1997; EPA, 
1999; Wossink and Hunt, 2003). For example, considering maintenance, capital construction, 
and land costs, recent estimates for North Carolina indicate that annual costs for wet ponds and 
constructed wetlands range between $100 and $3,000 per treated acre (typically less than 
$1,000). Per-acre annual costs for bioretention and sand filters typically ranged between $300 
and $3,500, and between $4,500 and 8,500, respectively. However, if SCMs face space 
constraints, bioretention areas can become more cost effective. Furthermore, other classes of 
small, on-site practices, such as grass swales and filter strips, can sometimes be implemented for 
relatively low cost. 
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There are exceptions to the general conclusion that larger-scale stormwater practices tend 
to be less costly on a per-unit basis than more numerous and distributed on-site practices. For 
instance, in Sun Valley, California, a recent study indicates that installing small distributed 
practices (infiltration practices, porous pavement, rain gardens) was more cost effective than 
centralized approaches for a retrofit program (Cutter et al., 2008). In this particular setting, the 
difference tended to revolve around the high land costs in the urbanized setting. Small-scale 
practices can be placed on low-valued land or integrated into existing landscaping, reducing land 
costs. Centralized stormwater facilities require substantial purchases of high-priced urban 
properties. Similarly, small distributed practices (porous pavement, green roofs, rain gardens, 
and constructed wetlands) can also provide a more cost-effective approach to reducing combined 
sewer overflow (CSO) discharges in a highly urban setting than large structural CSO controls 
(storage tanks) (Montalto et al., 2007). 

SCMs are now a part of most development processes and consequently will increase the 
cost of the development. Randolph et al. (2006) report on the cost of complying with stormwater 
and sediment and erosion control regulations for six developments in the Washington, D.C, 
metropolitan area. These costs include primarily stormwater facility construction and land costs. 
The findings from these case studies indicate that stormwater and erosion and sediment control 
comprised about 60 percent of all environmental-related compliance costs for the residential 
developments studied and added about $5,000 to the average price of a home. Nationwide, 
stormwater and erosion and sediment controls are estimated to add $1,500 to $9,000 to the cost 
of a new residential dwelling unit (Randolph et al., 2006). 

As a means to control targeted chemical constituents, SCMs may be an expensive control 
option relative to other control alternatives. For example, nutrients from anthropocentric sources 
are an increasing water quality concern for many fresh and marine waters. Some states (e.g., 
Virginia, Maryland, and North Carolina) require stormwater programs to achieve specific 
nutrient (nitrogen or phosphorus) stormwater standards. The construction, maintenance, and 
land costs of reducing nitrogen discharge from residential developments using bioretention areas, 
wet ponds, constructed wetlands, or sand filters range from $60 to $2,500 per pound (Aultman, 
2007). These control costs can be an order of magnitude higher than nitrogen control costs from 
point sources or agricultural nonpoint sources. The high per-pound removal costs are due in part 
to the relatively low mass load of nutrients carried in stormwater runoff. These estimates, 
however, assume that all costs are allocated exclusively to nitrogen removal. The high per-
pound removal costs from the control of single pollutants highlight the importance of achieving 
ancillary and offsetting benefits associated with stormwater control (e.g., removal of other 
pollutants of concern, stream-channel protection from volume reduction, and enhancement of 
neighborhood amenities). 

It should also be noted that installing SCMs in an existing built environment tends to be 
significantly more expensive than new construction. Construction costs for retrofitted extended 
detention ponds, wet ponds, and constructed wetlands were estimated to be two to seven times 
more costly than new SCMs (Schueler et al., 2007). Retrofit costs can be higher for a variety of 
reasons, including the need to upgrade existing infrastructure (culverts, drainage channels, etc.) 
to meet contemporary engineering and regulatory requirements. Retrofitting a single existing 
residential city block in Seattle with a new stormwater drainage system that included reduced 
street widths, biofiltration practices, and enhanced vegetation cost an estimated $850,000 (see 
Box 5-5; Seattle Public Utilities, 2007). Estimates suggested that the costs might have been even 
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higher using more conventional stormwater piping/drainage systems (Chris May, personal 
communication, August 2007; EPA, 2007). 

As discussed earlier in the chapter, stormwater runoff can be reduced and managed 
through better site design to reduce impervious cover. Low- to medium-density developments 
can reduce impervious cover through cluster development patterns that preserve open space and 
reduce lot sizes. Impervious surfaces and infdtration rates could be altered by any number of 
site-design characteristics such as reduction in street widths, reduction in the number of cul-de-
sacs, and different setback requirements (CWP, 2000a). Finally, impervious surface per capita 
could be substantially reduced by increasing the population per dwelling unit. 

Quantifying the cost of many of these design features is more challenging, and the 
literature is much less developed or conclusive than the literature on conventional SCM costs. 
Many design features described above (clustering, reduced setbacks, narrower streets, less curb 
and gutter) can significantly lower construction and infrastructure costs (CWP, 2001; EPA, 
2007). Such features may reduce the capital cost of subdivision development by 10 to 33 percent ^ 
(CWP, 2000a). 

On the other hand, the evidence is unclear whether consumers are willing to pay for these 
design features. If consumers prefer features typically associated with conventional 
developments (large suburban lot, for example), then some aspects of alternative development 
designs/patterns could impose an opportunity cost on builders and buyers alike in the form of 
reduced housing value. For example, most statistical studies in the U.S. housing market find that 
consumers prefer homes with larger lots and are willing to pay premiums for homes located on 
cul-de-sacs, presumably for privacy and safety reasons (Dubin, 1998; Fina and Shabman, 1999; 
Song and Knapp, 2003). These effects, however, might be partly or completely offset by the 
higher value consumers might place on the proximity of open space to their homes (Palmquist, 
1980; Cheshire and Sheppard, 1995; Qiu et al., 2006). Anecdotal evidence indicates that 
residents feel that Seattle's Street Edge Alternative program (the natural drainage system retrofit 
program that combines swales, bioretention and reduced impervious surfaces) increased their 
property values (City of Seattle, undated). Studies that have attempted to assess the net change 
in costs are limited, but some evidence suggests that the amenity values of lower-impact designs 
may match or outweigh the disamentities (Song and Knapp, 2003). 

Incentives for Stormwater Management 

The dominant policy approach to controlling effluent discharge under the Clean Water 
Act is through the application of technology-based effluent standards or the requirements to 
install particular technologies or practices. Some note that this general policy approach may not 
provide the regulated community with (1) incentives to invest in pollution prevention activities 
beyond what is required in the standard or with (2) sufficient opportunities or flexibility to lower 
overall compliance costs (Parikh et al., 2005). 

A loosely grouped set of policies, called here "incentive-based,"1 aim to create financial 
incentives to manage effluent or volume discharge. Such policies tend to be classified into two 
groups: price- and quantity-based mechanisms (Stavins, 2000; Parikh et al., 2005). Price-based 
mechanisms are created when government creates a charge (tax, fee, etc.) or subsidy (payment) 

1 These policies are sometimes called "market-based" policies, but that term will not be used here because many of 
the incentive-based policies discussed fail to contain features characteristic of a market system. 
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on an outcome that government wants to either discourage or encourage. Ideally, the price 
would be placed on a target outcome (effluents discharged, volume of water released, etc.) and 
not on the means to achieve that outcome end (such as a tax or subsidy to adopt specific 
technologies or practices).2 Quantity-based policies require government to establish some 
binding limit or cap on an outcome (e.g., mass load of effluent, volume of runoff, etc.) for an 
identified group of dischargers, but then allow the regulated parties to "trade" responsibilities for 
meeting that limit or cap. The opportunity to trade creates the financial incentive. The trading 
concept is discussed in greater detail in Chapter 6, while this section focuses on price-based 
incentives. 

Some stormwater utilities offer reductions in stormwater fees to landowners who 
voluntarily undertake activities to reduce runoff from their parcels (Doll and Lindsey, 1999; 
Keller, 2003). The reduction in tax obligations, called credits, can be interpreted as a financial 
subsidy or payment for implementing on-site runoff controls. Credit payments are typically 
made based on the volume of water detained. For example, as part of Portland, Oregon's Clean 
River Rewards program, residents and commercial property owners can reduce their stormwater 
utility fee by as much as 35 percent by reducing stormwater runoff from existing developed 
properties (Portland Bureau of Environmental Services, 2008a). Residential and commercial 
property owners are given a number of ways to reduce runoff to receive this financial benefit. In 
addition, Portland has a downspout disconnection program that aims to reduce discharge into 
CSOs in targeted areas in the city. Property owners may be reimbursed up to $53 per eligible 
downspout (Portland Bureau of Environmental Services, 2008b). 

Alternatively, stormwater utilities could (where allowed) also use fee revenue to provide 
private incentives for stormwater control through a competitive bidding process. Such a bidding 
process ("reverse auction") would request proposals for stormwater reduction projects and fund 
projects that reduce volume at the least cost. Proposed investments that can meet the program 
objectives at the lowest per unit cost would receive payments. Such a program creates private 
incentives to search for low-cost stormwater investments by creating a price for runoff volume 
reduction. The bidding program could also be used to identify cost-effective stormwater 
investments in areas targeted for enhanced levels of restoration. A bidding program has been 
proposed as a way to lower overall costs of a stormwater program in Southern California (Cutter 
et al., 2008). Revenue to fund such a competitive bid program could come from a variety of 
sources including stormwater utility fees or fees paid into an in lieu fee program. 

Finally, impact fees on new developments can be structured in a way to create incentives 
to reduce stormwater runoff volumes. Charges based on runoff volume (or a surrogate measure 
like impervious, surface) can provide an incentive for developers to reduce the volume of new 
runoff created. 

2 The literature on what level to set the price (tax or subsidy) is vast, complex, and controversial. Parikh et al. 
(2005) seem to wander into this debate (perhaps unwittingly) by making a distinction between taxes based on some 
optimality rule (marginal damage costs equal to marginal control costs) and those based on some other sort of 
decision rule. Without getting into the specifics of this debate here, this discussion will simply assert more generally 
that price-based incentive policies structure taxes and subsidies to induce desirable behavioral change (rather than 
simply to raise revenue). 
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CHALLENGES TO IMPLEMENTATION OF WATERSHED-BASED 
MANAGEMENT AND STORMWATER CONTROL MEASURES 

The implementation of SCMs has seen variable success. Environmental awareness, 
threats to potable water sources or to habitat for threatened and endangered species, problems 
with combined sewer overflows, and other environmental factors have caused cities such as 
Portland, Oregon; Seattle, Washington; Chicago, Illinois; and Austin, Texas to aggressively 
pursue widespread implementation of a broad range of SCMs. In contrast, other cities have been 
slow to implement recommended practices, for many reasons. This is particularly true for 
nonstructural SCMs, despite their popularity among planners and regulators for the past two 
decades. A host of real and perceived concerns about individual nonstructural SCMs are often 
raised regarding development costs, market acceptance, fire safety, emergency access, traffic and 
parking congestion, basement seepage, pedestrian safety, backyard flooding, nuisance 
conditions, maintenance, and winter snow removal operations. While most of these concerns are 
unfounded, they contribute to a culture of inertia when it comes to code change (CWP, 1998a, 
2000a). As a result, some nonstructural SCMs are discouraged or even prohibited by local 
development codes. Very few communities make the consideration of nonstructural practices a 
required element of stormwater plan review, nor do they require that they be considered early in 
the site layout and design process when their effectiveness would be maximized. Finally, many 
engineers and planners feel they can fully comply with existing stormwater criteria without 
resorting to nonstructural SCMs. 

Cost Issues 

There are numerous cost issues that have proven to be significant barriers to the use of 
innovative SCMs. Special construction techniques required for the proper design and function of 
SCMs, specially formulated manufactured soils, expensive subsurface vaults, and increased land 
area requirements as a result of increased stormwater storage requirements can significantly 
increase site development costs. For smaller projects in highly urbanized areas where land costs 
are high, there can be a disproportionately large expense to comply with stormwater regulations, 
causing developers to seek, and often receive, exemption from requirements. 

Sediment removal and related maintenance activities required to ensure the proper 
ongoing functioning of SCMs are activities that are not a part of normal building maintenance. 
Data on maintenance costs of SCMs on privately owned facilities are limited, and management 
companies responsible for commercial and office building maintenance have yet to provide SCM 
maintenance as part of their services. 

Additional costs are incurred when development review periods by public agencies get 
extended because of an increased level of design review required to evaluate the compliance of 
SCMs with city ordinances. Additional review increases development costs and extends the 
design process. Even with specialized training for city staff to evaluate SCM submittals, 
deviation from the most basic type of SCM design seems to require extended review and 
documentation. 

Cost concerns are partly responsible for the markedly slow implementation of the 
stormwater program. The federal deadlines for permit coverage have long passed; in fact more 
than 14 years have lapsed for medium and large municipalities. A good part of the delay can be 
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explained by the resistance of states and local governments to the unknown cost burden. Cities 
contend that the permit requirements are unreasonable, expensive, and unrealistic to achieve. 
Many local government officials view some permit provisions such as LID or better site design 
as intrusion into the land-use authority of local governments. 

As discussed in Chapter 2, the U.S. Congress provided no start-up or upgrade financial 
assistance, unlike what it did for municipally owned and operated wastewater treatment plants 
after the promulgation of the NPDES permit program under the Clean Water Act in 1972. Local 
governments have been reluctant to tax residents or create stormwater utilities. States like 
California and Michigan even have laws that require voter approval in order for local 
governments to assess new fees. Thus, to implement the NPDES stormwater program, states 
have had to largely rely on stormwater permit fees collected to support a skeletal to modest staff 
for program oversight. In Denver, and presumably in other cities, there is no reduction in 
stormwater fees when impervious area is reduced because of construction of on-site SCMs. This 
amounts to a disincentive to do the "right thing." Meanwhile, the overall federal budget for the 
NPDES program, including stormwater, has been declining. 

Long-Term Maintenance of Stormwater Control Measures 

One of the weakest parts of most stormwater management programs is the lack of 
information about, and funding to support, the long-term maintenance of SCMs. If SCMs are not 
inspected and maintained on a regular basis, the stormwater management program is likely to 
fail. This also negatively impacts the design process—if there is no inspection program oand no 
accountability for maintenance, the designer has no incentive to build better, more maintenance-
friendly SCMs. Finally, without an accurate assessment of the maintenance needs of an SCM, 
land owners and other responsible parties cannot anticipate their total costs over the lifetime of 
the device. 

Almost all SCMs require active long-term maintenance in order to continue to provide 
volume and water quality benefits (Hoyt and Brown, 2005; Hunt and Lord, 2006b). 
Furthermore, a typical municipality may contain hundreds or thousands of individual SCMs 
within its jurisdiction. Thus, the long-term obligations for maintenance are considerable. For 
example, the annual maintenance cost of 100 medium-sized wet ponds (one-half acre to 2 acres) 
is estimated to be a quarter of a million dollars (Hunt and Lord, 2006c). Currently, the majority 
of municipal stormwater programs do not have adequate plans or resources in place for the long-
term maintenance of SCMs (GAO, 2007). 

A number of issues confront the long-term maintenance of SCMs. First, legal and 
financial responsibility for maintenance must be assigned. Historically stormwater ownership 
and responsibility have been poorly defined and implemented (Reese and Presler, 2005). If a 
party is an industrial facility that is required to obtain a permit, then responsibility for 
maintaining SCMs rests with the permittee. Other instances are more ambiguous. For 
residential developments, the responsibility for long-term maintenance could be assigned to the 
developer (e.g., establishing long-term financial accounts for maintenance), individual 
landowners, homeowners associations, or the municipality itself. Some cities, like Austin and 
Seattle, assume responsibility for long-term maintenance of SCMs in residential areas. Concerns 
over assigning responsibility to individual residential landowners or homeowners associations 
include insufficient technical and financial resources to conduct consistent maintenance and a 
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lack of inspection to require maintenance. A recent survey of municipal stormwater programs 
found that less than one-third perform regular maintenance on stormwater detention ponds or 
water quality SCMs in general residential areas (Reese and Presler, 2005). To ensure that 
adequate maintenance will occur, municipalities can require performance securities (performance 
bonds, escrow accounts, letter of credit, etc.) that ensure adequate funds are available for 
maintenance and repair in the event of failure to maintain the SCM by the responsible party. 

An effective maintenance program also requires a system to inventory and track SCMs, 
inspection/monitoring, and enforcement against noncompliance. The large number of SCMs to 
track and manage creates management challenges. Municipal stormwater programs must 
administer their regulatory programs, perform inspection and enforcement activities, and 
maintain SCMs in public lands/rights-of-way and sometimes in residential areas. Municipal 
programs often do not have adequate staff to ensure that these maintenance responsibilities are 
adequately carried out. The lack of adequate staff for inspection and an inadequate system for 
prioritizing inspections have been repeatedly pointed out (Duke and Beswick, 1997; Duke, 2007; 
GAO, 2007). 

Tracking and monitoring costs may also create disincentives for municipalities to adopt 
or encourage smaller-scale SCMs. For example, residential-scale rain gardens, porous 
driveways, rain barrels, and grass swales all have the potential to increase the cost and 
complexity of compliance monitoring because of the multitude of small infiltration devices that 
are located on private property as opposed to having fewer SCMs located in public rights-of-way 
or public lands. Small-scale distributed SCMs located on private property raise concerns of 
municipal willingness to inspect and enforce against noncompliance. Indeed, some 
municipalities have banned innovative SCMs like pervious pavement because the municipalities 
have no means to ensure their maintenance and continued operation. 

Finally, there is concern that there is inadequate funding to maintain the growing number 
of SCMs on the landscape. The long-term funding obligation for maintenance has been difficult 
to assess (GAO, 2007), partly because many stormwater programs frequently do not have 
adequate accounting practices to define capital value and depreciation, maintenance, operation, 
or management programs (Reese and Presler, 2005). The problem is compounded because the 
long-term maintenance cost associated with various types of SCMs is not well understood. 
Additional research and information are needed on the costs of maintaining the performance of 
SCMs as experienced in the field (rather than ex ante estimates based on design plans). Research 
into long-term maintenance costs should include not only routine operation and maintenance 
costs but also costs for inspection and enforcement and remediation costs associated with SCM 
performance failures. Such research is critical to understanding the long-term cost obligation 
that is being assumed by municipal stormwater programs that are responsible for managing a 
growing number of SCMs. 

At the present time, the maintenance schedule for many of the proprietary and non
proprietary SCMs is poorly defined. It will vary with the type of drainage area and the activities 
that are occurring within it and with the efficiency of the SCM. (For example, the city of Austin, 
Texas, has determined that the average lifespan of their sand filters ranges from 5 to 15 years, 
but can be as little as one year if there is construction in the drainage area.) In order to establish 
a maintenance schedule, an assessment protocol needs to be adopted by municipalities. The 
protocol, which is specific to the type of SCM, could consist of the following: each year 
municipalities would be required to collect data from a subset of their SCMs on public and 
private property, and then over a period of years these data could be used to determine 
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maintenance schedules, predict performance based on age and sediment loading, and identify 
failed systems. A measurement of the depth of deposited sediment might be the only test needed 
for settling devices, such as hydrodynamic devices and wet detention ponds. Two levels of 
analysis could be performed for infiltration devices—one based on simple visual observations 
and the other using an instrument to check infiltration rates. These assessment methods for 
infiltration devices have been tested at the University of Minnesota (Gulliver and Anderson, 
2007). Without an assessment protocol for SCMs, the chances for poor maintenance and 
outright failure are greatly increased, it is difficult if not impossible to determine the actual 
performance of an SCM, and there will be insufficient data to reduce the uncertainty in future 
SCM design. 

Lack of Design Guidance on Important SCMs and Lack of Training 

Progress in implementing SCMs is often handicapped by the lack of local or national 
design guidance on important SCMs, and by the lack of training among the many players in the 
land development community (planners, designers, plan reviewers, public works staff, 
regulators, and contractors) on how to properly implement them on the ground. For example, 
design guidance is lacking or just emerging for many of the non-traditional SCMs, such as 
conservation of natural areas, earthwork minimization, product substitution, reforestation, soil 
restoration, impervious cover reduction, municipal housekeeping, stormwater education, and 
residential stewardship. Some LID techniques are better covered, such as the standards for 
pervious concrete from the American Concrete Institute and the National Ready Mixed Concrete 
Association. Design guidance for traditional SCMs such as erosion and sediment control may 
exist but is often incomplete, outdated, or lacking key implementation details to ensure proper 
on-the-ground implementation. In other cases, design guidance is available, but has not been 
disseminated to the full population of Phase II MS4 communities. For example, in an 
unpublished survey of state manuals used to develop national post-construction stormwater 
guidance, Hirschman and Kosco (2008) found that less than 25 percent provided sizing criteria, 
detailed engineering design specifications, or maintenance criteria. Nationwide guidance on 
SCM design and implementation may not be advisable or applicable to all physiographic, 
climatic, and ecoregions of the country. Rather, EPA and the states should encourage the 
development of regional design guidance that can be readily adapted and adopted by municipal 
and industrial permittees. Improvement of SCM design guidance should incorporate more direct 
consideration of the parameters of concern, how they move across the landscape, and the issues 
in receiving waters—a strategy both espoused in this report (page 351) and in recent publications 
on this topic (Strecker et al., 2005, 2007). 

The second key issue relates to how to train and possibly certify the hundreds of 
thousands of individuals that are responsible for land development and stormwater infrastructure 
at the local and state level. New stormwater methods and practices cannot be effectively 
implemented until local planners, engineers, and landscape architects fully understand them and 
are confident on how to apply them to real-world sites. Currently, stormwater design is not a 
major component of the already crowded curriculum of undergraduate or graduate planning 
engineering or landscape architecture programs. Most stormwater professionals acquire their 
skills on the job. Given the rapid development of new stormwater technologies, there is a critical 
need for implementation of regional or statewide training programs to ensure that stormwater 
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professionals are equipped with the latest knowledge and skills. The training programs should 
ultimately lead to formal certification for stormwater designers, inspectors, and plan reviewers. 

Different Standards in Different Jurisdictions That Are Within the Same Watershed 

Governmental and watershed boundaries rarely coincide, with the result that most 
watersheds are made up of many municipal bodies regulating stormwater management. 
Unfortunately in most cases there is no overarching stormwater regulatory structure that is based 
upon a watershed analysis. This can result in many unfortunate conflicts, where approval of a 
stormwater facility does not affect the community issuing the permit. It is often said that the 
most effective stormwater management for an area high in the watershed is to speed the water 
downstream, thus saving the upstream community but severely damaging the downstream rivers. 
While this may be an exaggeration, the problems downstream are less of a concern to the upper 
watershed communities, and downstream communities may not be able to solve their water 
issues without help from the upstream communities. 

Often neighboring communities' plans or the methods or data used do not coincide. For 
example, often out-of-date rainfall distributions, methods, or standards are required in the code 
that do not apply to the newer focus on smaller storms and volume reduction. If methods that 
include Modified Rational or TR-55 are used, it is difficult if not impossible to show the benefits 
in peak flow reduction gained through volume reduction devices. Also, some municipalities may 
require curb and piping and not allow swales, impending the implementation of a cost-effective 
design. Finally, it is difficult to observe a measureable impact of SCMs when they are guided by 
a patchwork of regulations. One community may require removal of the first inch of runoff, and 
another may require the reduction of the 25-year, post-construction peak to the 10-year pre
construction level. 

Water Rights that Conflict with Stormwater Management 

In the West, water is considered real property, governed by state law and regional water 
compacts. Landowners in urban areas rarely own surface water rights and are typically 
prohibited from "beneficial use" of that water, which affects how SCMs are chosen. For 
example, current practices in Colorado typically allow stormwater to be infiltrated within a short 
period of time on-site without violation of water laws. However, storage of and/or pumping this 
water for broader distribution is considered to be a beneficial use and is therefore prohibited. 
Moreover, as discussed in Chapter 2, SCMs that manage stormwater by driving the water 
underground with a bored, drilled, or driven shaft or a hole dug deeper than its widest surface 
dimension are typically considered to be "injection wells," requiring a federal permit and regular 
monitoring under the Safe Drinking Water Act. 

Some states prohibit infiltration because of concerns over long-term groundwater 
pollution. In California, which does not have a uniform policy for groundwater management and 
groundwater rights, authority over groundwater quality management falls to several regional and 
local agencies. For example, the Upper Los Angeles River Area (ULARA) has a court-
appointed Watermaster to manage the complex appropriation of its groundwater to user cities 
and agencies. The U L A R A has clashed with the City of Los Angeles regarding rights to all of 
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the water that normally recharges the Los Angeles River via runoff from precipitation. In 2000, 
the U L A R A Watermaster expressed a concern with certain permit provisions of the Los Angeles 
County MS4 Permit for New Development/ Redevelopment that promoted infdtration, stating 
that the MS4 permit interfered with the adjudicated right of the City of Los Angeles to manage, 
groundwater. 

Urban Development and Sprawl 

The continued expansion of urban areas is inevitable given population increases 
worldwide and the transition from agricultural to industrial economies. Given that urbanization 
of almost any magnitude—even less than 10 percent impervious area—has been demonstrated to 
have an impact on in-stream water quality, a central question to be addressed is how water 
quality can be maintained as cities grow, without having negative impacts on social and 
economic systems. Ideally, SCMs would perform their water quality function, contribute to the 
livability of cities, and enhance their economic and social potentials. 

Low-density, auto-oriented urban development, commonly known as sprawl, has been 
the predominant pattern of development in the United States, and increasingly worldwide, since 
World War II. It has been widely criticized for its inefficient use of land, its high use of natural 
resources, and its high energy costs—all of which are associated with the required auto-oriented 
travel. Additionally, ongoing economic costs related to the provision of widely dispersed 
services and social impacts of a breakdown in community life have been identified (Brugemann, 
1974). Sprawl and the impacts on in-stream water quality that result from urbanization have 
been an inevitable consequence of improved economic conditions. In the United States, sprawl 
constitutes the vast majority of development occurring today because a majority of the 
population is attracted to the benefits of a suburban lifestyle, government has subsidized roads 
and highways at the expense of public transit, and local zoning often limits development density. 

There has been a great deal of innovation in city planning and design in the past decade 
that encourages greater density and a return to urban living. New types of zoning, New 
Urbanism, Smart Growth, and related innovations in urban planning and design have been 
developed in parallel with environmental regulations at local to national levels (see Chapter 2). 
They acknowledge the importance of protecting natural resources to maintain quality of life and 
have established water quality as an important consideration in city building. 

It is not clear that current stormwater regulations can be effectively implemented over the 
broad range of development patterns that characterize contemporary cities or if they 
inadvertently favor one type of development over another. For example, on-site SMCs are often 
recommended as the preferred means of stormwater management, although they tend to 
encourage lower-density development patterns. And while they are easily implemented and 
regulated given the incremental, site-by-site development that is typical of most urban growth, 
monitoring and maintenance can be expensive and difficult for both the individual property 
owner and the regulating authority. In highly urbanized areas, they are often relegated to 
subsurface systems that are expensive and that, to be effective, require high levels of 
maintenance. 

In newly developing areas, cluster development should be encouraged whenever possible, 
according to the Smart Growth principles of narrower streets, reduced setbacks, and related 
approaches to reduce the amount of impervious area required and land consumed. Furthermore, 
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an interconnected series of on-site and consolidated SCMs can reduce subsurface stormwater 
piping requirements. Most planned communities have dedicated park and open-space areas that 
can constitute 25 percent or more of a development's total land area, making it feasible to easily 
accommodate consolidated SCMs (typically 8 to 10 percent of impervious area) within multi
functional open space and park lands. Cost efficiencies such as a 30 percent reduction in 
infrastructure costs (Duaney Plater-Zyberk & Company, 2006) can be realized through Smart 
Growth development techniques. Clustered housing surrounded by open space, laced with trails, 
has appreciated in value at a higher rate than conventionally designed subdivisions (Crompton, 
2007). 

In order to encourage infill or redevelopment over sprawl patterns of development, 
innovative zoning and other practices will be needed to prevent stormwater management from 
becoming onerous. For example, incentive zoning or performance zoning could be used to allow 
for greater densities on a site, freeing other portions of the site for SCMs. Innovations in 
governance and finance can also be used to incorporate consolidated SCMs into urban 
environments. For example, the City of Denver, in updating its Comprehensive Plan, designated 
certain underdeveloped corridors and districts in the city as "areas of change" where it hoped to 
encourage large-scale infill redevelopment. Given the scale of redevelopment, it would be 
feasible to establish special maintenance districts, allowing the development of consolidated 
SCMs that have multiple functions. To fund land purchase and facility design and construction, 
cash in lieu of payments could be made. 

Safety and Aesthetic Concerns 

Vector-borne diseases, especially West Nile virus, are a concern when SCMs such as 
extended detention basins, constructed wetlands, and rain barrels are proposed. Furthermore, 
other SCMs that are poorly designed, improperly constructed, or inadequately maintained may 
retain water and provide an ideal breeding ground for mosquitoes, increasing the potential for 
disease transmission to humans and wildlife. Kwan et al. (2005) found that water-retaining 
SCMs increase the availability of breeding habitats for disease vectors and provide opportunistic 
species an extended breeding season. State Health Departments generally recommend that 
SCMs be designed to drain fully in 72 hours, which is the minimum time required for a mosquito 
to complete its life cycle under optimum conditions. In SCMs where there is permanent standing 
water, such as stormwater wetlands, there is the possibility of introducing biota that might prey 
on mosquitoes. Municipalities may have to consider the added cost of vector control and public 
health when implementing stormwater quality management programs. 

With larger consolidated and regional extended detention facilities, concerns about the 
safety of children who may be attracted to such SCMs and ensuing liability must be considered. 
These SCMs need to be fenced off or otherwise designed appropriately to reduce the risk of 
drowning. 

One aspect of stormwater management that is infrequently considered is the aesthetic 
appeal, or lack thereof, of SCMs. The visual qualities of SCMs are important because they are a 
growing part of the urban landscape setting. Although it can be assumed that landscapes that are 
carefully tended are often preferred over other types of landscapes, it depends substantially on 
one's point of view. For example, an engineer may consider a particular SCM that is functioning 
as expected to be beautiful in the sense that its engineering function has been realized, even 
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though there is sediment buildup, algae, or other products of a properly functioning SCM visible. 
Similarly, a biologist or ecologist evaluating an ecologically healthy SCM in an urban context 
might find it to be beautiful because of its biological or ecological diversity, whereas another 
individual who evaluates the same SCM finds it to be "weedy." SCMs can be viewed as a means 
of restoring a degraded landscape to a state that might have existed before urban development. 
The desire to "return to nature" is a seductive idea that suggests naturalistic SCMs that may have 
very little to do with an original landscape, given the dramatic changes in hydrology that are 
inevitable with urban streams. Each of these widely varied views of SCMs may be appropriate 
depending on the context and the viewer. 

One goal of stormwater management should be to make SCMs desirable and attractive to 
a broader audience, thereby increasing their potential for long-term effectiveness. For example, 
the Portland convention center rain gardens demonstrate how native and non-native wetland 
plantings can be carefully composed as a landscape composition and also provide for stormwater 
treatment. If context and aesthetics of a chosen SCM are poorly matched, there is a high 
probability that the SCM will be eliminated or its function compromised because of 
modifications that make its landscape qualities more appropriate for its context. 

CONCLUSIONS AND RECOMMENDATIONS 

SCMs, when designed, constructed, and maintained correctly, have demonstrated the 
ability to reduce runoff volume and peak flows and to remove pollutants. However, in very few 
cases has the performance of SCMs been mechanistically linked to the guaranteed sustainment at 
the watershed level of receiving water quality, in-stream habitat, or stream geomorphology. 
Many studies demonstrate that degradation in rivers is directly related to impervious surfaces in 
the contributing watershed, and it is clear that SCMs, particularly combinations of SMCs, can 
reduce the runoff volume, erosive flows, and pollutant loadings coming from such surfaces. 
However, none of these measures perfectly mimic natural conditions, such that the accumulation 
of these SCMs in a watershed may not protect the most sensitive beneficial aquatic life uses in a 
state. Furthermore, the implementation of SCMs at the watershed scale has been too inconsistent 
and too recent to observe an actual cause-and-effect relationship between SCMs and receiving 
waters. The following specific conclusions and recommendations about stormwater control 
measures are made. 

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 incorporating watershed goals, site 
characteristics, development land use, construction erosion and sedimentation controls, 
aesthetics, monitoring, and maintenance. 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 pollutant load from a new development. 
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Such SCMs should be considered first before 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. Urban 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 generate 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 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 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 
processes 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 performance. Hydrologic models of SCMs that 
incorporate soil physics (moisture, wetting fronts) and groundwater processes are only now 
becoming available. Research is particularly important for nonstructural SCMs, which in many 
cases are more effective, have longer life spans, and require less maintenance 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. 

Research is needed to determine the effectiveness of suites of SCMs at the watershed 
scale. In parallel with learning more about how to quantify the unit processes of both structural 
and nonstructural practices, research is needed to develop surrogates or guidelines for modeling 
SCMs in lumped watershed models. Design formulas and criteria for the most commonly used 
SCMs, such as wet ponds and grass swales, are based on extensive laboratory and/or field 
testing. There are limited data for other SCMs, such as bioretention and proprietary filters. 
Whereas it is important to continue to do rigorous evaluations of individual SCMs, there is also a 
role for more simple methods to gain an approximate idea about how SCMs are performing. The 
scale factor is a problem for watershed managers and modelers, and there is a need to provide 
guidance on how to simulate a watershed of SCMs, without modeling thousands of individual 
sites. 

Improved guidance for the design and selection of SMCs is needed to improve their 
implementation. Progress in implementing SCMs is often handicapped by the lack of design 
guidance, particularly for many of the non-traditional SCMs. Existing design guidance is often 
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incomplete, outdated, or lacking key details to ensure proper on-the-ground implementation. In 
other cases, SCM design guidance has not been disseminated to the full population of MS4 
communities. Nationwide guidance on SCM design and implementation may not be advisable or 
applicable to all physiographic, climatic, and ecoregions of the country. Rather, EPA and the 
states should encourage the development of regional design guidance that can be readily adapted 
and adopted by municipal and industrial permittees. As our understanding of the relevant 
hydrologic, environmental, and biological processes increases, SCM design guidance should be 
improved to incorporate more direct consideration of the parameters of concern, how they move 
across the landscape, and the issues in receiving waters. 

The retrofitting of urban areas presents both unique opportunities and challenges. 
Promoting growth in these areas is desirable because it takes pressure off the suburban fringes, 
thereby preventing sprawl, and it minimizes the creation of new impervious surfaces. However, 
it is more expensive than Greenfields development because of the existence of infrastructure and 
the limited availability of land. Both innovative zoning and development incentives, along with 
the selection of SCMs that work well in the urban setting, are needed to achieve fair and 
effective stormwater management in these areas. For example, incentive or performance zoning 
could be used to allow for greater densities on a site, freeing other portions of the site for SCMs. 
Publicly owned, consolidated SCMs should be strongly considered as there may be insufficient 
land to have small, on-site systems. 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. 
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