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Re: Comnmients on Tentative Order No. 2011-XX-DWQ

“The Natural Resources Defense Council, on behalf of our over 100,000 California members
and activists, appreciates the opportunity to comment on Tentative Order No. 2011-XX-DWQ,
- NPDES No. CAS000003, the Draft National Pollutant Discharge Elimination System (NPDES)
~ Statewide Storm Water Permit Waste Discharge Requirements (WDRS) for State of California
Department of Transportation (“Tentative Order™). We are concerned that, in critical aspects, the
Tentative Order is inconsistent with state and federal law. In particular, the Tentative Order’s
approach to use of low impact development (“LID™) is highly flawed; the Tentative Order’s LID
provisions are vague and ambiguous and fail to implement the federal maximum extent
practicable standard. The flaws in the LID approach are even more apparent in contrast to recent
adoptions by the Los Angeles, Santa Ana, San Diego, and San Francisco Regional Water Quality
~ Control Board of LID provisions in Municipal Separate Storm Sewer (“MS4”) permits which
require onsite retention of the 85™ percentile design storm. We strongly encourage the State
Water Resources Control Board (“State Board”) to revise the Tentative Order to address this and
other issues discussed below. . :

L Standards Governing the Adoption of the Tentative Order by the Regional Board

" In considering the Tentative Order, the State Board must not only ensure compliance with
substantive legal standards, but it must also ensure that it complies with well-settled standards
that govern its administrative decision-making. The Tentative Order must be supported by
evidence that justifies the State Board’s decision to include, or not to include, specific
requirements. The State Board would be abusing its discretion if the Tentative Order ultimately
fails to contain findings that explain the reasons why certain control measures and standards have
been selected and others omitted. Abuse of discretion is established if “the respondent has not
proceeded in the manner required by law, the order or decision is not supported by the findings,
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or the findings are not supported by the evidence.” (Cal. Code Civ. Proc. § 1094.5(b); see also
Zuniga v. Los Angeles County Civil Serv. Comm'n (2006) 137 Cal. App.4th 1255, 1258 (applying
same statutory standard); Phelps v. State Water Resources Control Bd (2007) 157 Cal.App.4th
89, 98-99 (“abuse of discretion is established if the court determines that the findings are not
supported by the weight of the evidence™).)

- The administrative decision must be accompanied by findings that allow the court

. reviewing the order ot decision to “bridge the analytic gap between the raw evidence and
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.+ ultimate d"ecfisi1:)fiu’-'?(;;~1:’f2ﬁ;5E e’ (Topanga Ass'n for a Scenic Cmiy. v. County of Los Angeles (1974)
1 11 Cal.3d 506, 515 .) This.fequirement “serves to conduce the administrative body to draw

s

L legallyrefevant éﬁi}-c@ﬁc@i ions supportive of its ultimate decision ... to facilitate orderly

analysis and m_ihimiz_d the fikelihood that the agency will randomly leap from evidence to
Egpqigsj_qng”:(fd; at-316.) { “Absent such roadsigns, a reviewing court would be forced into
uniguided-and resoufce-consuming explorations: it would have to grope through the record to

jdetermi-ne'}hether some combination of credible evidentiary items which supported some line of
factual and legal conclusions supported the ultimate order or decision of the agency.” (Id at517 -

n.15.) Currently, the Tentative Order’s provisions are not supported by the necessary evidence,

as discussed below, and the State Board has failed to explain its decision not to adopt control

measures and standards that have been adopted by other jurisdictions and proven by scientific
studies to be more effective than the control measures and standards in the Tentative Order. The

~ lack of substantial evidence to support the Tentative Order renders it unlawful. (See, e. g,

Bangor Hydro-Elec. Co. v. F.E.R.C. (D.C. Cir. 1996) 78 F.3d 659, 664.)
IL.  The Tentative Order’s Definition of Maximum Extent Practicable is Inadequate

Section 402(p) of the Clean Water Act ("CWA?”) establishes the maximum extent
practicable (“MEP”) standard as a requirement for pollution reduction in stormwater permits.
The Act states that discharges from MS4 systems “shall require controls to reduce the discharge
of pollutants to the maximum extent practicable, including management practices, 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.” The
Tentative Order defines the maximum extent practicable standard as follows:

- The minimum required performance standard for implementation of municipal
storm water management programs to reduce pollutants in storm water, . . . MEP -
is the cumulative effect of implementing, evaluating, and making corresponding

- changes to a variety of technically appropriate and economically feasible BMPs,
ensuring that the most appropriate controls are implemented in the most effective
manner. This process of implementing, evaluating, revising, or adding new BMPs
is commonly referred to as the iterative process.

(Appendix C, at 5; see also Tentative Order, at F inding 7.) This vague pronouncement fails to
adequately describe the requirements of the MEP standard. “[T]he phrase ‘to the maximum
extent practicable” does not permit unbridled discretion. It imposes a clear duty on the agency to
fulfill the statutory command to the extent that it is feasible or possible.” (Defenders of Wildlife
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v. Babbitt (D.D.C. 2001) 130 F.Supp.2d 121, 131 (internal citations omitted); Friends of
Boundary Waters Wilderness v. Thomas (8th Cir. 1995) 53 F.3d 881, 885 (“feasible” means
“physically possible™).) Provisions that establish “what the discharger will do to reduce
discharges to the ‘maximum extent practicable,” cross[] the threshold from being an item of

. procedural correspondence to being a substantive component of a regulatory regime.”

- (Environmental Defense Center, Inc. v. U.S. EP4 (9th Cir. 2003) 344 F.3d 832, 853 (discussing
requirements for implementing minimum measures in Phase 11 general MS4 permits).) Merely
stating that the MEP standard creates a “minimum required performance standard” that is the
“cumulative effect of implementing, evaluating, and making corresponding changes” to BMPs
fails to adequately ensure the rigorous requirements of the MEP standard will be met.

The significance of this requirement has been recognized in a variety of jurisdictions. As one
state hearing board held: - .

[MEP] means to the fullest degree technologically feasible for the protection of
water quality, except where costs are wholly disproportionate to the potential -

benefits . . .. This standard requires more of permittees than mere compliance
with water quality standards or numeric effluent limitations designed to meet such
standards . . .. The term “maximum extent practicable” in the stormwater context

implies that the mitigation measures in a stormwater permit must be more than
simply adopting standard practices. This definition applies particularly in areas
where standard practices are already failing to protect water quality .. ..

(North Carolina Wildlife Fed. Central Piedmont Group of the NC Sierra Club v. N.C. Division of
Water Quality (N.C.O.A.H. October 13, 2006) 2006 WL 3890348, Conclusions of Law 21-22
(internal citations omitted).) The North Carolina board further found that the permits in question
violated the MEP standard both because commenters highlighted measures that would reduce

~ pollution more effectively than the permits’ requirements and because other controls, such as
infiltration measures, “would [also] reduce discharges more than the measures contained in the
permits.” (Id. at Conclusions of Law 19.) The State Board should revise its proposed definition
here, to ensure that the Tentative Order’s governing performance standards properly implement
federal requirements.

IIL. The Tentative Order’s Project Planning and Design Section is Legally Inadequate

a. LID is a Superior and Practicable Method of Addressing Stormwater

As currently written, the Tentative Order does not require any specific level LID'
implementation and would, as explained below, allow relatively ineffective conventional treat-

! We advocate the implementation of LID practices because LID practices retain stormwater
onsite through infiltration, harvesting and reuse, or evapotranspiration, thus ensuring that
pollutant loads do not reach receiving waters. Others have advanced interpretations of “LID”
that include the use of treat-and-discharge systems—these systems are not as effective as
 retention practices because the discharged water may still contain pollution, even if it is
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and-discharge techniques to be used to address runoff in place of LID practices that retain runoff
onsite. Indeed, the Tentative Order’s LID provisions are entirely separated from the Tentative
Order’s numeric sizing criteria, and by the Fact Sheet’s own admission, are generally “not
required to be iniplemented but are listed in order of preference” for implementation.> The
Tentative Order fails to meet the MEP standard as a result of its lack of any specific numeric
metric for implementation of LID. : _ : :

The Project Planning and Design section is critical for addressing the root causes of
stormwater pollution. As the U.S. Environmental Protection Agency (U.S. EPA) has noted: _
“Most stormwater runoff is the result of the man-made hydrologic modifications that normally
accompany development. The addition of impervious surfaces, soil compaction, and tree and
vegetation removal result in alterations to the movement of water through the environment, As
interception, evapotranspiration, and infiltration are reduced and precipitation is converted to
overland flow, these modifications affect not only the characteristics of the developed site but
also the watershed in which the development is located. Stormwater has been identified as one
of the leading sources of pollution for all waterbody types in the United States. Furthermore, the
. impacts of stormwater pollution are not static; they usually increase with more development and

urbanization.” This is particularly the case with discharges from highway or road surfaces;
- concentrations of pollutants in highway runoff frequently exceed numeric limits designed to
protect the health of receiving waters.* _

LD has been established as a superior and practicable strategy® and, therefore, must be
required. Accordingly, the U.S. EPA has called upon Regional Boards across California to

- prioritize the implementation of LID using numeric metrics. Notably, U.S. EPA threatened to

“consider objecting to the [San Francisco Bay region’s MS4] permit” if it did not include

- significantly attenuated. Our interpretation of “LID” is consistent with the U.S, EPA’s: “LID
comprises a set of approaches and practices that are designed to reduce runoff of water and
pollutants from the site at which they are generated. By means of infiltration,
evapotranspiration, and reuse of rainwater, LID techniques manage water and water pollutants at
the source and thereby prevent or reduce the impact of development on rivers, streams, lakes,
coastal waters, and ground water.” U.S. Environmental Protection Agency (December 2007)
Reducing Stormwater Costs through Low Impact Development (LID) Strategies and Practices, at
iif ("U.S. EPA LID Study”). '

2 Tentative Fact Sheet, at 15-16.

*U.S. EPA LID Study, at v.

N See, e.g., California Department of Transportation (“Caltrans™) (June 2003) Caltrans Tahoe Highway
Runoff Characterization and Sand T rap Effectiveness Studies, CTSW-RT-03-054.36.02, at ES-2, '
available at hitp:/iwww.dot.ca. gov/hg/env/stormwater/pdf/CTSW-RT-03-054.pdf.

> California Ocean Protection Council (May 15, 2008) Resolution of the Cali'fo'rnia Ocean
Protection Council Regarding Low Impact Development, at 2,
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“additional, prescriptive requirements” for LID.Y Along with the priotitization of LID
implementation, “EPA’s primary objective for incorporating LID into renewed MS4 permits,
especially for those that represent the third or fourth generation of permits regulating these
discharges, is that the permit must include clear, measurable, enforceable provisions for
implementation of LID . . .. [Permit[s] should [also] include a clearly defined, enforceable
process for requiring off-site mitigation for projects where use of LID design elements is
infeasible.”’ In North Orange County, EPA likewise observed that the MS4 “permit must
include clear, measurable, enforceable provisions for implementation of LID .. .. We would not
support replacing [volume retention-based] approaches with qualitative provisions that do not

include measurable goals.”8

Other government agencies in California and around the U.S. have come to the same
conclusions. The California Ocean Protection Council, for instance, strongly endorsed LID last
“year by “resolv[ing] to promote the policy that new developments and redevelopments should be
designed consistent with LID principles” because “LID is a practicable and superior approach . .
. to minimize and mitigate increases in runoff and runoff pollutants and the resulting impacts on

downstream uses, coastal resources and communities.” In Washington State, the Pollution
Control Hearings Board has found that LID techniques are technologically and economically
feasible and must, therefore, be required in MS4 permits.lo The National Academy of Sciences
recently issued a comprehensive report with the same recommendation for stormwater
management programs: “Municipal permittees would be required under general state regulations
to make [LID] techniques top priorities for implementation in approving new developments and
redevelopments, to be used unless they are formally and convincingly demonstrated to be
infeasible.”"! ' - '- '

§ Letter from Douglas E. Eberhardt, EPA, to Dale Bowyer, San Francisco Bay Regional Water
Quality Control Board (April 3, 2009), at 1.

" Id at 1-2.

- 8 etter from Douglas E. Eberhardt, EPA, to Michael Adackapara, Santa Ana Regional Water
Quality Control Board (February 13, 2009), at 2-3.

9 California Ocean Protection Council (May 15, 2008) Resolution of the California Ocean
Protection Council Regarding Low Impact Development, at 2. -

1 pyget Soundkeeper Alliance et al. v. State of Washington, Dept. of Ecology, et al. (2008)
Pollution Conitol Hearings Board, State of Washington, No. 07-021, 07-026, 07-027, 07-028,
07-029, 07-030, 07-037, Phase I Final, at 6, 46, 57-38.

1 National Academy of Sciences, Committee on Reducing Stormwater Discharge Contributions
to Water Pollution, National Research Council (2008) Urban Stormwater Management in the
United States, at 500.
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Critically, as demonstrated in the EPA comments quoted above, the prioritization of LID

- practices is insufficient by itself to meet the MEP standard and must be paired with a measurable
requirement for the implementation of LID. Since its inception, the MS4 permitting program has
been seriously hampered by a pervasive absence of numeric performance standards for the
implementation of best management practices (“BMPs™) such as LID. For this reason, in
December 2007, the State Water Resouirces Control Board commissioned a report which found
that “[t]he important concept across all of [the] approaches [described in the report] is that the
regulations established a performance requirement to limit the volume of stormwater
discharges.”™* The report also noted that “[m]Junicipal permits have the standard of Maximum
Extent Practicable (MEP) which lends itself more naturally to specifying and enforcing a level of
compliance for low impact development.”® Another study, completed for the Ocean Protection
Council, recommended the following standard: “Regulated development projects shall reduce the
percentage of effective impervious area to less than five percent of total project area by draining
stormwater into landscaped, pervious areas.”" ‘ .

While we appreciate the fact that the Tentative Order does require some undefined leve]
of LID implementation, the Tentative Order remains legally insufficient due to the lack of a
numeric performance requirement for LID, and the availability of all-encompassing waivers
from treatment standards (discussed below). These problems with the Project Planning and
Design Component need to be remedied before the Tentative Order will meet the Clean Water
Act’s MEP standard for pollutant reduction.

b. The Tentative Ordér-Does Not Contain—Nor Does it 'Jusﬁfv the Lack of—-é
Specific Standards for LID Implementation

The Fact Sheet notes that “[t]he proper implementation of LID techniques not
only results in water quality protection benefits and a reduction of land development and
construction costs.” However, the Fact Sheet’s claim that “[tihe requirements of this
Order facilitate the implementation of LID strategies to protect water quality, reduce -
runoff volume, and to promote sustainability™ falls flat.’ Instead, the Tentative Order’s
LID provisions represent a collection of largely hortatory provisions with no. specific
measurable outcome. Unfortunately, even the vast majotity of the Tentative Order’s LID
provisions fall into this category, requiring only, for example, “Conservation of natural
areas, fo the extent feasible™; “Minimization of . . impervious footprint™; “Minimization

2 State Water Resources Control Board (December 2007) 4 Review of Low Impact Development
Policies: Removing Institutional Barriers to Adoption, at 23 (emphasis added) (hereinafter
“SWRCB LID Report”). '

B 1d at 4.

" Ocean Protection Council of California (J anvary 2008) State and Local Policies Encouraging
or Req.uiring_ Low Impact Development in California, at 27, ' -

- 1% Tentative Fact Sheet, at 15,
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of disturbances to natural drainages”; “Use of climate-appropriate landscaping that
minimizes irrigation and runoff [and] promotes surface infiltration . . .. (Tentative
Order § E.2.d.(1).(d).(1)-(5).) Such vague provisions would not enable the State Board or
Caltrans to measure the outcomes of, or to enforce, the Tentative Order’s requirements
since implementation could vary enormously. '

i. The Tentaﬁve Order Must Establish Numeric Requirements for the Onsite
Retention of Stormwater o '

The Tentative Order fails to set a specific numeric performance standard for the
implementation of LID practices at Department and Non-Department Projects. As a result,
provided that a project installs some de minimis LID features, it would comply with the Tentative
" Order. In effect, LID features would not have to be sized to accommodate any meaningful
quantity of stormwater. This is completely contrary to the exhortations of expert agencies and
scientists, as described above, or standards already adopted in numerous MS4 permits,
ordinances, and regulations around the country. For example, the Regional Water Quality
Control Boards for the Los Angeles, Santa Ana, and San Diego Regions have all recently
adopted MS4 permits that effectively require new and redevelopment projects to retain onsite th
85" percentile storm through use of LID practices that infiltrate, harvest and reuse, or S
evapotranspire stormwater runoft, unless technically infeasible to do $0.'® The state of West
Virginia has adopted a statewide Phase II MS4 permit that requires projects to retain onsite “the
first one inch of rainfall from a 24-hour storm” event unless infeasible.'” Federal buildings over
5,000 square feet must manage onsite (i.e., prevent the offsite discharge of) the 95th percentile
. storm through infiltration, harvesting, and/or eva.potranspiration.]8 And the City of Philadelphia
requires projects to infiltrate the first one inch of rainfall from all impervious surfaces; if onsite
infiltration is infeasible, the same performance must be achieved offsite. '’

These jurisdictions have recognized the paramount importance of mandating onsite
retention of a certain quantity of stormwater since onsite retention prevents all pollution in that

16 See, Los Angeles Regional Water Quality Control Board, Order No R4-2010-0108 (July 8,
2010) (Ventura County MS4 Permit. Through use of an Effective Impervious Area limitation,
the Permit effectively requires retention of 95 percent of the 85™ percentile storm); Santa Ana
Regional Water Quality Control Board, Order No. RB8-2009-0030 (May 22, 2009) (North
Orange County MS4 Permit); San Diego Regional Water Quality Contro! Board, Order No. R9- -
2009-0002 (December 16, 2009) (South Orange County MS4 Permit) .

17 State of West Virginia (June 22, 2009) Department of Environmental Protection, Division of
Water and Waste Management, General National Pollution Discharge Elimination System Water
" Pollution Control Permit, NPDES Permit No. WV0116025 at 13-14.

18 42 U.S.C. § 17094; U.S. EPA (2009) Technical Guidance on Implernenting the Stormwater
Runoff Requirements for Federal Projects, at 12. '

l? City of Philadelphia, Stormwater Management Guidance Manual 2.0, at 1.1 (Jan. 29, 2008).
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- volume of rainfall from being discharged to receiving waters. Indeed, Caltrans itself has
recognized this principle, stating that that “Infiltration basins and trenches [that retain water
onsite] . . . provide the highest level of surface water quality protection. . . . [and] reduce the total

- amount of runoff, restoring some of the original hydrologic conditions of an undeveloped '
- watershed.” Moreover, Caltrans has found that where use of infiltration BMPs was technicaily
feasible, they “were among the most cost-effective BMPs tested.”?! By definition, Caltrans has
found that, where technically feasible, retaining water onsite through this type of practice is
MEP. Under the Clean Water Act, it must be required. :

‘Yet nowhere under the Tentative Order’s Low Impact Development provisions is there
any requirement that establishes a level of implementation for LID practices. Instead, the LID
requirements are noticeably divorced from the Project Planning and Design section’s “Numeric
Sizing Criteria for Storm Water Treatment Controls.” Under this section, the Tentative order
reqhuires only that “projects shall infiltrate at least 90 percent of the storm water runoff from an
85™ percentile 24-hour storm event™ or meet at least one of the numeric sizing criteria below”
through use of treatment control methods. (Tentative Order 4 E.2.d.(1).(a).(ii).)** Thus, whether
to use infiltration practices which by Caltrans’ own admission “provide the highest level of
surface water protection” and are “among the most cost-effective practices” is entirely
discretionary. As treatment control BMPs can include conventional controls and engineered
solutions that are demonstrably inferior to retention practices,”* this requirement fails to meet the
- requirements of the MEP standard. - '

Moreover, the Tentative Order appears to ignore the use of practices such as
evapotranspiration or harvesting and reuse that are mandated by numerous other MS4 permits in
California as a means of meeting the 85 percentile storm retention requirement.”> Where
feasible, infiltration, as well as these other practices that retain runoff onsite, must be required by -
the Order. The Tentative Order’s language leaving to Caltrans® discretion whether to infiltrate

% Caltrans (January 2004) BMP Retrofit Pilot Program, Final Report, CTSW-RT-01-050, at viii.
' 1d, at ix.

*2 We are concerned that the standard articulated in the Tentative Order, requiring infiltration of
90 percent of the 85ﬁ’-percentile storm, would allow for discharge, untreated, of the remaining 10
petcent of the 85" percentile volume, in apparent violation of the standard articulated in State

Board WQ Order 2000-11.

- B The Tentative Order defines Treatment Control BMPs as “Any engineered system designed to
remove pollutants by simple gravity settling of particulate pollutants, filtration, biological
uptake, media absorption or any other physical, biological, or chemical process, thus apparently
including conventional engineered controls in addition to LID controls that retain runoff onsite,

* See, R. Horner (2007) Initial Inves’tigcition of the Feasibility and Benefits of Low-Impact Site
Design Practices (“LID") for the San Francisco Bay Area.
- % See note 16, supra. :
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runoff or utilize other treatment control methods amounts fo no requirement at all for infiltration,
and ignores other practices that result in the onsite retention of stormwater. To meet the MEP
standard, the State Board must ensure that LID practices that retain stormwater onsite unless
technically infeasible.

c. The Tentative Order’s Allowance for Complete Waivers from Treatment Control
Requirements violates the Clean Water Act

Federal regulations mandate that MS#4 permits impose requirements to reduce the
discharge of stormwater pollution from new development and redevelopment projects. 40
CFR.§122.26) The State Water Board—through the Bellflower decision—has gone further
and established the SUSMP hydraulic sizing criteria as a compliance floor for all Priority
Development Projects (or here, Department and Non-Department Projec‘[s).26 A permit cannot
meet the MEP standard if it does not impose these criteria to reduce stormwater pollution, yet
these criteria are exactly what the Tentative Order would allow the Executive Officer to waive
where the Officer finds that “a project will have minimal impact to water quality.” {Tentative
Order § E.2.d.(1).(2).(1).(3).) The CWA requires that discharges from MS4 systerns “shail
require controls to reduce the discharge of pollutants to the maximum extent practicable,” not
only from projects with significant impacts to water quality, but from all projects. This section
should be revised accordingly. ' R

IV. The Tentative Order Fails to Include Provisions that Effectively Prohibit all Non-
Stormwater Discharges, as Required by the Clean Water Act ' '

Federal law requires that MS4 permits “shall include a requirement to effectively prohibit
non-stormwater discharges into the storm sewers.” (Tentative Order 9 B.2.) The Tentative
Order states that certain enumerated non-stormwater discharges “are conditionally exempt from
[the] prohibition™ against non-stormwater discharges into the MS4 system.27 But federal
regulations under the CWA are clear: when any of the categories of non-stormwater discharges
identified as exempt in the Tentative Order are identified as sources of pollution, they are
disallowed.2® Caltrans’ own data indicates that agricultural runoff is a source of pollutants, and

26 gtate Water Resources Control Board (2000) Water Quality Order No. 2000-11, at 15-18.
- 27 Tentative Order, p. 18.

28 40 C.F.R. § 122.26(d)(2)(iv)(B)(1). While we focuse here on discharge sources identified as
sources of pollution, Section 402(p)(3)(B)(ii) of the CWA requires that permits for discharge
from municipal sewers “effectively prohibit non-stormwater discharges,” and does not create any
authorization for exemption of such discharges. The Clean Water Act’s implementing
regulations under 40 C.F.R. § 122.26(d)(2)(iv)(B)(1) set forth the circumstances under which the
permittee must specifically design a program to “to detect and remove (or require the discharger |
to the municipal separate storm sewer to obtain a separate NPDES permit for) illicit discharges
and improper disposal into the storm sewer” of specified non-storm water discharges or flows
identified as sources of pollutants. Yet, the requirement of an enforcement program to “detect
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so should be “removed” according to federal regulations.

The Fact Sheet states that “the CWA exempts agricultural irrigation water return flows
from the NPDES program.”® Yet Section 402(1)(1) of the CWA states only that, “The
Administrator shall not require a permit under this section, for discharge composed entirely-of
return flows from irrigated agriculture.” (Emphasis added.) Thus, unless there is absolutely no
other component to discharge from Caltrans’ MS4 systems, the fact that a component, or a
portion of its discharge stems from agricultural return flow does not exempt Caltrans from
effectively prohibiting the discharge of agricultural runoff to the MS4 system. Just as untenable -
is the State Board’s position that if agricultural irrigation water is “regulated by WDRs or
conditional waivers of WDRs” and if the Caltrans cooperates with organizations conducting
monitoring of such discharges, the discharges are as a result not expected to be a source of
pollutants and need not be prohibited. (Tentative Order 1B.2 n.3.)

- State and Regional Water Board databases and reports similarly demonstrate significant,
-ongoing contamination associated with even “regulated” agricultural runoff. In November
2010, the Central Coast Regional Water Quality Control Board (“Central Coast Board”) stated
that agricultural discharges (pesticides, sediment, nutrients) are a “major cause of water
pollution” in the Central Coast Region.”® While agricultural runoff has been regulated by a
conditional waiver for years, the Central Coast Board still finds agricultural discharges “continue
to contribute to already significantly impaired water quality.”! Similarly, the Central Valley
Regional Water Quality Control Board (“Central Valley Board™) has stated that agricultural
discharge ““can affect water quality by transporting constituents of concern” including pesticides,
sediment, nutrients, salts, pathogens, and heavy metals from agricultural fields.’® The Central
Valley Board finds that many water bodies are impaired because of “pollutants from agricultural

sources,”? and that over 60% of regional water quality exceedances occur during irrigation
34
season.

and remove . . . illicit discharges,” does not support the construction, seemingly implemented by
the Tentative Order, that certain specified categories of non-stormwater discharges are “exempt .
. . unless” they are identified as a source of pollution. Tentative Order 9 B.2 (emphasis added).

% Tentative Fact Sheet, at 3.

30 Regi'onal Water Quality Control Board, Central Coast Region (2010) Recommendations for
Water Code Waiver for Agricultural Discharges, at 7.

3 1d

_32 Regional Water Quality Control Board, Central Valley Region (2010) Draft Program
Environmental Impact Report, at 1. ' '

33 .

id :
+ " State Water Resotrces Control Board & Central Valley Regional Water Quality Control Board, “Report to the
California State Legislature Joint Legislative Budget Committee on Reduction of Agricultural Pollution Runoff inta

the Sacramento-San Joagquin Delta,” p. 2 (2011).
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Agricultural irrigation run-off is not just a pervasive problem for regional boards; it is a
problem for Caltrans, as demonstrated by their own data. In the Caltrans Characterization Study
performed for the Tentative Otder, monitoring results indicated that “conventional pollutants,
trace metals, and nutrients were higher in agricultural” areas.’® Caltrans’s own monitoring sites
“exhibited higher concentrations of most conventional pollutants (EC, DOC, TDS, TOC, TSS)”
for agricultural areas than all other land uses.’® Trace metals found in Caltrans’s storm drains
around agricultural areas showed “consistently higher concentrations” than for other land uses.”’
Nutrient pollution followed the same pattern, as total phosphorus, orthophosphate, and TKN
were “significantly higher” in agricultural areas.387 In sum, there is no basis to conclude that

agricultural runoff is not a source of pollutants, or to exemlgt agricultural runoff from the
prohibition against non-stormwater discharges to the MS4. ’

Likewise, landscape irrigation, irrigation water and lawn watering, categories of non-
stormwater discharges currently identified as exempt from the prohibition against non-
stormwater discharges to the MS4, are known sources of poliution. For example, lawn irrigation
has been identified as a “hot spot” for nutrient contamination in urban watersheds—lawns
“contribute greater concentrations of Total N, Total P and dissolved phosphorus than other urban
source areas ... source research suggests that nutrient concentrations in lawn runoff can be as
much as four times greater than other urban sources such as streets, rooftops or driveways.” 0
These additional known sources of pollution must be prohibited from entering the MS4.

35 California Department of Transportation (2003) Storm Water Monitoring & Data
Management: Discharge Characterization Study Report, at 67.

3 1d. at 55.
37 Id.
®1d

3 The San Diego Regional Water Quality Control Board has previously eliminated exemptions
for both agricultural irrigation discharges and landscape irrigation discharges. In the case of
agricultural discharges, the Board found them to be “significant sources of pollution.” Water
Quality Ordinances Update: Hearing Before the Board of Supervisors and Orange County Flood
Control District, (2011), available at '
hitp://cams.ocgov.com/Web_Publisher/Agenda02 01 2011_files/images/A10-001 604 . HTM; see
also, Memo from Catherine George Hagan, San Diego Regional Water Quality Control Board,
to Chairman Wright and Members of the Regional Board (Nov. 5, 2009) re: Regulatory
Authority for Imposing Numeric Effluent Limits on Dry Weather, Non-Storm Water Discharges,:
in Municipal Storm Water Permits, at 3-5. ' '

40 Center for Watershed Protection (March 2003) Impacts of Impervious Cover on Aquatic
Systems at 69; see also H.S. Garn (2002) Effects of lawn fertilizer on nutrient concentration in
runoff from lakeshore lawns, Lauderdale Lakes, Wisconsin. U.S. Geological Survey Water-
Resources Investigations Report 02-4130 (In an investigation of runoff from lawns in Wisconsin,
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V. - Numeric Effluent Limitations Must be Established Where Feasible
s=udlie Diluent Limiations Must be Bstablished Where Feasible

- The U.S. EPA recently stated that “where the NPDES authority determines that MS4
discharges . . . . have the reasonable potential to cause or contribute to water quality standards
excursions, permits for MS4s . . . should contain numeric effluent limitations where feasible to
do so0.”*' Without providing any justification, the Tentative Order states that, outside of the Lake -
Tahoe area, “Storm water discharges from MS4s are highly variable in frequency, intensity, and
 duration, and it is difficult to characterize the amount of pollutants in the discharges,” thus, numeric

effluent limitations (“NELs”) are not appropriate. Yet the fact that NELs are feasible for Lake
- Tahoe, an area with highly variable weather and use conditions, illustrates that the process is
“feasible.” The Tentative Order should be revised to incorporate NELs for all locations where- it
s feasible to do so, in accordance with U.S. EPA guidance.

- VI.  Conclusion

For the aforementioned reasons, the Tentative Order requires substantial revision and is
unlawful under federal and state law, in particular to pass legal muster under the CWA’s MEP
~ standard. These changes are necessary to ensure the protection of the waters of this state, and we
strongly urge the State Board to reject the Tentative Order as currently drafted, and to provide-
staff with clear direction on the modifications that are required, as discussed above.

Sincerely,

A .
et

Noah Garrison
Project Attorney _
Natural Resources Defense Council

- runoff from fertilized lawns contained elevated concentrations of phosphorous and dissolved
phosphorous), ' ¥

*! Memorandum from James Hanlon, U.S. EPA Office of Wastewater Management and Denise

- Keehner, U.S. EPA Office of Wetlands, Oceans and Watersheds to Water Management Division
Directors, Regions 1-10 (Nov, 12, 2010) re: Revisions to the November 22, 2002 Memorandum
‘Establishing Total Maximum Daily Load (TMDL) Wasteload Allocations (WLAsS) for Storm
Water Sources and NPDES Permit Requirements Based on Those WLAs, at 3. For adopted
TMDLs that include wasteload allocations for stormwater discharges, “permits for . . . MS4 _
discharges must contain effluent limits and conditions consistent with the . . . WLAs in the
TMDL.” Jd, citing 40 CFR Sec. 122.44(d)(1)(vii)(B). .




INITIAL INVESTIGATION OF THE
FEASIBILITY AND BENEFITS
OF LOW-IMPACT SITE DESIGN PRACTICES (“LID”)
FOR THE SAN FRANCISCO BAY AREA

Richard R. Horner?

ABSTRACT

The Clean Water Act NPDES permit that regulates municipal separate storm sewer systems
(MS4s) in the San Francisco Bay Area, California will be reissued in 2007. The draft permit
includes general provisions related to low impact development practices (LID) for certain kinds
of development and redevelopment projects. Using six representative development project
case studies, based on California building records, the author investigated the practicability and
relative benefits of LID options for the majority of the region having soils potentially suitable for
infiltration either in their natural state or after amendment using well recognized LID techniques.
The results showed that (1) LID site design and source control techniques are more effective
than conventional best management practices (BMPs) in reducing runoff rates; and (2) in each
of the case studies, LID methods would reduce site runoff volume and pollutant loading to zero
in typical rainfall scenarios.

T Richard R. Horner, Ph.D., Research Associate Professor, University of Washington
Departments of Civil and Environmental Engineering and Landscape Architecture;
Adjunct Associate Professor, University of Washington Center for Urban Horticulture

INTRODUCTION
The Assessment in Relation to Municipal Permit Conditions

This purpose of this study is to investigate the relative water quality and water reuse benefits of
three levels of storm water treatment best management practices (BMPs): (1) basic “treat-and-
release” BMPs (e.g., drain inlet filters, CDS units), (2) commonly used BMPs that expose runoff
to soils and vegetation (extended-detention basins and biofiltration swales and filter strips), and
(3) low impact development (LID) practices. The factors considered in the investigation are
runoff volume, pollutant loading, and the availability of water for infiltration or other reuse. In
order to assess the differential impact of storm water reduction approaches on these factors,
this study examines six case studies typical of development covered by the proposed Municipal
Regional Urban Runoff Phase | NPDES Stormwater Permit (MRP).

This report covers locations in the Bay Area most amenable to soil infiltration of stormwater
runoff, those areas having soils in Natural Resources Conservation Service (NRCS) Hydrologic
Soil Groups A, B, or C as classified by the Natural Resources Conservation Service
(http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx). Depending on site-specific
conditions, A and B soils would generally effectively infiltrate water without modification,
whereas C soils could require organic amendments according to now standard LID methods.
This report does not cover locations with group D soils, which are generally not amenable to
infiltration, again depending on the specific conditions on-site. A subsequent report will
examine options in these locations, which include other LID techniques (e.g., roof runoff
harvesting for irrigation or gray water supply) and state-of-the-art conventional stormwater




management practices. A minority but still substantial fraction of the Bay Area has group D
soils (39.3, 68.0, 18.3, and 50.1 percent of the mapped areas of Alameda, Contra Costa, San
Mateo, and Santa Clara Counties, respectively). Regarding any mapped soil type, it is
important to keep in mind that soils vary considerably within small distances. Characteristics at
specific locations can deviate greatly from those of the major mapped unit, making infiltration
potential either more or less than may be expected from the mapping.

Low impact development methods reduce storm runoff and its contaminants by decreasing their
generation at sources, infiltrating into the soil or evaporating storm flows before they can enter
surface receiving waters, and treating flow remaining on the surface through contact with
vegetation and soil, or a combination of these strategies. Soil-based LID practices often use
soil enhancements such as compost, and thus improve upon the performance of more
traditional basins and biofilters. The study encompassed vegetated swales (channels for
conveyance at some depth and velocity), vegetated filter strips (surfaces for conveyance in thin
sheet flow), and bioretention areas (shallow basins with a range of vegetation types in which
runoff infiltrates through soit either to groundwater or a subdrain for eventual surface discharge).
Application of these practices in a low impact site design mode requires either determination
that existing site soils can support runoff reduction through infiltration or that soils will be
amended using accepted LID techniques to attain this objective. Finally, the study further
broadened implementation options to include water harvesting (collection and storage for use
in, for example, irrigation or gray water systems), roof downspout infiltration trenches, and
porous pavements.

The investigation also considered whether typical development patterns and local conditions in
the Bay Area would enable LID implementation as required by a new standard proposed for the
2007 Ventura County Municipal Storm Water Permit. This standard requires management of
effective impervious area (EIA), limiting it to 5%, as well as other impervious area (what might
be termed Not-Connected Impervious Area, NCIA), and pervious areas.

Where treatment control BMPs are required to manage runoff from a site, Volume or Flow
Hydraulic Design Bases commonly used in California were assumed to apply. The former basis
applies to storage-type BMPs, like ponds, and requires capturing and treating either the runoff
volume from the 85th percentile, 24-hour rainfall event for the location or the volume of annual
runoff to achieve 80 percent or more volume treatment. The calculations in this analysis used
the 85th percentile 24-hour rainfall event basis. The Flow basis applies to flow-through BMPs,
like swales, and requires treating the runoff flow rate produced from a rain event equal to at
least 0.2 inches per hour intensity (or one of two other approximately equivalent options).

Scope of the Assessment

With respect to each of the six development case studies, three assessments were undertaken:
a baseline scenario incorporating no stormwater management controls; a second scenario
employing conventional BMPs; and a third development scenario employing LID stormwater
management strategies.

To establish a baseline for each case study, annual stormwater runoff volumes were estimated,
as well as concentrations and mass loadings of four pollutants: (1) total suspended solids
(TSS), (2) total recoverabie copper (TCu), (3) total recoverable zinc (TZn), and (4) total
phosphorus (TP). These baseline estimates were based on the anticipated land use and cover
with no stormwater management efforts.

Two sets of calculations were then conducted using the parameters defined for the six case
studies. The first group of calculations estimated the extent to which basic BMPs reduce runoff
volumes and pollutant concentrations and loadings, and what impact, if any, such BMPs have
on recharge rates or water retention on-site.



The second group of calculations estimated the extent to which commonly used soil-based
BMPs and LID site design strategies ameliorate runoff volumes and pollutant concentrations
and loadings, and the effect such techniques have on recharge rates. When evaluating LID
strategies in the context of the EIA concept employed in the draft Ventura County MS4 permit, it
was presumed that EIA would be limited to three percent. It was also assumed that pervious
surfaces on a site receiving runoff from other areas on the site would be sized and prepared to
manage (through infiltration or storage) the volume directed there in addition to precipitation
falling directly on those areas. The assessment of basins, biofiltration, and low impact design
practices analyzed the expected infiltration capacity of the case study sites. It also considered
related LID techniques and practices, such as source reduction strategies, that could work in
concert with infiltration to serve the goals of: (1) preventing increase in annual runoff volume
from the pre- to the post-developed state, (2) preventing increase in annual pollutant mass
loadings between the two development states, and (3) avoiding exceedances of the Water
Quality Control Plan for the San Francisco Bay Basin (Basin Plan) criteria for copper and zinc.

The results of this analysis show that:

* A full-range of typical development categories common in the Bay Area, from single
family residential to restaurants, housing developments, and commercial uses like
office buildings, can feasibly implement standard LID techniques to achieve no
stormwater discharge during rain events equal to, and in some cases greater than,
design storm conditions. This conclusion is based on an analysis that used actual
building records in California and annual rainfall records in two rainfall zones in the Bay
Area to show that site conditions support this level of performance. In addition, site
conditions typical at a wide range of development projects are more than sufficient to
attain compliance with a three percent EIA limit, as is being contemplated in other MS4
re-issuance proceedings in California presently.

e Developments implementing no post-construction BMPs result in storm water runoff
voiume and pollutant loading that are substantially increased, and recharge rates that
are substantially decreased, compared to pre-development conditions.

+ Developments implementing basic post-construction treatment BMPs achieve reduced
pollutant loading compared to developments with no BMPs, but stormwater runoff
volume and recharge rates are similar to developments with no BMPs.

s Developments implementing traditional basins and biofilters, and even more so low
impact post-construction BMPs, achieve significant reduction of pollutant loading and
runoff volume as well as greatly enhanced recharge rates compared to both
developments with no BMPs and developments with basic treatment BMPs.

This report covers the methods employed in the investigation, data sources, and references for
both. It then presents the results, discusses their consequences, draws conclusions, and
makes recommendations relative to the feasibility of utilizing low-impact development practices
in Bay Area developments.



CASE STUDIES

Six case studies were selected to represent a range of urban development types considered to
be representative of the Bay Area. These case studies involved: a multi-family residential
complex (MFR), a relatively small-scale (23 homes) single-family residential development (Sm-
SFR), a restaurant (REST), an office building (OFF), a relatively large (1000 homes) single-
family residential development (Lg-SFR), and a single home (SINGLE)."

Parking spaces were estimated to be 176 sq ft in area, which corresponds to 8 ft width by 22 ft
length dimensions. Code requirements vary by jurisdiction, with the tendency now to drop
below the traditional 200 sq ft average. About 180 sq ft is common, but various standards for
full- and compact-car spaces, and for the mix of the two, can raise or lower the average.2 The
176 sq ft size is considered to be a reasonable value for conventional practice.

Roadways and walkways assume a wide variety of patterns. Exclusive of the two SFR cases,
simple, square parking lots with roadways around the four sides and square buildings with
walkways also around the four sides were assumed. Roadways and walkways were taken to
be 20 ft and 6 ft wide, respectively.

Single-family residences were assumed each to have a driveway 20 ft wide and 30 ft long. It
was further assumed that each would have a sidewalk along the front of the lot, which was
calculated to be 5749 sq ft in area. Assuming a square lot, the front dimension would be 76 ft.
A 40-ft walkway was included within the property. Sidewalks and walkways were taken to be 4
ft wide. For each case study the total area for all of these impervious features was subtracted
from the total site area to estimate the pervious area, which was assumed to have conventional
landscaping cover (grass, small herbaceous decorative plants, bushes, and a few trees).

! Building permit records from the City of San Marcos in San Diego County provided data on total site
areas for the first four case studies, including numbers of buildings, building footprint areas (including
porch and garage for Sm-SFR), and numbers of parking spaces associated with the development projects.
While the building permit records made no reference to features such as roadways, walkways, and
landscaping normally associated with development projects, these features were taken into account in the
case studies using assumptions described herein. Larger developments and redevelopment were not
represented in the sampling of building permits from the San Marcos database. To take these types of
projects into account in the subsequent analysis, the Lg-SFR scenario scaled up all land use estimates
from the Sm-SFR case in the ratio of 1000:23. The single home case (SINGLE) was derived from Bay
Area records obtained at hitp://www.ppic.org/content/other/706 EHEP web_only appendix.pdf, which
showed 8000 f® as a rough average for a single home Iot in the region. As with the other cases, these
hypotheticai developments were assumed to have roadways, walkways, and landscaping, as described
herein.

2 J. Gibbons, Parking Lots, NONPOINT EDUCATION FOR MUNICIPAL OFFICERS, Technical Paper No. 5 (1999)
(hitp://nemo.uconn.edu/tools/publications/tech papers/tech paper_5.pdf).




Table 1 summarizes the characteristics of the six case studies. The table also provides the
recorded or estimated areas in each land use and cover type.

Table 1. Case Study Characteristics and Land Use and Land Cover Areas

MFR? Sm-SFR? REST® OFF? Lg-SFR? SINGLE®
No. buildings 11 23 1 1 1000 1
Total area (ft") 476,982 132,227 33,669 92,612 5,749,000 8,000
Roof area (ft") 184,338 34,949 3,220 7,500 1,519,522 2114
No. parking
spaces 438 - 33 37 - -
Parking area
() 77,088 - 5808 6512 - -
Access road
area (ft)) 22,212 - 6097 6456 - -
Walkway area
(ft)) 33,960 10,656 1362 2078 463,289 518
Driveway area
() - 13,800 - - 600,000 835
Landscape
area (ft) 159,384 72,822 17,182 70,066 3,166,190 4533

* MFR—multi-family residential; Sm-SFR-small-scale single-family residential; REST—restaurant; OFF—office
building; Lg-SFR—Ilarge-scale single-family residential; SINGLE-—single-family home

METHODS OF ANALYSIS
Annual Stormwater Runoff Volumes

Annual surface runoff volumes produced were estimated for both pre- and post-development
conditions for each case study site. Runoff volume was computed as the product of annual
precipitation, contributing drainage area, and a runoff coefficient (ratio of runoff produced to
rainfall received). For impervious areas the following equation was used:

C =(0.009) / + 0.05

where / is the impervious percentage. This equation was derived by Schueler (1987) from
Nationwide Urban Runoff Program data (U.S. Environmental Protection Agency 1983). With /=
100 percent for fully impervious surfaces, C is 0.95.

The basis for pervious area runoff coefficients was the Natural Resource Conservation
Service’s (NRCS) Urban Hydrology for Small Watersheds (NRCS 1986, as revised from the
original 1975 edition). This model estimates storm event runoff as a function of precipitation
and a variable representing land cover and soil, termed the curve number (CN). Larger events
are forecast to produce a greater amount of runoff in relation to amount of rainfall because they
more fully saturate the soil. Therefore, use of the model to estimate annual runoff requires
selecting some event or group of events to represent the year. The 85th percentile, 24-hour
rainfall event was used in the analysis here for the relative comparison between pre- and post-
development and applied to deriving a runoff coefficient for annual estimates, recognizing that
smaller storms would produce less and larger storms more runoff.

A memorandum titled Rainfall Data Analysis and Guidance for Sizing Treatment BMPs
(http://www.cccleanwater.org/construction/Publications/CCCWPBasinSizingMemoF INAL _4-20-
05.pdf) prepared for the Contra Costa Clean Water Program demonstrated a linear relationship
between unit basin storage volume for 80 percent capture (which is related to the 85th




percentile event) and mean annual precipitation. Rainfail for Bay Area 85th percentile, 24-hour
events could thus be determined from locations where events have been established in direct
proportion to mean annual rainfall.

In order to obtain appropriate regional estimates of annual precipitation, rainfall records were
obtained from a number of sites in the four counties, plus the city of Vallejo, covered by the
permit.3 The mean annual range is from 13.73 to 24.30 inches, with quantities close to either
14 or 20 inches predominating. The study was performed for both of these rainfall totals.
These figures were used in conjunction with 85th percentile, 24-hour event amounts of 0.75 for
Los Angeles and 0.92 for Santa Rosa (http:/ci.santa-
rosa.ca.us/pworks/other/SW/SRSWManualFinalDraft. pdf), respectively, and mean annual totals
of 12 and 31 inches for the respective cities to estimate 85 percentile, 24-hour event quantities
of 0.77 and 0.82 inch for the 14 and 20-inch Bay Area rainfall zones, respectively.

Pre- and post-development runoff quantities were computed with selected CN values and the
0.77- and 0.82-inch rainfalls. The CN choices based on tabulated data in NRCS (1986) and
professional judgment were 83 before development and 86 after land modification. Estimate
runoff amounts were then divided by the rainfall totals to obtain runoff coefficients. The results
were about the same for the two rainfall zones at 0.07 and 0.12 before and after development,
respectively. Finally, total annual runoff volumes were estimated based on the two average
annual precipitation figures.

Stormwater Runoff Poliutant Discharges

Annual pollutant mass discharges were estimated as the product of annual runoff volumes
produced by the various land use and cover types and pollutant concentrations typical of those
areas. Again, the 0.75-inch precipitation event was used as a basis for volumes. Stormwater
pollutant data have typically been measured and reported for general land use types (e.g.,
single-family residential, commercial). However, an investigation of low impact development
practices of the type this study sought to conduct demands data on specific land coverages.
The literature offers few data on this basis. Those available and used herein were assembled
by a consultant to the City of Seattle for a project in which the author participated. They appear
in Attachment A (Herrera Environmental Consultants, Inc. undated).

Pollutant concentrations expected to occur typically in the mixed runoff from the several land
use and cover types making up a development were estimated by mass balance; i.e., the
concentrations from the different areas of the sites were combined in proportion to their
contribution to the total runoff.

The Effect of Conventional Treatment BMPs on Runoff Volume, Pollutant Discharges, and
Recharge Rates

The first question in analyzing how BMPs reduce runoff volumes and pollutant discharges was,
What BMPs are being employed in Bay Area developments under the permit now in force?
These county permits provide regulated entities with a large number of choices and few fixed
requirements regarding the selection of stormwater BMPs. (See Contra Costa County NPDES
Municipal Stormwater Permit, Order No. 99-058; see also Santa Clara County NPDES
Municipal Stormwater Permit, Order No. 01-024, at C.3.a.). Clean Water Program Available
options presumably include manufactured BMPs, such as drain inlet inserts (Dlls) and
continuous deflective separation (CDS) units. Developments may also select such non-

° hitp:/Mww.census.gov/stablccdb/cit7 140a.td,

http://www.acwd.org/dms _docs/76d0b026b60d97830492079a48b1cb88.pdf,
http:/iwww.ci.berkely.ca.us/aboutberkeley/weather.html, http://www.usbr.gov/dataweb/dams/ca10168.htm,
http://www.redwoodcity.org/about/weather.html.




proprietary devices as extended-detention basins (EDBs) and biofiltration swales and filter
strips. EDBs hold water for two to three days for solids settlement before releasing whatever
does not infiltrate or evaporate. Biofiltration treats runoff through various processes mediated
by vegetation and soil. In a swale, runoff flows at some depth in a channel, whereas a filter strip
is a broad surface over which water sheet flows. Each of these BMP types was applied to each
case study, although it is not clear that these BMPs, in actuality, have been implemented
consistently within the Bay Area to date.

The principal basis for the analysis of BMP performance was the California Department of
Transportation’s (CalTrans, 2004) BMP Retrofit Pilot Program, performed in San Diego and Los
Angeles Counties. One important result of the program was that BMPs with a natural surface
infiltrate and evaporate (probably, mostly infiltrate) a substantial amount of runoff, even if
conditions do not appear to be favorable for an infiltration basin. On average, the EDBs,
swales, and filter strips lost 40, 50 and 30 percent, respectively, of the entering fiow before the
discharge point. Dlls and CDS units do not contact runoff with a natural surface, and therefore
do not reduce runoff volume.

The CaiTrans program further determined that BMP effluent concentrations were usually a
function of the influent concentrations, and equations were developed for the functional
relationships in these cases. BMPs generally reduced influent concentrations proportionately
more when they were high. In relatively few situations influent concentrations were constant at
an “irreducible minimum” level regardless of inflow concentrations.

In analyzing the effects of BMPs on the case study runoff, the first step was to reduce the runoff
volumes estimated with no BMPs by the fractions observed to be lost in the pilot study. The
next task was estimating the effluent concentrations from the relationships in the CalTrans
report. The final step was calculating discharge pollutant loadings as the product of the reduced
volumes and predicted effluent concentrations. As before, typical pollutant concentrations in the
mixed runoff were established by mass balance.

Estimating Infiltration Capacity of the Case Study Sites

Infiltrating sufficient runoff to maintain pre-development hydrologic characteristics and prevent
pollutant transport is the most effective way to protect surface receiving waters. Successfully
applying infiltration requires soils and hydrogeological conditions that will pass water sufficiently
rapidly to avoid overly-lengthy ponding, while not allowing percolating water to reach ground-
water before the soil column captures pollutants.

The study assumed that infiltration would occur in surface facilities and not in below-ground
trenches. The use of trenches is certainly possible, and was judged to be an approved BMP by
CalTrans after the piiot study. However, the intent of this investigation was to determine the
ability of pervious areas to manage the site runoff. This was accompliished by determining the
infiltration capability of the pervious areas in their original condition for each development case
study, and further assessing the pervious areas’ infiltration capabilities if soils were modified
according to low impact development practices.

The chief basis for this aspect of the work was an assessment of infiltration capacity and
benefits for Los Angeles’ San Fernando Valley (Chralowicz et al. 2001). The Chralowicz study
posited providing 0.1-0.5 acre for infiltration basins to serve each 5 acres of contributing
drainage area. At 2-3 ft deep, it was estimated that such basins could infiltrate 0.90-1.87 acre-
ft/'year of runoff in San Fernando Valley conditions. Soils there are generally various loam
textures with infiltration rates of approximately 0.5-2.0 inches/hour. Loams are also common
formations in the portion of the Bay Area covered by this report, those areas with Hydrologic



Soil Groups A, B, and C,* thus making the conclusions of the San Fernando Valley study
applicable for these purposes. This information was used to estimate how much of each case
study site’s annual runoff would be infiltratable, and if the pervious portion would provide
sufficient area for infiltration. For instance, if sufficient area were available, the infiltration
configuration would not have to be in basin form but could be shallower and larger in surface
area. This study’s analyses assumed the use of bioretention areas rather than traditional
infiltration basins.

Volume and Pollutant Source Reduction Strategies

As mentioned above, the essence of low impact development is reducing runoff probiems
before they can develop, at their sources, or exploiting the infiltration and treatment abilities of
soils and vegetation. If a site’s existing infiltration and treatment capabilities are inadequate to
preserve pre-development hydrology and prevent runoff from causing or contributing to
violations of water quality standards, then LID-based source reduction strategies can be
implemented, infiltration and treatment capabilities can be upgraded, or both.

Source reduction can be accomplished through various LID techniques. Soil can be upgraded
to store runoff until it can infiltrate, evaporate, or transpire from plants through compost addition.
Soil amendment, as this practice is known, is a standard LID technique.

Upgraded soils are used in bioretention cells that hold runoff and effect its transfer to the
subsurface zone. This standard LID tool can be used where sufficient space is available. This
study analyzed whether the six development case study sites would have sufficient space to
effectively reduce runoff using bioretention cells, assuming the soils and vegetation could be
amended and enhanced where necessary.

Conventional pavements can be converted to porous asphalt or concrete or replaced with
concrete or plastic unit pavers or grid systems. For such approaches to be most effective, the
soils must be capable of infiltrating the runoff passing through, and may require renovation.

Source reduction can be enhanced by the LID practice of water harvesting, in which water from
impervious surfaces is captured and stored for reuse in irrigation or gray water systems. For
example, runoff from roofs and parking lots can be harvested, with the former being somewhat
easier because of the possibility of avoiding pumping to use the water and fewer pollutants.
Harvesting is a standard technique for Leadership in Energy and Environmental Design (LEED)
buildings.” Many successful systems of this type are in operation, such as the Natural
Resources Defense Council office (Santa Monica, CA), the King County Administration Building
(Seattle, WA), and two buildings on the Portland State University campus (Portland, OR). This
investigation examined how water harvesting could contribute to stormwater management for
case study sites where infiltration capacity, available space, or both appeared to be limited.

¢ http://gis.ca.gov/catalog/BrowseCatalog.epl?id=108,
http.//websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx

® New Buildings Institute, Inc., Advanced Buildings (2005)
(hitp://www.poweryourdesign.com/LEEDGuide.pdf).




RESULTS OF THE ANALYSIS
1. “Base Case” Analysis: Development without Stormwater Controls
Comparison of Pre- and Post-Development Runoff Volumes

Table 2 presents a comparison between the estimated runoff volumes generated by the
respective case study sites in the pre- and post-development conditions, assuming
implementation of no stormwater controls on the developed sites. On sites dominated by
impervious land cover, most of the infiltration that would recharge groundwater in the
undeveloped state is expected to be lost to surface runoff after development. This greatly
increased surface flow would raise peak flow rates and volumes in receiving water courses,
raise flooding risk, and transport pollutants. Only the office building, the plan for which retained

substantial pervious area, would lose less than 40

recharge.

percent of the site’s pre-development

Table 2. Pre- and Post-Development without BMPs: Distribution of Surface Runoff Versus

Recharge to Groundwater (annual volume in acre-ft)

Distribution MFR® Sm-SFR? REST® OFF?® Lg-SFR® | SINGLE®

14 Inches/Year Rainfall:
Precipitation® 12.8 3.54 0.90 2.47 154 0.21
Pre-development runoff° 0.89 0.25 0.07 0.17 10 0.02
Pre-development
recharg.;pd 11.9 3.29 0.83 2.30 144 0.19
Post-development
impervious runoff® 8.07 1.51 0.42 0.57 66 0.09
Post-development
pervious runoff® 0.51 0.24 0.06 0.23 10 0.01
Post-development total
runoff® 8.58 1.75 0.48 0.80 76 0.10
Post-development
recharge’ 4.22 1.79 0.42 1.67 78 0.11
Post-development
recharge loss 7.68 1.50 0.41 0.65 66 0.08
(% of pre-development) (65%) (46%) (49%) (27%) (45%) (41%)
20 Inches/Year Rainfall:
Precipitation® 18.2 5.06 1.29 3.54 220 0.30
Pre-development runoff® 1.28 0.35 0.10 0.24 15 0.03
Pre-development
rechgged 16.9 4.71 1.19 3.30 205 0.27
Post-development
impervious runoff® 11.5 2.16 0.60 0.82 94 0.13
Post-development

ervious runoff® 0.73 0.34 0.08 0.33 15 0.01
Post-development total
runoff® 12.2 2.50 0.68 1.15 109 0.14
Post-development
recharggd 6.0 2.56 0.61 2.39 111 0.16
Post-development
recharge loss 10.9 2.15 0.58 0.91 94 0.11
(% of pre-development) (65%) (46%) (49%) (27%) (45%) (41%)

# MFR—multi-family residential; Sm-SFR—small-scale single-family residential; REST—restaurant; OFF—office
building; Lg-SFR—large-scale single-family residential; SINGLE—single family home

Volume of precipitation on totai project area

© Quantity of water discharged from the site on the surface
d Quantity of water infiltrating the soil; the difference between precipitation and runoff




Pollutant Concentrations and Loadings

Table 3 presents the pollutant concentrations from the literature and loadings calculated as
described for the various land use and cover types represented by the case studies.
Landscaped areas are expected to release the highest TSS concentration, although relatively
low TSS mass loading because of the low runoff coefficient. The highest copper concentrations
and loadings are expected from parking lots. Roofs, especially commercial roofs, top the list for
both zinc concentrations and loadings. Landscaping would issue by far the highest phosphorus,
although access roads and driveways would contribute the highest mass loadings. With
expected concentrations being equal in the two rainfall zones, mass loadings in the 20
inches/year zone would be higher than those in the 14 inches/year zone in the same proportion
as the ratio of rainfall quantities.

Table 3. Pollutant Concentrations and Loadings for Case Study Land Use and Cover Types

Land Use Concentrations Loadings
Lbs. Lbs. Lbs. Lbs.
TSS TCu TZn TP TSS/ TCu/ TZn/ TP/
(mg/L) | (mg/L) | (mg/L) | (mg/L) acre- acre- acre- acre-
year year year year

14 Inches/Year
Rainfall:
Residential roof 25 0.013 0.159 0.1 75 0.039 0.477 0.330
Commercial roof 18 0.014 0.281 0.14 54 0.042 0.844 0.420
Access
road/driveway 120 0.022 0.118 0.66 360 0.066 0.354 1.981
Parking 75 0.036 0.097 0.14 225 0.108 0.291 0.420
Walkway 25 0.013 0.059 0.1 75 0.039 0.177 0.330
Landscaping 213 0.013 0.059 2.04 81 0.005 0.022 0.774
20 inches/Year
Rainfall:
Residential roof 25 0.013 0.159 0.1 107 0.056 0.683 0.472
Commercial roof 18 0.014 0.281 0.14 77 0.060 1.207 0.601
Access
road/driveway 120 0.022 0.118 0.66 515 0.094 0.507 2.834
Parking 75 0.036 0.097 0.14 322 0.155 0.417 0.601
Walkway 25 0.013 0.059 0.11 107 0.056 0.253 0.472
Landscaping 213 0.013 0.059 2.04 135 0.008 0.037 1.291

The Basin Plan freshwater acute criteria for copper and zinc are 0.013 mg/L and 0.120 mg/L.,
respectively (http://www.swrcb.ca.gov/rwgcb2/basinplan/web/BP_CH3.html).  All developed
land uses are expected to discharge copper at or above the criterion, based on the mass
balance calculations using concentrations from Table 3. Any surface release from the case
study sites would just meet or violate the criterion at the point of discharge, although dilution by
the receiving water would lower the concentration below the criterion at some point. Even if
copper mass loadings are reduced by BMPs, any surface discharge would equal or exceed the
criterion initially, but it would be easier to dilute below that level. In contrast, runoff from land
covers other than roofs would not violate the acute zinc criterion. Because of this difference,
the evaluation considered whether or not the zinc criterion would be exceeded in each analysis,
whereas there was no point in this analysis for copper. There are no equivalent water quality
criteria for TSS and TP; hence, their concentrations were not further analyzed in the different
scenarios.
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Table 4 shows the overall loadings, as well as zinc concentrations, expected to be delivered
from the case study developments should they not be fitted with any BMPs. As Table 4 shows,
all cases are forecast to exceed the 0.120 mg/L acute zinc criterion. Because of its size, the
large residential development dominates the mass loading emissions.

Table 4. Case Study Pollutant Concentration and Loading Estimates without BMPs

MFR? Sm-SFR® REST? OFF¢ Lg-SFR® SINGLE?
14 inches/
Year Rainfall:
TZn (mg/L) 0.127 0.123 0.128 0.133 0.123 0.121
Lbs. TSS/year 1254 328 119 230 14249 20
Lbs. TCu/year 0:44 0.070 0.030 0.043 3.04 0.004
Lbs. TZn/year 2.94 0.576 0.165 0.286 25.04 0.034
Lbs. TP/year 6.24 2.27 0.68 1.69 98.55 0:14
20 Inches/
Year Rainfall:
TZn (mg/L) 0.127 0.123 0.128 0.133 0.123 0.121
Lbs. TSS/year 1864 501 180 360 21781 30
Lbs. TCu/year 0.63 0.102 0.043 0.063 4.44 0.006
Lbs. TZn/year 4,22 0.833 0.238 0.417 36.2 0.050
Lbs. TP/year 9.60 3.55 1.05 2.71 154 0.22

? MFR—multi-family residential; Sm-SFR—smail-scale single-family residential; REST—restaurant;
OFF—office building; Lg-SFR—large-scale single-family residential; SINGLE—single-family home

2, “Conventional BMP” Analysis: Effect of Basic Treatment BMPs
Effect of Basic Treatment BMPs on Post-Development Runoff Volumes

The current set of regional permits allows regulated parties to select from a range of BMPs in
order to treat or infiltrate a given quantity of annual rainfall. The administrative draft of the
proposed MRP is also non-specific regarding the role of LID in satisfying permit conditions. The
range of BMPs includes drain inlet inserts, CDS units, and other manufactured BMPs, detention
vaults, and sand filters, all of which isolate runoff from the soil; as well as basins and biofiltration
BMPs built in soil and generally having vegetation. Treatment BMPs that do not permit any
runoff contact with soils discharge as much stormwater runoff as equivalent sites with no BMPs,
and hence yield zero savings in recharge. As mentioned above, the CalTrans (2004) study
found that BMPs with a natural surface can reduce runoff by substantial margins (30-50 percent
for extended-detention basins and biofiltration).

With such a wide range of BMPs in use, runoff reduction ranging from 0 to 50 percent, and a
lack of clearly ascertainable requirements, it is not possible to make a single estimate of how
much recharge savings are afforded by maximal implementation of the current permits or the
Municipal Regional Permit (MRP), if issued as now proposed. We made the following
assumptions regarding implementation of BMPs. Assuming natural-surface BMPs perform at
the average of the three types tested by CalTrans (2004), i.e., 40 percent runoff reduction, the
estimate can be bounded as shown in Table 5. The table demonstrates that allowing free
choice of BMPs without regard to their ability to direct water into the ground forfeits substantial
groundwater recharge benefits when hardened-surface BMPs are selected. Use of soil-based
conventional BMPs could cut recharge losses from half or more of the full potential to about
one-quarter to one-third or less, except with the highly impervious commercial development.
This analysis shows the wisdom of draining impervious to pervious surfaces, even if those
surfaces are not prepared in any special way. But as subsequent analyses showed, soil
amendment can gain considerably greater benefits.
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Table 5. Pre- and Post-Development with Conventional BMPs: Distribution of Surface Runoff

Versus Rechége to Groundwater (annual volume in acre-ft)

Distribution MFR? Sm-SFR? REST" OFF® Lg-SFR® SINGLE®
14 Inches/Year
Rainfall:
Precipitation” 12.8 3.54 0.90 247 154 0.21
Pre-development
runcff® 0.89 0.25 0.07 0.17 10 0.02
Pre-development
rechagcled 11.9 3.29 0.83 2.30 144 0.19
Post-development
impervious runoff® 4.84-8.07 0.90-1.51 0.25-0.42 0.34-0.57 39-66 0.05-0.09
Post-development
pervious runoff® 0.30-0.51 0.14-0.24 0.04-0.06 0.13-0.23 6.3-10 0.006-0.01
Post-development
total runoff® 5.15-8.58 1.05-1.75 0.29-0.48 0.48-0.80 46-76 0.06-0.10
Post-development
recharged' N 4.22-7.60 1.79-2.49 0.42-0.62 1.67-2.00 78-108 0.11-0.15
Post-deveiopment
recharge loss
(% of pre- 4.29-7.68 0.80-1.50 0.80-0.41 0.30-0.65 34-66 0.05-0.08
development) © (36-65%) (24-46%) (26-49%) (13-27%) (24-45%) (24-41%)
20 Inches/Year
Rainfall:
Precipitation” 18.2 5.06 1.29 3.54 220 0.30
Pre-development
runoff® 1.28 0.35 0.10 0.24 15 0.03
Pre-development
recharge’ 16.9 4.71 1.19 3.30 205 0.27
Post-development
impervious runo 6.92-11.5 1.29-2.16 0.35-0.60 0.49-0.82 56-94 0.08-0.13
Post-deveiopment
pervious runoff® 0.44-0.73 0.20-0.34 0.05-0.08 0.19-0.33 9.0-15 0.006-0.01
Post-development
total runoff® 7.36-12.2 1.50-2.50 0.41-0.68 0.68-1.15 65-109 0.08-0.14
Post-development
rechagqu' ¢ 6.0-10.8 2.56-3.56 0.61-0.88 2.39-2.86 111-155 0.16-0.22
Post-deveiopment
recharge loss
(% of pre- 6.1-10.9 1.14-2.15 0.31-0.58 0.44-0.91 49-94 0.07-0.11
development) ® (36-65%) (24-46%) (26-49%) (13-27%) (24-45%) (24-41%)

3 MFR—multi-family residential; Sm-SFR—small-scale single-family residential, REST—restaurant; OFF—office
building; |.g-SFR—Ilarge-scale single-family residential, SINGLE—single-family home. Ranges represent 40 percent
runoff volume reduction, with full site coverage by BMPs having a natural surface, to no reduction, with BMPs isolating

runoff from soil.

® volume of precipitation on total project area

¢ Quantity of water discharged from the site on the surface

4 Quantity of water infiltrating the soil; the difference between precipitation and runoff ° Ranging from the quantity with

hardened bed BMPs to the quantity with soil-based BMPs
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Effect of Basic Treatment BMPs on Pollutant Discharges

Table 6 presents estimates of zinc effluent concentrations and mass loadings of the various
pollutants discharged from four types of conventional treatment BMPs. The loading reduction
results show the CDS units always performing below 50 percent reduction for all pollutants
analyzed, and most often in the vicinity of 20 percent, with zero copper reduction.

Table 6. Pollutant Concentration and Mass Loading Reduction Estimates with Conventional BMPs

MFR® Sm-SFR? REST® OFF® Lg-SFR® SINGLE?

Effluent
Concentrations:
CDS TZn (mg/L)a 0.095 0.095 0.098 0.102 0.095 0.094
EDB TZn (mg/L)a 0.085 0.086 0.084 0.084 0.086 0.084
Swale TZn (mg/L) 0.055 0.054 0.055 0.056 0.054 0.053
Filter strip TZn ;

| (mg/L) 0.039 0.039 0.039 0.041 0.039 0.038
Mass Loading
Reductions—14
inches/Year
Rainfall:
CDS 7SS '
reduction 156.7% 19.9% 22.0% 24.0% 19.9% 20.2%
CDS TCu
reduction 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
CDS TZn reduction 22.7% 22.4% 22.9% 23.1% 22.4% 22.5%
CDS TP reduction 30.6% 41.5% 40.7% 45.9% 41.5% 42.0%
EDB TSS
reduction 68.1% 73.7% 79.0% 81.1% 73.7% 74.3%
EDB TCu
reduction 61.9% 55.7% 66.2% 63.0% 55.7% 55.8%
EDB TZn reduction 59.7% 59.6% 60.4% 61.9% 59.6% 59.8%
EDB TP reduction 61.9% 69.7% 69.1% 72.9% 69.7% 70.1%
Swale TSS
reduction 68.8% 71.1% 73.1% 73.9% 71.1% 71.3%
Swale TCu
reduction 72.5% 68.5% 78.2% 73.3% 68.5% 68.5%
Swale TZn
reduction 78.4% 78.1% 84.3% 78.8% 78.1% 78.2%
Swale TP
reduction 66.3% 70.7% 67.2% 76.2% 70.7% 71.1%
Filter strip TSS
reduction 69.9% 75.4% 80.6% 82.6% 75.4% 76.0%
Filter strip TCu
reduction 74.4% 69.1% 78.2% 75.4% 69.1% 69.1%
Filter strip TZn
reduction 78.3% 77.9% 78.4% 78.7% 77.9% 78.1%
Filter strip TP
reduction 48.4% 53.1% 63.7% 59.8% 53.1% 53.5%
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Table 6 continued

MFR® Sm-SFR? REST® OFF° Lg-SFR* SINGLE?
Mass Loading
Reductions—20
Inches/Year
Rainfall:
CDS TSS
reduction 18.8% 25.0% 26.3% 30.5% 25.0% 25.4%
CDS TCu
reduction 0.7% 1.9% 1.1% 3.0% 1.9% 2.0%
CDS TZn reduction 23.1% 23.3% 23.6% 24.7% 23.3% 23.4%
CDS TP reduction 35.4% 46.6% 44.8% 51.8% 46.6% 47.1%
EDB TSS
reduction 68.8% 74.6% 79.6% 81.6% 74.6% 75.1%
EDB TCu
reduction 61.8% 55.6% 66.0% 62.7% 55.6% 55.7%
EDB TZn reduction 59.6% 59.3% 60.2% 61.5% 59.3% 59.6%
EDB TP reduction 63.0% 70.4% 69.7% 73.4% 70.4% 70.7%
Swale TSS
reduction 69.1% 71.4% 73.6% 74.1% 71.4% 71.6%
Swale TCu
reduction 72.5% 68.4% 77.9% 73.1% 68.4% 68.5%
Swale TZn
reduction 78.3% 78.0% 84.1% 78.6% 78.0% 78.1%
Swale TP
reduction 67.6% 71.9% 68.2% 77.1% 71.9% 72.3%
Filter strip TSS
reduction 70.6% 76.3% 81.2% 83.1% 76.3% 76.8%
Filter strip TCu
reduction 74.4% 69.0% 78.0% 75.1% 69.0% 69.1%
Filter strip TZn
reduction 78.2% 77.8% 78.3% 78.5% 77.8% 77.9%
Filter strip TP
reduction 49.9% 54.6% 66.3% 61.0% 54.6% 55.0%

# MFR—multi-family residential; Sm-SFR—small-scale single-family residential; REST—restaurant;
OFF—office building; Lg-SFR—Iarge-scale single-family residential; SINGLE—single family home;
CDS— continuous deflective separation unit; EDB—extended-detention basin

When treated with extended-detention basins, swales, or filter strips, effluents from each
development case study site are expected to fall below the Basin Plan acute zinc criterion.
These natural-surface BMPs, if fully implemented and well maintained, are predicted to prevent
the pollutant masses generated on the six case study development sites from reaching a
receiving water in both rainfall zones, which do not differ appreciably. Only total phosphorus
reduction falls below 50 percent for three case studies. Otherwise, mass loading reductions
range from about 60 to above 80 percent for the EDB, swale, and filter strip. These data
indicate that draining impervious to pervious surfaces, even if those surfaces are not prepared
in any special way, pays water quality as well as hydrologic dividends.

3. LID Analysis

(a) Hydrologic Analysis

The LID analysis repeats the analysis above, focusing here on the performance of LID
techniques in reducing or eliminating runoff from the six development case studies. In addition

to assessing the total runoff that would be expected, the analysis aiso considered whether LID
techniques would be sufficient to attain compliance with a performance standard being
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considered by the Los Angeles Regional Water Quality Control Board for Ventura County,
California. This standard limits EIA (Effective Impervious Area) to five percent (but our analysis
further assumed EIA would be ultimately reduced to three percent). All runoff from NCIA (Not-
Connected Impervious Area) was assumed to drain to vegetated surfaces.

One goal of this exercise was to identify methods that reduce runoff production in the first place.
It was hypothesized that implementation of source reduction techniques could allow all of the
case study sites to infiltrate substantial proportions, or all, of the developed site runoff,
advancing the hydromodification mitigation objective of the Draft Permit. When runoff is
dispersed into the soil instead of being rapidly collected and conveyed away, it recharges
groundwater, supplementing a resource that maintains dry season stream flow and wetlands.
An increased water balance can be tapped by humans for potable, irrigation, and process water
supply. Additionally, runoff volume reduction would commensurately decrease pollutant mass
loadings.

Accordingly, the analysis considered the practicability of more than one scenario. In one option,
all roof runoff is harvested and stored for some beneficial use. A second option disperses runoff
into the soil via roof downspout infiltration trenches. The former option is probably best suited to
cases like large commercial and office buildings, while distribution in the soil would fit best with
residences and relatively small commercial developments. The analysis was repeated with the
assumptions of harvesting OFF roof runoff for some beneficial use and dispersing roof runoff
from the remaining four cases in roof downspout infiltration systems.

Expected Infiltration Capacities of the Case Study Sites

The first inquiry on this subject sought to determine how much of the total annual runoff each
property is expected to infiltrate, since infiltration is a basic (although not exclusive) LID
technique. Based on the findings of Chralowicz et al. (2001), it was assumed that an infiltration
zone of 0.1-0.5 acres in area and 2-3 ft deep would serve a drainage catchment area in the size
range 0-5 acres and infiltrate 0.9-1.9 acre-ftlyear. The conclusions of Chralowicz et al. (2001)
were extrapolated to conservatively assume that 0.5 acre would be required to serve each
additional five acres of catchment, and would infiltrate an incremental 1.4 acre-ft/year (the
midpoint of the 0.9-1.9 acre-ftlyear range). According to these assumptions, the following
schedule of estimates applies:

Pervious Area Available for Infiltration Catchment Served acres Infiltration Capacity
0.5 acres 0-5 acres 1.4 acre-ft/year
1.0 acres 5-10 acres 2.8 acre-ftlyear
1.5 acres 10-15 acres 4.2 acre-ft/year
(Etc.)

As a formula, infiltration capacity = 2.8 x available pervious area. To app‘iy the formula
conservatively, the available area was reduced to the next lower 0.5-acre increment before
multiplying by 2.8.

As shown in Table 7, in both rainfall zones all six of the sites have adequate or greater capacity
to infiltrate the full annual runoff volume expected from NCIA and pervious areas where EIA is
limited to three percent of the total site area. Indeed, five of the six development types have
sufficient pervious area to infiltrate all runoff, including runoff from EIA areas. These results are
based on infiltrating in the native soils with no soil amendment. For any development project at
which infiltration-oriented BMPs are considered, it is important that infiltration potential be
carefully assessed using site-specific soils and hydrogeologic data. In the event such an
investigation reveals a marginal condition (e.g., hydraulic conductivity, spacing to groundwater)
for infiltration basins, soils could be enhanced to produce bioretention zones to assist infiltration.
Notably, the five case studies with far greater than necessary infiltration capacity would offer
substantial flexibility in designing infiltration, allowing ponding at less than 2-3 ft depth.
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Table 7. Infiltration and Runoff Volume (With 3 Percent EIA and All NCIA Draining to Pervious

Areas)

MFR®

Sm-SFR?

REST®

OFF®

Lg-SFR®

SINGLE®

14 Inches/Year
Rainfall:

EIA runoff (acre-
ft/year)

0.36

0.10

0.03

0.07

44

0.01

NCIA + pervious
area runoff (acre-
ft/year)

8.20

1.64

0.45

0.73

71.3

0.08

Total runoff
(acre-ft/year)

8.56

1.74

0.48

0.80

75.7

0.09

Pervious area
available for
infiltration (acres)

3.66

1.67

0.39

1.61

72.7

0.10

Estimated
infiltration
capacitg/ (acre-
ft/year)

9.8

4.2

14

4.2

203

0.28

Infiltration
potential®

>100%

>100%

>100%

>100%

>100%

>100%

20 Inches/Year
'Rainfall:

EIA runoff (acre-
ft/year)

0.52

0.14

0.04

0.10

6.2

0.01

NCIA + pervious
area runoff (acre-
ft/year)

2.34

0.64

1.04

101.7

0.14

Total runoff
(acre-ft/year)

12.2

248

0.68

1.14

108.0

0.15

Pervious area
available for
infiltration (acres)

3.66

1.67

0.39

1.61

72.7

0.10

Estimated
infiltration
capacitgl (acre-
ft/year)

9.8

4.2

14

4.2

203

0.28

Infiltration
potential®

84%

>100%

>100%

>100%

>100%

>100%

3 MFR—multi-family residential; Sm-SFR—small-scale single-family residential; REST—restaurant;
OFF—office building; Lg-SFR—large-scale single-family residential; SINGLE-—single family home;

b Based on Chralowicz et al. (2001) according to the schedule described above
© Compare runoff production from NCIA + pervious area (row 3) with estimated infiltration capacity (row 6)

As Table 7 shows, each of the six case study sites have the capacity to infiltrate all or
substantially all of the runoff produced onsite annually by draining impervious surfaces to
pervious areas on native soils or, in some soil regimes, soils amended with organic matter. If
these sites were designed as envisioned in this analysis, no runoff discharge is expected in
storms as large as, and probably larger than, the design storm event—using infiltration only.
Discharge would be anticipated only with exceptionally intense, large, or prolonged rainfall that
saturates the ground at a faster rate than water can infiltrate or evaporate. Even runoff from the
area assumed to be EIA could be infiltrated in most cases based on the amount of pervious
area available in typical development projects. Therefore, this analysis shows that the EIA
performance standard being considered for Ventura County, California, or one more stringent,
can be met readily in development projects occurring on A, B, and C soils in the San Francisco
Bay Area.
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Additional Source Reduction Capabilities of the Case Study Sites: Water Harvesting Example

As noted, infiltration is one of a wide variety of LID-based source reduction techniques. Where
site conditions such as soil quality or available area limit a site’s infiltration capacity, other
source LID measures can enhance a site’s runoff retention capability. For example, soil
amendment, which improves infiltration, is a standard LID technique. Water harvesting is
another. Such practices can also be used where infiltration capacity is adequate, but the
developer desires greater flexibility for land use on-site. Table 8 shows the added LID
implementation flexibility created by subtracting roof runoff by harvesting it or efficiently directing
it into the soil through downspout dispersion systems, further demonstrating the feasibility and
robust performance of LID options for reducing or eliminating runoff in most expected
conditions. Specifically, all development types studied could readily infiltrate and/or retain all
expected annual precipitation.

Table 8. Infiltration and Runoff Volume Reduction Analysis Including Roof Runoff Harvesting or
Disposal in Infiltration Trenches (Assuming 3 Percent EIA and All NCIA Draining to Pervious Areas)

MFR® Sm-SFR® REST® OFF® Lg-SFR® SINGLE®

14
Inches/Year
Rainfall:

EIA runoff

(acre-ftfyear) 0.36 0.10 0.03 0.07 4.4 0.01

Roof runoff
(acre-ft/year)
Other NCIA +
pervious area 3.52 0.75 0.37 0.54 32.7 0.04
runoff (acre-
ft/year)

4.68 0.89 0.08 0.19 38.5 0.05

Total runoff

(acre-ftiyear) 8.56 1.74 0.48 0.80 75.6 0.10

Pervious area
available for

infiltration 3.66
(acres)

1.67 0.39 1.61 72.7 0.10

Estimated

infiltration 9.8 4.2 1.4 4.2 203 0.28
capacntg' (acre-

ft/year)

Infiltration

capacity® >100% >100% >100% >100% >100% >100%

20
Inches/Year
Rainfall:

EIA runoff
(acre-ft/lyear)
Roof runoff
(acre-ft/year)
Other NCIA +
pervious area

runoff (acre- 5.03 1.07 0.52 0.76 46.7 0.06
ft/year)
Total runoff

(acre-ft/year) 12.2
Pervious area
available for
infiltration
(acres)

0.52 0.14 0.04 0.10 6.2 0.01

6.67 1.27 0.12 0.28 55.1 0.08

2.48 0.68 1.14 108.0 0.15

3.66 1.67 0.39 1.61 72.7 0.10
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Table 8 continued

MFR® Sm-SFRC REST® OFF° Lg-SFR® _|_SINGLE®
Estimated
infiltration 9.8 42 1.4 4.2 203 0.28
capacug/ (acre-
ft/year)
'C';fgtargitt‘sc“ >100% >100% >100% >100% >100% >100%

2 MFR—multi-family residential; Sm-SFR—small-scale single-family residential; REST—restaurant;
OFF—office building; Lg-SFR—Iarge-scale single-family residential; SINGLE—single family home;

® Based on Chralowicz et al. (2001) according to the schedule described above

¢ Comparison of runoff production from NCIA + pervious area (row 3) with estimated infiltration capacity (row 6)

Effect of Full LID Approach on Recharge

Table 9 shows the recharge benefits of preventing roofs from generating runoff and infiltrating
as much as possible of the runoff from the remainder of the case study sites. The data show
that LID methods offer significant benefits relative to the baseline (no stormwater controls) in all
cases. These benefits are particularly impressive in developments with relatively high site
imperviousness, such as in the MFR case.

Table 9. Comparison of Water Captured Annually (in acre-ft) from Development Sites for Beneficial
Use with a Full LID Approach Compared to Development With No BMPs

MFR® Sm-SFR® REST® OFF® Lg-SFR® SINGLE?

14 Inches/Year
Rainfall:
Pre-development
rechargeb
(acre-f) 11.9 3.29 0.83 2.30 144 0.19

No BMPs—

Post-
development
recharge®
(acre-ft) 4.22 1.79 0.42 1.67 78 0.11

Post-

development
recharge lost
(acre-ft) 7.68 1.50 0.41 0.65 66 0.08

Post-
development %
recharge lost 65% 46% 49% 27% 45% 41%

Full LID
approach—

Post-
development
runoff capture
(acre-ft)° 11.9 3.29 0.83 2.30 144 0.19

Post-

development
recharge lost
(acre-ft) 0 0 0 0 0 0

Post-
development %
recharge lost 0% 0% 0% 0% 0% 0%

18



Table 9 continued

MFR® Sm-SFR® REST® OFF® Lg-SFR® SINGLE®

20 Inches/Year
Rainfall:
Pre-development
recharge®
(acre-ft) 16.9 4.71 1.19 3.30 205 0.27

No BMPs—
Post-
development
recharge®
(acre-ft) 6.0 2.56 0.61 2.39 111 0.16
Post-
development
recharge lost
(acre-ft) 10.9 2.15 0.58 0.91 94 0.11
Post-
development %
recharge lost 65% 46% 49% 27% 45% 41%
Full LID
approach—
Post-
development
runoff capture
(acre-ft)° 16.9 4.71 1.19 3.30 205 0.27
Post-
development
recharge lost
(acre-ft) 0 0 0 0 0 0
Post-
development %
recharge lost 0% 0% 0% 0% 0% 0%

a MFR—multi-family residential; Sm-SFR—smail-scale single-family residential; REST—restaurant; OFF—office
building; Lg-SFR—large-scale single-family residential; SINGLE—-Single family home

® Quantity of water infiltrating the soil; the difference between precipitation and runoff

¢ \Water either entirely infiltrated in BMPs and recharged to groundwater or partiaily harvested from roofs and partially
infiltrated in BMPs. EIA was not distinguished from the remainder of the development, because these sites have the
potential to capture all runoff.

(b) Water Quality Analysis

It was assumed that any site discharges would be subject to treatment control. For purposes of
the analysis, treatment control was assumed to be provided by conventional sand filtration.
This choice is appropriate for study purposes for two reasons. First, sand filters can be instalied
below grade, and land above can be put to other uses. Pervious area should be reserved for
receiving NCIA drainage, and using sand filters would not draw land away from that service or
other site uses. A second reason for the choice is that sand filter performance data equivalent
to the data used in analyzing other conventional BMPs are available from the CalTrans (2004)
work. Sand filters may or may not expose water to soil, depending on whether or not they have
a hard bed. This analysis assumed a hard bed, meaning that no infiltration would occur and
thus there would be no additional recharge in sand filters. Performance would be even better
than shown in the analytical results if sand filters were built in earth.
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Pollutant Discharge Reduction Through LID Techniques

The preceding analyses demonstrated that in each of the six case studies, all stormwater
discharges could be eliminated at least under most meteorological conditions by dispersing
runoff from impervious surfaces to pervious areas. Therefore, poliutant additions to receiving
waters would also be eliminated.

SUMMARY AND CONCLUSIONS

This paper demonstrated that common Bay Area residential and commercial development types
subject to the Municipal NPDES Permit are likely, without stormwater management, to reduce
groundwater recharge from the pre-development state by approximately half in most cases to a
much higher fraction with a large ratio of impervious to pervious area. With no treatment, runoff
from these developments is expected to exceed Basin Plan acute copper and zinc criteria at the
point of discharge and to deliver large pollutant mass loadings to receiving waters.

Conventional soil-based BMP solutions that promote and are component parts of low impact
development approaches, by contrast, regain about 30-50 percent of the recharge lost in
development without stormwater management in Bay Area locations having NRCS Hydrologic
Soil Groups A, B, and C. It is expected the soil-based BMPs generally would release effluent
that meets the acute zinc criterion at the point of discharge, although it would still exceed or just
barely meet the copper limit. Excepting phosphorus, it was found that these BMPs would
capture and prevent the movement to receiving waters of the majority of the pollutant loadings
considered in the analysis.

It was found that by draining all site runoff to pervious areas with A, B, or C soil types, runoff
can be eliminated entirely in most development categories. It follows that a three percent
Effective Impervious Area standard can be met in typical developments, as well. This result
was reached assuming the use of native soils or well recognized soil enhancement techniques
(typically, with compost). Draining impervious surfaces onto these soils, in connection with
limiting directly connected impervious area to three percent of the site total area, should
eliminate storm runoff from some development types and greatly reduce it from more highly
impervious types. Adding roof runoff elimination to the LID approach (by harvesting or directing
it to downspout infiltration trenches) provides an additional tool, increasing flexibility and
confidence that no discharge in most meteorological conditions is a feasible performance
expectation. Even in the development scenarios involving the highest relative proportion of
impervious surface, losses of rainfall capture for beneficial uses could be reduced from the
untreated scenario when draining to pervious areas was supplemented with water harvesting.
These results demonstrate the basic soundness of the concept of using LID techniques to
reduce stormwater pollution in the Bay Area, and further show that limiting directly connected
impervious area and draining the remainder over pervious surfaces, as contemplated by some
Regional Water Boards in California, is also feasible.
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Foreword

Stormwater runoff in urban and developing areas is one of the leading sources of water pollution in the
United States. In recognition of this issue, Congress enacted Section 438 of the Energy Independence and
Security Act of 2007 (EISA) to require federal agencies to reduce stormwater runoff from federal
development projects to protect water resources. More recently, the President signed Executive Order
13514 on “Federal Leadership in Environmental, Energy, and Economic Performance” calling upon all
federal agencies to “lead by example” to address a wide range of environmental issues, including
stormwater runoff. The Executive Order required the U.S. Environmental Protection Agency (EPA), in
coordination with other federal agencies, to publish this Technical Guidance.

EPA worked closely with many federal agencies to develop this Technical Guidance to help federal
agencies in implementing EISA Section 438. The guidance provides a step-by-step framework that will
help federal agencies maintain pre-development site hydrology by retaining rainfall on-site through
infiltration, evaporatiorn/transpiration, and re-use to the same extent as occurred prior to development. The
Technical Guidance provides background information, key definitions, case studies, and guidance on
meeting the new requirements.

Federal agencies can comply with Section 438 by using a variety of stormwater management practices
often referred to as “green infrastructure” or “low impact development” practices, including, for example,
reducing impervious surfaces, using vegetative practices, porous pavements, cisterns and green roofs.

One of the most exciting new trends in water quality management today is the movement by many cities,
counties, states, and private sector developers toward the increased use of this next generation stormwater
management practices to help protect and restore water quality. Many federal agencies, including EPA,
are already using a full spectrum of stormwater management practices to reduce the impact of federal
facilities on local watersheds. These projects have produced results such as reductions in site runoff
volumes and increased stormwater quality, which ultimately lead to more sustainable facilities.

EPA enjoyed the opportunity to work with a number of federal agencies to develop this state-of-the art,
technical guidance and appreciate all their input. We look forward to continuing the dialogue as we all
work to implement this guidance.

eter S. Silva
ssistant Administrator

ffice of Water
U.S. Environmental Protection Agency
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Technical Guidance on Implementing the Stormwater Runoff Requirements for Federal
Projects under Section 438 of the Energy Independence and Security Act

INTRODUCTION

In December 2007, Congress enacted the Energy Independence and Security Act of 2007.
Section 438 of that legislation establishes strict stormwater runoff requirements for federal
development and redevelopment projects. The provision reads as follows:

“Storm water runoff requirements for federal development projects. The
sponsor of any development or redevelopment project involving a Federal facility
with a footprint that exceeds 5,000 square feet shall use site planning, design,
construction, and maintenance strategies for the property to maintain or restore, to
the maximum extent technically feasible, the predevelopment hydrology of the
property with regard to the temperature, rate, volume, and duration of flow.”

The intent of Section 438 of the Energy Independence and Security Act of 2007 (EISA) is to
require federal agencies to develop and redevelop applicable facilities in a manner that maintains
or restores stormwater runoff to the maximum extent technically feasible. Until recently,
stormwater programs established to address water quality objectives have been designed to
control traditional pollutants that are commonly associated with municipal and industrial
discharges, e.g., nutrients, sediment, and metals. Increases in runoff volume and peak discharge
rates have been regulated through state and local flood control programs. Although these
programs have merit, knowledge accumulated during the past 20 years has led stormwater
experts to the conclusion that conventional approaches to control runoff are not fully adequate to
protect the nation’s water resources (National Research Council, 2008).

Implementation of Section 438 of the EISA can be achieved through the use of the green
infrastructure/low impact development (GI/LID) infrastructure tools described in this guidance.
The intention of the statute is to maintain or restore the pre-development site hydrology during
the development or redevelopment process. To be more specific, this requirement is intended to
ensure that receiving waters are not negatively impacted by changes in runoff temperature,
volumes, durations and rates resulting from federal projects. It should also be noted that a
performance-based approach was selected in lieu of a prescriptive requirement in order to
provide site designers maximum flexibility in selecting control practices appropriate for the site.

Section 14 of the Executive Order 13514, Federal Leadership in Environmental, Energy,
and Economic Performance

On October 5, 2009, President Barack Obama signed Executive Order 13514,
“Federal Leadership in Environmental, Energy, and Economic Performance.”
Section 14 of the Executive Order provides:

Stormwater Guidance for Federal Facilities. Within 60 days
of the date of this order, the Environmental Protection
Agency, in coordination with other Federal agencies as

1
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appropriate, shall issue guidance on the implementation of
section 438 of the Energy Independence and Security Act of
2007 (42 U.S.C. 17094).

This provision contains two significant elements. First, for the first time, EPA is formally
assigned the responsibility to write and issue the Section 438 guidance, in coordination with
other federal agencies. Second, it establishes a deadline for EPA to do so by December 5, 2009.

Purpose and Organization of this Guidance

The purpose of this document is to provide technical guidance and background information to
assist federal agencies in implementing EISA Section 438. Each agency or department is
responsible for ensuring compliance with EISA Section 438. The document contains guidance on
how compliance with Section 438 can be achieved, measured and evaluated. In addition,
information detailing the rationale for the stormwater management approach contained herein
has been included.

This document is intended solely as guidance. This document is not a regulation nor does it
substitute for statutory provisions or regulations. This guidance does not impose any legally
binding requirements on federal agencies and does not confer any legal rights or impose legal
obligations upon any member of the public. This document does not create a cause of action
against the EPA, other federal agencies, or the United States.

The following information is presented within this document:

Part I: Implementation Framework

Background

Benefits and outcomes of the new stormwater performance requirements
Applicability and definitions

Tools to implement the requirements of Section 438

Calculating the 95" percentile rainfall event

moaQw>

Part II: Case Studies on Capturing the 95™ Percentile Storm Using Onsite Management
Practices

Case studies representing typical federal installations have been included. The case studies were
selected to demonstrate the feasibility of providing adequate stormwater control for a range of
site conditions and building designs. To the maximum extent technically feasible, each case
study includes a description of a method that can be used to determine the design objectives of
the project based on retaining the 95" percentile storm. Examples of onsite technologies and
practices have also been provided. The case studies are intended to provide examples of
modeling procedures that can be used to quantify treatment system performance and processes
for assessing sites and determining appropriate control techniques to the maximum extent
technically feasible.
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Part I: Implementation Framework

A. BACKGROUND

This section contains background on the causes and consequences of stormwater discharges,
solutions that can be used to address the causes and consequences of stormwater discharges and
how to implement those solutions to comply with Section 438 of EISA.

Alterations to Natural Hydrology and the Impact on Stormwater Runoff

In the natural, undisturbed environment rain that falls is quickly absorbed by trees, other
vegetation, and the ground. Most rainfall that is not intercepted by leaves infiltrates into the
ground or is returned to the atmosphere by the process of evapotranspiration. Very little rainfall
becomes stormwater runoff in permeable soil, and runoff generally only occurs with larger
precipitation events. Traditional development practices cover large areas of the ground with
impervious surfaces such as roads, driveways, sidewalks, and buildings. Under developed
conditions runoff occurs even during small precipitation events that would normally be absorbed
by the soil and vegetation. The collective force of the increased runoff scours streambeds, erodes
stream banks, and causes large quantities of sediment and other entrained pollutants to enter the
water body each time it rains (Shaver, et al., 2007; Booth testimony, 2008).

As watersheds are developed and impervious surfaces increase in area, the hydrology of the
watersheds fundamentally changes over time which results in degraded aquatic ecosystems. In
recognition of these problems, stormwater managers employed extended detention approaches to
mitigate the impacts of increased peak runoff rates. However, wet ponds and similar practices
are not fully adequate to protect downstream hydrology because of the following inherent
limitations of these conventional practices (National Research Council, 2008; Shaver, et al.,
2007):

= Poor peak control for small, frequently-occurring storms;
= Negligible volume reduction; and
= Increased duration of peak flow.

Detention storage targets relatively large, infrequent storms, such as the two and 10-year/24-hour
storms for peak flow rate control. As a result of this design limitation, flow rates from smaller,
frequently-occurring storms typically exceed those that existed onsite before land development
occurred and these increases in runoff volumes and velocities typically result in flows erosive to
stream channel stability (Shaver, et al., 2007). Section 438 is intended to address the
inadequacies of the historical detention approach to managing stormwater and promote more
sustainable practices that have been selected to maintain or restore predevelopment site
hydrology.

A 2008 National Research Council report on urban stormwater confirmed that current
stormwater control efforts are not fully adequate. Three of the report’s findings on stormwater
management approaches are particularly relevant (National Research Council, 2008).
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1. Individual controls on stormwater discharges are inadequate as the sole solution to
stormwater in urban watersheds;

2. Stormwater control measures 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 new
development; and

3. Stormwater control measures that harvest, infiltrate, and evapotranspire stormwater are
critical to reducing the volume and pollutant loading of small storms.

['ypical Annual Water Budget
Lirbanized Land Cover

Typical Annual Water Budget
- Forested Land Cover

! ﬂﬁ%

fai
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|| [25% |
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Runoff
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Pre-development Hydrology. Courtesy of C. May,
University of Washington.
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Post-Development Hydrology. Courtesy of C.
May, University of Washington.
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Figure 1. Pre-Development and Post-Development Hydrology. (USDA).

Figure 1 contains two sets of diagrams depicting the water balances at undeveloped and
developed sites. Runoff patterns will vary based on factors such as geographic location, local
meteorological conditions, vegetative cover and soils. The first set of figures represents
conditions in the Pacific Northwest where storms have a long duration and low intensity, i.e., the
volume of rain in an individual storm is small. The second set of figures from the U.S.
Department of Agriculture represents a more generalized set of conditions, but was included to
illustrate that heavily urbanized areas typically cause large increases in runoff.
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Land cover changes that result from site development include increased imperviousness, soil
compaction, loss of vegetation, and loss of natural drainage patterns, which result in increased
runoff volumes and peak runoff rates. The cumulative impacts of the land cover changes result
in alterations of the natural hydrology of a site, which disrupts the natural water balance and
changes water flow paths. The consequences of these impacts include:

1. Increased volume of runoff. With decreased area for infiltration and evapotranspiration
due to development, a greater amount of rainfall is converted to overland runoff which
results in larger stormwater discharges.

2. Increased peak flow of runoff. Increased impervious surface area and higher connectivity
of impervious surfaces and stormwater conveyance systems increase the flow rate of
stormwater discharges and increase the energy and velocity of discharges into the stream
channel.

3. Increased duration of discharge. Detention systems generate greater flow volumes and
rates. These prolonged higher discharge rates can undermine the stability of the stream
channel and induce erosion, channel incision and bank cutting.

4. Increased pollutant loadings. Impervious areas are a collection site for pollutants. When
rainfall occurs these pollutants are mobilized and transported directly to stormwater
conveyances and receiving streams via these impervious surfaces.

5. Increased temperature of runoff. Impervious surfaces absorb and store heat and transfer it
to stormwater runoff. Higher runoff temperatures may have deleterious effects on
receiving streams. Detention basins magnify this problem by trapping and discharging
runoff that is heated by solar radiation (Galli, 1991; Schueler and Helfrich, 1988).

The resulting increases in volume, peak flow, and duration are illustrated in the hydrograph in
Figure 2, which is a representation of a site’s stormwater discharge with respect to time. The
hydrograph illustrates the impacts of development on runoff volume and timing of the runoff.
Individual points on the curve represent the rate of stormwater discharge at a given time. The
graph illustrates that development and corresponding changes in land cover result in greater
discharge rates, greater volumes, and shorter discharge periods. In a natural condition, runoff
rates are slower than those on developed sites and the discharges occur over a longer time period.
The predevelopment peak discharge rate is also much lower than the post-development peak
discharge rate due to attenuation and absorption by soils and vegetation. In the post-
development condition there is generally a much shorter time before runoff begins because of
increased impervious surface area, a higher degree of connectivity of these areas and the loss of
soils and vegetative cover that slow or reduce runoff.
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L Post-Development Condition

Pre-Development Condition
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Figure 2. Post-Development Hydrograph.
(Q = volumetric flow rate; t = time)
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Figure 3. Stream Displaying the Effects of Stormwater Runoff and Channel Downcutting.

The Solution: Preserving and Restoring Hydrology
A new approach has evolved in recent years to eliminate or reduce the amount of water and
pollutants that run off a site and ultimately are discharged into adjacent water bodies.
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The fundamental principle is to employ systems and practices that use or mimic natural
processes to: 1) infiltrate and recharge, 2) evapotranspire, and/or 3) harvest and use precipitation
near to where it falls to earth.

GI/LID practices include a wide variety of practices that utilize these mechanisms. These
practices can be used at the site, neighborhood and watershed/regional scales. In this document
the focus is on site-level practices, which is most consistent with the terms used in Section 438:
“project,” “facility,” and “property.” Although these performance requirements apply at the
project site-level, flexibility exists to utilize nearby areas or areas directly adjacent to the facility
to manage the runoff, i.e., evapotranspirate, infiltrate or harvest and use. Where justifiable, it
also may be appropriate to evapotranspirate, infiltrate or harvest and use an equivalent or greater
amount of runoff offsite as long as the runoff is discharged or used in the same receiving
subwatershed or watershed.

The purpose of EISA Section 438 is to replicate the pre-development hydrology to protect and
preserve both the water resources onsite and those downstream. For example, if prior to
development, twenty five (25) percent of the annual rainfall runs directly into the stream and the
remainder infiltrates into the ground or is evapotranspired into the air, then the post-development
goal should be to limit runoff to twenty five (25) percent of the annual precipitation while
maintaining the correct aquifer recharge rate. This has the benefit, in most cases, of delivering
water to the stream at approximately the same rate, volume, duration and temperature as the
stream had naturally evolved to receive prior to development. The result will be to eliminate or
minimize the erosion of streambeds and streambanks, significantly reduce the delivery of many
— R ; pollutants to water bodies, and retain historical

Vi ) instream temperatures.

Restoring or maintaining pre-development hydrology
has emerged as a control approach for several
reasons. Most importantly, this approach is intended
to directly address the root cause of impairment.
Current control approaches have been selected in an
attempt to control the symptoms (peak flow, and
excess pollutants), but this strategy is not fully
adequate because of the scale of the problem, the
cumulative impacts of multiple developments and the
need to manage both site and watershed level impacts.
With current approaches, it is also difficult to
adequately protect and improve water quality because
the measures employed are not addressing the main
problem which is a hydrologic imbalance.

Designing facilities based on the goal of maintaining
or restoring pre-development hydrology provides a

= o I 3
Figure 4. Parking lot bioswale and site specific basis and an objective methodology with
permeable pavers in Chicago. which to determine appropriate practices to protect
the receiving environment.
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Using pre-development hydrology as the guiding control principal also allows the designer to
consider climatic and geologic variability and tailor the solutions to the project location. Thus
the need for a one size fits all approach is rendered unnecessary since the design objective is
dictated by the pre-development site conditions and other technicalities of the project site and
facility. Instead of prescribed approaches dictating discharge volumes or flow rates, site
assessments of historical infiltration and runoff rates will inform the designer and provide the
basis for a suitable design. The use of this approach will minimize compliance complications that
may arise from prescriptive design approaches which do not account for the variability of
precipitation frequencies, rainfall intensities and pre-development land cover and soil conditions
that influence infiltration and runoff.

B. BENEFITS AND OUTCOMES OF THE NEW STORMWATER PERFORMANCE REQUIREMENTS

Implementation of these new stormwater performance requirements in EISA Section 438
provides numerous environmental and economic benefits in addition to reducing the volume of
stormwater runoft:

Benefits to Water Resources: GI/LID approaches are a set of

management approaches and

= (Cleaner Water. The use of plants, soils and water

harvesting and use practices can reduce stormwater
runoff volumes and pollutant loadings and the
frequency and magnitude of combined sewer
overflows (volume and pollutant loading
reductions). These practices are part of a larger set
of practices called green infrastructure/low impact
development.

Clean and Adequate Water Supplies. GI/LID
approaches using soil based vegetated infiltration
systems can be used to recharge ground water and
maintain stream base flow. By recharging ground
water aquifers, aquatic ecosystem health is
maintained and base flows are increased which helps
ensure more constant flows for drinking water
withdrawals. Harvesting and reusing rainwater also
reduces the need to use potable water for all uses
and can reduce both the infrastructure and energy
needed to treat and transport both drinking water and
stormwater.

Source Water Protection. GI/LID practices provide

technologies that utilize and/or
mimic the natural hydrologic cycle
processes of infiltration,
evapotranspiration and use. GI/LID
practices include green roofs, trees
and tree boxes, rain gardens,
vegetated swales, pocket wetlands,
infiltration planters, porous and
permeable pavements, vegetated
median strips, reforestation and
revegetation and protection of
riparian buffers and floodplains.
These practices can be used almost
anywhere soil and vegetation can be
worked into the urban or suburban
landscape. They include
decentralized harvesting approaches
such as rain barrels and cisterns that
can be used to capture and re-use
rainfall for watering plants or
flushing toilets.

pollutant removal benefits, thereby providing some protection for both ground water and

surface water sources of drinking water. In addition, GI/LID provides ground water recharge

benefits.
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Other Social and Environmental Benefits:

= (Cleaner Air. Trees and vegetation improve air quality by filtering many airborne pollutants
and can help reduce the amount of respiratory illness (Vingarzan and Taylor, 2003).

»  Reduced Urban Temperatures. Summer city temperatures can average 10°F higher than
nearby suburban temperatures (Casey Trees, 2007). High temperatures are also linked to
higher ground level ozone concentrations. Vegetation creates shade, reduces the amount of
heat absorbing materials and emits water vapor — all of which cool hot air (Grant, et al.,
2003). Reductions in impervious surface and the use of light colored pervious surfaces (e.g.,
permeable concrete) also can mitigate urban temperatures.

»  Moderate the Impacts of Climate Change. Climate change impacts and effects vary
regionally, but GI/LID techniques can provide
adaptation benefits for a wide array of
circumstances. They can be used to conserve,
harvest and use water, to recharge ground waters
and to reduce surface water discharges that could
contribute to flooding. In addition, there are
mitigation benefits such as reduced energy
demand and carbon sequestration by vegetation.

= [Increased Energy Efficiency. Green space helps
lower ambient temperatures and, when
incorporated on and around buildings, helps shade
and insulate buildings from wide temperature
swings, decreasing the energy needed for heating
and cooling. Diverting stormwater from
wastewater collection, conveyance and treatment
systems can reduce the amount of energy needed
to pump and treat the water. Energy efficiency not
only reduces costs, but also reduces generation of
greenhouse gases.

= Community Benefits. Trees and plants improve
urban aesthetics and community livability by
providing recreational and wildlife areas. Studies show that property values are higher when
trees and other vegetation are present. Increased green space also has public health benefits
and has been shown to reduce crime and the associated stresses of urban living.

Figure 5. Rain water cistern.

C. APPLICABILITY AND DEFINITIONS

Applicability
1. Who is a “Sponsor” of a project?
Section 438 applies to the “sponsor of any development or redevelopment project involving a

Federal facility . . .” Section 438 requires that the “sponsor . . . shall use . . . strategies for the
property to maintain or restore . . . the predevelopment hydrology. . .” The “sponsor” should
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generally be regarded as the federal department or agency that owns, operates, occupies or is the
primary user of the facility and has initiated the development or redevelopment project. If the
federal agency hires another entity to perform activities such as site construction or maintenance,
the agency should nonetheless be regarded as the sponsor and be responsible to assure
compliance with the requirements of Section 438. The agency sponsor is free to contract out
various duties and responsibilities that are associated with achieving compliance.

2. What is a “Federal facility”?

Section 438 provides that its requirements apply to the “sponsor of any development or
redevelopment project involving a Federal facility . . .” Section 401(8) of EISA states: “The
term "Federal facility' means any building that is constructed, renovated, leased, or purchased in
part or in whole for use by the Federal Government.”

3. What is a “footprint”?

Section 438 applies to a federal facility “with a footprint that exceeds 5,000 square feet.” For the
purposes of this guidance, any project involving a federal facility that disturbs 5,000 square feet
or more of ground area is covered by this guidance. Existing facilities that have an overall
footprint of 5,000 square feet or greater that disturb less than 5,000 square feet of land area as
part of any single development or redevelopment project are not subject to Section 438
requirements. Consistent with the purpose of Section 438 to preserve or restore pre-development
hydrology, the term “footprint” includes all land areas that are disturbed as part of the project.

4. What is “the property”?

Section 438 provides that the project sponsor “shall use site planning, design, construction, and
maintenance strategies for the property to maintain or restore, to the maximum extent
technically feasible, the predevelopment hydrology of the property.” This clause has been
interpreted to mean that the land surrounding the project site is available to implement the
appropriate GI/LID practices where optimal.

Although the performance requirements of EISA Section 438 apply only to the project footprint,
the flexibility exists to utilize the entire federal property in implementing the stormwater
strategies for the project.

Definitions

95" percentile rainfall event. The 95" percentile rainfall event represents a precipitation amount
which 95 percent of all rainfall events for the period of record do not exceed. In more technical
terms, the 95™ percentile rainfall event is defined as the measured precipitation depth
accumulated over a 24-hour period for the period of record that ranks as the 95™ percentile
rainfall depth based on the range of all daily event occurrences during this period.

The 24-hour period is typically defined as 12:00:00 am to 11:59:59 pm. In general, at least a 20-
30 year period of rainfall record is recommended for such an analysis. This raw data is readily
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available and collected by most airports across the county. Small rainfall events that are 0.1 of an
inch or less are excluded from the percentile analysis because this rainfall generally does not
result in any measureable runoff due to absorption, interception and evaporation by permeable,
impermeable and vegetated surfaces. Many stormwater modelers and hydrologists typically
exclude rainfall events that are 0.1 inch or less from calculations of rainfall events of any storm
from their modeling analyses of rainfall event frequencies. See, for example, the Center for
Watershed Protection's Urban Subwatershed Restoration Manual 3 (available at www.cwp.org).

Federal facility. The term “federal facility” means any buildings that are constructed, renovated,
leased, or purchased in part or in whole for use by the federal government as defined in section
401(8) of the Energy Independence and Security Act.

Development or re-development. For the purposes of this provision this term applies to any
action that results in the alteration of the landscape during construction of buildings or other
infrastructure such as parking lots, roads, etc, (e.g., grading, removal of vegetation, soil
compaction, etc.) such that the changes affect runoff volumes, rates, temperature, and duration of
flow. Examples of projects that would fall under “re-development” include structures or other
infrastructure that are being reconstructed or replaced and the landscape is altered. Typical
patching or resurfacing of parking lots or other travel areas would not fall under this requirement.

D. TOOLS TO IMPLEMENT THE REQUIREMENTS OF SECTION 438

Section 438 of the Energy Independence and Security Act of 2007 reads as follows:
Section 438. Storm water runoff requirements for federal development projects.
The sponsor of any development or redevelopment project involving a Federal facility
with a footprint that exceeds 5,000 square feet shall use site planning, design,
construction, and maintenance strategies for the property to maintain or restore, to the
maximum extent technically feasible, the predevelopment hydrology of the property with
regard to the temperature, rate, volume, and duration of flow.

The intention of EISA Section 438 is to preserve or restore the hydrology of the site during the
development or redevelopment process. To be more specific, this requirement is intended to
ensure that aquatic biota, stream channel stability, and historical aquifer recharge rates of
receiving waters are not negatively impacted by changes in runoff temperature, volumes,
durations and rates resulting from federal projects. A performance based approach was selected
in lieu of a prescriptive requirement in order to provide site designers maximum flexibility in
selecting control practices appropriate for the site.

To meet these performance objectives, technically feasible stormwater control practices that are
effective in reducing the volume of stormwater discharge should be used. To implement EISA
Section 438, this guidance recommends that the federal facility use all known, available and
reasonable methods of stormwater retention and/or use to the maximum extent technically
feasible (METF). Tools to implement the requirements of Section 438 are described below and
illustrated in Figure 8.

11
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Establishing Section 438 Performance Design Objectives

Described below are options site designers can use to comply with Section 438. There may be
situations where Option 1 (retaining the 95™ percentile rainfall event) is not protective enough to
maintain or restore the predevelopment hydrology of the project (for example, in some
headwater streams). In these cases, Option 2 (site-specific hydrologic analysis) could be used to
determine the types of stormwater practices necessary to preserve predevelopment runoff
conditions. Option 2 could also be used if predevelopment runoff conditions can be maintained
by retaining less than the 95t percentile rainfall event. Because a performance based approach
was selected in lieu of a prescriptive requirement in order to provide site designers maximum
flexibility in selecting control practices appropriate for the site, Option 2 was provided in
recognition that there are established methodologies that can be utilized to estimate the volume
of infiltration and evapotranspiration based on site-specific hydrology and thus establish the
predevelopment hydrology performance design objectives.

Option 1: Retain the 95™ Percentile Rainfall Event

One approach to establishing the performance design objectives is to design, construct, and
maintain stormwater management practices that manage rainfall onsite, and prevent the off-site
discharge of the precipitation from all rainfall events less than or equal to the 95™ percentile
rainfall event to the maximum extent technically feasible (METF). This objective should be
accomplished by the use of practices that infiltrate, evapotranspire and/or harvest and use
rainwater. The 95" percentile rainfall event is the event whose precipitation total is greater than
or equal to 95 percent of all storm events over a given period of record. For example, to
determine what the 95™ percentile storm event is in a specific location, all 24 hour storms that
have recorded values over a 30 year period would be tabulated and a 95" percentile storm would
be determined from this record, i.e., 5% of the storms would be greater than the number
determined to be the 95™ percentile storm. Thus the 95" percentile storm would be represented
by a number such as 1.5 inches, and this would be the design storm (example 95" percentile
storm events for selected cities are presented in Table 1). The designer would then select a
system of practices, to the METF, that infiltrate, evapotranspire or harvest and use this volume
multiplied by the total area of the facility/project footprint. Methods and data used to estimate
the 95" percentile event are discussed in Part IT of this document.

For the purposes of this guidance, retaining all storms up to and including the 95™ percentile
storm event is analogous to maintaining or restoring the pre-development hydrology with respect
to the volume, flow rate, duration and temperature of the runoff for most sites. This 95
percentile approach was identified and recommended because this storm size represents the
volume that appears to best represent the volume that is fully infiltrated in a natural condition
and thus should be managed onsite to restore and maintain this pre-development hydrology for
duration, rate and volume of stormwater flows. In general, only large storms generate significant
runoff. In addition, this approach was identified because it employs natural treatment and flow
attenuation methods that are presumed to have existed on the site before construction of
infrastructure (e.g., building, roads, parking lots, driveways,) and is intended to infiltrate or
evapotranspirate the full volume of the 95" percentile storm. Because this approach necessitates
the use of practices that generally preclude extended detention, it will also typically address the
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issue of maintaining predevelopment temperatures. However, in cases where there are discharges
to cool water streams or other sensitive receiving waters, additional strategies may be needed to
ensure that stormwater discharges do not result in greater thermal impacts than would occur in
pre-development conditions (Schueler and Helfrich, 1988).

Where technically feasible, the goal of Option 1 is that one hundred percent (100%) of the
volume of water from storms less than or equal to the 95™ percentile event over the footprint of
the project should not be discharged to surface waters. In some cases, runoff can be harvested
and used and ultimately may be discharged to surface waters or a sanitary treatment system; such
direct or indirect discharges must be authorized or allowed by the regulatory authority. For
example, if runoff is captured for nonpotable uses such as toilet flushing or other uses that are
not irrigation related, these waters potentially could be discharged into the sanitary sewer system.
Preferred mechanisms for retaining discharges from storms greater than the 95" percentile event
are through overflow or diversion for the volume that exceeds the 95t percentile amount.
Because standard underdrains typically discharge from smaller storms as well, underdrain
designs, if employed, should ensure adequate retention capacity for the 95t percentile event
volume. For structures such as roofs and paved surfaces that can increase the temperature of
stormwater runoff, materials that minimize temperature increases (e.g., concrete vs. asphalt;
vegetated roofs) should be considered and used as appropriate.

Retaining 100 percent of all rainfall events equal to or less than the 95™ percentile rainfall event
was identified as Option 1 because small, frequently occurring storms account for a large
proportion of the annual precipitation volume,
and the runoff from those storm events also
significantly alters the discharge frequency, rate
and temperature of the runoff.

s
o | T BT T

The runoff produced by these small storms and
the initial portion of larger storms has a strong
negative cumulative impact on receiving water
hydrology and water quality. In areas that have
been developed, runoff is generated from almost
all storms, both small and large, due to the
impervious surfaces associated with
development and the loss of soils and vegetation.
In contrast, natural or undeveloped areas
discharge little or no runoff from small storms
because the rain is absorbed by the landscape
and vegetation. Studies have shown that
increases in runoff event frequency, volume and
rate can be diminished or eliminated through the
use of GI/LID designs and practices, which infiltrate, evapotranspire and capture and use
stormwater.

Figure 6. Bioretention facility in Oregon.
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Option 1 was identified because it is a simplified approach to meet the intent of Section 438 in
contrast to Option 2 which requires the designer to conduct a hydrologic analysis of the site
based on site-specific conditions.

Table 1. Example 95" Percentile Storm Events for Select U.S. Cities
(adapted from Hirschman and Kosco, 2008).

95" Percentile 95" Percentile
Event Rainfall Event Rainfall
City Total (in) City Total (in)
Atlanta, GA 1.8 Kansas City, MO 1.7
Baltimore, MD 1.6 Knoxville, TN 1.5
Boston, MA 1.5 Louisville, KY 1.5
Buffalo, NY 1.1 Minneapolis, MN 1.4
Burlington, VT 1.1 New York, NY 1.7
Charleston, WV 1.2 Salt Lake City, UT 0.8
Coeur D’Alene, ID 0.7 Phoenix, AZ 1.0
Cincinnati, OH 1.5 Portland, OR 1.0
Columbus, OH 1.3 Seattle, WA 1.6
Concord, NH 1.3 Washington, DC 1.7
Denver, CO 1.1
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Figure 7. Rainfall Frequency Spectrum showing the 95™ percentile rainfall event for Portland, OR
(~1.0 inches)
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Calculating the 95™ Percentile Rainfall Event

Section E of this guidance contains information on how to calculate the 95t percentile rainfall
event for a specific area. A long-term record of daily rainfall amounts (ideally, at least 30 years)
is needed to calculate the 95™ percentile rainfall.

Designers opting to use Option 1 need to do the following:

1) calculate or verify the precipitation amount from the 95t percentile storm event (this number
would be typically expressed in inches, e.g., 1.5”, and

2) employ onsite stormwater management controls to the METF that infiltrate, evapotranspire
or harvest and use the appropriate design volume.

The 95 percentile event can be calculated by using the following procedures below
(summarized from Hirschman and Kosco, 2008, Managing Stormwater in Your Community: A
Guide for Building an Effective Post-Construction Program, Center for Watershed Protection):

e Obtain a long-term rainfall record from a nearby weather station (daily precipitation is
fine, but try to obtain at least 30 years of daily record). Long-term rainfall records can be
obtained from many sources, including NOAA at
http://cdo.ncdc.noaa.gov/pls/plelimprod/poemain.accessrouter?datasetabbv=SOD&countr
yabbv=&georegionabbv=.

e Remove data for small rainfall events that are 0.1 inch or less and snowfall events that do
not immediately melt from the data set. These events should be deleted since they do not
typically cause runoff and could potentially cause the analyses of the 95™ percentile
storm runoff volume to be inaccurate.

e Using a spreadsheet or simple statistical package, sort the rainfall events from highest to
lowest. In the next column, calculate the percentage of rainfall events that are less than
each ranked event (event number/total number of events). For example, if there were
1,000 rainfall events and the highest rainfall event was a 4” event, then 999 events (or a
percentile of 999/1000, or 99.9%) are less than the 4” rainfall event.

e Use the rainfall event at 95% as the 95" percentile storm event.

Option 2: Site-Specific Hydrologic Analysis

Another approach to establishing the performance design objective is to design, construct, and
maintain stormwater management practices that preserve the pre-development runoff conditions
following construction. Option 2 allows the designer to conduct a site-specific hydrologic
analysis to determine the pre-development runoff conditions instead of using the estimated
volume approach of Option 1. Under Option 2, the pre-development hydrology would be
determined based on site-specific conditions and local meteorology by using continuous
simulation modeling techniques, published data, studies, or other established tools. If the
designer elects to use Option 2, the designer would then identify the pre-development condition
of the site and quantify the post-development runoff volume and peak flow discharges that are
equivalent to pre-development conditions. The post-construction rate, volume, duration and
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temperature of runoff should not exceed the pre-development rates and the predevelopment
hydrology should be replicated through site design and other appropriate practices to the
maximum extent technically feasible. These goals should be accomplished through the use of
infiltration, evapotranspiration, and/or rainwater harvesting and use. Defensible and consistent
hydrological assessment tools should be used and documented. Additional discussions of
appropriate methodologies to use in assessing site hydrology have been included in the technical
sections of this document. See, for example, the discussion of spreadsheet versions or curve
numbers based on the Natural Resource Conservation Service Technical Release 55 (TR-55)
Method in Appendix A of this document.

Development

The pre-development hydrologic condition of the site is the combination of runoff, infiltration
and evapotranspiration rates and volumes that typically existed on the facility site before
"development" on a greenfields site (meaning any construction of infrastructure on undeveloped
land such as meadows or forests). In practice, determining the pre-development hydrology of a
given site can be difficult if there is no suitable reference site. As a result, reference conditions
for typical land cover types in the locality often are used to approximate what fraction of the
precipitation ran off, soaked into the ground or was evaporated from the landscape. The use of
reference conditions can be problematic if suitable data are not available or unique site
conditions exist that do not fit within a typical land use cover type for the area, e.g., meadow or
forest. In cases where suitable data from comparable conditions cannot be found or is otherwise
inadequate to be used in conducting an Option 2 analysis for the specific area being considered
for development or redevelopment, the project sponsor should use the Option 1 analytical
framework.

Re-development

For re-development sites, existing site conditions and uses of the site can influence the amount of
runoff that can be managed on site through infiltration, evapotransporation and harvest and use
and thus the performance design objective. In these cases the design process in Figure 8 and
Scenario 9 illustrate the decision processes that can be used.

In the context of some re-development projects, fully restoring predevelopment hydrology can be
difficult to achieve and Congress recognized this potential difficulty by including the METF
language in the statute. In these cases, Congressional intent can be best carried out by using a
systematic METF analysis to determine what practices can be implemented at the site to
maintain or store the hydrologic condition of the site. Scenarios 1-8 provide examples of METF
analyses that demonstrate that pre-development hydrology can be achieved. Scenario 9 provides
an example of an METF analysis that demonstrates that pre-development hydrology cannot be
fully achieved and illustrates the extent to which pre-development hydrology can be restored.

Note: It should also be emphasized that the performance based approach in Option 1 is intended
to be a surrogate for determining the pre-development reference condition and this standard is
intended to be used in cases where it is more practical, cost effective, and/or expeditious than
Option 1, or where it is difficult or infeasible to identify the relevant reference conditions for the
site.
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Determination of Maximum Extent Technically Feasible

Compliance with Section 438 requires that stormwater management measures are implemented
to the maximum extent technically feasible (METF) to maintain or restore the pre-development
hydrology conditions specifically with respect to temperature, rate, volume, and duration of flow.

Performance or design goals based on the pre-development hydrology can be established by
using options such as the following: Retention of the 95h percentile rainfall event (Option 1), or
through a site-specific hydrologic analysis that estimates the volume of infiltration,
evapotranspiration or onsite stormwater harvesting and use based on site-specific hydrologic
conditions (Option 2).

Technical Infeasibility

For projects where technical infeasibility exists, the federal agency or department sponsoring the
project should document and quantify that stormwater strategies, such as infiltration,
evapotranspiration, and harvesting and use have been used to the METF, and that full
employment of these types of controls are infeasible due to site constraints. Some western states
place restrictions on harvesting and use due to water rights, however, these requirements do not
necessarily preclude the sponsor of the project from implementing strategies such as infiltration
and evapotranspiration. Documentation of technical infeasibility should include, but may not be
limited to, engineering calculations, geologic reports, hydrologic analyses, and site maps. A
determination that the performance design goals cannot be met on site should include analyses
that rule out the use of an adequate combination of infiltration, evapotranspiration, and use
measures. Examples of where site conditions may prevent the full employment of appropriate
management techniques to the METF include a combination of:

e The conditions on the site preclude the use of infiltration practices due to the presence of
shallow bedrock, contaminated soils, near surface ground water or other factors such as
underground facilities or utilities.

e The design of the site precludes the use of soil amendments, plantings of vegetation or other
designs that can be used to infiltrate and evapotranspirate runoff.

e Water harvesting and use are not practical or possible because the volume of water used for
irrigation, toilet flushing, industrial make-up water, wash-waters, etc. is not significant
enough to warrant the design and use of water harvesting and use systems.

e Modifications to an existing building to manage stormwater are not feasible due to structural
or plumbing constraints or other factors as identified by the facility owner/operator.

e Small project sites where the lot is too small to accommodate infiltration practices adequately
sized to infiltrate the volume of runoff from impervious surfaces,

e Soils that cannot be sufficiently amended to provide for the requisite infiltration rates,

e Situations where site use is inconsistent with the capture and use of stormwater or other
physical conditions on site that preclude the use of plants for evapotranspiration or
bioinfiltration.

e Retention and/or use of stormwater onsite or discharge of stormwater onsite via infiltration
has a significant adverse effect on the site or the down gradient water balance of surface
waters, ground waters or receiving watershed ecological processes.
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e State and local requirements or permit requirements that prohibit water collection or make it
technically infeasible to use certain GI/LID techniques.

e Compliance with the Section 438 requirements would result in the retention and/or use of
stormwater on the site such that an adverse water balance impact may occur to the receiving
surface waterbody or ground water.

Please note that a single one of these characteristics is very unlikely to preclude meeting the
performance standard, but a combination of factors may.

In cases where the facility has a defensible showing of technical infeasibility and can provide
adequate documentation of site conditions or other factors that preclude full implementation of
the performance design goal, the facility should still install stormwater practices to infiltrate,
evapotranspire and/or harvest and use onsite the maximum amount of stormwater technically
feasible. Note: Facilities must still comply with all other applicable federal, state and local
requirements.
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Figure 8. Section 438 Implementation Process
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Documenting EISA Section 438 Implementation

Each agency or department is responsible for ensuring compliance with Section 438. Itis
recommended that: 1) the final design and as-built drawings of each facility shall be reviewed
by a registered professional engineer and 2) the agency or department develop and maintain
documentation of the following design criteria for each project subject to Section 438:

= Site evaluation and soils analysis

= Calculations for the 95" percentile rainfall event or the pre-development runoff volumes
and rates to identify the volume of stormwater requiring management

= Documentation of modifications to the performance design objective based on technical
constraints (site-specific METF determination)

= The site design and stormwater management practices employed on the site

= Design calculations for each stormwater management practice employed

= The respective volume of stormwater managed by each practice and the system as a
whole

= (QOperations and maintenance protocols for the stormwater management system

The information should provide the necessary documentation and detail to demonstrate
compliance and operation of stormwater management practices for the entire site.

Common Green Infrastructure/Low Impact Development Tools to Implement Section 438
Although Congress did not prescribe specific practices to be used to implement Section 438 it
can be inferred that one of the goals of the Act was to promote the use of innovative stormwater
management approaches, designs and practices that better protect receiving water quality, flow
regimes and provide other important environmental benefits. GI/LID are preferred practices, to
be supplemented with or replaced with conventional controls when site specific conditions
dictate.

The GI/LID management approaches and technologies that federal agencies would typically use
enhance and/or mimic the natural hydrologic cycle processes of infiltration, evapotranspiration,
and use. Federal agencies can also use footprint reduction practices (e.g., building up instead of
out) to reduce their stormwater impact. GI/LID approaches include biological systems and
engineered systems. These include but are not necessarily limited to:

= Rain gardens, bioretention, and infiltration planters

= Porous pavements

= Vegetated swales and bioswales

= Qreen roofs

= Trees and tree boxes

* Pocket wetlands

= Reforestation/revegetation using native plants

= Protection and enhancement of riparian buffers and floodplains

= Rainwater harvesting for use (e.g., irrigation, HVAC make-up, non-potable indoor uses).

GI/LID practices are recommended to implement EISA Section 438 for the following reasons:
e cost savings in many cases
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overall environmental performance

pollutant loading reduction capability

pollution prevention focus

effectiveness in managing runoff

volumes and rates

e energy efficient and energy
conservative

e appropriate in a wide range of site
condition and locations

e appropriate for new development and
redevelopment projects

e appropriate at multiple scales of

development, e.g., site, neighborhood,

region

For more information on specific GI/LID
practices and how they function, visit:
www.epa.gov/greeninfrastructure and
www.epa.gov/nps/lid.

Cost of Compliance

The cost of complying with Section 438 may
require the use of approaches and techniques
that initially may be more costly to design and implement. It is anticipated that as the expertise
of the implementing agency or department increases and the demand for GI/LID materials and
equipment increases that the overall costs of the projects will be lower or equivalent to the costs
of constructing conventional stormwater practices. Initial studies conducted by EPA and others
suggest that the use of GI/LID practices can be cost competitive. Recent evaluations of GI/LID
projects have identified opportunities for cost savings because of reduced infrastructure and site
preparation demands. In addition, longer term studies have indicated that GI/LID practices are
continuing to gain cost efficiency as they are adopted more widely and with greater frequency
thus reducing overall implementation costs.

Figure 9. .Discnnected downspot
discharging to planter box.

In Reducing Stormwater Costs through LID Strategies and Practices (EPA 841-F-07-006,
December 2007 - available for download at www.epa.gov/nps/lid), EPA examined 17 case
studies in which conventional development costs were compared to GI/LID costs. In the great
majority of cases, the GI/LID approach was between 15 and 80 percent less expensive than
conventional control measures because implementation of GI/LID practices can offset costs of
conventional construction and stormwater management approaches. Significant cost savings that
were identified in the report include:

= Elimination or reduction of detention ponds

= Elimination or reductions of stormwater and CSO treatment and conveyance systems
such as pipes, storage structures, stormwater treatment devices, and other related
stormwater infrastructure

= Narrower streets with reduced material demands
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= Fewer square yards of sidewalks
= Reduced land purchases for stormwater control structures

In addition, other benefits were achieved through the use of GI/LID such as more beneficial uses
of land previously dedicated to stormwater devices, increased livability and higher property
values.

There are many different combinations of practices that can be employed at particular sites to
achieve pre-development hydrology. In selecting the appropriate set of practices to be used at
the site, project sponsors should consider a broad range of factors, including cost-effectiveness of
particular combinations of practices as applied to the site, as well as the potential for ancillary
cost savings or community benefits (e.g., elimination or reduction of infrastructure costs, or the
creation of attractive green spaces). EPA encourages project sponsors to include these factors in
the planning and design phases of their projects so as to maximize triple bottom-line (economic,
environmental, and social) results.

E. CALCULATING THE 95" PERCENTILE RAINFALL EVENT

A long period of precipitation records, i.e., a minimum of 10 years of data, is needed to
determine the 95" percentile rainfall event for a location. Thirty years or more of monitoring
data are desirable to conduct an unbiased statistical analysis. The National Climatic Data Center
(NCDC) provides long-term precipitation data for many locations of the United States. You can
download climate data from their Web site (www.ncdc.noaa.gov) or by ordering compact discs
(NOTE: The NCDC charges a fee for access to their precipitation data). Local airports,
universities, water treatment plants, or other facilities might also maintain long-term
precipitation records. Data reporting formats can vary based on the data sources. In general,
each record should include the following basic information:

e Location (monitoring station)
e Recording time (usually the starting time of a time-step)
e Total precipitation depth during the time-step

In addition to the above information, a status flag is sometimes included to indicate data
monitoring errors or anomalies. Typical NCDC flags include A (end accumulation), M (missing
data), D (deleted data), or I (incomplete data). If there are no flags, the record has passed the
quality control as prescribed by the NCDC and has been determined to be a valid data point.

There are several data processing steps to determine the 95 percentile rainfall event using a
spreadsheet. These steps are summarized below:

1. Obtain a long-term 24-hr precipitation data set for a location of interest (i.e., from the
NCDC website).

2. Import the data into a spreadsheet. In MS Excel [Data / Import External Data / Import Data]

22


http://www.ncdc.noaa.gov/�

Section 438 Technical Guidance December 2009

3. Rearrange all of the daily precipitation records into one column if the original data set has
multiple columns of daily precipitation records.

A | B | ¢© | D
Date Frcp
121921 0.05
1/3/1921 0
1411921 0

1451921 033
181921 0.08
171921 0.08
1481921 018

10071 n

e i S TR N

4. Review the records to identify if there are early periods with a large number of flagged
data points (e.g., erroneous data points). Select a long period of good recording data that
represents, ideally, 30 years or more of data. Remove all of the extra data (if not using the
entire dataset).

5. Remove all flagged data points (i.e., erroneous data points) from the selected data set for
further analysis.

6. Remove small rainfall events (typically less than 0.1 inches), which may not contribute to
rainfall runoff. These small events are categorized as depressional storage, which, in
general, does not produce runoff from most sites.

A | B ¢© | D
Date Prcp
151921 0.33
1/8M1921 019
114/1921 ) 1.04
281921 012
211111921 0.63
2201921 1.33

28921 0.43
9210 113

Note: Steps 4 through 6 can be processed by applying data sort, delete and
re-sort spreadsheet functions. In MS Excel [Data / Sort]

7. Calculate the 95" percentile rainfall amount by applying the PERCENTILE spreadsheet
function at a cell. In MS Excel [=PERCENTILE(precipitation data range,95%)]

A& Bl ¢ | 0 | E | F
Date Prcp

151921 0.33 =PERCENTILE(E:B 95%)
1481921 019 162

1141921 1.04
2801921 012
2111821 063
202001821 1.33

AT A
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Note: The PERCENTILE function returns the n percentile of value in the entire
precipitation data range. This function can be used to determine the 95™ percentile storm
event that captures all but the largest 5% of storms.

8. The 95™ percentile was calculated in the previous step. However, if the user would like
to see this information represented graphically and get a relative sense of where
individual storm percentiles fall in terms of rainfall depths, the following methodology
can be used. Derive a table showing percentile versus rainfall depth to draw a curve as
shown below. The PERCENTILE spreadsheet function can be used for each selected
percent. It is recommended to include at least 6 points between 0% and 100% (several
points should be between 80% and 100% to draw an accurate curve).

A [B]lCc] b | E | F | 6
|1 |Date Prep Percentile|  Rainfall
L2 | 1AM921 033 0% |=PERCEMTILE(E:E ,DZ)
|3 | 1/8M921 018 10% |=PERCENTILE(E:BE.D3)
L4 | 1492 1.04 20% | =PERCENTILE(E:B,D4)
L& | 2BA921 012 J0% | =PERCENTILE(E:B,DS)
F 1 21197 nR3 AN [=PFRCFMTI FE-R DR
A [8Blc] p | E [T F T & 1T H T 0 1T J 71T k¥ T L
| 1 [Date Prcp Percentile, Rainfall
|2 | 181921 033 0% 0.1 7
|3 | 1/8A921 018 10% 0.13
4| 1A4A1921) 1.04 20% 017 &
|5 | 2BA1921 012 30% 022
| B | 21141921 063 40% 0.28 T s
| 7| 2201921 1.33 a0% 0.36 =
| G | 2/28M1921 0.43 GO0% 0.45 £ .
| 9 | 3/3M1921 013 0% 0k £
10 381921 0.31 g0% n.7s g
|11 3M3A1921) 0.46 5% 0.53 z 3
(12| 3251921 047 90% 116 £ ‘f
| 13| 3/28A1921 012 93% 1.35 = 2 /
|14 41111921 036 94% 1.44 o
18] 451921 069 95% 1.52 1 r_,.-”
|16 | 4M156M1921 0.24 5% 165 F__A,___w————‘"f_d
17| 4171921 0.32 97% 1.82 o $=—t=—t T
E 4181821 0.55 95% 2.065 0% 10% 20% 30% 40% S50% 60% 70% 80% 90% 100%
19| 44231921 0.6Y 99% 2.508
|20 | 4241921 019 99 5% 3.048 Percentile
|21 ] 4/30M1921) 1.44 100% 7.068

Use the spreadsheet software to create of plot of rainfall depth versus percentile, as shown above.
The 95" percentile storm event should correlate to the rainfall depth calculated in step 7,
however the graph can be used to calculate rainfall depths at other percentiles (e.g., 50%, 90%).
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Part II: Case Studies on Capturing the 95™ Percentile Storm
Using Onsite Management Practices

INTRODUCTION

This section contains nine case studies that are intended to be representative of the range of
projects that are subject to the requirements legislated in Section 438 of the Energy
Independence and Security Act. The facility examples in the case studies were selected to
illustrate project scenarios for differing geographic locations, site conditions, and project sizes
and types. As noted in Part I, all projects with a footprint greater than 5,000 square feet must
comply with the provisions of Section 438. What this means is that both new development and
redevelopment projects should be designed to infiltrate, evapotranspirate, and/or harvest and use
runoff to the maximum extent technically feasible (METF) to maintain or restore the pre-
development hydrology of the site. Scenarios 1-8 are examples of sites where it was technically
feasible to design the stormwater management system to retain the 95" percentile storm onsite.
Scenario 9, however, was provided as an example of an METF analysis where site constraints
allowed the designers to retain only 75% of the 95" percentile storm.

Given the site-specific nature of individual projects, the case study scenarios described herein do
not include site specific design features such as runoff routing, specific site infiltration rates, the
structural loading capacity of buildings, etc. in terms of stormwater practice selection.

It should be noted that an example of Option 2, which requires a site-specific hydrologic
analysis, has not been provided in this document because of the complexity of factors and the
lack of general applicability such an analysis would have.

Background

Numerous approaches exist for determining the volume of runoff to be treated through
stormwater management. Retaining stormwater runoff from all events up to and including the
95™ percentile rainfall event was identified as Option 1 because small, frequently-occurring
storms account for a large proportion of the annual precipitation volume. Using GI/LID
practices to retain both the runoff produced by small storms and the first part of larger storms can
reduce the cumulative impacts of altered flow regimes on receiving water hydrology, e.g.,
channel degradation and diminished baseflow. For the purposes of this guidance, retaining all
storms up to and including the 95" percentile storm event is analogous to maintaining or
restoring the pre-development hydrology with respect to the volume, flow rate, duration and
temperature of the runoff for most sites.

Determination of the 95™ Percentile Rainfall Event

The 95" percentile rainfall rainfall event was determined using the long-term daily precipitation
records from the National Climate Data Center (NCDC, 2007). By analyzing the frequency and
rainfall depths from daily rainfall records over 24-hour periods, the 95" percentile storm event
can be determined. From a frequency analysis viewpoint, the 95" percentile event is the storm
event that is greater than or equal to 95% of all storms that occur within a given period of time.
Regional climate conditions and precipitation vary across the U.S. Because of local values, it is
essential that the implementing agency or department establish the 95™ percentile storm event for
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the project site since the control volume may vary depending on local weather patterns and
conditions.

Onsite Stormwater Management Practice Determinations

For the purposes of the case study scenarios, the following four categories of practices were
selected as the most appropriate practices for implementing Section 438 requirements:
bioretention, permeable pavements and pavers, cisterns, and green roofs. These practices were
selected based on known performance data and cost. For each case study, the same hierarchy of
selection criteria was used, i.e., the most cost effective practices were considered before other
practices were considered. Bioretention practices were considered first because these systems
generally have the lowest cost per unit of stormwater treated (Hathaway and Hunt, 2007). Thus,
if the bioretention system could not be designed to adequately capture the desired runoff volume,
permeable pavement and pavers, cisterns, and green roofs were considered in that order based on
relative cost. In most cases a combination of practices was selected as part of an integrated
treatment system. It should be noted that all treatment systems were designed to accomplish the
goal of capturing the 95t percentile rainfall event onsite. Examples of onsite stormwater
management practices selected for each site are presented in the results section. For the Boston,
MA site, it was assumed that bioretention was not feasible in order to simulate a situation where
space was severely limited; as a result, interlocking modular pavers were selected as the most
cost-effective stormwater management to capture the requisite design volume. To further
illustrate the range of site conditions designers may encounter, and how site conditions impact
the selection of appropriate control options, Scenario #3 (Cincinnati, OH) was re-analyzed as
Scenario #8. In Scenario #8, it was assumed that the site had clay soils and low infiltrative
capacity. Given these site conditions, the range of potential control options was more limited
and a combination of modular paving blocks, a green roof, and cisterns was ultimately selected
based on cost and site suitability factors.

For purposes of these modeling exercises, a number of assumptions were associated with each
category of practice. These assumptions are not necessarily an endorsement of a particular
design paradigm, but rather were used to keep a somewhat conservative cap on the scenarios in
order to demonstrate the feasibility of the approach. For example, bioretention retrofits can and
should often be located in prior impervious locations; however, in all modeled scenarios
bioretention was restricted to currently landscaped areas. The assumptions were:

¢ Bioretention areas: On-lot retention of stormwater through the use of vegetation, soils,
and microbes to capture, treat and infiltrate runoff.

It is assumed bioretention practices would be installed within currently landscaped
pervious areas or that pervious areas would be created for bioretention cells. While
termed bioretention, these systems are designed to provide infiltration as well as
temporary storage. Bioretention areas would be designed to accept up to a depth of 10
inches of water across the surface of the bioretention cell (see Appendix A). The
conceptual design of this storage depth would occur within the media and/or could be
included as ponded storage. Further design storage beyond the 10 inches would be
acceptable (and encouraged) above the media on a site-by-site basis with ponded depth
generally not to exceed 12 inches.
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Uniform infiltration was assumed across the entire base of the bioretention cell. No
additional media underneath the amended soils were included in the designs with
infiltration rates in this layer governed by the in situ soils. Underdrains were not modeled
directly but could be applied at the point of storage overflow such that no overflow
occurs until the design depth of 10 inches is saturated. This approach was selected to
maximize the storage and infiltration benefits of these systems. Designs utilizing
underdrains at the base of the bioretention cell do not store the requisite volumes because
the media is permeable and the underdrain conveys the runoff offsite through the
underdrain before it can be infiltrated. Because standard underdrains typically discharge
from smaller storms as well, underdrain designs, if employed, should ensure adequate
retention capacity for the 95t percentile event volume.

The bioretention footprint for modeling purposes was calculated as one uniform area that
did not include side slopes. There is an expectation that actual bioretention cell
construction would be distributed throughout the site with targeted locations based on
hydrology (natural flow paths) and soils with greater infiltrative capacity. Side slopes
may increase the surface excavation area required to accommodate the footprint and
freeboard of these systems depending on the design or the bioretention system.

e Porous/permeable pavement: Transportation surfaces constructed of asphalt, concrete
or permeable pavers that are designed to infiltrate runoff.

Infiltration was modeled for the entire porous pavement area with drainage pipes used
only as overflow outlets. This design was chosen to maximize infiltration capabilities of
the system. While many types of porous pavement systems can be used, modular block
type pavers were generally applied in this design category under the assumption that they
typically include sufficient volumetric storage in the media layer. [Note: Other types of
porous pavement applications are available that support heavy loads and can be designed
to temporarily store and infiltrate runoff beneath the surface of the pavement.]

For these systems, an equivalent of 2 inches of design storage depth was assumed. This
design depth could be achieved by specifying 10 inches of media depth that had 20%
void space. Similarly, this could be achieved by designing six inches of media depth
above the bottom surface, with specified media containing 33% void space. This
alternative would have the overflow outlet at the 6 inch depth providing an equivalent
water storage depth of 2 inches.

The soils under the paver blocks may require or be subjected to some compaction for
engineering stability. As a result, infiltration into underlying soils was modeled
conservatively by applying the minimum infiltration rate for each soil type

(see Appendix A).

Generally, porous pavement is not recommended for high traffic areas or loading bays

Because of this the scenarios assumed that only a percentage of total parking and road
areas on a site can be converted to porous pavement. The assumed maximum percentage
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applied in the scenarios was set at 60% of the total paved area. Guidance on porous
pavements is available at:
http://ctfpub.epa.gov/npdes/greeninfrastructure/technology.cfm#permpavements

e Cistern: Containers or vessels that are used to store runoff for future use.

Cisterns were modeled in cases where green roofs were not feasible or where it was
necessary to include additional storage volume to meet the goal of onsite rainfall runoff
capture. The sizes of cisterns would be calculated based on site-specific rainfall, site-
specific spatial and structural conditions, use opportunities and rates, and consideration of
cost per volume of storage. For simplicity, cistern volume was reported as a total
volume. This total volume could be subdivided into any number of cisterns to provide
the total necessary storage but should be based on the impervious area and runoff
quantities which will flow to the cistern. The most efficient cost per volume storage
would need to be considered on a site-by-site basis (see Appendix A).

e Green roof: Roof designed with light weight soil media and planted with vegetation.

Frequently, green rooftop area is limited by structural capacity. In addition, other rooftop
equipment may need to be accommodated in this space including HVAC systems and air
handlers. For this reason, and to provide a somewhat conservative rate of application, it
was assumed for these modeling analyses that up to 30% of a roof’s impervious area
could be converted into a green roof. Green roof area was assumed to have 1 inch of total
effective stormwater storage, i.e., a 2.5 inch media depth with 40% void space (see
Appendix A).

General Approach

Using site aerial photos, spatial analysis should be conducted to estimate the land cover types
and areas for each site. The surface conditions of each site can be digitized using geographic
information systems (GIS) techniques. Alternatively, computer-aided design (CAD) drawings
can be used to estimate the surface area of each land cover type. The schematic in Figure 10
illustrates the processes used for selecting and determining the overall size of stormwater
management practices for each site.
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Figure 10. Flow chart de?icting the process for determining control measures
using the 95 percentile, 24-hour, annual rainfall event.
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The following steps provide more detailed information on acquiring and calculating the
necessary data to complete the processes indicated in Figure 10. This methodology was used in
the scenario analyses that follow.

Collecting spatial data for a site

1.
2.

3.

4.

Collect an aerial orthophotograph for the desired site.

Digitize land use/land cover conditions using GIS techniques. If CAD drawings of the
site exist, they can be used to estimate land cover area (pervious, impervious).
Categorize the digitized or planned land use/land cover based on surface hydrologic
conditions, e.g., rooftop, pavement, and pervious/landscaped area.

Estimate the size of each land use/land cover category (by polygon).

Determining the 95™ percentile, 24-hr rainfall event

1.

2.
3.

Obtain a long-term 24-hr precipitation data set for the location of interest (i.e., from the
NCDC Web site or other source).

Import the data into a spreadsheet. In MS Excel [Data / Import External Data / Import Data]
Rearrange all of the daily precipitation records into one column if the original data set has
multiple columns of daily precipitation records.

Remove all flagged data points (i.e., erroneous data points) from the selected data set for
further analysis.

Remove small rainfall events (typically less than 0.1 inches) that may not contribute to
rainfall runoff. These small storms often produce little if any appreciable runoff from
most sites and for modeling purposes are typically considered as volume captured in
surface depression storage.

Calculate the 95™ percentile rainfall volume by applying the PERCENTILE spreadsheet
function to a range of data cells. The PERCENTILE function returns the n™ percentile
value in the specified precipitation data range. This function can be used to determine the

95™ percentile storm event that captures all but the largest 5% of storms. In MS Excel
[PERCENTILE(precipitation data range,95%)]

Estimating Current Runoff and Placing onsite control measures to capture the 95" percentile
rainfall event

1.
2.

Collect spatial data for a site, e.g., rooftop, pavement, and pervious areas as above.
Check soil type (USDA mapping, borings, or onsite testing) for the site to determine
infiltration parameters. For this modeling, many of the assumptions that pertain to
generalized soils groups and their infiltration properties come from the EPA Stormwater
Management Model (SWMM 4.x) manual (see Appendix A).

Determine the current runoff volume that would occur during a 24 hour period by
applying the 95™ percentile rainfall to the existing site conditions (land use and soil
properties) as above using a hydrologic model (such as TR-55 or SWMM). For this
analysis, it is assumed that the rainfall amount is distributed over a 24 hour period.
Actual rainfall event duration (and intensity) was not considered for determining rainfall
runoff (however, timing was considered when modeling infiltration).

Determine flow paths so that management practice placements are in locations where
flows can be intercepted and routed to practices. Because this is a site specific effort and
may require detailed topographic information or further surveys this would be a task to be
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completed onsite and therefore is not included as a part of the modeling scenario
exercise.

5. Select onsite control practices to capture the current 95™ percentile runoff event; base the
selection of appropriate options on site conditions, areas available for treatment options,
and other factors such as site use and other constraints.

Note: The steps above have been generalized for the purposes of this guidance. It is
recommended that a qualified professional engineer determine or verify that stormwater
management practices are sized, placed, and designed correctly. It should also be noted that the
methodology to determine rainfall amount used a 24 hour time period based on daily records.
Actual rainfall events may have occurred over shorter or longer time periods. Similarly, for
modeling purposes, the 24 hour rainfall amount was distributed to pervious and impervious areas
(and management practices) as a uniform event occurring during a 24-hour period. A large
dataset (greater than 50 years) was used to reasonably represent rainfall depth on a daily bases.

It stands to reason that more frequent, shorter duration precipitation events are better represented
than less frequent, longer duration precipitation events.

Scenarios

Eight locations were selected for the 9 case studies as shown in Figure 11 and Table 2. Case
study numbers 3 and 8 were both developed based on the Cincinnati, Ohio facility, although the
site parameters were altered to represent differing site conditions and design constraints. Annual
average rainfall depths for these locations range from 7.5 inches to 48.9 inches. Analyses of the
95™ percentile rainfall events for these locations produced rainfall depths that range from 1.00
inch to 1.77 inches (Table 2).
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Figure 11. Locations for Analyzing Onsite Control Measures.
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The government facilities in the 8 case study locations were selected because they represent
generic sites from the major climatic regions of the U.S. These facilities also were selected
because the sites have a range of site characteristics that can be used to illustrate different site
designs and stormwater management options, e.g., pervious, roof, and pavement areas (Table 3).
Site sizes ranged from 0.7 to 27 acres with percent site imperviousness area ranging from 47% to
95% of the site. Aerial photos of the sites are included along with site specific rainfall runoff
and soil results.

Table 2. Summary of Rainfall Data for the Seven Locations.

NCDC Daily Precipitation Data Rainfall Depth (inches)
No Location R — Coverage Annual 95'.ll percentile
average rainfall event
1 | Charleston, WV 1/1/1948 - 12/31/2006 (59 yrs) 99% 43.0 1.23
2 | Denver, CO 1/1/1948 - 12/31/2006 (59 yrs) 96% 15.2 1.07
3 | Cincinnati, OH 1/1/1948 - 12/31/2006 (59 yrs) 96% 36.5 1.45
4 | Portland, OR 1/1/1941 - 12/31/2006 (66 yrs) 98% 35.8 1.00
5 | Phoenix, AZ 1/1/1948 - 12/31/2006 (59 yrs) 99% 7.5 1.00
6 | Boston, MA 1/1/1920 - 12/31/2006 (87 yrs) 99% 41.9 1.52
7 | Atlanta, GA 1/1/1930 - 12/31/2006 (77 yrs) 100% 48.9 1.77
8 | Norfolk, VA 1/1/1957 - 12/31/2006 (50 yrs) 99% 45.4 1.68

The results of the spatial analyses were summarized and divided into three land cover categories;
rooftop, pavement, and pervious area, as shown in Table 3.

Table 3. Summary of Land-use Determinations of the Study Sites.

q Facility Spatial Info (acres) Site
No Location .
Rooftop Pavement Pervious Total Imperviousness

1 Charleston, WV 0.1 0.4 0.2 0.7 73%
2 | Denver, CO 0.5 1.9 2.0 4.5 55%
3 | Cincinnati, OH 1.6 8.0 9.4 19 51%
4 | Portland, OR 8.8 16.9 1.3 27 95%
5 | Phoenix, AZ 0.2 0.7 1.1 2 47%
6 | Boston, MA 0.9 1.5 1.1 3.5 69%
7 | Atlanta, GA 3.9 10.8 6.2 21 70%
8 | Norfolk, VA 0.9 0.55 0.15 1.6 91%

Methods for Determining Runoff Volume

Direct Determination of Runoff Volume

Runoff from each land cover was estimated using a simplified volumetric approach based on the
following equation:

Runoff = Rainfall — Depression Storage — Infiltration Loss

Again, this methodology does not consider routing of runoff; therefore slope is not considered
when calculating on a volumetric basis.
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Infiltration loss is calculated only in pervious areas (e.g., there is no infiltration in impervious
areas). In this analysis, infiltration was estimated using Horton’s equation:

Ft =fmin + (ﬁnax _fmin) e_kt

where, F;= infiltration rate at time ¢ (in/hr)

fmin = minimum or saturated infiltration rate (in/hr)

fmax = maximum or initial infiltration rate (in/hr)

k = infiltration rate decay factor (/hr) and

¢t = time (hr) measured from time runoff first discharged into infiltration area

Infiltration loss for the 24-hr rainfall duration was estimated by the following equation with
assumptions of a half hour A and uniform rainfall distribution in time:

Infiltration Loss =) (f-At)

To more accurately describe the dynamic process of infiltration associated with Horton’s
equation, infiltration loss was integrated over a 24-hour period using a half hour time step while
applying the maximum and minimum infiltration rates (in/hr) with time using the appropriate
soil decay factor. The results of this process are further illustrated in Appendix A.

Once runoff from each land cover was estimated, the total runoff from a site can be obtained
using an area-weighted calculation as shown below:

Runoffsite :{(Runofﬁoof XAroof)+(Run0ff;)avement XApavement)_"(RunOfﬁ)ervious ><Apervious)}’/Asite

Where Runoffsi. = total runoff from the site (inches); A = site area (acres); Runoffroor = runoff
from rooftop (inches); Ar.or = rooftop area (acres); Runoffpavement = runoff from pavement area
(inches); Apavement = pavement area (acres); Runoffpervious = runoff from pervious area (inches);
and Apervious = pervious area (acres).

An example demonstrating how to calculate runoff by applying the Direct Determination method
is presented below using the Charleston, WV (Scenario #1) site condition presented in Tables 2
and 3.

Runoffroot = 95" Rainfall — Depression Storage
=1.23-0.1 = 1.13 inches

Runoffpavement = 95" Rainfall — Depression Storage
=1.23-0.1 =1.13 inches

Runoffpervions = 95" Rainfall — Depression Storage — Infiltration Loss

=1.23-0.1 —9.73 = 0 inches (i.e., no runoff because the result is a
negative number)
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Runojj(site ={(Run0]7roof ><Aroof)"—(RunOffpavement XApavement)+(RunQ]7pervious ><Apervious)}/Asite
={(1.13 X0.10)+(1.13%0.41)+(0 x0.19)}/0.7 = 0.82 inches

Infiltration loss was estimated based on soil type B by applying the Horton equation as described
above. Because the volume removed from surface runoff through infiltration was substantial, no
runoff occurred from the pervious area.

In cases where sites had limited physical space available for stormwater management, a series of
practices was used (e.g., treatment train) to simulate the runoff and infiltrative behavior of the
system. For example, if there was inadequate area and infiltrative capacity to infiltrate 100
percent of the 95t percentile storm event within a bioretention system another onsite
management practice was selected to manage the runoff that could provide the necessary
capacity. In this manner, excess runoff was routed to another management practice in the series
of treatment cells where possible.

Two types of soils were considered for every site: hydrologic soil group B and C (except for
scenario 8 in which hydrologic soil group D was used). Group B soils typically have between 10
percent and 20 percent clay and 50 percent to 90 percent sand and either loamy sand or sandy
loam textures with some loam, silt loam, silt, or sandy clay loam soil textures placed in this
group if they are well aggregated, of low bulk density, or contain greater than 35 percent rock
fragments. Group C soils typically have between 20 percent and 40 percent clay and less than 50
percent sand and have loam, silt loam, sandy clay loam, clay loam, and silty clay loam soil
textures with some clay, silty clay, or sandy clay textures placed in this group if they are well
aggregated, of low bulk density, or contain greater than 35 percent rock fragments (USDA -
NRCS, 2007). The application of these hydrologic soil groups was intended to give reasonable
and somewhat conservative estimates of infiltration capacity.

General hydrologic parameters in this analysis were assumed as follows (see Appendix A for
citations of assumptions):

e Depression storage (or initial abstraction)

o Rooftop: 0.1 inches
o Pavement: 0.1 inches
o Pervious area: 0.2 inches

e Horton Infiltration parameters

o Hydrologic Soil Group B
=  Maximum infiltration rate: 5 in/hr
=  Minimum infiltration rate: 0.3 in/hr
= Decay factor: 2 /hr

o Hydrologic Soil Group C
=  Maximum infiltration rate: 3 in/hr
=  Minimum infiltration rate: 0.1 in/hr
= Decay factor: 3.5 /hr
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e Design storage assumptions of control measures

o Bioretention: up to 10 inches (but variable based on balancing necessary storage
volume, media depth for plant survivorship, and surface area limitations)

o Green roof: 1 inch (2.5 inches deep media with 40% void space)

o Porous pavement: 4 inches (10 inches deep media with 40% void space)

Other Methods for Estimating Runoff Volume

Runoff from a site after applying the 95t percentile storm can be estimated by using a number of
empirical, statistical, or mathematical methods. Several methods were considered in this
analysis. The Rational Method can be used to estimate peak discharge rates and the Modified
Rational Method can be used to develop a runoff hydrograph. The NRCS TR-55 model can be
used to predict runoff volume and peak discharge. TR-55 can also be used to develop a runoff
hydrograph. The EPA Stormwater Management Model (SWMM) can be used to simulate
rainfall-runoff, pollutant build-up and wash-off, transport-storage-treatment of stormwater flow
and pollutants, backwater effects, etc. for a wide range of temporal and spatial scales. The
SWMM model can be fit to model a small site with a distributed system. Hydrologic Simulation
Program — Fortran (HSPF, USDA) is a watershed and land use based lumped model that can be
used to compute the movement of water and pollutants when evaluating the effects of land use
change, reservoir operations, water quality control options, flow diversions, etc. In general,
regionally calibrated modeling parameters are incorporated into HSPF. QUALHYMO is a
complete hydrologic and water quality model, which can be used to factor in snowmelt or soil
moisture conditions or to simulate system behavior based on infiltration and ET, ground water
storage tracking, baseflow and deep volumetric losses, and other variables.

Many of the existing tools for analyzing distributed systems use some part or all of the principles
or formulae of the modeling approaches highlighted above. For example, the Emoryville
spreadsheet control measure model (Emoryville, CA) uses a runoff coefficient (i.e., Rational
Method) for analyzing lot-level to neighborhood-scale control measure sizing. The Green
Calculator (Center for Neighborhood Technologies) estimates the benefit of onsite GI/LID
options on a neighborhood-scale by applying the curve numbers (i.e., TR-55) and the Modified
Rational Method. The Northern Kentucky Spreadsheet Tool uses a TR-55 based approach for
control measure sizing on neighborhood or site level spatial scales. The WWHM (Western
Washington Hydrology Model) is a regionally calibrated HSPF model intended for use in sizing
stormwater detention and water quality facilities to meet the Washington State Department of
Ecology standards. WBM-QUALHYMO is a Canadian model used in conjunction with the
Water Balance Model (WBM). This model can be used to continuously simulate stormwater
storage routing, stream erosion, drainage area flow routing, and snowmelt runoff (and ultimately
freeze-thaw). Table 4 contains a summary of these different methods based on generic modeling
features.
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Table 4. Potential Methods for Analyzing Control Measures.

Rational Direct
Model Considerations Method TR-55 | SWMM | Determination | HSPF | QUALHYMO
Single Event Yes Yes Yes Yes Yes Yes
Temporal Continuous .
scale . . No No Yes Possible Yes Yes
Simulation
. Lot-level Yes Yes® Yes Yes No No
S:);:‘tll:l Neighborhood Yes Yes Yes Yes Possible Possible
Regional Yes Yes© Yes No Yes Yes
Pgak Yes Yes Yes No Yes Yes
Discharge
Outputs 53?1?11 Yes Yes Yes Yes Yes Yes
Hydrograph Yes® Yes Yes No Yes Yes
Water Quality No No Yes Possible Yes Yes

# Modified Rational Method
® No less than 1 acre.
“No more than 25 square miles (up to 10 subareas).

From the viewpoint of modeling both lot-level and neighborhood scale projects, the Rational
Method, NRCS TR-55, SWMM, and Direct Determination approaches were selected for use in
scenario analyses. Strength and weakness of these methods are presented below:

Table 5. Comparison of approaches for determining runoff volume.

Method Strengths ‘Weaknesses
e Methodology for runoff determination
is same as SWMM e Direct application of Horton’s method may

Direct e Models basic hydrologic processes estimate higher infiltration loss, especially at
Determination directly (explicit) the beginning of a storm

e Simple spreadsheet can be used @ Does not consider flow routing
Rational e Method is widely used e Cannot directly model storage-oriented onsite
Method e Simple to use and understand control measures

e May not be appropriate for estimating runoff

® Method is widel d .
TR-55 .e 0¢ 15 WIGely s from small storm events because depression
e Simple to use and understand .
storage is not well accounted for
® Method is widely used e Needs a number of site-specific modeling
SWMM e Can provide complete hydrologic and parameters
water quality process dynamics in ¢ Generally requires more extensive experience
stormwater analysis and modeling skills

Each method requires specific parameters for estimating runoff from a site. Runoff coefficients
for the Rational Method are assumed to be 0.9 for rooftop and pavement areas, and 0.1 and 0.135
for Group B and C soil pervious areas, respectively (Caltrans, 2003). The slope of the pervious
area was assumed to be an average of 2%. Applying these runoff coefficients for each surface,
the overall area-weighted runoff coefficient can be determined.
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When applying the NRCS TR-55 method, Curve Numbers (CNs) should be determined for each
drainage area. For rooftop and pavement areas the CN was assumed to be 98, and pervious area
CN was determined on the basis of the hydrologic soil group and the status of grass cover
condition. Curve numbers for pervious areas were assumed to be 61 and 74 for Group B and C
soils, respectively, with an assumption of over 75% grass cover. The overall CN can be
estimated by using an area-weighted calculation (USDA-SCS, 1986).

In SWMM modeling, infiltration was modeled using Horton’s equation. The same infiltration
parameters and depression storage values used in the direct determination method of runoff
treatment volume described earlier were applied to the SWMM analyses. The average slope of
the pervious area was again assumed to be 2%. The same uniform rainfall distribution and time
step was applied for the SWMM model runs.

Runoff Methodology Results

Stormwater management practice sizes (and depth) were determined using the Direct
Determination approach to capture the volume of runoff generated in a 95h percentile rainfall
event at each location. Total acreage, impervious area, the 95" percentile rainfall event, the
current expected runoff for the 95 percentile rainfall event, and the future runoff with
stormwater management controls were reported for each site. Results were summarized for the
two soil types (three soil types for scenarios #3 and #8 in Cincinnati). The spatial location of
onsite control measures was also illustrated in the site aerial photo figures. Note that site
practices were placed only on undeveloped or landscaped areas without regard for true flow
paths or technical feasibility. It may be preferred to place practices in existing impervious areas,
if possible. For the purposes of this modeling exercise, the least cost and most practical solutions
were used, i.e., locating bioretention systems on undeveloped or landscaped areas. On an actual
site, flow paths would be determined and berms and swales might be used to route runoff to
areas that are most suitable for infiltration. In other cases, areas that are currently impervious
could be modified to accept runoff, e.g., impermeable pavements removed and replaced by
permeable, sidewalks could be redesigned to include sidewalk bioretention cells and streets
could be designed with flow through or infiltration curb bumpouts/raingardens.

To compare other approaches of runoff estimation, alternate methodologies were also employed
for three scenarios. TR-55 was used for Scenario #1 (Atlanta), the Rational Method was applied
to Scenario #2 (Denver), and the SWMM was run for Scenario #7 (Charleston).

Although flood control is not the focus of this guidance, most localities have flood control
requirements that will need to be considered in designing control measures to comply with
Section 438. For flood control purposes, TR-55 was used to model the 10 year frequency design
storm for each site under the assumption that all stormwater management practices were in place.
The 10-year design storms were selected from the NRCS TR-55 Manual (USDA, 1986) for both
the Eastern U.S. and the Western U.S. Precipitation Frequency Maps
(www.wrcc.dri.edu/pepnfreq.html). The 10-year frequency design storm was selected because it
represents a common design standard used by state and local governments in order to manage
peak rates of runoff and prevent flooding.
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CoOST ESTIMATES FOR SELECTED SCENARIOS

Scenarios #2 and 7 include cost estimates comparing the capital costs for a design to comply
with Section 438 (retention of the 95™ percentile rainfall event) and capital costs for a traditional
stormwater management design (e.g., typical curb and gutter, off-site pond for stormwater
management). These costs are based on average unit costs to construct both traditional and
GI/LID controls.
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Scenario #1 - Charleston, WV

A 0.7-acre site with 73% impervious area was selected from Charleston, West Virginia (Figure
12). If the 95™ percentile rainfall event (1.23 inches) occurred on the existing site (i.e., with no
control measures), 0.82 inches of runoff using the Direct Determination method would be
generated and require management. The runoff from the 95" percentile rainfall event could be
retained by the installation of bioretention systems totaling 0.03 acres if hydrologic soil group B
is present, or 0.06 acres if hydrologic soil group C (Table 6) is the predominant soil type on the
site. Assuming that bioretention practices are placed in areas that are currently pervious or
landscaped, a total of 0.2 acres of pervious area would be available for the placement of
bioretention systems. The effective design storage depth within the designated bioretention area
was 8 inches.

Bio-retention

Figure 12. Actual Site and Onsite Control Measures (Charleston, WV)

Table 6. Estimated Sizes of Onsite Control Measures for Scenario #1 (Charleston, WV)

Total Area (acres) 0.7
Estimated Imperviousness (%) 73%
95™ percentile Rainfall Event (inches) 1.23
Expected Runoff for the 95™ Percentile Rainfall Event (inches) 0.82
Stormwater Management Area Required Hydrologic Soil Group
B C
Bioretention estimated by Direct Determination method (acres) 0.03 0.06
Bioretention estimated by SWMM (acres) 0.03 0.05
Off-site storage necessary to control the 10-yr With onsite controls 0.10 0.12
event of 3.9 inches (acre-ft) | Without onsite controls 0.16 0.17

Note: The two hydrologic methods used (direct determination and SWMM) estimated similar
bioretention sizes.
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Scenario #2 - Denver, CO

A 4.5-acre site with 55% impervious area was selected from Denver, Colorado (Figure 13). If
the 95™ percentile rainfall event (1.07 inches) occurred on the existing site (i.e., with no control
measures), 0.53 inches of runoff from the site would be generated and require management. The
runoff from the 95" percentile rainfall event could be retained by the installation of bioretention
systems totaling 0.16 acres if the hydrologic soil group B is present or 0.3 acres if hydrologic soil
group C (Table 7) is the predominant soil type on the site. Assuming that bioretention practices
are only placed in areas that are currently pervious or landscaped, a total of 2 acres of pervious
area is available for the placement of bioretention systems. The design storage depth of media
within the designated bioretention area was 6 inches.

L
e o it
P R— e s % L R |
S Facy e g T e T - 5
_‘."‘ e ~ - SRR [

T —

Figue 13. Actual Site an Onsite Control Measures (Denver, CO)

Table 7. Estimated Sizes of Onsite Control Measures for Scenario #2 (Denver, CO)

Total Area (acres) 4.5
Estimated Imperviousness (%) 55%
95™ Percentile Rainfall Event (inches) 1.07
Expected Runoff for the 95" Percentile Rainfall Event (inches) 0.53
Stormwater Management Area Required Hydrologic Soil Group
B C
Bioretention estimated by the Direct Determination method (acres) 0.16 0.3
Bioretention estimated by Rational Method (acres) 0.16 0.28
Off-site storage necessary to control the With onsite controls 0.35 0.52
10-yr event of 3.2 inches (acre-ft) | Without onsite controls 0.64 0.64
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Cost estimates were also developed for this scenario (Table 8) to compare the costs of installing
onsite control measures to retain the 95™ percentile rainfall event versus the costs to install
traditional stormwater management controls (e.g., curbs and gutters combined with off-site
retention such as extended detention wet ponds). In a GI/LID scenario, the bioretention cell
would occupy a specified area. This same area in a traditional design would be covered in turf
since the pond would typically be offsite and not occupy the area planted in turf. Table 8
includes this cost under the traditional column. Note: typical land development practices involve
mass clearing and grading so little or no pre-existing vegetation is typically retained. It is also
assumed that the use of GI/LID practices would require less underground infrastructure because
the traditional design typically routes stormwater underground to an off-site pond via pipes or
culverts while GI/LID practices are designed to manage runoff onsite and as close to its source as
possible. They are also dispersed across the site and routing occurs through surface drainage via
bioswales and overland flow. As a result GI/LID practices do not require as much or any hard or
grey infrastructure. The cost estimates were developed for Hydrologic Soil Group B.

Table 8. Estimated Costs for Scenario #2 (Denver, CO)

Sizes of Onsite Control Practices

Controls for 95" Percentile Event Traditional Stormwater Controls
Rainfall depth (in) 1.07
Bioretention (acres) 0.1
Paver blocks (acres) 0
Green roof (acres) 0
Off-site Pond | WQV (ac-ft) - 0.18
10-Yr Fld Cntr (ac-ft) 0.15 0.14
Total Off-Site Requirement (ac-ft) 0.15 0.32
Land Area (assumes avg 3 ft depth) 0.05 0.11
% of the site 2.8%
Costs of Onsite Control Practices
Biorention/alternative $32,495 $4,187
Off-site Pond | WQV (ac-ft) $14,833
10-Yr Fld Cntr (ac-ft) $10,073 $9,527
Infrastructure | Pipe $8.990 $16,982
Inlet $9.920 $14,880
Land Area (assumes $300K/acre) $14,500 $31,500
Sum $75,978 $91,909
% difference from Traditional -17.3%
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Scenario #3 - Cincinnati, OH

A 19-acre site with 51% impervious area was selected in Cincinnati, Ohio (Figure 14). If the
95h percentile rainfall event (1.45 inches) occurred on the existing site (i.e., no control measures
were in place), 0.68 inches of runoff from the site would be generated and require management.
The runoff from the 95™ percentile rainfall event could be retained by the installation of
bioretention systems totaling 0.8 acres if the hydrologic soil group B is present or 1.3 acres if
hydrologic soil group C (Table 9) is the predominant soil type on the site. Assuming that
bioretention practices are only placed in areas that are currently pervious or landscaped, a total of
9.4 acres of pervious area is available for the placement of bioretention systems. The design
storage depth of media within the designated bioretention area was 8 inches.
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Figure 14. Actual Sit and Onsite Control Measures (Cincinnati_, O)
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Table 9. Estimated Sizes of Onsite Control Measures for Scenario #3 (Cincinnati, OH)

Total Area (acres) 19
Estimated Imperviousness (%) 51%
95™ Percentile Rainfall Event (inches) 1.45
Expected Runoff for the 95" Percentile Rainfall Event (inches) 0.68
Stormwater Management Area Required Hydrologic Soil Group
B C
Bioretention estimated by the Direct Determination (acres) 0.8 1.3
Off-site storage necessary to control the 10-yr With onsite controls 2.42 3.24
event of 4.2 inches (acre-ft) | Without onsite controls 3.29 3.73
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Scenario #4 - Portland, OR

A 27-acre site with 95% impervious area was selected in Portland, Oregon (Figure 15). If the
95™ percentile rainfall event (1.0 inches) occurred on the existing site (i.e., no control measures),
0.86 inches of runoff would be generated and require management. This site has the greatest
imperviousness among the 7 sites.

Given these site conditions, there is not enough pervious area to manage the entire runoff volume
discharged by the 95t percentile rainfall event with bioretention. As a result, other practices
were evaluated and selected. The practices integrated into the design included a green roof,
cisterns, and porous pavement. Based on the technical considerations of constructing and
maintaining control measures at the site, it was assumed that approximately 30% of the available
pervious area could be converted into bioretention cells; 20% of total rooftop area could be
converted into green roofs; 40% of paved area could be converted into paver blocks; and 50,000
gallons of total volume could be captured in cisterns for use on this urbanized site. Using this
system of four different practices, all runoff for the 95" percentile rainfall event would be
retained (Table 10).

e
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Figure 15. Actual Site and Onsite Control Measures (Portland, OR)
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Table 10. Estimated Sizes of Onsite Control Measures for Scenario #4 (Portland, OR)
Total Area (acres) 27
Estimated Imperviousness (%) 95%
95™ percentile Rainfall Event (inches) 1.00
Expected Runoff for the 95" Percentile Rainfall Event (inches) 0.86
Stormwater Management Area Required Hydrologic Soil Group
B C
Paver block area estimated by Direct Determination (acres) 1.4 3.5%
Bioretention estimated by Direct Determination (acres) 0.4
Green Roof estimated by Direct Determination (acres) 1.7
Cistern volume estimated by Direct Determination (gallons) 50,000
Off-site storage necessary to control the 10-yr With onsite controls 5.37 5.62
event of 3.7 inches (acre-ft) | Without onsite controls 7.70 7.71

*The size of porous pavement area was increased because the other control options were maximized based on

A total of 1.3 acres of the site is pervious area or landscaped of which, 0.4 acres (30% of the
pervious area) could be converted to bioretention cells that have a storage depth of 10 inches. Of
the 8.8 acres of current rooftop area, 1.7 acres (20% of the rooftop area) could be retrofitted into
green roof areas. Of the 16.9 acres of paved area, 1.4 acres (8% of the paved area) for hydrologic
soil group B, or 3.5 acres (20% of the paved area) for hydrologic soil group C, of paver block
systems could be implemented. One or more cisterns (as indicated in Figure 15) could be used to

capture up to 50,000 gallons of runoff from rooftop areas. Note: The high percentage of

imperviousness of the site (95%) requires that all infiltration designs be based on resident soil

type and design volumes, or with adequate sub-bases or amended soils.
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Scenario #5 — Near Phoenix, AZ

A 2-acre site with 47% impervious area was selected near Phoenix, Arizona (Figure 16). If the
95™ percentile rainfall event (1.0 inches) occurred on the existing site (i.e., with no control
measures), 0.42 inches of runoff would be generated and require management. The runoff from
the 95™ percentile rainfall event could be retained by installing bioretention systems totaling 0.06
acres if the hydrologic soil group B is present or 0.1 acres if hydrologic soil group C (Table 11)
is the predominant soil type on the site. Assuming that bioretention practices are only placed in
areas that are currently pervious or landscaped, a total of 1.1 acres of pervious area is available
for the placement of these practices. The design storage depth of media within the designated
bioretention area was 6 inches. Note: If the design storage depth were increased to 10 inches,
the off-site storage necessary for the 10-year event could be reduced to 0.03 acre-ft for type B
soils and 0.08 acre-ft for type C soils.

e E e '”.- - > . & : Y.
Figure 16. Actual Site and Onsite Control Measures (Phoenix, AZ)

Table 11. Estimated Sizes of Onsite Control Measures for Scenario #5 (Phoenix, AZ)

Total Area (acres) 2
Estimated Imperviousness (%) 47%
95™ Percentile Rainfall Event (inches) 1.00
Expected Runoff for the 95™ Percentile Rainfall Event (inches) 0.42
Stormwater Management Area Required Hydrologic Soil Group
B C
Bioretention estimated by the Direct Determination (acres) 0.06 0.1
Oft-site storage necessary to control With onsite controls 0.05 0.12
the 10-yr event of 2.4 inches (acre-ft) | Without onsite controls 0.18 0.18
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Scenario #6 - Boston, MA

A 3.5-acre site with 69% impervious area was selected in Boston, Massachusetts (Figure 17). If
the 95" percentile rainfall event (1.52 inches) occurred on the existing site (i.e., with no control
measures), 0.98 inches of runoff would be generated and require management. Given these site
characteristics, there is adequate area to place appropriately sized bioretention cells to capture the
95h percentile storm event. However, for the purposes of this analysis, unspecified conditions
preclude the use of bioretention. As a result, a paver block system was selected as the best onsite
control measure and the system was designed such that the necessary design parameters could be
achieved by storing some of the volume in the paver media and by infiltrating the remainder of
the volume. The runoff from the 95" percentile rainfall event could be retained by installing a
paver block area totaling 0.4 and 0.8 acres assuming soil types B and C, respectively (Table 12).
For the purposes of this case study, a total of 1.5 acres of parking lot was made available to
accommodate the paver block system. The area retrofitted with paver blocks would primarily be

dedicated for use as parking stalls.

December 2009

Table 12. Estimated Sizes of Onsite Control Measures for Scenario #6 (Boston, MA)

Total Area (acres) 3.5
Estimated Imperviousness (%) 69%
95™ Percentile Rainfall Event (inches) 1.52
Expected Runoff for the 95" Percentile Rainfall Event (inches) 0.98
Stormwater Management Area Required Hydrologic Soil Group
B C
Paver block area estimated by Direct Determination (acres) 0.4 0.8
Off-site storage necessary to control With onsite controls 0.59 0.71
10-yr event of 4.5 inches (acre-ft) Without onsite controls 0.89 0.96
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Scenario #7 - Atlanta, GA

A 21-acre site with 70% impervious area was selected in Atlanta, Georgia (Figure 18). If the
95™ percentile rainfall event (1.77 inches) occurred on the existing site (i.e., with no control
measures), 1.17 inches of runoff would be generated and require management. The runoff from
the 95" percentile rainfall event could not be adequately retained solely with bioretention
systems. Based on the technical considerations of constructing and maintaining control
measures at the site, it was assumed that up to 15% of the pervious area could be converted into
bioretention cells and up to 40% of paved area could be converted into a paver block system. If
the stormwater management techniques used on the site includes both bioretention and paver
blocks as presented in Table 13, then all runoff for the 95t percentile rainfall event would be
controlled.

| Bio-retention  Porous Pavement [y (W& g
Figure 18. Actual Site and Onsite Control Measures (Atl

énté, GA

Table 13. Estimated Sizes of Onsite Control Measures for Scenario #7 (Atlanta, GA)

Total Area (acres) 21
Estimated Imperviousness (%) 70%
95™ Percentile Rainfall Event (inches) 1.77
Expected Runoff for the 95™ Percentile Rainfall Event (inches) 1.17
Stormwater Management Area Required Hydrologic Soil Group
B | C
Bioretention estimated by the Direct Determination (acres) 0.9
Paver block area estimated by the Direct Determination (acres) 0.9 32
Bioretention estimated by TR-55 0.8%* 0.9
Paver block area estimated by TR-55 0** 1.84
Off-site storage necessary to control With onsite controls 5.85 6.62
10-yr event of 6.0 inches (acre-ft) | Without onsite controls 7.25 8.49

*The size of porous pavement was increased because the bioretention already reached its
maximum size based on the site-specific design assumptions.

**Because TR-55 estimated smaller runoff in this scenario, bioretention can retain all of the 95
percentile runoff if the site has soil group B.
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For the example site in Atlanta, GA, areas of 1.8 acres for hydrologic soil group B, and 4.1 acres
for hydrologic soil group C, would be required to manage the runoff discharged from a 95t
percentile rainfall event. Assuming that bioretention practices are only placed in areas that are
currently pervious or landscaped, a total of 6.2 acres of pervious area is available for the
placement of bioretention systems. The design storage depth of media within the designated
bioretention area was 10 inches. Permeable pavement systems could be used to treat the
remaining volume on the 10.8 acres of existing paved area.

In applying the TR-55 model, the overall curve numbers for the site were 87 and 91 for Group B
and C soils, respectively. TR-55 was used to estimate 0.73 inches of runoff for soil group B and
0.97 inches for soil group C, which are smaller numbers than the 1.17 inches of runoff estimated
by the Direct Determination method. As a result, the sizes of the onsite control measures
designed using the TR-55 model were smaller than those designed using the Direct
Determination method. Note: It is recommended that caution be exercised when using TR-55 to
model storms less than 0.5 inches per event. See application of TR-55 in Table 5.

Cost estimates were also developed for this scenario (Table 14) to compare the costs to install
onsite control measures to retain the 95™ percentile rainfall event, and costs to install traditional
stormwater management controls (e.g., primarily curb and gutter with off-site retention). The
cost estimates were developed for Hydrologic Soil Group B.

Table 14. Estimated Costs for Scenario #7 (Atlanta, GA)

Sizes of Onsite Control Practices

Controls for 95" Percentile Event Traditional Stormwater Controls
Rainfall depth (in) 1.77
Bioretention (acres) 0.94
Paver blocks (acres) 0.86
Off-site Pond | WQV (ac-ft) - 1.75
10-Yr Fld Cntr (ac-ft) 0.84 0.0
Total Off-Site Requirement (ac-ft) 0.84 1.75
Land Area (assumes avg 3 ft depth) 0.28 0.58
% of the site 8.5%
Costs of Onsite Control Practices
Biorention/alternative $232,923 $30,617
Paver block/alternative $236,878 $88,409
Off-site Pond | WQV (ac-ft) $0 $72,888
10-Yr Fld Cntr (ac-ft) $39,648 $0
Infrastructure | Pipe $54,827 $191,095
Inlet $52,080 $79,360
Land Area (assumes $300K/acre) $84,000 $175,000
Sum $700,356 $637,368
% difference from Traditional 9.9%
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Scenario #8 - Cincinnati, OH

A 19-acre site with 51% impervious area was selected in Cincinnati, Ohio (Figure 19). If the
95 percentile rainfall event (1.45 inches) occurred on the existing site (i.e., with no control
measures), 0.68 inches of runoff would be generated and require management. The runoff from
the 95" percentile rainfall event could be retained by the installation of bioretention systems
totaling 0.8 acres if the hydrologic soil group B is present or 1.3 acres if hydrologic soil group C
(Table 9) is the predominant soil type on the site. Assuming that bioretention practices are only
placed in areas that are currently pervious or landscaped, a total of 9.4 acres of pervious area is
available for the placement of bioretention systems. The design storage depth of media within
the designated bioretention area was 8 inches.

Scenario #8 represents an alternative to the Cincinnati, scenario in #3 (Figure 14). In this case,
hydrologic soil group D was selected to represent the soil characteristics present for the entire
site. Alternatively, simulations could have been run under the assumption that the use of
infiltration practices were precluded by contaminated soils or high ground water tables. Under
these site conditions, bioretention options are severely limited and cannot be used to adequately
capture the entire 95" percentile storm event. As a result, options such as cisterns and green
roofs were considered. In the absence of management practices, the 95t percentile rainfall event
discharges 1.45 inches of stormwater and 0.53 inches of this runoff is captured by onsite
depression storage. The difference, 0.92 inches of runoff, would then require capture and
management. Based on the technical considerations of constructing and maintaining controls at
the site, it was assumed that up to 20% of pervious area can be converted into bioretention areas;
up to 30% of paved area can be converted into porous pavement; and up to 30% of the rooftop
area can be converted into green roofs. Cisterns can be added to the system if additional storage
volume is required. It should be noted that green roofs were selected lowest in the hierarchy of
practices evaluated because of cost and potential structural issues associated with design and
placement on existing buildings. By using the four onsite control options as presented in Table
15, all runoff for the 95" percentile rainfall event would be retained. From a management
perspective, it was assumed that the design storage depth within the designated bioretention area
was 6 inches because of the low infiltration rates adopted for this scenario.

49



Section 438 Technical Guidance December 2009

ﬂ Blo—retention g Green Roof F’oraus Pave ne

= e M
Flgure 19. Actual Slte and Onsite Control Measures (Clncmnatl OH)

Table 15. Estimated Sizes of Onsite Control Measures for Scenario #8 (Cincinnati, OH)

Total Area (acres) 19
Estimated Imperviousness (%) 51%
95™ Percentile Rainfall Event (inches) 1.45
Expected Runoff for the 95" Percentile Rainfall Event (inches) 0.92
Stormwater Management Applied Hydrologic Soil Group D
Bioretention estimated by Direct Determination (acres) 1.9
Paver block area estimated by Direct Determination (acres) 2.4
Green Roof estimated by Direct Determination (acres) 0.5
Cisterns estimated by Direct Determination (gallons) 13,000

This site contains a total of 9.4 acres of pervious area, 8.0 acres of paved area, and 1.6 acres of
rooftop area. If 1.9 acres (20%) of the pervious area were converted to bioretention cells; 2.4
acres (30%) of parking lot converted to paver blocks; and 0.5 acres (30%) of rooftop area were
retrofitted to green roof areas for this site, then 97% of stormwater runoff from the 95" percentile
storm would be captured on site. By also adding one or more cisterns (as indicated in Figure 19),
an additional 13,000 gallons could be captured, thus illustrating that 100% of the rainfall from
the 95™ percentile event can be managed onsite with GI/LID practices.
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Scenario #9 — Norfolk, VA

A 1.6 acre site with 91% impervious area was selected from Norfolk, Virginia. Table 16
contains the land use categories for the site. Figure 20 depicts the site and associated facilities.
Site specific factors based on an METF analysis allow management of 75 % of the 95 percentile
storm onsite (1.27 inches). The remaining portion of the 95™ percentile rainfall event (0.41
inches would be discharged off of the site.

Table 16. Land Use Determination After Redevelopment

Land Use Acres Site Coverage Percent
Building 0.90 56.3
Parking 0.35 21.9
Streets/Sidewalks 0.20 12.5
Undeveloped 0.15 9.3
Total 1.60 100%
SHEETS: SHEETS:
Ca101, CG101, CU1t — Ca102, CG102, CU102
L O —
R AR REES RRPARN RS sx\TTT"r1r-rrn

SHEETS:
C5103, CG103,
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. [ SHEETS:
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Figure 20. Proposed Redevelopment Scenario
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Figure 21. Location of Facility (Norfolk, VA)

Site conditions and intended uses limited the number of practices that were technically feasible
to use onsite to manage runoff. For example, the use of a green roof was not feasible because the
project includes the construction of an airplane hanger which lacks the structural strength to
support a green roof. Cisterns were also not included in the set of suitable practices based on the
analysis, which considered the number of people and amount of daily water use at the site, i.e.,
40 people x 3.5 toilet flushes per day would use only 280 gallons of runoff per day or 2,000
gallons per week. Stormwater use for HVAC make-up would also be negligible based on the
typical cooling system design. To put things in perspective, if the hanger rooftop covers the
entire building footprint, 41,000 gallons of runoff would be generated from a 1.68 inch rainfall.
Assuming a drawdown of 2,000 gallons per week based on toilet flushing, the users would only
use 5% of the 95™ percentile event. Because of the relatively large volume of water that would

need to be collected and used, cisterns were not considered a feasible option to manage a
significant volume of runoff at the site.

However, site conditions did allow for the use of both permeable pavement and bioretention
practices. Approximately 0.15 acres (6,500 sf) of the proposed site is undeveloped and available
for bioretention. Based on Department of Defense facility requirements, ten percent of the
parking area is designed with landscaping, usually around the perimeter and in landscaped
islands. If this ten percent were designed as bioretention cells, then 0.035 acres of bioretention
would be achieved. If bioretention cells were also placed in about 30% of the undeveloped area
of the project, then an additional 0.045 acres of bioretention could be implemented. Note: not all
undeveloped land was assumed to be available for bioretention because of conflicts with site
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utilities, security and anti-terrorism requirements and slopes that limited the use of infiltration
practices directly adjacent to the hanger.
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F'igure 22. Actual Site and Onsite Control Measures (Norfo

Table 17. Estimated Sizes of Onsite Control Measures for Scenario #9 (Norfolk, VA)

Total Area (acres) 1.6
Estimated Imperviousness (%) 91%
95™ Percentile Rainfall Event (inches) 1.68
Expected Runoff for the 95™ Percentile Rainfall Event (inches) 1.50
Stormwater Management Area Required Hydrologic Soil Group D
Porous Pavement estimated by Direct Determination method (acres) 0.21
Bioretention estimated by Direct Determination method (acres) 0.08

The bioretention cells were designed with an effective storage depth of 10 inches, which
included a depth from media surface to outlet of 10 inches. In this case study, state regulations
precluded the project from taking credit for the storage potential provided by the void space
within the bioretention cell media. Similarly, approximately 0.55 acres of the proposed site is
impervious due to parking lots, streets, and sidewalks. Due to manufacturer’s recommendations
that permeable pavement materials not be used in applications subject to heavy loads and
potential pollutant exposure the access roads and parking lot access isles were assumed to be
constructed from conventional impervious concrete or asphalt. Thus 60% of the parking area
(primarily parking stalls and sidewalks), which is about 38% of the entire paved area, is assumed
to be suitable for paver blocks. A high water table at the site limited the modeled net storage
depth under paver blocks placed in the parking areas and sidewalks to four inches. This storage
was calculated using the assumption that the pavement sub-base of 12 inches would have a
minimum void space of approximately 30%.
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COMPARISON OF THE RUNOFF ESTIMATION METHODS

As illustrated in each of the case studies above, runoff of the 95" percentile storm was estimated
in order to size onsite control measures. These estimates were produced by applying four
different methods: the Direct Determination method, the Rational Method, the NRCS TR-55, and
the EPA SWMM. The results comparing each of these methods for scenarios 1-7 are presented
in Table 18.

Table 18. Comparison of the estimated runoff (unit: inches)

Direct
Method Determination | Rational Method TR-55 SWMM
Soil Groups B C B C B C B C
1 | Charleston, WV 0.82 0.82 0.83 0.84 0.36 0.53 0.82 0.83
2 | Denver, CO 0.53 0.53 0.57 0.59 0.12 0.26 0.53 0.53
3 | Cincinnati, OH 0.68 0.68 0.73 0.76 0.26 0.46
4 | Portland, OR 0.86 0.86 0.86 0.86 0.63 0.71
5 | Phoenix, AZ 0.42 0.42 0.46 0.48 0.06 0.17
6 | Boston, MA 0.98 0.98 0.99 1.00 0.51 0.70
7 | Atlanta, GA 1.17 1.17 1.17 1.19 0.73 0.97 1.19 1.23

As shown in the above table, the estimated runoff results from direct determination, the Rational
Method, and SWMM are relatively similar. Runoff volumes using TR-55 are lower than the
other estimates. SWMM modeling results using NRCS 24-hour rainfall distributions were nearly
identical to the results based on uniform distribution.

Table 19. Applicability of the methods for analyzing onsite control measures

Direct
Purpose Determination | Rational Method TR-55* SWMM
Planning Tool Applicable Applicable Applicable Applicable
Preliminary Design Applicable Applicable Applicable Applicable
Detailed Design Not applicable Not applicable | Not applicable | Applicable
Actual Assessment (Long-term) Not applicable Not applicable | Not applicable | Applicable
Water Quality Not applicable Not applicable | Not applicable | Applicable

*Use with caution when applying this method for small storms

CONCLUSIONS

Although sites varied in terms of climate and soil conditions, in most of the scenarios selected,
the 95" percentile storm event could be managed onsite with GI/LID systems. There are other
infiltration, evapotranspiration and capture and use stormwater management options available

than those used in these analyses. These options provide site managers additional flexibility to
choose appropriate systems and practices to manage site runoff.
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APPENDIX A: Runoff Methodology Parameter Assumptions
Runoff from each land cover was estimated by the following equation:
Runoff = Rainfall — Depression Storage — Infiltration Loss (1)

Depression Storage
Reference depression storage (inches)

Reference Impervious Pervious
1 0.05-0.1 0.1-0.3
2 0.01-0.11 0.02-0.6
3 0.1 0.2

1. ASCE, (1992). Design & Construction of Urban Stormwater Management Systems. New York, NY.

2. Marsaleck, J., Jimenez-Cisreros, B., Karamouz, M., Malmquist, P-R., Goldenfum, J., and Chocat, B.
(2007). Urban Water Cycle Processes and Interactions. Urban Water Series, UNESCO-IHP, Tyler &
Francis.

3. Walesh, S. G. (1989).Urban Surface Water Management. John Wiley & Sons, Inc.

Based on the above reference data, depression storage (or initial abstraction, the rainfall required
for the initiation of runoff) to the direct determination method was assumed as follows:

e Rooftop: 0.1 inches

e Pavement: 0.1 inches

e Pervious area: 0.2 inches

Infiltration
Infiltration loss occurs only in pervious areas. In this analysis, infiltration was estimated by
Horton’s equation:

Ft =fmin + (ﬁnax _fmin) e_kt (2)

where, F; = infiltration rate at time ¢ (in/hr),

Jfmin = minimum or saturated infiltration rate (in/hr),

fmax = maximum or initial infiltration rate (in/hr),

k = infiltration rate decay factor (/hr), and

¢t = time (hr) measured from time runoff first discharged into infiltration area

Reference infiltration parameters
Maximum infiltration rate (in.hr), fyax

Infiltration Partially dried out with Dry soils with
(in/hr) No vegetation | Dense vegetation | No vegetation | Dense vegetation
Sandy 2.5 5 5 10
Loam 1.5 3 3 6
Clay 05 1 1 2

Reference: Huber, W. C. and Dickinson, R. (1988). Storm Water Management Model User’s Manual,
Version 4. EPA/600/3-88/001a (NTIS PB88-236641/AS), U.S. Environmental Protection Agency,
Athens, GA.
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Minimum infiltration rate (in/hr), f.,

Hydrologic
Soil Group | Infiltration (in/hr)
A 0.45-0.30
B 0.30-0.15
C 0.15-0.05
D 0.05-0

A: well drained sandy; D: poorly drained clay

Reference: Huber, W. C. and Dickinson, R. (1988). Storm Water Management Model User’s Manual,
Version 4. EPA/600/3-88/001a (NTIS PB88-236641/AS), U.S. Environmental Protection Agency,
Athens, GA.

Decay coefficient, k

Soils k (sec”) k (hr")
Sandy 0.00056 2
@ 0.00083 3
0.00115 4
Clay 0.00139 5

Reference: Huber, W. C. and Dickinson, R. (1988). Storm Water Management Model User’s Manual,
Version 4. EPA/600/3-88/001a (NTIS PB88-236641/AS), U.S. Environmental Protection Agency,
Athens, GA.

Based on the above reference data, infiltration parameters to the direct determination method
were assumed as follows:
e Hydrologic Soil Group B
=  Maximum infiltration rate: 5 in/hr
=  Minimum infiltration rate: 0.3 in/hr
= Decay factor: 2 /hr
e Hydrologic Soil Group C
=  Maximum infiltration rate: 3 in/hr
=  Minimum infiltration rate: 0.1 in/hr
= Decay factor: 3.5 /hr
e Hydrologic Soil Group D
=  Maximum infiltration rate: 1 in/hr
=  Minimum infiltration rate: 0.02 in/hr
= Decay factor: 5 /hr

Infiltration loss for the 24-hr rainfall duration was estimated by the following equations with
assumptions of a half hour A#:

Infiltration Loss at the n™ time-step = (f-At) = {(f, +1,)/2) At} 3)
Integrated Infiltration Loss for 24 hours =Y, (f -At) 4)
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Integrating infiltration loss during 24 hours with a half hour At

December 2009

time- t (hr) Infiltration rate (in/hr) ® Infiltration volume (inches) "

step Soil B Soil C Soil D Soil B Soil C Soil D
0 0 5 3 1 0 0 0
1 0.5 2.03 0.60 0.100 1.757 0.901 0.275
2 1 0.94 0.19 0.027 0.741 0.198 0.032
3 1.5 0.53 0.12 0.021 0.368 0.076 0.012
4 2 0.39 0.10 0.02 0.230 0.054 0.01
5 25 0.33 0.1 0.02 0.179 0.05 0.01
6 3 0.31 0.1 0.02 0.161 0.05 0.01
7 83 0.30 0.1 0.02 0.154 0.05 0.01
8 4 0.3 0.1 0.02 0.15 0.05 0.01
9 4.5 0.3 0.1 0.02 0.15 0.05 0.01
10 5 0.3 0.1 0.02 0.15 0.05 0.01
11 5.5 0.3 0.1 0.02 0.15 0.05 0.01
12 6 0.3 0.1 0.02 0.15 0.05 0.01
13 6.5 0.3 0.1 0.02 0.15 0.05 0.01
14 7 0.3 0.1 0.02 0.15 0.05 0.01
15 7.5 0.3 0.1 0.02 0.15 0.05 0.01
16 8 0.3 0.1 0.02 0.15 0.05 0.01
17 8.5 0.3 0.1 0.02 0.15 0.05 0.01
18 9 0.3 0.1 0.02 0.15 0.05 0.01
19 9.5 0.3 0.1 0.02 0.15 0.05 0.01
20 10 0.3 0.1 0.02 0.15 0.05 0.01
21 10.5 0.3 0.1 0.02 0.15 0.05 0.01
22 11 0.3 0.1 0.02 0.15 0.05 0.01
23 11.5 0.3 0.1 0.02 0.15 0.05 0.01
24 12 0.3 0.1 0.02 0.15 0.05 0.01
25 12.5 0.3 0.1 0.02 0.15 0.05 0.01
26 13 0.3 0.1 0.02 0.15 0.05 0.01
27 13.5 0.3 0.1 0.02 0.15 0.05 0.01
28 14 0.3 0.1 0.02 0.15 0.05 0.01
29 14.5 0.3 0.1 0.02 0.15 0.05 0.01
30 15 0.3 0.1 0.02 0.15 0.05 0.01
31 15.5 0.3 0.1 0.02 0.15 0.05 0.01
32 16 0.3 0.1 0.02 0.15 0.05 0.01
33 16.5 0.3 0.1 0.02 0.15 0.05 0.01
34 17 0.3 0.1 0.02 0.15 0.05 0.01
35 17.5 0.3 0.1 0.02 0.15 0.05 0.01
36 18 0.3 0.1 0.02 0.15 0.05 0.01
37 18.5 0.3 0.1 0.02 0.15 0.05 0.01
38 19 0.3 0.1 0.02 0.15 0.05 0.01
39 19.5 0.3 0.1 0.02 0.15 0.05 0.01
40 20 0.3 0.1 0.02 0.15 0.05 0.01
41 20.5 0.3 0.1 0.02 0.15 0.05 0.01
42 21 0.3 0.1 0.02 0.15 0.05 0.01
43 215 0.3 0.1 0.02 0.15 0.05 0.01
44 22 0.3 0.1 0.02 0.15 0.05 0.01
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45 225 0.3 0.1 0.02 0.15 0.05 0.01
46 23 0.3 0.1 0.02 0.15 0.05 0.01
47 23.5 0.3 0.1 0.02 0.15 0.05 0.01
48 24 0.3 0.1 0.02 0.15 0.05 0.01
Sum: Infiltration loss during 24 hours ° 9.743 3.430 0.769

* Calculated infiltration rate at each time by Equation (2)
® Calculated infiltration volume from the previous time to the current time by Equation (3)
¢ Integrated infiltration volume for 24 hours with a half hour Az by Equation (4)

Based on the above calculation, 24-hr infiltration losses for pervious areas and bioretention areas
were modeled as follows:

e Soil Group B: 9.743 inches

e Soil Group C: 4.430 inches

e Soil Group D: 0.769 inches

Infiltrations of underlying soils at paver blocks were modeled conservatively by applying the
minimum infiltration rate for each soil type (Infiltration loss = fnin - 24) because the soils under
the paver blocks may require or be subjected to some compaction for engineering stability. The
estimated infiltration losses for each soil are presented below:

e Soil Group B: (0.3 in/hr) - (24 hrs) = 7.2 inches

e Soil Group C: (0.1 in/hr) - (24 hrs) = 2.4 inches

e Soil Group D: (0.02 in/hr) - (24 hrs) = 0.48 inches

Design Storage of Management Practices

Bioretention

Reference Ponding Mulch Soil Soil Media Underdrain
(inches)1 (inches) | media (ft) Porosity
2-4 o bioretention systems utilize infiltration
! up to 12 (optional) 1-15 about40% | iher than an underdrain
) ) ) o recommended, especially if initial
2 6-12 | 2-3 | 25-4 | about40% | eiing infiltration rate < 0.52 in/hr
3 6-12 2-4
4 2-3 1.5-4 if necessary
5 up to 6 1.5-2 30 - 40% Optional
as .
6 6-18 needed 2-4 if necessary

1. State of New Jersey. (2004). New Jersey Stormwater Best Management Practices Manual
www.nj.gov/dep/stormwater/tier A/pdf/NJ SWBMP_9.1 print.pdf.

2. Maryland Department of the Environment (MDE), (2000). 2000 Maryland Stormwater Design Manual,
Volumes I & II, prepared by the Center for Watershed Protection and the Maryland Department of the
Environment, Water Management Administration, Baltimore, MD.
www.mde.state.md.us/Programs/WaterPrograms/SedimentandStormwater/stormwater design/index.asp.

' Ponding is a measure of retention capacity
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3. Clar, M. L. and R. Green, (1993). Design Manual for Use of Bioretention in Storm Water Management,
prepared for the Department of Environmental Resources, Watershed Protection Branch, Prince
George's County, MD, prepared by Engineering Technologies Associates, Inc. Ellicott City, MD, and
Biohabitats, Inc., Towson, MD.

4. U.S. Environmental Protection Agency. (1999). Storm Water Technology Fact Sheet: Bioretention.
EPA 832-F-99-012. Office of Water. US Environmental Protection Agency. Washington, D.C.
www.epa.gov/owm/mtb/biortn.pdf.

5. Prince George's County. Bioretention Design Specifications and Criteria. Prince George's County,
Maryland.
www.co.pg.md.us/Government/Agencylndex/DER/ESG/Bioretention/pdf/bioretention_design manual
pdf.

6. City of Indianapolis. (2008). Indianapolis Stormwater Design Manual.
www.sustainindy.org/assets/uploads/4 05_Bioretention.pdf.

Paver Blocks

Reference | Media (inches) | Void Space
1 12 or more 40%
2 9 or more 40%
3 12-36 40%

1. Univ. of California at Davis. (2008). Low Impact Development Techniques: Pervious Pavement.
http://extension.ucdavis.edu/unit/center for water and land use/pervious pavement.asp.

2. AMEC Earth and Environmental, Center for Watershed Protection, Debo and Associates, Jordan Jones
and Goulding, and Atlanta Regional Commission. (2001). Georgia Stormwater Management Manual
Volume 2: Technical Handbook www.georgiastormwater.com/.

3. Subsurface Infiltration Bed. www.tredyffrin.org/pdf/publicworks/CH2 - BMP4 Infiltration Bed.pdf.

Green Roofs

Reference | Media (inches)
1 3-4
2 1-6
3 2-6

1. Charlie Miller. (2008). Extensive Green Roofs. Whole Building Design Guide (WBDG).
www.wbdg.org/resources/greenroofs.php.

2. Great Lakes WATER Institute. Green Roof Project: Green Roof Installation.
www.glwi.uwm.edu/research/genomics/ecoli/greenroof/roofinstall.php.

3. Paladino & Company. (2004). Green Roof Feasibility Review. King County Office Project.

http://your.kingcounty.gov/solidwaste/greenbuilding/documents/KCGreenRoofStudy_Final.pdf.

Based on the above reference data, design storages to the direct determination method were
assumed as follows:

¢ Bioretention: up to 10 inches (depending on practice used, site conditions, etc.)

e Green roof: 1 inch (2.5 inches deep media with 40% void space)

e Porous pavement: 4 inches (10 inches deep media with 40% void space)

Factors that influence total storage available include, ponding depth, available media void space,
and supplemental storage if the system is designed with gravel or open pipes underneath the
media.
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FOREWORD

One of the most exciting new trends in water quality management today is the movement
by many cities, counties, states, and private-sector developers toward the increased use of
Low Impact Development (LID) to help protect and restore water quality. LID comprises
a set of approaches and practices that are designed to reduce runoff of water and
pollutants from the site at which they are generated. By means of infiltration,
evapotranspiration, and reuse of rainwater, LID techniques manage water and water
pollutants at the source and thereby prevent or reduce the impact of development on
rivers, streams, lakes, coastal waters, and ground water.

Although the increase in application of these practices is growing rapidly, data regarding
both the effectiveness of these practices and their costs remain limited. This document is
focused on the latter issue, and the news is good. In the vast majority of cases, the U.S.
Environmental Protection Agency (EPA) has found that implementing well-chosen LID
practices saves money for developers, property owners, and communities while
protecting and restoring water quality.

While this study focuses on the cost reductions and cost savings that are achievable
through the use of LID practices, it is also the case that communities can experience
many amenities and associated economic benefits that go beyond cost savings. These
include enhanced property values, improved habitat, aesthetic amenities, and improved
quality of life. This study does not monetize and consider these values in performing the
cost calculations, but these economic benefits are real and significant. For that reason,
EPA has included a discussion of these economic benefits in this document and provided
references for interested readers to learn more about them.

Readers interested in increasing their knowledge about LID and Green Infrastructure,
which encompasses LID along with other aspects of green development, should see
www.epa.gov/npdes/greeninfrastructure and www.epa.gov/nps/lid. It is EPA’s hope that
as professionals and citizens continue to become more knowledgeable about the
effectiveness and costs of LID, the use of LID practices will continue to increase at a
rapid pace.




EXECUTIVE SUMMARY

This report summarizes 17 case studies of developments that include Low Impact Development
(LID) practices and concludes that applying LID techniques can reduce project costs and improve
environmental performance. In most cases, LID practices were shown to be both fiscally and
environmentally beneficial to communities. In a few cases, LID project costs were higher than
those for conventional stormwater management practices. However, in the vast majority of cases,
significant savings were realized due to reduced costs for site grading and preparation,
stormwater infrastructure, site paving, and landscaping. Total capital cost savings ranged from 15
to 80 percent when LID methods were used, with a few exceptions in which LID project costs
were higher than conventional stormwater management costs.

EPA has identified several additional areas that will require further study. First, in all cases, there
were benefits that this study did not monetize and did not factor into the project’s bottom line.
These benefits include improved aesthetics, expanded recreational opportunities, increased
property values due to the desirability of the lots and their proximity to open space, increased
total number of units developed, increased marketing potential, and faster sales. Second, more
research is also needed to quantify the environmental benefits that can be achieved through the
use of LID techniques and the costs that can be avoided. Examples of environmental benefits
include reduced runoff volumes and pollutant loadings to downstream waters, and reduced
incidences of combined sewer overflows. Finally, more research is needed to monetize the cost
reductions that can be achieved through improved environmental performance, reductions in
long-term operation and maintenance costs, and/or reductions in the life cycle costs of replacing
or rehabilitating infrastructure.




INTRODUCTION

BACKGROUND

Most stormwater runoff is the result of the man-made hydrologic modifications that
normally accompany development. The addition of impervious surfaces, soil
compaction, and tree and vegetation removal result in alterations to the movement of
water through the environment. As interception, evapotranspiration, and infiltration are
reduced and precipitation is converted to overland flow, these modifications affect not
only the characteristics of the developed site but also the watershed in which the
development is located. Stormwater has been identified as one of the leading sources of
pollution for all waterbody types in the United States. Furthermore, the impacts of
stormwater pollution are not static; they usually increase with more development and
urbanization.

Extensive development in the United States is a relatively recent phenomenon. For the
past two decades, the rate of land development across the country has been twice the rate
of population growth. Approximately 25 million acres were developed between 1982 and
1997, resulting in a 34 percent increase in the amount of developed land with only a 15
percent increase in population.*? The 25 million acres developed during this 15-year
period represent nearly 25 percent of the total amount of developed land in the
contiguous states. The U.S. population is expected to increase by 22 percent from 2000 to
2025. If recent development trends continue, an additional 68 million acres of land will
be developed during this 25-year period.®

Water quality protection strategies are often implemented at three scales: the region or
large watershed area, the community or neighborhood, and the site or block. Different
stormwater approaches are used at different scales to afford the greatest degree of
protection to waterbodies because the influences of pollution are often found at all three
scales. For example, decisions about where and how to grow are the first and perhaps
most important decisions related to water quality. Growth and development can give a
community the resources needed to revitalize a downtown, refurbish a main street, build
new schools, and develop vibrant places to live, work, shop, and play. The environmental
impacts of development, however, can pose challenges for communities striving to
protect their natural resources. Development that uses land efficiently and protects
undisturbed natural lands allows a community to grow and still protect its water
resources.

Strategies related to these broad growth and development issues are often implemented at
the regional or watershed scale. Once municipalities have determined where to grow and
where to preserve, various stormwater management techniques are applied at the
neighborhood or community level. These measures, such as road width requirements,
often transcend specific development sites and can be applied throughout a
neighborhood. Finally, site-specific stormwater strategies, such as rain gardens and
infiltration areas, are incorporated within a particular development. Of course, some
stormwater management strategies can be applied at several scales. For example,
opportunities to maximize infiltration can occur at the neighborhood and site levels.




Many smart growth approaches can decrease the overall amount of impervious cover
associated with a development’s footprint. These approaches include directing
development to already degraded land; using narrower roads; designing smaller parking
lots; integrating retail, commercial, and residential uses; and designing more compact
residential lots. These development approaches, combined with other techniques aimed at
reducing the impact of development, can offer communities superior stormwater
management.

Stormwater management programs have struggled to provide adequate abatement and
treatment of stormwater at the current levels of development. Future development will
create even greater challenges for maintaining and improving water quality in the
nation’s waterbodies. The past few decades of stormwater management have resulted in
the current convention of control-and-treatment strategies. They are largely engineered,
end-of-pipe practices that have been focused on controlling peak flow rate and suspended
solids concentrations. Conventional practices, however, fail to address the widespread
and cumulative hydrologic modifications within the watershed that increase stormwater
volumes and runoff rates and cause excessive erosion and stream channel degradation.
Existing practices also fail to adequately treat for other pollutants of concern, such as
nutrients, pathogens, and metals.

Low IMPACT DEVELOPMENT

Low Impact Development (LID)* is a stormwater management strategy that has been
adopted in many localities across the country in the past several years. It is a stormwater
management approach and set of practices that can be used to reduce runoff and pollutant
loadings by managing the runoff as close to its source(s) as possible. A set or system of
small-scale practices, linked together on the site, is often used. LID approaches can be
used to reduce the impacts of development and redevelopment activities on water
resources. In the case of new development, LID is typically used to achieve or pursue the
goal of maintaining or closely replicating the predevelopment hydrology of the site. In
areas where development has already occurred, LID can be used as a retrofit practice to
reduce runoff volumes, pollutant loadings, and the overall impacts of existing
development on the affected receiving waters.

In general, implementing integrated LID practices can result in enhanced environmental
performance while at the same time reducing development costs when compared to
traditional stormwater management approaches. LID techniques promote the use of
natural systems, which can effectively remove nutrients, pathogens, and metals from
stormwater. Cost savings are typically seen in reduced infrastructure because the total
volume of runoff to be managed is minimized through infiltration and evapotranspiration.
By working to mimic the natural water cycle, LID practices protect downstream
resources from adverse pollutant and hydrologic impacts that can degrade stream
channels and harm aquatic life.

It is important to note that typical, real-world LID designs usually incorporate more than
one type of practice or technique to provide integrated treatment of runoff from a site. For
example, in lieu of a treatment pond serving a new subdivision, planners might
incorporate a bioretention area in each yard, disconnect downspouts from driveway
surfaces, remove curbs, and install grassed swales in common areas. Integrating small




practices throughout a site instead of using extended detention wet ponds to control
runoff from a subdivision is the basis of the LID approach.

When conducting cost analyses of these practices, examples of projects where actual
practice-by-practice costs were considered separately were found to be rare because
material and labor costs are typically calculated for an entire site rather than for each
element within a larger system. Similarly, it is difficult to calculate the economic benefits
of individual LID practices on the basis of their effectiveness in reducing runoff volume
and rates or in treating pollutants targeted for best management practice (BMP)
performance monitoring.

The following is a summary of the different categories of LID practices, including a brief
description and examples of each type of practice.

Conservation designs can be used to minimize the :
generation of runoff by preserving open space. Such g’éiim?]'es of Conservation
designs can reduce the amount of impervious surface, i gt o .
which can cause increased runoff volumes. Open * luster development
space can also be used to treat the increased runoff * Open space preservation
from the built environment through infiltration or y ?Si?e“eigds?g:\?vg‘lig T
evapotranspiration. For example, developers can use o d’d _
conservation designs to preserve important features * Shareg driveways
on the site such as wetland and riparian areas, 0 [RERIIEER! SR 5 (ST

. driveways)
forested tracts, and areas of porous soils. o - .
Devel t ol that outline th lest sit o Site fingerprinting during

evelopment plans that outline the smallest site —onstruction

disturbance area can minimize the stripping of topsoil

and compaction of subsoil that result from grading

and equipment use. By preserving natural areas and

not clearing and grading the entire site for housing lots, less total runoff is generated on
the development parcel. Such simplistic, nonstructural methods can reduce the need to
build large structural runoff controls like retention ponds and stormwater conveyance
systems and thereby decrease the overall infrastructure costs of the project. Reducing the
total area of impervious surface by limiting road widths, parking area, and sidewalks can
also reduce the volume of runoff that must be treated. Residential developments that
incorporate conservation design principles also can benefit residents and their quality of
life due to increased access and proximity to communal open space, a greater sense of
community, and expanded recreational opportunities.

Infiltration practices are engineered structures or

landscape features designed to capture and infiltrate Examples of Infiltration
runoff. They can be used to reduce both the volume Practices

of runoff discharged from the site and the « Infiltration basins and trenches
infrastructure needed to convey, treat, or control « Porous pavement

runoff. Infiltration practices can also be used to « Disconnected downspouts
recharge ground water. This benefit is especially « Rain gardens and other
important in areas where maintaining drinking water vegetated treatment systems

supplies and stream baseflow is of special concern

because of limited precipitation or a high ratio of

withdrawal to recharge rates. Infiltration of runoff can also help to maintain stream
temperatures because the infiltrated water that moves laterally to replenish stream
baseflow typically has a lower temperature than overland flows, which might be subject




to solar radiation. Another advantage of infiltration practices is that they can be integrated
into landscape features in a site-dispersed manner. This feature can result in aesthetic
benefits and, in some cases, recreational opportunities; for example, some infiltration
areas can be used as playing fields during dry periods.

Runoff storage practices. Impervious surfaces are a
central part of the built environment, but runoff from
such surfaces can be captured and stored for reuse or

Examples of Runoff Storage
Practices

o Parking lot, street, and sidewalk

gradually infiltrated, evaporated, or used to irrigate storage

plants. Using runoff storage practices has several « Rainlbarrels and cisterns
benefits. They can reduce the volume of runoff « Depressional storage in
discharged to surface waters, lower the peak flow landscape islands and in tree,
hydrograph to protect streams from the erosive forces shrub, or turf depressions

of high flows, irrigate landscaping, and provide « Green roofs

aesthetic benefits such as landscape islands, tree
boxes, and rain gardens. Designers can take
advantage of the void space beneath paved areas like parking lots and sidewalks to
provide additional storage. For example, underground vaults can be used to store runoff
in both urban and rural areas.

Runoff conveyance practices. Large storm events
can make it difficult to retain all the runoff generated Examples of Runoff
on-site by using infiltration and storage practices. In Conveyance Practices
these situations, conveyance systems are typically O BT AEIETE TS elife) gD
used to route excess runoff through and off the site. » Creating grassed swales and
In LID designs, conveyance systems can be used to grass"'n?d channels

slow flow velocities, lengthen the runoff time of * Roughening surfaces
concentration, and delay peak flows that are . %fg;'cgg ég”a%;;‘;"" [ O
discharged off-site. LID conveyance practices can be . Installinp A
used as an alternative to curb-and-gutter systems, and pipes, ar?d inlets ’
from a water quality perspective they have _ o EreTig EEEs e s
advantages over conventional approaches designed to THTS

rapidly convey runoff off-site and alleviate on-site

flooding. LID conveyance practices often have rough

surfaces, which slow runoff and increase evaporation and settling of solids. They are
typically permeable and vegetated, which promotes infiltration, filtration, and some
biological uptake of pollutants. LID conveyance practices also can perform functions
similar to those of conventional curbs, channels, and gutters. For example, they can be
used to reduce flooding around structures by routing runoff to landscaped areas for
treatment, infiltration, and evapotranspiration.




Filtration practices are used to treat runoff by
filtering it through media that are designed to
capture pollutants through the processes of physical
filtration of solids and/or cation exchange of
dissolved pollutants. Filtration practices offer many
of the same benefits as infiltration, such as
reductions in the volume of runoff transported off-
site, ground water recharge, increased stream

Examples of Filtration
Practices

o Bioretention/rain gardens
o Vegetated swales
o Vegetated filter strips/buffers

baseflow, and reductions in thermal impacts to receiving waters. Filtration practices also
have the added advantage of providing increased pollutant removal benefits. Although

pollutant build-up and removal may be of concern, pollutants are typically captured in the

upper soil horizon and can be removed by replacing the topsoil.

Low impact landscaping. Selection and distribution
of plants must be carefully planned when designing a
functional landscape. Aesthetics are a primary

concern, but it is also important to consider long-term

maintenance goals to reduce inputs of labor, water,
and chemicals. Properly preparing soils and selecting
species adapted to the microclimates of a site greatly
increases the success of plant establishment and
growth, thereby stabilizing soils and allowing for
biological uptake of pollutants. Dense, healthy plant
growth offers such benefits as pest resistance
(reducing the need for pesticides) and improved soil
infiltration from root growth. Low impact
landscaping can thus reduce impervious surfaces,
improve infiltration potential, and improve the
aesthetic quality of the site.

Examples of Low Impact
Landscaping

¢ Planting native, drought-
tolerant plants

o Converting turf areas to shrubs
and trees

o Reforestation

e Encouraging longer grass
length

¢ Planting wildflower meadows
rather than turf along medians
and in open space

« Amending soil to improve
infiltration




EVALUATIONS OF BENEFITS AND COSTS

To date, the focus of traditional stormwater management programs has been concentrated
largely on structural engineering solutions to manage the hydraulic consequences of the
increased runoff that results from development. Because of this emphasis, stormwater
management has been considered primarily an engineering endeavor. Economic analyses
regarding the selection of solutions that are not entirely based on pipes and ponds have
not been a significant factor in management decisions. Where costs have been
considered, the focus has been primarily on determining capital costs for conventional
infrastructure, as well as operation and maintenance costs in dollars per square foot or
dollars per pound of pollutant removed.

Little attention has been given to the benefits that can be achieved through implementing
LID practices. For example, communities rarely attempt to quantify and monetize the
pollution prevention benefits and avoided treatment costs that might accrue from the use
of conservation designs or LID techniques. To be more specific, the benefits of using LID
practices to decrease the need for combined sewer overflow (CSO) storage and
conveyance systems should be factored into the economic analyses. One of the major
factors preventing LID practices from receiving equal consideration in the design or
selection process is the difficulty of monetizing the environmental benefits of these
practices. Without good data and relative certainty that these alternatives will work and
not increase risk or cost, current standards of practice are difficult to change.

This report is an effort to compare the projected or known costs of LID practices with
those of conventional development approaches. At this point, monetizing the economic
and environmental benefits of LID strategies is much more difficult than monetizing
traditional infrastructure costs or changes in property values due to improvements in
existing utilities or transportation systems. Systems of practices must be analyzed to
determine net performance and monetary benefits based on the capacity of the systems to
both treat for pollutants and reduce impacts through pollution prevention. For example,
benefits might come in the form of reduced stream channel degradation, avoided stream
restoration costs, or reduced drinking water treatment costs.

One of the chief impediments to getting useful economic data to promote more
widespread use of LID techniques is the lack of a uniform baseline with which to
compare the costs and benefits of LID practices against the costs of conventional
stormwater treatment and control. Analyzing benefits is further complicated in cases
where the environmental performance of the conservation design or LID system exceeds
that of the conventional runoff management system, because such benefits are not easily
monetized. The discussion below is intended to provide a general discussion of the range
of economic benefits that may be provided by LID practices in a range of appropriate
circumstances.

OVERVIEW OF BENEFITS

The following is a brief discussion of some of the actual and assumed benefits of LID
practices. Note that environmental and ancillary benefits typically are not measured as
part of development projects, nor are they measured as part of pilot or demonstration
projects, because they can be difficult to isolate and quantify. Many of the benefits
described below are assumed on the basis of limited studies and anecdotal evidence.




The following discussion is organized into three categories: (1) environmental benefits,
which include reductions in pollutants, protection of downstream water resources, ground
water recharge, reductions in pollutant treatment costs, reductions in the frequency and
severity of CSOs, and habitat improvements; (2) land value benefits, which include
reductions in downstream flooding and property damage, increases in real estate value,
increased parcel lot yield, increased aesthetic value, and improvement of quality of life
by providing open space for recreation; and (3) compliance incentives.

Environmental Benefits

Pollution abatement. LID practices can reduce both the volume of runoff and the
pollutant loadings discharged into receiving waters. LID practices result in pollutant
removal through settling, filtration, adsorption, and biological uptake. Reductions in
pollutant loadings to receiving waters, in turn, can improve habitat for aquatic and
terrestrial wildlife and enhance recreational uses. Reducing pollutant loadings can also
decrease stormwater and drinking water treatment costs by decreasing the need for
regional stormwater management systems and expansions in drinking water treatment
systems.

Protection of downstream water resources. The use of LID practices can help to prevent
or reduce hydrologic impacts on receiving waters, reduce stream channel degradation
from erosion and sedimentation, improve water quality, increase water supply, and
enhance the recreational and aesthetic value of our natural resources. LID practices can
be used to protect water resources that are downstream in the watershed. Other potential
benefits include reduced incidence of illness from contact recreation activities such as
swimming and wading, more robust and safer seafood supplies, and reduced medical
treatment costs.

Ground water recharge. LID practices also can be used to infiltrate runoff to recharge
ground water. Growing water shortages nationwide increasingly indicate the need for
water resource management strategies designed to integrate stormwater, drinking water,
and wastewater programs to maximize benefits and minimize costs. Development
pressures typically result in increases in the amount of impervious surface and volume of
runoff. Infiltration practices can be used to replenish ground water and increase stream
baseflow. Adequate baseflow to streams during dry weather is important because low
ground water levels can lead to greater fluctuations in stream depth, flows, and
temperatures, all of which can be detrimental to aquatic life.

Water quality improvements/reduced treatment costs. It is almost always less expensive
to keep water clean than it is to clean it up. The Trust for Public Land® noted Atlanta’s
tree cover has saved more than $883 million by preventing the need for stormwater
retention facilities. A study of 27 water suppliers conducted by the Trust for Public Land
and the American Water Works Association® found a direct relationship between forest
cover in a watershed and water supply treatment costs. In other words, communities with
higher percentages of forest cover had lower treatment costs. According to the study,
approximately 50 to 55 percent of the variation in treatment costs can be explained by the
percentage of forest cover in the source area. The researchers also found that for every 10
percent increase in forest cover in the source area, treatment and chemical costs
decreased approximately 20 percent, up to about 60 percent forest cover.




Reduced incidence of CSOs. Many municipalities have problems with CSOs, especially
in areas with aging infrastructure. Combined sewer systems discharge sanitary
wastewater during storm events. LID techniques, by retaining and infiltrating runoff,
reduce the frequency and amount of CSO discharges to receiving waters. Past
management efforts typically have been concentrated on hard engineering approaches
focused on treating the total volume of sanitary waste together with the runoff that is
discharged to the combined system. Recently, communities like Portland (Oregon),
Chicago, and Detroit have been experimenting with watershed approaches aimed at
reducing the total volume of runoff generated that must be handled by the combined
system. LID techniques have been the primary method with which they have
experimented to reduce runoff. A Hudson Riverkeeper report concluded, based on a
detailed technical analysis, that New York City could reduce its CSO’s more cost-
effectively7 with LID practices than with conventional, hard infrastructure CSO storage
practices.

Habitat improvements. Innovative stormwater management techniques like LID or
conservation design can be used to improve natural resources and wildlife habitat,
maintain or increase land value, or avoid expensive mitigation costs.

Land Value and Quality of Life Benefits

Reduced downstream flooding and property damage. LID practices can be used to
reduce downstream flooding through the reduction of peak flows and the total amount or
volume of runoff. Flood prevention reduces property damage and can reduce the initial
capital costs and the operation and maintenance costs of stormwater infrastructure.
Strategies designed to manage runoff on-site or as close as possible to its point of
generation can reduce erosion and sediment transport as well as reduce flooding and
downstream erosion. As a result, the costs for cleanups and streambank restoration can be
reduced or avoided altogether. The use of LID techniques also can help protect or restore
floodplains, which can be used as park space or wildlife habitat.?

Real estate value/property tax revenue. Homeowners and property owners are willing to
pay a premium to be located next to or near aesthetically pleasing amenities like water
features, open space, and trails. Some stormwater treatment systems can be beneficial to
developers because they can serve as a “water” feature or other visual or recreational
amenity that can be used to market the property. These designs should be visually
attractive and safe for the residents and should be considered an integral part of planning
the development. Various LID projects and smart growth studies have shown that people
are willing to pay more for clustered homes than conventionally designed subdivisions.
Clustered housing with open space appreciated at a higher rate than conventionally
designed subdivisions. EPA’s Economic Benefits of Runoff Controls® describes numerous
examples where developers and subsequent homeowners have received premiums for
proximity to attractive stormwater management practices.

Lot yield. LID practices typically do not require the large, contiguous areas of land that
are usually necessary when traditional stormwater controls like ponds are used. In cases
where LID practices are incorporated on individual house lots and along roadsides as part
of the landscaping, land that would normally be dedicated for a stormwater pond or other
large structural control can be developed with additional housing lots.




Aesthetic value. LID techniques are usually attractive features because landscaping is an
integral part of the designs. Designs that enhance a property’s aesthetics using trees,
shrubs, and flowering plants that complement other landscaping features can be selected.
The use of these designs may increase property values or result in faster sale of the
property due to the perceived value of the “extra” landscaping.

Public spaces/quality of life/public participation. Placing water quality practices on
individual lots provides opportunities to involve homeowners in stormwater management
and enhances public awareness of water quality issues. An American Lives, Inc., real
estate study found that 77.7 percent of potential homeowners rated natural open space as
“essential” or “very important” in planned communities.*

Compliance Incentives

Regulatory compliance credits. Many states recognize the positive benefits LID
techniques offer, such as reduced wetland impacts. As a result, they might offer
regulatory compliance credits, streamlined or simpler permit processes, and other
incentives similar to those offered for other green practices. For example, in Maryland
the volume required for the permanent pool of a wet pond can be reduced if rooftop
runoff is infiltrated on-site using LID practices. This procedure allows rooftop area to be
subtracted from the total impervious area, thereby reducing the required size of the
permanent pool. In addition, a LID project can have less of an environmental impact than
a conventional project, thus requiring smaller impact fees.

CosT CONSIDERATIONS

Traditional approaches to stormwater management involve conveying runoff off-site to
receiving waters, to a combined sewer system, or to a regional facility that treats runoff
from multiple sites. These designs typically include hard infrastructure, such as curbs,
gutters, and piping. LI1D-based designs, in contrast, are designed to use natural drainage
features or engineered swales and vegetated contours for runoff conveyance and
treatment. In terms of costs, LID techniques like conservation design can reduce the
amount of materials needed for paving roads and driveways and for installing curbs and
gutters. Conservation designs can be used to reduce the total amount of impervious
surface, which results in reduced road and driveway lengths and reduced costs. Other
LID techniques, such as grassed swales, can be used to infiltrate roadway runoff and
eliminate or reduce the need for curbs and gutters, thereby reducing infrastructure costs.
Also, by infiltrating or evaporating runoff, LID techniques can reduce the size and cost of
flood-control structures. Note that more research is needed to determine the optimal
combination of LID techniques and detention practices for flood control.

It must be stated that the use of LID techniques might not always result in lower project
costs. The costs might be higher because of the costs of plant material, site preparation,
soil amendments, underdrains and connections to municipal stormwater systems, and
increased project management.

Another factor to consider when comparing costs between traditional and LID designs is
the amount of land required to implement a management practice. Land must be set aside
for both traditional stormwater management practices and LID practices, but the former
require the use of land in addition to individual lots and other community areas, whereas
bioretention areas and swales can be incorporated into the landscaping of yards, in rights-
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of-way along roadsides, and in or adjacent to parking lots. The land that would have been
set aside for ponds or wetlands can in many cases be used for additional housing units,
yielding greater profits.

Differences in maintenance requirements should also be considered when comparing
costs. According to a 1999 EPA report, maintenance costs for retention basins and
constructed wetlands were estimated at 3 to 6 percent of construction costs, whereas
maintenance costs for swales and bioretention practices were estimated to be 5to 7
percent of construction costs.** However, much of the maintenance for bioretention areas
and swales can be accomplished as part of routine landscape maintenance and does not
require specialized equipment. Wetland and pond maintenance, on the other hand,
involves heavy equipment to remove accumulated sediment, oils, trash, and vegetation in
forebays and open ponds.

Finally, in some circumstances LID practices can offset the costs associated with
regulatory requirements for stormwater control. In urban redevelopment projects where
land is not likely to be available for large stormwater management practices, developers
can employ site-dispersed BMPs in sidewalk areas, in courtyards, on rooftops, in parking
lots, and in other small outdoor spaces, thereby avoiding the fees that some municipalities
charge when stormwater mitigation requirements cannot otherwise be met. In addition,
stormwater utilities often provide credits for installing runoff management practices such
as LID practices."
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CASE STUDIES

The case studies presented below are not an exhaustive list of LID projects nationwide.
These examples were selected on the basis of the quantity and quality of economic data,
guantifiable impacts, and types of LID practices used. Economic data are available for

many other LID installations, but those installations often cannot be compared with

conventional designs because of the unique nature of the design or the pilot status of the
project. Table 1 presents a summary of the LID practices employed in each case study.

Table 1. Summary of LID Practices Employed in the Case Studies

Name

LID Technigues

Biore-
tention

Cluster
Building

Reduced
Impervious
Area

Swales

Permeable
Pavement

Vegetated
Landscaping

Wetlands

Green
Roofs

2nd Avenue SEA
Street

v

v

v

Auburn Hills

v

v

v

v

v

Bellingham
Parking Lot
Retrofits

v

Central Park
Commercial
Redesigns

Crown Street

Gap Creek

NS

Garden Valley

Kensington
Estates

Laurel Springs

Mill Creek

SN SNIS

AN

AN

Poplar Street
Apartments

N

<\

Portland
Downspout
Disconnection*

Prairie Crossing

Prairie Glen

AN

AN

Somerset

Tellabs
Corporate
Campus

AN NN

SN S

Toronto Green
Roofs

*Although impervious area stays the same, the disconnection program reduces directly connected impervious area.

The case studies contain an analysis of development costs, which are summarized in

Table 2. Note that some case study results do not lend themselves well to a traditional vs.
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LID cost comparison and therefore are not included in Table 2 (as noted). Conventional
development cost refers to costs incurred or estimated for a traditional stormwater
management approach, whereas LID cost refers to costs incurred or estimated for using
LID practices. Cost difference is the difference between the conventional development
cost and the LID cost. Percent difference is the cost savings relative to the conventional

development cost.

Table 2. Summary of Cost Comparisons Between Conventional and LID Approaches®

Conventional

Development Cost Percent
Project Cost LID Cost Difference® Difference®
2n Avenue SEA Street $868,803 $651,548 $217,255 25%
Auburn Hills $2,360,385 $1,598,989 $761,396 32%
Bellingham City Hall $27,600 $5,600 $22,000 80%
Bellingham Bloedel Donovan Park $52,800 $12,800 $40,000 76%
Gap Creek $4,620,600 $3,942,100 $678,500 15%
Garden Valley $324,400 $260,700 $63,700 20%
Kensington Estates $765,700 $1,502,900 -$737,200 -96%
Laurel Springs $1,654,021 $1,149,552 $504,469 30%
Mill Creeke $12,510 $9,099 $3,411 27%
Prairie Glen $1,004,848 $599,536 $405,312 40%
Somerset $2,456,843 $1,671,461 $785,382 32%
Tellabs Corporate Campus $3,162,160 $2,700,650 $461,510 15%

% The Central Park Commercial Redesigns, Crown Street, Poplar Street Apartments, Prairie Crossing, Portland Downspout
Disconnection, and Toronto Green Roofs study results do not lend themselves to display in the format of this table.
P Negative values denote increased cost for the LID design over conventional development costs.

¢ Mill Creek costs are reported on a per-lot basis.

2ND AVENUE SEA STREET, SEATTLE, WASHINGTON

The 2™ Avenue Street Edge Alternative (SEA)
Street project was a pilot project undertaken by
Seattle Public Utilities to redesign an entire 660-foot
block with a number of LID techniques. The goals
were to reduce stormwater runoff and to provide a
more “livable” community. Throughout the design

2nd Avenue
SEA Street

and construction process, Seattle Public Utilities worked collaboratively with street

residents to develop the final street design.*®

The design reduced imperviousness, included retrofits of bioswales to treat and manage
stormwater, and added 100 evergreen trees and 1,100 shrubs.** Conventional curbs and
gutters were replaced with bioswales in the rights-of-way on both sides of the street, and
the street width was reduced from 25 feet to 14 feet. The final constructed design reduced
imperviousness by more than 18 percent. An estimate for the final total project cost was
$651,548. A significant amount of community outreach was involved, which raised the
level of community acceptance. Community input is important for any project, but
because this was a pilot study, much more was spent on communication and redesign

than what would be spent for a typical project.




The costs for the LID retrofit were compared with the estimated costs of a conventional
street retrofit (Table 3). Managing stormwater with LID techniques resulted in a cost

savings of 29 percent. Also, the reduction in street width and sidewalks reduced paving
costs by 49 percent.

Table 3. Cost Comparison for 2" Avenue SEA Street

Conventional Percent of
Development Percent Total
Item Cost SEA Street Cost Cost Savings* Savings* Savings*
Site preparation $65,084 $88,173 -$23,089 -35% -11%
Stormwater management $372,988 $264,212 $108,776 29% 50%
Site paving and sidewalks $287,646 $147,368 $140,278 49% 65%
Landscaping $78,729 $113,034 -$34,305 —44% -16%
Misc. (mobilization, etc.) $64,356 $38,761 $25,595 40% 12%
Total $868,803 $651,548 $217,255 — —

* Negative values denote increased cost for the LID design over conventional development costs.

The avoided cost for stormwater infrastructure and reduced cost for site paving accounted
for much of the overall cost savings. The nature of the design, which included extensive
use of bioswales and vegetation, contributed to the increased cost for site preparation and
landscaping. Several other SEA Street projects have been completed or are under way,
and cost evaluations are expected to be favorable.

For this site, the environmental performance has been even more significant than the cost
savings. Hydrologic monitoring of the project indicates a 99 percent reduction in total
potential surface runoff, and runoff has not been recorded at the site since December
2002, a period that included the highest-ever 24-hour recorded rainfall at Seattle-Tacoma
Airport.'® The site is retaining more than the original design estimate of 0.75 inch of rain.
A modeling analysis indicates that if a conventional curb-and-gutter system had been
installed along 2" Avenue instead of the SEA Street design, 98 times more stormwater
would have been discharged from the site."’

AUBURN HILLS SUBDIVISION, SOUTHWESTERN
WISCONSIN

Auburn Hills @ E ;

Subdivision

Auburn Hills in southwestern Wisconsin is a
residential subdivision developed with conservation
design principles. Forty percent of the site is
preserved as open space; this open space includes
wetlands, green space and natural plantings, and
walking trails. The subdivision was designed to
include open swales and bioretention for stormwater management. To determine potential
savings from using conservation design, the site construction costs were compared with
the estimated cost of building the site as a conventional subdivision.’® Reduced
stormwater management costs accounted for approximately 56 percent of the total cost
savings. A cost comparison is provided in Table 4. Other savings not shown in Table 4
were realized as a result of reduced sanitary sewer, water distribution, and utility
construction costs.
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Table 4. Cost Comparison for Auburn Hills Subdivision *°

Conventional Percent of
Development Auburn Hills LID Cost Percent Total
ltem Cost Cost Savings* Savings* Savings*
Site preparation $699,250 $533,250 $166,000 24% 22%
Stormwater management $664,276 $241,497 $422,779 64% 56%
Site paving and sidewalks $771,859 $584,242 $187,617 24% 25%
Landscaping $225,000 $240,000 -$15,000 1% -2%
Total $2,360,385 $1,598,989 $761,396 — —

* Negative values denote increased cost for the LID design over conventional development costs.

The clustered design used in the development protected open space and reduced clearing
and grading costs. Costs for paving and sidewalks were also decreased because the
cluster design reduced street length and width. Stormwater savings were realized
primarily through the use of vegetated swales and bioswales. These LID practices
provided stormwater conveyance and treatment and also lowered the cost of conventional
stormwater infrastructure. The increase in landscaping costs resulted from additional
open space present on-site compared to a conventional design, as well as increased street
sweeping. Overall, the subdivision’s conservation design retained more natural open
space for the benefit and use of the homeowners and aided stormwater management by
preserving some of the site’s natural hydrology.”

BELLINGHAM, WASHINGTON, PARKING LOT RETROFITS

The City of Bellingham, Washington, retrofitted two
parking lots—one at City Hall and the other at Bloedel
Donovan Park—with rain gardens in lieu of installing
underground vaults to manage stormwater.”* At City
Hall, 3 parking spaces out of a total of 60 were used for
the rain garden installation. The Bloedel Donovan Park
retrofit involved converting to a rain garden a 550-

Bellingham
Parking Lot
Retrofits

square-foot area near a catch basin. Both installations
required excavation, geotextile fabric, drain rock, soil amendments, and native plants.
Flows were directed to the rain gardens by curbs. An overflow system was installed to
accommodate higher flows during heavy rains.

The City compared actual rain garden costs to estimates for conventional underground
vaults based on construction costs for similar projects in the area ($12.00 per cubic foot
of storage). Rain garden costs included labor, vehicle use/rental, and materials. Table 5
shows that the City Hall rain garden saved the City $22,000, or 80 percent, over the
underground vault option; the Bloedel Donovan Park installation saved $40,000, or

76 percent.
Table 5. Cost Comparison for Bellingham’s Parking Lot Rain Garden Retrofits?
Conventional Vault
Project Cost Rain Garden Cost Cost Savings Percent Savings
City Hall $27,600 $5,600 $22,000 80%
Bloedel Donovan Park $52,800 $12,800 $40,000 76%
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CENTRAL PARK COMMERCIAL REDESIGNS,
FREDERICKSBURG, VA (A MODELING STUDY)

The Friends of the Rappahannock undertook a cost

analysis involving the redesign of site plans for CCentraI Pa_rkI
several stores in a large commercial development ‘m‘;z;ci;a

in the Fredericksburg, Virginia, area called Central
Park.”*? Table 6 contains a side-by-side analysis
of the cost additions and reductions for each site
for scenarios where LID practices (bioretention
areas and swales) were incorporated into the existing, traditional site designs. In five of
the six examples, the costs for the LID redesigns were higher than those for the original
designs, although they never exceeded $10,000, or 10 percent of the project. One
example yielded a $5,694 savings. The fact that these projected costs for LID were
comparable to the costs for traditional designs convinced the developer to begin
incorporating LID practices into future design projects.?

Table 6. Site Information and Cost Additions/Reductions Using LID Versus Traditional Designs

Total
Impervious Percent of Change in
Total BMP | Area Treated Impervious Cost Cost Cost After
Name Area (ft?) (ft?) Area Treated | Additions? Reductions® Redesign
Breezewood Station 0
Alternative 1 4,800 64,165 98.4% $36,696 $34,785 +$1,911
Breezewood Station
Alternative 2 3,500 38,775 59.5% $24,449 $21,060 +$3,389
Olive Garden 1,780 31,900 59.1% $14,885 $11,065 +$3,790
Kohl's, Best Buy, & 7
Office Depot 14,400 354,238 56.3% $89,433 $80,380 +$9,053
First Virginia Bank 1,310 20,994 97.7% $6,777 $1,148 + $5,629
Chick-Fil-Ac 1,326 28,908 82.2% $6,846 $12,540 - $5,694

@ Additional costs for curb, curb blocks, storm piping, inlets, underdrains, soil, mulch, and vegetation as a result of the redesign.
® Reduced cost for curb, storm piping, roof drain piping, and inlets as a result of the redesign.
¢ Cost reduction value includes the cost of a Stormceptor unit that is not needed as part of the redesign.

CROWN STREET, VANCOUVER, BRITISH COLUMBIA

In 1995 the Vancouver City Council adopted a
Greenways program that is focused on introducing
pedestrian-friendly green space into the City to
connect trails, environmental areas, and urban space.
As a part of this program, the City has adopted
strategies to manage stormwater runoff from
roadways. Two initiatives are discussed here.

The Crown Street redevelopment project, completed
in 2005, retrofitted a 1,100-foot block of traditional

curb-and-gutter street with a naturalized streetscape modeled after the Seattle SEA Street
design. Several LID features were incorporated into the design. The total imperviousness
of the street was decreased by reducing the street width from 28 feet to 21 feet with one-
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way sections of the road narrowed to 10 feet. Roadside swales that use vegetation and
structural grass (grass supported by a grid and soil structure that prevents soil compaction
and root damage) were installed to collect and treat stormwater through infiltration.?

Modeling predicts that the redesigned street will retain 90 percent of the annual rainfall
volume on-site; the remaining 10 percent of runoff will be treated by the system of
vegetated swales before discharging.?”* The City chose to use the LID design because
stormwater runoff from Crown Street flows into the last two salmon-bearing creeks in
Vancouver.” Monitoring until 2010 will assess the quality of stormwater runoff and
compare it with both the modeling projections and the runoff from a nearby curb-and-
gutter street.

The cost of construction for the Crown Street redevelopment was $707,000. Of this,
$311,000 was attributed to the cost of consultant fees and aesthetic design features, which
were included in the project because it was the first of its kind in Vancouver. These
added costs would not be a part of future projects. Discounting the extra costs, the
$396,000 construction cost is 9 percent higher than the estimated $364,000 conventional
curb-and-gutter design cost.*® The City has concluded that retrofitting streets that have an
existing conventional stormwater system with naturalized designs will cost marginally
more than making curb-and-gutter improvements, but installing naturalized street designs
in new developments will be less expensive than installing conventional drainage
systems.*!32

One goal of Vancouver’s Greenways program is to make transportation corridors more
pedestrian-friendly. A method used to achieve this goal is to extend curbs at intersections
out into the street to lessen the crossing distance and improve the line of sight for
pedestrians. When this initiative began, the City relocated stormwater catch basins that
would have been enclosed within the extended curb. Now, at certain intersections, the
City uses the new space behind the curb to install “infiltration bulges” to collect and
infiltrate roadway runoff. The infiltration bulges are constructed of permeable soils and
vegetation. (The City of Portland, Oregon, has installed similar systems, which they call
“vegetated curb extensions.”) The catch basins are left in place, and any stormwater that
does not infiltrate into the soil overflows into the storm drain system.*®

The infiltration bulges have resulted in savings for the City. Because the stormwater
infiltration bulges are installed in conjunction with planned roadway improvements, the
only additional costs associated with the stormwater project are the costs of a steel curb
insert to allow stormwater to enter the bulge and additional soil excavation costs. These
additional costs are more than offset by the $2,400 to $4,000 cost that would have been
required to relocate the catch basins. To date, the City has installed nine infiltration
bulges, three of which are maintained by local volunteers as part of a Green Streets
program in which local residents adopt city green space.**
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GAP CREEK SUBDIVISION, SHERWOOD, ARKANSAS

Gap Creek’s original subdivision plan was revised
to include LID concepts. The revised design
increased open space from the originally planned
1.5 acres to 23.5 acres. Natural drainage areas
were preserved and buffered by greenbelts.
Traffic-calming circles were used, allowing the
developer to reduce street widths from 36 to 27
feet. In addition, trees were kept close to the curb
line. These design techniques allowed the development of 17 additional lots.

The lots sold for $3,000 more and cost $4,800 less to develop than comparable
conventional lots. A cost comparison is provided in Table 7. For the entire development,
the combination of cost savings and lot premiums resulted in an additional profit to the
developer of $2.2 million.**%

Table 7. Cost Comparison for Gap Creek Subdivision®

Total Cost of Gap Creek
Conventional Design LID Cost Cost Savings Percent Savings Savings per Lot
$4,620,600 $3,942,100 $678,500 15% $4,800

GARDEN VALLEY, PIERCE COUNTY, WASHINGTON
(A MODELING STUDY)

The Garden Valley subdivision is a 9.7-acre site in
Pierce County, Washington. A large wetland on the
eastern portion of the site and a 100-foot buffer
account for 43 percent of the site area. Designers
evaluated a scenario in which roadway widths were
reduced and conventional stormwater management
practices were replaced with swales, bioretention, and soil amendments. The use of these
LID elements would have allowed the cost for stormwater management on the site to be
reduced by 72 percent. A cost comparison is provided in Table 8.% Other costs expected
with the LID design were a $900 initial cost for homeowner education with $170 required
annually thereafter. Annual maintenance costs for the LID design (not included above)
were expected to be $600 more than those for the conventional design, but a $3,000
annual savings in the stormwater utility bill was expected to more than offset higher
maintenance costs.
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Table 8. Cost Comparison for Garden Valley Subdivision*

Conventional Garden Valley LID
Item Development Cost Cost Cost Savings* Percent Savings*
Stormwater management $214,000 $59,800 $154,200 72%
Site paving $110,400 $200,900 -$90,500 -82%
Total $324,400 $260,700 $63,700 —

* Negative values denote increased cost for the LID design over conventional development costs.

The design incorporated the use of narrower roadways coupled with Grasscrete parking
along the roadside, which increased the overall site paving costs. However, this added
cost was more than offset by the savings realized by employing LID for stormwater
management. The LID practices were expected to increase infiltration and reduce
stormwater discharge rates, which can improve the health and quality of receiving

streams.

KENSINGTON ESTATES, PIERCE COUNTY,

WASHINGTON (A MODELING STUDY)

A study was undertaken to evaluate the use of LID
techniques at the Kensington Estates subdivision,
a proposed 24-acre development consisting of
single-family homes on 103 lots. The study
assumed that conventional stormwater

Kensington
Estates

management practices would be replaced entirely
by LID techniques, including reduced imperviousness, soil amendments, and bioretention
areas. The design dictated that directly connected impervious areas on-site were to be
minimized. Three wetlands and an open space tract would treat stormwater discharging
from LID installations. Open space buffers were included in the design. The LID

proposal also included rooftop rainwater collection systems on each house.

40,41

The proposed LID design reduced effective impervious area from 30 percent in the
conventional design to approximately 7 percent, and it was approximately twice as
expensive as the traditional design. A cost comparison is provided in Table 9.

Table 9. Cost Comparison for Kensington Estates Subdivision*

Conventional Kensington Estate
ltem Development Cost LID Cost Additional Cost
Stormwater management $243,400 $925,400 $ 682,000
Site paving $522,300 $577,500 $55,200
Total $765,700 $1,502,900 $737,200

Although the study assumed that roadways in the LID design would be narrower than
those in the conventional design, site paving costs increased because the LID design
assumed that Grasscrete parking would be included along the roadside to allow
infiltration. The use of Grasscrete increased the overall site paving costs.
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LAUREL SPRINGS SUBDIVISION, JACKSON,
WISCONSIN

The avoidance of conventional stormwater infrastructure with the use of LID afforded
significant cost savings. The LID measures eliminated the need for a detention pond and
made more lots available for development. The significant cost for the rooftop rainwater
colle4c§ion systems was assumed to be offset somewhat by savings on stormwater utility
bills.

The study also anticipated that the use of LID would reduce stormwater peak flow
discharge rates and soil erosion. Furthermore, greater on-site infiltration increases ground
water recharge, resulting in increased natural baseflows in streams and a reduction in dry
channels. Proposed clustering of buildings would allow wetlands and open space to be
preserved and create a more walkable community. The reduced road widths were
anticipated to decrease traffic speeds and accident rates.

Laurel
Springs

The Laurel Springs subdivision in Jackson,
Wisconsin, is a residential subdivision that was
developed as a conservation design community.
The use of cluster design helped to preserve open
space and minimize grading and paving. The use
of bioretention and vegetated swales lowered the
costs for stormwater management.

The costs of using conservation design to develop the subdivision were compared with
the estimated cost of developing the site with conventional practices (Table 10).* The
total savings realized with conservation design were just over $504,469, or approximately
30 percent of the estimated conventional construction cost. Savings from stormwater
management accounted for 60 percent of the total cost savings. Other project savings
were realized with reduced sanitary sewer, water distribution, and utility construction
costs.

Table 10. Cost Comparison for Laurel Springs Subdivision*

Conventional Percent of
Development Laurel Springs Percent Total
Item Cost LID Cost Cost Savings Savings Savings

Site preparation $441,600 $342,000 $99,600 23% 20%
Stormwater management $439,956 $136,797 $303,159 69% 60%
Site paving and sidewalks $607,465 $515,755 $91,710 15% 18%
Landscaping $165,000 $155,000 $10,000 6% 2%
Total $1,654,021 $1,149,552 $504,469 — —

In addition to preserving open space and reducing the overall amount of clearing and

grading, the cluster design also reduced street lengths and widths, thereby lowering costs
for paving and sidewalks. Vegetated swales and bioswales largely were used to replace
conventional stormwater infrastructure and led to significant savings. Each of these
factors helped to contribute to a more hydrologically functional site that reduced the total
amount of stormwater volume and managed stormwater through natural processes.

19



MiLL CREEK SuBDIVISION, KANE COUNTY, ILLINOIS

The Mill Creek subdivision is a 1,500-acre, mixed- :‘?v
use community built as a conservation design Mill Creek

Subdivision

development. Approximately 40 percent of the site
is identified as open space; adjacent land use is
mostly agricultural. The subdivision was built
using cluster development. It uses open swales for
stormwater conveyance and treatment, and it has a
lower percentage of impervious surface than
conventional developments. An economic analysis compared the development cost for 40
acres of Mill Creek with the development costs of 30 acres of a conventional
development with similar building density and location.*

When compared with the conventional development, the conservation site design
techniques used at Mill Creek saved approximately $3,411 per lot. Nearly 70 percent of
these savings resulted from reduced costs for stormwater management, and 28 percent of
the savings were found in reduced costs for site preparation. A cost comparison is
provided in Table 11. Other savings not included in the table were realized with reduced
construction costs for sanitary sewers and water distribution.

Table 11. Cost Comparison for Mill Creek Subdivision*’

Conventional Percent | Percent of
Development Mill Creek Cost Savings Savings Total
ltem Cost per Lot LID Cost per Lot per Lot per Lot Savings
Site preparation $2,045 $1,086 $959 47% 28%
Stormwater management $4,535 $2,204 $2,331 51% 68%
Site paving and sidewalks $5,930 $5,809 $121 2% 4%
Total $12,510 $9,099 $3,411 — —

The use of cluster development and open space preservation on the site decreased site
preparation costs. The majority of the cost savings were achieved by avoiding the
removal and stockpiling of topsoil. In addition to cost savings from avoided soil
disturbance, leaving soils intact also retains the hydrologic function of the soils and aids
site stormwater management by reducing runoff volumes and improving water quality.
The site’s clustered design was also responsible for a decrease in costs for paving and
sidewalks because the designers intentionally aimed to decrease total road length and
width.

The designers used open swales as the primary means for stormwater conveyance.
Coupled with other site techniques to reduce runoff volumes and discharge rates,
significant savings in stormwater construction were avoided because of reduced storm
sewer installation; sump pump connections; trench backfill; and catch basin, inlet, and
cleanout installation.

In addition to the cost savings, the conservation design at Mill Creek had a positive effect
on property values: lots adjacent to walking/biking trails include a $3,000 premium, and
lots adjacent to or with views of open space include a $10,000 to $17,500 premium. The
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600 acres of open space on the site include 127 acres of forest preserve with quality
wetlands, 195 acres of public parks, and 15 miles of walking/biking trails.*

POPLAR STREET APARTMENTS, ABERDEEN, NORTH
CAROLINA

The use of bioretention, topographical depressions,
grass channels, swales, and stormwater basins at the
270-unit Poplar Street Apartment complex improved
stormwater treatment and lowered construction
costs. The design allowed almost all conventional
underground storm drains to be eliminated from the
design. The design features created longer flow paths, reduced runoff volume, and
filtered pollutants from runoff. According to the U.S. Department of Housing and Urban
Development, use of LID techniques resulted in a $175,000 savings (72 percent).*®

Poplar Street

Apartments

PORTLAND DOWNSPOUT DISCONNECTION PROGRAM,
PORTLAND, OREGON Porfland % A
Downspout
The City of Portland, Oregon, implemented a Disconnection
Downspout Disconnection Program as part of its
CSO elimination program. Every year, billions of
gallons of stormwater mixed with sewage pour into
the Willamette River and Columbia Slough through

CSOs. When roof runoff flows into Portland’s

combined sewer system, it contributes to CSOs. The City has reduced the frequency of
CSOs to the Columbia Slough and hopes to eliminate 94 percent of the overflows to the
Willamette River by 2011.%

The Downspout Disconnection Program gives homeowners, neighborhood associations,
and community groups the chance to work as partners with the Bureau of Environmental
Services and the Office of Neighborhood Involvement to help reduce CSOs. Residents of
selected neighborhoods disconnect their downspouts from the combined sewer system
and allow their roof water to drain to gardens and lawns. Residents can do the work
themselves and earn $53 per downspout, or they can have community groups and local
contractors disconnect for them. Community groups earn $13 for each downspout they
disconnect. (Materials are provided by the City.)

More than 44,000 homeowners have disconnected their downspouts, removing more than
1 billion gallons of stormwater per year from the combined sewer system. The City
estimates that removing the 1 billion gallons will result in a $250 million reduction in
construction costs for an underground pipe to store CSOs by reducing the capacity
needed to handle the flows. The City has spent $8.5 million so far to implement this
program and will continue to encourage more homeowners and businesses to disconnect
their downspouts to achieve additional CSO and water quality benefits.
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PRAIRIE CROSSING SUBDIVISION, GRAYSLAKE,

ILLINOIS
Prairie Crossing : D

The Prairie Crossing subdivision is a conservation Subdivision
development on 678 acres, of which 470 acres is
open space. The site was developed as a mixed-use
community with 362 residential units and 73 acres
of commercial property, along with schools, a
community center, biking trails, a lakefront beach,
and a farm. The site uses bioretention cells and vegetated swales to manage stormwater.>

A cost analysis was performed to compare the actual construction costs of Prairie
Crossing with the estimated costs of a conventional design on the site with the same
layout. Cost savings with conservation design were realized primarily in four areas:
stormwater management, curb and gutter installation, site paving, and sidewalk
installation. The total savings were estimated to be almost $1.4 million, or nearly $4,000
per lot (Table 12). Savings from stormwater management accounted for approximately 15
percent of the total savings. The cost savings shown are relative to the estimated
construction cost for the items in a conventional site design based on local codes and
standards.

Table 12. Cost Comparison for Prairie Crossing Subdivision®

Item Cost Savings Percent Savings
Reduced Road Width $178,000 13%
Stormwater Management $210,000 15%
Decreased Sidewalks $648,000 47%
Reduced Curb and Gutter $339,000 25%
Total $1,375,000 —

Reduced costs for sidewalks accounted for nearly half of the total cost savings. This
savings is attributed in part to the use of alternative materials rather than concrete for
walkways in some locations. In addition, the design and layout of the site, which retained
a very high percentage of open space, contributed to the cost savings realized from
reducing paving, the length and number of sidewalks, and curbs and gutters. The use of
alternative street edges, vegetated swales, and bioretention and the preservation of natural
areas all reduced the need for and cost of conventional stormwater infrastructure.*®
Benefits are associated with the mixed-use aspect of the development as well: residents
can easily access schools, commercial areas, recreation, and other amenities with minimal
travel. Proximity to these resources can reduce traffic congestion and transportation costs.
Also, mixed-use developments can foster a greater sense of community and belonging
than other types of development. All of these factors tend to improve quality of life.
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PRAIRIE GLEN SUBDIVISION, GERMANTOWN,

Wisco

NSIN

Prairie Glen

The Prairie Glen subdivision is nationally
recognized for its conservation design approach. A
significant portion of the site (59 percent) was
preserved as open space. Wetlands were constructed
to manage stormwater runoff, and the open space
allowed the reintroduction of native plants and
wildlife habitat. The site layout incorporated hiking trails, which were designed to allow
the residents to have easy access to natural areas.>

To evaluate the cost benefits of Prairie Glen’s design, the actual construction costs were
compared with the estimated costs of developing the site conventionally. When compared
with conventional design, the conservation design at Prairie Glen resulted in a savings of
nearly $600,000. Savings for stormwater management accounted for 25 percent of the
total savings. Table 13 provides a cost comparison. Other savings not included in the
table were realized with reduced sanitary sewer, water distribution, and utility
construction costs.

Table 13. Cost Comparison for Prairie Glen Subdivision®

Conventional Percent of
Development Prairie Glen Cost Percent Total
Item Cost LID Cost Savings* Savings* Savings*
Site preparation $277,043 $188,785 $88,258 32% 22%
Stormwater management $215,158 $114,364 $100,794 47% 25%
Site paving and sidewalks $462,547 $242,707 $219,840 48% 54%
Landscaping $50,100 $53,680 -$3,580 7% -1%
Total $1,004,848 $599,536 $405,312 — —

* Negative values

denote increased cost for the LID design over conventional development costs.

The cluster design and preservation of a high percentage of open space resulted in a
significant reduction in costs for paving and sidewalks. These reduced costs accounted
for 54 percent of the cost savings for the overall site. Reduced costs for soil excavation
and stockpiling were also realized. The use of open-channel drainage and bioretention
minimized the need for conventional stormwater infrastructure and accounted for the
bulk of the savings in stormwater management. Landscaping costs increased due to the
added amount of open space on the site.
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SOMERSET SUBDIVISION, PRINCE GEORGE’'S COUNTY,
MARYLAND

The Somerset subdivision, outside Washington,
D.C., is an 80-acre site consisting of nearly 200
homes. Approximately half of the development was
built using LID techniques; the other half was
conventionally built using curb-and-gutter design
with detention ponds for stormwater management.
Bioretention cells and vegetated swales were used in the LID portion of the site to replace
conventional stormwater infrastructure. Sidewalks were also eliminated from the design.
To address parking concerns, some compromises were made: because of local
transportation department concern that roadside parking would damage the swales, roads
were widened by 10 feet.>® (Note that there are alternative strategies to avoid increasing
impervious surface to accommodate parking, such as installing porous pavement parking
lanes next to travel lanes.)

Somerset
Subdivision

Most of the 0.25-acre lots have a 300- to 400-square-foot bioretention cell, also called a
rain garden. The cost to install each cell was approximately $500—$150 for excavation
and $350 for plants. The total cost of bioretention cell installation in the LID portion of
the site was $100,000 (swale construction was an additional cost). The construction cost
for the detention pond in the conventionally designed portion of the site was $400,000,
excluding curbs, gutters, and sidewalks.””*® By eliminating the need for a stormwater
pond, six additional lots could be included in the LID design. A comparison of the overall
costs for the traditional and LID portions of the site is shown in Table 14.

Table 14. Cost Comparison for Somerset Subdivision

Conventional Development Somerset
Cost LID Cost Cost Savings Percent Savings | Savings per Lot
$2,456,843 $1,671,461 $785,382 32% $4,000

In terms of environmental performance, the LID portion of the subdivision performed
better than the conventional portion.>® A paired watershed study compared the runoff
between the two portions of the site, and monitoring indicated that the average annual
runoff volume from the LID watershed was approximately 20 percent less than that from
the conventional watershed. The number of runoff-producing rain events in the LID
watershed also decreased by 20 percent. Concentrations of copper were 36 percent lower;
lead, 21 percent lower; and zinc, 37 percent lower in LID watershed runoff than in
conventional watershed runoff. The homeowners’ response to the bioretention cells was
positive; many perceived the management practices as a free landscaped area.

24



TELLABS CORPORATE CAMPUS, NAPERVILLE,

ILLINOI

S

Tellabs E ;

Corporate
Campus

The Tellabs corporate campus is a 55-acre site with
more than 330,000 square feet of office space. After
reviewing preliminary planning materials that
compared the costs of conventional and conservation
design, the company chose to develop the site with

conservation design approaches. Because the
planning process included estimating costs for the two development approaches, this
particular site provides good information on commercial/industrial use of LID.*

Development of the site included preserving trees and some of the site’s natural features
and topography. For stormwater management, the site uses bioswales, as well as other
infiltration techniques, in parking lots and other locations. The use of LID techniques for
stormwater management accounted for 14 percent of the total cost savings for the project.
A cost comparison is provided in Table 15. Other cost savings not shown in Table 15
were realized with reduced construction contingency costs, although design contingency
costs were higher.

Table 15. Cost Comparison for Tellabs Corporate Campus®

Conventional Percent of
Development Tellabs Percent Total
ltem Cost LID Cost Cost Savings Savings Savings
Site preparation $2,178,500 $1,966,000 $212,500 10% 46%
Stormwater management $480,910 $418,000 $62,910 13% 14%
Landscape development $502,750 $316,650 $186,100 37% 40%
Total $3,162,160 $2,700,650 $461,510 — —

Savings in site preparation and landscaping had the greatest impact on costs. Because
natural drainage pathways and topography were maintained to the greatest extent
possible, grading and earthwork were minimized; 6 fewer acres were disturbed using the
conservation design approach. Landscaping at the site maximized natural areas and
restored native prairies and wetland areas. The naturalized landscape eliminated the need
for irrigation systems and lowered maintenance costs when compared to turf grass, which
requires mowing and regular care. In the end, the conservation approach preserved trees
and open space and provided a half acre of wetland mitigation. The bioswales used for
stormwater management complemented the naturalized areas and allowed the site to
function as a whole; engineered stormwater techniques augmented the benefits of the
native areas and wetlands.®
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TORONTO GREEN ROOFS, TORONTO, ONTARIO
(A MODELING STUDY)

Toronto is home to more than 100 green roofs. To
evaluate the benefits of greatly expanded use of
green roofs in the city, a study was conducted using
a geographic information system to model the Toronto
effects of installing green roofs on all flat roofs Green Roofs
larger than 3,750 square feet. (The model assumed
that each green roof would cover at least 75 percent
of the roof area.) If the modeling scenario were
implemented, 12,000 acres of green roofs (8 percent
of the City’s land area) would be installed.®® The study quantified five primary benefits
from introducing the green roofs: (1) reduced stormwater flows into the separate storm
sewer system, (2) reduced stormwater flows into the combined sewer system,

(3) improved air quality, (4) mitigation of urban heat island effects, and (5) reduced
energy consumption.®

The study predicted economic benefits of nearly $270 million in municipal capital cost
savings and more than $30 million in annual savings. Of the total savings, more than
$100 million was attributed to stormwater capital cost savings, $40 million to CSO
capital cost savings, and nearly $650,000 to CSO annual cost savings. The cost of
installing the green roofs would be largely borne by private building owners and
developers; the cost to Toronto would consist of the cost of promoting and overseeing the
program and would be minimal. Costs for green roof installations in Canada have
averaged $6 to $7 per square foot. The smallest green roof included in the study, at 3,750
square feet, would cost between $22,000 and $27,000. The total cost to install 12,000
acres of green roofs would be $3 billion to $3.7 billion.®*® Although the modeled total
costs exceed the monetized benefits, the costs would be spread across numerous private
entities.

26



CONCLUSION

The 17 case studies presented in this report show that LID practices can reduce project
costs and improve environmental performance. In most cases, the case studies indicate
that the use of LID practices can be both fiscally and environmentally beneficial to
communities. As with almost all such projects, site-specific factors influence project
outcomes, but in general, for projects where open space was preserved and cluster
development designs were employed, infrastructure costs were lower. In some cases,
initial costs might be higher because of the cost of green roofs, increased site preparation
costs, or more expensive landscaping practices and plant species. However, in the vast
majority of cases, significant savings were realized during the development and
construction phases of the projects due to reduced costs for site grading and preparation,
stormwater infrastructure, site paving, and landscaping. Total capital cost savings ranged
from 15 to 80 percent when LID methods were used, with a few exceptions in which LID
project costs were higher than conventional stormwater management costs.

EPA has identified several additional areas that will require further study. First, in all the
cases, there were benefits that this study did not monetize and factor into the project’s
bottom line. These benefits include improved aesthetics, expanded recreational
opportunities, increased property values due to the desirability of the lots and their
proximity to open space, increased number of total units developed, the value of
increased marketing potential, and faster sales.

Second, more research is also needed to quantify the environmental benefits that can be
achieved through the use of LID techniques and the costs that can be avoided by using
these practices. For example, substantial downstream benefits can be realized through
the reduction of the peak flows, discharge volumes, and pollutant loadings discharged
from the site. Downstream benefits also might include reductions in flooding and
channel degradation, costs for water quality improvements, costs of habitat restoration,
costs of providing CSO abatement, property damage, drinking water treatment costs,
costs of maintaining/dredging navigable waterways, and administrative costs for public
outreach and involvement.

Finally, additional research is needed monetize the cost reductions that can be achieved
through improved environmental performance, reductions in long-term operation and
maintenance costs and/or reductions in the life cycle costs of replacing or rehabilitating
infrastructure.
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Foreword

Foreword

We are extremely pleased to launch the first
edition of a new series called Watershed
Protection Research Monographs. Each
monograph will synthesize emerging research
within a major topical area in the practice of
watershed protection. The series of periodic
monographs will replace our journal
Watershed Protection Techniques, which
lapsed in 2002. We hope this new format will
provide watershed managers with the science
and perspectives they need to better protect and
restore their local watersheds.

This monograph was written to respond to
many inquiries from watershed managers and
policy makers seeking to understand the
scientific basis behind the relationship between
impervious cover and the health of aquatic
ecosystems. It reviews more than 225 research
studies that have explored the impact of
impervious cover and other indicators of
urbanization on aquatic systems. This report
comprehensively reviews the available scien-
tific data on how urbanization influences
hydrologic, physical, water quality, and
biological indicators of aquatic health, as of
late 2002.

Our intention was to organize the available
scientific data in a manner that was accessible
to watershed leaders, policy-makers and
agency staff. In addition, the research itself,
which spans dozens of different academic
departments and disciplines, was conducted in
many different eco-regions, climatic zones,
and stream types. In order to communicate

across such a wide audience, we have resorted
to some simplifications, avoided some impor-
tant particulars, refrained from some jargon,
and tried, wherever possible, to use consistent
terminology. Thus, the interpretations and
conclusions contained in this document are
ours alone, and our readers are encouraged to
consult the original sources when in doubt.

We would also like to note that the Center for
Watershed Protection and the University of
Alabama are currently developing a major
national database on stormwater quality. The
database will contain nearly 4,000 station-
storm events collected by municipalities as part
of the U.S. EPA’s National Pollutant Discharge
Elimination System (NPDES) Phase I Storm-
water Permit Program. We anticipate releasing
a data report in late 2003 that will provide a
much needed update of stormwater event mean
concentrations (EMCs).

As of this writing, many research efforts are
underway that will further test and refine these
relationships (most notably, the U.S. Geologi-
cal Survey gradients initiative, but also many
other local, state and academic efforts). We
hope that this report provides a useful sum-
mary of the existing science, suggests some
directions for new research, and stimulates
greater discussion of this important topic in
watershed management. We also feel it is time
for a major conference or symposium, where
this diverse community can join together to
discuss methods, findings and the important
policy implications of their research.
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Chapter 1: Infroduction

This research monograph comprehensively
reviews the available scientific data on the
impacts of urbanization on small streams and
receiving waters. These impacts are generally
classified according to one of four broad
categories: changes in hydrologic, physical,
water quality or biological indicators. More
than 225 research studies have documented the
adverse impact of urbanization on one or more
of these key indicators. In general, most
research has focused on smaller watersheds,
with drainage areas ranging from a few hun-
dred acres up to ten square miles.

Streams vs. Downstream
Receiving Waters

Urban watershed research has traditionally
pursued two core themes. One theme has
evaluated the direct impact of urbanization on
small streams, whereas the second theme has
explored the more indirect impact of urbaniza-
tion on downstream receiving waters, such as
rivers, lakes, reservoirs, estuaries and coastal
areas. This report is organized to profile recent
research progress in both thematic areas and to
discuss the implications each poses for urban
watershed managers.

When evaluating the direct impact of urbaniza-
tion on streams, researchers have emphasized
hydrologic, physical and biological indicators
to define urban stream quality. In recent years,
impervious cover (IC) has emerged as a key
paradigm to explain and sometimes predict
how severely these stream quality indicators
change in response to different levels of
watershed development. The Center for
Watershed Protection has integrated these
research findings into a general watershed
planning model, known as the impervious
cover model (ICM). The ICM predicts that
most stream quality indicators decline when
watershed IC exceeds 10%, with severe

degradation expected beyond 25% IC. In the
first part of this review, we critically analyze
the scientific basis for the ICM and explore
some of its more interesting technical implica-
tions.

While many researchers have monitored the
quality of stormwater runoff from small
watersheds, few have directly linked these
pollutants to specific water quality problems
within streams (e.g., toxicity, biofouling,
eutrophication). Instead, the prevailing view is
that stormwater pollutants are a downstream
export. That is, they primarily influence
downstream receiving water quality. There-
fore, researchers have focused on how to
estimate stormwater pollutant loads and then
determine the water quality response of the
rivers, lakes and estuaries that receive them.
To be sure, there is an increasing recognition
that runoff volume can influence physical and
biological indicators within some receiving
waters, but only a handful of studies have
explored this area. In the second part of this
review, we review the impacts of urbanization
on downstream receiving waters, primarily
from the standpoint of stormwater quality. We
also evaluate whether the ICM can be extended
to predict water quality in rivers, lakes and
estuaries.

This chapter is organized as follows:

1.1 A Review of Recent Urban Stream
Research and the ICM

1.2 Impacts of Urbanization on Downstream
Receiving Waters

1.3 Implications of the ICM for Watershed
Managers
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Chapter 1: Introduction

1.1 A Review of Recent Urban
Stream Research and the ICM

In 1994, the Center published “The Importance
of Imperviousness,” which outlined the scien-
tific evidence for the relationship between IC
and stream quality. At that time, about two
dozen research studies documented a reason-
ably strong relationship between watershed IC
and various indicators of stream quality. The
research findings were subsequently integrated
into the ICM (Schueler, 1994a and CWP,
1998). A brief summary of the basic assump-
tions of the ICM can be found in Figure 1. The
ICM has had a major influence in watershed
planning, stream classification and land use
regulation in many communities. The ICM is a
deceptively simple model that raises extremely
complex and profound policy implications for
watershed managers.

The ICM has been widely applied in many
urban watershed settings for the purposes of
small watershed planning, stream classifica-
tion, and supporting restrictive development
regulations and watershed zoning. As such, the
ICM has stimulated intense debate among the
planning, engineering and scientific communi-

ties. This debate is likely to soon spill over into
the realm of politics and the courtroom, given
its potential implications for local land use and
environmental regulation. It is no wonder that
the specter of scientific uncertainty is fre-
quently invoked in the ICM debate, given the
land use policy issues at stake. In this light, it
is helpful to review the current strength of the
evidence for and against the ICM.

The ICM is based on the following assump-
tions and caveats:

*  Applies only to 1*, 2" and 3" order
streams.

* Requires accurate estimates of percent IC,
which is defined as the total amount of
impervious cover over a subwatershed
area.

* Predicts potential rather than actual stream
quality. It can and should be expected that
some streams will depart from the predic-
tions of the model. For example, monitor-
ing indicators may reveal poor water
quality in a stream classified as “sensitive”
or a surprisingly high biological diversity

Figure 1: Impervious Cover Model
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score in a “non-supporting” one. Conse-
quently, while IC can be used to initially
diagnose stream quality, supplemental
field monitoring is recommended to
actually confirm it.

* Does not predict the precise score of an
individual stream quality indicator but
rather predicts the average behavior of a
group of indicators over a range of IC.
Extreme care should be exercised if the
ICM is used to predict the fate of indi-
vidual species (e.g., trout, salmon, mus-
sels).

*  “Thresholds” defined as 10 and 25% IC are
not sharp “breakpoints,” but instead reflect
the expected transition of a composite of
individual indicators in that range of IC.
Thus, it is virtually impossible to distin-
guish real differences in stream quality
indicators within a few percentage points
of watershed IC (e.g., 9.9 vs. 10.1%).

e Should only be applied within the
ecoregions where it has been tested,
including the mid-Atlantic, Northeast,
Southeast, Upper Midwest, and Pacific
Northwest.

* Has not yet been validated for non-stream
conditions (e.g., lakes, reservoirs, aquifers
and estuaries).

¢ Does not currently predict the impact of
watershed treatment.

In this section, we review available stream
research to answer four questions about the
ICM:

1. Does recent stream research still support
the basic ICM?

2. What, if any, modifications need to be
made to the ICM?

3. To what extent can watershed practices
shift the predictions of the ICM?

4. What additional research is needed to test
the ICM?

Chapter 1: Infroduction

1.1.1 Strength of the Evidence
for the ICM

Many researchers have investigated the IC/
stream quality relationship in recent years. The
Center recently undertook a comprehensive
analysis of the literature to assess the scientific
basis for the ICM. As of the end of 2002, we
discovered more than 225 research studies that
measured 26 different urban stream indicators
within many regions of North America. We
classified the research studies into three basic
groups.

The first and most important group consists of
studies that directly test the IC/stream quality
indicator relationship by monitoring a large
population of small watersheds. The second
and largest group encompasses secondary
studies that indirectly support the ICM by
showing significant differences in stream
quality indicators between urban and non-
urban watersheds. The third and last group of
studies includes widely accepted engineering
models that explicitly use IC to directly predict
stream quality indicators. Examples include
engineering models that predict peak discharge
or stormwater pollutant loads as a direct
function of IC. In most cases, these relation-
ships were derived from prior empirical
research.

Table 1 provides a condensed summary of
recent urban stream research, which shows the
impressive growth in our understanding of
urban streams and the watershed factors that
influence them. A negative relationship
between watershed development and nearly all
of the 26 stream quality indicators has been
established over many regions and scientific
disciplines. About 50 primary studies have
tested the IC/stream quality indicator relation-
ship, with the largest number looking at
biological indicators of stream health, such as
the diversity of aquatic insects or fish. Another
150 or so secondary studies provide evidence
that stream quality indicators are significantly
different between urban and non-urban water-
sheds, which lends at least indirect support for
the ICM and suggests that additional research
to directly test the IC/stream quality indicator
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Table 1: The Strength of Evidence:
A Review of the Current Research on Urban Stream Indicators

Stream Quality Indicator # IC UN EM | RV | Notes

Increased Runoff Volume 2 Y Y N | exftensive national data
Increased Peak Discharge 7 Y Y Y Y type of drainage system key
Increased Frequency of Bankfull Flow 2 ? Y N N hard to measure

Diminished Baseflow 8 ? Y N Y | inconclusive data

Stream Channel Enlargement 8 Y Y N Y stream type important
Increased Channel Modification 4 Y Y N ? | stream enclosure

Loss of Riparian Confinuity 4 Y Y N ? can be affected by buffer
Reduced Large Woody Debris 4 Y Y N ? Pacific NW studies

Decline in Stream Habitat Quality 11 Y Y N ?

Changes in Pool Riffle/Structure 4 Y Y N ?

Reduced Channel Sinuosity 1 ? Y N ? | straighter channels

Decline in Streambed Quality 2 Y Y N ? embeddedness

Increased Stream Temperature 5 Y Y N ? buffers and ponds also a factor
Increased Road Crossings 3 ? Y N ? create fish barriers

Increased Nutrient Load 30+ ? Y Y N | higher stormwater EMCs
Increased Sediment Load 30+ ? Y N Y | higher EMCs in arid regions
Increased Metals & Hydrocarbons 20+ ? Y Y N related to traffic/VMT
Increased Pesticide Levels 7 ? Y N Y may be related to turf cover
Increased Chloride Levels 5 ? Y N Y related to road density
Violations of Bacteria Standords 9 Y Y N Y indirect association

Decline in Aquatic Insect Diversity 33 Y Y N N Bl and EPT

Decline in Fish Diversity 19 Y Y N N regional IBI differences

Loss of Coldwater Fish Species 6 Y Y N N frout and salmon

Reduced Fish Spawning 3 Y Y N ?

Decline in Wetland Plant Diversity 2 N Y N ? water level fluctuation

Decline in Amphibian Community 5 Y Y N ? few studies

# total number of all studiies that evaluated the indicator for urban watersheds

IC: coes balance of studies indicate a progressive change in the indicator as IC increases? Answers: Yes, No or No data
E;\)I If the answer to IC is no, does the balance of the studies show a change in the indicator from non-urban fo urban
watersheds? Yes or No

EM s the IC/stream quality indicator relationship implicitly assumed within the framework of widely accepted engineering
models? Yes, No or No models yet exist (7)

RV If the relationship has been tested in more than one eco-region, does it generally show major differences between
ecoregions? Answers: Yes, No, or insufficient data (?7)
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relationship is warranted. In some cases, the
IC/stream quality indicator relationship is
considered so strongly established by historical
research that it has been directly incorporated
into accepted engineering models. This has
been particularly true for hydrological and
water quality indicators.

1.1.2 Reinterpretation of the ICM

Although the balance of recent stream research
generally supports the ICM, it also offers
several important insights for interpreting and
applying the ICM, which are discussed next.

Chapter 1: Infroduction

cases, the overall trend for the indicator is
down, but considerable variation exists along
the trend line. Often, linear regression equa-
tions between IC and individual stream quality
indicators produce relatively modest correla-
tion coefficients (reported r* of 0.3 to 0.7 are
often considered quite strong).

Figure 2 shows typical examples of the IC/
stream quality indicator relationship that
illustrate the pattern of statistical variability.
Variation is always encountered when dealing
with urban stream data (particularly so for
biological indicators), but several patterns exist
that have important implications for watershed

Statistical Variability managers.
Scatter is a common characteristic of most IC/
stream quality indicator relationships. In most
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Figure 2: Typical Scatter Found in IC/Stream Quality Indicator Research
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The first pattern to note is that the greatest
scatter in stream quality indicator scores is
frequently seen in the range of one to 10% IC.
These streams, which are classified as “sensi-
tive” according to the ICM, often exhibit low,
moderate or high stream quality indicator
scores, as shown in Figure 2. The key interpre-
tation is that sensitive streams have the poten-
tial to attain high stream quality indicator
scores, but may not always realize this poten-
tial.

Quite simply, the influence of IC in the one to
10% range is relatively weak compared to
other potential watershed factors, such as
percent forest cover, riparian continuity,
historical land use, soils, agriculture, acid mine
drainage or a host of other stressors. Conse-
quently, watershed managers should never rely
on IC alone to classify and manage streams in
watersheds with less than 10% IC. Rather, they
should evaluate a range of supplemental
watershed variables to measure or predict
actual stream quality within these lightly
developed watersheds.

The second important pattern is that variability
in stream quality indicator data is usually

dampened when IC exceeds 10%, which
presumably reflects the stronger influence of
stormwater runoff on stream quality indicators.
In particular, the chance that a stream quality
indicator will attain a high quality score is
sharply diminished at higher IC levels. This
trend becomes pronounced within the 10 to
25% IC range and almost inevitable when
watershed IC exceeds 25%. Once again, this
pattern suggests that IC is a more robust and
reliable indicator of overall stream quality
beyond the 10% IC threshold.

Other Watershed Variables and the ICM
Several other watershed variables can poten-
tially be included in the ICM. They include
forest cover, riparian forest continuity and turf
cover.

Forest cover (FC) is clearly the main rival to
IC as a useful predictor of stream quality in
urban watersheds, at least for humid regions of
North America. In some regions, FC is simply
the reciprocal of IC. For example, Horner and
May (1999) have demonstrated a strong
interrelationship between IC and FC for
subwatersheds in the Puget Sound region
(Figure 3). In other regions, however, “pre-
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Figure 3: Relationship of IC and FC in Puget Sound Subwatersheds

(Horner and May, 1999)

Impacts of Impervious Cover on Agquatic Systems



development” land use represents a complex
mosaic of crop land, pasture and forest.
Therefore, an inverse relationship between FC
and IC may not be universal for subwatersheds
that have witnessed many cycles of deforesta-
tion and cultivation.

It should come as little surprise that the
progressive loss of FC has been linked to
declining stream quality indicators, given that
forested watersheds are often routinely used to
define natural reference conditions for streams
(Booth, 2000 and Horner et al., 2001). Mature
forest is considered to be the main benchmark
for defining pre-development hydrology within
a subwatershed, as well. Consequently, FC is
perhaps the most powerful indicator to predict
the quality of streams within the “sensitive”
category (zero to 10% IC).

To use an extreme example, one would expect
that stream quality indicators would respond
quite differently in a subwatershed that had
90% FC compared to one that had 90% crop
cover. Indeed, Booth (1991) suggests that
stream quality can only be maintained when IC
1s limited to less than 10% and at least 65% FC
is retained within a subwatershed. The key
management implication then is that stream
health is best managed by simultaneously
minimizing the creation of IC and maximizing
the preservation of native FC.

FC has also been shown to be useful in predict-
ing the quality of terrestrial variables in a
subwatershed. For example, the Mid-Atlantic
Integrated Assessment (USEPA, 2000) has
documented that watershed FC can reliably
predict the diversity of bird, reptile and am-
phibian communities in the mid-Atlantic
region. Moreover, the emerging discipline of
landscape ecology provides watershed manag-
ers with a strong scientific foundation for
deciding where FC should be conserved in a
watershed. Conservation plans that protect and
connect large forest fragments have been
shown to be effective in conserving terrestrial
species.

Riparian forest continuity has also shown
considerable promise in predicting at least
some indicators of stream quality for urban
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watersheds. Researchers have yet to come up
with a standard definition of riparian continu-
ity, but it is usually defined as the proportion
of the perennial stream network in a
subwatershed that has a fixed width of mature
streamside forest. A series of studies indicates
that aquatic insect and fish diversity are
associated with high levels of riparian continu-
ity (Horner et al., 2001; May et al., 1997;
MNCPPC, 2000; Roth ef al., 1998). On the
other hand, not much evidence has been
presented to support the notion that riparian
continuity has a strong influence on hydrology
or water quality indicators.

One watershed variable that received little
attention is the fraction of watershed area
maintained in turf cover (TC). Grass often
comprises the largest fraction of land area
within low-density residential development
and could play a significant role in streams that
fall within the “impacted” category (10 to 25%
IC). Although lawns are pervious, they have
sharply different properties than the forests and
farmlands they replace (i.e., irrigation, com-
pacted soils, greater runoff, and much higher
input of fertilizers and pesticides, etc.). It is
interesting to speculate whether the combined
area of IC and TC might provide better predic-
tions about stream health than IC area alone,
particularly within impacted subwatersheds.

Several other watershed variables might have
at least supplemental value in predicting
stream quality. They include the presence of
extensive wetlands and/or beaverdam com-
plexes in a subwatershed; the dominant form
of drainage present in the watershed (tile
drains, ditches, swales, curb and gutters, storm
drain pipes); the average age of development;
and the proximity of sewer lines to the stream.
As far as we could discover, none of these
variables has been systematically tested in a
controlled population of small watersheds. We
have observed that these factors could be
important in our field investigations and often
measure them to provide greater insight into
subwatershed behavior.

Lastly, several watershed variables that are
closely related to IC have been proposed to
predict stream quality. These include popula-
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tion, percent urban land, housing density, road
density and other indices of watershed devel-
opment. As might be expected, they generally
track the same trend as IC, but each has some
significant technical limitations and/or difficul-
ties in actual planning applications (Brown,
2000).

Individual vs. Multiple Indicators

The ICM does not predict the precise score of
individual stream quality indicators, but rather
predicts the average behavior of a group of
indicators over a range of IC. Extreme care
should be exercised if the ICM is used to
predict the fate of individual indicators and/or
species. This is particularly true for sensitive
aquatic species, such as trout, salmon, and
freshwater mussels. When researchers have
examined the relationship between IC and
individual species, they have often discovered
lower thresholds for harm. For example,
Boward et al. (1999) found that brook trout
were not found in subwatersheds that had more
than 4% IC in Maryland, whereas Horner and
May (1999) asserted an 8% threshold for
sustaining salmon in Puget Sound streams.

The key point is that if watershed managers
want to maintain an individual species, they
should be very cautious about adopting the
10% IC threshold. The essential habitat
requirements for many sensitive or endangered
species are probably determined by the most
sensitive stream quality indicators, rather than
the average behavior of all stream quality
indicators.

Direct Causality vs. Association

A strong relationship between IC and declining
stream quality indicators does not always mean
that the IC is directly responsible for the
decline. In some cases, however, causality can
be demonstrated. For example, increased
stormwater runoff volumes are directly caused
by the percentage of IC in a subwatershed,
although other factors such as conveyance,
slope and soils may play a role.

In other cases, the link is much more indirect.
For these indicators, IC is merely an index of
the cumulative amount of watershed develop-

ment, and more IC simply means that a greater
number of known or unknown pollutant
sources or stressors are present. In yet other
cases, a causal link appears likely but has not
yet been scientifically demonstrated. A good
example is the more than 50 studies that have
explored how fish or aquatic insect diversity
changes in response to IC. While the majority
of these studies consistently shows a very
strong negative association between IC and
biodiversity, they do not really establish which
stressor or combination of stressors contributes
most to the decline. The widely accepted
theory is that IC changes stream hydrology,
which degrades stream habitat, and in turn
leads to reduced stream biodiversity.

Regional Differences

Currently, the ICM has been largely confirmed
within the following regions of North America:
the mid-Atlantic, the Northeast, the Southeast,
the upper Midwest and the Pacific Northwest.
Limited testing in Northern California, the
lower Midwest and Central Texas generally
agrees with the ICM. The ICM has not been
tested in Florida, the Rocky Mountain West,
and the Southwest. For a number of reasons, it
is not certain if the ICM accurately predicts
biological indicators in arid and semiarid
climates (Maxted, 1999).

Measuring Impervious Cover

Most researchers have relied on total impervi-
ous cover as the basic unit to measure IC at the
subwatershed level. The case has repeatedly
been made that effective impervious cover is
probably a superior metric (e.g., only counting
IC that is hydraulically connected to the
drainage system). Notwithstanding, most
researchers have continued to measure total IC
because it is generally quicker and does not
require extensive (and often subjective)
engineering judgement as to whether it is
connected or not. Researchers have used a
wide variety of techniques to estimate
subwatershed IC, including satellite imagery,
analysis of aerial photographs, and derivation
from GIS land use layers. Table 2 presents
some standard land use/IC relationships that
were developed for suburban regions of the
Chesapeake Bay.
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Table 2: Land Use/IC Relationships for

Suburban Areas of the Chesapeake Bay
(Cappiella and Brown, 2001)

Land Use fsﬁmg; Mean Land Use fﬂ:\gl:r Mean

Category N) IC (SE) Category N IC (SE)
Agriculture 8 1.9-0.3 || Institutional 30 34.4- 3.45
Open Urbaon Land 11 8.6 -1.64 || Light 20 53.4-28
2 Acre Lot Residential 12 10.6 - 0.65 || Commercia 23 722-20
1 Acre Lot Residential 23 14.3 - 0.53 || Churches 8 399-781
1/2 Acre Lot Residential 20 21.2 - 0.78 || Schools 13 303-48
1/4 Acre Lot Residential 23 27.8 - 0.60 || Municipals 9 354-63
1/8 Acre Lot Residential 10 32.6- 16 || Golf 4 50-1.7
Townhome Residential 20 40.9 - 1.39 || Cemeteries 3 8.3-35
Multifamily Residential 18 44.4- 20 || Parks 4 125-0.7

Three points are worth noting. First, it is fair to
say that most researchers have spent more
quality control effort on their stream quality
indicator measurements than on their
subwatershed IC estimates. At the current time,
no standard protocol exists to estimate
subwatershed IC, although Cappiella and
Brown (2001) presented a useful method. At
best, the different methods used to measure IC
make it difficult to compare results from
different studies, and at worst, it can introduce
an error term of perhaps +/- 10% from the true
value within an individual subwatershed.
Second, it is important to keep in mind that IC
is not constant over time; indeed, major
changes in subwatershed IC have been ob-
served within as few as two years. Conse-
quently, it is sound practice to obtain
subwatershed IC estimates from the most
recent possible mapping data, to ensure that it
coincides with stream quality indicator mea-
surements. Lastly, it is important to keep in
mind that most suburban and even rural zoning
categories exceed 10% IC (see Table 2).
Therefore, from a management standpoint,
planners should try to project future IC, in
order to determine the future stream classifica-
tion for individual subwatersheds.

1.1.3 Influence of Watershed
Treatment Practices on the ICM

The most hotly debated question about the
ICM is whether widespread application of
watershed practices such as stream buffers or
stormwater management can mitigate the
impact of IC, thereby allowing greater devel-
opment density for a given watershed. At this
point in time, there are fewer than 10 studies
that directly bear on this critical question.
Before these are reviewed, it is instructive to
look at the difficult technical and scientific
issues involved in detecting the effect of
watershed treatment, given its enormous
implications for land use control and watershed
management.

The first tough issue is how to detect the effect
of watershed treatment, given the inherent
scatter seen in the IC/stream quality indicator
relationship. Figure 4 illustrates the “double
scatter” problem, based on three different
urban stream research studies in Delaware,
Maryland and Washington. A quick inspection
of the three plots shows how intrinsically hard
it is to distinguish the watershed treatment
effect. As can be seen, stream quality indica-
tors in subwatersheds with treatment tend to
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Figure 4: The Double Scatter Problem: Difficulties in Detecting the

Effect of Watershed Treatment

overplot those in subwatersheds that lack
treatment. While subtle statistical differences
may be detected, they are not visibly evident.
This suggests that the impact of watershed
treatment would need to be extremely dramatic
to be detected, given the inherent statistical
variability seen in small watersheds (particu-
larly so within the five to 25% IC range where
scatter is considerable).

In an ideal world, a watershed study design
would look at a controlled population of small
urban watersheds that were developed with and
without watershed practices to detect the
impact of “treatment.” In the real world,
however, it is impossible to strictly control
subwatershed variables. Quite simply, no two
subwatersheds are ever alike. Each differs
slightly with respect to drainage area, IC,

forest cover, riparian continuity, historical land
use, and percent watershed treatment. Re-
searchers must also confront other real world
issues when designing their watershed treat-
ment experiments.

For example, researchers must carefully
choose which indicator or group of indicators
will be used to define stream health. IC has a
negative influence on 26 stream quality
indicators, yet nearly all of the watershed
treatment research so far has focused on just a
few biological indicators (e.g., aquatic insect
or fish diversity) to define stream health. It is
conceivable that watershed treatment might
have no effect on biological indicators, yet
have a positive influence on hydrology, habitat
or water quality indicators. At this point, few
of these indicators have been systematically
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tested in the field. It is extremely doubtful that
any watershed practice can simultaneously
improve or mitigate all 26 stream quality
indicators, so researchers must carefully
interpret the outcomes of their watershed
treatment experiments.

The second issue involves how to quantify
watershed treatment. In reality, watershed
treatment collectively refers to dozens of
practices that are installed at individual devel-
opment sites in the many years or even decades
it takes to fully “build out” a subwatershed.
Several researchers have discovered that
watershed practices are seldom installed
consistently across an entire subwatershed. In
some cases, less than a third of the IC in a
subwatershed was actually treated by any
practice, because development occurred prior
to regulations; recent projects were exempted,
waived or grandfathered; or practices were
inadequately constructed or maintained
(Horner and May, 1999 and MNCPPC, 2000).

Even when good coverage is achieved in a
watershed, such as the 65 to 90% reported in
studies of stormwater ponds (Jones et al.,
1996; Maxted, 1999; Maxted and Shaver,
1997), it is still quite difficult to quantify the
actual quality of treatment. Often, each
subwatershed contains its own unique mix of
stormwater practices installed over several
decades, designed under diverse design crite-
ria, and utilizing widely different stormwater
technologies. Given these inconsistencies,
researchers will need to develop standard
protocols to define the extent and quality of
watershed treatment.

Effect of Stormwater Ponds

With this in mind, the effect of stormwater
ponds and stream buffers can be discussed.
The effect of larger stormwater ponds in
mitigating the impacts of IC in small water-
sheds has received the most scrutiny to date.
This is not surprising, since larger ponds often
control a large fraction of their contributing
subwatershed area (e.g. 100 to 1,000 acres) and
are located on the stream itself, therefore
lending themselves to easier monitoring. Three
studies have evaluated the impact of large
stormwater ponds on downstream aquatic
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insect communities (Jones et al., 1996; Maxted
and Shaver, 1997; Stribling et al., 2001). Each
of these studies was conducted in small
headwater subwatersheds in the mid-Atlantic
Region, and none was able to detect major
differences in aquatic insect diversity in
streams with or without stormwater ponds.

Four additional studies statistically evaluated
the stormwater treatment effect in larger
populations of small watersheds with varying
degrees of IC (Horner and May, 1999; Horner
et al., 2001; Maxted, 1999; MNCPPC, 2000).
These studies generally sampled larger water-
sheds that had many stormwater practices but
not necessarily complete watershed coverage.
In general, these studies detected a small but
positive effect of stormwater treatment relative
to aquatic insect diversity. This positive effect
was typically seen only in the range of five to
20% IC and was generally undetected beyond
about 30% IC. Although each author was
hesitant about interpreting his results, all
generally agreed that perhaps as much as 5%
IC could be added to a subwatershed while
maintaining aquatic insect diversity, given
effective stormwater treatment. Forest reten-
tion and stream buffers were found to be very
important, as well. Horner et al. (2001) re-
ported a somewhat stronger IC threshold for
various species of salmon in Puget Sound
streams.

Some might conclude from these initial
findings that stormwater ponds have little or no
value in maintaining biological diversity in
small streams. However, such a conclusion
may be premature for several reasons. First,
the generation of stormwater ponds that was
tested was not explicitly designed to protect
stream habitat or to prevent downstream
channel erosion, which would presumably
promote aquatic diversity. Several states have
recently changed their stormwater criteria to
require extended detention for the express
purpose of preventing downstream channel
erosion, and these new criteria may exert a
stronger influence on aquatic diversity. In-
stead, their basic design objective was to
maximize pollutant removal, which they did
reasonably well.

Impacts of Impervious Cover on Aquatic Systems
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The second point to stress is that streams with
larger stormwater ponds should be considered
“regulated streams” (Ward and Stanford,
1979), which have a significantly altered
aquatic insect community downstream of the
ponds. For example, Galli (1988) has reported
that on-stream wet stormwater ponds shift the
trophic structure of the aquatic insect commu-
nity. The insect community above the pond
was dominated by shredders, while the insect
community below the pond was dominated by
scrapers, filterers and collectors. Of particular
note, several pollution-sensitive species were
eliminated below the pond. Galli reported that
changes in stream temperatures, carbon supply
and substrate fouling were responsible for the
downstream shift in the aquatic insect commu-
nity. Thus, while it is clear that large stormwa-
ter ponds can be expected to have a negative
effect on aquatic insect diversity, they could
still exert positive influence on other stream
quality indicators.

Effect of Stream Buffers

A handful of studies have evaluated biological
indicator scores for urban streams that have
extensive forest buffers, compared to streams
where they were mostly or completely absent
(Horner and May, 1999; Horner et al., 2001;
May et al., 1997, MNCPPC, 2000; Roth et al.,
1998; Steedman, 1988). Biological indicators
included various indices of aquatic insect, fish
and salmon diversity. Each study sampled a
large population of small subwatersheds over a
range of IC and derived a quantitative measure
to express the continuity, width and forest
cover of the riparian buffer network within
each subwatershed. Riparian forests were
hypothesized to have a positive influence on
stream biodiversity, given the direct ways they
contribute to stream habitat (e.g., shading,
woody debris, leaf litter, bank stability, and
organic carbon supply).

All five studies detected a small to moderate
positive effect when forested stream buffers
were present (frequently defined as at least
two-thirds of the stream network with at least
100 feet of stream side forest). The greatest
effect was reported by Horner and May (1999)
and Horner et al. (2001) for salmon streams in

the Puget Sound ecoregion. If excellent
riparian habitats were preserved, they generally
reported that fish diversity could be maintained
up to 15% IC, and good aquatic insect diversity
could be maintained with as much as 30% IC.
Steedman (1988) reported a somewhat smaller
effect for Ontario streams. MNCPPC (2000),
May et al. (1997), and Roth et al. (1998) could
not find a statistically significant relationship
between riparian quality and urban stream
quality indicators but did report that most
outliers (defined as higher IC subwatersheds
with unusually high biological indicator
scores) were generally associated with exten-
sive stream side forest.

1.1.4 Recommendations for
Further ICM Research

At this point, we recommend three research
directions to improve the utility of the ICM for
watershed managers. The first direction is to
expand basic research on the relationship
between IC and stream quality indicators that
have received little scrutiny. In particular,
more work is needed to define the relationship
between IC and hydrological and physical
indicators such as the following:

e Physical loss or alteration of the stream
network

e Stream habitat measures

* Riparian continuity

¢ Baseflow conditions during dry weather

In addition, more watershed research is needed
in ecoregions and physiographic areas where
the ICM has not yet been widely tested. Key
areas include Florida, arid and semiarid
climates, karst areas and mountainous regions.
The basic multiple subwatershed monitoring
protocol set forth by Schueler (1994a) can be
used to investigate IC/stream quality relation-
ships, although it would be wise to measure a
wider suite of subwatershed variables beyond
IC (e.g., forest cover, turf cover, and riparian
continuity).

The second research direction is to more
clearly define the impact of watershed treat-
ment on stream quality indicators. Based on
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the insurmountable problems encountered in
controlling variation at the subwatershed level,
it may be necessary to abandon the multiple
watershed or paired watershed sampling
approaches that have been used to date.
Instead, longitudinal monitoring studies within
individual subwatersheds may be a more
powerful tool to detect the effect of watershed
treatment. These studies could track changes in
stream quality indicators in individual
subwatersheds over the entire development
cycle: pre-development land use, clearing,
construction, build out, and post construction.
In most cases, longitudinal studies would take
five to 10 years to complete, but they would
allow watershed managers to measure and
control the inherent variability at the
subwatershed level and provide a “before and
after” test of watershed treatment. Of course, a
large population of test subwatersheds would
be needed to satisfactorily answer the water-
shed treatment question.

The third research direction is to monitor
more non-supporting streams, in order to
provide a stronger technical foundation for
crafting more realistic urban stream standards
and to see how they respond to various water-
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shed restoration treatments. As a general rule,
most researchers have been more interested in
the behavior of sensitive and impacted streams.
The non-supporting stream category spans a
wide range of IC, yet we do not really under-
stand how stream quality indicators behave
over the entire 25 to 100% IC range.

For example, it would be helpful to establish
the IC level at the upper end of the range
where streams are essentially transformed into
an artificial conveyance system (i.e., become
pipes or artificial channels). It would also be
interesting to sample more streams near the
lower end of the non-supporting category (25
to 35% IC) to detect whether stream quality
indicators respond to past watershed treatment
or current watershed restoration efforts. For
practical reasons, the multiple subwatershed
sampling approach is still recommended to
characterize indicators in non-supporting
streams. However, researchers will need to
screen a large number of non-supporting
subwatersheds in order to identify a few
subwatersheds that are adequate for subsequent
sampling (i.e., to control for area, IC, develop-
ment age, percent watershed treatment, type of
conveyance systems, etc.).

Impacts of Impervious Cover on Aquatic Systems
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1.2 Impacts of Urbanization on  water quality (Table 3). Several generalizations

Downstream Receiving Waters a0 be supported by the majority of research
conducted to date. First, the unit area pollutant

load delivered by stormwater runoff to receiv-
ing waters increases in direct proportion to
watershed IC. This is not altogether surprising,
since pollutant load is the product of the
average pollutant concentration and stormwa-
ter runoff volume. Given that runoff volume
increases in direct proportion to IC, pollutant
loads must automatically increase when IC
increases, as long the average pollutant con-
centration stays the same (or increases). This
relationship is a central assumption in most

In this section, we review the impacts of
urbanization on downstream receiving waters,
primarily from the standpoint of impacts
caused by poor stormwater quality. We begin
by looking at the relationship between IC and
stormwater pollutant loadings. Next, we
discuss the sensitivity of selected downstream
receiving waters to stormwater pollutant loads.
Lastly, we examine the effect of watershed
treatment in reducing stormwater pollutant

loads. simple and complex pollutant loading models

. . (Bicknell et al., 1993; Donigian and Huber,
1.2.1 Re_lahonshlp Between 1991; Haith et al., 1992; Novotny and Chester,
Impervious Cover and 1981; NVPDC, 1987; Pitt and Voorhees,
Stormwater Quality 1989).

Urban stormwater runoff contains a wide range  The second generalization is that stormwater
of pollutants that can degrade downstream pollutant concentrations are generally similar

Table 3: Summary of Urban Stormwater Pollutant Loads

on Quality of Receiving Waters

Pollutants in Urban wa Impacts To: ngh_er Load_a Other Facic?rs
Stormwater Unit function Important in
° e R|L|E|A|W j|oad? | ofIC? Loading
Suspended Sediment [Y [Y |VY N [V Y (ag) Y channel erosion

Total Nitfrogen N N |Y Y N Y (@Q) Y sepfic systems

Total Phosphorus Y Y N N [V Y (@Q) Y free canopy

Metals Y |Y |Y ? N Y venhicles

Hydrocarbons Y Y Y Y Y Y ? related to VMTs and
hotspots

Bacteria/Pathogens Y |[Y |Y [N |Y Y Y mMany sources

Organic Carbon N | ? ? ? Y Y Y

MTBE N [N [N [V Y Y ? roadway, VMTs

Pesticides ? ? ? ? Y Y ? turf/landscaping

Chloride ?2 1Y N Y Y ? road density

Trash/Debris Y |[Y |Y [N [|? Y Y curb and gutters

Major Water Quality Impacts Reported for.

R =River, L = Lake, E = Estuary, A = Aquifer, W = Surface Water Supply

Higher Unit Area Load? Yes (compared to all land uses) (ag): with exception of cropland

Load a function of IC? Yes, increases proportionally with IC
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at the catchment level, regardless of the mix of
IC types monitored (e.g., residential, commer-
cial, industrial or highway runoff). Several
hundred studies have examined stormwater
pollutant concentrations from small urban
catchments and have generally found that the
variation within a catchment is as great as the
variation between catchments. Runoff concen-
trations tend to be log-normally distributed,
and therefore the long term “average” concen-
tration is best expressed by a median value. It
should be kept in mind that researchers have
discovered sharp differences in pollutant
concentrations for smaller, individual compo-
nents of IC (e.g., rooftops, parking lots, streets,
driveways and the like). Since most urban
catchments are composed of many kinds of IC,
this mosaic quality tempers the variability in
long term pollutant concentrations at the
catchment or subwatershed scale.

The third generalization is that median concen-
trations of pollutants in urban runoff are
usually higher than in stormwater runoff from
most other non-urban land uses. Consequently,
the unit area nonpoint pollutant load generated
by urban land normally exceeds that of nearly
all watershed land uses that it replaces (forest,
pasture, cropland, open space — see Table 3).
One important exception is cropland, which
often produces high unit area sediment and
nutrient loads in many regions of the country.
In these watersheds, conversion of intensively
managed crops to low density residential
development may actually result in a slightly
decreased sediment or nutrient load. On the
other hand, more intensive land development
(30% IC or more) will tend to equal or exceed
cropland loadings.

The last generalization is that the effect of IC
on stormwater pollutant loadings tends to be
weakest for subwatersheds in the one to 10%
IC range. Numerous studies have suggested
that other watershed and regional factors may
have a stronger influence, such as the underly-
ing geology, the amount of carbonate rock in
the watershed, physiographic region, local soil
types, and most important, the relative fraction
of forest and crop cover in the subwatershed
(Herlihy et al., 1998 and Liu et al., 2000). The
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limited influence of IC on pollutant loads is
generally consistent with the finding for
hydrologic, habitat and biological indicators
over this narrow range of IC. Once again,
watershed managers are advised to track other
watershed indicators in the sensitive stream
category, such as forest or crop cover.

1.2.2 Water Quality Response to
Stormwater Pollution

As noted in the previous section, most ICM
research has been done on streams, which are
directly influenced by increased stormwater.
Many managers have wondered whether the
ICM also applies to downstream receiving
waters, such as lakes, water supply reservoirs
and small estuaries. In general, the exact water
quality response of downstream receiving
waters to increased nonpoint source pollutant
loads depends on many factors, including the
specific pollutant, the existing loading gener-
ated by the converted land use, and the geom-
etry and hydraulics of the receiving water.
Table 3 indicates the sensitivity of rivers,
lakes, estuaries, aquifers and water supply
reservoirs to various stormwater pollutants.

Lakes and the ICM

The water column and sediments of urban
lakes are impacted by many stormwater
pollutants, including sediment, nutrients,
bacteria, metals, hydrocarbons, chlorides, and
trash/debris. Of these pollutants, limnologists
have always regarded phosphorus as the
primary lake management concern, given that
more than 80% of urban lakes experience
symptoms of eutrophication (CWP, 2001a).

In general, phosphorus export steadily in-
creases as IC is added to a lake watershed,
although the precise amount of IC that triggers
eutrophication problems is unique to each
urban lake. With a little effort, it is possible to
calculate the specific IC threshold for an
individual lake, given its internal geometry, the
size of its contributing watershed, current in-
lake phosphorus concentration, degree of
watershed treatment, and the desired water
quality goals for the lake (CWP, 2001a). As a
general rule, most lakes are extremely sensitive
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to increases in phosphorus loads caused by
watershed IC. Exceptions include lakes that are
unusually deep and/or have very small drain-
age area/lake area ratios. In most lakes, how-
ever, even a small amount of watershed
development will result in an upward shift in
trophic status (CWP, 2001a).

Reservoirs and the ICM

While surface water supply reservoirs respond
to stormwater pollutant loads in the same
general manner as lakes, they are subject to
stricter standards because of their uses for
drinking water. In particular, water supply
reservoirs are particularly sensitive to in-
creased turbidity, pathogens, total organic
carbon, chlorides, metals, pesticides and
hydrocarbon loads, in addition to phosphorus
(Kitchell, 2001). While some pollutants can be
removed or reduced through expanded filtering
and treatment at drinking water intakes, the
most reliable approach is to protect the source
waters through watershed protection and
treatment.

Consequently, we often recommend that the
ICM be used as a “threat index” for most
drinking water supplies. Quite simply, if
current or future development is expected to
exceed 10% IC in the contributing watershed,
we recommend that a very aggressive water-
shed protection strategy be implemented
(Kitchell, 2001). In addition, we contend that
drinking water quality cannot be sustained
once watershed IC exceeds 25% and have yet
to find an actual watershed where a drinking
water utility has been maintained under these
conditions.

Small Tidal Estuaries and Coves and the ICM
The aquatic resources of small tidal estuaries,
creeks, and coves are often highly impacted by
watershed development and associated activi-
ties, such as boating/marinas, wastewater
discharge, septic systems, alterations in
freshwater flow and wetland degradation and
loss. Given the unique impacts of eutrophica-
tion on the marine system and stringent water
quality standards for shellfish harvesting, the
stormwater pollutants of greatest concern in
the estuarine water column are nitrogen and

fecal coliform bacteria. Metals and hydrocar-
bons in stormwater runoff can also contami-
nate bottom sediments, which can prove toxic
to local biota (Fortner et al., 1996; Fulton et
al., 1996; Kucklick et al., 1997; Lerberg et al.,
2000; Sanger et al., 1999; Vernberg et al.,
1992).

While numerous studies have demonstrated
that physical, hydrologic, water quality and
biological indicators differ in urban and non-
urban coastal watersheds, only a handful of
studies have used watershed IC as an indicator
of estuarine health. These studies show signifi-
cant correlations with IC, although degradation
thresholds may not necessarily adhere to the
ICM due to tidal dilution and dispersion. Given
the limited research, it is not fully clear if the
ICM can be applied to coastal systems without
modification.

Atmospheric deposition is considered a
primary source of nitrogen loading to estuarine
watersheds. Consequently, nitrogen loads in
urban stormwater are often directly linked to
IC. Total nitrogen loads have also been linked
to groundwater input, especially from subsur-
face discharges from septic systems, which are
common in low density coastal development
(Swann, 2001; Valiela et al., 1997; Vernberg et
al., 1996a). Nitrogen is generally considered to
be the limiting nutrient in estuarine systems,
and increased loading has been shown to
increase algal and phytoplankton biomass and
cause shifts in the phytoplankton community
and food web structure that may increase the
potential for phytoplankton blooms and fish
kills (Bowen and Valiela, 2001; Evgenidou et
al., 1997; Livingston, 1996).

Increased nitrogen loads have been linked to
declining seagrass communities, finfish
populations, zooplankton reproduction, inver-
tebrate species richness, and shellfish popula-
tions (Bowen and Valiela, 2001; Rutkowski et
al., 1999; Short and Wyllie-Echeverria, 1996;
Valiela and Costa, 1988). Multiple studies
have shown significant increases in nitrogen
loading as watershed land use becomes more
urban (Valiela et al., 1997; Vernberg et al.
1996a; Wahl et al., 1997). While a few studies
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link nitrogen loads with building and popula-
tion density, no study was found that used IC
as an indicator of estuarine nitrogen loading.

The second key water quality concern in small
estuaries is high fecal coliform levels in
stormwater runoff, which can lead to the
closure of shellfish beds and swimming
beaches. Waterfowl and other wildlife have
also been shown to contribute to fecal coliform
loading (Wieskel et al., 1996). Recent research
has shown that fecal coliform standards are
routinely violated during storm events at very
low levels of IC in coastal watersheds (Mallin
et al., 2001; Vernberg et al., 1996b; Schueler,
1999). Maiolo and Tschetter (1981) found a
significant correlation between human popula-
tion and closed shellfish acreage in North
Carolina, and Duda and Cromartie (1982)
found greater fecal coliform densities when
septic tank density and IC increased, with an
approximate threshold at 10% watershed IC.

Recently, Mallin et al. (2000) studied five
small North Carolina estuaries of different land
uses and showed that fecal coliform levels
were significantly correlated with watershed
population, developed land and IC. Percent IC
was the most statistically significant indicator
and could explain 95% of the variability in
fecal coliform concentrations. They also found
that shellfish bed closures were possible in
watersheds with less than 10% IC, common in
watersheds above 10% IC, and almost certain
in watersheds above 20% IC. While higher
fecal coliform levels were observed in devel-
oped watersheds, salinity, flushing and proxim-
ity to pollution sources often resulted in higher
concentrations at upstream locations and at
high tides (Mallin ef al., 1999). While these
studies support the ICM, more research is
needed to prove the reliability of the ICM in
predicting shellfish bed closures based on IC.

Several studies have also investigated the
impacts of urbanization on estuarine fish,
macrobenthos and shellfish communities.
Increased PAH accumulation in oysters,
negative effects of growth in juvenile sheeps-
head minnows, reduced molting efficiency in
copepods, and reduced numbers of grass
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shrimp have all been reported for urban
estuaries as compared to forested estuaries
(Fulton et al., 1996). Holland et al. (1997)
reported that the greatest abundance of penaid
shrimp and mummichogs was observed in tidal
creeks with forested watersheds compared to
those with urban cover. Porter et al. (1997)
found lower grass shrimp abundance in small
tidal creeks adjacent to commercial and urban
development, as compared to non-urban
watersheds.

Lerberg et al. (2000) studied small tidal creeks
and found that highly urban watersheds (50%
IC) had the lowest benthic diversity and
abundance as compared to suburban and
forested creeks, and benthic communities were
numerically dominated by tolerant oligocha-
etes and polychaetes. Suburban watersheds (15
to 35% IC) also showed signs of degradation
and had some pollution tolerant macrobenthos,
though not as markedly as urban creeks.
Percent abundance of pollution-indicative
species showed a marked decline at 30% IC,
and the abundance of pollution-sensitive
species also significantly correlated with IC
(Lerberg et al., 2000). Holland et al. (1997)
reported that the variety and food availability
for juvenile fish species was impacted at 15 to
20% IC.

Lastly, a limited amount of research has
focused on the direct impact of stormwater
runoff on salinity and hypoxia in small tidal
creeks. Blood and Smith (1996) compared
urban and forested watersheds and found
higher salinities in urban watersheds due to the
increased number of impoundments. Fluctua-
tions in salinity have been shown to affect
shellfish and other aquatic populations (see
Vernberg, 1996b). When urban and forested
watersheds were compared, Lerberg et al.
(2000) reported that higher salinity fluctuations
occurred most often in developed watersheds;
significant correlations with salinity range and
IC were also determined. Lerberg et al. (2000)
also found that the most severe and frequent
hypoxia occurred in impacted salt marsh
creeks and that dissolved oxygen dynamics in
tidal creeks were comparable to dead-end
canals common in residential marina-style
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coastal developments. Suburban watersheds
(15 to 35% IC) exhibited signs of degradation
and had some pollution-tolerant macrobenthic
species, though not to the extent of urban
watersheds (50% IC).

In summary, recent research suggests that
indicators of coastal watershed health are
linked to IC. However, more research is
needed to clarify the relationship between IC
and estuarine indicators in small tidal estuaries
and high salinity creeks.

1.2.3 Effect of Watershed Treatment
on Stormwater Quality

Over the past two decades, many communities
have invested in watershed protection prac-
tices, such as stormwater treatment practices
(STPs), stream buffers, and better site design,
in order to reduce pollutant loads to receiving
waters. In this section, we review the effect of
watershed treatment on the quality of stormwa-
ter runoff.

Effect of Stormwater Treatment Practices
We cannot directly answer the question as to
whether or not stormwater treatment practices
can significantly reduce water quality impacts
at the watershed level, simply because no
controlled monitoring studies have yet been
conducted at this scale. Instead, we must rely
on more indirect research that has tracked the
change in mass or concentration of pollutants

as they travel through individual stormwater
treatment practices. Thankfully, we have an
abundance of these performance studies, with
nearly 140 monitoring studies evaluating a
diverse range of STPs, including ponds,
wetlands, filters, and swales (Winer, 2000).

These studies have generally shown that
stormwater practices have at least a moderate
ability to remove many pollutants in urban
stormwater. Table 4 provides average removal
efficiency rates for a range of practices and
stormwater pollutants, and Table 5 profiles the
mean storm outflow concentrations for various
practices. As can be seen, some groups of
practices perform better than others in remov-
ing certain stormwater pollutants. Conse-
quently, managers need to carefully choose
which practices to apply to solve the primary
water quality problems within their water-
sheds.

It is also important to keep in mind that site-
based removal rates cannot be extrapolated to
the watershed level without significant adjust-
ment. Individual site practices are never
implemented perfectly or consistently across a
watershed. At least three discount factors need
to be considered: bypassed load, treatability
and loss of performance over time. For a
review on how these discounts are derived,
consult Schueler and Caraco (2001). Even
under the most optimistic watershed imple-
mentation scenarios, overall pollutant reduc-

Table 4: The Effectiveness of Stormwater Treatment Practices in Removing

Pollutants - Percent Removal Rate (Winer, 2000)

Practice N TSS TP OP N NOXx Cu Zn ol 1 | Bacteria
Grease

Dry Ponds 9 47 19 N/R 25 3.5 26 26 3 44
Wet Ponds 43 80 51 65 33 43 57 66 78 70
Wetlands 36 76 49 48 30 67 40 44 85 78
Filtering Practices?| 18 86 59 57 38 -14 49 88 84 37
Water Quality o | 8 |3 [ 10] 8 | 31| s | 7 62 25
Swales
Ditches® 9 31 -16 N/R 9.0 24 14 0 N/R 0
Infiltration 6 95 80 85 51 82 N/R N/R N/R N/R
1. Represents data for Oil and Grease and PAH
2: Excludes vertical sand filters
3. Refers to open channel practices not designed for water quality
N/R = Not Reported
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Table 5: Median Effluent Concentrations from

Stormwater Treatment Practices (mg/I) (Winer, 2000)

Practice N TSS TP oP N NOx | CuU' Zn'

Dry Ponds® 3 28 0.18 N/R 0.86 N/R | 9.0 98

Wet Ponds 25 17 0.11 0.03 1.3 0.26 5.0 30
Wetlands 19 22 0.20 0.07 1.7 0.36 7.0 31
Filtering Practices’ 8 11 0.10 0.07 1.1 0.55 9.7 21
Water Quality Swales 7 14 0.19 0.09 1.1 0.35 10 53
Ditches® 3 29 0.31 N/R 2.4 0.72 18 32

1. Units for Zn and Cu are micrograms per liter (Fg/l)
2. Data available for Dry Extended Detention Ponds
3. Excludes vertical sand filters

N/R = Not Reporfed

only

4. Refers fo open channel practices not designed for water quality

tions by STPs may need to be discounted by at
least 30% to account for partial watershed
treatment.

Even with discounting, however, it is evident
that STPs can achieve enough pollutant
reduction to mimic rural background loads for
many pollutants, as long as the watershed 1C
does not exceed 30 to 35%. This capability is
illustrated in Figure 5, which shows phospho-
rus load as a function of IC, with and without
stormwater treatment.

Effect of Stream Buffers/Riparian Areas
Forested stream buffers are thought to have
very limited capability to remove stormwater
pollutants, although virtually no systematic
monitoring data exists to test this hypothesis.

The major reason cited for their limited
removal capacity is that stormwater generated
from upland IC has usually concentrated
before it reaches the forest buffer and therefore
crosses the buffer in a channel, ditch or storm
drain pipe. Consequently, the opportunity to
filter runoff is lost in many forest buffers in
urban watersheds.

Effect of Better Site Design

Better site design (BSD) is a term for
nonstructural practices that minimize IC,
conserve natural areas and distribute stormwa-
ter treatment across individual development
sites. BSD is also known by many other
names, including conservation development,
low-impact development, green infrastructure,
and sustainable urban drainage systems. While
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Figure 5: Estimated Phosphorus Load as a Function of Impervious Cover, Discounted

Stormwater Treatment and Better Site

Design (Schueler and Caraco, 2001)
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some maintain that BSD is an alternative to
traditional STPs, most consider it to be an
important complement to reduce pollutant
loads.

While BSD has become popular in recent
years, only one controlled research study has
evaluated its potential performance, and this is
not yet complete (i.e. Jordan Cove, CT).

Indirect estimates of the potential value of
BSD to reduce pollutant discharges have been
inferred from modeling and redesign analyses
(Zielinski, 2000). A typical example is pro-
vided in Figure 5, which shows the presumed
impact of BSD in reducing phosphorus load-
ings. As is apparent, BSD appears to be a very
effective strategy in the one to 25% IC range,
but its benefits diminish beyond that point.
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1.3 Implications of the ICM
for Watershed Managers

One of the major policy implications of the
ICM is that in the absence of watershed
treatment, it predicts negative stream impacts
at an extremely low intensity of watershed
development. To put this in perspective,
consider that a watershed zoned for two-acre
lot residential development will generally
exceed 10% IC, and therefore shift from a
sensitive to an impacted stream classification
(Cappiella and Brown, 2001). Thus, if a
community wants to protect an important water
resource or a highly regarded species (such as
trout, salmon or an endangered freshwater
mussel), the ICM suggests that there is a
maximum limit to growth that is not only quite
low, but is usually well below the current
zoning for many suburban or even rural
watersheds. Consequently, the ICM suggests
the unpleasant prospect that massive down-
zoning, with all of the associated political and
legal carnage involving property rights and
economic development, may be required to
maintain stream quality.

It is not surprising, then, that the ICM debate
has quickly shifted to the issue of whether or
not watershed treatment practices can provide
adequate mitigation for IC. How much relief
can be expected from stream buffers, stormwa-
ter ponds, and other watershed practices, which
might allow greater development density
within a given watershed? Only a limited
amount of research has addressed this question,
and the early results are not reassuring (re-
viewed in section 1.1.3). At this early stage,
researchers are still having trouble detecting
the impact of watershed treatment, much less
defining it. As noted earlier, both watershed
research techniques and practice implementa-
tion need to be greatly improved if we ever
expect to get a scientifically defensible answer
to this crucial question. Until then, managers
should be extremely cautious in setting high
expectations for how much watershed treat-
ment can mitigate IC.
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1.3.1 Management of
Non-Supporting Streams

Most researchers acknowledge that streams
with more than 25% IC in their watersheds
cannot support their designated uses or attain
water quality standards and are severely
degraded from a physical and biological
standpoint. As a consequence, many of these
streams are listed for non-attainment under the
Clean Water Act and are subject to Total
Maximum Daily Load (TMDL) regulations.
Communities that have streams within this
regulatory class must prepare implementation
plans that demonstrate that water quality
standards can ultimately be met.

While some communities have started to
restore or rehabilitate these streams in recent
years, their efforts have yielded only modest
improvements in water quality and biological
indicators. In particular, no community has yet
demonstrated that they can achieve water
quality standards in an urban watershed that
exceeds 25% IC. Many communities are
deeply concerned that non-supporting streams
may never achieve water quality standards,
despite massive investments in watershed
restoration. The ICM suggests that water
quality standards may need to be sharply
revised for streams with more than 25% IC, if
they are ever to come into attainment. While
states have authority to create more achievable
standards for non-supporting streams within
the regulatory framework of the Clean Water
Act (Swietlik, 2001), no state has yet exercised
this authority. At this time, we are not aware of
any water quality standards that are based on
the ICM or similar urban stream classification
techniques.

Two political perceptions largely explain why
states are so reticent about revising water
quality standards. The first is a concern that
they will run afoul of anti-degradation provi-
sions within the Clean Water Act or be accused
of “backsliding” by the environmental commu-
nity. The second concern relates to the demo-
graphics of watershed organizations across the
country. According to recent surveys, slightly
more than half of all watershed organizations
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represent moderately to highly developed
watersheds (CWP, 2001a). These urban
watershed organizations often have a keen
interest in keeping the existing regulatory
structure intact, since it is perceived to be the
only lever to motivate municipalities to
implement restoration efforts in non-support-
ing streams.

However, revised water quality standards are
urgently needed to support smart growth
efforts. A key premise of smart growth is that
it is more desirable to locate new development
within a non-supporting subwatershed rather
than a sensitive or impacted one (i.e., concen-
trating density and IC within an existing
subwatershed helps prevent sprawl from
encroaching on a less developed one). Yet
while smart growth is desirable on a regional
basis, it will usually contribute to already
serious problems in non-supporting water-
sheds, which makes it even more difficult to
meet water quality standards.

This creates a tough choice for regulators: if
they adopt stringent development criteria for
non-supporting watersheds, their added costs
can quickly become a powerful barrier to
desired redevelopment. If, on the other hand,
they relax or waive environmental criteria,
they contribute to the further degradation of
the watershed. To address this problem, the
Center has developed a “smart watersheds”
program to ensure that any localized degrada-
tion caused by development within a non-
supporting subwatershed is more than compen-
sated for by improvements in stream quality
achieved through municipal restoration efforts
(CWP, in press). Specifically, the smart
watersheds program includes 17 public sector
programs to treat stormwater runoff, restore
urban stream corridors and reduce pollution
discharges in highly urban watersheds. It is
hoped that communities that adopt and imple-
ment smart watershed programs will be given
greater flexibility to meet state and federal
water quality regulations and standards within
non-supporting watersheds.

1.3.2 Use of the ICM for Urban
Stream Classification

The ICM has proven to be a useful tool for
classifying and managing the large inventory
of streams that most communities possess. It is
not unusual for a typical county to have several
thousand miles of headwater streams within its
political boundaries, and the ICM provides a
unified framework to identify and manage
these subwatersheds. In our watershed practice,
we use the ICM to make an initial diagnosis
rather than a final determination for stream
classification. Where possible, we conduct
rapid stream and subwatershed assessments as
a final check for an individual stream classifi-
cation, particularly if it borders between the
sensitive and impacted category. As noted
earlier, the statistical variation in the IC/stream
quality indicator makes it difficult to distin-
guish between a stream with 9% versus 11%
IC. Some of the key criteria we use to make a
final stream classification are provided in
Table 6.

1.3.3 Role of the ICM in Small
Watershed Planning

The ICM has also proven to be an extremely
important tool for watershed planning, since it
can rapidly project how streams will change in
response to future land use. We routinely
estimate existing and future IC in our water-
shed planning practice and find that it is an
excellent indicator of change for
subwatersheds in the zero to 30% IC range. In
particular, the ICM often forces watershed
planners to directly confront land use planning
and land conservation issues early in the
planning process.

On the other hand, we often find that the ICM
has limited planning value when
subwatersheds exceed 30% IC for two practi-
cal reasons. First, the ICM does not differenti-
ate stream conditions within this very large
span of IC (i.e., there is no difference in the
stream quality prediction for a subwatershed
that has 39.6% IC versus one that has 58.4%
IC). Second, the key management question for
non-supporting watersheds is whether or not
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they are potentially restorable. More detailed
analysis and field investigations are needed to
determine, in each subwatershed, the answer to
this question. While a knowledge of IC is often
used in these feasibility assessments, it is but
one of many factors that needs to be consid-
ered.

Lastly, we have come to recognize several
practical factors when applying the ICM for
small watershed planning. These include
thoughtful delineation of subwatershed bound-
aries, the proper accounting of a direct drain-
age area in larger watersheds, and the critical
need for the most recent IC data. More guid-
ance on these factors can be found in Zielinski
(2001).
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Impervious cover is not a perfect indicator of
existing stream quality. A number of stream
and subwatershed criteria should be evaluated
in the field before a final classification deci-
sion is made, particularly when the stream is
on the borderline between two classifications.
We routinely look at the stream and
subwatershed criteria to decide whether a
borderline stream should be classified as
sensitive or impacted. Table 6 reviews these
additional criteria.

Table 6: Additional Considerations for Urban Stream Classification

Stream Ciiteria

receiving waters

channelization

Reported presence of rare, threatened or endangered species in the aquatic
community (e.g., freshwater mussels, fish, crayfish or amphibians)

Confirmed spawning of cold-water fish species (e.g., trout)

Fair/good, good, or good to excellent macro invertebrate scores

More than 65% of EPT species present in macro-invertebrate surveys

No barriers impede movement of fish between the subwatershed and downstream

Stream channels show liffle evidence of ditching, enclosure, file drainage or

Water quality monitoring indicates no standards violations during dry weather
Stream and flood plain remain connected and regulany interact

Stream drains to a downstream surface water supply

Stream channels are generdlly stable, as determined by the Rosgen level analysis
Stream habitat scores are rated at least fair to good

Subwatershed Ciriteria

subwatershed area

owned or regulated

cover)

management practices

Contains terrestrial species that are documentedas rare, threatenedand endangered
Wetlands, flood plains and/or beaver complexes make up more than 10% of

Inventoried conservation areas comprise more than 10% of subwatershed area
More than 80% of the riparian forest corridor has forest cover and is either publicly

Large contiguous forest tracts remain in the subwatershed (more than 40% in forest
Significant fraction of subwatershed is in public ownership and management
Subwatershed connected to the watershed through a wide corridor

Farming, ranching and livestock operations in the subwatershed ufilize best

Prior development in the subwatershed has utilized stormwater treatment practices
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1.4 Summary presents a comprehensive review of the impact
of urbanization on ten major stormwater

The remainder of this report presents greater polluFants. Finally, Chapter 5 revi.ews the

detail on the individual research studies that growing POdy. of r.esegrch on the ‘hnk between

bear on the ICM. Chapter 2 profiles research IC and biological indicators within urban

streams and wetlands.

on hydrologic indicators in urban streams,
while Chapter 3 summarizes the status of
current research on the impact of urbanization
on physical habitat indicators. Chapter 4
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Chapter 2: Hydrologic Impacts of

Impervious Cover

The natural hydrology of streams is fundamen-
tally changed by increased watershed develop-
ment. This chapter reviews the impacts of
watershed development on selected indicators
of stream hydrology.

This chapter is organized as follows:

2.1 Introduction

2.2 Increased Runoff Volume

2.3 Increased Peak Discharge Rates
2.4 Increased Bankfull Flow

2.5 Decreased Baseflow

2.6 Conclusions

2.1 Introduction

Fundamental changes in urban stream hydrol-
ogy occur as a result of three changes in the
urban landscape that accompany land develop-
ment. First, large areas of the watershed are
paved, rendering them impervious. Second,
soils are compacted during construction, which
significantly reduces their infiltration capabili-
ties. Lastly, urban stormwater drainage sys-

tems are installed that increase the efficiency
with which runoff is delivered to the stream
(i.e., curbs and gutters, and storm drain pipes).
Consequently, a greater fraction of annual
rainfall is converted to surface runoff, runoff
occurs more quickly, and peak flows become
larger. Additionally, dry weather flow in
streams may actually decrease because less
groundwater recharge is available. Figure 6
illustrates the change in hydrology due to
increased urban runoff as compared to pre-
development conditions.

Research has demonstrated that the effect of
watershed urbanization on peak discharge is
more marked for smaller storm events. In
particular, the bankfull, or channel forming
flow, is increased in magnitude, frequency and
duration. Increased bankfull flows have strong
ramifications for sediment transport and
channel enlargement. All of these changes in
the natural water balance have impacts on the
physical structure of streams, and ultimately
affect water quality and biological diversity.
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Figure 6: Altered Hydrograph in Response to Urbanization
(Schueler, 1987)
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The relationship between watershed IC and
stream hydrology is widely accepted, and has
been incorporated into many hydrologic
engineering models over the past three de-
cades. Several articles provide a good sum-
mary of these (Bicknell et al., 1993; Hirsch et
al., 1990; HEC, 1977; Huber and Dickinson,
1988; McCuen and Moglen, 1988; Overton and
Meadows, 1976; Pitt and Voorhees, 1989;
Schueler, 1987; USDA, 1992; 1986).
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The primary impacts of watershed develop-
ment on stream hydrology are as follows:

¢ Increased runoff volume

* Increased peak discharge rates

* Increased magnitude, frequency, and
duration of bankfull flows

¢ Diminished baseflow




2.2 Increased Runoff Volume

Impervious cover and other urban land use
alterations, such as soil compaction and storm
drain construction, alter infiltration rates and
increase runoff velocities and the efficiency
with which water is delivered to streams. This
decrease in infiltration and basin lag time can
significantly increase runoff volumes. Table 7
reviews research on the impact of IC on runoff
volume in urban streams. Schueler (1987)
demonstrated that runoff values are directly
related to subwatershed IC (Figure 7). Runoff
data was derived from 44 small catchment
areas across the country for EPA’s Nationwide
Urban Runoff Program.

Chapter 2: Hydrologic Impacts of Impervious Cover

Table 8 illustrates the difference in runoff
volume between a meadow and a parking lot,
as compiled from engineering models. The
parking lot produces more than 15 times more
runoff than a meadow for the same storm
event.

Urban soils are also profoundly modified
during the construction process. The compac-
tion of urban soils and the removal of topsoil
can decrease the infiltration capacity, causing
increases in runoff volumes (Schueler, 2000).
Bulk density is often used to measure soil
compaction, and Table 9 illustrates how bulk
density increases in many urban land uses.
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Figure 7: Runoff Coefficient vs. IC (Schueler, 1987)
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Table 7: Research Review of Increased Runoff Volume and Peak
Discharge in Urban Streams

Reference Key Finding Location
Increased Runoff Volume
Schueler, Runoff coefficients were found to be strongly correlated with IC at 44 sites US
1987 nationwide. =
Urban watershed produced more than seven times as much runoff as a
Neller, 1988 | similar rural watershed. Average time o produce runoff was reduced by 63% | Australia
in urban watersheds compared to rural watersheds.
Increased Peak Discharge
Review of data from several studies showed that floods with a return period
of ayear or longer are not affected by a §% watershed IC; small floods may N/A
Hollis, 1975 | be increased 10 times by urbanization; flood with a retum period of 100
years may be doubled in size by a 30% watershed IC,
Leopold, Data from seven nationwide studies showed that 20% IC can cause the US
1968 mean annual flood to double. e
Average peak discharge from urban watersheds was 3.5 times higher than .
Neller, 1988 peak runoff from rural watersheds. Australia
Doll et al, | Peak discharge was greater for 18 urban streams versus 11 rural Piedmont NC
2000 streams.
Squer et al Estimates of flood discharge for various recurrence intervals showed that less
1083 “ | than 80% watershed IC can resultin a doubling of the 2-year, 10-year, and u.s.
100-year floods.
Leopold, Watershed development over a 29-year period caused the peak discharge MD
1994 of the 10-year storm to more than double.
Kibler et al, | Rainfall/runoff model for two watersheds showed that anincrease in IC PA
1981 caused a significant increase in mean annual flood.
Evaluated streamflow data at 11 streams and found that the fraction of
Konrad and | annual mean discharges was exceeded and maximum annuadl WA
Booth, 2002 | instantaneous discharges were related to watershed development and

road density for moderately and highly developed watersheds.
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Table 8: Hydrologic Differences Between a Parking Lot and a Meadow
(Schueler, 1994a)

Hydrologic or Water Quality Parameter Parking Lot Meadow
Runoff Coefficient 0.95 0.06
Time of Concentration (minutes) 4.8 144
Peak Discharge, two-year, 24-hour storm (cfs) 4.3 0.4
Peak Discharge Rate, 100-year storm (cfs) 126 3.1
Runoff Volume from one-inch storm (cu. ft) 3,450 218
Runoff Velocity @ two-year storm (ft/sec) 8 1.8
Key Assumptions:
2-yr, 24-hr storm = 3.1 in; 100-yr storm = 8.9 in.
Parking Lot: 100% imperviousness, 3% slope, 200ft flow length, hydraulic radius =.03: concrete channel;
suburban Washington C values
Meadow: 1% impervious, 3% slope, 200 ft flow length;, good vegetative condition; B soils; earthen
channel
Source: Schueler, 1994a

Table 9: Comparison of Bulk Density for Undisturbed Soils and

Common Urban Conditions (Schueler, 2000)

Undisturbed Soil s”g"e‘::if“"‘ Surface Bulk Density
Type or Urban y . Urban Condition (grams/cubic
e (grams/cubic .

Condition . centimeter)
centimeter)
Peat 0.2t0 0.3 Urban Lawns 1.5t01.9
Crushed Rock
Compost 1.0 Parking Lot 1510 1.9
Sandy Soils 1.1t0 1.3 Urban Fill Scils 181020
Silty Sands 1.4 Athletic Fields 181020
. Rights-of-Way and
Silt 1.3to 14 Building Pads (85%) 15t01.8
. Rights-of-Way and
Silt Loams 1.2t015 Building Pads (95%) 1.61t02.1
o Concrete
Organic Silts/Clays 1.0to 1.2 Pavement 2.2
Glacial Till 1.6t0 20 Rock 265
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2.3 Increased Peak
Discharge Rate

Watershed development has a strong influence
on the magnitude and frequency of flooding in
urban streams. Peak discharge rates are often
used to define flooding risk. Doll et al. (2000)
compared 18 urban streams with 11 rural
streams in the North Carolina Piedmont and
found that unit area peak discharge was always
greater in urban streams (Figure 8). Data from
Seneca Creek, Maryland also suggest a similar
increase in peak discharge. The watershed
experienced significant growth during the
1950s and 1960s. Comparison of pre- and post-
development gage records suggests that the
peak 10-year flow event more than doubled
over that time (Leopold, 1994).

Hollis (1975) reviewed numerous studies on
the effects of urbanization on floods of differ-
ent recurrence intervals and found that the
effect of urbanization diminishes when flood
recurrence gets longer (i.e., 50 and 100 years).
Figure 9 shows the effect on flood magnitude
in urban watersheds with 30% IC, and shows

the one-year peak discharge rate increasing by
a factor of 10, compared to an undeveloped
watershed. In contrast, floods with a 100-year
recurrence interval only double in size under
the same watershed conditions.

Sauer et al. (1983) evaluated the magnitude of
flooding in urban watersheds throughout the
United States. An equation was developed for
estimating discharge for floods of two-year,
10-year, and 100-year recurrence intervals. The
equations used IC to account for increased
runoff volume and a basin development factor
to account for sewers, curbs and gutters,
channel improvements and drainage develop-
ment. Sauer noted that IC is not the dominant
factor in determining peak discharge rates for
extreme floods because these storm events
saturate the soils of undeveloped watersheds
and produce high peak discharge rates. Sauer
found that watersheds with 50% IC can in-
crease peak discharge for the two-year flood by
a factor of four, the 10-year flood by a factor of
three, and the 100-year flood by a factor of 2.5,
depending on the basin development factor
(Figure 10).
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2.4 Increased Bankfull Flow

Urbanization also increases the frequency and
duration of peak discharge associated with
smaller flood events (i.e., one- to two-year
return storms). In terms of stream channel
morphology, these more frequent bankfull
flows are actually much more important than
large flood events in forming the channel. In
fact, Hollis (1975) demonstrated that urbaniza-
tion increased the frequency and magnitude of
bankfull flow events to a greater degree than
the larger flood events.

Chapter 2: Hydrologic Impacts of Impervious Cover

An example of the increase in bankfull flow in
arid regions is presented by the U.S. Geologi-
cal Survey (1996), which compared the peak
discharge rate from two-year storm events
before and after watersheds urbanized in Parris
Valley, California. Over an approximately 20-
year period, watershed IC increased by 13.5%,
which caused the two-year peak flow to more
than double. Table 10 reviews other research
studies on the relationship between watershed
IC and bankfull flows in urban streams.

20
18

16—

DISCHARGE BEFORE URBANIZATION

10

RATIO
-

VALUES OF DISCHARGE AFTER URBAMNLIATION

Fag. 3

FLOOD RECURREMCE INTERWAL [YEARS)
Effect on Bocd magnitudes of paving 20% of & basin (based oo Figwre 7).

I I I
10 100 200

Figure 9: Effect on Flood Magnitudes of 30% Basin IC (Hollis, 1975)

BULK OF DATA WITHIN THESE LIMITS
——— - —
ﬁ";—-_’___'-"'————:—'—- ¥y —p—  P—1
11 l.-\-'-—___ __:"'—_——___ -!F_? —
TT—— T e — 3
||:E‘--._?{ e — =
T e, | —
o —— |
Eooaf ,.-') i .
g b _
: o O | — — ]
7 T
S \ |
g &} '-. Sl .
~h ! —
di 5h CONTOLRS OF J —
! '| . LOI0ROIO] —3
*..E'-:n III-Il | ’.j |
< 3-5\ k. S o l
sl jj:-?c--'-\-\_,__\__ B
s ---_—-_
1 -\ .'_,-"r’ T — .
i) i E_r i e i i i i i i 1 ______I—
] B i 0 M 37 38 44 B0 H6 62 B8 74 BD BE 97 94
IMPERYIOUS AREA, IN PERCENT

Figure 10: Relationship of Urban/Rural 100-Year Peak Flow Ratio to Basin

Development Factor and IC (Sauer et al., 1983)

Impacts of Impervious Cover on Aquatic

Systems 31



Chapter 2: Hydrologic Impacts of Impervious Cover

e 10: Research Review of Increased Bankfull Discharge in Urban Streams
Reference Key Finding Location
Using a simulation model and hydrologic data from four watersheds, it
Booth and was estimated that more than 10% watershed IC may cause discharge WA
Reinelt, 1993 | from the two-year storm under current conditions o equal or exceed
discharge from the 10-year storm under forested conditions.
Fongers and Bankfull flow of 1200 cfs was exceeded more frequently over time with
Fulcher, 2001 T(r?k;%nizo’rion, and exceedence was three times as frequent from 1930s to Ml
S.
USGS, Over a 20-year period, IC increased 13.5%, and the two-year peak flow CA
1996 more than doubled in a semi-arid watershed.
Hen;how and Two of three watersheds in the Puget Sound lowlands showed increasing
ooth, flashiness over 50 years with urbanization WA
2000 '
Using hydrologic data fromm a nine-year period for North Branch
Leopold, 1968 | Brandywine Creek, it was estimated that for a 50% IC watershed, bankfull PA
frequency would be increased fourfold.
Leopold, Bankfull frequency increased two to seven times affer urbanization in MD
1994 Watts Branch.
MacRae, For a site downstream of a s‘rormwo’rgr pondin Markham, Ontario hours .
1996 of exceedence of bankfull flows increased by 4.2 times aoffer the | Onfario
watershed urbanized (34% 1C)
Leopold (1968) evaluated data from seven range of watershed IC. For example, water-

nationwide studies and extrapolated this data to  sheds that have 20% IC increase the number of
illustrate the increase in bankfull flows due to flows equal to or greater than bankfull flow by
urbanization. Figure 11 summarizes the a factor of two. Leopold (1994) also observed a
relationship between bankfull flows over a dramatic increase in the frequency of the
bankfull event in Watts Branch, an urban
subwatershed in Rockville, Maryland. This
8 T ] watershed experienced significant urban
| development during the 1950s and 1960s.
Leopold compared gage records and found that
the bankfull storm event frequency increased
from two to seven times per year from 1958 to
1987.

More recent data on bankfull flow frequency
was reported for the Rouge River near Detroit,
Michigan by Fongers and Fulcher (2001). They
noted that channel-forming flow (1200 cfs)
was exceeded more frequently as urbanization
increased in the watershed and had become
three times more frequent between 1930 and
1990 (Figure 12).

RATIO OF OVERBANE FLOWS

I il I L
Parcantags iswerad 20 w 3 Bl 100 McCuen and Moglen (1988) have documented
Fercenloge impervious 20 40 50 6l &0 the increase in duration of bankfull flows in
| ] . . .
NONE MEASURE OF URBANIZATION compLeTE| response to urbanization using hydrology

models. MacRae (1996), monitored a stream in
Figure 11: Increase in Bankfull Flows Due to Markham, Ontario downstream of a stormwa-
Urbanization (Leopold, 1968) ter pond and found that the hours of
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With Urbanization in the Rouge River, MT (Fongers and Fulcher, 2001)

exceedence of bankfull flows increased by a as the percent of daily flows each year that
factor of 4.2 once watershed IC exceeded 30%. exceeds the mean annual flow. Henshaw and
Modeling for seven streams also downstream Booth (2000) evaluated seven urbanized

of stormwater ponds in Surrey, British Colum-  watersheds in the Puget Sound lowland

bia also indicated an increase in bankfull streams and tracked changes in flashiness over
flooding in response to watershed development 50 years (Figure 13). The most urbanized
(MacRae, 1996). watersheds experienced flashy discharges.

Henshaw and Booth concluded that increased
Watershed IC also increases the “flashiness” of  runoff in urban watersheds leads to higher but
stream hydrographs. Flashiness is defined here  shorter-duration peak discharges.
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2.5 Decreased Baseflow

As IC increases in a watershed, less groundwa-
ter infiltration is expected, which can poten-
tially decrease stream flow during dry periods,
(i.e. baseflow). Several East Coast studies
provide support for a decrease in baseflow as a
result of watershed development. Table 11
reviews eight research studies on baseflow in
urban streams.

Klein (1979) measured baseflow in 27 small
watersheds in the Maryland Piedmont and
reported an inverse relationship between IC
and baseflow (Figure 14). Spinello and
Simmons (1992) demonstrated that baseflow in
two urban Long Island streams declined
seasonally as a result of urbanization (Figure
15). Saravanapavan (2002) also found that
percentage of baseflow decreased in direct
proportion to percent IC for 13 subwatersheds
of the Shawsheen River watershed in Massa-
chusetts (Figure 16).
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Figure 14: Relationship Between
Baseflow and Watershed IC in the

Streams on Maryland Piedmont
(Klein, 1979)

Table 11: Research Review of Decreased Baseflow in Urban Streams

Reference Key Finding Location
Finkenbine et al., Summer base flow was uniformly low in 11 stfreams when IC Vancouver
2000 reached 40% or greater.
Klein, 1979 Baseflow decreased s IC increased in Piedmont streams. MD
Saravanapavan, Percentage of baseflow decreasedlineary asIC increased for 13 MA
2002 subwatersheds of Shawsheen River watershed.
Simmons and Dry weather flow dropped 20 to 85% after development in NY
Reynolds, 1982 several urban watersheds on Long Island.
Spinello and Baseflow in two Long Island streams went dry as a result of NY
Simmons, 1992 urbanization.
Konrad and Booth, | No discernable trend over many decades in the annual seven WA
2002 day low flow discharge for 11 Washingfon streams.
Stream baseflow was negatively correlated with watershed IC in
Wang ef al. 2001 47 small streams, with an apparent breakpoint at 8 to 12% IC. Wi
Evett ef al, 1994 No clear relq‘rionship between dry weather flow and urban and NC
rural sfreamsin 21 larger watersheds.
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Finkebine et al. (2000) monitored summer
baseflow in 11 streams near Vancouver, British
Columbia and found that stream base flow was
uniformly low due to decreased groundwater
recharge in watersheds with more than 40% IC
(Figure 17). Baseflow velocity also consis-
tently decreased when IC increased (Figure
18). The study cautioned that other factors can
affect stream baseflow, such as watershed
geology and age of development.

Other studies, however, have not been able to
establish a relationship between IC and declin-
ing baseflow. For example, a study in North
Carolina could not conclusively determine that
urbanization reduced baseflow in larger urban
and suburban watersheds in that area (Evett et

al., 1994). In some cases, stream baseflow is
supported by deeper aquifers or originate in
areas outside the surface watershed boundary.
In others, baseflow is augmented by leaking
sewers, water pipes and irrigation return flows.

This appears to be particularly true in arid and
semi-arid areas, where baseflow can actually
increase in response to greater IC (Hollis,
1975). For instance, Crippen and Waananen
(1969) found that Sharon Creek near San
Francisco changed from an ephemeral stream
into a perennial stream after urban develop-
ment. Increased infiltration from lawn watering
and return flow from sewage treatment plants
are two common sources of augmented
baseflows in these regions (Caraco, 2000a).
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Figure 17: Effect of IC on Summer Baseflow
in Vancouver Streams (Finkerbine ef al., 2000)
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Figure 18: Effect of Watershed IC on Summer
Stream Velocity in Vancouver Streams (Finkerbine et al., 2000)
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2.6 Conclusions

The changes in hydrology indicators caused by
watershed urbanization include increased
runoff volume; increased peak discharge;
increased magnitude, frequency and duration
of bankfull flows; flashier/less predictable
flows; and decreased baseflow. Many studies
support the direct relationship between IC and
these indicators. However, at low levels of
watershed IC, site-specific factors such as
slope, soils, types of conveyance systems, age
of development, and watershed dimensions
often play a stronger role in determining a
watershed’s hydrologic response.

Overall, the following conclusions can be
drawn from the relationship between watershed
IC and hydrology indicators:

* Strong evidence exists for the direct
relationship between watershed IC and
increased stormwater runoff volume and
peak discharge. These relationships are
considered so strong that they have been
incorporated into widely accepted engi-
neering models.
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Chapter 2: Hydrologic Impacts of Impervious Cover

*  The relationship between IC and bankfull
flow frequency has not been extensively
documented, although abundant data exists
for differences between urban and non-
urban watersheds.

*  The relationship between IC and declining
stream flow is more ambiguous and
appears to vary regionally in response to
climate and geologic factors, as well as
water and sewer infrastructure.

The changes in hydrology indicators caused by
watershed urbanization directly influence
physical and habitat characteristics of streams.
The next chapter reviews how urban streams
physically respond to the major changes to
their hydrology.
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41
y /// e

{
}uﬂ'
I

'\Q)‘ W

Wil

)
g

‘ ,‘
‘r
¢ il ”
Bl ‘?{Illa( .
T “« “ 'llu'“

ﬁlwﬂll/ﬂh
d?/ il
i

i

- ey R
RS a0

N\
My =™
L2 3&32\;»—

Impacts of Impervious Cover on Agquatic Systems 37



Chapter 2: Hydrologic Impacts of Impervious Cover

38 Impacts of Impervious Cover on Aquatic Systems



Chapter 3: Physical Impacts of Impervious Cover

Chapter 3: Physical Impacts of

Impervious Cover

A growing body of scientific literature docu-
ments the physical changes that occur in
streams undergoing watershed urbanization.
This chapter discusses the impact of watershed
development on various measures of physical
habitat in urban stream channels and is orga-
nized as follows:

3.1 Difficulty in Measuring Habitat

3.2 Changes in Channel Geometry

33 Effect on Composite Indexes of
Stream Habitat

34 Effect on Individual Elements of
Stream Habitat

3.5 Increased Stream Warming

3.6 Alteration of Stream Channel Network

3.7 Conclusion

This chapter reviews the available evidence on
stream habitat. We begin by looking at geo-
morphological research that has examined how
the geometry of streams changes in response to
altered urban hydrology. The typical response
is an enlargement of the cross-sectional area of
the stream channel through a process of
channel incision, widening, or a combination
of both. This process triggers an increase in
bank and/or bed erosion that increases sedi-
ment transport from the stream, possibly for
several decades or more.

Next, we examine the handful of studies that
have evaluated the relationship between
watershed development and composite indica-
tors of stream habitat (such as the habitat
Rapid Bioassessment Protocol, or RBP). In the
fourth section, we examine the dozen studies
that have evaluated how individual habitat
elements respond to watershed development.
These studies show a consistent picture.
Generally, streams with low levels of IC have
stable banks, contain considerable large woody
debris (LWD) and possess complex habitat
structure. As watershed IC increases, however,
urban streambanks become increasingly
unstable, streams lose LWD, and they develop
a more simple and uniform habitat structure.
This is typified by reduced pool depths, loss of
pool and riffle sequences, reduced channel
roughness and less channel sinuosity.

Water temperature is often regarded as a key
habitat element, and the fifth section describes
the stream warming effect observed in urban
streams in six studies. The last section looks at
the effect of watershed development on the
stream channel network as a whole, in regard
to headwater stream loss and the creation of
fish barriers.

Impacts of Impervious Cover on Aquatic Systems
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3.1 Difficulty in Measuring
Habitat

The physical transformation of urban streams
is perhaps the most conspicuous impact of
watershed development. These dramatic
physical changes are easily documented in
sequences of stream photos with progressively
greater watershed IC (see Figure 19). Indeed,
the network of headwater stream channels
generally disappears when watershed 1C
exceeds 60% (CWP).

3.1.1 The Habitat Problem

It is interesting to note that while the physical
impacts of urbanization on streams are widely
accepted, they have rarely been documented by
the research community. As a consequence, no
predictive models exist to quantify how
physical indicators of stream habitat will
decline in response to watershed IC, despite
the fact that most would agree that some kind
of decline is expected (see Table 12).
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Figure 19: Urban Stream Channels with Progressively Greater IC
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The main reason for this gap is that “habitat” is
extremely hard to define, and even more
difficult to measure in the field. Most indices
of physical habitat involve a visual and qualita-
tive assessment of 10 or more individual
habitat elements that are perceived by fishery
and stream biologists to contribute to quality
stream habitat. Since these indices include
many different habitat elements, each of which
is given equal weight, they have not been very
useful in discriminating watershed effects
(Wang et al., 2001).

Researchers have had greater success in
relating individual habitat elements to water-
shed conditions, such as large woody debris
(LWD), embeddedness, or bank stability. Even
so, direct testing has been limited, partly
because individual habitat elements are hard to
measure and are notoriously variable in both
space and time. Consider bank stability for a
moment. It would be quite surprising to see a
highly urban stream that did not have unstable
banks. Yet, the hard question is exactly how
would bank instability be quantitatively
measured? Where would it be measured — at a
point, a cross-section, along a reach, on the left
bank or the right?

Geomorphologists stress that no two stream
reaches are exactly alike, due to differences in
gradient, bed material, sediment transport,
hydrology, watershed history and many other
factors. Consequently, it is difficult to make
controlled comparisons among different
streams. Indeed, geomorphic theory stresses
that individual stream reaches respond in a

Chapter 3: Physical Impacts of Impervious Cover

Table 12: Physical Impacts of
Urbanization on Streams

Specific Impacts

Sediment tfransport modified
Channel enlargement
Channel incision

Stream embeddedness

Loss of large woody debris
Changes in pool/riffle structure
Loss of riparian cover

Reduced channel sinuosity
Warmer in-stream temperatures
Loss of cold water species and
diversity

Channel hardening

Fish blockages

Loss of 1¥ and 2" order streams
through storm drain enclosure

highly dynamic way to changes in watershed
hydrology and sediment transport, and can take
several decades to fully adjust to a new equi-
librium.

Returning to our example of defining bank
stability, how might our measure of bank
instability change over time as its watershed
gradually urbanizes, is built out, and possibly
reaches a new equilibrium over several de-
cades? It is not very surprising that the effect
of watershed development on stream habitat is
widely observed, yet rarely measured.

Impacts of Impervious Cover on Aquatic Systems
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3.2 Changes in Stream
Geometry

As noted in the last chapter, urbanization
causes an increase in the frequency and
duration of bankfull and sub-bankfull flow
events in streams. These flow events perform
more “effective work™ on the stream channel,
as defined by Leopold (1994). The net effect is
that an urban stream channel is exposed to
more shear stress above the critical threshold
needed to move bank and bed sediments
(Figure 20). This usually triggers a cycle of
active bank erosion and greater sediment
transport in urban streams. As a consequence,
the stream channel adjusts by expanding its
cross-sectional area, in order to effectively
accommodate greater flows and sediment
supply. The stream channel can expand by
incision, widening, or both. Incision refers to
stream down-cutting through the streambed,
whereas widening refers to lateral erosion of

the stream bank and its flood plain (Allen and
Narramore, 1985; Booth, 1990; Morisawa and
LaFlure, 1979).

3.2.1 Channel Enlargement

A handful of research studies have specifically
examined the relationship between watershed
development and stream channel enlargement
(Table 13). These studies indicate that stream
cross-sectional areas can enlarge by as much as
two to eight times in response to urbanization,
although the process is complex and may take
several decades to complete (Pizzuto et al.,
2000; Caraco, 2000b; Hammer, 1972). An
example of channel enlargement is provided in
Figure 21, which shows how a stream cross-
section in Watts Branch near Rockville,
Maryland has expanded in response to nearly
five decades of urbanization (i.e., watershed IC
increased from two to 27%).

(@avwleost T4

A
i

8] UNCONTROLLED

FE&K FLOW RATE

ey [
LEGEMND
Uerr  FLOW AT WHICH SECIMENT PRE PRE-OEVELOFMENT
. TRANSPORT IS INITIATED
WWam) 2 YEAR NECURRENCE INTERYAL POST

POST-DEWELOPMEMNT s

Figure 20: Increased Shear Stress from a Hydrograph
(MacRae and Rowney, 1992)
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Table 13: Research Review of Channel Enlargement and Sediment

Transport in Urban Streams

Reference Key Finding Location
% IC used as Indicator
Caraco, Reported enlargement in ratios of 1.5 fo 2.2 for 10 stream reaches MD
2000b in Watts Branch and computed ultimate enlargement ratios of 2.0
MO?%C&ZG Infroduced the concept of ultimate channel enlargement based | Ontario,
on watershed IC and channel characteristics. 104
Andreq, 1999
Morse, 2001 Demonstrated increased erosion rates with increqses in 1C ME
(channels were generally of the same geomorphic type).
Urbanization Used as Indicator
Allen and
Narramore, Enlargement ratios in two urban streams ranged from 1.7 to 2.4. X
1985
Reported that channel response to urbanization depends on
Bledsoe, 2001 | other factors in addition to watershed IC including geology, N/A
vegetation, sediment and flow regimes.
Booth and Evaluated channel cross section erosion rates and determined
Henshaw, that these rates vary based on additional factors including the WA
2001 underlying geology, age of development and gradient.
Ho]rg%er, Enlargement ratios ranged from 0.7 to 3.8 in urban watersheds. PA
Enlargement ratios in small uboan catchments ranged from two o
Neller, 1989 | 7.19, the higher enlargement ratios were primarily from incision Australia
occuring in small channels.
Evaluated channel characteristics of paired urban and rural
Pizzuto ef ol streams and demonstrated median bankfull cross sectional PA
2000 “ | increase of 180%. Median values for channel sinuosity were 8%
lower in urban streams; Mannings N values were found to be 10%
lower in urban streams.

Hession et al Bankfull widths for urban streams were significantly wider than MD. DE
; “ | non-urban streams in 26 paired stfreams. Forested reaches were i
in press : ; . PA

consistently wider than non-forested reaches in urban stfreams.

Dartiguenave | Bank erosion accounted for up to 75% of the sediment transport >

etal, 1997 in urban watersheds.
Demonstrated channel enlargement over time in an urbanizing
Trimble, 1997 | San Diego Creek; Bank erosion accounted for over 66% of the CA

sediment transport.
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Some geomorphologists suggest that urban
stream channels will reach an “ultimate
enlargement” relative to pre-developed chan-
nels (MacRae and DeAndrea, 1999) and that
this can be predicted based on watershed IC,
age of development, and the resistance of the
channel bed and banks. A relationship between
ultimate stream channel enlargement and
watershed IC has been developed for alluvial
streams in Texas, Vermont and Maryland
(Figure 22). Other geomorphologists such as
Bledsoe (2001) and Booth and Henshaw
(2001) contend that channel response to
urbanization is more complex, and also de-
pends on geology, grade control, stream
gradient and other factors.

Channel incision is often limited by grade
control caused by bedrock, cobbles, armored
substrates, bridges, culverts and pipelines.
These features can impede the downward
erosion of the stream channel and thereby limit
the incision process. Stream incision can
become severe in streams that have softer
substrates such as sand, gravel and clay
(Booth, 1990). For example, Allen and
Narramore (1985) showed that channel en-
largement in chalk channels was 12 to 67%
greater than in shale channels near Dallas,

Figure 21: Stream Channel Enlargement in Watts Branch, MD 1950-2000 (Caraco, 2000b)

Texas. They attributed the differences to the
softer substrate, greater velocities and higher
shear stress in the chalk channels.

Neller (1989) and Booth and Henshaw (2001)
also report that incised urban stream channels
possess cross-sectional areas that are larger
than would be predicted based on watershed
area or discharge alone. This is due to the fact
that larger floods are often contained within
the stream channel rather than the floodplain.
Thus, incised channels often result in greater
erosion and geomorphic change. In general,
stream conditions that can foster incision
include erodible substrates, moderate to high
stream gradients, and an absence of grade
control features.

Channel widening occurs more frequently
when streams have grade control and the
stream has cut into its bank, thereby expanding
its cross-sectional area. Urban stream channels
often have artificial grade controls caused by
frequent culverts and road crossings. These
grade controls often cause localized sediment
deposition that can reduce the capacity of
culverts and bridge crossings to pass flood
waters.
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Figure 22: Ultimate Channel Enlargement in MD, UT and TX Alluvial Streams

(MacRae and DeAndreaq, 1999 and CWP, 2001b)

The loss of flood plain and riparian vegetation
has been strongly associated with watershed
urbanization (May et al., 1997). A few studies
have shown that the loss of riparian trees can
result in increased erosion and channel migra-
tion rates (Beeson and Doyle, 1995 and
Allmendinger ef al., 1999). For example,
Beeson and Doyle (1995) found that meander
bends with vegetation were five times less
likely to experience significant erosion from a
major flood than non-vegetated meander
bends.Hession et al. (in press) observed that
forested reaches consistently had greater
bankfull widths than non-forested reaches in a
series of urban streams in Pennsylvania,
Maryland and Delaware.

3.2.2 Effect of Channel Enlargement
on Sediment Yield

Regardless of whether a stream incises,
widens, or does both, it will greatly increase
sediment transport from the watershed due to
erosion. Urban stream research conducted in
California and Texas suggests that 60 to 75%
of the sediment yield of urban watersheds can
be derived from channel erosion (Trimble,
1997 and Dartingunave ef al., 1997) This can
be compared to estimates for rural streams

where channel erosion accounts for only five to
20% of the annual sediment yield (Collins et
al., 1997 and Walling and Woodward, 1995).

Some geomorphologists speculate that urban
stream channels will ultimately adjust to their
post-development flow regime and sediment
supply. Finkenbine et al. (2000) observed these
conditions in Vancouver streams, where study
streams eventually stabilized two decades after
the watersheds were fully developed. In older
urban streams, reduced sediment transport can
be expected when urbanization has been
completed. At this point, headwater stream
channels are replaced by storm drains and
pipes, which can transport less sediment. The
lack of available sediment may cause down-
stream channel erosion, due to the diminished
sediment supply found in the stream.
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3.3 Effect on Composite
Measures of Stream Habitat

Composite measures of stream habitat refer to
assessments such as EPA’s Habitat Rapid
Bioassessment Protocol (RBP) that combine
multiple habitat elements into a single score or
index (Barbour ef al., 1999). For example, the
RBP requires visual assessment of 10 stream
habitat elements, including embeddedness,
epifaunal substrate quality, velocity/depth
regime, sediment deposition, channel flow
status, riffle frequency, bank stabilization,
streambank vegetation and riparian vegetation
width. Each habitat element is qualitatively
scored on a 20 point scale, and each element is
weighted equally to derive a composite score
for the stream reach.

To date, several studies have found a relation-
ship between declining composite habitat
indicator scores and increasing watershed IC in
different eco-regions of the United States. A

typical pattern in the composite habitat scores
is provided for headwater streams in Maine
(Morse, 2001; Figure 23). This general finding
has been reported in the mid-Atlantic, North-
east and the Northwest (Black and Veatch,
1994; Booth and Jackson, 1997; Hicks and
Larson, 1997; Maxted and Shaver, 1997;
Morse, 2001; Stranko and Rodney, 2001).

However, other researchers have found a much
weaker relationship between composite habitat
scores and watershed IC. Wang and his col-
leagues (2001) found that composite habitat
scores were not correlated with watershed IC
in Wisconsin streams, although it was corre-
lated with individual habitat elements, such as
streambank erosion. They noted that many
agricultural and rural streams had fair to poor
composite habitat scores, due to poor riparian
management and sediment deposition. The
same basic conclusion was also reported for
streams of the Maryland Piedmont (MNCPPC,
2000).
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Figure 23: Relationship Between Habitat Quality and IC in Maine Streams (Morse, 2001)
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3.4 Effect on Individual
Elements of Stream Habitat

Roughly a dozen studies have examined the
effect of watershed development on the
degradation of individual stream habitat
features such as bank stability, embeddedness,
riffle/pool quality, and loss of LWD (Table
14). Much of this data has been acquired from
the Pacific Northwest, where the importance of
such habitat for migrating salmon has been a
persistent management concern.

3.4.1 Bank Erosion and
Bank Stability

It is somewhat surprising that we could only
find one study that related bank stability or
bank erosion to watershed IC. Conducted by
Booth (1991) in the streams of the Puget
Sound lowlands, the study reported that stream
banks were consistently rated as stable in
watersheds with less than 10% IC, but became
progressively more unstable above this thresh-
old. Dozens of stream assessments have found
high rates of bank erosion in urban streams, but
none, to our knowledge, has systematically
related the prevalence or severity of bank
erosion to watershed IC. As noted earlier, this
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may reflect the lack of a universally recog-
nized method to measure comparative bank
erosion in the field.

3.4.2 Embeddedness

Embeddedness is a term that describes the
extent to which the rock surfaces found on the
stream bottom are filled in with sand, silts and
clay. In a healthy stream, the interstitial pores
between cobbles, rock and gravel generally
lack fine sediments, and are an active habitat
zone and detrital processing area. The in-
creased sediment transport in urban streams
can rapidly fill up these pores in a process
known as embedding. Normally,
embeddedness is visually measured in riffle
zones of streams. Riffles tend to be an impor-
tant habitat for aquatic insects and fish (such as
darters and sculpins). Clean stream substrates
are also critical to trout and salmon egg
incubation and embryo development. May et
al. (1997) demonstrated that the percent of fine
sediment particles in riffles generally increased
with watershed IC (Figure 24). However,
Finkenbine et al. (2000) reported that
embeddedness eventually decreased slightly
after watershed land use and sediment trans-
port had stabilized for 20 years.
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Figure 24: Fine Material Sediment Deposition as a Function of IC in Pacific
Northwest Streams (Horner et al., 1997)
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