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Note the runoff from impervious concrete spilling over to the pervious concrete 

Continuous monitoring of the site over a number of years has considerably increased our 
understanding of infiltration. Similar to the bioinfiltration site (Box 5-6), the infiltration rate of permeable 
concrete does vary as a function of temperature (Braga et al., 2007; Emerson and Traver, 2008), and the 
S C M volume reduction is impressive. As shown in Figure 5-35, over 95 percent of the yearly rainfall was 
infiltrated with minimal overflow. Besides hydrologic plots, water quality plots also show the benefits of 
permeable concrete (Kwiatkowski et al., 2007). Because over 95 percent of the runoff is infiltrated, well 
over 95 percent of the pollutant mass is also removed. Figure 5-36 shows the level of copper extracted 
from lysimeters buried under the rock bed and surrounding grass. The plot is arranged in quartiles, with 
readings in milligrams per liter. Lysimeter samples from under the surrounding grass and one foot and 
four feet under the infiltration bed all report almost no copper, compared to samples taken from the port in 
the rock bed and from the gutters draining the roof tops. 

continues next page 
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BOX 5-7 Continued 
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FIGURE 5-35 Rainfall and corresponding outflow from the weir of the SCM. SOURCE: Reprinted, with 
permission, from VUSP. Copyright by VUSP. 
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FIGURE 5-36 Copper measured at various locations. The three quartiles correspond to the 25th, 50th, 
and 75 t h percentile value of all data collected. A21 is a lysimeter location under the surrounding grass, 
while B11 and B13 refer to locations that are one foot and four feet under the infiltration bed, respectively. 
SOURCE: Reprinted, with permission, from VUSP. Copyright by VUSP. 
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BOX 5-8 
Jordan Cove—An LID Watershed Project 

LID refers to the use of a system of small, on-site SCMs to counteract increases in flow and 
pollution following development and to control smaller runoff events. Although some studies are available 
that measure the runoff volume reduction of individual LID practices, fewer studies are available on 
whether multiple LID practices, when used together, have a cumulative benefit at the neighborhood or 
catchment scale. Of those listed in Table 5-6, Jordan Cove is the most extensively studied, as it was 
monitored for ten years as part of a paired watershed study that included a site with no SCMs and a site 
with traditional (detention) SCMs. The watersheds were monitored during calibration, construction, and 
post-construction periods. The project consisted of 12 lots, and the SCMs used were bioretention, porous 
pavements, no-mow areas, and education for the homeowners (Figure 5-37). 

TABLE 5-6 Review of Recent LID Monitoring Research on a Catchment Scale 

Location Practices 
Runoff 

Reduction 
Jordan Cove, USA 
Dietz and Clausen (2008) 

Permeable pavers, bioretention, grass swales, 
education 

84% 

Somerset Heights, USA 
Cheng et al. (2005) 

Grass swale, bioretention, and rooftop 
disconnection 

45% 

Figtree Place, Australia 
Coombes et al. (2000) 

Rain tanks, infiltration trenches, swales 100% 

FIGURE 5-37 Jordan Cove LID subdivision. Permission pending 

continues next page 
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BOX 5-8 Continued 

Figure 5-38 (right panel) displays the hydrograph from a post-construction storm comparing the 
LID, traditional, and control watersheds. Note that the traditional watershed shows the delay and peak 
reduction from the detention basins, while the LID watershed has almost no runoff. The LID watershed 
was found to reduce runoff volume by 74 percent by increasing infiltration over preconstruction levels. 

FIGURE 5-38. Significant changes in runoff volume (nTVweek), runoff depth (cm/week) and peak 
discharge (m3/sec/week) after construction was completed (left panel). Hydrograph of all three 
subdivisions in the project, showing the larger volume and rate of runoff from the traditional and control 
subdivisions, as compared to the LID (right panel). Permission pending. 

Comparisons of nutrient and metal concentrations and total export in the surface water shows the 
value of the LID approach as well as the significance of the reduction in runoff volume. Figure 5-39 
shows the changes in pollutant concentration and mass export before and after construction for the 
traditional and LID subdivisions. Note that concentrations of TSS and nutrients are increased in the LID 
subdivision (left-hand panel); this is because swales and natural systems are used in place of piping as a 
"green" drainage system and because only larger storms leave the site. The right-hand panel shows how 
the large reduction in runoff achieved through infiltration can dramatically reduce the net export of 
pollutants from the LID watershed. 

FIGURE 5-39 Significant changes in pollutant concentration, after construction was completed (left). 
Units are mg/L for N0 3 -N , NH 3 -N, TKN, TP, and BOD, and ug/L. for Cu, Pb, and Zn. Significant changes 
in mass export (kg/ha/year) after construction was completed (right). Permission pending 

SOURCE: Clausen (2007). 
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Peak Flow Reduction and Runoff Treatment 

After efforts are made to prevent the generation of pollutants and to reduce the volume of 
runoff that reaches stormwater systems, stormwater management focuses on the reduction of 
peak flows and associated treatment of polluted runoff. The main class of SCMs used to 
accomplish this is extended detention basins, versions of which have dominated stormwater 
management for decades. These include a wide variety of ponds and wetlands, including wet 
ponds (also known as retention basins), dry extended detention ponds (as known as detention 
basins), and constructed wetlands. By holding a volume of stormwater runoff for an extended 
period of time, extended detention SCMs can achieve both water quality improvement and 
reduced peak flows. Generally the goal is to hold the flows for 24 hours at a minimum to 
maximize the opportunity of settling, adsorption, and transformation of pollutants (based on past 
pollutant removal studies) (Rea and Traver, 2005). For smaller storm events (one- to two-year 
storms), this added holding time also greatly reduces the outflows from the SCM to a level that 
the stream channel can handle. Most wet ponds and stormwater wetlands can hold a "water 
quality" volume, such that the flows leaving in smaller storms have been held and "treated" for 
multiple days. Extended detention dry ponds greatly reduce the outflow peaks to achieve the 
required residence times. 

Usually extended detention devices are lower in the treatment train of SCMs, if not at the 
end. This is both due to their function (they are designed for larger events) and because the 
required water sources and less permeable soils needed for these SCMs are more likely to be 
found at the lower areas of the site. Some opportunities exist to naturalize dry ponds or to 
retrofit wet ponds into stormwater wetlands but it depends on their site configuration and 
hydrology. Stormwater wetlands are shown in Figures 5-40 and 5-41. A wet pond and a dry 
extended detention basin are shown in Figures 5-42 and 5-43. 

Simple ponds are little more than a hole in the ground, in which stormwater is piped in 
and out. Dry ponds are meant to be dry between storms, whereas wet ponds have a permanent 
pool throughout the year. Detention basins reduce peak flows by restricting the outflows and 
creating a storage area. Depending on the detention time, outflows can be reduced to levels that 
do not accelerate erosion, that protect the stream channel, and that reduce flooding. 

FIGURE 5-40 Constructed wetland at FIGURE 5-41 Retrofitted stormwater wetland. 
SOURCE: PaDEP (2006). SOURCE: Reprinted, with permission, from 

VUSP. Copyright by VUSP. 
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The flow normally enters the structure through a sediment forebay (Figure 5-44), which 
is included to capture incoming sediment, remove the larger particles through settling, and allow 
for easier maintenance. Then a meandering path or cell structure is built to "extend" and slow 
down the flows. The main basin is a large storage area (sometimes over the meandering flow 
paths). Finally, the runoff exits through an outflow control structure built to retard flow. 

Wet ponds, stormwater wetlands, and (to a lesser extent) dry extended detention ponds 
provide treatment. The first step in treatment is the settling of larger particles in the sediment 
forebay. Next, for wet ponds a permanent pool of water is maintained so that, for smaller 
storms, the new flows push out a volume that has had a chance to interact with vegetation and be 
"treated." This volume is equivalent to an inch of rain over the impervious surfaces in the 
drainage area. Thus, what exits the SCM during smaller storm events is baseflow contributions 
and runoff that entered during previous events. For dry extended detention ponds, there is no 
permanent pool and the outlet is instead greatly restricted. For all of these devices, vegetation is 
considered crucial to pollutant removal. Indeed, wet ponds are designed with an aquatic bench 
around the edges to promote contact with plants. The vegetation aids in reduction of flow 
velocities, provides growth surfaces for microbes, takes up pollutants, and provides filtering 
(Braskerud, 2001). 

FIGURE 5-42 Wet pond. SOURCE: PaDEP FIGURE 5-43 Dry extended detention 
(2006). pond. SOURCE: PaDEP (2006). 

FIGURE 5-44 Villanova University sediment forebay. 
SOURCE: Reprinted, with permission, from VUSP. Copyright by VUSP002E 
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The ability of detention structures to achieve a certain level of control is size related— 
that is, the more peak flow reduction or pollutant removal required, the more volume and surface 
area are needed in the basin. Because it is not simply the peak flows that are important, but also 
the duration of the flows that cause damage to the stream channels (McCuen, 1979; Loucks et 
al., 2005), some detention basins are currently sized and installed in series with runoff-volume-
reduction SCMs. 

The strength of extended detention devices is the opportunity to create habitats or 
picturesque settings during stormwater management. The weaknesses of these measures include 
large land requirements, chloride buildup, possible temperature effects, and the creation of 
habitat for undesirable species in urban areas. There is a perception that these devices promote 
mosquitoes, but that has not been found to be a problem when a healthy biological habitat is 
created (Greenway et al., 2003). Another drawback of this class of SCMs is that they often have 
limited treatment capacity, in that they can reduce pollutants in stormwater only to a certain 
level. These so-called irreducible effluent concentrations have been documented mainly for 
ponds and stormwater wetlands, as well as sand filters and grass channels (Schueler, 1998). 
Finally, it should be noted that either a larger watershed (10-25 acres; CWP, 2004) or a 
continuous water source is needed to sustain wet ponds and stormwater wetlands. 

Maintenance requirements for extended detention basins and wetlands include the 
removal of built-up sediment from the sediment forebay, harvesting of grasses to remove 
accumulated nutrients, and repair of berms and structures after storm events. Inspection items 
relate to the maintenance of the berm and sediment forebay. 

While the basic hydrologic function of extended detention devices is well known, their 
performance on a watershed basis is not. Because they do not significantly reduce runoff volume 
and are designed on a site-by-site basis using synthetic storm patterns, their exclusive use as a 
flood reduction strategy at the watershed scale is uncertain (McCuen, 1979; Traver and 
Chadderton, 1992). Much of this variability is reduced when they are coupled with volume 
reduction SCMs at the watershed level. Pollutant removal is effected by climate, short-
circuiting, and by the schedule of sediment removal and plant harvesting. Extreme events can 
resuspend captured sediments, thus reintroducing them into the environment. Although there is 
debate, it seems likely that plants will need to be harvested to accomplish nutrient removal (Reed 
etal., 1998). 

Runoff Treatment 

As mentioned above, many SCMs associated with runoff volume reduction and extended 
detention provide a water quality benefit. There are also some SCMs that focus primarily on 
water quality with little peak flow or volume effect. Designed for smaller storms, these are 
usually based on filtration, hydrodynamic separation, or small-scale bioretention systems that 
drain to a subsequent receiving water or other device. Thus, often these SCMs are used in 
conjunction with other devices in a treatment train or as retrofits under parking lots. They can be 
very effective as pretreatment devices when used "higher up" in the watershed than infiltration 
structures. Finally, in some cases these SCMs are specifically designed to reduce peak flows in 
addition to providing water quality benefits by introducing elements that make them similar to 
detention basins; this is particularly the case for sand filters. 
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The sand filter is relied on as a treatment technology in many regions, particular those 
where stream geomorphology is less of a concern and thus peak flow control and runoff volume 
reduction are not the primary goals. These devices can be effective at removing suspended 
sediments and can extend the longevity and performance of runoff-volume-reduction SCMs. 
They are also one of the few urban retrofits available, due to the ability to implement them 
within traditional culvert systems. Figures 5-45 and 5-46 show designs for the Austin sand filter 
and the Delaware sand filter. 

Filters use sand, peat, or compost to remove particulates, similar to the processes used in 
drinking water plants. Sand filters primarily remove suspended solids and ammonia nitrogen. 
Biological material such as peat or compost provides adsorption of contaminants such as 
dissolved metals, hydrocarbons, and other organic chemicals. Hydrodynamic devices use 
rotational forces to separate the solids from the flow, allowing the solids to settle out of the flow 
stream. There is a recent class of bioretention-like manufactured devices that combine inlets 
with planters. In these systems, small volumes are directed to a soil planter area, with larger 
flows bypassing and continuing down the storm sewer system. In any event, for manufactured 
items the user needs to look to the manufacturer's published and reviewed data to understand 
how the device should be applied. 

The level of control that can be achieved with these SCMs depends entirely on sizing of 
the device based on the incoming flow and pollutant loads. Each unit has a certified removal rate 
depending on inflow to the SCM. Also all units have a maximum volume or rate of flow they 
can treat, such that higher flows are bypassed with no treatment. Thus, the user has to determine 
what size unit is needed and the number to use based on the area's hydrologic cycle and what 
criteria are to be met. 

With the exception of some types of sand filters, the strengths of water quality SCMs are 
that they can be placed within existing infrastructure or under parking lots, and thus do not take 
up land that may be used for other purposes. They make excellent choices for retrofit situations. 
For filters, there is a wealth of experience from the water treatment community on their 
operations. For all manufactured devices there are several testing protocols that have been set up 
to validate the performance of the manufactured devices (the sufficiency of which is discussed in 
Box 5-9). Weaknesses of these devices include their cost and maintenance requirements. 

FIGURE 5-45 Austin sand filter. SOURCE: FIGURE 5-46 Delaware sand filter. 
Robert Traver. SOURCE: Tom Schueler. 
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BOX 5-9 
Insufficient Testing of Proprietary Stormwater Control Measures 

Manufacturers of proprietary SCMs offer a service that can save municipalities time and money. 
Time is saved by the ability of the manufactures to quickly select a model matching the needs of the site. 
A city can minimize the cost of buying the product by requiring the different manufacturers to submit bids 
for the site. All the benefits of the service will have no meaning, however, if the cities cannot trust the 
performance claims of the different products. Because the United States does not have, at this time, a 
national program to verify the performance of proprietary SCMs, interested municipalities face a high 
amount of uncertainty when they select a product. Money could be wasted on products that might have 
the lowest bid, but do not achieve the water quality goals of the city or state. 

The EPA's Environmental Technology Verification (ETV) program was created to facilitate the 
deployment of innovative or improved environmental technologies through performance verification and 
dissemination of information. The Wet Weather Flow Technologies Pilot was established as part of the 
ETV program to verify commercially available technologies used in the abatement and control of urban 
stormwater runoff, combined sewer overflows, and sanitary sewer overflows. Ten proprietary SCMs were 
tested under the ETV program (see Figure 5-47), and the results of the monitoring are available on the 
National Sanitation Foundation International website. Unfortunately, the funding for the ETV program 
was discontinued before all the stormwater products could be tested. Without a national testing program 
some states have taken a more regional approach to verifying the performance of proprietary practices, 
while most states do not have any type of verification or approval program. 

The Washington Department of Ecology has supported a testing protocol called Technology 
Assessment Protocol-Ecology that describes a process for evaluating and reporting on the performance 
and appropriate uses of emerging SCMs. California, Massachusetts, Maryland, New Jersey, 
Pennsylvania, and Virginia have sponsored a testing program called Technology Acceptance and 
Reciprocity Partnership (TARP), and a number of products are being tested in the field. The State of 
Wisconsin has prepared a draft technical standard (1006) describing methods for predicting the site-
specific reduction efficiency of proprietary sedimentation devices. To meet the criteria in the standard the 
manufacturers can either use a model to predict the performance of the practice or complete a laboratory 
protocol designed to develop efficiency curves for each product. Although none of these state or federal 
verification efforts have produced enough information to sufficiently reduce the uncertainty in selection 
and sizing of proprietary SCMs, many proprietary practices are being installed around the country, 
because of the perceived advantage of the service being provided by the manufacturers and the 
sometimes overly optimistic performance claims. 

All those involved in stormwater management, including the manufacturers, will have a much 
better chance of implementing a cost-effective stormwater program in their cities if the barriers to a 
national testing program for proprietary SCMs are eliminated. Two of the barriers to the ETV program 
were high cost and the transferability of the results. Also, the ETV testing did not produce results that 
could be used in developing efficiency curves for the product. A new national testing program could 
reduce the cost by using laboratory testing instead of field testing. Each manufacturer would only have to 
do one series of tests in the lab and the results would be applicable to the entire country. The laboratory 
protocol in the Wisconsin Technical Standard 1006 provides a good example of what should be included 
to evaluate each practice over a range of particle sizes and flows. These types of laboratory data could 
also be used to produce efficiency curves for each practice. It would be relatively easy for state and local 
agencies to review the benefits of each installation if the efficiency curves were incorporated into urban 
runoff models, such as WinSLAMM or P8. 

continues next page 
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BOX 5-9 Continued 

Oil Baffin Will 

Stormwater 360 Hydrodynamic Separator. Downstream Defender. SOURCE: Available online 
SOURCE: EPA (2005c) at http://epa.gov/Region1/assistance/ceitts/ 

stormwater/techs/downstreamdefender.html 

Bay Seperator: SOURCE: EPA (2005a). Stormfilter. SOURCE: EPA (2005b). 

FIGURE 5-47 Proprietary Manufactured Devices tested by the ETV Program. 

Regular maintenance and inspection at a high level are required to remove captured pollutants, to 
replace mulch, or to rake and remove the surface layer to prevent clogging. In some cases 
specialized equipment (vacuum trucks) is required to remove built-up sediment. Although the 
underground placement of these devices has many benefits, it makes it easy to neglect their 
maintenance because there are no signs of reduced performance on the surface. Because these 
devices are manufactured, the unit construction cost is usually higher than for other SCMs. 
Finally, the numerous testing protocols are confusing and prevent more widespread applications. 

The chief uncertainty with these SCMs is due to the lack of certification of some 
manufactured devices. There is also concern about which pollutants are removed by which class 
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of device. For example, hydrodynamic devices and sand filters do not address dissolved 
nutrients, and in some cases convert suspended pollutants to their dissolved form. Both issues 
are related to the false perception that a single SCM must be found that will comprehensively 
treat stormwater. Such pressures often put vendors in a position of trying to certify that their 
devices can remove all pollutants. Most often, these devices can serve effectively as part of a 
treatment train, and should be valued for their incremental contributions to water quality 
treatment. For example, a filter that removes sediment upstream of a bioinfiltration SCM can 
greatly prolong the life of the infiltration device. 

Aquatic Buffers and Managed Floodplains 

Aquatic buffers, sometimes also known as stream buffers or riparian buffers, involve 
reserving a vegetated zone adjacent to streams, shorelines, or wetlands as part of development 
regulations or as an ordinance. In most regions of the country, the buffer is managed as forest, 
although in arid or semi-arid regions it may be managed as prairie, chapparal, or other cover. 
When properly designed, buffers can both reduce runoff volumes and provide water quality 
treatment to stormwater. 

The performance of urban stream buffers cannot be predicted from studies of buffers 
installed to remove sediment and nutrients from agricultural areas (Lowrance and Sheridan, 
2005). Agricultural buffers have been reported to have high sediment and nutrient removal 
because they intercept sheet flow or shallow groundwater flow in the riparian zone. By contrast, 
urban stream buffers often receive concentrated surface runoff or may even have a storm-drain 
pipe that short-circuits the buffer and directly discharges into the stream. Consequently, the 
pollutant removal capability of urban stream buffers is limited, unless they are specifically 
designed to distribute and treat stormwater runoff (NRC, 2000). This involves the use of level 
spreaders, grass filters, and berms to transform concentrated flows into sheet flow (Hathaway 
and Hunt, 2006). Such designed urban stream buffers have been applied widely in the Neuse 
River basin to reduce urban stormwater nutrient inputs to this nitrogen-sensitive waterbody. 

The primary benefit of buffers is to help maintain aquatic biodiversity within the stream. 
Numerous researchers have evaluated the relative impact of riparian forest cover and impervious 
cover on stream geomorphology, aquatic insects, fish assemblages, and various indexes of biotic 
integrity. As a group, the studies suggest that indicator values for urban stream health increase 
when riparian forest cover is retained over at least 50 to 75 percent of the length of the upstream 
network (Goetz et a l , 2003; Wang et al., 2003b; McBride and Booth, 2005; Moore and Palmer, 
2005). The width of the buffer is also important for enhancing its stream protection benefits, and 
it ranges from 25 to 200 feet depending on stream order, protection objectives, and community 
ordinances. At the present time, there are no data to support an optimum width for water quality 
purposes. The beneficial impact of riparian forest cover is less detectable when watershed 
impervious cover exceeds 15 percent, at which point degradation by stormwater runoff 
overwhelms the benefits of the riparian forest (Roy et al., 2005, 2006; Walsh et al., 2007). 

Maintenance, inspection, and compliance for buffers can be a problem. In most 
communities, urban stream buffers are simply a line on a map and are not managed in any 
significant way after construction is over. As such, urban stream buffers are prone to residential 
encroachment and clearing, and to colonization by invasive plants. Another important practice is 
to protect, preserve, or otherwise manage the ultimate 100-year floodplain so that vulnerable 
property and infrastructure are not damaged during extreme floods. Federal Emergency 
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