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I Introduction

Purpose of Report

The purpose of this report is to provide a compilation and review of selected literature that is representative of the best available science regarding urban stormwater management.  It has been prepared for the proposed revisions to the City of Seattle (“City”) Stormwater Code (Seattle Municipal Code (SMC) 22.800 – 22.808) and Grading Code (SMC 22.170).  It is intended to fulfill the provisions of Revised Code of Washington (RCW) 36.70A.172, which requires that cities and counties “include the best available science in developing policies and development regulations to protect the functions and values of critical areas” and the Washington Administrative Code (WAC) 365-198-900 through WAC 365-198-925, which contain rules designed to assist cities and counties in identifying and including the best available science in adopted policies and regulations.  RCW 36.70A.010 and WAC 365-195-900 through WAC 365-195-925 are provided in Appendix A.

Scope of Report
Seattle is revising the existing Stormwater, Grading and Drainage Control Code (SMC 22.800-22.808) in compliance with the City's NPDES
 and State Waste Discharge Permit for Discharges from Large and Medium Municipal Separate Storm Sewers (Ecology 2007 [“Permit”]).  The Permit requires the City's regulations be made equivalent to Ecology’s Stormwater Management Manual for Western Washington (Ecology 2005a).  Ecology has reviewed the City’s proposed regulations and determined that they meet the regulatory requirements of the Permit (Ecology 2009).
On March 27, 2006, the City adopted an updated Environmentally Critical Areas (ECA) Ordinance – Ordinance No. 122050 – codified as SMC 25.09.  In developing this latest ECA Ordinance, the City documented the best available science (Seattle 2005a) and described how it was used in the ECA Code Director’s Report and Mayor’s Recommendation (Seattle 2005b), which accompanied it.  In this latter document (ibid.), the City identified several ways the current Stormwater, Grading and Drainage Control Code contributed to protecting the functions and values of critical areas and noted that “update of the City’s Stormwater, Grading and Drainage [Control] Code will identify options to increase flow and water quality-related controls….” 

This report reviews and summarizes the best available science regarding urban stormwater runoff management.  It supplements the City’s Environmentally Critical Areas: Best Available Science Review (Seattle 2005a), which presents detailed reviews of the best available science regarding wetlands, fish and wildlife conservation areas, geologic hazard areas, flood-prone areas, abandoned landfills, and critical aquifer recharge areas.  

Overview of Report

This report provides a summary of the impacts of urban stormwater runoff on receiving waters that are related to flow rates and water quality.  It then presents a review of selected scientific literature related to urban stormwater management, focusing on best management practices (BMPs) related to stormwater runoff flow control and water quality.  It includes literature regarding wetland protection, flow control in creek basins, soil amendments, green stormwater infrastructure, construction site stormwater pollution prevention, and stormwater quality treatment facilities.

This report is not intended to present an exhaustive review of the scientific literature on the subject of urban stormwater runoff management; creating such an all-inclusive compilation would result in a multi-volume document that would be duplicative of existing resources.  Readers interested in more comprehensive compilations regarding the science of managing urban stormwater runoff should consider: Ecology (2005a), Minton (2002a), Sheldon (2005), Puget Sound Action Team/Washington State University (2005), Shaver et al. (2007), and Puget Sound Partnership (2008), among many others.

II Effects of Urban Stormwater

Impacts of Urban Stormwater Runoff on Flow

Prior to Euro-American settlement, the tree canopy, other vegetative cover, and the forest duff layer limited damaging high flows through interception, evapotranspiration, and absorption of rainfall.  As the population increased and commerce grew in Seattle, the overall nature of the landscape was changed.  Trees were logged, land was cleared, buildings and roadways were built, and the soil was compacted.  The overall impact of these changes resulted in 

· Increased volumetric flow rates of runoff;

· Increased volume of runoff;

· Decreased time for runoff to reach a natural receiving water;

· Reduced ground water recharge;

· Increased frequency and duration of high stream flows and wetlands inundation during and after wet weather;

· Reduced stream flows and wetlands water levels during the dry season; and 

· Greater stream velocities.

Schueler (1987) provides an illustrative graph showing the relationship between pre-developed stream flow rates and post-development stream flow rates, which is provided below in Figure 1.
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Figure 1. Changes in Hydrology after Development (Schueler 1987)
The relationship between changes in effective imperviousness and the quality of streams is well documented (See, for example, Dunn and Leopold 1978, Booth and Jackson 1997, Arnold and Gibbons 1996, McMahon and Cuffney 2000, USGS 2009).  Resultant high flows, caused by increases in imperviousness in a catchment, can result in channel erosion and streambank instability.  Booth and Jackson (1997) showed that increased flows can occur even when the catchment has undergone relatively small changes in the percent of effective imperviousness.  Figure 2 illustrates how, for example, runoff from a 2-year storm in an urban catchment with approximately 10% impervious surface is equal to the runoff from a 10-year storm in a forested catchment (ibid).  
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Figure 2. Channel Stability and Land Use: Hylebos, East Lake 
Sammamish, and Issaquah Basins (Booth and Jackson 1997)
Urban stormwater runoff can also significantly impact aquatic life.  When a stream changes its physical configuration and substrate due to increased flows, habitats are altered.  Significant and detectable changes in the biological community of Puget Sound lowland streams begin early in the urbanization process.  May (1996) and May et al. (1997) reported observable changes in the 5-10% total impervious area range of a watershed.  Using the Benthic Index of Biotic Integrity (B-IBI) developed by Karr (1991) and Kleindl (1995), May et al. (1997) evaluated the relationship between B-IBI and the extent of watershed urbanization as estimated by the percentage of total impervious area (TIA), as shown in Figure 3.  Also shown in the figure is the correlation between the abundance ratio of juvenile Coho salmon to cutthroat trout (Lucchetti and Fuerstenberg 1993) and the extent of urbanization.  The biological communities in wetlands are also severely impacted and altered by the hydrological changes.  Relatively small changes in the natural water elevation fluctuations can cause dramatic shifts in vegetative and animal species composition.  
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Figure 3. Relationship between Basin Development and Biologic Integrity
 in Puget Sound Lowland Streams (May et al., 1997)
Impacts of Urban Stormwater Runoff on Water Quality

Urban stormwater runoff also contains pollutants that can contaminate surface and ground waters.  The type of pollutant depends on the nature of the activities in those areas.  Runoff from roads and highways is contaminated with pollutants from vehicles.  Oil and grease, polynuclear aromatic hydrocarbons (PAHs), lead, zinc, copper, cadmium, as well as sediments (soil particles) and road salts are typical pollutants in road runoff (Zawlocki, et al. 1981, Mar et. al. 1982).  Runoff from industrial areas typically can contain heavy metals, sediments, and a broad range of man-made organic pollutants, including phthalates, PAHs, and other petroleum-based hydrocarbons.  Runoff from residential areas includes the same road-based pollutants, as well as herbicides, pesticides, nutrients (from fertilizers), bacteria and viruses (from animal waste).  Finally, runoff from construction sites can include sediments and other suspended material, which turn the receiving waters turbid and can be deposited over the natural sediments of the receiving water (Ecology 2005a). 

The pollutants added by urbanization can be dissolved in the water column or can be attached to particulates that settle in streambeds, lakes, wetlands, or marine estuaries.  The toxic pollutants in the water column such as pesticides, soaps, and metals can have both immediate and long-term lethal impacts.  Toxic pollutants in sediments can cause adverse impacts, with lesions and cancers in bottom fish of urban bays serving as a prime example (ibid.).  
Additionally, urbanization can increase water temperatures in two ways.  First, runoff is heated as it passes over exposed surfaces before being discharged into streams, lakes, and other receiving waters.  Second, urbanization reduces ground water recharge, which then reduces sources of cool ground water inputs to streams.  A rise in water temperature can have direct lethal effects.  It reduces the maximum available dissolved oxygen and may cause algae blooms that further reduce the amount of dissolved oxygen in the water (ibid.).  
[This page intentionally blank.]

III Flow Control and Water Quality Treatment
Overview

Stormwater runoff is widely recognized in the scientific literature as an agent for physical, chemical, and biological degradation (Booth, et al. 2006).  However, despite years of implementing stormwater best management practices, specific and direct evidence of the effectiveness of these practices is limited (Horner, et al. 2002a).  Urban stormwater runoff management is an evolutionary rather than a revolutionary profession, with an ongoing agenda of research, innovation, and adaptive management (Chandler 2002).  
Consider, for example, how the best available science regarding flow control performance standards for stormwater discharges into creeks has changed over the past three decades.  Early flow control requirements were based solely on limiting the post-development peak flow rates to below a set value – a value independent of the pre-developed condition (King County 1979).  Booth (1990) advocated a different post-development peak flow rate standard that was linked to a percentage of the pre-development peak flow rate.  Soon thereafter, and as a result of research indicating that peak flow control alone was insufficient to mitigate stormwater impacts to creeks, a post-development flow rate based on a pre-development flow-duration standard was proposed (Booth 1991).  Less than 10 years later, additional research indicated that the flow-duration standard was not achieving all the objectives for protecting creeks from channel incision and sediment transport owing to disruption of the natural hydraulic regime (Booth and Jackson 1997).  More recently, low impact development (LID) techniques have been promoted as the preferred means for managing urban stormwater runoff and protecting aquatic ecosystems (Booth 2007, Horner 2007, Holz 2007).  Thus, in the space of less than 30 years, four different types of flow control requirements have been presented in the scientific and professional literature as representative of the best available science for urban runoff management for flow control for creek basins.

The sections that follow provide a review of selected citations that address two critical aspects of urban stormwater runoff management: flow control and water quality.  Flow control is important to mitigate the impacts of urban development in creek basins and on wetlands.  Water quality includes best management practices to reduce stormwater contamination and minimize the transport of sediment to receiving waters from construction sites and grading activities, and permanent stormwater treatment facilities designed to remove chemical contaminants from runoff.  Note that although specific facilities are incorporated under one of the two categories of flow control or water quality, many facilities, such as those involving infiltration, can serve a dual role, providing both flow control and stormwater treatment, depending on how these facilities are designed (Ecology 2005a).  

Flow Control

Wetland Protection

The following information is derived from a report prepared by Sheldon, et al. (2005), which provides a comprehensive summary and synthesis of the literature relevant to the science and management of wetlands in the state of Washington.  

Urbanization is recognized as both increasing and decreasing the flows that reach down-gradient aquatic systems such as wetlands.  Greater volumes of water are generated more quickly while smaller, long-duration flows that would occur under less developed conditions are reduced or perhaps eliminated.  Research has shown that collecting stormwater through modern storm drains, culverts, and catchments results in the rapid transport of large volumes of stormwater runoff into rivers, lakes, and wetlands at much faster rates and higher volumes than under predevelopment conditions (Dunn and Leopold 1978, Booth 1991, May 1996).  Although some of the research has focused on the effects of urbanization on streams, the findings on changes in flow volumes, rates, and frequency apply equally to wetlands that receive storm drainage. Streams and wetlands are “intimately interconnected in the watersheds of western Washington” (Booth 1991).  

Changes to the hydrologic conditions can negatively impact the ecology of a wetland.  Reinelt and Taylor (2000) used water level fluctuations as a primary factor in evaluating wetland hydroperiod.  “Water level fluctuation is perhaps the best single indicator of wetland hydrology, because it integrates nearly all hydrologic factors.”  Increases in impervious surface coverage reduce infiltration, thereby reducing interflow (shallow, subsurface flow) and base flow, which may influence the hydroperiod of down-gradient wetlands if they are fed by that shallow subsurface flow.  Additionally, a decline in the biotic diversity of wetlands has been associated with an increase in water level fluctuations (Reinelt, et al. 1998, Azous and Horner 2001).  Although many hydric soils may be anaerobic, changing the length of time the soils are inundated results in prolonged anaerobic conditions and chemical changes in the soils, which can change the biota of wetlands.  These changes in soil chemistry influence the survival of vegetation and microbes in the soil that were adapted to shorter periods of inundation (Thom et al. 2001).  
Flow Control in Creek Basins

Beginning over 30 years ago, a growing body of research confirms that urbanization alters the hydrologic regime (Dunne and Leopold 1978, Schueler 1987, Booth and Jackson 1997, Ecology 2005a).  These alterations result in higher volumes of stormwater runoff, delivered at higher flow rates for longer durations than under predevelopment conditions (Booth 1991, May 1996).  Research by Konrad and Booth (2002) in the Puget Sound lowlands showed statistically significant correlations between urbanization in a watershed and altered hydrologic regimes in the watershed.  Even small changes in watershed imperviousness can have measurable influences on the flows in the system (Azous and Horner 2001).  Booth (1991) concluded that urbanization could cause peak flow rates to increase by up to five-fold for a given storm event.  On a relative scale, the largest increases in erosive flows have been found for the smallest storm events; that is, those storm events that are the most frequently occurring.  Altered hydrologic regimes adversely impact creek systems by erosion and channel incision (May 1996, May et al. 1997).
Flow control BMPs are designed to reduce the volume, flow rate, and timing of stormwater flows released from developed sites.  Some facilities function by storing stormwater and controlling release rates so that post-development hydrology more closely resembles pre‑development hydrology.  Other facilities use infiltration, evapotranspiration, and stormwater reuse in an attempt to mimic natural hydrologic regimes.
Flow Control Performance Standards for Creeks

The term flow control performance standard is used to represent the combination of flow rates, volumes, and durations that are allowed to be discharged from a site following development.  These standards must be met for projects that exceed certain stated regulatory thresholds, most generally based on the amount of new and replaced impervious surfaces, and which can also be dependent on the type of project, size of project, and the drainage basin in which the project is located.  Flow control performance standards are intended to reduce the impacts of high flows on creek systems caused by impervious surfaces, impacts that can include: erosion, sedimentation, instability, flooding, and other damage to the streambank and riparian corridor.
The Stormwater Management Manual for the Puget Sound Basin (Ecology 1992) required the use of a single-rainfall-event hydrologic model to calculate pre-development and post-development runoff.  The following post-development peak flow rate conditions, based on selected storm statistics, were required if stormwater infiltration was not feasible on site:

· 100-year/24-hour storm – post-development peak flow rate could not exceed the pre-development peak flow rate;

· 10-year/24-hour storm – post-development peak flow rate could not exceed the pre-development peak flow rate; and

· 2-year/24-hour storm – post-development peak flow rate could not exceed the 50% of pre-development peak flow rate.

The intent of the “50% of the pre-development peak flow rate” standard was to prevent stream channel destabilization by controlling sediment transport.  This was based on Sidle (1988) and Booth (1990).  While this flow control approach provided more environmental protection than having no standards, it is now widely acknowledged to have some fundamental flaws in achieving its intent, among them:
· It assumes that flow statistics correlate to rainfall statistics.  That is, the X-year peak flow was assumed to correlate to the X-year, 24-hour peak rainfall depth.  The results of continuous simulation models, which use many years of rainfall data, show that this assumption is not a particularly good one;

· It assumes that controlling the peak flow from a storm (i.e., preventing the peak flow from exceeding some standard), will prevent channel instability.  This is not true, since the peak flow standards do not address the increase in total runoff volume, which translates into an increase in total time that elevated storm flow rates will work on the channel to transport sediment; and
· It does not address alteration of the pre-development hydrologic regime related to total rainfall infiltration and inter-storm runoff.
The effectiveness of flow control measures such as detention ponds to mitigate the impacts of development on creeks has been examined by several authors, but with no consensus of opinion.  James, et al. (1987) demonstrated that detention ponds that serve small areas in a watershed and those located in upper areas of a watershed may not be effective at controlling channel degradation in the larger streams of the lower watershed due to superposition of hydrographs.  The authors asserted that planning is essential to determine the effect of multiple detention ponds in a watershed.  Finkenbine, et al. (2000), in a study of urban watersheds in the area of Vancouver, B.C., asserted that “stormwater detention ponds…are concluded to have few hydrological benefits if constructed after a stream has reached its urban equilibrium.”  This conclusion was based on the observation of reduced fine sediment in the stream beds and increased intra-gravel dissolved oxygen.  Hartley, et al. (2001), in their critique of the conclusions drawn by Finkenbine, et al. (2000), recommended the continued use of detention ponds to reduce the frequency of bed scour and large woody debris mobilization.  

Maxted and Shaver (1998) measured indices of physical habitat and biota in eight Delaware streams below the discharge point of detention ponds in areas with at least 20% impervious cover and compared the results to measurements using the same indices at thirty-three streams in areas with no stormwater controls and varying degrees of urbanization.  These two pools of data were compared to data from three reference sites.  Of the eight detention ponds, three were designed to control peak flow rate from the 2-year, 10-year, and 100-year storms and to retain the first inch of runoff for 24 hours, four were designed to control peak rate from the 10-year storm, and one was an in-stream pond.  Based on a composite of the six biological metrics used in the study, the overall macroinvertebrate community was not significantly different between sites adjacent to detention ponds (pond sites) and sites without ponds, and the composite biological index scores for both types of test sites were less than 40% of the reference site scores, indicating significant biological degradation.  The degree of urbanization did not affect the biological index scores at the pond sites.  Alternatively, four of the eight pond sites had Habitat Comparison Index (HCI) scores within 90% of the composite HCI for the reference sites, while only six of the thirty-three non-pond sites met this criterion.  Maxted and Shaver (ibid.) assert that in addition to the lack of protectiveness of peak-flow control facilities, other watershed factors such as ongoing construction impacts and degraded riparian zones contributed to the reduced habitat and biological index scores.

Booth (1991) discussed the shortcomings of single-event model and a peak flow detention standards, and proposed using a ‘flow duration control’ standard.  Rather than limiting only the peak flow rate, a flow duration control standard limits the total amount of time over a relatively long period (e.g., months) during which the flow rate could exceed selected flow rates of concern.  Using a flow duration control standard requires a continuous simulation hydrologic model.  

Six years later, Booth and Jackson (1997) discussed the shortcomings of flow duration control standards.  Among these is the premise that for all streams there is a flow rate below which no sediment transport occurs, and that a flow rate below this index rate would not cause channel incision regardless of the flow duration.  Booth and Jackson (1997) state that “[F]or gravel-bed stream channels, this threshold discharge is real and can be determined on a site-specific or generic basis.  In sand-bedded channel, however, the threshold of sediment motion occurs at impracticably low discharges, and so increases in the net transport of bed material virtually unavoidable in such systems.” 

In 1998, King County promulgated a stormwater technical manual and associated regulations that used flow duration control standards to mitigate impacts from stormwater flow, specifically intended to reduce impacts related to transport of sediment and stream channel erosion (Booth 1991, King County 1998).  To implement this performance standard, King County developed a continuous modeling tool, the King County Runoff Time Series (KCRTS) program, which was based on the Hydrological Simulation Program-Fortran (HSPF) model developed by US Geological Services (USGS).  The Washington State Department of Ecology followed suit in 2001, incorporating a flow duration control standard into the minimum requirements flow control contained in the Stormwater Management Manual (Ecology 2001) and the Stormwater Management Manual for Western Washington (Ecology 2005a) .  
Soil Amendment and Flow Control
Naturally occurring (i.e., undisturbed) soil and vegetation provide important stormwater management functions, including: water infiltration; nutrient, sediment, and pollutant adsorption; sediment and pollutant biofiltration; water interflow storage and transmission; and pollutant decomposition.  These functions are largely lost when development removes native soil and vegetation and replaces it with soil and sod with minimal depth.  Not only are important stormwater management functions lost, but such landscapes themselves become pollution-generating pervious surfaces.  Pollutants can include pesticides, fertilizers, and other landscaping and household/industrial chemicals, pet wastes, and roadside litter.  
Studies by Chollak and Rosenfeld (1997) developed guidelines for amending soils with compost in landscaping practices.  Kosti, et al. (1995) measured surface runoff and subsurface runoff from seven test plots of glacial till soil containing differing amounts of compost.  During natural storms from December 1994 to June 1995, two plots containing compost generated 53% and 70% of the total runoff volume generated by a control plot with no compost.  The surface runoff hydrographs were attenuated in the compost plots as well.  In addition to flow control benefits, amended soils in urban lawns can also have the benefits of reduced fertilizer requirements and reduced dry-season irrigation requirements (US EPA 1997).  

Low Impact Development, Green Stormwater Infrastructure and Flow Control
The term “low impact development,” or LID, refers to a range stormwater management measures that are intended to limit impacts of development on the hydrologic regime.  Prince Georges County (2002) provides the following definition: 

LID is an innovative technological approach to stormwater management and ecosystem protection where hydrologic controls are integrated into every aspect of a site’s design to mimic the predevelopment hydrologic regime.  It is not a growth management strategy nor does it heavily rely on density restrictions, rezoning, clustering or conservation measures.  Instead, LID focuses on how to engineer the built environment to maintain ecosystem and hydrologic functions.  LID uses new site planning/design principles and a wide array of micro-scale management practices to create a hydrologically functional and environmentally sensitive landscape...LID's goal is not to mitigate development impacts but instead to recreate and preserve a watershed's hydrologic cycle.

Ecology (2007) defines LID as follows:
Low Impact Development (LID) means a stormwater management and land development strategy applied at the parcel and subdivision scale that emphasizes conservation and use of on-site natural features integrated with engineered, small-scale hydrologic controls to more closely mimic pre-development hydrologic functions.
The Low Impact Development Technical Guidance Manual for Puget Sound (Puget Sound Action Team/Washington State University 2005) contains LID information for site assessment, site planning and layout, vegetation protection and maintenance, clearing and grading, and flow control and treatment methods.  It also contains information on hydrologic modeling input parameters for LID flow control measures; this same information is also contained in the Stormwater Management Manual for Western Washington (Ecology 2005a).  An increasing body of literature is promoting LID as the preferred means for addressing urban stormwater runoff (Booth 2007, Horner 2006, Horner 2007a, Horner 2007b, and Holz 2007).  
Green infrastructure is a term used by US EPA to refer to “systems and practices that use or mimic natural processes to infiltrate, evapotranspirate (the return of water to the atmosphere either through evaporation or by plants), or reuse stormwater or runoff on the site where it is generated” (US EPA 2008).  Green infrastructure can be used to eliminate or reduce the amount of water and pollutants that run off a site and ultimately are discharged into adjacent water bodies (ibid.).   

Green stormwater infrastructure is the term Seattle uses in the proposed Stormwater Code to represent the flow control and treatment facilities that are included within the suite of LID measures.  Green stormwater infrastructure is defined as follows (proposed SMC 22.801.080):

“Green stormwater infrastructure” means a drainage control facility that uses infiltration, evapotranspiration, or stormwater reuse. Examples of green stormwater infrastructure include permeable pavement, bioretention facilities, and green roofs. 

The City currently incorporates green stormwater infrastructure in roadway and redevelopment projects under its “Natural Drainage System” program (Inglis 2005) and performance monitoring of these facilities shows that they can be effective at reducing runoff flows (Engstrom 2004, Chapman 2006, Horner and Chapman 2007).  
Types of Green Stormwater Infrastructure Facilities

Bioretention

The term bioretention is used to describe various designs using soil and plant complexes to manage stormwater.  The healthy soil structure and vegetation associated with bioretention facilities promote infiltration, storage, and slow release of stormwater flows to more closely mimic natural conditions.  Bioretention facilities are also known as “rain gardens” and “bioinfiltration facilities.”  Bioretention can provide flow control via detention, attenuation, and losses due to infiltration, interception, evaporation and transpiration.  Treatment can be provided through sedimentation, filtration, adsorption, and phytoremediation.  Hydrologic performance of a bioinfiltration system in Maryland is discussed by Davis et al. (1998).  Early design information was provided by Prince George’s County (1999 and 2002).  Davis et al. (2003) found that excellent removal of dissolved heavy metals can be expected through bioretention infiltration.
In the late 1990s, the City constructed a bioretention system in a street right-of-way.  The system consists of a roadside swale filled with organically amended soil, in which a perforated drain was installed above the trench bottom so that some water is retained before the drain becomes functional.  Water can also be held in the amended soil.  The underlying soil is mostly glacial till but there is some sand as well.  Approximately 2.3 acres of road and residential development drains to the swale.  During the period between January 2000, and January 2001, the system retained all of the dry-season runoff and 98% of the wet-season runoff, and was capable of fully attenuating approximately 0.75 inches of rainfall on the catchment area (Horner et al. 2002b).

Permeable pavement

Permeable pavement, either asphalt or carbonate-cement based, is essentially a specialized mixture of the basic material containing voids that can convey water.  The two factors controlling the use of permeable pavement as an infiltration system are the long-term hydraulic capacity of the paving material, and the infiltration capacity of the underlying soil.  Booth and Leavitt (1999) documented the pollution removal capability and hydraulic performance of four types of permeable pavement in comparison to standard asphalt pavement at a municipal building parking lot in Renton, Washington.  The test site was constructed in 1996 and data were gathered in the year following.  The native soil at the site was deep and very permeable sand, such that overall infiltration capacity of the pavement/soil system would be limited by the pavement.  Booth and Leavitt observed no surface runoff from the permeable pavement.  Brattebo and Booth (2003) reevaluated the hydraulic performance at the same pavement system during fifteen storms in the winter of 2001-2002.  Virtually all water infiltrated for every observed storm; the most significant surface runoff event occurred during a 121-mm/72-hour storm, in which only 4 mm of surface runoff was generated from one type of pavement.

A porous top paving course has been used in Europe and by the State of Oregon Department of Transportation.  A porous top course, known in Oregon as an open graded friction coat (OGFC), is laid over a standard (and essentially impervious) base.  While the primary reasons for using an OGFC are traffic noise reduction and visibility improvement through spray reduction, the porous surface layer filters particles and attached pollutants from stormwater, which can be removed by vacuum sweeping.  The stormwater moves laterally to the shoulders where additional treatment may occur. While not proven, the concept likely reduces runoff, particularly of summer storms (Minton 2002b).  St. John and Horner (1997) reported that porous asphalt shoulders installed on a two-lane highway with a three-day average daily traffic rate of 9,000 vehicles per day significantly reduced wet-season storm volumes, relative to runoff generated by standard asphalt shoulders.

Infiltration

The standard systems for stormwater infiltration are constructed depressions, trenches or drain fields.  Massman (2003) performed full-scale “flood tests” conducted at four infiltration facilities in western Washington.  Lateral flow along the sides of the ponds could be significant.  Saturated hydraulic conductivity values estimated from measuring air conductivity and from regression equations derived from grain size parameters were compared to full-scale infiltration rates for 15 sites in western Washington.  The estimated values for saturated hydraulic conductivity were up to two orders-of-magnitude larger than the full-scale infiltration rates for some sites and were two orders-of-magnitude smaller at others.  These results show that infiltration rates cannot be reliably estimated on the basis of soil properties alone; information related to the hydraulic gradient is also important.

Aside from the reduced area available for infiltration due to the construction of impervious surfaces, development typically results in the compaction or removal of the upper soil layers, which reduces infiltration capacity of the remaining soil (Booth et al. 2002, Chollak and Rosenfeld 1997, Kosti et al. 1995).  This effect also significantly reduces the ability of the soil to remove dissolved metals (Minton 2002a).  Other factors that may limit the long-term performance of these systems are clogging due to sediment input, or biological fouling, as described by Warner et al. (1994).  

Green Roofs

Green roofs, used in Europe for decades, have received significant attention in the U.S. in the past several years.  In Philadelphia, runoff monitoring was conducted for a nine-month period at a pilot-scale vegetated roof with a thickness of less than three inches (US EPA 2000).  In this period there were 44 inches of rain and less than 16 inches of runoff.  In Portland, Oregon, monitoring of four storms (two in March 2001, and two in August 2001) at a full-scale commercial building vegetated roof showed between a three-fold and nine-fold reduction in per-storm runoff volume (Portland 2001).  Beyerlein, et al. (2004) modeled the performance of a hypothetical ten-acre flat green roof with eight inches of soil using Washington State’s Western Washington Hydrologic Model (WWHM) and long-term rainfall and pan evaporation data for five cities: Vancouver, Bellingham, Seattle, Olympia, and Port Angeles.  They determined how green roofs could result in reduced stormwater detention storage volume using the detention sizing module of WWHM.  The results showed detention volumes, based on flow control requirements of Ecology (2001), were reduced between 17% and 31% as compared with the volumes required for a standard impervious roof.  Beyerlein et al. (2004) attributed the difference between these results and those from the studies in Portland and Philadelphia to the fact that detention storage volume as determined by WWHM is typically controlled by winter storms that occur when potential evapotranspiration is lowest in western Washington.  The authors also modeled storage volume reductions using rooftop detention, and found that the storage requirements were slightly lower than the corresponding values calculated for green roofs, which they attribute to slightly higher evapotranspiration from the open water surface.  

Cisterns

Cisterns are tanks used for the capture and detention of stormwater runoff.  Runoff from roof downspouts and other impervious surfaces can be routed to cisterns for detention and slow release to an approved discharge point.  Like other detention facilities, cisterns can be used to achieve reductions in peak flows and flow durations.  The detention performance of cisterns is a function of contributing area, cistern height, and orifice size.  Cisterns are more likely to be aboveground than other detention facilities.  

In addition to detention, cisterns may also be used to harvest rainwater for non-potable uses.  When detention cisterns are designed to meet flow control standards, the lower portion of a cistern (below the low flow orifice) may be used for harvesting.  Puget Sound Action Team/Washington State University (2005) provides design guidelines and performance information for cisterns.
Trees

Trees provide flow control via interception, transpiration, and increased infiltration.  Additional environmental benefits include improved air quality, reduced heat island effect, pollutant removal and habitat preservation or formation, although benefits can vary with seasonality (Xiao, et al. 1998).  Trees are a landscape amenity with flow control benefits that can be applied in most settings.  Flow control credit is given for retaining or planting trees anywhere on a development site, with higher credit applied when trees are proximate to impervious surfaces.  The degree of flow control provided by a tree depends on the tree type (i.e., evergreen or deciduous), canopy area, and whether or not the tree canopy overhangs impervious surfaces, all of which must be considered when assigning flow control credit for trees.  A report summarizing the results of a literature review on the effects of trees on stormwater runoff and recommendations regarding flow control credits is provided in Seattle (2008b).  
Dispersion

Downspout dispersion BMPs are splash blocks or gravel-filled trenches that serve to spread roof runoff over vegetated pervious areas.  Dispersion attenuates peak flows by slowing entry of the runoff into the conveyance system, allows for some infiltration, and provides some water quality benefits.  Downspout dispersion BMPs generally require large areas of vegetated ground cover and may not be feasible in most urban settings.  Downspout disconnection or dispersion may not be allowed in situations where the disconnection might cause erosion or flooding problems, either on site or on adjacent lots (Ecology 2005a).  

Water Quality Treatment
Urban stormwater runoff has a propensity to collect and convey pollutants to receiving waters. Between 1978 and 1983, the Nationwide Urban Runoff Program gathered runoff pollution data from 2300 storms from 28 project sites across the nation (US EPA 1983).  The results from this large-scale study helped to initially quantify the nature and extent of stormwater pollution and influenced subsequent regulations requiring treatment of stormwater runoff from sites with pollution-generating surfaces.  Ongoing monitoring, analysis, and assessments have provided additional information regarding the nature of pollutants in stormwater.  Chandler (1995, 1999) conducted an analysis of urban stormwater runoff event mean concentrations from 70 sites collected by eleven municipalities located in inland urban areas of western Washington and Oregon.  Maester and Pitt (2005) developed a database containing approximately 3,765 events from 360 sites in 65 communities throughout the U.S.  Clarke et al. (2006) provide a comprehensive literature review of urban wet weather flow literature for the eleven years from 1996 through 2006 that includes stormwater discharge characterization.  
An assessment of toxic contaminant in Washington determined that the bulk of toxic chemicals that enter Puget Sound marine waters have done so through runoff from land surface (Hart Crowser, et al. 2007).  Pollutants in stormwater can be reduced through source control best management practices, regulations prohibiting certain types of discharges, and programmatic actions aimed at eliminating illegal dumping and illicit connections (Ecology 2005a, Ecology 2006, Ecology 2007).  Water quality treatment BMPs are designed to remove pollutants contained in stormwater runoff.  The pollutants of concern include sand, silt, and other suspended solids; metals such as copper, lead, and zinc; nutrients (e.g., nitrogen and phosphorous); certain bacteria and viruses; and organics such as petroleum hydrocarbons and pesticides.  Methods of pollutant removal include sedimentation/settling, filtration, plant uptake, ion exchange, adsorption, and bacterial decomposition.  Floatable pollutants such as oil, debris, and scum can be removed with separator structures.  Minton (2002a, 2005) provides a thorough discussion of treatment mechanisms and their application in stormwater treatment.  The American Society of Civil Engineers (ASCE) and the United States Environmental Protection Agency jointly prepared a database of stormwater treatment system performance data (ASCE/EPA 2003).  Ecology, in concert with stormwater professionals from the Puget Sound, developed a protocol for evaluating emerging treatment systems (Ecology 2008).  

Construction Site Stormwater Pollution Prevention, Grading and Water Quality
Soil erosion from construction sites and grading activities has long been identified as a significant source of sediment and other suspended solids in runoff in many parts of the United States (Ellis 1936, Hagman et al. 1980, Yorke and Herb 1976, Becker et al. 1974) and the primary stormwater pollutant at a construction site remains sediment (US EPA 2007).  Sediment from poorly controlled construction and grading sites can harm aquatic environments, adjacent properties, public roadways and drainage systems.  Numerous studies have shown that the amount of sediment transported by stormwater runoff from large sites (greater  than five acres) with no erosion control practices in place is significantly greater than from sites with erosion controls (US EPA 1999).  However, results of a USGS/Dane County Land Conservation study (Owens, et al. 2000) indicated that small sites can also be potential sources of large amounts of sediment erosion.  Sediment loads from two monitored construction sites were 10 times larger than typical loads from rural and urban land uses in Wisconsin.  Total and suspended solids concentration data indicate the active construction phase produced concentrations that were orders of magnitude higher than pre- and post-construction periods.  The best way to stop erosion is to employ best management practices that keep the soil in place through existing vegetation, erosion control blankets, or other methods, which will prevent the soil from becoming dislodged during rain events (Ecology 2005a).  In addition to sediment, construction sites can also be sources of other pollutants, such as: pH, phosphorus, and petroleum products (Ecology 2005b).  Source control practices designed for construction sites need to be employed to reduce or prevent these potential pollutants from contaminating stormwater (ibid.).
Types of Construction and Grading Site Best Management Practices

Best management practices must be implemented to protect the public drainage system and receiving waters from pollution and impacts during and-disturbing and other construction activities.  Erosion and sediment control BMPs can be grouped according to three broad categories:

1. Cover practices – temporary or permanent cover that are designed to stabilize disturbed areas;

2. Erosion control practices – physical measures that are designed and constructed to prevent erosion at the project site; and

3. Sediment control practices – temporary measures designed to prevent eroded soils from leaving the project site by trapping them in a depression, filter, or other barrier.
Pollutants other than sediment are primarily controlled using good housekeeping practices and other operational methods designed to reduce both the risks of pollutants coming in contact with stormwater and the risks and impacts of spills.  Additional information on stormwater best management practices for sites with land disturbing activities can be found in Ecology (2005a).

Types of Stormwater Quality Treatment Facilities

Wetpool Facilities – Wetponds, Wetvaults, Combined Detention & Wetpool Facilities
Water quality facilities built as wetpool facilities contain a permanent pool of water and include wetponds, wetvaults, and combined detention and wetpool facilities.  A wetpond is a constructed stormwater pond that retains a permanent pool of water (“wetpool”) at least during the wet season.  A wetvault is an underground structure similar in appearance to a detention vault, except that a wetvault has a permanent pool of water that dissipates energy and improves the settling of particulate pollutants.  A combined detention and wetpool facility has the appearance and design features of a detention facility, but contains a permanent pool of water.

The primary design factor that determines a wetpool’s treatment efficiency is the volume of the wetpool.  The larger the wetpool volume, the greater the potential for pollutant removal (Ecology 2005a).  These facilities provide runoff treatment by allowing settling of particulates during quiescent conditions (sedimentation) and, for above-ground facilities, by biological uptake and vegetative filtration.  Because the wetvault is underground, it lacks any biological pollutant removal mechanisms, such as algae uptake, that would be present in surface wetponds (ibid.).  Studies of pollution removal in wetpool facilities in the Puget Sound region include King County (1995), Comings (1998), and Kulzer (1989).  Other useful studies include Driscoll (1986), Gain (1996), Kantrowitz and Woodham (1995), Lawrence et al. (1996), Stanley (1996), Walker (1987), Whipple (1979), and Wu et al. (1996).  These studies show that wetpool facilities can remove total suspended solids, total nitrogen, metals, and phosphorous.  However, some of the studies showed a net release of some of these pollutants.  Wetpools can also remove dissolved pollutants, although their long-term performance in this respect is problematic particularly with respect to dissolved phosphorus (Minton 2004a, 2005).  

A Florida study of the migration of soluble metals through sediments accumulated in the bottom of highway-runoff wetponds showed that most of the metals are retained in the top 15-25 centimeters, and that removal of accumulated bottom sediments approximately every 25 years would be sufficient to minimize the potential of groundwater contamination (Yousef and Yu 1992).  However, this study did not indicate the native soil type or sediment size distribution, which would affect the results.  Minton (2002a) discusses the difficulties in designing appropriate sampling strategies to comparing data from different treatment system evaluation studies.  Wetpool facilities can pose a particular problem since they often have a storage volume greater than the influent volume from many storms, so samples of influent and effluent from a single storm do not represent batch treatment of a single test volume of water.  A detailed discussion of performance and design elements on wetpool facilities is provided by Minton (2005).  
Stormwater Treatment Wetlands

Stormwater treatment wetlands are shallow man-made ponds that are designed to treat stormwater through settling and by the biological processes associated with emergent aquatic plants.  In general, they perform well to remove sediment, metals, and pollutants that bind to humic or organic acids, but removal of phosphorus is highly variable (Ecology 2005a).  Wetland vegetation does not filter pollutants, but rather creates hydraulic conditions that enhance sedimentation (Minton 2005).

Sand Filtration

Sand filtration is a water treatment technology that has been applied to stormwater.  A typical sand filtration facility consists of a pretreatment system, flow spreaders, a sand bed, and underdrain piping (Ecology 2005a).  Useful references regarding sand filtration include: Austin (1990), Horner and Horner (1995), Bell et al. (1995), California Department of Transportation (2004), and Minton (2005).  These studies show that sand filters can remove total suspended solids (TSS), metals, biochemical oxygen demand (BOD), petroleum, total nitrogen, and phosphorous.  

Minton (2002a) cites various studies showing the pollution removal effectiveness of sand coated with iron oxide and sand mixed with iron wool or calcitic lime.  Wanielista and Cassagnol (1981) demonstrated that various amended sand media reduced BOD and TSS concentrations in detention pond effluent, and that some nitrogen removal took place in the filters as well.  
Stormwater filtration using peat mixed with sand is effective at removing metals (Clark et. al. 1998).  Severe clogging in a sapric peat/sand filter in Minnesota demonstrated the importance of using hemic or fibric peat (Tomasek et al. 1987).  These hydraulic problems can be avoided by using commercially available peat pellets.  
Basic sand filters are expected to achieve average pollutant removals of 80-percent TSS at influent Event Mean Concentrations (EMCs) of 300 mg/L (King County 1998, Chang 2000).  Basic sand filters are also expected to reduce oil and grease to below 10 mg/L daily average and 15 mg/L at any time, with no ongoing or recurring visible sheen in the discharge (Ecology 2005a).
Large sand filters are expected to remove at least 50-percent of the total phosphorous compounds (as total phosphorus) by collecting and treating 95-percent of the runoff volume (ASCE and WEF 1998).  Sand filters should be located off-line before or after detention (Chang 2000).  Pretreatment is necessary to reduce velocities to the sand filter and remove debris, floatables, large particulate matter, and oils.  An underground filter should be considered in areas subject to freezing conditions (Urbonas 1999).  A sand filter vault is similar to an open sand filter except that the sand layer and underdrains are installed below-grade in a vault that consists of presettling and sand filtration cells.  A linear sand filter is a long, shallow, two-celled and rectangular vault, with the first cell designed for settling coarse particles and the second cell containing the sand bed (Ecology 2005a).
Media Filtration

Media filtration systems typically consist of a vault or catch basin housing a material through which stormwater passed.  The pollutant removal capacity is dependent on the type of media.  Leif (1999) and CSF Treatment Systems (1994) demonstrated that filtration using mature processed leaf compost effectively removes TSS and total metals.  Phosphorous concentrations were higher in the effluent than in the influent in the tests by Leif (1999), probably due to degradation of vegetative material washed onto the filter and bird manure deposited on the filter bed.  Since compost serves as a cation exchange medium, one would expect metals removal by adsorption, but not removal of phosphorous or nitrate, which are anions.  Minton (2002a) cited various studies showing the effectiveness of zeolite minerals as a filtration medium to remove metals by cation exchange and phosphorous by anion exchange in cases where the zeolites were amended to improve anion exchange capability.  Minton (ibid.) also cited the studies on the use of activated alumina, cationic and anionic polymers, synthetic resins, and other media.  The performance of a media filtration facility depends on many factors, including the type of media (e.g., diatomaceous earth, leaf compost, perlite, sand, Zeolite, etc.), and the physical properties of the granular media, including size, size distribution, sphericity, porosity, density, and hardness (Minton 2005).
Infiltration and Bioinfiltration

Infiltration and bio-infiltration systems remove pollutants primarily via physical filtration as stormwater passes through the underlying soil, but also via chemical adsorption and precipitation reactions.  Biological uptake by plants may also occur.  In addition, some pollutants such as nutrients may also be utilized by microbes present in the soil.  A study of several stormwater infiltration system designs in Pierce County, Washington, showed that infiltration of stormwater through a biofiltration swale underlain by six inches of imported topsoil reduced total copper concentrations by 47%, total lead concentrations by 79%, and total zinc concentration by 50% (Tacoma-Pierce County Health Department/Pierce County Public Works Department 1995).  Nineteen storm events were monitored over four years in the study.  In contrast to these results, the study also found elevated concentrations of these metals in groundwater under infiltration systems that discharged directly to the gravelly native soils without any other treatment.  These results together demonstrate the importance of properly absorptive soil or treatment medium, but also the efficacy of a relatively shallow layer of such soil in removing metals.  

Booth and Leavitt (1999) documented the pollution removal capability and long-term hydraulic performance of four types of commercially available permeable pavement in comparison to standard asphalt pavement at a municipal building parking lot in Renton, WA.  Total copper and total zinc concentrations in the sampled infiltrate were significantly lower than corresponding concentrations in runoff from the asphalt.  Motor oil was detected in 89% of the samples from the asphalt runoff, but not in any water sample infiltrated through the permeable pavement.  Brattebo and Booth (2003) reevaluated pollution removal at the same pavement system during nine storms in the winter of 2001-2002.  Again, infiltration had a dramatic effect on water quality.  Toxic concentrations of copper and zinc were present in 97% of the asphalt runoff samples, and in 14% of the infiltrate samples.  A comparison of the data from the two studies showed that zinc concentrations increased with statistical significance in the later study for both permeable pavement and asphalt, whereas copper concentrations in infiltrate from two kinds of permeable pavement were significantly decreased in the later study (Brattebo and Booth 2003).  St. John and Horner (1997) reported that porous asphalt shoulders installed on a high-traffic highway removed over 90% of the solids and total metals in runoff generated by adjacent standard asphalt shoulders.

Local biofiltration studies include Goldberg et al. (1993), Kulzer et al. (1992), King County (1995), and Horner (1988).  These studies generally showed that TSS and total metals are removed in biofiltration swales, with phosphorous removal possible to a more variable degree.  Field inspection of thirty-nine biofiltration swales in King County, WA, found only nine to be in ‘good’ condition; that is, having relatively complete and uniform vegetation cover (King County 1995).  While unvegetated systems that contain standing water may remove pollutants through settling under low flow conditions, sediment would likely be resuspended in these systems during higher flows (ibid.).

Davis et al. (2001) studied the characteristics and performance of bioretention systems for the removal of several heavy metals (Cu, Pb, Zn) and nutrients (P, TKN, NH4+-N, NO3--N) from a synthetic urban storm water runoff using batch and column adsorption studies, along with pilot scale laboratory systems.  Reduction in concentrations of all metals exceeded 90% with specific metal removals of 15 to 145 mg/m2 per event.  TKN, ammonium, and phosphorus levels were reduced by 60%-80%.  Little nitrate was removed and nitrate production was noted in several cases.  Davis et al. (2003) evaluated pollutant removal in pilot-plant laboratory bioretention systems and two existing bioretention facilities.  Removal rates of lead, copper, and zinc were close to 100% under most conditions, with effluent copper and lead levels mostly less than 5 µg/L and zinc less than 25 µg/L. Somewhat less removal was noted for shallow bioretention depths.  Runoff pH, duration, intensity, and pollutant concentrations were varied, and all had minimal effect on removal. The two field investigations generally supported the laboratory studies.

Kim et al. (2003) evaluated nitrate removal by denitrification in test columns and a pilot-scale bioretention system that were designed to promote nitrate removal through the use of continuously submerged anoxic zone with an overdrain.  The pilot-scale facility achieved nitrate plus nitrite mass removals of up to 80%.  It should be noted, however, that Kim et al. (ibid.) deoxygenated the water before it entered the denitrifying unit, and also added carbon.  

Hathhorn and Yonge (1996) investigated the potential for groundwater pollution from stormwater infiltration systems using bench-scale systems containing soils found in Washington State and organic soil amendments.  They found that copper and zinc tended to be removed by association with organic material, while adsorption onto soil minerals due to cation exchange was the dominant removal mechanism for cadmium and lead.  Extensive reviews of the potential for and confirmation of groundwater contamination are provided in Minton (2002a) and Pitt (1996).

Biofiltration Swales

Basic biofiltration swales typically have a trapezoidal or parabolic shaped cross-section and are typically designed to be an in-line treatment facility.  These facilities are designed to remove low concentrations of pollutants such as TSS, heavy metals, nutrients, and petroleum hydrocarbons (Ecology 2005a).  Flow-through grass swales function as treatment devices if vegetation remains sufficiently erect to reduce the shear stresses in the channel, thereby reducing its capacity to carry sediment (Carollo, et al. 2002).  The performance of biofiltration swales is highly variable (Ecology 2005a, Minton 2005).  A wet biofiltration swale is a variation of a basic biofiltration swale and used where the longitudinal slope is slight, water tables are high, or continuous low base flow is likely to result in saturated soil conditions.  Vegetation specifically adapted to saturated soil conditions is needed, which in turn requires modification of several of the design parameters for the basic biofiltration swale (Ecology 2005a).  A continuous inflow biofiltration swale is used in situations where water enters a biofiltration swale continuously along the side slope rather than discretely at the head.  This type of facility requires an increased swale length to achieve an equivalent average residence time (ibid.).
Filter Strips

Filter strips are vegetated treatment systems (typically grass) which are designed to remove low concentrations and quantities of total suspended solids (TSS), heavy metals, petroleum hydrocarbons, and/or nutrients from stormwater by means of sedimentation, filtration, soil sorption, and/or plant uptake.  They are typically configured as linear strips that receive dispersed sheet flow from roads or other surfaces.  A basic filter strip is flat with no side slopes.  Contaminated stormwater is distributed as sheet flow across the inlet width.  A narrow area filter strip is a filter strip designed for impervious areas with flow paths of 30 feet or less that can drain along their widest dimension to grassy areas (Ecology 2005a).
Newberry and Yonge (1996) found that a vegetated strip removed significant amounts of TSS and metals from simulated stormwater.  The Washington State Department of Transportation (WSDOT) developed a combination biofiltration/organically-amended soil infiltration system which they named the ‘Ecology Embankment’ or ‘Ecology Ditch’ (which is two Ecology Embankments put together to form a swale).  Full-scale field test results on an Ecology Embankment showed significant removal of TSS, total and dissolved metals, and total phosphorous (Ecology 2003).

Cammermayer et al. (2000) documented the effectiveness of different levels of maintenance on improving and maintaining pollutant removal performance on vegetated highway ditches that were not designed as biofiltration swales.

Oil Control Facilities

Oil control facilities are designed to remove oil and other water-insoluble hydrocarbons and settleable solids from stormwater runoff.  These facilities typically consist of three bays: forebay; separator section; and the afterbay.  The American Petroleum Institute (API) separator, also called a baffle type separator, contains two baffles.  The sludge retaining baffle rises from the floor of the oil/water separator chamber and settled solids are trapped behind this baffle.  The oil retaining baffle descends from the top of the chamber and extends at least 50% below the depth of the oil/water volume.  The floating oil and other hydrocarbons are trapped behind this baffle as the relatively cleaner water flows under and exits the facility (American Petroleum Institute 1990, Ecology 2005a).  The coalescing plate (CP) separator consists of a series of parallel and inclined plates that provide quiescent conditions for settling and a depth separation to trap oils at the surface (Ecology 2005a).
Enhanced Treatment

Enhanced treatment facilities are intended to provide a higher rate of removal of dissolved metals than basic treatment facilities (Ecology 2005a).  Examples of enhanced treatment include:

· Infiltration with appropriate pretreatment;

· Large sand filter;

· Amended sand filter;
· Stormwater treatment wetland;
· Compost-amended Filter Strip;
· Ecology Embankment;
· Two-Facility Treatment Trains; and
· Bioretention/rain garden
Corsi et al. (1999) evaluated a multi-chambered treatment train (MCTT) consisting of a grit chamber, a chamber containing tube settlers and oil-absorbing pillows, and a chamber with a mixed-media filter consisting of peat, sand, and activated carbon.  The mean removal efficiency over fifteen storms for total suspended solids was 98%; for total phosphorous, 88%, and for total zinc, 91%.  The mean removal efficiency for dissolved zinc was 68%, which is notable considering that zinc is quite soluble.  One of the keys to the success of the MCTT was the proper sequencing of the components.
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Appendix A: Best Available Science Regulations

Revised Code of Washington – RCW 36.70A
Growth Management – Planning by Selected Counties and Cities

RCW 36.70A.172

Critical areas — Designation and protection — Best available science to be used.
(1) In designating and protecting critical areas under this chapter, counties and cities shall include the best available science in developing policies and development regulations to protect the functions and values of critical areas. In addition, counties and cities shall give special consideration to conservation or protection measures necessary to preserve or enhance anadromous fisheries.

(2) If it determines that advice from scientific or other experts is necessary or will be of substantial assistance in reaching its decision, a growth management hearings board may retain scientific or other expert advice to assist in reviewing a petition under RCW 36.70A.290 that involves critical areas. 

[1995 c 347 § 105.]

Washington Administrative Code – Chapter 365-195 WAC

Growth Management Act — Procedural Criteria for Adopting Comprehensive Plans and Development Regulations

WAC 365-195-900 Background and purpose.

(1) Counties and cities planning under RCW 36.70A.040 are subject to continuing review and evaluation of their comprehensive land use plan and development regulations. Every five years they must take action to review and revise their plans and regulations, if needed, to ensure they comply with the requirements of the Growth Management Act. RCW 36.70A.130.

(2) Counties and cities must include the "best available science" when developing policies and development regulations to protect the functions and values of critical areas and must give "special consideration" to conservation or protection measures necessary to preserve or enhance anadromous fisheries. RCW 36.70A.172(1). The rules in WAC 365-195-900 through 365-195-925 are intended to assist counties and cities in identifying and including the best available science in newly adopted policies and regulations and in this periodic review and evaluation and in demonstrating they have met their statutory obligations under RCW 36.70A.172(1).

(3) The inclusion of the best available science in the development of critical areas policies and regulations is especially important to salmon recovery efforts, and to other decision-making affecting threatened or endangered species.

(4) These rules are adopted under the authority of RCW 36.70A.190 (4)(b) which requires the department of community, trade, and economic development (department) to adopt rules to assist counties and cities to comply with the goals and requirements of the Growth Management Act. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 01-08-056, § 365-195-900, filed 4/2/01, effective 5/3/01; 00-16-064, § 365-195-900, filed 7/27/00, effective 8/27/00.]

WAC 365-195-905 Criteria for determining which information is the "best available science."

(1) This section provides assessment criteria to assist counties and cities in determining whether information obtained during development of critical areas policies and regulations constitutes the "best available science."

(2) Counties and cities may use information that local, state or federal natural resource agencies have determined represents the best available science consistent with criteria set out in WAC 365-195-900 through 365-195-925. The department will make available a list of resources that state agencies have identified as meeting the criteria for best available science pursuant to this chapter. Such information should be reviewed for local applicability.

(3) The responsibility for including the best available science in the development and implementation of critical areas policies or regulations rests with the legislative authority of the county or city. However, when feasible, counties and cities should consult with a qualified scientific expert or team of qualified scientific experts to identify scientific information, determine the best available science, and assess its applicability to the relevant critical areas. The scientific expert or experts may rely on their professional judgment based on experience and training, but they should use the criteria set out in WAC 365-195-900 through 365-195-925 and any technical guidance provided by the department. Use of these criteria also should guide counties and cities that lack the assistance of a qualified expert or experts, but these criteria are not intended to be a substitute for an assessment and recommendation by a qualified scientific expert or team of experts.

(4) Whether a person is a qualified scientific expert with expertise appropriate to the relevant critical areas is determined by the person's professional credentials and/or certification, any advanced degrees earned in the pertinent scientific discipline from a recognized university, the number of years of experience in the pertinent scientific discipline, recognized leadership in the discipline of interest, formal training in the specific area of expertise, and field and/or laboratory experience with evidence of the ability to produce peer-reviewed publications or other professional literature. No one factor is determinative in deciding whether a person is a qualified scientific expert. Where pertinent scientific information implicates multiple scientific disciplines, counties and cities are encouraged to consult a team of qualified scientific experts representing the various disciplines to ensure the identification and inclusion of the best available science.

(5) Scientific information can be produced only through a valid scientific process. To ensure that the best available science is being included, a county or city should consider the following:

(a) Characteristics of a valid scientific process. In the context of critical areas protection, a valid scientific process is one that produces reliable information useful in understanding the consequences of a local government's regulatory decisions and in developing critical areas policies and development regulations that will be effective in protecting the functions and values of critical areas. To determine whether information received during the public participation process is reliable scientific information, a county or city should determine whether the source of the information displays the characteristics of a valid scientific process. The characteristics generally to be expected in a valid scientific process are as follows:

1. Peer review. The information has been critically reviewed by other persons who are qualified scientific experts in that scientific discipline. The criticism of the peer reviewers has been addressed by the proponents of the information. Publication in a refereed scientific journal usually indicates that the information has been appropriately peer-reviewed.

2. Methods. The methods that were used to obtain the information are clearly stated and able to be replicated. The methods are standardized in the pertinent scientific discipline or, if not, the methods have been appropriately peer-reviewed to assure their reliability and validity.

3. Logical conclusions and reasonable inferences. The conclusions presented are based on reasonable assumptions supported by other studies and consistent with the general theory underlying the assumptions. The conclusions are logically and reasonably derived from the assumptions and supported by the data presented. Any gaps in information and inconsistencies with other pertinent scientific information are adequately explained.

4. Quantitative analysis. The data have been analyzed using appropriate statistical or quantitative methods.

5. Context. The information is placed in proper context. The assumptions, analytical techniques, data, and conclusions are appropriately framed with respect to the prevailing body of pertinent scientific knowledge.

6. References. The assumptions, analytical techniques, and conclusions are well referenced with citations to relevant, credible literature and other pertinent existing information.

(b) Common sources of scientific information. Some sources of information routinely exhibit all or some of the characteristics listed in (a) of this subsection. Information derived from one of the following sources may be considered scientific information if the source possesses the characteristics in Table 1. A county or city may consider information to be scientifically valid if the source possesses the characteristics listed in (a) of this subsection. The information found in Table 1 provides a general indication of the characteristics of a valid scientific process typically associated with common sources of scientific information.

(c) Common sources of nonscientific information. Many sources of information usually do not produce scientific information because they do not exhibit the necessary characteristics for scientific validity and reliability. Information from these sources may provide valuable information to supplement scientific information, but it is not an adequate substitute for scientific information. Nonscientific information should not be used as a substitute for valid and available scientific information. Common sources of nonscientific information include the following:

(i) Anecdotal information. One or more observations which are not part of an organized scientific effort (for example, "I saw a grizzly bear in that area while I was hiking").

(ii) Nonexpert opinion. Opinion of a person who is not a qualified scientific expert in a pertinent scientific discipline (for example, "I do not believe there are grizzly bears in that area").

(iii) Hearsay. Information repeated from communication with others (for example, "At a lecture last week, Dr. Smith said there were no grizzly bears in that area").

(6) Counties and cities are encouraged to monitor and evaluate their efforts in critical areas protection and incorporate new scientific information, as it becomes available. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 00-16-064, § 365-195-905, filed 7/27/00, effective 8/27/00.] 
Table 1: Common Sources of Scientific Information
	
	CHARACTERISTICS

	
	Peer review
	Methods
	Logical conclusions & reasonable inferences
	Quantitative analysis
	Context
	References

	SOURCES OF SCIENTIFIC INFORMATION
	
	
	
	
	
	

	A. Research. Research data collected and analyzed as part of a controlled experiment (or other appropriate methodology) to test a specific hypothesis.
	X
	X
	X
	X
	X
	X

	B. Monitoring. Monitoring data collected periodically over time to determine a resource trend or evaluate a management program.
	
	X
	X
	Y
	X
	X

	C. Inventory. Inventory data collected from an entire population or population segment (e.g., individuals in a plant or animal species) or an entire ecosystem or ecosystem segment (e.g., the species in a particular wetland).
	
	X
	X
	Y
	X
	X

	D. Survey. Survey data collected from a statistical sample from a population or ecosystem.
	
	X
	X
	Y
	X
	X

	E. Modeling. Mathematical or symbolic simulation or representation of a natural system. Models generally are used to understand and explain occurrences that cannot be directly observed.
	X
	X
	X
	X
	X
	X

	F. Assessment. Inspection and evaluation of site-specific information by a qualified scientific expert. An assessment may or may not involve collection of new data.
	
	X
	X
	
	X
	X

	G. Synthesis. A comprehensive review and explanation of pertinent literature and other relevant existing knowledge by a qualified scientific expert.
	X
	X
	X
	
	X
	X

	H. Expert Opinion. Statement of a qualified scientific expert based on his or her best professional judgment and experience in the pertinent scientific discipline. The opinion may or may not be based on site-specific information.
	
	
	X
	
	X
	X


X = characteristic must be present for information derived to be considered scientifically valid and reliable

Y = presence of characteristic strengthens scientific validity and reliability of information derived, but is not essential to ensure scientific validity and reliability

WAC 365-195-910 Criteria for obtaining the best available science. 

(1) Consultation with state and federal natural resources agencies and tribes can provide a quick and cost-effective way to develop scientific information and recommendations. State natural resource agencies provide numerous guidance documents and model ordinances that incorporate the agencies' assessments of the best available science. The department can provide technical assistance in obtaining such information from state natural resources agencies, developing model GMA-compliant critical areas policies and development regulations, and related subjects. The department will make available to interested parties a current list of the best available science determined to be consistent with criteria set out in WAC 365-195-905 as identified by state or federal natural resource agencies for critical areas.

(2) A county or city may compile scientific information through its own efforts, with or without the assistance of qualified experts, and through state agency review and the Growth Management Act's required public participation process. The county or city should assess whether the scientific information it compiles constitutes the best available science applicable to the critical areas to be protected, using the criteria set out in WAC 365-195-900 through 365-195-925 and any technical guidance provided by the department. If not, the county or city should identify and assemble additional scientific information to ensure it has included the best available science. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 00-16-064, § 365-195-910, filed 7/27/00, effective 8/27/00.]

WAC 365-195-915 Criteria for including the best available science in developing policies and development regulations.

(1) To demonstrate that the best available science has been included in the development of critical areas policies and regulations, counties and cities should address each of the following on the record:

(a) The specific policies and development regulations adopted to protect the functions and values of the critical areas at issue.

(b) The relevant sources of best available scientific information included in the decision-making.

(c) Any nonscientific information -- including legal, social, cultural, economic, and political information -- used as a basis for critical area policies and regulations that depart from recommendations derived from the best available science. A county or city departing from science-based recommendations should:

(i) Identify the information in the record that supports its decision to depart from science-based recommendations;

(ii) Explain its rationale for departing from science-based recommendations; and

(iii) Identify potential risks to the functions and values of the critical area or areas at issue and any additional measures chosen to limit such risks. State Environmental Policy Act (SEPA) review often provides an opportunity to establish and publish the record of this assessment.

(2) Counties and cities should include the best available science in determining whether to grant applications for administrative variances and exemptions from generally applicable provisions in policies and development regulations adopted to protect the functions and values of critical areas. Counties and cities should adopt procedures and criteria to ensure that the best available science is included in every review of an application for an administrative variance or exemption. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 00-16-064, § 365-195-915, filed 7/27/00, effective 8/27/00.]

WAC 365-195-920 Criteria for addressing inadequate scientific information. Where there is an absence of valid scientific information or incomplete scientific information relating to a county's or city's critical areas, leading to uncertainty about which development and land uses could lead to harm of critical areas or uncertainty about the risk to critical area function of permitting development, counties and cities should use the following approach:

(1) A "precautionary or a no risk approach," in which development and land use activities are strictly limited until the uncertainty is sufficiently resolved; and

(2) As an interim approach, an effective adaptive management program that relies on scientific methods to evaluate how well regulatory and nonregulatory actions achieve their objectives. Management, policy, and regulatory actions are treated as experiments that are purposefully monitored and evaluated to determine whether they are effective and, if not, how they should be improved to increase their effectiveness. An adaptive management program is a formal and deliberate scientific approach to taking action and obtaining information in the face of uncertainty. To effectively implement an adaptive management program, counties and cities should be willing to:

(a) Address funding for the research component of the adaptive management program;

(b) Change course based on the results and interpretation of new information that resolves uncertainties; and

(c) Commit to the appropriate timeframe and scale necessary to reliably evaluate regulatory and nonregulatory actions affecting critical areas protection and anadromous fisheries. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 00-16-064, § 365-195-920, filed 7/27/00, effective 8/27/00.]

WAC 365-195-925 Criteria for demonstrating "special consideration" has been given to conservation or protection measures necessary to preserve or enhance anadromous fisheries. 

(1) RCW 36.70A.172(1) imposes two distinct but related requirements on counties and cities. Counties and cities must include the "best available science" when developing policies and development regulations to protect the functions and values of critical areas, and counties and cities must give "special consideration" to conservation or protection measures necessary to preserve or enhance anadromous fisheries. Local governments should address both requirements in RCW 36.70A.172(1) when developing their records to support their critical areas policies and development regulations.

(2) To demonstrate compliance with RCW 36.70A.172(1), a county or city adopting policies and development regulations to protect critical areas should include in the record evidence that it has given "special consideration" to conservation or protection measures necessary to preserve or enhance anadromous fisheries. The record should be developed using the criteria set out in WAC 365-195-900 through 365-195-925 to ensure that conservation or protection measures necessary to preserve or enhance anadromous fisheries are grounded in the best available science.

(3) Conservation or protection measures necessary to preserve or enhance anadromous fisheries include measures that protect habitat important for all life stages of anadromous fish, including, but not limited to, spawning and incubation, juvenile rearing and adult residence, juvenile migration downstream to the sea, and adult migration upstream to spawning areas. Special consideration should be given to habitat protection measures based on the best available science relevant to stream flows, water quality and temperature, spawning substrates, instream structural diversity, migratory access, estuary and nearshore marine habitat quality, and the maintenance of salmon prey species. Conservation or protection measures can include the adoption of interim actions and long-term strategies to protect and enhance fisheries resources. 

[Statutory Authority: RCW 36.70A.190 (4)(b). 00-16-064, § 365-195-925, filed 7/27/00, effective 8/27/00.]
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� National Pollutant Discharge Elimination System, a component of the federal Clean Water Act
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