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Abstract

A logical approach to stormwater management requires knowledge of the problems that are to be solved,
the sources of the problem pollutants, and the effectiveness of stormwater management practices that can
control the problem pollutants at their sources and at outfalls. SLAMM is designed to provide information
on these last two aspects of this approach.

The Source Loading and Management Model (SLAMM) was initially developed to identify critical sources
stormwater contamination and to more efficiently evaluate stormwater control practices. It soon became
evident that in order to accurately evaluate the effectiveness of stormwater controls at an outfall, the
sources of the pollutants or problem water flows must be known. SLAMM has evolved to include a variety
of source area and end-of-pipe controls and the ability to predict the concentrations and |oadings of many
different pollutants from alarge number of potential source areas. SLAMM cal culates mass balances for
both particulate and dissolved pollutants and runoff flow volumes for different development characteristics
and rainfalls. It was designed to give relatively simple answers (pollutant mass discharges and control
measure effects for avery large variety of potential conditions).

SLAMM was developed primarily as a planning level tool, such as to generate information needed to make
planning level decisions, while not generating or requiring superfluous information. Its primary capabilities
include predicting flow and pollutant discharges that reflect a broad variety of development conditions and
the use of many combinations of common urban runoff control practices. Control practices evaluated by
SLAMM include detention ponds, infiltration devices, porous pavements, grass swales, catchbasin
cleaning, and street cleaning. These controls can be evaluated in many combinations and at many source
areas aswell asthe outfall location. SLAMM also predicts the relative contributions of different source
areas (roofs, streets, parking areas, landscaped areas, undevel oped areas, etc.) for each land use
investigated. Asan aid in designing urban drainage systems, SLAMM also calculates correct NRCS curve
numbers that reflect specific development and control characteristics. These curve numbers can then be
used in conjunction with available urban drainage procedures to reflect the water quantity reduction
benefits of stormwater quality controls.

Specia emphasis has been placed on small storm hydrology and particulate washoff in SLAMM, common
areas of misuse in the SWMM RUNOFF block. Many currently available urban runoff models have their
roots in drainage design where the emphasisiswith very large and rarerains. In contrast, stormwater
quality problems are mostly associated with common and relatively small rains. The assumptions and
simplifications that are legitimately used with drainage design models are not appropriate for water quality
models. SLAMM therefore incorporates unique process descriptions to more accurately predict the sources
of runoff pollutants and flows for the storms of most interest in stormwater quality analyses. However,
SLAMM can be effectively used in conjunction with drainage design models to incorporate the mutual
benefits of water quality controls on drainage design. SLAMM is normally used to predict source area
contributions and outfall discharges. However, SLAMM has been used in conjunction with areceiving
water model (HSPF) to examine the ultimate receiving water effects of urban runoff.

The development of SLAMM began in the mid 1970s, primarily as a data reduction tool for usein early
street cleaning and pollutant source identification projects sponsored by the EPA’ s Storm and Combined
Sewer Pollution Control Program. Additional information contained in SLAMM was obtained during the
EPA’s Nationwide Urban Runoff Program (NURP), especially the Alameda County, California, the
Bellevue, Washington, and the Milwaukee projects. The completion of the model was made possible by the
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remainder of the NURP projects and additional field studies and programming support sponsored by the
Ontario Ministry of the Environment, the Wisconsin Department of Natural Resources, and Region V of
the U.S. Environmental Protection Agency. Early users of SLAMM included the Ontario Ministry of the
Environment’ s Toronto Area Watershed Management Strategy (TAWMS) study and the Wisconsin
Department of Natural Resources Priority Watershed Program. SLAMM can now be effectively used asa

tool to enable watershed planners to obtain a better understanding of the effectiveness of different control
practice programs.
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Introduction

This section examines the Source L oading and Management Model (WinSLAMM), especially as how it can
examine combinations of source controls, development options, and outfall treatment. The model will be initially
introduced by examining some simple control measure option scenarios. Since the current version of the model is
completely written in Visual Basic, the Window’ sinterface allows efficient use, even for new users. This section
also describes the WinSLAMM/SWMM Interface Program (SSIP) allowing WinSLAMM to be used in conjunction
with EPA’s SWMM model by replacing the RUN OFF module.

Sour ce: The most detail on WinSLAMM attributes (especially small storm hydrology and particul ate washoff, to be
covered in sections 2 and 3) isgiven in Pitt’ s dissertation:

Pitt, R. Small Storm Urban Flow and Particul ate Washoff Contributions to Outfall Discharges, Ph.D. Dissertation,
Civil and Environmental Engineering Department, University of Wisconsin, Madison, WI, November 1987.

Much of the material presented here was developed for the Humber River basin in Toronto as part of my dissertation
research and was included in the following report prepared for the Ontario Ministry of the Environment:
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Pitt, R. and J. McLean. Humber River Pilot Watershed Project, Ontario Ministry of the Environment, Toronto,
Canada. 483 pgs. June 1986.

Some of the material was presented in Pitt (1986), in ageneral description of the Wisconsin Nonpoint Source
Program:

Pitt, R. “The Incorporation of Urban Runoff Controlsin the Wisconsin Priority Watershed Program.” In: Advanced
Topicsin Urban Runoff Research, (Edited by B. Urbonas and L.A. Roesner). Engineering Foundation and
ASCE, New York. pp. 290-313. 1986.

WINWINSLAMM and its source area treatment capabilities have also been described at EPA Region V/NIPC
conferences in Chicago, when some of the examples were prepared:

Pitt, R. and J. Voorhees. “Critical Source Area Controlsin the SLAMM Water Quality Model.” A National
Symposium: Assessing the Cumulative Impacts of Water shed Developments on Aquatic Ecosystems and Water
Quality. U.S. EPA and Northeastern Illinois Planning Commission. Chicago, Illinois, March 1996.

Pitt, R. and J. Voohees. “The Source Loading and Management Model (SLAMM).” National Conference on Urban
Runoff Management. U.S. EPA, Chicago, IIl. March 1993.

Various attributes of WinSLAMM have also been published in Volumes 6 through 8 of the proceedings of the
stormwater user’s conference given annually in Toronto:

Pitt, R. and J. Lantrip. “Infiltration through disturbed urban soils.” In: Advancesin Modeling the Management of
Stormwater Impacts, Volume 8. (Edited by W. James). Computational Hydraulics International, Guelph,
Ontario. 1999.

Pitt, R. “Small storm hydrology and why it isimportant for the design of stormwater control practices.” In:
Advances in Modeling the Management of Stormwater Impacts, Volume 7. (Edited by W. James).

Computational Hydraulics International, Guel ph, Ontario and Lewis Publishers/CRC Press. 1998.

Pitt, R. “Unique Features of the Source Loading and Management Model (SLAMM).” In: Advancesin Modeling the
Management of Stormwater Impacts, Volume 6. (Edited by W. James). Computational Hydraulics International,
Guelph, Ontario and Lewis PublisherssCRC Press. pp. 13 — 37. 1997.

The WinSLAMM/SWMM interface program was devel oped as part of the following EPA research report:

Pitt, R., M. Lilburn, S. Nix, S.R. Durrans, S. Burian, J. Voorhees, and J. Martinson Guidance Manual for Integrated
Wet Weather Flow (WWF) Collection and Treatment Systems for Newly Urbanized Areas (New WWF Systems).
U.S. Environmental Protection Agency. 612 pgs. December 1999.

WinSLAMM was originally developed to better understand the relationships between sources of urban runoff
pollutants and runoff quality. It has been continually expanded since the late 1970s and now includes awide variety
of source area and outfall control practices (infiltration practices, wet detention ponds, porous pavement, street
cleaning, catchbasin cleaning, and grass swales). WinSLAMM is strongly based on actual field observations, with
minimal reliance on pure theoretical processes that have not been adequately documented or confirmed in the field.
WinSLAMM is mostly used as a planning tool, to better understand sources of urban runoff pollutants and their
control.

Specia emphasis has been placed on small storm hydrology and particulate washoff inWinSLAMM, common areas
of misuse in the SWMM RUNOFF block. Many currently available urban runoff models have their rootsin drainage
design where the emphasisis with very large and rarerains. In contrast, stormwater quality problems are mostly
associated with common and relatively small rains. The assumptions and simplifications that are legitimately used
with drainage design models are not appropriate for water quality models. WinSLAMM therefore incorporates
unique process descriptions to more accurately predict the sources of runoff pollutants and flows for the storms of
most interest in stormwater quality analyses. However, WinSLAMM can be effectively used in conjunction with
drainage design models to incorporate the mutual benefits of water quality controls on drainage design.
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WinSLAMM has been used in many areas of North America and has been shown to accurately predict stormwater
flows and pollutant characteristics for abroad range of rains, development characteristics, and control practices. As
with all stormwater models, WinSLAMM needs to be accurately calibrated and then tested (verified) as part of any
local stormwater management effort.

WinSLAMM is unique in many aspects. One of the most important aspectsisits ability to consider many
stormwater controls (affecting source areas, drainage systems, and outfalls) together, for along series of rains.
Another isits ability to accurately describe a drainage areain sufficient detail for water quality investigations, but
without requiring agreat deal of superfluousinformation that field studies have shown to be of little valuein
accurately predicting discharge results. WinSLAMM also applies stochastic analysis procedures to more accurately
represent actual uncertainty in model input parametersin order to better predict the actual range of outfall conditions
(especially pollutant concentrations). However, the main reason WinSLAMM was devel oped was because of errors
contained in many existing urban runoff models. These errors were obvious when comparing actual field
measurements to the sol utions obtained from model algorithms.

In addition to the material presented in this section, a user’ s guide isincluded as section 5 to help users with
WiIinSLAMM. Section 4 also contains detailed descriptions for the source area and outfall controlsincorporated in
WinSLAMM. A supplement users guide gives a detailed example of the use of WinSLAMM for examining
biofiltration optionsin residential areas.

History of WinSLAMM and Typical Uses

The Source Loading and Management Model (WinSLAMM) wasiinitially developed to more efficiently evaluate
stormwater control practices. It soon became evident that in order to accurately evaluate the effectiveness of
stormwater controls at an outfall, the sources of the pollutants or problem water flows must be known. WinSLAMM
has evolved to include avariety of source area and end-of-pipe controls and the ability to predict the concentrations
and loadings of many different pollutants from alarge number of potential source areas. WinSLAMM calculates
mass balances for both particul ate and dissolved pollutants and runoff flow volumes for different development
characteristics and rainfalls. It was designed to give relatively simple answers (pollutant mass discharges and control
measure effects for avery large variety of potential conditions).

WinSLAMM was developed primarily as a planning level tool, such as to generate information needed to make
planning level decisions, while not generating or requiring superfluous information. Its primary capabilities include
predicting flow and pollutant discharges that reflect a broad variety of development conditions and the use of many
combinations of common urban runoff control practices. Control practicesevaluated by WinSLAMM include
detention ponds, infiltration devices, porous pavements, grass swales, catchbasin cleaning, and street cleaning.
These controls can be evaluated in many combinations and at many source areas as well as the outfall location.
WiIinSLAMM also predicts the relative contributions of different source areas (roofs, streets, parking areas,
landscaped areas, undevel oped areas, etc.) for each land use investigated. As an aid in designing urban drainage
systems, WinSLAMM also cal culates correct NRCS curve numbers that reflect specific development and control
characteristics. These curve numbers can then be used in conjunction with available urban drainage procedures to
reflect the water quantity reduction benefits of stormwater quality controls.

WinSLAMM is normally used to predict source area contributions and outfall discharges. However, WINSLAMM
has been used in conjunction with areceiving water model (HSPF) to examine the ultimate receiving water effects
of urban runoff (Ontario 1986).

The development of WinSLAMM began in the mid 1970s, primarily as a data reduction tool for usein early street
cleaning and pollutant source identification projects sponsored by the EPA’ s Storm and Combined Sewer Pollution
Control Program (Pitt 1979; Pitt and Bozeman 1982; Pitt 1984). Additional information contained inWinSLAMM
was obtained during the EPA’s Nationwide Urban Runoff Program (NURP) (EPA 1983), especially the Alameda
County, California (Pitt and Shawley 1982), the Bellevue, Washington (Pitt and Bissonnette 1984), and the
Milwaukee (Bannerman, et al. 1983) projects. The completion of the model was made possible by the remainder of
the NURP projects and additional field studies and programming support sponsored by the Ontario Ministry of the
Environment (Pitt and McL ean 1986), the Wisconsin Department of Natural Resources (Pitt 1986; Bannerman, et al.
1996; Legg, et al. 1996), and Region V of the U.S. Environmental Protection Agency. Early users of WinSLAMM
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included the Ontario Ministry of the Environment’s Toronto Area Watershed Management Strategy (TAWMYS)
study (Pitt and McL ean 1986) and the Wisconsin Department of Natural Resources' Priority Watershed Program
(Pitt 1986). Many WinSLAMM user’ s have incorporated the use of the model with a GIS(Thum, et al. 1990; Kim,
et al. 1993; Kim and Ventura 1993; Ventura and Kim 1993; Bachhuber 1996; Haubner and Joeres 1996).
WinSLAMM can now be effectively used as atool to enable watershed planners to obtain a better understanding of
the effectiveness of different control practice programs.

A logical approach to stormwater management requires knowledge of the problems that are to be solved, the sources
of the problem pollutants, and the effectiveness of stormwater management practices that can control the problem
pollutants at their sources and at outfalls. WinSLAMM is designed to provide information on these last two aspects
of this approach.

WinSLAMM Computational Processes

Figure 1-1illustrates the wide variety of development characteristics that affect stormwater quality and quantity.
Thisfigure shows avariety of drainage systems from concrete curb and guttersto grass swales, along with directly
connected roof drainage systems and drainage systemsthat drain to pervious areas. “ Development characteristics’
define the magnitude of these drainage efficiency attributes, along with the areas associated with each surface type
(road surfaces, roofs, landscaped areas, etc.). The use of WinSLAMM shows that these characteristics greatly affect
runoff quality and quantity. Land use aloneis usually not sufficient to describe these characteristics. The types of the
drainage system (curbs and gutters or grass swales) and roof connections (directly connected or draining to pervious
area), are probably the nost important attributes affecting runoff characteristics. These attributes are not directly
related to land use, but some trends are obvious: most roofs in strip commercial and shopping center areas are
directly connected, and the roadside is most likely drained by curbs and gutters, for example. Different land uses, of
course, are also associated with different levels of pollutant generation. For example, industrial areas usually have
the greatest pollutant accumul ations due to material transfer and storage, and heavy truck traffic.
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Figure 1-1. Urban runoff source areas and drainage alternatives (Pitt 1986).

Figure 1-2 shows how WinSLAMM considers avariety of pollutant and flow routings that may occur in urban areas.
WinSLAMM routes material from unconnected sources to the drainage system directly or to adjacent directly
connected or pervious areas which in turn drain to the collection system. Each of these areas has pollutant deposition
mechanisms in addition to removal mechanisms associated with them. As an example, unconnected sources, which
may include rooftops draining to pervious areas or bare ground and landscaped areas, are affected by regional air
pollutant deposition (from point source emissions or from fugitive dust) and other aspects that would affect all
surfaces. Pollutant |osses from these unconnected sources are caused by wind removal and by rain runoff washoff
which flow directly to the drainage system, or to adjacent areas. The drainage system may include curbs and gutters
where there is limited deposition, and catch basins and grass swales which may remove substantial participates that
are transported in the drainage system. Directly connected impervious areas include paved surfaces that drain
directly to the drainage system. These source areas are al so affected by regional pollutant deposition, in addition to
wind removal and controlled removal processes, such as street cleaning. On-site storage is also important on paved
surfaces because of the large amount of participate pollutants that are not washed-off, blown-off, or removed by
direct cleaning (Pitt 1979; Pitt and Shawley 1982; Pitt 1984).
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Figure 1-2. Pollutant deposition and removal at source areas (Pitt 1986).

Figure 1-3 shows how WinSLAMM proceeds through the major calculations. There is a double set of nested loops
in the analyses where runoff volume and suspended solids (particul ate residue) are cal culated for each source area
and then for each rain. These cal culations consider the affects of each source area control, in addition to the runoff
pattern between areas. Suspended solids washoff and runoff volume from each individual areafor each rain are
summed for the entire drainage system. The effects of the drainage system controls (catch basins or grass swales, for
example) are then calculated. Finally, the effects of the outfall controls are cal cul ated.
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Figure 1-3. WinSLAMM calculation flow chart.

WinSLAMM uses the water volume and suspended solids concentrations at the outfall to calculate the other
pollutant concentrations and loadings. WinSLAMM keeps track of the portion of the total outfall suspended solids
loading and runoff volume that originated from each source area. The suspended solids fractions are then used to
develop weighted |oading factors associated with each pollutant. In a similar manner, dissolved pollutant
concentrations and loadings are cal culated based on the percentage of water volume that originates from each of the
source areas within the drainage system.

WinSLAMM predicts urban runoff discharge parameters (total storm runoff flow volume, flow-weighted pollutant
concentrations, and total storm pollutant yields) for many individual storms and for the complete study period. It has
built-in Monte Carlo sampling procedures to consider many of the uncertainties common in model input values. This
enables the model output to be expressed in probabilistic terms that more accurately represent the likely range of
results expected.
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Monte Carlo Simulation of Pollutants Strengths of Runoff from Various Urban Source
Areas

Initial versions of WinSLAMM only used average concentration factors for different land use areas and source
areas. Thiswas satisfactory for predicting the event mean concentrations (EMC, as used by NURP, EPA 1983) for
an extended period of time and in calculating the unit arealoadings for different land uses. Figure 1-4 isaplot of the
event mean concentrations at a Toronto test sites (Pitt and McL ean 1986). The observed concentrations are
compared to the WinSLAMM predicted concentrations for along term simulation. All of the predicted EMC values
arevery closeto the observed EM C values. However, in order to predict the probability distributions of the
concentrations, it was necessary to include probability information for the concentrations found in the different
source areas. Statistical analyses of concentration data (attempting to relate concentration trends to rain depths and
season, for example) from these different source areas have not been able to explain all of the variation in
concentrations that have been observed. The statistical analyses also indicate that most pollutant concentration
values from individual source areas are distributed log-normally. Therefore, log-normally distributed random
concentration values are used in WinSLAMM for these different areas. The result is much more reasonable
predictions for concentration distributions at the outfall when compared to actual observed conditions. This provides
more accurate estimates of criteriaviolations for different stormwater pollutants at an outfall for long continuous

simulations.
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Figure 1-4. Observed and modeled outfall pollutant concentrations — Emery (industrial site) (Pitt 1987).

Use of WinSLAMM to ldentify Pollutant Sour ces and to Evaluate Different Control
Programs

Table1-1isafield sheet that has been developed to assist users of WinNSLAMM describe test watershed areas.
This sheet is mostly used to evaluate stormwater control retrofit practices in existing developed areas, and to
examine how different new development standards effect runoff conditions. Much of the information on the sheet is
not actually required to operate WinSLAMM, but is very important when considering additional control programs
(such as public education and good housekeeping practices) that are not quantified by WinSLAMM. The most
important information shown on this sheet is the land use, the type of the gutter or drainage system, and the method
of drainage from roofs and large paved areas to the drainage system. The efficiency of drainagein an area,
specificaly if roof runoff or parking runoff drains across grass surfaces, can be very important when determining the
amount of water and pollutants that enter the outfall system. Similarly, the presence of grass swalesin an area may
substantially reduce the amount of pollutants and water discharged. Thisinformation is therefore required to use
WIinSLAMM.
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Table 1-1. Study Area Description Field Sheet

Location: Site number:
Date: Time:
Photo numbers: Roll number:
Land-use and industrial activity:
Residential: low medium high density single family

multiple family
trailer parks
high rise apartments
Income level: 1low medium high
Age of development:<1930 ’30-’50 ‘51-'70 ‘71-’80 new
Institutional: school hospital other (type):
Commercial: strip shop. center downtown hotel offices
Industrial: light medium heavy(manufacturing) describe:
Open space: undeveloped park golf cemetery
Other: freeway utility ROW railroad ROW other:
Maintenance of building: excellent moderate poor
Heights of buildings: 1 2 3 4+ stories
Roof drains: underground gutter impervious pervious
Roof types: flat comp. shingle wood shingle other:
Sediment source nearby? No Yes (describe):
Treated wood near street? No telephone poles fence other:
Landscaping near road:

quantity: None some much

type: deciduous evergreen lawn

maintenance: excessive adequate poor

leafs on street: none some much
Topography:

street slope: flat (<%%) medium (2-5%) steep (>5%)
land slope: flat (<2%) medium (2-5%) steep (>5%)
Traffic speed: <25 mph 25-40 mph >40 mph
Traffic density: Light moderate heavy
Parking density: none light moderate heavy
Width of street: number of parking lanes:
number of driving lanes:

Condition of street: good fair poor
Texture of street: smooth intermediate rough
Pavement material: asphalt concrete unpaved
Driveways? paved unpaved

condition: good fair poor

texture: smooth intermediate rough

Gutter material: grass swale 1lined ditch concrete asphalt
condition: good fair poor

street/qgutter interface: smooth fair uneven
Litter loadings near .street: clean fair dirty
Parking/storage areas (describe):
condition of pavement: good fair poor
texture of pavement: smooth intermediate rough
unpaved
Oother paved areas (such as alleys and playgrounds),describe:
condition: good fair poor
texture: smooth intermediate rough
Notes:

The areas of the different surfacesin each land use is also very important for WinSLAMM. Figure 1-5 is an example
showing the areas of different surfaces for amedium density residential areain Milwaukee. As shown in this
example, streets make up between 10 and 20 percent of the total area, while landscaped areas can make up about
half of the drainage area. The variation of these different surfaces can be very large within adesignated area. The
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analysis of many candidate areas may therefore be necessary to understand how effective or how consistent the
model results may be for ageneral land use classification.
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Figure 1-5. Source areas — Milwaukee medium density residential areas (without alleys) (Pitt 1987).

Appendix A contains coding sheets that have been prepared for WinSLAMM users. The information on these sheets
is used by WinSLAMM to determine the concentrations and |oadings from the different source areas and the
effectiveness of different control practices. The first sheets contain general information describing the areas and the
characteristics of source areas. More information is required for some source areas than others, based upon
responses to questions. Other coding sheets are used to describe the types of control practicesthat are to be
investigated using WinSLAMM in a specific watershed area. Control practices evaluated by WinSLAMM include
infiltration trenches, seepage pits, disconnections of directly connected roofs and paved areas, infiltration ponds,
street cleaning, porous pavements, catchbasin cleaning, grass swales, cisterns and rain barrels, biofiltration devices
including rain gardens, and wet detention ponds. These devices can be used singly or in combination, at source areas
or at the outfalls or, in the case of biofiltration, grass swales, and catchbasin controls, within the drainage system. In

addition, WinSLAMM provides agreat deal of flexibility in describing the sizes and other design aspects for these
different practices.

One of thefirst problemsin evaluating an urban areafor stormwater controlsis the need to understand where the
pollutants of concern are originating under different rain conditions. Figures 1-6 through 1-9 are examples for a
typical medium density residential area showing the percentage of different pollutants originated from different

maj or sources, as afunction of rain depth. As an example, Figure 1-6 shows the areas where water is originating.

For storms of up to about 0.1 inch in depth, street surfaces contribute about one-half to the total runoff to the outfall.
This contribution decreased to about 20 percent for storms greater than about 0.25 inch in depth. This decrease in the
significance of streets as a source of water is associated with an increase of water contributions from landscaped
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areas (which make up more than 75% of the area and have clayey soils). Similarly, the significance of runoff from
driveways and roofs al so starts off relatively high and then decreases with increasing storm depth. Figures 1-7, 1-8
and 1-9 are similar plots for suspended solids, phosphorus and lead. These show that streets contribute almost all of
these pollutants for the smallest storms up to about 0.1 inch. The contributions from landscaped areas then become
dominant. Figure 1-9 shows that the contributions of phosphates are more evenly distributed between streets,
driveways, and rooftops for the small storms, but the contributions from landscaped areas completely dominate for
storms greater than about 0.25 inch in depth. Obviously, these are just example plots and the source contributions
would vary greatly for different land uses/devel opment conditions, rainfall patterns, and the use of different source

areacontrols.
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Figure 1-6. Flow sources for example medium density residential area having clayey soils (Pitt and
Voorhees 1995).
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Figure 1-7 Suspended solids sources for example medium density residential area having clayey soils (Pitt

and Voorhees 1995).
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Figure 1-8 Total lead sources for example medium density residential area having clayey soils (Pitt and
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Figure 1-9 Dissolved phosphate sources for example medium density residential area having clayey soils
(Pitt and Voorhees 1995).

A major use of WinSLAMM isto better understand the role of different sources of pollutants. As an example, to
control suspended solids, street cleaning (or any other method to reduce the washoff of particulates from streets)
may be very effective for the smallest storms, but would have very little benefit for storms greater than about 0.25
inches in depth. However, erosion control from landscaped surfaces may be effective over awider range of storms.

The following list shows the different control programs that were investigated in this hypothetical medium density
residential area having clayey soils:

- Baselevel (asbuilt in 1961-1980 with no additional controls)
- Catchbasin cleaning

- Street cleaning

- Grassswales

- Roof disconnections

- Wet detention pond

- Catchbasin and street cleaning combined

- Roof disconnections and grass swal es combined

- All of the controls combined

Thisresidential area, which was based upon actual Birmingham, Alabama, field observations for homes built
between 1961 to 1980, has no controls, including no street cleaning or catchbasin cleaning. The use of catchbasin
cleaning in the area, in addition to street cleaning was evaluated. Grass swale use was also evaluated, but swales are
an unlikely retrofit option, and would only be appropriate for newly developing areas. However, it is possible to
disconnect some of the roof drainages and divert the roof runoff away from the drainage system and onto grass
surfaces for infiltration in existing developments. In addition, wet detention ponds can be retrofitted in different
areas and at outfalls. Besides those controls examined individually, catchbasin and street cleaning controls combined
were also evaluated, in addition to the combination of disconnecting some of the rooftops and the use of grass
swales. Finally, all of the controls together were also examined.

Thefollowing list shows a general description of this hypothetical area:

- al curb and gutter drainage (in fair condition)
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- 70% of roofs drain to landscaped areas

- 50% of drivewaysdrain to lawns

- 90% of streets are intermediate texture (remaining are rough)
- no street cleaning

- no catchbasins

About one-half of the driveways currently drain to landscaped areas, while the other half drain directly to the
pavement or the drainage system. Almost all of the streets are of intermediate texture, and about 10 percent are
rough textured. As noted earlier, there currently is no street cleaning or catchbasin cleaning.

Thelevel of catchbasin use that was investigated for this site included 950 ft* of total sump volume per 100 acres
(typical for thisland use), with a cost of about $50 per catchbasin cleaning. Typically, catch basinsin this area could
be cleaned about twice ayear for atotal annual cost of about $85 per acre of the watershed.

Street cleaning could also be used with a monthly cleaning effort for about $30 per year per watershed acre. Light
parking and no parking restrictions during cleaning is assumed, and the cleaning cost is estimated to be $80 per curb
mile.

Grass swale drainage was al so investigated, assuming that swales could be used throughout the area, there could be
350 feet of swales per acre (typical for thisland use), and the swales were 3.5 ft. wide. Because of the clayey soil
conditions, an average infiltration rate of about 0.5 inch per hour was used in this analysis, based on many different
doublering infiltrometer tests of typical soil conditions. Swales cost much less than conventional curb and gutter
systems, but have an increased maintenance frequency. Again, the use of grass swalesis appropriate for new
development, but not for retrofitting in this area.

Roof disconnections could also be utilized as a control measure by directing all roof drainsto landscaped areas. The
objective would beto direct all the roof drainsto landscaped areas. Since 70 percent of the roofs already drain to the
landscaped areas, only 30 percent could be further disconnected, at a cost of about $125 per household. The
estimated total annual cost would be about $10 per watershed acre.

An outfall wet detention pond suitable for 100 acres of this medium density residential areawould have awet pond
surface of 0.5% of drainage areato provide about 90% suspended solids control. It would need 3 ft. of dead storage

and live storage equal to runoff from 1.25” rain. A 90° V notch weir and 5 ft. wide emergency spillway could be
used. No seepage or evaporation was assumed. The total annual cost was estimated to be about $ 130 per watershed
acre.

Table 1-2 summarizes the WinSLAMM results for runoff volume, suspended solids, filterable phosphate, and total
lead for 100 acres of this medium density residential area. The only control practices evaluated that would reduce
runoff volume are the grass swales and roof disconnections. All of the other control practices evaluated do not
infiltrate stormwater. Table 1-2 also shows the total annual average volumetric runoff coefficient (Rv) for these
different options. The base level of control has an annual flow-weighted Rv of about 0.3, while the use of swales
would reduce the Rv to about 0.1. Only asmall reduction of Rv (less than 10 percent) would be associated with
complete roof disconnections compared to the existing situation because of the large amount of roof disconnections
that already occur. The suspended solids analyses shows that catchbasin cleaning alone could result in about 14
percent suspended solids reductions. Street cleaning would have very little benefit, while the use of grass swales
would reduce the suspended solids discharges by about 60 percent. Grass swales would have minimal effect on the
reduction of suspended solids concentrations at the outfall (they are primarily an infiltration device, having very
little filtering benefits). Wet detention ponds would remove about 90 percent of the mass and concentrations of
suspended solids. Similar observations can be made for filterable phosphates and lead.
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Table 1-2. WinSLAMM Predicted Runoff and Pollutant Discharge Conditions for Examplel (Pitt and Voorhees
1995)

Birmingham 1976 rains: Runoff Volume Suspended Solids Filterable Phosphate Total Lead

(112 rains, 55 in. total annual flow-wtg. | CN flow-wtg. | annual flow-wtg. | annual flow-wtg. | annual

0.01-3.84 in. each) ft3/acre | Rv range mg/L Ibs/acre ng/L Ibs/acre ug/L Ibs/acre

Base (no controls) 59800 03 77-100 385 | 1430 157 0.58 543 2.0

Catchbasin cleaning 59800 0.3 77-100 331 | 1230 157 0.58 468 1.7
reduction (Ibs or ft3) 0 200 ] 0.29
reduction (%) 0 14 14 0 0 14 14
cost ($/Ib or $/ft3) N/A 0.43 N/A 293
($85/acrefyr)

Street cleaning 59800 0.3 77-100 385 | 1430 157 0.58 543 2.0
reduction (Ibs or ft3) 0 0 0 0.01
reduction (%) 0 0 0 0 0 0 0.49
cost ($/Ib or $/ft3) N/A N/A N/A 3000
($30/acrelyr)

Grass swales 23300 0.12 63-100 380 554 151 0.22 513 0.75
reduction (Ibs or ft3) 36500 876 0.36 1.28
reduction (%) 61 1 61 4| 62 6] 63
cost ($/Ib or $/ft3) minimal minimal minimal minimal

($minimal/acre/yr)

Roof disconnections 56000 0.28 76-100 410 | 1430 156 0.55 443 1.6
reduction (lbs or ft3) 3800 0 0.03 0.48
reduction (%) 6 -6 0 1 5 18 24
cost ($/Ib or $/ft3) 0 N/A 333 21
($10/acrelyr)

Wet detention pond 59800 0.3 77-100 49 185 157 0.58 69 0.26
reduction (Ibs or t3) 0 1250 0 1.8
reduction (%) 0 87 87 0 0 87 87
cost ($/Ib or $/ft3) N/A 0.10 N/A 73
($130/acrefyr)

CB & street cleaning 59800 0.3 77-100 331 | 1230 1567 0.58 468 1.7
reduction (Ibs or ft3) 0 200 0 0.29
reduction (%) 0 14 14 0 0 14 14
cost ($/Ib or $/ft3) N/A 0.58 N/A 397
($115/acrefyr)

Roof dis. & swales 20900 0.1 63-100 403 526 139 0.18 352 0.46
reduction (Ibs or ft3) 38900 904 0.40 16
reduction (%) 65 -5 63 11 69 35 77
cost ($/Ib or $/ft3) 0.00026 0.01 25 6.4
($10/acrelyr)

All above controls 20900 0.1 63-100 42 55 139 0.18 36 0.05
reduction (Ibs or ft3) 38900 1375 0.40 1.98
reduction (%) 65 89 96 11 69 93 97
cost ($/Ib or $/ft3) 0.0066 0.19 638 129
($255/acrelyr)

1 Medium density residential area, developed in 1961-1980, with clayey soils (curbs & gutters); new deveiopment controls (not
retro-fit)

Figures 1-10 through 1-13 show the maximum percentage reductions in runoff volume and pollutants, along with
associated unit removal costs. Asan example, Figure 1-10 shows that roof disconnections would have avery small
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potential maximum benefit for runoff volume reduction and at avery high unit cost compared to the other practices.
The use of grass swales could have about a 60 percent reduction at minimal cost. The use of roof disconnection plus
swales would slightly increase the maximum benefit to about 65 percent, at asmall unit cost. Obviously, the use of
roof disconnections alone, or all controlled practices combined, are very inefficient for this example. For suspended
solids control, catchbasin cleaning and street cleaning would have minimal benefit at high cost, while the use of
grass swales would produce a substantial benefit at very small cost. However, if additional control is necessary, the
use of wet detention ponds may be necessary at a higher cost. If close to 95 percent reduction of suspended solids
were required, then all of the controlsinvestigated could be used together, but at substantial cost.

0.007 T T T T T T T T T
® Jall

0.0086 controls N
S
o 0.005 |- i
3
O
 0.004 | .
©
S 0.003F oo B
0 disconnections
S 0.002 | B
O
9\3 0.001

. grass roof disc. + swales i
0.000 ! ! ' L Sples g e L

0 10 20 30 40 50 60 70 80 90 100
Maximum percentage runoff volume reduction

Figure 1-10. Cost-effectiveness data for runoff volume reduction benefits (Pitt and Voorhees 1995).
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Figure 1-11. Cost-effectiveness data for suspended solids reduction benefits (Pitt and Voorhees 1995).
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Figure 1-12. Cost-effectiveness data for dissolved phosphate reduction benefits (Pitt and Voorhees 1995).
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Figure 1-13. Cost-effectiveness data for total lead reduction benefits (Pitt and Voorhees 1995).

WinSLAMM Example

Thefollowing isasimple “hello world” WinSLAMM input file example. Thiswill enable the user to become
familiar with the input portions of the program, and can form a basis for simple modifications. Table 1-3 isthe site
characterization sheet for a 100 acre residential area, modeled after actual site surveys. The “acreage” used in the
model for each source areais simply the percentage of each areain the surveyed neighborhoods. This enables
relatively efficient “unit area” calculations, for annual discharge (ft* of runoff/100 acre/study period) and yield (Ib of
SS/100 acre/study period). The areaisrelatively simple, comprised of the following areas:

Source Area % of land use
Roofs (pitched, directly connected) 9.03%
Driveways (directly connected) 257%
Streets (smooth texture, mediumparking) 6.80%
Undevel oped areas 1.80%
Small landscaped areas (lawns, silty soils) (backyards) 56.50%
Small landscaped areas (lawns, silty soils) (frontyards) 23.30%

Total directly connected imperviousarea:  18.40
Pervious areas: 81.60

Thefilled out coding sheetsin Table 1-3 al so describe the area and several types of control practices that will be
evaluated in the next section.
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Table 1-3a. Example WinSLAMM Site Characterization Data Sheet for the “ hello world.dat” File
WinSLAMM Site Characterization Data Sheets

1) Site description: £ v oiusy e Wwella world eyel MM&J@L
2) Rain file (ran) name:_S0uvee.  ( Edisom , otder mahnl veevress)

3) Starting date for the mode] run (default is the earliest rain after | 952};:
4) Ending date for the model run (default s the last rain)(@efaultat:

3} Use winter scason (removes rain events during this period and begins each spring with elevated street dirt loading
after snow melt): Yes@fm: start of winter {mm/dd); and end of winter (mm/dd):

6) Pollutant probability filz (*_ppd) name: _en i

T) Seed for random pollutant generator seed (specific value or 0 for random seed: or <0 to disable Monte Carlo

routing to use mean pollutant strengths only) (default is -42); @T: (uwaill l:,'uuqaa.q_ Ao
%) Runoff coefficient file (*.rsv) name:  yuAvrodd— ,.?n{:’&mﬁh u)

%) Particulate solids concentration file {* psc) name: Qe
\

10) Particulate residug delivery file (*.prr) name (to account for deposition and later resuspension of particulates in
drainage system): At 'uk.r:,-

11} Street delivery parameter file (* std) name (o account for decreased energy availability during small rains
affecting street washoff along gutters):  ad—ve-ed

12} Drainage system (enter fraction corresponding to each type) (Total must equal |.0);
. grass swales: |« O

. undeveloped roadside:
3. curb and gutters, valleys, or sealed swales in poor condition, or very flat:

4. curb and gutters, valleys, or sealed swales in fair condition:

5. curb and gutters, valleys, or sealed swales in good condition, or very steep:

[

13} If entered any swale component:

1. Swale infiltration rate (in/hr). Consider compaction (soil density) or soil amendments. Can select
according to seil type: sand (4), loamy sand (1.25), sandy loam EDJ}&@:&H[ loam (0. 15), sandy silt loam
(0.1}, elay loam (0.05), silty clay loam (0.025), silty clay (0.02), or clay (0.01), or

2. Wetted swale width (ft): _ 4

3. Swale density (facre). Can select according to land use: low density residential (160), medium density
residential (3501}, high density residential (375), strip commercial (630), shopping center {280), industrial {125),
freeways (shoulders only: 270 or center and shoulder: 410, or

The area served by swales is determined by WinSLAMM after the source areas are described.

14) File name: W€ llo wior| d

_5) Cutput options {under “file” drop down menu):

I Bource areas by land use for each rain — complete | 6. Continuous hydrograph with & minute time increments
intout
2, Source area totals and outfall summaries 7. Continuous hydrograph with 15 minute time increments
3. Outfall data only for each rain §. Continuous hydrograph with 60 minute time increments
4. Outfall summaries only (default) Save water balance summary of all detention ponds?
3. Ome ling per event runoff and flow summary Save outfall runoff and particulate loading for
E" will wse M% w1, WinDETPOND analyses?

\ongy ~Jenun veoa d42 Edsom)
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Table 1-3b. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File
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Table 1-3c. Example WinNSLAMM Site Characterization Data Sheet for the “hello world.dat” File
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Table 1-3d. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File
WinSLAMM Site Characterization Data Sheet (continued)

Infiltration Area or Trench (I):

I) Water percolation rate (in/hr). Can be selected from list based on soil type: sand (8), loamy sand (2.5)

sandy loam (1), loam (0. 5), silt loam (0.3}, sandy silt loam (0.2), clay loam (0.1}, silty clay loam (0.05), silty cla}-l
(0.04), or clay (0.02), or

2) Area served by device (acres):
3) Surface area of the device (i)
4) Width to depth ratio of the device:

Street Cleaning (S): S*~vecd oveo

Up to 10 street cleaning programs can be specified for the duration of the model run. These programs are described
in the following table, The street cleaning program maintains the specified cleaning frequency from the date shown
until the program is changed at a later date, or until the final cleaning period ending date. If the model run dates or
the rain file are changed, the street cleaning dates may also have to be changed to correspond to the same period,

Street cleaning date: Street cleaning frequency: 1) none, 2) 7 passes/week, 1) all weekdays, 4) 4

passesiweck, 4) 3 passes'week, 6) 2 passes/week, 7) | passiweek, 8) every
2 weeks, 9) every 4 weeks, 10) every B weeks, or 11) every 12 weeks.

I ov/ora e 3) A pasys fuweebe

2 Lo\ Jrovge 4o "

3 DL/ 6T wihse

4 wet Fls e, vouh)

5

1]

7

]

9

10

Final cleaning period ending date (mm/dd/yy): \ L3\ /9 G

Street cleaning productivity: I:I on street texture, parking density, and parking controls, or specified

M<1) B (=1}

Parking densities: 1) none, 2) Iight,} extensive (short-term), or 3) extensive {long term)
Are parking controls imposed? Ye@

Porous Pavement (P) dviwaiseys 1
1} Infiltration rate of pavement, base, or soil, whichever is the least {m-'}ur} 05"
2) Porous pavement ares (acres): ot &sm-; owe (2, 5-‘;--:-.:.5

Other Flow or Pollutant Reduction Control (0)
1) Pollutant concentration reduction (fraction):
2) Water volume (flow) reduction (fraction):
3) Area served by other control (acres):




Table 1-3e. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File

Catchbasin Control Device vesdawkaQ \awk wse

1) Total sump valume in test area (f'): | SO N

2) Area served by catchbasins (acres): Aot avee QoD acwe>

3) Percent of sump volume full at beginning of study period (0 to 100%); &

4) Sump depth below catchbasin outlet (ft). At least one foot is needed to prevent scour: 3

5) Catchbasin cleaning dates. Enter specific dates, or select ¢leaning frequency from list: rmnﬁil:.-', three
times per year, semi-annually, annually, every 2 :.-'ea_rr}r 4 years, or every 5 years, Or enter
cleaning dates on the following table:

Catchbasin Catchbasin
Cleaning No. | Cleaning Date
(mm/ddiyy)

Ly | | | ol | e

Biofiltration/Bioretention or Rain Barrel/Cistern (B) v-258audnpl oA waa
These controls can be located at individual source areas, at a land use receiving flows from multiple source areas,
along the drainage system receiving flows from all sources for an area, or at an outfall location. The following
information is needed for all devices, irrespective of their location:

Device Geometry

1) top area (fi'): Eﬁ

2) bottom area (ft'): SO

3) depth (ft): _ i

4) rock filled? Yes/no. If ves, fraction of total volume as voids (0-1%): - [currently not available in
WinSLAMM]

seepage rate (inhry. Can be selected from list based on soil type: sand (8), loamy sand (2.5}, sandy loam

(1 , silt loam (0.3), sandy silt loam (0.2), clay loam (0.1, silty clay loam (0.035), silty clay ¥

(0.04), clay (0.02), rain barrel’cistern (0), or (1& j.rluuﬁw@
Use random number generator (0 account for uncertainty in infiltration rate? ‘rcs yieu, Stepage rate

coefficient of variation (if selected seepage rate from list, a recommended COV is given):
6) number of biofiltration control devices (or rain barrels/cisterns) in source area of land wse; lﬁ ':,'

Cutlet/Discharge (must have at least one outlet):
1} sharp crested weir
I, weir crest length (ft);
2. number of end contractions: | or 2
3: height from datum to bottom of weir opening (fit);

2) broad crested weir
1. weir crest length (fiy: T
2. weir crest width (fi): _ 025
3. Height of datum 1o bottom crfi opening (ft): o3

4, Use default weir coefficients Ino, or enter weir coefficient (English units):

3) vertical stand pipe
1. Pipe diameter (fi):
2. Distance of basin bottom to top of pipe (ft):



Table 1-3f. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File

4} evaporation, Enter monthly average evaporation rate (in/hr) for each month:

Month Monthly average
evaporation rate
{inday)

January
February
March
April

May

June

July
August
September
October
MNovember
December

5} rain barrel/cistern. An overflow (such as a sharp-crested weir) must also be designated if using one of
these devices. Enter the average monthly water use rate (gallons/day) for each month:

Manth Monthly average
Water use rate
i gallons/day)

January

February

March

April

May

June

July
August

September

October

Movember

December

Inflow hydrograph peak 1o average flow ratio. Suggested 1.-'alu

If a land use device, the source areas that are described for the model are listed. Select those that contribute flow to
the device:

Source Areas: Areas that
contribute runoff to

h'uﬁlh’ﬂ!iﬂn!%' .
( Roofs 1 > I o

Roofs 3

Roofs 4

Roofs §

Paved parking 1
Paved parking 2
Paved parking 3
Unpaved parking 1
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Table 1-3g. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File

Unpaved parking 1
Playground 1
I 2
Driveways [
i B
Driveways 3
Sidewalks 1
Sidewalks 2
Streets/alleys 1
Sireetsfalleys 2
Sireets/alleys 3
Large landscaped areas 1
Large landscaped areas 2
Undavelopad areas
Small landscaped areas 1
Small [andscaped areas 2
Small landscaped areas 3
Isolated areas
Other Pervious araas
Other direcily connected areas
Other Disconnecied areas

If land use, drainage, or outfall device, the fraction of runoff directed to the device is: [+ @

Wet Detention Pond (W) o u-l*&‘r-'-'l

Skeich the pond, showing the important fearures and measurements:

3o

1) Particle size distribution file (*.cpz): 'MEL-‘HM-\

2) Initial stage elevation (ft} {normally the elevation of the lowest invert, unless evaporation has lowered
the stage and the value is known): ‘3.0

3} Inflow hydrograph peak to average Mow ratio. Suggested value @:

4) Stage area data (at least 5 well spaced values, including the top-most elevation corresponding to the brim
of the emergency spillway):

| Stage (fi) Area (acres)

0 0.00 0.000

1 I 0.6

2 2 1« L

3 d L&

4 b i L0

5 -4 3.0

6 [~ L e

7 ks A
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Table 1-3h. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File

]

9

10
11
12
13
14

5) Qutlet descriptions:
The outlet rates for each device is calculated by the program. If multiple outlets are szlected, the individual
rates for each stage are summed.

|} sharp crested weir
L. weir crest length (ft):
2. number of end contractions: 1 or 2
3: height from datum to bottom of weir opening (fi):

@/-mtch Weirs

Select the weir angle: 1) 11.5%, 2) 3n 4) 60°, 5) 90°, 6) 120°
1} height of bottom weir opening (in to the top of the weir (fi):
2) height from datum to bottom of weir opening(ft): _3

3} Orifice
1) orifice diameter (1)
2) invert elevation above datum (ft):

4) Seepage basin
1) infiltration fate (in/hr):
2) width of seepage basin (ft):
3) length of seepage basin (ft):
4) invert elevation of seepage basin inlet above datum (fi);

5) Matural seepage
Enter the seepage rate (inhr) for each stage previously entered:

Stage (ft) Sccpage (in'hr):

0 0.00
1

2

3

4

5

]

7

8

)

10

11

12

13

14
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Table 1-3i. Example WinSLAMM Site Characterization Data Sheet for the “hello world.dat” File
6) Evaporation. Enter monthly average evaporation rate (in‘hr) for each month:

Month Monthly average
evaporation rate
{in‘day)
January
February
March
April
May
June
July
| August
September
October
Movember
December
T1 Other outflow
Enter the outflow rate (ft"/sec) (calculated for device not listed) for each stage previously entered:
Stage (ft) Outflow (ft'/sec):
1] 0.00
1
2
3
4
5
&
7
3
9
10
11
12
13
14

8) Pumped outlet
Mot vet available in WinSLAMM

uad crested weir

1. weir crest length (ft): %0

2. weir crest width (fi): _:__I

3. Use default weir coeffic m@m or enter weir coefficient (English units);
4, Height of weir opening (ft): _{

5. Height of datum to bottom of weir opening (fi): (-

10} vertical stand pipe

1. Pipe diameter (fi):
2. Distance of basin bottom to top of pipe (fi):
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This exampleillustrates a basic use of WinSLAMM. A simple medium density residential area having street
cleaning, catchbasins, grass swales, driveways having porous pavement, stormwater biofiltration controls (arain
garden), and an outfall wet detention pond, are described and evaluated with the model. The following screen dumps
illustrate the stepsto conduct this analysis.

Program Startup and Basic Data Entry
After installation, click on the WinSLAMM icon on the desktop and the following opening screen appears:

-

SEARRE T s ]

SLAMM for Windows

Source Loading and Management Model
Version 8.6

by

Robert Pitt, PhD, PE
Department of Civil and John G. Voorhees. PH. PE

- = 2 P¥ and Associates
Environmental Engineering i - z
University of Alabama Madison, Wisconsin 53704

Tugcaloosa, Alabama 35487

Copyright 1996 Robert Pitt and John Yoorhees

Exit Program Open Existing File Create New File

Thisisan examplefor anew file, so select the “ create new file” option. Alternatively, one can select the “enter main
screen” and the edit (current file data) screen can be used to enter the information. The edit screen allows more
flexibility and maneuvering, but the new file sequence can be much faster. The following screen shows the “ current
filedata” screen. Each main data grouping can be accessed for entering the data or for editing by pressing the “ edit”
buttons. The following is an example of afilled-out current file data screen for this example:
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Cuprsiit Fils Lt
(Bl SLAMM Data File Name:
ChFragram FilesiwWinSLAMMhello world dat

Edit | Site Descript:  |Example hello world evaluations with controls
Edit | Seed: -42
Edit | Rain File: CAPROGRA™1WWINSLAMMMSOURCE. RAN

Edit | Start Date: 01,0199 [ “winter Seazon Flange
Edit | End Date: 12/02/99

Edit | Follutant Probability Distribution File: [C-APROGRA™TWWINS LAMMAPOLL FFD

Edit | Runaoff Coefficient File: C:APROGRA™TNWINS LAMMARLNOFRF. RSY

Edit | Particulate Solids Concentration File: [C:\PROGRA~TVWINSLAMMAPART.PSC

Edit | Particulate Residue Delivery File: C:APROGRA™TNWINS LAMMADELNVERY.PRR

Edit | Street Delivery Fils CAPROGRA™TYWINSLAMMASTREET STD
Edit | Crainage System: [ ata Entered Cancel ‘ Lontinue ‘

If the “create new file” option is selected, the following screen sequence begins. If an error is made, just continue to
the other screens. The current file data screen shown above can be used to verify and edit any entries. Thefirst
screen isthe site description. This description will be printed with all program output, allowing better tracking of
program files.

Sita Uazerutlu) &9
Enter the Site Description [230 characters maximum]:

Cancel

Example hello world evaluations with controlg

Next, aseries of small screens appear, allowing the selection of the program “parameter” files. These fileswere
previously created using either the DOS program MPARAG66.EXE, or the “ utilities” drop down menu on the main
WinSLAMM menu. These files contain much of theinformation that SLAMM usesinitsinternal calculations,
allowing modifications based on local data, calibration, and verification activities.

Thefirst file to be selected istherain file. Most of the files listed here were created from Earthinfo CDROMs
containing rainfall records from as early as 1948 to the late 1990s. The MPARAG66.EXE program contains a utility
to semi-automatically create the needed rain files from the CDROMSs, after minimal clean-up in a spreadsheet. Other



rain information was obtained during stormwater monitoring projects. The files contain the beginning and end dates
and times for each rain, plus the total rain depth for each event. Some of these files contain up to five thousand
separate rain events covering several decades of data.

In the following example screen, the SOURCE.RAN fileis selected. Thisfile contains data for ashort list of rains
ranging from 0.01 to 4 inches in depth, with appropriate durations corresponding to typical Birmingham, AL, rain
conditions. Thisfileisfrequently used to quickly visualize the changing sources of flows and pollutants for different
rain depths, and to quantify the benefits of source area and outfall controlsin reducing stormwater discharges. After
thisfileisused, and any desired modificationsin the input file are made (controls, development characteristics, etc.),
along-term rain file can be selected to quantify the stormwater discharges for more typical conditions. In this
example, arain file representing about 31 year of data for Edison, NJ, will also be used.

I[ B3 Feiiin File s Eine gg
File Hame: Directories:
|Suurce.HAN CAPROGRA™1YWinSLAMM
SEAT8592 RAM [#] L
SF8391_RAN ] EJPROGRA™1
SHORTTST.RAN & WinSLAMM
S!:B?B??HAN T [_7 Control Demo Files
SPEIKANEFIAN g [C73 Standard Land Usze Files
STLO5292 BAM — 1wl standard land uze file:
SYRACRUSES499.BAN
File Type: Drive:
Rain files (*.RAN) x| |2 -]

ok E xit ‘

Srariing L

Enter the Starting Date for the madel run.

The date format must be [k /DD Y. Eeriter]

[ Epprling Mg

&3
Enter the Ending D ate for the madel run.

The date format must be (MDD YY) Eoresl

The next file to be selected is the “ pollutant probability distribution” file. This file contains the means and
variability’ sfor the pollutants for different source areaflows.
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File Hame: Directories: |
|p|:||_|__pp[) CAPROGRA™ WWinS LAMM

BHAM_PPD ERCA

MADISONZPPD IPROGRA™1

WI_GED01.ppd - D El‘:‘lni‘lﬂi.ﬁemﬂdﬁies

[Z7 Standard Land Use Files
[C1'wI1 standard land use file:

File Type: Dnive:
|Pol files (~.PPD) ~ |2 |
oK Exit

An associated screen then appears requesting a seed value for the Monte Carlo random number distribution
calculations (only for pollutants other than suspended solids). Each rain event will use a different set of pollutant
characteristics reflecting the naturally occurring large variation observed during field monitoring activities. This
seed can be specified so the model will produceidentical runs, or arandom seed can be selected to more accurately
reflect natural conditions. The use of a specified seed (or turning the random number calculations off) is used mostly

during program de-bugging operations or for comparing results from short lists of rains (asin this example); in cases
where several decades of rains are being evaluated, avalue of 0 should be used. In the following example, the
default value of -42 is used (with apologies to Douglas Adams).

-

TS RS e El
Enter the Seed [ 0] [Default = -42].

Enter 0 to use a randomly generated seed.

Cancel

Enter Seed < 0 to dizable random pollutant generator
and to use mean pallutant strenaths only

|-. )
i

The next screen selects the runoff coefficient file. These files contain volumetric runoff coefficients for different
source areas for different rain depths, plus modifiers describing the benefits of disconnecting impervious source
areas. These values can be determined using any model or assumptions desired. The valuesin the availablefiles here
are based on substantial field monitoring in the upper Midwest, the Southeast, and Ontario, and have been verified in
many other locationsin the US. They can also be easily changed reflecting observed local conditions using the
“Utility” dropdown menu in WinSLAMM.
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File Name: Directones:
{HUNUFF.HS\F C:APROGRA™TNWINSLAM M
BUNDFFRSY | S0
WI_SLO0T rsv _*'-_:j]_EHDEHA"ﬂ
[:.}"Enn{m e-mu Ml?il.es

21 Standard Land Use Files
['WIl standard land use File:

File Type: Drive:
| RsubV files [~RSV) x| |9 |
OK Exit

The next file to be selected describes source areafirst flush characteristics for suspended solids.

(0 Faipiie dbiis Sulids Cugle Fila s ﬁ
File Name: Directories: |
PART_P5C CAPROGRA™T\WinSLAMM
BHAM.PSC =T
MADISON.PSC —IPROGRA™1

: -IjEunlml [.)-emu Files
[Z7 5tandard Land Use Files
1wl standard land use file:

FAanml FaL
WI_AVGD1.psc

File Type: Drive:
Part Sol files [.PSC) x| | De |
oK Exit

In many cases, high suspended solids concentrations are observed at source areas, but concurrent observations at
outfalls from the same areas contain much lower concentrations. Two likely causes for this include independent
routing of flows from the different source areas, and deposition of particulatesin the drainage system. The following
screens allows selection of the “delivery” file that accounts for this reduction in suspended solids concentrations.

Typically, the high “first-flush” suspended solids concentrations observed at parking lots, for example, are
substantially reduced before reaching the outfall, while lower concentrations, observed after substantial rain, are less
affected. Theinitial very small flows (having high source area concentrations) have substantially smaller flow
energies, while the later flows (having lower concentrations) can have much greater flows. Also, flatter slopes and
grass drainages trap much more of the suspended solids than steeper slopes and smooth channels or pipes.
WinSLAMM also contains a separate “street delivery” file option that can be modified to account for the maximum
rain energy available to wash off street dirt material. In all cases, if suspended solids are not completely moved
through the drainage system, the model adds this“wash on” back to the streets for subsequent rain events.
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File Hame: Directories:
|DELIVEHY_PHH CAPROGRA™TMwWInSLakM

‘DELIVERY.PRR LA
MADISON_PRR S PROGRA™1
Wi_DLY01 prr

(L] Control Demo Files
(1] Standard Land Use Files
'l standard land use File:

File Type: Drive:
Deliv files (= PRR) ~ |2 -
oK Exit

.. ]
File Hame: Directories:
ISheet_sld CHAPROGRA™1\WinS LaMM

| Gtreebstd .- [ | Y

WI_STRO1 std 3 PROGRA™1
Wisconsin_std

[ Control Demo Files
(] Standard Land Use Files
(L1 standard land use file:

File Type: Drive:
IStleet Delivery files [’.STD__VJ I c: __V_I
oK E xit

The model needs to know the type of drainage system used. The following screen is used to designate the fraction of
each type of drainage in the study area. In this example, grass swales are used throughout the area.



Liyiliags Saaiai

Enter the fraction of each type of drainage
spstem serving the study area:

1.

Z The total must equal 1. Total: 1.000
Continue

If any grass swales are used in the study area, the following screen is used to enter characteristics describing the

Grags Swales

=
Undeveloped Roadside:

Curb and Gutters, Valleys. or Sealed
Swales in poor condition or very Hat

Curb and Gutters, Valleys. or Sealed
Swales in fair condition

Curb and Gutters, Valleys, or Sealed

Swales in good condition or very steep

T

[0.000

[0.000
[0.000

[0.000

swales. The swale density (the linear length of swale per area served) can be directly entered based on site specific

measurements, or typical values can be selected based on aerial photograph measurements from many areas. In
addition, theinfiltration rate for the soil lining the swale can be directly entered, or the general soil type can be
selected. Thelisted infiltration rates are approximately half the values commonly used in ponded situations

reflecting the typical measured decrease in infiltration capabilities at flowing water sites. The wetted swale width is

used to calculate the area available for infiltration and is assumed to be the relatively flat bottom of the swale.

A ———

At this point, the file should be named and saved and the output option selected.

Oriss S les

1. Swale inhiltration rate [in/hr] : ’E’!E

2. Wetted swale width [ft]:

3 Swale density [ft/ac):

v Select swale density by land use

i

o+
"
("
£
{
&
£

Low density residential - 160 ftfac

Medium density rezidential - 350 ft/ac
High denszity residential - 375 ftfac

Strip commercial - 630 ftfac

Shopping center - 280 ftfac

Industrial - 125 ftlac

Freewaps [shoulder only] - 270 ftac
Freewaps (center and shoulder] - 410 ftéac

Area served by swales [acrez): 0

q

Delete

4
350.00

Select infiltration rate by soil type
" Sand - 4 inhr

(" Loarmy zand - 1.25 indhr

(" Sandy loam - 0.5 infhr

&+ Loam - 0.25 infhr

" Silk loam - 015 inthr

£ Sandy =ilt loam - 0.1 indhr
" Clay loarm - 0.05 indhr

" Silty clay loarm - 0.025 indhr
£ Sandy clay - 0.025 indhr

£ Silby clay - 002 indhr

O Clay - 0.01 indhr

Cancel Continue
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Vel kA B £
AN S S

© Land Use  Pollutants  Options  Rum Ukilities  Help

M.,
Jpen...
Save...

Say

Input File . 4 Version 8.2
Qukpuk Options. ..

Exit

Curmrent File Data... ‘

To enter source area data. zelect
| the Land Use menu item. and select

Current File Status the desired Land Use.

Land Use Areas

Residential Area: 0.00 Acres
Institutional Area: 0.00 Acres
Commercial Area: 0.00 Acres
Industrial Area: 0.00 Acres
Open Space Area: 0.00 Acres
Freeway Area: 0.00 Acres

Total Area: 0.00 Acres

Ezit Program

Press F1 for Help

Saveiie ,_de
| e EckE-

Saveir: |3 WinSLAMM

5
ty Recent
Documents

e

Desktop

I~

My Diocuments

8
My Computer
«)
g

kA M ebwork
Flaces

[LContral Demo Files

lZ35kandard Land Use Files

|21 standard land use files

u Zomm 1 From swales, dat

:J Zomm 2 From swales, dat

ﬂ Comnm 3 From swales, dat

j Comm 4 swales,dat

u Comm Streets Only Curb & Gutker,dat

;J Comm Streets Only Swales,dat

u new mdr with street cleaning, dat

,ﬂ new rndr . dat

u SLU Medium Density Residential Mo Alleys Clay,dat
:J SLU Medium Density Residential With allevs Claw,dat
|#]5LU Park Clay dat

{J SLU Schools Clay. dat

!ﬂ Street Cleaning 2 SCDates.dat
H Street Cleaning 3 SCDates, dat
!ﬂ streets.dat

|#] test of aug z 2002, dat

File name: |he||u:| world

ﬂ Save |

Save az lype: | SLAMM Files [*.DAT)

ﬂ Cancel



The form of the output information can be selected by using the “file\output options” dropdown menu. The
following screen lists the options. Option 1, the complete printout, is selected here because of the short list of rains
in the source.ran file used and that the flow and pollutant sources for each source area are to be compared. Option 4,
“Qutfall Summaries Only” isthe default option. Option 5, “One line per event runoff and flow summary” is the most
useful option when alargerain fileis being used.

W LA, Uate Pl (€00 marm Fils i oL At na o wor . i) M =1E3
Land Use Pollutants  Options  Run  Utilities  Help

Mew, .,
Open...
Save...
Save As... 4
Iniput: File 3
Exik
LCumrent File Data._. ‘
To enter zource area data. zelect
T the Land Uze menu item. and zelect
Current File Status the desired Land Use.
Land Uze Areas
Rezidential Area: 0.00 Acres
Institutional Area: 0.00 Acres
Commercial Area: 0.00 Acres
Industrial Area: 0.00 Acres
Open Space Area: 0.00 Acres
Freeway Area: 0.00 Acres
Total Area: 0.00 Acres

: Exit Program |

Press F1 for Help
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|

(¢ 1. Source Areas by Land Use for Each Rain - Complete Printout:

. Dutfall Data Only for Each Rain

. Dutfall Summaries Only

. Source Area Totalz and Outfall Summaries

. One Line per Event Runoff and Flow Summary
. Continuous Hydrograph With 6 Minute Time Increments
. Continuous Hydrograph With 15 Minute Time Increments

. Continuous Hydrograph With 60 Minute Time Increments

Water Balance Summary of All Detention Ponds

Save Outfall Runoff and Particulate Loading
for WinDETPOND Analysis

Lontinue

Land Use and Source Area Descriptions

The next step isto select the land use(s) in the study area. The following screen shows the selection of the residential
land use and the corresponding source areas.

-

B sl

File:

Institutional

f

o
(=2

Commercial
Industrial
Open Space
Freeways

Land Use Biofilkration

Pre-Development Runoff Quantities

Catchbasin or Drainage Control
QutFall

Current File Status

Land Use Areas

Residential Area: 0.00 Acres
Institutional Area: 0.00 Acres
Commercial Area: 0.00 Acres
Industrial Area: 0.00 Acres
Open Space Area: 0.00 Acres
Freeway Area: 0.00 Acres

Total Area: 0.00 Acres

Exit Program

Presz F1 for Help

Pollutants  Options  Run  Utilities Hélp

e

Source Area

Area
[acres]

Source
Area
Parameters

Roofs 1

Roofs 2

Roofs 3

Roofs 4

Roofs 5

Paved Parking/5torage 1
Paved Parking/Storage 2
Paved Parking/Storage 3
Unpaved Prkng/Storage
Unpaved Prkng/Storage
Playground 1

Playground 2

Driveways 1

Driveways 2

Driveways 3

Sidewalks/ walks 1
Sidewalks/ Walks 2
Street Area 1

Street Area 2

Street Area 3

Large Landscaped Area 1
Large Landscaped Area 2
Undeveloped Area

Small Landscaped Area 1
Small Landscaped Area 2
Small Landscaped Area 3
Isolated Area

Other Pervious Area
Other Dir Cnctd Imp Area
Other Part Cnctd Imp
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For each source area, double click on the “area” cell and the following screen appears (roof area 1 for this example).

TSR 31
s Enter new area [acres):
Cancel

JRETE

The following screen then appears after the areavalue is entered. This screen describes the basic roof slope and if
the roof drainage is directly connected to the drainage (asin this example), or allowed to drain to the pervious area.
If draining to the pervious area, the soil typeisneeded. If the soil is clayey, then the building density is needed (not
needed for sandy or silty soils). If medium or high density, then the model asks about the presence of backyard
alleys. Clayey soils, higher building densities, and alleys all decrease the benefits of disconnecting roof runoff.

5 S A AT ELETE: ,___J Jﬁi

Land Use: Residential

Source Area: Roofs 1 Total Area: 9.03 acres

Roofs: [ Flat Roof i Pitched Roof

Iz the Source Area:
|+ Directly Connected or Draining to a Directly Connected Area!

[~ Draining to a Pervious Area [partially connected impervious area)
[ Sandy [ ! =

B &

[ e B Continue

The following is an exampl e screen describing runoff routing for typical paved areas. This exampleisfor driveways,
showing that the runoff is disconnected (flowing to the pervious land), and that the ground has a clayey texture, the
building density is high, and no alleys are present. High building densities, or the presence of alleys, all decrease the
benefits of disconnections of the source areas by effectively decreasing the flow path length before the water enters
the drainage system.

1-38



Land Use: Residential

Source Area: Driveways 1 Total Area: 2.57 acres

Iz the Source Area:
|~ Directly Connected or Draining to a Directly Connected Area

Iv Draining to a Pervious Area [partially connected impervious area)
Soil Type: |~ Sandy [ Silty [v Clayey

Building Density: [ Low v Medium or High

Alleys present: | ez v Nu Continue

B3 Suures frgs Merainaiug J | Jgﬁ

The following screen is used to describe street areas. This screen contains information about the street length (the
model calculates the corresponding street width as a check) and the street texture. The model can use the built-in
street dirt accumulation rates (based on land use) and initial loading val ues (based on street texture), or the user can
enter specific locally measured values. The initial street dirt loading can be increased to reflect the very large values

typicaly found after snowmelt in the spring, for example. One of the options when entering therain fileisto
designate a snow season. During that period, all runoff calculations are ceased. If that option is used, the street
source area form then requires the user to designate a street dirt loading value corresponding to the high values

typically found after the winter season (usually several thousand pounds per curb-mile). This affects the washoff for

the early spring rains, along with the effectiveness of the first several street cleaning activities of the year.

WinSLAMM does not currently cal culate snowmelt.
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Cumrent Land Usze: Residential

Current Source Area: Street Area 1 Total Area: 6.8 acres
Total street length in the The estimated street 35.4
study area [curb-miles): width. in feet, is: 7
Street Texture

{(«" 1. Smooth " 2. Intermediate

" 3. Rough i~ 4. Werp Rough [including oil and zcreens]

Street Dirt Accumulation

f* 1. Use value calculated by program based upon land use and street texture

i~ 2. Enter accumulation equation coefficients

1

Iritial Street Dirt Loading [lbzs/curb-mi)

* 1. Use value calculated by program based upon land use and street texture!

™ 2. Specily value: (235 40

—

Cancel ‘ LContinue ‘

In thisexample, the last areato be described isfor small landscaped areas. The following screen shows that only the
soil typeis needed for these areas.

B3 Suniss Ay Malsizings J;.Ji'@

Land Use: Residential

Source Area: Small Landzcaped Area 1 Total Area: 56.5 acres
[l
[l

Soil Type: [ Sandy |v 5 [T Clayey

[l [

[l [l Continue




Source Area and Outfall Controls

After thisinformation is entered and “continue” is pressed, it is possible to select site specific control options

(besides the devel opment characteristics reflected above).

Infiltration Devices and Porous Pavement

Porous pavement is becoming more common for driveways and sidewalks. The cell corresponding to porous

pavement (P) and the driveways 1 source area can be selected to bring up the following menu which shows the user

entered infiltration rate and the area to be treated by the device:

Furnis Migainapt Conirnl Lesries

Land Usze: Residential

Source Area: Driveways 1

1. Infiltration rate of pavement,
baze. or zoil, whichever iz the

least [infhr):

2. Porous pavement area [acres]:

Total Area: 2 57 acres

Continue

Clear ‘

Delete Control

0.5

[2.57

After theinformation is entered, the letter corresponding to the control appearsin the appropriate cell:

s WIS LY erter Files [E R o s Pz insbaslsiina oy o b e ]

File LandUse Polutants Options Run Utilities He.lp

SLAMM Data File:

- [B]X]

hello world. DAT

Current Land Use: Residential

Source Area: Driveways 1

LCurrent File Data... ‘

Current File Status |

Land Use Areas

Residential Area: 100.00 Acres

Institutional Area: 0.00 Acres
Commercial Area: 0.00 Acres
Industrial Area: 0.00 Acres
Open Space Area: 0.00 Acres
Freeway Area: 0.00 Acres

Total Area: 100.00 Acres

Exit Program

Press F1 for Help

M ore sophisticated procedures are available in the biofiltration menu option to model infiltration processes.

Source Source
Area Source Area [:[:;Z] B Area
Mo. Parameters
1 Roofs 1 9.03 Entered
2 |[Roofs 2
3 |Roofs 3
4 |[Roofs 4
5 |Roofs 5
b | Paved Parking/Storage 1
7 | Paved Parking/Storage 2
8 |Paved Parking/Storage 3
9 | Unpaved Prkng/Storage
10 | Unpaved Prkng/Storage
11 | Playground 1
12 | Playground 2
13 | Driveways 1 257 Entered
14 | Dnveways 2
15 |Driveways 3
16 | Sidewalks Walks 1
17 |Sidewalks walks 2
18 |Street Area 1 6.80 Entered
19 [Street Area 2
20 | Street Area 3
21 |Large Landscaped Area 1
22 |Large Landscaped Area 2
23 |Undeveloped Area 1.80 Entered
24 | Small Landscaped Area 1 h6.50 Entered
256 | Small Landscaped Area 2 23.30 Entered
26 | Small Landscaped Area 3
27 | Isolated Area
28 | Other Pervious Area
29 | Other Dir Cnctd Imp Area
30 | Other Part Cnctd Imp
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Street Cleaning

Street cleaning can also be simulated with WinSLAMM. The following screen is used to describe the street cleaning
program for a specific street area. Up to ten different street cleaning frequencies can be specified for the study area.
Each program lasts until the next one starts, or until the final cleaning period ending date. [note: in some cases, the

program may require the user to enter the final cleaning period ending date a second time after pressing the continue
button, sorry about that].

Strest Clagnlng Copiinl Layies

Land Uze: Residential

e ey Total Area: 6.8 acres Street Cleaner Productivity

s 1. Coefficients bazed on street texture,

parking density, and parking controls
Line Street Cleaning Street Cleaning o~ : - o
Murnber e Pisvnaics 2. l]lher_[speclfy -et-:|uatmn coefficients]
1 M3 7)1 Passiwk v i ol
2 - :
" Equation coefficient B
2 = (intercept. B>1]
: -
G hd Parking Densities
7 -
g = ™ 1. Hone
q 51 (" 2 Light
10 = v 3. Medium
™ 4. Extensive [short term)
i~ B Extensive [long term]

Final cleaning period —
ending date (MM/DD/YY). | 12/31/99

Are Parking Controls Impozed?

LContinue | Clear ‘ Delete Control i Yes i* Ho

Catchbasins
Catchbasins can be selected from the “land use\catchbasin or drainage control\catchbasin” dropdown menu:
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BB TS Ui Filas [C2 e Filasiinslislsine ooyl s ] J _J d

File BEEEREEEE Pollutants  Options  Run  Utiities  Help
v Residential

A wrce Source
SL In5t'tUt'°'_jal Jea Source Area (:c::;] | | W PO|S5|B Area
Commercial do. Parameters
hel  1ndustrial ‘1 |Roofs 1 9.03 Entered
Open Space 2 |Roofs 2
Cur  Freeways 3 |Roofs 3
4 |Roofs 4
Sou Land Use Biofilkration b |5 |Roofs 5
b |Paved Parking/Storage 1
Pre-Development Runoff Guantities 7 |Paved Parking/Storage 2
antro 7 Biofiltration lorage 3
Outfall : ¥ Infilkration. .. :tmage
i e = storage
Current File Status v Drainage Control. ..
Other Contral... 257 Entered
14 | Dnveways 2
15 |Driveways 3
baod e fuens 16| Sidewalks/Walks 1
Residential Area: 100.00 Acres 17 | Sidewalks/Walks 2
Institutional Area: 0.00 Acres 18 |Street Area 1 6.80 5 Entered
Commercial Area: 0.00 Acres 19 |Stieet Area 2
Industrial Area: 0.00 Acres 20 |Street Area 3
Open Space Area: 0.00 Acres g; Il:arge Il:angscapeg :lea ‘12
L arge Landscaped Area
Freew:ﬁt:;;al;aa: "]ggg :Z:Z: 23 |Undeveloped Area 1.80 Entered
24 |Small Landscaped Area 1 5h6.50 Entered
25 |Small Landscaped Area 2 23.30 Entered
26 |Small Landscaped Area 3
Exit Program 27 |lsolated Area
28 | Other Pervious Area
Press F1 for Help 29 | Other Dir Cnctd Imp Area
30 |Other Part Cnctd Imp

Thefollowing screen is used to describe the catchbasins in the study area, and their cleaning frequency:

Cutentasin Cuneinl Heyles

Total Basin Area: 100 acres

1. Total sump volume [cu ft):
2. Area zerved by catchbaszins [acres): 100.00
3 Percent of sump volume Full at

beginning of study period [0 to 100):

4 Sump Depth below catchbaszin

outlet [Ft]:

Select

Catchbasin OR Catchbasin Cleaning
Cleaning Dates Frequency

[+ —Catchbasin Cleaning Frequency

Catchbasin CICatc_hbaSint " Monthly
Cleaning Mo, | —iooning Late " Three Times per Year
[rirndd ) i
; " Semi-Annually
5 " Annually
2 " Every Two Years
i
; " Every Four Years
" Every Five Tears
Continue ‘ Clear ‘ Cancel | Delete Control

The output forms under particulate solids track the accumulation of solids accumulating in the catchbasins.
Catchbasins are only effective in trapping particulates when there is at |east afoot of standing water over the trapped
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sediment. WinSLAMM continues to accumulate solids in catchbasins until thislevel of sediment isreached. The
output forms can be used to estimate how rapidly the catchbasins likely accumulate sediment and when they are
likely to become full. The cleaning frequency can then be adjusted to better match the local accumulation rates for
the catchbasinsin the study area.

Evaluations of concurrent use of catchbasins and street cleaning may be misleading for study areas that are mostly
streets, aslittle field datais available to document the concurrent benefits of this combination of controls. In these
cases, extensive street cleaning removes most of the larger particulates that would be trapped in the catchbasins,
reducing the predicted effectiveness of the catchbasin. Therefore, WinSLAMM doesn’t accumulate solidsin
catchbasins originating from streets that are being swept. However, the catchbasins do accumulate solids from other
areasif thereis street cleaning in the study area.

Biofiltration/Bioretention and Rain Gardens/Cisterns

These controls can be located at several locations simultaneously, or individually, in study areas. The most common
source areas to be treated by these devices would be roofs, where they can be configured as‘”rain gardens.” They
can also be situated along streets providing infiltration opportunities for street runoff (possibly in conjunction with
grass swales, or in median strips of divided roads). They can also be located so they accept flows from several
source areasin aland use, asin the following example where 197 units are used in the 100 acres to treat roof runoff
and the excess runoff (if any) from driveways paved with porous paver blocks. The land use biofiltration optionis
selected using the “land useé\lland use biofiltration” option and selecting the appropriate land use:

wE SRS Mairer Filas [C0 R rog rann Fllzssidinsbestsina o gnr e | j j kj

File [EGEIEEEE Pallutants  Options Run Utilities  Help
| v Residential — =
HE i ource
Sl IHSt't”t'D'jal rea Source Area [:gﬁ;] I |w PO|5|B Area
Commercial do. Parameters
hel  mndustrial 1_|Roofs 1 9.03 Entered
Open Space 2 |Roofs 2
Cur Freeways '3 |Roofs 3
L4 Bonfs 4
sol | Residential :
" .ing/Storage 1
Pre-Developrent Runoff Quantities .ing/Storage 2
Catchbasin or Drainage Cantrol 3 sing/Storage 3
ourfal i _ rkng/Storage
- | rkng/Storage
1
Current File Status 12 | Playground 2
13 |Driveways 1 2.57 Entered
14 | Driveways 2
Land Use Areas :g g."re"?;'"f!ialks 1
Residential Area: 100.00 Acres 17 | Sidewalks/Walks 2
Institutional Area: 0.00 Acres 18 |Street Area 1 6.80 S Entered
Commercial Area: 0.00 Acres 19 | Street Area 2
Industrial Area: 0.00 Acres 20 |Stieet Area 3
Dpen Space Area: 0.00 Acres 312 targe tan:scape: :rea ;
i arge Landscaped Area
F'eew:ﬁl:;::;sa: 103: gg :E:Z: 23 |Undeveloped Area 1.80 Entered
24 | Small Landscaped Area 1 h6.50 Entered
25 |Small Landscaped Area 2 23.30 Entered
26 | Small Landscaped Area 3
Exit Program 27 | lzolated Area
L 28 | Other Pervious Area
Press F1 for Help 29 | Dther Dir Cnctd Imp Area
30 | Dther Part Cnctd Imp

The following form is used to describe the units:
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Land Use: Residential E‘:elecl Seepage Hate Add Dutlet/Discharge
£ Sand-8inthr

" Loamy sand - 2.5 in/hr
" Sandy loam - 1.0 indhr
* Loam - 0.5 infhr

Biofilter Humber 1

- 3
. G
Device gty W g:latnlgj:n Fo:n'?’; 3[2 inhr @
Ui G B 60 | Clagloam- 07 indhe ;:
2. Bottom Area [sf) | 50 " Sily clay loam - 0.05 in/he
A= " Sandy clay - 0.05 indhr

3. Depth [ft] | 1.00 " Silty clay - 0.04 infhe Edit Existing Outlet
= 7 Clap - 0.02 in/hr

" Riain Bamel/Cistem - 0.00 in/he taipfec ety

z Uze Random Mumber
5. Seepage Rate (in/hr] 0.5 [ Generation to Account for
Uncertainty in Infiltration Rate

Seepage Rate Side: [ 1.00 6. Number of Biofiltration

Multiplier [D-1] ’ Control Devices in 197  Inflow Hydrograph Peaky——
R | L0 Source Area or Land Use to Average Flow Ratio |3'B
Select Source Areas from Land Use that Contribute Fraction of Runoff From
Runoff to Biofilration Control Device[s) Selected Source Areas Routed 1

to Land Use Biofilters [0 - 1]

[v Rooftop 1 I~ £ Delete

[ - = =

= 3 I =

= 3 v Driveways 1 |~ Undeveloped Area Eanbinge
= 3 I : I~ Small Landscaped Area 1 —

= tor = E [~ Small Landscaped Area 2

:: L :: :: Cancel

F= [~ Street Area 1 =

This screen can be used to describe many different types of stormwater control devices. Thisexampleisfor “rain
gardens” located at each of the 197 homesin this 100 acre area. Each rain garden is about 60 ft? in area, serving each
2,000 ft? of roof, plus driveway runoff. A loam soil having a 0.5 in/hr seepage rate (but with a seepage rate
coefficient of variation of 1.0, reflecting typical stormto-storm variability in soil infiltration rates) is used for each
devicein this example. The seepage variation is only used for the long-term evaluation having many events, not
when the source.ran file is used. The added variation would be confusing when comparing separate rain conditions.

This screen issimilar to the source area biofiltration screen, except that it also lists the available source areasin the
bottom area of the form. It is therefore possible to combine some of the source areas together for control, such as
rooftop and driveway runoff combined. In addition, it is possible to designate only a fraction of the combined flows
to the biofiltration areas. As an example, afraction of the roof runoff and driveway runoff can be directed to a
cistern for storage of runoff for later use during dry weather for on-siteirrigation (or toilet flushing, etc.). In therain
barrel/cistern “outlet/discharge” option, monthly water uses are entered so the model can track water use and re-
filling of the tanks during storms. The similar “drainage system” biofiltration control screen allows infiltration and
routing of stormwater as part of the drainage system for the complete area, such asfor perforated pipe.

Inall cases, the biofiltration devices must have an outlet. In this case, the required outlet is a broad-crested weir (the
most likely option for arain garden):
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Land Use: Residential
Source Area:

Biofiltration Device Number 1 Outlet Number 1
1. “Weir Crest Length (ft) 22
2. Weir Crest Width [ft) 0.25

3. Height from datum to bottom 0.75

of weir opening [ft]

4. Check to use Default Weir Coefficients [V

—

Cancel ‘ LContinue Delete ‘

Theratio of the peak to average flows for the hydrographs for each event is suggested to be 3.8, atypical value
based on monitoring. A simple triangular hydrograph corresponds to aratio of 2.0 and may be representative of
large areas during relatively small rains. For small source areas and for moderate to larger rains, higher values than
thisratio are appropriate. WinSLAMM can be used to describe the sensitivity of the biofiltration device design to
these variable inflow hydrograph shapes. In most cases, large ratios actually result in better performance as most of
the runoff then occurs with relatively low flows, while the very high flows occurring during the short periods can
usually be stored in the storage “pond” built as part of the biofiltration device. The following are several plots
representing different ratios of peak to average flows. In all cases, the same runoff volume cal culated for the
contributing areais used, but the flow rates are distributed according to the hydrograph shape.

Flas | Flam
WweragmPlow N
[ e I = Flow 5

Time (1.2 * Rainfall Duration) Tiimaz 1.2 = Riainfall Buation) Time [1.2 * Aainfall Dusation]
Ratio = 2.0 Ratio = 3.8 Ratio = 10

The outlet structures for the biofiltration devices can be simply described as broad-crested weir overflows, with the
approximate downstream perimeter as the weir length and several inches for the width. The model routes the flows
from the source areas through the biofiltration devices using the modified puls routing procedure (and the above
described hydrograph shape), incorporating infiltration, evaporation, and overflows, as described. A rain barrel or
cistern is used when calculating the effects of beneficial uses of the runoff water (such as for toilet flushing,
irrigation, or other safe use).
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Land Use: Residential
Source Area: Roofs 1
Biofiltration Device Number 1
1. Weir Crest Length [ft)

2. Weir Crest Width [ft]

3. Height from datum to bottom
of weir opening [ft]

Cancel ‘ LContinue

alr Biufilizr Unilzt

Outlet Number 1

A

0.25

0.75

4. Check to use Default Weir Coefficients [«

—

Delete

Wet Detention Ponds

The following screens are used to describe wet detention ponds at source areas and at outfalls. The particle size

distribution is selected (by selecting from alist of pre-devel oped parameter files) and the pond geometry is entered.
Finally, pond outlets are also described from the list, including weirs, infiltration, evaporation, pumps, and seepage

basins located after the pond. The inflow hydrograph is developed based on the total runoff volume entering the
pond and using a multiple-triangular hydrograph, as described above for biofiltration devices. Any upland

infiltration/biofiltration device located prior to the pond reduces the flow entering the pond. The standard modified-

puls method for routing the flows through the ponds are used, in conjunction with the surface overflow rate

procedure for routing suspended solids.

An outfall wet detention pond is selected using the “land usdoutfall\wet detention” dropdown menu:

E g prm
P L A R e R e T J'"I:'.":J}:I!:l}:.l:al_".!"::lhkll.l'..'L'rll:.du(_!

| i IEUEIEEY potutants aptio

« Resilantial
[ristibutonsl

_SL' Commnercial
hel e

Cpen Spece

Cur Frassmays

Lard Lise Bioflkrabon
Pra-Deradnpment Aunoff Quantities
Catchbesn or Creanegs Corerol

Cunend File Status |

Land Use &reaz
Residential Area: 10000 Acres
Ineehibukion:al Area: .00 Acies
Cammescial Aseac LD Aoz
Inedusitrial Areac 000 Acres
Oipen Space Arsa: DLO0 Acres
Frecway Area: 000 Acies

Tolal Areac TOLOD Acres

Piezz F1 for Help

b
EioFkraion

ns Run LEWNEs Hep

(= IBIx)

(FE Sowce fasa

Al
lacres)

& ourcoe
Fuma
[P it 2

tle|=

Ronfs 1

Ronfs 2

Ronfs 3

Aoofs 4

Aoofs 9

Paved Parking/5tovages 1

Paved Parking /5 bovags 2

Pawed Parking /S btorags 3

s —folmage
Solmage

Infikrakkon..,

Oiher Conkrol.. .

Lhiviwayds &

Driiverways 3

:

Sidewalke el alks: 1

SidnwalkeSw alks 2

Shieed Auea 1

Shieed Ausa 2

Stieed Ausa 3

Lawge Laridecaped Aoea 1

FREY AT FRE Y Y Sy I Y

Lai i Lanidcaped Siea 2

22

Undeveloped Area

24

Small Landscaped Area 1

Small Landscoped Area 2

26

Small Landscaped Anea 3

27

| solated Area

2B

Other Perviaus Area

29

Other Dir Cnctd Imp Area

an

Other Part Coctd Imp

2.03

257

&0

1.B0
56.50
23.20

| Ented

Enteaad

Entered
Entrred
Entered
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The following screen is then used to describe the pond:

B Unisgiiun Cunirol s gee

Dutfall Control Add Outlet

Total Area: 100 acres
Pond Humber 1

Select | Particle Size Distribution File:

C:APROGRAM
FILESSWINSLAMMAMEDIUM.CFZ

N S S T G S Ol S <)

Initial Stage Elevation [ft] 3

Peak to Average Flow Ratio | 3.8

Edit Stage Area Data

‘ | Edit Exsting Dutiet

Selected Outlets [Max. 5]
= Double Click to Edit or Delete
Save this Pond asz a

WinDETPOMND File 1 - ¥ Notch Weir
2 - Broad Crezsted Weir

Continue ‘ Delete Pond

Flow

Time [1.2 = Rainfall Duration]

First, the particle size fileis selected:

ffﬁ Celnieal Meeie 2 Sixe Pl s 5.31
File Hame: Directories:
|HEDIUH.EPZ C:\Program Files\winSLak M
HIGH.CPZ [ [
LD:""'CP% i : a Program Files
E:III)I'}"I;%SETE[I;EZ m.:-[:nnlml De]nu Files
NURP.CPZ (L] Standard Land Use Files
STRETDRT.CPZ 1wl standard land use file:
File Type: Drive:
Crit Part files [~.CPZ) AT -

oK E xit

Then the pond shape is entered:



alizy [x]]

| w-Stage fArpa

=

FPond Mumber 1

Area
Dutfall 202 M| facres)
] 0.00 0.000
Area 1 1.00 | 0E00
Row 7 |42 2 | zoo | 1zoo
3| 200 @ 18m
4 400 | 2400
5 5.00 3.000

Insert a row before : :
T Aumber: T_ s ] B E00 | 300

700

Delete row number: ] Delete Fow

LCancel ] Continue ]

Usze Shift plus the arow keys to
mave through the grid

And lastly, the water quality outlet control:

=y
Outfall
Pond Number 1 Outlet Number 1
LAl 1. Height from bottom of weir 14
1. 22.5 degrees opening [invert] to the top
2. 30 degrees of the weir [ft]
& 3. 45 degrees 2. Height from datum to bottom H
" 4. B0 degrees of weir opening [ft]
5. 90 degrees
" 6. 120 degrees

= . Cancel ‘ Lontinue Delete ‘

and an emergency spillway are described:

B

Outfall

Pond Humber 1 Outlet Number 2

1. ‘Weir Crest Length [ft) [30
2. Weir Crest Width [ft) ﬁ_—
3. Discharge Coefficient [English Iﬁ“—
Unitsl
{+ Default Dizcharge Coefficients
4. Height of Weir Opening [ft] 11—
5. Height from Datum to Bottom
of Weir Opening [ft] {a—
Delete ‘

Cancel Continue
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Pollutant Selections

The user can also select the specific pollutants to be analyzed. The following screen shows the pollutants available,
based on the previously selected ppd file. The model calculates runoff volume and suspended solids (particulate
solids) conditionsfor all cases. Additional parameters can be selected (or de-selected) by clicking on each available
box. The dissolved and particul ate-associated forms of the selected pollutants can be evaluated independently from
the total forms, if desired. Depending on the Monte Carlo option previously selected, the concentrations of runoff
will vary for each rain from each source area.

Rt e S ET oy
Particulate Dissolved Total

Solids i

Phosphorus
Mitrates
TEH

coD

. R
-

Fecal Coliform B actena
Chromium

Copper

Lead

Zinc

R

W AR R
W

Ammonia [mg/fL]
Other 2
Other 3
Other 4
Other 5
Other b

The pollutants listed above are in the file
CAPROGRA™TYWINS LAMMAPOLL.PPD
Select a pollutant to evaluate it.

Continue

Thefile can be saved at any time by selecting the “file\save”, or “file\save as” dropdown menu options.
Program Calculation and Output

WinSLAMM evaluates the file after selecting the “run\Windows Cal culation Module” dropdown menu, as shown
below.

1-50



SR RO o B S5 = Y e B ] 1E¥A
e U nSLied Dte Flles [P ourann Filesiinslmsbedsis U sl s __J Jd

File LandUse Pollutants Options | Ukilities  Help
T ' Source
D25 Parameter Module Area
SLAMM Data File: e kit F Tl B [ et
hElloesendd DAT 1_|Roofs 1 9.03 Entered
2 |Roofs 2
Current Land Use: Residential 3 |Roofs3
4 |Roofs 4
Source Area: Small Landscaped 5 |Roofs 5 .
Area ? 6 |Paved Parking/Storage 1
7 |Paved Parking/Storage 2
8 |Paved Parking/Storage 3
Current File Data. .. ‘ 9 |Unpaved Prkng/Storage
10 |Unpaved Prkng/Storage
11 (Playground 1 2.57 Entered
Current File Status ‘ 12 | Playground 2
13 [Dnvewaps 1
14 [Dnivewayps 2
15 [Driveways 3
ke Usd e 16| Sidewalks/Walks 1
Residential Area: 100.00 Acres 17 | Sidewalks/Walks 2
Institutional Area: 0.00 Acres 18 ([Street Area 1 6.80 Entered
Commercial Area: 0.00 Acres 13 |Street Area 2
Industrial Area: 0.00 Acres 20 |Street Area 3
Dpen Space Area: 0.00 Acres 21 [Large Landscaped Area 1
Eiewap A 0,00 Acres 22 |Large Landscaped Area 2
Total Area: 100.00 Acres 23 |Undeveloped Area 1.80 Entered
24 |Small Landscaped Areal Entered
25 [Small Landscaped Area 2 Entered
26 |Small Landscaped Area 3
Exit Program 27 |lsolated Area
28 | Other Pervious Area
Press F1 for Help 29 |[Other Dir Cnctd Imp Area
30 |Other Part Cnctd Imp

Select the “ Save File and Execute” option. The model has finished execution when the progress bar isfilled:

[
e RPN |

Upon completion, the output is summarized in a series of user selectable tables for output options 1 through 4. The
opening screen displays a summary of the runoff volume, suspended solids concentrations and suspended solids
yields before the drainage system (before grass swales, or other drainage system features and catchbasins affect the
discharges), after the drainage system (so the effects of the drainage system can be directly examined), and after any
outfall controls reflecting the calculated discharged amounts (allowing the effects of any outfall controls, such as
wet detention ponds, to be directly examined).
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File  Yisw
FuncliVobme | PaledseSoke | Polhtents Dutput Sunmay. |

ERCEL r:.'.F'n:g-.:n FileehfinSLAk M hebo vaorld dal

Hinchilediine &'&fﬁ?‘m E?ui:.lx T
[ ik} L] [h
TodBelonDianage Sk [ T 3ee® | 4m7 [ 916 bt
Tokal Alter Diairage Systen | w|aeE | F3 | 20080
Toksl &fler Dulldl Controls | 316 | 21E | 1563

Selecting the tabs across the top displays detailed information for runoff volume, particulate solids, and the
pollutants.

O W ! 1 Fasticulate Sofcke 1 Frbtants 1 Juipat Summan
Fou el W o i [ 1] T Soace fyes Aunoll Yol Cordibulior 1
[ida Fir hedo mod DAT : =
Fiaan Fle SOURCE.RAN i |
Dt B11400 Time 170252 | |
Sila Desciiption Exanp Fel ko wond e-sbaions with cordiok:
i
Feesid e Bl Aue i - Aunecd] Yol (o 1) | |
EET Fiein Focle ! Divesss | Stemt Undewsles . Smal Gresl Lend Fiv Toid Calclsind
Daie Tokal 1 Axeal d Lardecaned: Landetaped sz Lozee= (= I
Ares Aral Ayes 2 Tubzk I |
01/ um 0 0 Q 1] ] 0 0 0o oo M |
M=y 005 [x] o} aT3 o o [x] 4TEE] Lk i 0os =)
031193 010 0 1] 1217 ] ] 0 1276} 0M o1 E )
041155 0% o o Erl 35 231 ] =43 om 1fec] W2
1=y 1 =) 050 1] LI} B2E3 =7 i 3540 2|?3?E iz 044 A3
0&T133 o [x] oj 1324 510 le6:E BEAT 3?233_ 014 [18=] =4 |
17y iy 10 o 0 18 M M7 107 54621 L) 05 ek !
=Ryl ] 150 1} 0 ma 154 Ll 15N e =] 17 1.5 e
B 200 o 0 A%E3 2132 BEElS 2™ 1Rl 013 162 Til
104 150 a o BGIES s A 4 e T et 03 194 g |
nmEm | am 0. U BEG  AWE  JeNE®  SEeS  Zd6®|  0® 2 TS ’
128 400 105 0 9247 T 2E0A 10577 SHEdd 0.3 247 ran |
Fian Aodlz1 | Dimrass Gleml  Undavelops  Smal Gl Land Ry Totd Caiculsind
Tokal 1 Byl d Larndscamed Landseaped Lls= Lusses " |
A Emal fme Tatsk lin |
Surnmy o M Fveris . . T [ S ;
Hinimum um 1] 1] o ] 1] o a 000 am M |
Haiman: | A 08K L T A M0ENT D 0.3 247 M3 |
BB 120 Eeg] i} 7S 1514 TS 2 136300 024 =] ) |
Total | THEE 0 0 M M2 FEOM IO 1 IEE0E| | 1185
Total oz, vt Draiape 2nd DUHal Canmals - Runeft Yolume (o K] [ |
Skat Ran Tolad Tokal Takd A% Totad Cakculatad Pk Fushrg = Det Emin  FaeDew ‘
Dalke Total Hefioue aller Ale Lodses CH* Reduclon Asdo i Shnuct Aunl
frchee| | Dimrage | [rainsge Qual L] Fatee Fialsd Ja # Volume(cl|
Sepdmm 1] Corbigts | nic. mma
om.mes nm a Ui 1} nan am LES 10, o |
Iy Iy 2] 006 47K o v oap .06 M 100 000 | z
s nn 179 L n nan mn B 1 i ! ]
4":"'] 7]

The above sheet shows the runoff volume contributions from each source areafor each rain. Thisrainfile
(source.ran) isaspecial rain file that only contains 12 events ranging in depth from 0.01 to 4 inches, and spaced
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about amonth apart. This allows direct evaluations of the effectiveness of source area, drainage system, and outfall
controls. In this example, the biofiltration device (arain garden collecting the roof runoff plus the excess runoff

from the driveways not infiltrated by the porous pavement) completely infiltrates all runoff from the driveways for
al rains and all runoff from the roofs for all but the largest rain. Obviously, these controls may be over-sized for this
situation, but this doesillustrate how this information can be evaluated. The following screen (scrolled down from
the prior screen) summarizes the drainage system and outfall controlsfor this site:

8 A e Ot I [ %
Fl ¥en
FHunoh Volumg | Pasicul stm Sl i Foluaris 1 Outpul S
Runcll ¥olume fcu B) 1 SourceAyns Aumo b vnlune Cortibuiion |
Diabs Flec holo pceld DAT =]
S urranadp For All Evwerds
Flird i oo o o o [x] 1] [ o oao oo LBt
s | 400 102526 1] WS a4 AET R LT = i {1Fili] 47 i)
Fivaiage: 1.4 43 ] A 1501 BETET 24bd3 126300 (I} k] 5]
Tokat 15ER T I252E 1] I3 Az [LPEE:] Z7107E| 1 EBSE40E 1.85
T kel Auas, waith D reirage & nd Judall Coniak - Ronod] Yoluns [cu K]
Sl Aan Toidl Tod Tokal Fiv Toled | Calculsded | Pesk Auwhing  [et B=en Pl
Dade Tozal Bl Alle Ated Loges =7} Aeduciin | Aatln Du Smuct | Aunod
rchee| [ramags  [ramsges o dlsd Inl Fecio Fald(lu, T Vo i
Spalan HE=] Conirok e aiaa Hj
0140528 1)) o L] x] om om His 1.00 oon
243 .05 4756 0 o 0. o1 ] 1o onn
=R E ] 0tn 1296 0 a 000 a1 L) 1.00 ann
ol B 05 an43 2] [x] oo 2k ] s 1.00 ooo
ST ] [Ik<1] Ty n o 0. 0 5] 1.m onn
LR 1175 720 1] 0 0.0 076 ha 1.00 ann
Ovion.=a 1.00 546321 [ ESHE ome =8 :] 7in o= oaos
815 150 22440 FHX 5 onr 1.3 bR [IR=E] 03z
R E ] 200 13871 b ] b= ) o 1.7 51 [I§=1 05k
s 250 2M4ER3 120002 1230z oy =3 213 Br.3 0Te 1103
s 1m 2T4R22 TG 1o o 243 6ag n&r 15+
12400228 a0 GhaG12 e 91 B0 o 276 (18] I i
Suminap for A Evends Mol HRCS does i recommend wieg CH neihad lon s < 008 0. Ses FleDessbopmenk dea: s CH' Hedp fal mone ko
Aan Total Toldl Tokdl Av Tals | Caigulsied | Peak Auhma Pra-Diee
Tokal B=loie Afle e Loses &Y Aedicton Ratio Runoi
fnches| [ransge  [ramege Coalsl Inl Facic Vobrees ki
Epeian Epstaun Conbok:
Pluwnbes of n n n
Rains
L om o 1] ] oo om e 045 oan
P e A0 SH4EA2 HFE0 HI1ED aa 275 7an .00 in
2 vaiage: 142 126200 =] a2z IR 1.10 and L= (1]
Tkl 1566 1.JB3E+IB HIIEE B3 1213
A e[

In thistable, the drainage system control (grass swales) are able to completely infiltrate the runoff for all events up
to about the oneinch rain. The outfall wet detention pond obviously has no effect on runoff volume (no pond
evaporation or seepage was included in this evaluation). The following is the table for particul ate solids and
illustrates how the drainage system and outfall controls significantly reduce these discharges for each rain event.
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Concerkshon | Wieddi A iekd Conkibution
Claba Fikee hodo porid DAT )
Surinay i Rinofl Producng Events
M nm 138 o 2na 1.7 Tk 1458 2418
Fdevarrarrs A00 .98 1] 1565 2EE @10 e ] 1262
Fluet e oon 3138 o 137 18T LTl frc = E4TE|
Tolad 1566 3138 n a0 T 25030 ey Jn48
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[0 =1 05 3T 1] [x] a L1}
h R ] 050 I i} i) i} i
L =] .75 = 1Y 1] u} i} 1]
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0.8 i 176 1ERS T X ]
1040528 L] SE3 3061 iR 148 1.451
1140458 100 T A7 25 2HE 1847
134048 400 13632 jline 13 il 3441
S urminsep For Runofl Producng Events
Aam Totsl To Cakch hein Tole Flosapid
Tokal Elom Al wolua Al Hin. Fak
freahezs| Cransgs  [ramege % Ful dufal =1
Spulen HE-] Comfrds lgurlu:lﬂll
Mirrn 0. 2413 mz 2000 oo o
i armasme 400 13632 glLe WO 1m0 34
Flust 2= 476 E=ts] B9 2442
Tokal 15EE ErEL] 20080 15E2. BE:
- » |_

The wet pond is more than 90% effective, for even the largest rains. Thisis dueto the large amount of runoff that
was infiltrated before the pond. This exampleillustrates how these different controls can be evaluated and how they
interact for different sized events. Source area controls can be easily evaluated by conducting special model runs
having parallel source areas, one with the control (such as street cleaning, or disconnected drainage) and the other

without the control, and directly comparing the results using the source.ran file and output option 1.

After theinitial evaluations are conducted using this simple rain file and output option, it is recommended that long-

term continuous simulations be used to compare alternative stormwater control programs. In this example, the
Edison.ranfile (Edison, New Jersey) was used for a period from June 1968 to December 1999, a period of about

31.6 years. This period had 2,751 rains up to 9.8 inches in depth, but with a median of 0.26 inches. Therain file can
be viewed using the “ utilities\parameter files\rainfall files” dropdown menu, and then selecting the rain file from the

program directory:
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SE SRl Data Flles [C2 b yug i Fllessifinsbaatsiie oot s g e redn file el u_—J ha

File LandUse Polutants Options Run

3t amet as ] Critical Particle Size Files
] M3-DOS Prompt Street Delivery Files sle SAD:':;EE
SLAMM Dﬂ?a File: » Yiew File » Runoff Coefficient Files Parameters
E;ﬂlg:]qud with long term rain 1 [Roofs 1 R ainfall Files Euteiad
g 2 |Roofs 2 Particulate Solids Concentration Files
Current Land Use: Residential 3 |Roofs 3 Particulate Residue Reduction Files
4 Roofs 4
Current Source Area 5 |Roofs5
6 |Paved Parking/Storage 1
T Paved Parking/Storage 2
8 |Paved Parking/Storage 3
Current File Data. .. ‘ 9 |Unpaved Prkng/Storage
10 | Unpaved Prkng/Storage
11 | Playground 1
Current File Status ‘ 12 | Playground 2
13 |Dnvewayps 1 257 P Entered
14 |Driveways 2
15 |Driveways 3
LandHenftinas 16| Sidewalks/walks 1
Residential Area: 100.00 Acres 17 | Sidewalks wWalks 2
Institutional Area: 0.00 Acres 18 |Stieet Area 1 6.80 5 Entered
Commercial Area: 0.00 Acres 19 | Street Area 2
Industrial Area: 0.00 Acres 20 |Stieet Area 3
Open Space Area: 0.00 Acres 21 |Large Landscaped Area 1
S 0.00 Acres 22 |Large Landscaped Area 2
Total Area: 100,00 Acres 23 |Undeveloped Area 1.80 Entered
24 | Small Landzcaped Area 1 56.50 Entered
25 |Small Landscaped Area 2 23.30 Entered
26 | Small Landscaped Area 3
E it ngram 27 | lIsolated Area
PR 28 Other Pervious Area
Press F1 for Help 29 | Other Dir Cnctd Imp Area
30 |Other Part Cnctd Imp
Bz ferinn Fila ,_Jd
Lok in: | (23 WinSLAMM Rd £ EH-
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Redraw Graph
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2 9.25 06/12/658 0600 0BA13/68  0OR00 295 2400 @ 012 2.58 |
3 12.83 06/15/68 20000, OBAS/E68 2200 0i10f 200 005 0.75 |
4 1367 06/A16/68  16:00) OBAE/EE 1800 0i0f 200 005 0.4z |
g 14.67 061768 1600 06A8/68 0000 0.61 8.00 008 1.88 |
E 16.88 06/19/68  21.00 OB/20/68  00:00 007 300 002 4E2 |
7 21.62 06/24/68 1500, 06/24/68  17.00 0i10f 200 005 0.3 |
2 22.08 06/25/68 0200 06/25/62 0400 0200 zo0 010 2.38 |
9 2454 06/27/68 1300 OB/28/68  (01:00 015 1200 | 001 033 ]
10 25.38 06/28/68 0900, OB/28/68  11:00 025 200 012 373 |
11 29.25 07/02/68  0R:00, O7/02/68  O7.00 005 100 005 0.50 fiz
13 = wiw] 0202000 A0 00 07 0 oo o200 0id Q00 0n07g A0 29

This screen shows the individual rains plotted by time and a scroll window displays the characteristics of the

individual rains.

For the “one line per event output option” the “utilities\view file\use notepad” dropdown menu can be used to select
the output file for viewing, as shown below:
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Laok ir: | L WinSLAMM

: |[—3Control Demo Files
1_‘_; _)5tandard Land Use Files

| E oF E-

ty Recent 'WI standard land use files
Diocuments [ A e
2 . net md.r.OUT
[E=f bt of aug 2 200z, oUT
Dezktop

ky Documents

=
My Computer
‘C-)
-
by Metwork, File name:
Places
Files of type:

|he|lu:| world with long term rain file OUT j
| Dutput Files [*0UT) |

f

Open

Cancel

1-57



Thefollowing isapartial screen dump of this output file. There are 15 columns of data generated, and, as the name
implies, each line represents an individual event. When scrolled to the bottom, column statistics are given, as shown

below.
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Normally, the “equivalent annual total” discharges are used for comparison. These are the summed values from each
column divided by the total time period.

Case Study for Source Area Controlsin the Birmingham, AL, Area

Tables 1-4 and 1-5 illustrate the outputs for atypical analysis, comparing source area biofiltration controlsto a
similar analysis having no controls and all paved and roof areas being connected. Runoff occurs during all rains,
even during the smallest 0.01 inch event (although the Rv for this event isonly 0.01), when all areas are directly
connected to the drainage system and no infiltration or biofiltration controls are used. When the infiltration devices
are used, runoff only occurs for rains greater than about 0.5 inches. The runoff volume is even reduced during the
largest 4 inch rain by about 10 percent when using these controls. The control benefits for suspended solids mass
discharges are similar. They are greater than the benefits for runoff volume for the moderate rains (0.50 to 1.50
inches), but the suspended solids reductions are actually slightly less than the volume reductions for the larger rains.
Thisislikely because of the infiltration of relatively clean roof runoff in the “rain gardens’ compared to infiltration
of runoff from other areas, and the significantly increased suspended solids discharges from landscaped areas during
these largerains. It istherefore reasonable to expect about 80%, or greater, runoff and suspended solids reductions
for all rains up to about 0.75 inches in depth with this example control scenario.



Table 1-4. Summary of Runoff and Suspended Solids Control for Different Rain Depths

Rain depth Rv with no Rv with biofiltration | % runoff Suspended Suspended % suspended
(inches) controls and all controls and with volume solids with no solids with solids
pavement and disconnected reductions with | controls and all biofiltration reductions
roofs are directly | pavement and controls pavement and controls and with | with controls
connected roofs roofs are directly | disconnected
connected pavement and
(Ibs/ac) roofs (Ibs/acre)
0.01 0.01 0.00 100% <0.1 0 100%
0.05 0.06 0.00 100% <0.1 0 100%
0.10 0.11 0.00 100% 0.15 0 100%
0.25 0.22 0.00 100% 3.6 0 100%
0.50 0.28 0.01 96% 10 0.12 99%
0.75 0.31 0.08 74% 16 2.5 84%
1.00 0.32 0.16 50% 23 8.6 63%
1.50 0.35 0.24 31% 40 27 33%
2.00 0.38 0.28 26% 61 49 20%
2.50 0.42 0.34 19% 87 76 13%
3.00 0.44 0.37 16% 110 100 10%
4.00 0.50 0.45 10% 180 170 6%

This areawas further evaluated using a continuous series of rains over a 37 year period (1953 through 1989) that

contained 4,011 separate rains ranging from 0.01 to 13.58 inches in depth. The minimum rain duration was 1 hour
(by definition), while the maximum duration was 93 hours (the median was 4 hours). The interevent times ranged
from 6 hours (used to define separate rain events) to 44 days (the median was 1.9 days).

Table 1-5 summarizes these results for several alternatives. The “as-built” condition is based on actual conditionsin
the Birmingham, AL, area derived from neighborhood surveys and aerial photographic measurements. The “totally
connected” conditionisthis same area, but assuming that all roofs and driveways are directly connected to the
drainage system, while the “totally disconnected” condition assumes that these paved and roof areas all drain to the
clayey soils. The“skinny street” option reduces the measured street widths from 35 to 20 ft, keeping the same street
lengths, and increasing the landscaped areas by the reduction in street area. The swales and roof garden optionis
similar to the above evaluation, but the last option shown also had amended soils in the swales and roof gardens to
increase the infiltration rates to about 0.5 in/hr (loamy soil conditions).

Table 1-5. Runoff and Suspended Solids Annual Discharges for Different Control Options

Flow-weighted Rv

Suspended solids

discharges (Ib/ac/yr)

Totally connected 0.34 1390

As built and surveyed 0.31 1380

% reduction 9% 0%

As built, but with “skinny” streets 0.30 1430

% reduction 13% 3% increase
Totally disconnected 0.27 1380

% reduction 21% <1%

Totally disconnected with swales 0.25 1060

% reduction 26% 24%

Totally disconnected, swales, roof rain gardens, and amended soils 0.12 590

% reduction 65% 58%

The current (partially connected) conditions produce about 10% less runoff and about the same amount of
suspended solids compared to totally connected conditions. If the current conditions were built with skinny streets,
the runoff reductions would slightly improve to about 13%. Substantial runoff and suspended solids reductions
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(about 60 to 65%) would occur for totally disconnected conditions, plusthe use of rain gardens to improve roof
runoff and the use of amended soils in both the rain gardens and swales to improve infiltration in the clayey soils.

Obviously, these are only predictions for asingle area and the specific results would vary substantially for other
areas having different rains, soils, and devel opment characteristics. However, this example doesillustrate how
WinSLAMM can be used to cal culated expected benefits of different types of biofiltration controlsin atypical
medium density residential area.

WinSLAMM/SWMM Interface Program

Introduction. The purpose of the WinSLAMM-SWMM Interface Program (SSIP) isto allow the user to replace
SWMM'’s RUNOFF Block with WinSLAMM. This allowsWinSLAMM to provide the runoff and pollutant loads
for input into the TRANSPORT or EXTRAN Blocks of SWMM, instead of using results from the RUNOFF Block.
Using WinSLAMM better accounts for small storm processes and adds greater flexibility in evaluating source area
flow and pollutant controls. The interface program manipulates the output from WinSLAMM so that it is acceptable
for SWMM. The principal manipulation is to convert the event volumes and loads into event hydrographs and
pollutographs.

The version of the WinSLAMM-SWMM Interface Program presented hereis Version 1. 1. This version has not
reached the full potential envisioned for the program. Thisisdiscussed later. It is assumed that the reader isfamiliar
with both WinSLAMM and SWMM and has the appropriate documentation.

SSIP Version 1.0. An early version of the WinSLAMM-SWMM Integration Program was devel oped to work with
SWMM Windows provided by the US Environmental Protection Agency (based on SWMM Version 4.3). Thiswas
used to create SSIP Version 1.1, which is deigned for use with all SWMM 4 sub-versions.

SSIP Version 1.1. SSIP Version 1.1 takes hydrographs and pollutographs from WinSLAMM and partially prepares
input hydrographs for use in the SWMM EXTRAN Block and input hydrographs and pollutographs for the SWMM
TRANSPORT Block. However, at thistime SSIP has only been tested in the preparation of hydrographs for SWVMM
EXTRAN.

WINSLAMM currently has the option of producing source area hydrographs and pollutographs over continuous
periods. Each locationis produced as a separate file. The format for thesefilesis asfollows:

- First Line = subcatchment number (defined inWinSLAMM)

- Second Line = labels for each column in “ quotation marks”, separated by commas

- Third Line = Values separated by commas, no spaces (e.g., time,flow,pollutant,pollutant,)

- NOTE: The time increments used in each file must be identical (e.g., 1, 1.5, 2, ... must be the same for
eachfile).

These files are converted into files appropriate for SWMM. However, at thistime, the user must manually

mani pul ate some of these converted files for actual usein SWMM. The WinSLAMM/SWMM Interface Program
Version 1.1 is Windows-based and is programmed in Visual Basic. A new version is currently being prepared that
will further minimize the needed user manipulation.

How SSIP Works.

1. SSIP goes through each WinSLAMM hydrograph/pollutograph file, one at atime, in the directory chosen by the
user. Thesefiles have the extension * .hyd.

2. SSIP then creates the filesfor SWMM (*.hpl, *.hp2, and*.hp3 for TRANSPORT and *.hp4 for EXTRAN).

3. Next, it reads the second hydrograph/pollutograph file and appends the information to the first files that were
created. Thiswill be done for all files with the extension *.hyd. So it isimportant that only the files desired are
located in the directory.

4. When there are no more WinSLAMM files | eft, the user gets a message that the file conversions are compl eted.
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I nterface Program Instructions. The instructions below areillustrated with a series of filesprovided with the disk
that accompanies thisreport. These files are referred to throughout this section in order to illustrate the process for
executing SSIP and creating useable hydrograph files for SWMM EXTRAN. (Recall that thisis the only application
of SSIP that has been tested to date.) All of the needed WinSLAMM and SSIE files are installed in a single directory
when thefiles are installed (from the attached disks having zipped filed).

1. The user begins by opening thefile “Interfacel.exe” provided on the disk. A series of dialog boxeswill then
appear. Instructions for each dialog box appear with that box. The dialog boxes are discussed below:

- A start-up box. This box startsthe program.

- A filelocation box (to identify where the WinSLAMM files are and where the SWMM files are to be
placed.) At thistime, SSIP seemsto work best if all file operations (including the execution of SIPP) are
carried out under the same directory. Set the WinSLAMM file locator to the directory to which you placed
the contents of the supplied disk (thisiswherethe WinSLAMM files are located). For this application there
are threefiles, associated with each of three locations for whichWinSLAMM produced hydrographs and
pollutographs. These threelocationswill be input to SWMM. Set the SWMM filelocator to the same
directory.

- A SWMM Block selection box (i.e. for which SWMM Block files are to be produced). The
TRANSPORT option has not been tested. Use only the EXTRAN option at thistime. Select the EXTRAN
option.

- A “process complete” box informing the user that the SWMM files have been created.

2. Oncethe processing is complete, as many asfour files (*.hp 1, *.hp2, and *.hp3 for TRANSPORT and *.hp4 for
EXTRAN) will have been produced. These files need to be manually placed in a SWMM system input file produced
by the user. (The term “system input file” is meant to describe the file that describes the drainage system.) An
example system input file isincluded on the disk as “extrn001.run”. Thisfile is associated with Example 1 in the
SWMM EXTRAN Block users manual (Roesner, et al. 1988). Be sure it is on the directory you created on your hard
drive.

The SWMM system input file will need to be modified before SWMM can be executed. For the most part, this
requires the user to modify and then merge the file created by SSIP with the SWMM system input file. Open the file
named “usehp001.hp4” with any text editor. (The “001” indicates that thisisthe first time afile was created. If you
repeated this operation, afile called “usehp002.hp4” would be produced.) Then do the following:

- Removethefirst linethat simply says*“3”.

- Onthelinelabeled “K2”, replace the three al phanumeric labels (in quotes) with 82309, 80408, and 81009
(no quotes), respectively. These are the three locationsin SWMM to which the WinSLAMM produced
flows are being directed (see Example 1 in the SWMM EXTRAN users manual).

- Resavethisfile.

Open the example SWMM system input file “ extrnO01.run” with any text editor. Then do the following:

- Optional: change the value 1440 to some other appropriate value. Thisisthe number of time steps. The
number of time steps multiplied by the computational time step length (the value 20 to the right of the
number of time steps), in seconds, must be equal to or shorter than the time represented by the flow history
provided by WinSLAMM. In this case, the example WinSLAMM files covers 365 hours, or 1,314,000
seconds. The hydrograph time step is 2.5 minutes. (The computational time step and the flow time step do
not haveto be the same.)

- Replace the lineslabeled “K 3" with the file “usehp001.hp4”. Be sure that the “SENDPROGRAM?” lineis
thelast linein theresulting file. The K3 linesin EXTRAN are the hydrographs to input to the sewer
system, with each line representing a different point in time.

- Resavethisfile.
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3. Execute SWMM with the modified “ extrn001.run” file. Y ou can follow this process with any sub-version of
SWMM Version 4.

Limitations and Caveats. SSIP takes all the WinSLAMM files from the directory chosen by the user and converts
them. If thereare WinSLAMM files (i.e., those with the extension * .HY D) in the directory chosen by the user that
are not to beincluded in the conversion, it is suggested that the user delete or move these files before running the
Interface Program.

SSIP does not run on Windows NT because of file permissions. It is designed to run under Windows 95 or Windows
98. SSIP may work under other operating systems, but these have not been tested or supported.

FutureVersions. Work is continuing on making SSIP much more user friendly and efficient. In its present form,
the user is far too involved in file manipulation. Future versions will also transfer information through the more
efficient and automated interface mechanisms found in SWMM (see Section 2 of the SWMM user's manual, Huber,
et al. 1988) rather than through the user-prepared system input files. Location matching will also be part of SSIP (as
opposed to the manual matching done now). These changes will make the interface effort much more seamless for
the user.
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WinSLAMM Site Characterization Data Sheets

1) Site description:

2) Rain file (*.ran) name;

3) Starting date for the model run (default is the earliest rain after 1952): default or:

4) Ending date for the model run (default is the last rain): default or:

5) Use winter season (removes rain events during this period and begins each spring with elevated street dirt loading
after snow melt): Yes/no, if yes: start of winter (mm/dd): and end of winter (mm/dd):

6) Pollutant probability file (*.ppd) name:

7) Seed for random pollutant generator seed (specific value or O for random seed; or <0 to disable Monte Carlo
routine to use mean pollutant strengths only) (default is-42): default or:

8) Runoff coefficient file (*.rsv) name:

9) Particulate solids concentration file (*.psc) name:

10) Particulate residue delivery file (*.prr) name (to account for deposition and later resuspension of particulatesin
drainage system):

11) Street delivery parameter file (*.std) name (to account for decreased energy availability during small rains
affecting street washoff along gutters):

12) Drainage system (enter fraction corresponding to each type) (Total must equal 1.0):
1. grassswales:
2. undeveloped roadside:
3. curb and gutters, valleys, or sealed swalesin poor condition, or very flat:
4, curb and gutters, valleys, or sealed swalesin fair condition:
5. curb and gutters, valleys, or sealed swales ingood condition, or very steep:

13) If entered any swale component:

1. Swaleinfiltration rate (in/hr). Consider compaction (soil density) or soil amendments. Can select
according to soil type: sand (4), loamy sand (1.25), sandy loam (0.5), loam (0.25), silt loam (0.15), sandy silt loam
(0.1), clay loam (0.05), silty clay loam (0.025), silty clay (0.02), or clay (0.01), or

2. Wetted swale width (ft):

3. Swale density (ft/acre). Can select according to land use: low density residential (160), medium density
residential (350), high density residential (375), strip commercia (630), shopping center (280), industrial (125),
freeways (shoulders only: 270 or center and shoulder: 410), or

The area served by swalesis determined by WinSLAMM after the source areas are described.

14) File name:

15) Output options (under “file” drop down menu):

1. Source areas by land use for each rain— complete | 6. Continuous hydrograph with 6 minute timeincrements
printout

2. Source areatotals and outfall summaries 7. Continuous hydrograph with 15 minute time increments
3. Outfall dataonly for each rain 8. Continuous hydrograph with 60 minute time increments
4. Outfall summaries only (default) Save water balance summary of all detention ponds?

5. Oneline per event runoff and flow summary Save outfall runoff and particulate loading for

WinDETPOND analyses?
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WinSLAMM Site Characterization Data Sheet (continued)

Land Use: Residential/Institutional/Commercial/Industrial/Open Space

Source Area Area Directly connected | Soil Building density Alleys present? Source
(acres) or disconnected to (only needed if (only needed if area
drainage system clayey soils) high density) controls *
Roofs 1 Flat/pitched Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Roofs 2 Flat/pitched Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Roofs 3 Flat/pitched Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Roofs 4 Flat/pitched Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Roofs 5 Flat/pitched Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Paved parking 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/P/O/B
Paved parking 2 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/WIP/O/B
Paved parking 3 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/P/O/B
Unpaved parking 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Unpaved parking 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/O/B
Playground 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/W/P/O/B
Playground 2 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no I/WIP/O/B
Driveways 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no P/O/B
Driveways 2 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no P/O/B
Driveways 3 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no P/O/B
Sidewalks 1 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no P/O/B
Sidewalks 2 Dir con/discon Sandy/silty/clayey Low/med/high Yes/no P/O/B
Streets/alleys 1 _____curb-mi Texture: smooth/inter/rough/very rough Accum: Initial load: o/s/B
default/other: default/other:
Streets/alleys 2 __ curb-mi Texture: smooth/inter/rough/very rough Accum: Initial load: o/s/B
default/other: default/other:
Streets/alleys 3 ___ curb-mi Texture: smooth/inter/rough/very rough Accum: Initial load: O/S/B
default/other: default/other:
Large landscaped areas 1 Sandy/silty/clayey I/W/O/B
Large landscaped areas 2 Sandy/silty/clayey I/W/O/B
Undeveloped areas Sandy/silty/clayey I/W/O/B
Small landscaped areas 1 Sandy/silty/clayey 1/10/B
Small landscaped areas 2 Sandy/silty/clayey 1/10/B
Small landscaped areas 3 Sandy/silty/clayey I/0/B
Isolated areas B
Other Pervious areas . Sandy/silty/clayey I/W/O/B
Other directly connected areas I/W/P/O/B
Other Disconnected areas Sandy/silty/clayey Low/med/high Yes/no I/WIP/O/B

Total:

*|: Infiltration trenches; W: Wet detention ponds; P: Porous pavement; O: Other (user designated); B: Bioretent

S: Street cleaning

on/biofiltration and cisterns/rain barrels;
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Land Use: Freeways

WinSLAMM Site Characterization Data Sheet (continued)

Source Area Area (acres) | Texture Average daily traffic Highway length Initial load (Ibs) Source area
(ADT) (miles) controls*
Paved lanes/shoulders 1 Smooth/inter/rough/very rough vehicles/day miles Default/ Ibs I/W/O
Paved lanes/shoulders 2 Smooth/inter/rough/very rough vehicles/day miles Default/______ Ibs I/W/O
Paved lanes/shoulders 3 Smooth/inter/rough/very rough vehicles/day miles Default/ Ibs I/W/O
Paved lanes/shoulders 4 Smooth/inter/rough/very rough vehicles/day miles Default/ Ibs I/'W/O
Paved lanes/shoulders 5 Smooth/inter/rough/very rough vehicles/day miles Default/ Ibs I/W/O
Large turf areas Soil: sandy/silty/clayey I/W/O
Undeveloped areas Soil: sandy/silty/clayey I/W/O
Other pervious areas Soil: sandy/silty/clayey I/W/O
Other directly connected I/W/P/O/B
areas
Other disconnected Soil: sandy/silty/clayey Density: Alleys: yes/no I/WIP/O/B

areas

low/medium/high

Total:

*|: Infiltration trenches; W: Wet detention ponds; P: Porous pavement; O: Other (user designated); B: Bioretention/biofiltration and cisterns/rain barrels

Selection of Pollutantsfor Calculations:
Always cal culates runoff volume and suspended solids concentrations and yields. Other pollutants available are dependent on the selected pollutant probability
file. This drop down menu shows pollutants available, including particulate, dissolved, and total options:

Pollutant

Particulate | Dissolved | Total

Solids

X

Other Control Available (under “land use” drop down menu):

1) Land use biofiltration (enables combined flows from multiple source areas in a single land use to be directed to a bilfiltration or cistern device)
2) Catchbasin or drainage controls: biofiltration/infiltration/catchbasins/drainage control s/other controls

3) Outfall controls: biofiltration/infiltration/wet detention ponds/other controls
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WinSLAMM Site Characterization Data Sheet (continued)

Infiltration Area or Trench (I):

1) Water percolation rate (in/hr). Can be selected from list based on soil type: sand (8), loamy sand (2.5),
sandy loam (1), loam (0. 5), silt loam (0.3), sandy silt loam (0.2), clay loam (0.1), silty clay loam (0.05), silty clay
(0.04), or clay (0.02), or

2) Areaserved by device (acres):

3) Surface area of the device (ft?):

4) Width to depth ratio of the device:

Street Cleaning (S):

Up to 10 street cleaning programs can be specified for the duration of the model run. These programs are described
in the following table. The street cleaning program maintains the specified cleaning frequency from the date shown
until the program is changed at alater date, or until the final cleaning period ending date. If the model run dates or
therain file are changed, the street cleaning dates may also have to be changed to correspond to the same period.

Street cleaning date: Street cleaning frequency: 1) none, 2) 7 passes/week, 3) all weekdays, 4) 4

passes/week, 4) 3 passes/week, 6) 2 passes/week, 7) 1 pass/week, 8) every
2 weeks, 9) every 4 weeks, 10) every 8 weeks, or 11) every 12 weeks.

1

2

3

4

5

6

7

8

9

10

Final cleaning period ending date (mm/dd/yy):

Street cleaning productivity: coefficients based on street texture, parking density, and parking controls, or specified
M (<1): ; B (>1):

Parking densities: 1) none, 2) light, 3) medium, 4) extensive (short-term), or 5) extensive (long term)

Are parking controlsimposed? Y es/No

Porous Pavement (P)
1) Infiltration rate of pavement, base, or soil, whichever isthe least (in/hr):
2) Porous pavement area (acres):

Other Flow or Pollutant Reduction Control (O)
1) Pollutant concentration reduction (fraction):
2) Water volume (flow) reduction (fraction):
3) Areaserved by other control (acres):
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Catchbasin Control Device

1) Total sump volumein test area (ft3):

2) Areaserved by catchbasins (acres):

3) Percent of sump volume full at beginning of study period (0 to 100%):

4) Sump depth below catchbasin outlet (ft). At least one foot is needed to prevent scour:

5) Catchbasin cleaning dates. Enter specific dates, or select cleaning frequency from list: monthly, three
times per year, semi -annually, annually, every 2 years, every 3 years, every 4 years, or every 5 years. Or enter
cleaning dates on the following table:

Catchbasin Catchbasin
Cleaning No. Cleaning Date
(mm/ddlyy)

1

2

3

4

5

Biofiltration/Bioretention or Rain Barrel/Cistern (B)

These controls can be located at individual source areas, at aland use receiving flows from multiple source areas,
along the drainage system receiving flows from all sourcesfor an area, or at an outfall location. The following
information is needed for all devices, irrespective of their location:

Device Geometry

1) top area (ft?):

2) bottom area (ft?):

3) depth (ft):

4) rock filled? Y es/no. If yes, fraction of total volume as voids (0-1%): [currently not availablein
WinSLAMM]

5) seepage rate (in/hr). Can be selected from list based on soil type: sand (8), loamy sand (2.5), sandy loam
(1), loam (0. 5), silt loam (0.3), sandy silt loam (0.2), clay loam (0.1), silty clay loam (0.05), silty clay
(0.04), clay (0.02), rain barrel/cistern (0), or

Use random number generator to account for uncertainty in infiltration rate? Y es/no. If yes, seepage rate
coefficient of variation (if selected seepage rate from list, arecommended COV is given):

6) number of biofiltration control devices (or rain barrels/cisterns) in source area of land use:

Outlet/Discharge (must have at least one outlet):
1) sharp crested weir
1. weir crest length (ft):
2. number of end contractions: 1 or 2
3: height from datum to bottom of weir opening (ft):

2) broad crested weir
1. weir crest length (ft):
2. weir crest width (ft):
3. Height of datum to bottom of weir opening (ft):
4. Use default weir coefficients? Y es/no, or enter weir coefficient (English units):

3) vertical stand pipe
1. Pipe diameter (ft):
2. Distance of basin bottom to top of pipe (ft):
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4) evaporation. Enter monthly average evaporation rate (in/hr) for each month:

Month Monthly average
evaporation rate
(in/day)

January
February
March
April

May

June

July
August
September
October
November
December

5) rain barrel/cistern. An overflow (such as a sharp-crested weir) must also be designated if using one of
these devices. Enter the average monthly water use rate (gallons/day) for each month:

Month Monthly average
water use rate
(gallons/day)

January
February
March
April

May

June

July
August
September
October
November
December

Inflow hydrograph peak to average flow ratio. Suggested valueis 3.8, or:
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If aland use device, the source areas that are described for the model are listed. Select those that contribute flow to

the device:

Source Areas:

Areas that
contribute runoff to
biofiltration/cistern:

Roofs 1

Roofs 2

Roofs 3

Roofs 4

Roofs 5

Paved parking 1

Paved parking 2

Paved parking 3

Unpaved parking 1

Unpaved parking 1

Playground 1

Playground 2

Driveways 1

Driveways 2

Driveways 3

Sidewalks 1

Sidewalks 2

Streets/alleys 1

Streets/alleys 2

Streets/alleys 3

Large landscaped areas 1

Large landscaped areas 2

Undeveloped areas

Small landscaped areas 1

Small landscaped areas 2

Small landscaped areas 3

Isolated areas

Other Pervious areas

Other directly connected areas

Other Disconnected areas

If land use, drainage, or outfall device, the fraction of runoff directed to the deviceis:

Wet Detention Pond (W)

Sketch the pond, showing theimp ortant features and measurements:
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1) Particle size distribution file (*.cpz):

2) Initial stage elevation (ft) (normally the elevation of the lowest invert, unless evaporation has lowered
the stage and the value is known):

3) Inflow hydrograph peak to average flow ratio. Suggested valueis 3.8, or:

4) Stage area data (at least 5 well spaced values, including the top-most elevation corresponding to the brim
of the emergency spillway):

Stage (ft) Area (acres)
0.00 0.000

5) Outlet descriptions:
The outlet rates for each device is calculated by the program. If multiple outlets are selected, the individual
rates for each stage are summed.

1) sharp crested weir
1. weir crest length (ft):
2. number of end contractions: 1 or 2
3: height from datum to bottom of weir opening (ft):

2) V-notch weirs
Select the weir angle: 1) 11.5°, 2) 3¢°, 3) 45°, 4) 60°, 5) 90°, 6) 120°
1) height of bottom weir opening (invert) to the top of the weir (ft):
2) height from datum to bottom of weir opening(ft):

3) Orifice
1) orifice diameter (ft):
2) invert elevation above datum (ft):

4) Seepage basin
1) infiltration fate (in/hr):
2) width of seepage basin (ft):
3) length of seepage basin (ft):
4) invert elevation of seepage basin inlet above datum (ft):
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5) Natural seepage
Enter the seepage rate (in/hr) for each stage previously entered:

Stage (ft) Seepage (in/hr):
0.00

OO |N|O|(O|R|W[IN|F|O

S

=
[N

S

&

N

6) Evaporation. Enter monthly average evaporation rate (in/hr) for each month:

Month Monthly average
evaporation rate
(in/day)

January
February
March
April

May

June

July
August
September
October
November
December
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7) Other outflow
Enter the outflow rate (ft*/sec) (calculated for device not listed) for each stage previously entered:

Stage (ft) Outflow (ft*/sec):
0.00

OO |N|O|(O|R|W[IN|F|O

S

=
[N

S

&

N

8) Pumped outlet
Not yet available in WinSLAMM

9) broad crested weir
1. weir crest length (ft):
2. weir crest width (ft):
3. Use default weir coefficients? Y es/no, or enter weir coefficient (English units):
4. Height of weir opening (ft):
5. Height of datum to bottom of weir opening (ft):

10) vertical stand pipe

1. Pipe diameter (ft):
2. Distance of basin bottom to top of pipe (ft):
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Introduction

Different drainage design criteria and receiving water use objectives often require the examination of different
types of rains for the design of urban drainage systems. These different (and often conflicting) objectives of a
stormwater drainage system can be addressed by using distinct portions of the long-term rainfall record. Several
historical examinations (including Heaney, et al. 1977) have also considered the need for the examination of a
wide range of rain events for drainage design. However, the lack of efficient computer resources severely
restricted long-term analyses in the past. Currently, computer resources are much more available and are capable
of much more comprehensive investigations (Gregory and James 1996). In addition to having more efficient
computational resources, it is also hecessary to re-examine some of the fundamental urban hydrology modeling
assumptions (Pitt 1987). Most of the urban hydrology methods currently used for drainage design have been
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successfully used for large “ design” storms. Obviously, this approach (providing urban areas safe from
excessive flooding and associated flood related damages) is the most critical objective of urban drainage.
However, it isnow possible (and legally required in many areas) to provide urban drainage systems that also
minimizes other problems associated with urban stormwater. This broader set of urban drainage objectives
requires a broader approach to drainage design, and the use of hydrology methods with different assumptions
and simplifications.

Runoff volumeis usually the most important hydrology parameter in water quality studies, while peak flow rate
and time of concentration are usually the most important hydrologic parameters for flooding and drainage
studies. The relationships between these different hydrologic parameters and rain parameters are significantly
different for different classes of rains. Runoff models for water quality investigations should therefore be
different than the runoff models for flooding and drainage investigations. Similarly, flooding and drainage
investigations should normally not use a hydrology model developed for water quality investigations.

The importance of different areasin awatershed as pollutant sources is dependent on accurate hydrology
predictions. One a so need to know the variations of each source area’ simportance for different rains. Many
control practice designs also depend on inflow hydrology. If one incorrectly predicts the sources of pollutants
or flows, then one will not get expected stormwater control benefits. This section briefly describes a method to
accurately predict the sources of urban runoff source flows during important small rains. This method is
fundamental to the Source L oading and Management Model (WinSLAMM) that can be used in conjunction with
the SWMM model.

Most existing stormwater modelsincorrectly predict flows associated with small rainsin urban areas. Thisis
important because common small storms are responsible for most of the annual urban runoff discharge quantities
throughout North America (EPA 1983, Pitt 1987). Most existing urban runoff models originated from drainage
and flooding eval uation procedures that emphasized very large rains (several inchesin depth). These large
storms only contribute very small portions of the annual average discharges. Obviously, the pollutant shock
loadings and habitat destruction caused by alarge storm may create significant receiving water use impairments,
but a number of yearswill be available for recovery before another massive rain occurs. However, moderate
storms, occurring several times ayear, are responsible for the majority of the pollutant discharges. The effects
caused by these frequent discharges are mostly chronic in nature (such as contaminated sediment and frequent
high flow rates) and the interevent periods are not long enough to allow the receiving water conditions to
recover (Pitt and Bozeman 1982).

Simplifying the assumptions concerning runoff losses for impervious and pervious areas for small rains haslittle
significance on the accuracy of the predictions of runoff volumes for large rains. These same assumptions,
however, cause dramatically large errors when predicting runoff associated with small rains, the rains of most
importance for water pollutant discharges. The significance of small rains asimportant pollutant generatorsis
then mi ssed and controls are then designed for wrong storms and wrong source areas. The hydrology prediction
method described here is a simplified procedure used to predict runoff volumes from individual homogeneous
areas for awide variety of rains. It requiresknowledge of certain development characteristics of the urban area.

Rainfall and Runoff Characteristicsfor Urban Areas

Actual stormwater characteristics that can be used to evaluate design procedures were evaluated by Pitt, et al.
(1999), and is summarized in this section. That eval uation examined data obtained from the EPA’s Nationwide
Urban Runoff Program (EPA 1983), the EPA’ s Urban- Rainfall-Runoff-Quality Data Base (Heaney, et al. 1982),
and from the Humber River portion of the Toronto Area Watershed Management Study (Pitt and McL ean 1986).
The Toronto area data were from two extensively monitored watersheds, a residential/commercia areaand an
industrial area. Most of the EPA’s “Data Base” dataisfrom 2 locationsin Broward County, FL; 1 sitein Dade
County, FL; 2 sitesin Salt Lake City, UT; and 2 sitesin Seattle, WA. Most of the data were obtained during the
1970s. These sites had the best representation of data of interest for these analyses and the sites were well
described. Parameters examined included simultaneous rainfall and runoff depths, plus peak rain and flow rates.
The following plots were prepared using this data:



- runoff depth versusrainfall,

- volumetric runoff coefficient (Rv) versusrainfall,

- NRCS curve number (CN) versusrainfall, and

- ratio of reported peak flow/peak rainfall versusrainfall.

In asimilar manner, information from the EPA’s NURP program (EPA 1983) was also investigated. A wider
variety of information was collected during NURP, enabling additional relationships examining stormwater
quality. Most of the dataisfrom 5 sitesin Champaign, IL; 2 sitesin Austin, TX; 5 sitesin Irondequoit Bay, NY; 1
sitein Rapid City, SD; plus additional observations from Tampa, FL, Winston Salem, NC, and Eugene and
Springfield, OR. Most of this data were obtained during the early 1980s and was subjected to rigorous quality
control. Besides the four plots listed above, the following plots were also constructed examining potential water
quality concentration relationships:

- total suspended solids concentration versus rainfall,
- COD concentration versus rainfall,

- phosphorous concentration versus rainfall,

- lead concentration versus rainfall,

- peak flow/peak rain versusrainfall, and

- peak flow rate versus peak rainintensity.

These plots were constructed to examine stormwater design methods using actual monitored data. These data
can be used to examine many typical assumptions concerning stormwater drainage design and stormwater
quality. Figures 2-1 through 2-9 show example plots for the John South Basin, asingle family residential area,
monitored during the EPA’s NURP project in Champaign-Urbana, IL. The basic rainfall versus runoff plots
(Figure 2-1) were made to indicate the smoothness of this basic relationship. A large scatter instead of a smooth
curve may indicate measurement errors or uneven rainfalls over the catchment, or highly variable infiltration
characteristics (due to changing soil moisture before the different rains). As shown on these plots, the runoff
depth increases with increasing rain. However, several plots do show substantial scatter, mostly for sites having
relatively small runoff yields. In addition, in some cases, more runoff was observed than could be accounted for
by therain. Errorsin these measurements may be significant and would vary for the different sites. The senior
authors of this report wereinvolved in several of the monitoring projects that are included in these analyses, and
also served on EPA technical committees overseeing others. In addition, we have many years experience in
monitoring these parameters in many locations and recognize many of the past problems and current attemptsto
correct them. The following list therefore shows possible measurement errors that may have affected this data:

- variablerainfall over alarge test catchment that was not well represented by enough rain gages
(Although several of the test catchments had multiple rain gages, most did not, and few were
probably frequently re-calibrated in thefield.),

- poorly calibrated monitoring equipment (Many flow monitoring equipment relied on using the
Manning’'s equation in pipes, with assumed roughness coefficients, without independent calibration,
while other monitoring locations used calibrated insert weirs.)

- transcription errors (Many of these older monitoring activities required manual transfer from field
equipment recorders to computers for analysis. In many cases, obvious “factor of ten” errors were
made, for example.),

- newly developed equipment that has not been adequately tested, and

- difficult locations in the sewerage or streams that were monitored.

It is expected that the measurement errors were probably no |ess than about 25% during these monitoring

activities. The effects of actual influencing factors can only be determined after the effects of these errors are
considered.
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The plots of rainfall versus the volumetric runoff coefficient plot (Figure 2-2) showstheratio of the runoff
volume, expressed as depth for the watershed, to rain depth, or the Ry, for different rain depths. Thisisarelated
plot to the one described above. If the Rv ratio was constant for all events, the rainfall versus runoff depth plot
described above, would indicate astraight diagonal line, with no scatter. It istypically assumed that the above
described relationship would indicate increasing Rv values as the rain depth increased. Figure 2-1 shows a slight
upwards curve with increasing rain depths. Thisis dueto the rainfall losses making up smaller and smaller
portions of the total rainfall asthe rainfall increases, with alarger fraction of the rainfall occurring as runoff. The
plot of Rv versusrainfall (Figure 2-2) would therefore show an increasing trend with increasing rain depth. In
most cases, the plots of actual dataindicate alarge (random?) scatter, making the identification of atrend
problematic. The use of aconstant Rv for al rains may also be a problem because of the large scatter. In many
cases, the long-term average Rv for aresidential area may be close to the typically used value. In Figure 2-2, the
values appear to center about 0.2 (somewhat smaller than the typically used value of about 0.3 for medium
density residential areas), but the observed Rv values may range from lows of lessthan 0.04 to highs of greater
than 0.5, especially for the smallest rains. The small rains probably have the greatest measurement errors, asthe
rainfall is much more variable for small rainsthan for larger rains, plus very low flows are difficult to accurately
measure. Obviously, understanding what may be causing this scatter is of great interest, but is difficult because
of measurement errors masking trends that may be present. |n many cases, using a probability distribution to
describe this variation may be the best approach.

Figure 2-3 isaplot of the NRCS curve number (CN) versusrainfall depth (SCS 1986). The NRCS assumes that the
CN isconstant for all rain depths for a specific site. However, they specify several limitations, including:

- the CN method is less accurate when the runoff isless than 0.5 inch. It is suggested that an
independent procedure be used for confirmation,

- the CN needs to be modified according to antecedent conditions, especially soil moisture before an
event, and

- the effects of impervious modifications (especially if they are not directly connected to the drainage
path) needsto be reflected in the CN.

Few of these warnings are considered by most storm drainage designers, or by users of NRCS CN procedures for
stormwater quality analyses. Figure 2-3 showsthe typical pattern obtained when plotting CN against rain depth.
The CN for small rain depths is always very large (approaching 100), then it decreases as the rain depth
increases. At some point, the observed CN values equal the NRCS published recommended CN. During rains
smaller than this matching point, the actual CN is greater than the NRCS CN. Predicted runoff depths would



therefore be much less than the observed depths during these rains. Very large differences in runoff depths are
associated with small differencesin CN values, making this variation very important.

Figure 2-4 showsthe observed peak runoff flow rate versus the peak rain intensity. If the averaging period for
the peak flows and peak rain intensities were close to the catchment time of concentration (t.), the slope of this
relationship would be comparable to the Rational coefficient (C). The averaging times for the peak values
probably ranged from 5 minutesto 1 hour for the different projects. Unfortunately, this averaging time period
was rarely specified in the data documentation. Most urban areat. values probably range from about 5 to 15
minutes. Asindicated in this figure, the relationship between these two parameters shows a general upward
trend, but it would be difficult to fit a statistically valid straight line through the data. As noted above for the
other two drainage design procedures, actual real-world variations (coupled to measurement errors) add alot of
variation to the predicted runoff flow and volume estimates. M ost drainage designers do not consider the actual
variations that may occur.

Figure 2-5 shows an exampl e plot of the ratio of the peak runoff flow rate to the average runoff flow rate versus
rain depth. These values can be used to help describe the shape of simple urban area hydrographs. If the
hydrograph can be represented by a simple triangular hydrograph, then the peak flow to average flow ratio must
be closeto 2. As shown on these figures, thisratio istypically substantially larger than 2 (it can never be less
than 1 obviously), indicating the need to use a somewhat more sophisticated hydrograph shape (such asa
double triangular hydrograph that can consider greater flows). These plotsindicateif thisratio can be predicted
asafunction of rain depth. In most cases, values close to 2 are seen for the smallest rains, but they ratio
increasesto 5, or more, fairly quickly, but with much variability.

Example plots for total suspended solids, COD, phosphorous, and lead are shown on Figures 2-6 through 2-9 for
each NURP site. It is commonly assumed that runoff pollutant concentrations are high for small rains (and at the
beginning of all rains) and then taper off (the “first-flush” effect). Asindicated on these plots, concentration has
agenerally random pattern. In many cases, the highest concentrations observed will occur for small events, but
thereisalarge variation in observed concentrations at al rain depths. The upper limits of observed
concentrations may show a declining curve with increasing rain depths, but the concentrations may best be
described with random probability distributions. Analyses of concentrations versus antecedent dry periods can
reduce some of this variability, as can analyses of runoff concentrations from isolated source areas.

Small Storm Hydrology

Stormwater Receiving Water Problems
Reviews of numerous urban receiving water studies from throughout the U.S. have identified the following
diverselist of receiving water problems that may be caused by stormwater (Pitt 1995):

- Sedimentation damage in stormwater conveyance systems and in receiving waters.

- Nuisance algae growths from nutrient dischargesinto quiescent waters.

- Inedible fish and undrinkable water caused by toxic pollutant discharges.

- Shiftsto less sensitive aquatic organisms caused by contaminated sediments and habitat destruction.
- Property damage from increased drainage system failures.

- Swimming beach closures from pathogenic microorganisms.

- Water quality violations, especially for bacteria and total recoverable heavy metals.

Thefirst four problem areas are mostly associated with slug (mass) discharges (not instantaneous
concentrations or rates), while the last three are mostly associated with instantaneous concentrations and high
flow rates.

In order to predict receiving water problems caused by stormwater, accurate flow estimates and pollutant mass
discharges must be known. Knowing where the potentially problem pollutants originate in the watershed is also
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valuable in order to select appropriate stormwater control candidates. Accurate knowledge of runoff volumes
during different storms has been shown to be necessary when predicting pollutant discharges.

Typical Problems with Assumptions Commonly Used in Urban Hydrology Analyses

Most of the Annual Rain is Associated With Many Small Individual Events

This discussion reviews actual monitored rainfall and runoff distributions for Milwaukee, WI (datafrom
Bannerman, et al. 1983), and examines long-term rainfall histories and predicted runoff from 24 |ocations
throughout the U.S. The Milwaukee observations show that southeastern Wisconsin rainfall distributions can
be divided into the following categories, with possible management approaches relevant for each category of
rain:

- Common rains having relatively low pollutant discharges are associated with rains less than about
0.5in. (12 mm) in depth. These are key rains when runoff-associated water quality violations, such as
for bacteria, are of concern. In most areas, runoff from these rains should be totally captured and either
re-used for on-site beneficial uses or infiltrated in upland areas. For most areas, the runoff from these
rains can be relatively easily removed from the surface drainage system.

- Rains between 0.5 and 1.5 in. (12 and 38 mm) are responsible for about 75% of the runoff pollutant
discharges and are key rains when addressing mass pollutant discharges. The small rainsin this
category can also be removed from the drainage system and the runoff re-used on site for beneficial
uses or infiltrated to replenish the lost groundwater infiltration associated with urbanization. The runoff
from the larger rains should be treated to prevent pollutant discharges from entering the receiving
waters.

- Rains greater than 1.5 in. (38 mm) are associated with drainage design and are only responsible for
relatively small portions of the annual pollutant discharges. Typical storm drainage design eventsfall in
the upper portion of this category. Extensive pollution control designed for these events would be very
costly, especially considering the relatively small portion of the annual runoff associated with the
events. However, discharge rate reductions are important to reduce habitat problemsin the receiving
waters. Theinfiltration and other treatment controls used to handle the smaller stormsin the above
categories would have some benefit in reducing pollutant discharges during these larger, rarer storms.

- In addition, extremely large rains also infrequently occur that exceed the capacity of the drainage
system and cause local flooding. Two of these extreme events were monitored in Milwaukee during the
Nationwide Urban Runoff Program (NURP) project (EPA 1983). These storms, while very destructive,
are sufficiently rare that the resulting environmental problems do not justify the massive stormwater
quality controls that would be necessary for their reduction. The problem during these eventsis
massive property damage and possible loss of life. Theserainstypically greatly exceed the capacities of
the storm drainage systems, causing extensive flooding. It is critical that theseexcessive flows be
conveyed in “secondary” drainage systems. These secondary systems would normally be graded large
depressions between buildings that would direct the water away from the buildings and critical
transportation routes and to possible infrequent/temporary detention areas (such as large playing fields
or parking lots). Because these events are so rare, institutional memory often fails and development is
allowed in areas that are not indicated on conventional flood maps, but would suffer critical flood
damage.

Obviously, the critical values defining these rain categories are highly dependent on local rain and devel opment
conditions. Computer modeling analyses from several representative urban locations from throughout the U.S.
are presented in this paper. These modeled plots indicate how these rainfall and runoff probability distributions
can be used for more effective storm drainage design in the future. In all cases, better integration of stormwater
quality and drainage design objectiveswill require the use of long-term continuous simulations of alternative
drainage designsin conjunction with upland and end-of-pipe stormwater quality controls. The complexity of

2-10



most receiving water quality problems prevents a simple analysis. The use of simple design storms, which was a
major breakthrough in effective drainage design more than 100 years ago, is nhot adequate when receiving water
quality issues must also be addressed.

Thisdiscussion also reviews typical urban hydrology methods and discusses common problemsin their usein
predicting flows from these important small and moderate sized storms. A general model isthen described, and
validation data presented, showing better runoff volume predictions possible for awide range of rain conditions.

Figure 2-10 includes cumulative probability density functions (CDFs) of measured rain and runoff distributions
for Milwaukee during the 1981 NURP monitored rain year (datafrom Bannerman, et al. 1983). CDFs are used for
plotting because they clearly show the ranges of rain depths responsible for most of the runoff. Rains between
0.05 and 5 in. were monitored during this period, with two very large events (greater than 3 inches) occurred
during this monitoring period which greatly distort these curves, comp ared to typical rain years. The following
observations are evident:

- The median rain depth was about 0.3 in.

- 66% of all Milwaukeerainsare lessthan 0.5 in. in depth.

- For medium density residential areas, 50% of runoff was associated with rainslessthan 0.75in.

- A 100-yr., 24-hr rain of 5.6 in. for Milwaukee could produce about 15% of the typical annual runoff
volume, but it only contributes about 0.15% of the average annual runoff volume, when amortized over
100 yrs.

- Smilarly, a25-yr., 24-hr rain of 4.4 in. for Milwaukee could produce about 12.5% of the typical annual
runoff volume, but it only contributes about 0.5% of the average annual runoff volume, when amortized
over 25 yrs.

Figure 2-11 shows CDFs of measured Milwaukee pollutant loadsassociated with different rain depths for a
medium density residential area. Suspended solids, COD, lead, and phosphate loads are seen to closely follow
the runoff volume CDF shown in Figure 2-10, as expected. Since load is the product of concentration and runoff
volume, some of the high correlation shown between load and rain depth is obviously spurious. However, these
overlaysillustrate the range of rains associated with the greatest pollutant discharges.

The monitored rainfall and runoff distributions for Milwaukee show the following distinct rain categories:

- <0.5inch. These rains account for most of the events, but little of the runoff volume, and are therefore
easiest to control. They produce much less pollutant mass discharges and probably have less receiving water
effects than other rains. However, the runoff pollutant concentrations likely exceed regulatory standards for
several categories of critical pollutants, especially bacteriaand some total recoverable metals. They also cause
large numbers of overflow eventsin uncontrolled combined sewers. These rains are very common, occurring
once or twice aweek (accounting for about 60% of the total rainfall events and about 45% of the total runoff
events that occurred), but they only account for about 20% of the annual runoff and pollutant discharges. Rains
less than about 0.05 inches did not produce noticeabl e runoff.

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

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

- >3 inches. This category israrely represented in field studies due to the rarity of these large events
and the typically short duration of most field observations. The smallest rainsin this category are included in
design storms used for drainage systems in Milwaukee. These rains occur only rarely (once every several years
to once every several decades, or less frequently) and produce extremely large flows. The 3-year monitoring
period during the Milwaukee NURP program (1980 through 1983) was unusual in that two of these events
occurred. Less than 2 percent of the rainswere in this category (typically <<1% would be), and they produced
about 15% of the annual runoff quantity and pollutant discharges. During a“normal” period, these rains would
only produce avery small fraction of the annual average discharges. However, when they do occur, great
property and receiving water damage results. The receiving water damage (mostly associated with habitat
destruction, sediment scouring, and the flushing of organisms great distances downstream and out of the
system) can conceivably naturally recover to before-storm conditions within afew years.
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Figure 2-11. Milwaukee pollutant discharge distributions.

Theserainfall and pollutant mass distributions are not unique for Milwaukee. Long-term continuous simulations
were made using WinSLAMM (incorporating the small storm hydrology components described in this report
section) for 22 representative locations from throughout the U.S. (Figure 2-12). These locations represent most of
the magjor river basins and much of therainfall variationsin the country. These analyses are only intended to
show the importance of these smaller rains for many different regions and conditions. They are not intended to
be used for design purposes. As noted earlier, the recommended approach for design isto continuously model
long rain records for site specific conditions. These locally derived runoff distributions, reflecting site conditions
and actual rains, can then used for evaluating alternative drainage and water quality designs.

These simulations were based on 5 to 10 years of rainfall records, usually containing about 500 individual rains.
The rainfall records were from certified NOAA weather stations and were obtained from CD-ROMs distributed
by Earthlnfo of Boulder, CO. Hourly rainfall depths for the indicated periods were downloaded from the CD-
ROMsinto an Excel spreadsheet. The fileswere sightly modified (by eliminating the daily total rainfall column)
and saved as acommadelineated file. Thisfile was then read by an utility program included in the WinSLAMM
package. Thisrainfal file utility combined adjacent hourly rainfall valuesinto individual rains, based on user
selections (at least 6 hrs of no rain was used to separate adjacent rain events and all rain depths were used, with
the exception of the “trace” values). These rain files for each city were then used in WinSLAMM for typical
medium density and strip commercial developments. The outputs of these computer runs were then plotted as
shown on Figure 2-13.
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Figure 2-13a. Modeled rain, runoff, and pollutant distributions.
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Figure 2-13b. Modeled rain, runoff, and pollutant distributions (cont.).
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Figure 2-13c. Modeled rain, runoff, and pollutant distributions (cont.).
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Figure 2-13d. Modeled rain, runoff, and pollutant distributions (cont.).
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Figure 2-13e. Modeled rain, runoff, and pollutant distributions (cont.).
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Table 2-1 summarizes these rain and runoff distributions for different U.S. locations, while Figures 2-14 through
2-19 plot some of the important values on aU.S. map. Lower and upper runoff distribution breakpoints were
identified on al of theindividual distributions. The breakpoints separate the distributionsinto the following
three general categories:

- lessthan lower breakpoint: small, but frequent rains. These generally account for 50 to 70 percent of
al rain events (by number), but only produce about 10 to 20 percent of the runoff volume. Figure 2-15 shows that
the rain depth for this breakpoint ranges from about 0.10 in. in the Southwest arid regions of the country, to
about 0.5in. in the wet Southeast. These events are most important because of their frequencies, not because of
their mass discharges. These rains are therefore of great interest where water quality violations associated with
urban stormwater occur. Thiswould be most common for bacteria (especially fecal coliforms) and for total
recoverable heavy metals which typically exceed receiving water numeric criteria during practically every rain
event in heavily urbanized drainages having separate stormwater drainage systems.

- between the lower and upper breakpoint: moderate rains. These rains generally account for 30 to 50
percent of all rains events (by number), but produce 75 to 90 percent of all of the runoff volume (Figure 2-19).
Figure 2-17 shows that the rain depths associated with the upper breakpoint range from about 1to 2in. in the
arid parts of the U.S. toup to 5 or 6.in. in wetter areas. As shown earlier for actual monitored eventsin
Milwaukee and el sewhere, these runoff volume distributions are approximately the same as the pollutant
distributions. Therefore, these intermediate rains also account for most of the pollutant mass discharges and
much of the actual receiving water problems associated with stormwater discharges.

- above the upper breakpoint: large, but rare rains. These rains include the typical drainage design
events and are therefore quite rare. During the period analyzed, many of the sites only had one or two, if any,
events above this breakpoint. These rare events do account for about 5 to 10 percent of the runoff on an annual
basis, as shown on Figure 2-18. Obviously, these events must be evaluated to ensure adequate drainage.

Because of the importance of these small and moderate rains, it isimportant to review typically used urban
hydrology methods that have been commonly used to predict runoff from urban areas. These tools have been
reasonably successful when evaluating drainage capacity for large “ design storm” events. However, the
following paragraphs will indicate their short-comings when used for eval uating the common smaller events. A
general urban runoff model is also presented that has been shown to be useful to predict runoff volumesfor a
wide range of rain events, especially the small and moderate rains of greatest interest in water quality
evaluations.

The Rainfall-Runoff Inter-Relationshipsfor Different Urban Areasare Surprisingly Similar

Figure 2-20 shows a dendogram from a cluster analysis (using SY STAT) of rainfall and runoff datafrom two
areas: an industrial areaand aresidential and commercial mixed land use area (Pitt 1987). Most of the variation in
runoff volumes for different rains can be explained by rain volume variations alone. Rain intensity and
antecedent periods are not very important when predicting runoff volumes. However, rain intensity information
isvery important for predicting runoff rates which are needed for drainage and flooding studies. It is also noted
that the runoff duration is closely related to rain duration. A simple procedure for predicting runoff volumeis
possible using only total rain depth (and land development characteristics).
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Figure 2-18. Percentage of runoff volume greater than upper breakpoint.
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Varying Contributing areasare Important in Urban Hydrology

Figure 2-21 shows the components of a hypothetical hydrograph for an urban area. For small rains, most of the
runoff observed at the outfall originates from street surfaces and other directly connected impervious areas.
However, asthe rain depth increases, runoff from pervious areas become important. The critical problem isbeing
able to predict when these component areas contribute significant runoff volumes (and pollutants). WinSLAMM
(Pitt 1986 and 1992) was devel oped to enable predictions of runoff contributions (and source area controls),
using asimplified urban hydrology approach appropriate for important small rains.
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Figure 2-21. Variable contributing area unit hydrographs for urban site.
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Observed Runoff Volumes Do Not CompareWell With Commonly Used Urban Runoff Prediction Methods
Sorme of the most commonly used stormwater design methods utilizes the NRCS curve number (CN) method,
especially TR-20 and TR-55 (SCS 1986). The NRCS recommends against the use of the curve number procedure
for rains less than one-half inch. Unfortunately, thiswarning isignored in many urban runoff models that have
been developed. As shown previously, small rains are very significant when analyzing urban runoff. In addition,
the NRCS recommends that the curve number method should be used for individual components of the drainage
area, if CN values differ by morethan 5, instead of using acomposite CN for the complete area. Unfortunately,
many users of the CN method ignore these two basic warnings, and many urban stormwater models use
composite CN valuesfor all storms. The CN method is a suitable tool if properly used, unfortunately, itis
frequently used for small storms and for water quality evaluations, well beyond itsintended use addressing
drainage design for conveyance objectivesfor large rains.

Figure 2-22a shows rainfall-runoff plots for eight monitored areasin Milwaukee. The curveis similar to the US.
Natural Resources Conservation Service (NRCS) curve number (CN) rainfall-runoff plot contained in TR-55 (SCS
1986). Thisfigure also showsthe NRCS CN values calculated using actual P (precipitation) and Q (runoff
quantity) data. CNsvary greatly with rain depth.

Figure 2-22b shows that CNs at the Milwaukee NURP monitored sites did not approach the published CN values
for typical medium density residential areas until the rains were much greater than five inches. The Milwaukee
high density land use areas can use published CN values for rains as small astwo inches, while the Milwaukee
commercial area CNs are correct when close to oneinch.

Pitt, et al. 1999 shows numerous similar plots for other monitored locations from throughout the U.S., collected
during the EPA’s NURP projectsin the early 1980s (EPA 1983), and from the EPA’ srainfall-runoff-quality data
base (Huber, et al. 1982). Figures 2-23 through 2-26 contain CN versus rain depth plots for many of these cities,
including: 2 locationsin Broward County, FL; 1 sitein Dade County, FL; 2 sitesin Salt Lake City, UT; and 2 sites
in Seattle, WA (from the rainfall-runoff-quality data base), plus 4 sitesin Champaign, IL; 5 sitesin Irondequoit
Bay, NY; 2 sitesin Austin, TX; and 1 site in Rapid City, SD (from the NURP data). Figure 2-23 contains plots for
areas with little urbanization, Figure 2-24 contains plots for medium density residential areas and mixed common
urban areas, Figure 2-25 contains plots for high density and commercial areas, and Figure 2-26 contains plots for
catchments having only major roadways. In all cases, the general pattern is the same: observed curve numbers
areal very high for small rains, tapering off asthe rains become large. All of the test watersheds are typical for
these land uses and do not contain any unusual drainage designs or stormwater controls.

Table 2-2 isasummary of these observed curve numbers at several different rain depths, compared to typical
curve numbers presented by the NRCS (SCS 1986) for these land uses. Several of the sites had adequate
descriptions to enable curve numbers to be estimated, based on their directly connected impervious areas and
soil texture. The following list shows these sites, with the NRCS recommended curve numbers, and the
approximate rain depth where these curve numbers were observed:

- Broward Co., FL, residential land use (40% imperv., with sandy soils). NRCS CN = 61, observed at
about 3.5in. of rain.

- Champaign-Urbana, IL, single family residential land use (18% imperv., with silty, poorly drained
s0ils). NRCS CN = 84, observed at about 1.2 in. of rain.

- Champaign-Urbana, IL, single family residential land use (19% imperv., with silty, poorly drained
s0ils). NRCS CN = 84, observed at about 1.2 in. of rain.

- Dade Co., FL, high density residential land use (almost all impervious, “D” soils). NRCS CN =92,
observed at about 1.3 in. of rain.
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Table 2-1. Rainfall and Runoff Distribution Characteristics for Different Locations from Throughout the U.S.

Median Corresponding Rain depth Lower Percentage of Percentage of Upper Percentage Percentage of Percentage Percentage
rain percentage of associated with  breakpoint rain events less runoff volume breakpoint of rain runoff volume of runoff of rain
depth, by  runoff for the median runoff rain depth than lower less than lower rain depth events less less than upper  volume events
count (in) median rain depth  depth (in) (in) breakpoint breakpoint (in) than upper breakpoint between between
breakpoint breakpoints breakpoints
Columbia North
Pacific
Boise, ID 0.07 3-5 0.30 - 0.35 0.10 52 9-11 0.91 99 89 - 93 80 - 82 47
Seattle, WA 0.12 4-6 0.62 — 0.80 0.18 60 8-11 3.4 99 92 - 96 84 - 85 39
California
Los Angeles, CA  0.18 3-5 12-15 0.29 64 7-10 3.5 99 92 - 98 85 - 88 35
Great Basin
Reno, NV 0.07 3-5 0.35-0.41 0.10 61 8- 10 1.7 99 93 - 95 85 38
Lower
Colorado
Phoenix, AZ 0.10 4-6 0.55 — 0.68 0.19 64 9-12 2.3 99 94 - 98 85 - 87 35
Missouri
Billings, MT 0.06 2-4 0.55 - 0.60 0.12 64 8-10 1.6 99 89 - 93 81-83 35
Denver, CO 0.08 2-4 0.50 — 0.60 0.19 71 13- 17 1.8 99 91 - 95 78 28
Rapid City, SD 0.06 2-4 0.50 — 0.55 0.15 69 10 - 13 1.9 99 92 - 96 82 - 83 30
Arkansas-White-
Red
Wichita, KS 0.13 2-5 11-1.4 0.31 65 10 - 13 3.0 99 88 - 93 78 - 80 34
Texas Gulf
Austin, TX 0.14 2-3 14-1.8 0.50 72 8-12 6.0 99 88 - 94 80 - 82 27
Upper
Mississippi
Minneapolis, MN 0.11 3-5 0.73-1.0 0.22 65 9-13 2.8 99 94 - 96 83 -85 34
Madison, WI 0.12 3-5 0.78 — 0.98 0.23 65 9-13 3.5 99 97 - 99 86 - 88 34
Milwaukee, WI 0.12 2-4 09-1.1 0.25 65 9-12 2.5 99 89 - 95 80 - 83 34
St. Louis, MO 0.14 4-6 1.0-1.2 0.31 65 10 - 13 2.8 99 90 - 95 80 - 82 34
Great Lakes
Detroit, Ml 0.20 7-11 0.72-0.81 0.20 50 7-11 2.4 99 92 - 95 85 - 84 49
Buffalo, NY 0.11 2-4 0.61 —0.72 0.12 64 8-12 2.1 99 88 - 93 80 - 81 35
Ohio
Columbus, OH 0.12 3-5 0.80 - 1.0 0.22 63 8-12 2.2 99 85 - 91 77-79 36
North Atlantic
Portland, ME 0.15 2-4 11-15 0.30 64 8-12 4.5 99 90 - 96 82 -84 35
Newark, NJ 0.28 6-12 1.2-15 0.33 54 8-12 3.3 99 89 - 94 81 - 82 45
Lower
Mississippi
New Orleans, LA 0.25 3-5 1.7-2.2 0.45 62 7-11 4.0 99 88 - 93 81 - 82 37
South Atlantic
Gulf
Atlanta, GA 0.22 3-5 12-17 0.32 58 5-9 4.0 99 91 - 95 86 41
Birmingham, AL 0.20 3-5 12-15 0.40 64 8-13 5.0 99 90 - 96 82 - 83 35
Raleigh, NC 0.18 4-6 10-1.2 0.26 60 7-11 2.5 99 87 - 93 80 - 82 39
Miami, FL 0.13 3-5 12-1.6 0.30 67 9-13 4.0 99 87 - 93 78 - 80 32
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Figure 2-22. Observed rainfall-runoff and curve numbers for Milwaukee (Pitt 1987).

2-29



- Champaign-Urbana, IL, commercial land use (40% imperv., with silty and poorly drained soils). NRCS
CN =87, observed at about 1.1 in. of rain.

- Champaign-Urbana, IL, commercial land use (55% imperv., with silty and poorly drained soils). NRCS
CN =91, observed at about 0.8 in. of rain.

- Broward Co., FL, transportation catchment (54% imperv., with sandy soils). NRCS CN = 73, observed at
about 1.7 in. of rain.

- Sdt Lake City, UT, roadway land use (mostly paved, sandy loam). NRCS CN = 89, observed at about 0.3
in. of rain.

- Salt Lake City, UT, transportation catchment (imperv. Raods, clay loam). NRCS CN = 95, observed at
about 0.15in. of rain.

For the rains | ess than the matching point (rain depth where the NRCS recommended CN was observed), the actual
CN islarger than the recommended CN and the predicted runoff using the NRCS methods would be less than actually
occurred. Similarly, for rains larger than the matching point, the actual CN is smaller than the recommended CN and
the predicted runoff using the NRCS CN method would be greater than actually occurred. The magnitude of the
runoff differences varies greatly, depending on the CN values and the rain depth. As an example, if the recommended
NRCS CN was 84, but the actual CN wasreally 98 for a0.2 in. rain (similar to the Champaign, IL, medium density
residential sites), the percentage error isinfinite. For alin. rain, the actual CN at this site was about 86 and the
recommended NRCS value remains at 84. The difference now is much smaller, as the rain depth being examined is
close to the matching point depth of 1.2 inches. If the rain depth of concern was much larger, say 3 inches, the errors
would be in the other direction, as summarized below:

0.2in. rain (matching 1in. rain (matching 3in. rain (matching
point of 1.21in) point of 1.2in) point of 1.2in)
CNof 84 0in. of runoff predicted | 0.15in. of runoff 152 in. of runoff
(recommended by by NRCS predicted by NRCS predicted by NRCS
NRCS)
Actual CN and 0.10in. of runoff 0.20in. of runoff 0.91in. of runoff
predicted runoff observed (actual CN of | observed (actual CN of | observed (actual CN of
9B) 86) 74)
Actud isinfinitely Actual islarger, Actual isless, predicted
larger, predicted is predicted isless. Error | islarger. Error of —67%.
infinitely less. of 25%.

The overall annual runoff depth error associated with using the NRCS recommended CN method depends on the
frequency of rains having the different errors. Because the matching point rainfall depths are close to the rain depth
associated with the median runoff depth, as shown previously on 2-1, the annual errors may be within reason.
However, the errors associated with individual events, and for the three classes of rain depths described earlier, are
likely very large. Thisisasignificant problem with stormwater quality management where accurate representati ons of
the sources of the runoff are needed in order to evaluate control practices and development options. If therelative
sources of the runoff flows are in great error, inappropriate and wasteful expenditures are likely.
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Figure 2-23. Low density development observed CN vs. rain depth plots.

2-31



Curve Number

Curve Number

Curve Number

Austin, TX
Medium Density Residential

0 1 2 3 4
Rain Depth (inches)

Champaign-Urbana, IL
Single Family Residential

LA I S B S B (LN RS Bt B

Rain Depth (in.)

Rapid City, SD
Mixed Land Uses

11

-
5888
mi
?0

~

D~
oo LMo

vtoebindsrnbidieg
.

D

1 2 3

o

Rainfall (inches)

LI A IR S B B S B AL S AR AN B B

Curve Number

Curve Number

Curve Number

Broward County, FL
Residential Land Use

110 o
100 3
90 —\ .
803 .. .
70 3 ‘e
60 3 .
50 e errrr
0 1 2 3 4 5
Rain Depth (in.)
(:‘.hampaign-Urbana, L
Single Family Residential
105
100 4‘
95 3N’
90 — ”': .,
85 3 e,
80 3 o
75 3 . :
70
¢ 1 2 3 4
Rain Depth (in.)
Irondequoit Bay, NY
Urban Land Use
95 3 .
03 .
85 3 )
80 4 g
75 3 )
70 3 :
65 3 .
60 3 ——— 1
0 1 2 3 4
Rainfall (in.)

Figure 2-24. Medium density land use area observed CN vs. rain depth plots.
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Figure 2-26. Transportation land use area observed CN vs. rain depth plots.
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Table 2-2. Observed Curve Numbers Compared to Typically Used Values

Land Use and Location Directly 0.2in. | 0.5in. | 1in. 3in.rain | For max. Estimated CN from NRCS tables for different soil conditions
connected rain rain rain rain (if possible, most likely CN highlighted, based on available
imperviousness observed site description):

Low Density/Suburban A (sandy to B (silt loam C (sandy D (silty to

sandy loam) or loam) clay loam) clayey)
Austin, TX 21% 94 84 72 53 42 (5in.) 51 68 79 84
Irondequoit Bay, NY Rv=0.1 95 88 76 55 52 (4in.) 46 65 77 82
Irondequoit Bay, NY Rv=0.2 94 86 77 57 52 (4in.) 51 68 79 84
Irondequoit Bay, NY Rv=0.2 94 89 84 69 67 (4in.) 51 68 79 84
Medium Density
Residential
Austin, TX 39% 96 89 82 66 52 (5in.) 61 75 83 87
Broward County, FL 40% (sandy soils) | 96 89 81 65 54 (5in.) 61 75 83 87
Champaign-Urbana, IL 18% (silty, poorly | 96 94 87 72 71(41in.) 51 68 79 84
drained soils)
Champaign-Urbana, IL 19 % (silty, poorly | 98 93 86 74 72 (4in.) 51 68 79 84
drained soils)
Rapid City, SD mixed 95 92 84 67 63 (4in.) ? ? ? ?
High Density
Residential
Dade County, FL “Almost all 99 97 94 87 82 (7in.) 77 85 90 92
imperv.” (D soils)
Seattle, WA ? 94 89 80 56 (max.) 77 85 90 92

Commercial

Champaign-Urbana 40% (silty, poorly | 97 95 89 81 (max.) 61 75 83 87
drained soils)

Champaign-Urbana 55% (silty, poorly | 99 95 89 74 73 (41in.) 73 82 88 91
drained soils)

Seattle, WA ? 90 76 61 44 (max.) ? ? ? ?

Irondequoit Bay, NY ? 92 82 72 46 46 (4in.) ? ? ? ?

Transportation

Broward County, FL 54% (sandy soils) | 96 93 86 62 53 (5in.) 73 82 88 91

Salt Lake City, UT Mostly paved 91 81 67 na na 89 92 94 95
(sandy loam)

Salt Lake City, UT “imperv. roads” 95 84 73 na na 89 92 94 95

(clay loam)




Actual Volumetric Runoff Coefficients (Rv) Vary With Storm Size.

Figure 2-27 shows how the volumetric runoff coefficients (the ratio of runoff depth to rainfall depth) change with rain
depth. After subtracting initial abstractions, continuous |osses can be assumed to be mostly infiltration. After a
sufficient amount of rain has occurred, all losses have been satisfied. Each unit increase in rain then resultsin a unit
increase in runoff volume.

Small rain depths result in runoff that have small Rv values. Asthe rain depth increases, the Rv increases. Rv values
areonly “constant” over asmall range in rain depths. During many urban runoff monitoring projects, only small
ranges of rains aretypically represented. Therefore, “averaged” Rv values areincorrectly used with the
understanding that they are useful over awider range than justified. The NURP data was collected in the early 1980s,
while therainfall-runoff-quality data base information was collected much earlier. There was significant variation in
the accuracies of monitoring rainfall and runoff for the different locations. Thisis most evident at test sites having
large amounts of directly connected pavement. Many of the measured runoff events had greater runoff volumes than
the measured rainfall volumes (Rv values greater than 1.0 and calculated CN values greater than 100). This of course
cannot occur in the absence of other flow sources and was likely associated with random measurement errors. The
best measurements were probably made with errors approaching 25%, while some test sites used newly available
equipment and errors may have been greater. These errors are much more obvious at high density and commercial
sites than at the more commonly monitored medium density residential sites.

Runoff
Volume
|
I
I
Slope = 0 |
b o ''r
° Rain Depth 1

Figure 2-27. Rainfall-runoff plot showing losses and Rv values (Pitt 1987).
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Figure 2-28 shows a plot of runoff depth versus rain depth and another plot of the NRCS CN versusrain depth for a
set of artificial rain and runoff data. These plotswere prepared to visually show the relationship between Rv and
NRCS CN values. If the data has relatively constant Rv values for all rains, the CN plotswill naturally decrease
substantially with increasing rain depth (again, asindicated in amost all of the measured data). It isinteresting to
note that the calculated NRCS CN is aways very closeto 100 for very small rain and runoff values, irrespective of the
Rv ratio. The Rv values likely increase with increasing rain depth, which is evident if the observations can be
obtained with small measurement errors and if the range of rains observed islarge. Flow and rainfall measurement
errors are much more obvious on the Rv plots, especially for the small rains, than on the CN plots.

Small Storm Hydrology M odel

Runoff Process for Paved Surfaces

When rain falls on an impervious surface, much of it will flow off the surface and contribute to the total urban runoff.
With the exception of infiltration, these |osses are mostly associated with theinitial portions of therain and are
termed initial abstractions. Water may also infiltrate through pavement, or through cracks or seams in the pavement.
For small rains, a much greater portion of the rain will be lost to these runoff loss processes than for large rains.

Paved surfaces are usually considered impervious, implying no infiltration. However, some researchers have
concluded that paved surfaces do indeed experience infiltration losses. Falk and Niemczynowicz (1978) found that
smooth paved surfaces had lower infiltration losses, compared to poorly maintained surfaces which had losses of
about 7 percent of the total rain. Pratt and Henderson (1981) were asked after their presentation at the Second
International Conference on Urban Storm Drainage if the variation of the runoff coefficient that they observed for
pavement could be due to infiltration through the surface which is commonly considered to be zero. They agreed that
thisvariation was likely due to the difference in the permeability of the “impervious’ catchment surfaces. They found
that gaps between concrete sections in the curbs and gutters were the principal means of runoff losses. Willeke
(1966) found that cracks in gutters could allow significant amounts of water to infiltrate, especialy if sandy soils
underlaid concrete. Davies and Hollis (1981) found an average runoff loss from a paved road surface to be about 85
percent of the rain depth. Thisloss was considered about evenly divided between detention storage and infiltration
through the pavement, especially through cracksin the gutter. Cedergren (1974) measured infiltration rates through
typical “sealed” seams of about 20 mm per hour (with pavement seams located about every 8 meters).

Infiltration of Rain Water Through Pavement Can be a Substantial Portion of the Total Rain for M ost Events

Initial abstractions are dependent of pavement texture and slope, whileinfiltration is dependent on pavement

porosity and pavement cracks. Pavement isrelatively porous. It isthe pavement base course that is much more
resistant to percolation. Infiltrated water istherefore forced to flow laterally towards the pavement edges. If the flow
path islong, then the resulting infiltration islimited. Figure 2-29 is an example from atypical pavement runoff test (Pitt
1987). Initial abstractions may be about 1 mm for pavement, while the total infiltration may be between 5 and 10 mm.
The maximum lossesmay occur after about 20 mm of rain.

Variable Runoff Lossesasa Function of Time Indicate Very Different Infiltration Valuesfor Different Rain
Intensities

Figure 2-30a shows that high infiltration rates are associated with high rainfall intensities (Pitt 1987). The Horton
equation predicts asingleinfiltration relationship as afunction of time, irrespective of rain intensity. When variable
runoff losses are plotted against total rain depth (Figure 2-30b ) asingle relationship is seen (rain intensity multiplied
by time duration gives rain depth). Horton actually recommended infiltration as a function of rain depth, but current
practice of using double-ring infiltrometers to calibrate the Horton equation does not allow infiltration measurements
to be made as afunction of rain depth, only as afunction of time for the ponded test conditions.



Infiltration in Disturbed Urban Soils

Disturbed Urban Soils Do Not Behave as Indicated by Typically Used Modds

More raininfiltrates through pavement surfaces and less rain infiltrates through soils than typically assumed.
Double-ring infiltrometer test results from Oconomowoc, WI, urban soils (Table 2-3) indicated highly variable
infiltration rates for soils that were generally sandy (NRCS A/B hydrologic group soils). The median initial rate was
about 3in/hr, but ranged from 0 to 25 in/hr. Thefinal rates also had a median value of about 3 in/hr after at least two
hours of testing, but ranged from 0 to 15 in/hr. Many infiltration rates actually increased with time during these tests.
In about 1/3 of the cases, the observed infiltration rates remained very close to zero, even for these sandy soils.
Areas that experienced substantial disturbances or traffic (such as school playing fields) had the lowest infiltration
rates, typically even lower than concrete or asphalt! These valuesindicate the large variability ininfiltration rates that
may occur in areas having supposedly similar soils. Obviously, these variations can significantly affect site specific
runoff predictions. The lowest infiltration rates were observed in areas having heavy foot traffic and in areas
obviously impacted by silt, while the highest rates were in relatively undisturbed areas.

Table 2-3. Ranked Oconomowoc, WI, Double Ring Infiltration Test Results

Observed urban soil Infiltration rates (in/hr):

Initial Rate Final Rate (after 2 Total Observed Rate Range
hours)
25 15 11to 25
22 17 17t0 24
147 9.4 9.4to 17
5.8 9.4 0.2t09.4
5.7 9.4 51t09.6
4.7 3.6 3.1t06.3
4.1 6.8 29t06.8
3.1 3.3 241038
2.6 25 1.6t02.6
0.3 0.1 <0.1t0 0.3
0.3 17 0.3t03.2
0.2 <0.1 <0.1t0 0.2
<0.1 0.6 <0.1t0 0.6
<0.1 <0.1 all <0.1
<0.1 <0.1 all <0.1
<0.1 <0.1 all <0.1

In an attempt to explain much of the variation shown in the above early tests, recent tests of infiltration through
disturbed urban soils were conducted in the Birmingham, AL, area by the author and UAB students. Eight categories
of soilsweretested, with about 15 to 20 individual tests conducted in each of eight categories (comprising afull
factorial experiment). Numerous replicates were needed in each category because of the expected high variation in
infiltration rates. The eight categories tested were as follows:

Category Soil Texture Compaction Moisture
1 Sand Compact Saturated
2 Sand Compact Dry
3 Sand Non-compact Saturated
4 Sand Non-compact Dry
5 Clay Compact Saturated
6 Clay Compact Dry
7 Clay Non-compact Saturated
8 Clay Non-compact Dry
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Figure 2-31 contains plots showing the interactions of moisture and compaction on infiltration for both soil texture
conditions. Four general conditions were observed to be statistically unique:

- noncompact sandy soils

- compact sandy soils

- noncompact and dry clayey soils
- al other clayey soils

Compaction has the greatest effect on infiltration ratesin sandy soils, with little detrimental effects associated with
soil moisture. Clay soils, however, are affected by both compaction and moisture. Compaction is seen to have about
the same effect as moisture on these soils, with saturated and compacted clayey soils having very little effective
infiltration. In most cases, the mapped soils were similar to what was actually measured in the field. However,
significant differences were found at many of the 146 test |ocations. Table 2-4 shows that the 2-hour averaged
infiltration rates and their COV'sin each of the four major categories were about 0.5 to 2. Although these COV values
are generally high, they are much less than if compaction wasignored. These data are being fitted to conventional
infiltration models, but the high variations within each of the four main categories makesit difficult to identify
legitimate patterns, implying that average infiltration rates within each event may be most suitable for predictive
purposes. The remaining uncertainty can be considered using Monte Carlo componentsin runoff models. More
detailed analyses of these datawill be presented in the Toronto stormwater modeling conference next year.

Table 2-4. Infiltration Rates for Different Soil Texture, Moisture, and Compaction Conditions

Number Average cov
of tests infiltration
rate (in/hr)
noncompact sandy soils 29 17 0.43
compact sandy soils 39 2.7 1.8
noncompact and dry clayey soils 18 8.8 11
all other clayey soils 60 0.69 2.1

Very large errorsin soil infiltration rates can easily be made if published soil maps and typical models are used for
typically disturbed urban soils. Knowledge of compaction (which can be mapped using a cone pentrometer, or
estimated based on expected activity on grassed areas) can be used to much more accurately predict stormwater
runoff quantity.

Basic Characteristics of the Small Storm Hydrology Model

Figure 2-29 earlier showed the small storm hydrology model which describes the shape of the relationship between
rainfall and runoff. Both small-scal e and large-scal e tests, described by Pitt (1987), obtained datato calibrate and
verify thismodel for homogeneous impervious and pervious areas. The runoff response curve shown on Figure 2-29
departs fromthe x-axis at the rainfall depth when runoff begins (r). This depth lag correspondsto initial runoff
losses. After somerain depth (ry), runoff losses become insignificant. For impervious areas, thisis when the
detention storage volume becomes filled, evaporation becomesinsignificant due to pavement cooling, infiltration
through the pavement or through cracks slows practically to nothing, and dirt and debris become saturated. Between
these two rain depths, infiltration losses occur.
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Figure 2-29. Example pavement test runoff-rainfall plot for high intensity rains, clean and rough streets (Pitt
1987).
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Figure 2-30a. Pavement infiltration rates for time since start of rain (Pitt 1987).
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Figure 2-30b. Pavement infiltration rates for rain depth since start of rain (Pitt 1987).
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Figure 2-32. 3-D plots showing interactions affecting infiltration rates in clayey soils



Both small-scale and |arge-scal e tests, described by Pitt (1987), obtained datato calibrate and verify amodel for
homogeneous impervious and pervious areas. The runoff response curve departs from the x-axis at the rainfall depth
when runoff begins. This depth lag correspondsto initial runoff losses (detention storage, evaporation losses due to
pavement cooling, and dirt and debris absorbing moisture for pavements). After some rain depth, infiltration into the
ground (or pavement or through cracks) slows practically to nothing, and each additional increment of rainfall results
inasimilar increment of runoff. Between these two rain depths, infiltration losses occur. Figure 2-33 shows the model
describing these infiltration losses. This figure plots cumulative variable runoff losses (F, inches or mm), ignoring the
initial losses, versus cumulative rain (P, inches or mm), after runoff begins. The slope of thislineisthe instantaneous
variable runoff loss (infiltration) occurring at a specific rain depth after runoff starts. A simple nonlinear model can be
used to describe this relationship which is similar to many other infiltration models. For a constant rain intensity (i),
total rain depth since the start of runoff (P), equalsintensity times the time since the start of runoff (t). The small
storm hydrology nonlinear model for this variable runoff loss (F) istherefore:

F=hit+a(l-€%) or F=bP+al-e%)
Three basic model parameters were used to define the model behavior, in addition toinitial runoff losses and rain
depth: “a’, the intercept of the equilibrium loss line on the cumulative variable loss axis; “b”, the rate of the variable
losses after equilibrium; and “g”, an exponential coefficient. If variable losses are zero at equilibrium, then “b” would
be zero. Because this plot does not consider initial runoff losses, the variable |oss line must pass through the origin.
Thismodel reducesto the SCS model whenthe“b” valueiszeroand “a’ isS', and when lais 0.16 (80% of 0.2) of “a”.
This general model also reduces to the Horton equation when cumulative rain depth since the start of the event is
used instead of just time since the start of rain.
Observed runoff datafrom both small- and large-scal e tests were fitted to this equation to determine the values for a,

b, and g for observed i and t (or P), and F values. In addition, outfall runoff observations from many different
heterogeneous |and uses were used to verify the calibrated model (Pitt 1987).

Comparison of the Small Storm Hydrology Model with the Horton Infiltration Equation

The Horton equation is used in many urban runoff modelsto predict infiltration losses (Skaggs, et al. 1969). The
small storm hydrology model can be directly compared to the Horton infiltration equation. The total storm infiltration
rateis:

F = ¢F ()t

where F(t) is an instantaneous infiltration rate. The instantaneous infiltration rateis then:
F(t) = df/dt.
From the small storm hydrology model:
F(t) = bi + agi(e™™).
Therefore, the Horton infiltration equation is:
F(t) = Fc + (Fo- Fc)(e™),
where Fcisthefinal equilibrium infiltration rate, Fo istheinitial infiltration rate, k is the decay coefficient, and t is the

time since the rain began. Therefore the small storm hydrology model and the Horton equation are equivalent if the
following relationships are simultaneously true:
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intercept of equilibrium loss line on accumulative loss axis

rate of variable loss after equilibrium

Losses (ignoring initial losses) (F)

Accumulative Variable Runoff

Accumulative Rain (after initial losses
are satisfied) (P)

F=bP+a(l-¢#)
where F = accumulative variable losses
g = exponential coefficient
P = accumulated rainfall
If b =0, then a = total losses and no steady state losses occur (equivalent to SCS model)

Note: time since runoff started is not a factor (as implied by most users of Horton equation).

Figure 2-33. Small storm rainfall-runoff infiltration model (ignoring initial abstractions) (Pitt 1987).
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bi = Fc, or b = Fcfi

-git=-kt,org=ki/i

agi = Fo- Fc, or a= (Fo- Fc)/gi, or a= (Fo- Fc)/k.
Rearranging gives:

Fc=ib (if Fciszero, then bisalso zero),

Fo=ib+ag=i(b+ag), and

k=ig.

Based on these relationships, it is seen that the time since runoff began (t) is not afactor in determining any of the
Horton infiltration parameters; but rain intensity (i) isafactor.

During the small-scale pavement runoff tests (Pitt 1987), the measured accumulative infiltration rates for the high rain
intensity tests were much greater than for the low rain intensity tests for the same time since the start of therain. The
infiltration rates (depth per time) were therefore much greater for the high intensity tests. In urban hydrology studies,
infiltration losses in pervious areas are usually considered to be the most important loss mechanism (Hromadka 1982).
The previous discussion shows that infiltration is also an important |oss mechanism for pavements. Simple infiltration
estimation methods have received much attention in runoff analyses (Singh and Buapeng 1977). Singh and Buapeng
found that errorsin infiltration estimation may be large and may therefore be responsible for major errorsin runoff
predictions. One of the possible sources of infiltration estimation errorsisthe general lack of consideration of the
apparent relationship between infiltration rate and rain intensity.

The relationship between rain intensity and infiltration can be related to the concept of variable contributing areasin
heterogeneous watersheds. Areashaving low infiltration capacities produce runoff during rains having relatively low
intensities, while greater intensity rains are required to produce runoff from areas having high infiltration capacities.
Therefore, an overall areainfiltration rate appears to be variable and dependent on rain intensity. These variations
have not been reported in the literature for homogeneous areas (such as large paved areas). However, infiltration in
pavement “systems” includes infiltration through the pavement itself, infiltration through pavement cracks and
seams, and infiltration through the pavement base. These different processes would have different infiltration rates;
infiltration analysis for the whole system would therefore be intensity dependent.

Comparison of the Small Storm Hydrology Model with the NRCS Curve Number Procedure
The Natural Resources Conservation Service curve number procedure (SCS 1986) is commonly used in the design of
storm drainage systems. The following paragraphsillustrate how the small storm hydrology model can interface with
model s using curve numbers. The small storm hydrology model can be used to select curve numbers, allowing the
better incorporation of the mutual drainage and flood control benefits of many water quality control measures into
the design of storm drainage systems (Pitt 1987).

The NRCS CN procedure can also be compared with the small storm hydrology model and the Horton infiltration
equation. The small storm hydrology model can be rewritten, knowing that P = it so that F = bP + a(1 — e %). However,
the NRCS procedure assumes that the final equilibrium infiltration rate is zero (Fc = 0), therefore b is also zero,

leaving: F = a(1 - €%). When b is zero, the intercept of the runoff losslineis equal to the maximum runoff losses,
ignoring initial runoff abstractions. Therefore, the NRCS S' value (maximum variable loss, without | a, the initial
abstractions) can be substituted for “a’ in this equation:

F=S(1-€e%).
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Thereisadistinct relationship between Sand CN [CN = 1,000/(S + 10)], and therefore between S' (which is assumed
to be equal to 0.8S by the NRCS) and CN inthe NRCS procedure. Therefore, each curve number hasaunique S
value. Becausethe NRCS CN procedure assumes zero final infiltration, the small storm hydrology model b valueis
zeroandthe“a” valueisequal to S, as shown above. The small storm hydrology model g value was determined
using anonlinear computer program (the NONLIN module of SY STAT - The System for Statistics, Version 3, 1986,
from SYSTAT, Inc., Evanston, Il1.) for the specific F verses P relationships unique for each curve number (and S
value). The maximum runoff loss, S, which ignoresinitial abstractions, occurs after little rain for large curve numbers,
but is not reached even after 90 mm of rain for curve numbers |ess than about 80.

Table 2-5 shows the fitted small storm hydrology model equation parameter g values for several curve number values,
using SY STAT'sNONLIN module. Thistable also showsthe NRCS S' values and the Horton initial infiltration rate
(Fo) and decay coefficients (k) for these curve numbers. According to the small storm hydrology model, the Horton
equation parameters are all related to rain intensity for impervious surfaces, and the small storm hydrology model g
parameter is directly related to the curve number (Pitt 1987).

Table 2-5. Small Storm Hydrology Model and Horton Infiltration Equation Parameters for Different NRCS
Curve Number Values (Pitt 1987)

Fitted g SCS Initial Horton
from hypo- S' Value Horton Infiltration Equation Decay
Curve thesized (ignores la) Rate (Fo) Coefficient
Number mode] (om) 'Y (mm/hr) 2’ (k)¢
99 0.22 2.03 0.45i 0.22i
95 0.042 10.7 0.45i 0.042i
90 0.022 22.6 0.50i 0.022i
85 0.016 35.8 0.57i 0.016i
80 0.012 50.8 0.61i 0.012i
75 0.010 67.8 0.67i 0.010i
70 0.0081 87.4 0.71i 0.0081i
60 0.0057 136 0.78i 0.0057i
50 0.0041 203 0.83i 0.0041i
40 0.0029 305 0.88i 0.0029i
€1) g1 = 0.85 assumed by SCS. S' also equals a.
() Fo = S'gi, where i equals rain intensity (mm/hr).

Note: The SCS curve number procedure assumes that the final infil tration rate (Fc) is zero.

3 K = gi, or Fo/S®

Volumetric Runoff Coefficients can be Calculated for Different Surfaces and Rains using the
Small Storm Hydrology Model

Table 2-6 isasummary of the volumetric runoff coefficients (Rv, theratio of runoff to rainfall volume) for different
urban surfaces and rain depths from detailed source area runoff tests and through calibrating the small storm
hydrology model (Pitt 1987). Flat roofs and unpaved parking areas behave strangely similar because of similar
detention storage volumes and no infiltration. Large impervious areas have the largest runoff yields because of very
poor pavement under-drainage. The drainage path through the pavement base isrelatively thin and very long,
making it very difficult for infiltrated water to drain from the base. Street widths are much narrower than the widths of
large impervious areas and the base water can drain much more effectively. Pitched roofs have no infiltration rates,
but do experience limited initial losses associated with flash evaporation and sorption of moisture in leaves and other
roof or gutter debris. After threeinches (no longer a“small” rain) the runoff yields from all impervious surfaces are
similar (within 10%), but the differences can be very large for the small rains of most concern in water quality

evaluations.
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Table 2-6. Summary of Volumetric Runoff Coefficients for Urban Runoff Flow Calculations (Pitt 1987).

Runoff Coefficients for Directly Connected Areas:

Rain Depth Flat roofs* (or Pitched Large Small Sandy soils  Typical Clayey soils
large unpaved roofs* impervious  impervious urban soils
parking areas) areas* areas and
streets

mm inches
1 0.04 0.00 0.25 0.93 0.26 0.00 0.00 0.00
3 0.12 0.30 0.75 0.96 0.49 0.00 0.00 0.00
5 0.20 0.54 0.85 0.97 0.55 0.00 0.05 0.10
10 0.39 0.72 0.93 0.97 0.60 0.01 0.08 0.15
15 0.59 0.79 0.95 0.97 0.64 0.02 0.10 0.19
20 0.79 0.83 0.96 0.97 0.67 0.02 0.11 0.20
30 1.2 0.86 0.98 0.98 0.73 0.03 0.13 0.22
50 2.0 0.90 0.99 0.99 0.84 0.07 0.16 0.26
80 32 0.94 0.99 0.99 0.90 0.15 0.24 0.33
125 4.9 0.96 0.99 0.99 0.93 0.25 0.35 0.45

*|f these “impervious” areas drain for a significant length across sandy soils, the sandy soil runoff coefficients will usually be
applied to these areas, however, if these areas drain across typical, or clayey soils, the runoff coefficients will be reduced,
depending on the land use and rain depth, according to the following table:

Reduction factors for different rain depths (mm):

1 3 5 10 15 20 30 50 80 125
Strip commercial 0.00 0.00 0.47 0.90 0.99 0.99 0.99 0.99 0.99 0.99
and shopping
centers:
Other medium to 0.00 0.08 0.11 0.16 0.20 0.29 0.46 0.81 0.99 0.99
high density land
uses, with alleys:
Other medium to 0.00 0.00 0.11 0.16 0.20 0.21 0.22 0.27 0.34 0.46

high density land
uses, without
alleys:

If low density land uses, use typical or clayey soil runoff coefficients.
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The impervious and roof areavalues are for directly connected surfaces. If runoff isallowed to drain across grass
areas, then the runoff yield may significantly decrease. However, sufficient length of drainage across the pervious
surface in good condition is needed. For arelatively small paved surface, short pervious drainage paths are all that
are needed. If the paved areaislarge, or if the pervious area has clayey or compacted soils, then much longer
drainage paths are needed before significant infiltration occurs.

Table 2-6 does not accurately incorporate the effects of disturbed urban soils presented earlier, but the runoff
coefficients shown generally bracket the range of likely conditions expected. Some users have had good success
using an intermediate soil Rv value, half way between the clayey and sandy soil conditions shown, and only using
the extreme values for more unusual cases. The four urban soil categoriesidentified earlier better represent the
conditions encountered, and appropriate coefficients are currently being devel oped.

The runoff coefficients and indirect connection correction values were determined from calibrating the small storm
hydrology model for large urban watersheds having variable complexitiesin Toronto and in Milwaukee (Pitt 1987).
Thefirst calibrations were conducted for simple areas. Thefirst areawas the large parking area of acommercial
shopping area. The runoff coefficients for this areawere used to determine the runoff relationships from large flat
roofs from another shopping areathat was made of mostly paved large parking and roof areasin order to determine
runoff characteristics for flat roofs. The next step was to evaluate runoff data for two high density residential areas
that had very little pervious areas and had all of the impervious areas directly connected. The street runoff was
subtracted from the total area runoff observationsto obtain information solely for pitched roofs. Finally, two medium
density residential areaswere studied in areas that had clayey soils and all of the impervious areas were directly
connected. Roof, street and other impervious area runoff information was subtracted to obtain clayey soil runoff
coefficients. Similarly, amedium density residential areawas studied in an area having sandy soils to obtain sandy
soil runoff coefficients. Finally, two medium density residential areas having unconnected impervious areas were
studied to obtain correction coefficients.

Excellent Verification of Small Storm Hydrology Model for Many Conditions

Thefinal runoff coefficients were verified using additional runoff data from these same areas (that were not used in
the calibration efforts) and from areas located el sewhere. Figures 2-34 through 2-37 show how well the small storm
hydrology model works over awide range of rain depths and for two very different land uses. The “Post Office” site
was acommercial shopping center, the “Burbank” site was amedium density residential area. These sites were
monitored as part of the EPA’s NURP project in Milwaukee (Bannerman, et al. 1983). Figures 2-36 and 2-37 are for two
residential sites monitored by the WI DNR in Superior, WI, and in Marquette, M1, during 1993 and 1994. These last
two sites were compared to the small storm hydrology component of WinSLAMM with no local calibration,
demonstrating the excellent fit of observed and predicted flows.

The model was subsequently calibrated for these two sites to enabl e better fits for the larger events. It was originally
expected that this model would not work very well for very large storms, especially in areas having appreciable
pervious areas, where rain intensity was expected to have amore significant effect on infiltration than for small rains.
Thelargest rains observed for the two Milwaukee sites were greater than three inches, avery large rain that would
not be expected to commonly occur. Even these rains had runoff quantities that were well predicted by this runoff
model.

Example Application using the Small Storm Hydrology Modd

The small storm hydrology model can be used to predict runoff volume yields for many different land uses and
development conditions. It was specifically developed to determine runoff yields and corresponding water pollutant
yields for small stormsfor stormwater quality investigations. As shown during the verification process, it isalso
useful for predicting runoff yields for moderate storms that are used for drainage design. If used in conjunction with a
model that can account for water |osses associated with stormwater controls (such asWinSLAMM, the Source

L oading and Management Model, Pitt 1986 and 1992) it can also be used to show the mutual drainage benefits
associated with these controls. As an example, the use of roadside swales, disconnections of impervious areas from
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the drainage system, or using infiltration devices, can all have dramatic benefitsin reducing runoff volumes, even for
relatively largerains.

The small storm hydrology model can be used to predict runoff yields associated with different land uses and
development practices. It can also be used to predict sources of water within the drainage area. If the variable quality
of runoff from each source areais known, then runoff pollutant yield estimates (and reductions) can also be made.
WinSLAMM uses this approach. Thisinformation is very important when determining the best management strategy
for water volume and runoff pollutant reduction. This example problem shows how the runoff yield predictions and
sources of water for asimple area can be predicted for different rain depths. The benefits of source area
disconnections are al so shown.

Predicting Runoff Yieldsfrom Different Source Areas
- Calculate runoff quantity (inches) and distributions (%) by source areafor the following conditions:

- Rain depths: 0.12; 0.79; 3.2 inches
- Medium density residential area (conventional curb and gutters, all impervious areas are directly
connected to the drainage system and clayey soils are common), having the following surface area

distribution:

pitched roofs 6%

driveways

sidewalks 3

Streets 12

front yards 45

back yards 29
- Calculations:

0.12inch (3 mm) rain 0.79inch (20 mm) rain
area % Rv weighted contrib- Rv weighted contrib-
Rv ution Rv ution

roofs 6 0.75 0.045 31% 0.96 0.058 17%
driveways 5 0.49 0.025 17 0.67 0.034 10
sidewalks 3 049 0.015 10 0.67 0.020 6
streets 12 049 0.059 41 0.67 0.080 24
frontyards 45 0.00 0.00 0 0.20 0.090 24
backyards 29 0.00 0.00 0 0.20 0.058 17
Totd: 100 n/a 0.014 100 n/a 034 100

The Rv values are from Table 2-6 for the appropriate rain depths and source area. Weighted Rv values are determined
by multiplying the Rv values by the percentage of the arearepresented. The weighted Rv values are sunmed to
obtain aRv value for the whole land use area. The percentage runoff yields are the ratios of the individual weighted
Rv values to the summed whole area Rv.

- runoff for the 0.12 inch rain: (0.014)(0.12in)=0.017 in runoff

- runoff for the 0.79 inch rain: (0.34)(0.79in) = 0.27 in runoff

- similar calculations for the 3.2 inch rain resultsin aRv of 0.48,
therefore, the runoff for thisrain: (0.48)(3.2 in) = 1.6 in runoff.
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Figure 2-34. Verification of WinSLAMM hydrology component — Post Office commercial site, Milwaukee, WI.
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Figure 2-35. Verification of WinSLAMM hydrology component — Burbank residential site, Milwaukee, WI.
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Asthe rain depth changes, the percentage contributions from each area also changes. For the smallest rain, al of the
runoff is contributed from the directly connected impervious areas. However, pervious areas contribute almost half
(44%) of the runoff for the 0.79 inch rain.

Benefits of source area drainage disconnections can also be predicted for this example. The following calculations
show the effects of disconnecting all of the roof, driveway and sidewalk areas for thisland use:

Original weighted Rv values:

0.12" rain 0.79" ran 3.2 ran
roofs+
driveways+ 0.084 011 013
walks
streets 0.059 0.08 011
yards 0 0.15 0.24
total Rv: 0.14 0.34 0.48
total runoff: 0.017 027 16
With disconnections:

0.12" rain 0.79" ran 3.2 ran
roofs+
driveways+ (0)(0.084)= (0.21)(0.12)= (0.34)(0.13)=
walks 0 0.023 0.044
streets 0.059 0.08 0.11
yards 0 0.15 0.24
total Rv: 0.06 0.25 0.39
total runoff: 0.01” 0.20" 13
approx. % reduction: 60 25 20

The runoff contributions from the disconnected areas are decreased by the factors shown on Table 2-6 for medium
density areas (with no alleys) having clayey soils. These disconnections can have significant effects on the runoff
quantities generated for small rains. The runoff reductions for the larger rain will also likely be important for drainage
design. Similar percentage reductions in peak runoff rates are also expected for these conditions.

Conclusions

Runoff volume is the most important hydraulic parameter needed for most water quality studies, while peak flow rate
and time of concentration are the most important parameters for most flooding and drainage studies. Commo n small
rains account for much more of the annual runoff volume than rare flooding events. Pitt (1987) showed that estimates
of runoff volume could be made with only rain depth information. Other rain characteristics (including antecedent



conditions, durations, intensities, etc.) did not substantially improve runoff volume predictions, but are likely needed
for peak flow rate predictions.

The literature indicates that both initial runoff abstractions (mostly detention/storage) and continuous runoff |osses
(infiltration) are important for impervious surfaces. Recent work with disturbed urban soils has also shown that care
must be taken when using soil maps for devel oped conditions. The small storm hydrology model successfully
predicts runoff from several types of paved, roofed, and disturbed soil urban surfaces. This model was shown to
accurately predict runoff volumes for awide range of rain conditions.

This model was used to examine long-term rain conditions at many locations throughout the U.S. to indicate the
significance of small and moderate sized rainsin stormwater management. These smaller rains, compared to the
typical “design storm” rains used for drainage system design, contribute the vast majority of stormwater pollutants.
Stormwater control practices must therefore effectively address these smaller stormsto provide effective pollutant
and flow reduction schemes.
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3. Sources of Stormwater Pollutants, Including Pollutant Buildup and
W ashoff
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Introduction

This section presents pollutant accumul ation and washoff processes that have been observed during extensive field
projects. These processes are fundamental components of many stormwater models. This section also describes
pollutant characteristics of particulates that are removed during rains, and sheetflow quality from most source areas.
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This material was mostly extracted from the final draft of:
Pitt, R. Stormwater Quality Management, CRC Press. New Y ork, expected publication in 2000.

The accumulation and washoff information presented here was obtained from many research projects (aslisted in
the references) and initially described in Pitt’ s dissertation:

Pitt, R. Small Storm Urban Flow and Particulate Washoff Contributions to Outfall Discharges, Ph.D. Dissertation,
Civil and Environmental Engineering Department, University of Wisconsin, Madison, WI, November 1987.

Descriptions of street dirt measurements and washoff tests are summarized from many studies and this discussion is
from:

Burton, G.A. and R. Pitt. Manual for Evaluating Stormwater Runoff Effects, A Tool Box of Procedures and Methods
to Assist Watershed Managers. CRC/Lewis Publishers, New Y ork. Expected publication in 2000.

The Source Concept

Urban runoff is comprised of many separate source area flow components that are combined within the drainage
areaand at the outfall before entering the receiving water. Considering the combined outfall conditions alone may
be adequate when eval uating the long term, area-wide effects of many separate outfall dischargesto areceiving
water. However, if better predictions of outfall characteristics (or the effects of source area controls) are needed,
then the separate source area components must be characterized. The discharge at the outfall is made up of a mixture
of contributions from different source areas. The “mix” depends on the characteristics of the drainage areaand the
specific rain event. The overall effectiveness of source area controlsin reducing stormwater dischargesis, therefore,
highly site and storm specific, as site and rain characteristics control how important each source isin contributing
pollutants to the overall flow.

Various urban source areas all contribute different quantities of runoff and pollutants depending on their
characteristics. Impervious source areas may contribute most of the runoff during small rain events. Examples of
these source areas include paved parking lots, streets, driveways, roofs, and sidewalks. Pervious source areas
become important contributors for larger rain events. These pervious source areas include gardens, lawns, bare
ground, unpaved parking areas and driveways, and undeveloped areas. The relative importance of the individual
sourcesisafunction of their areas, their pollutant washoff potentials, and the rain characteristics.

The washoff of debrisand soil during arain is dependent on the energy of the rain and the properties of the material.
Pollutants are also removed from source areas by winds, litter pickup, or other cleanup activities. The runoff and
pollutants from the source areas flow directly into the drainage system, onto impervious areas that are directly
connected to the drainage system, or onto pervious areas that will attenuate some of the flows and pollutants, before
they discharge to the drainage system.

Sources of pollutants on paved areas include on-site particul ate storage that cannot be removed by usual processes
such asrain, wind, and street cleaning. Atmospheric deposition, deposition from activities on these paved surfaces
(e.g., auto traffic, material storage) and the erosion of material from upland areas that directly discharge flows onto
these areas, are the major sources of pollutantsto the paved areas. Pervious areas contribute pollutants mainly
through erosion processes where the rain energy dislodges soil from between vegetation. The runoff from these
source areas enters the storm drainage system where sedimentation in catchbasins or in the sewerage may affect
their ultimate discharge to the outfall. In-stream physical, biological, and chemical processes affect the pollutants
after they are discharged to the ultimate receiving water.

Knowing when the different source areas become “active’ (when runoff initiates from the area, carrying pollutants
to the drainage system) is critical. If pervious source areas are not contributing runoff or pollutants, then the
prediction of urban runoff quality is greatly simplified. The mechanisms of washoff and delivery yields of runoff
and pollutants from paved areas are much better known than from pervious urban areas (Novotny and Chesters
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1981). In many cases, pervious areas are not active except during rain events greater than at least five or ten mm.

For smaller rain depths, almost all of the runoff and pollutants originate from impervious surfaces (Pitt 1987).
However, in many urban areas, pervious areas may contribute the majority of the runoff, and some pollutants, when
rain depths are greater than about 20 mm. The actual importance of the different source areasis highly dependent on
the specific land use and rainfall patterns. Obviously, in areas having relatively low-density development, especially
where moderate and large sized rains occur frequently (such asin the Southeast portion of the US), pervious areas
typically dominate outfall discharges. In contrast, in areas having significant paved areas, especially where most
rainsarerelatively small (such asin the arid west of the US), the impervious areas dominate outfall discharges. The
effectiveness of different source controlsis, therefore, quite different for different land usesand climatic patterns.

If the number of events exceeding awater quality objective are important, then the small rain events are of most
concern. Stormwater runoff typically exceeds some water quality standards for practically every rain event
(especially for bacteria and some heavy metals). In the US' s upper midwest, the median rain depth is about six mm,
whilein the US's southeast, the median rain depth is about twice this depth. For these small rain depths and for most
urban land uses, directly connected paved areas usually contribute most of the runoff and pollutants. However, if
annual mass discharges are more important (e.g. for long-term effects), then the moderate rains are more important.
Rains from about 10 to 50 mm produce most of the annual runoff volume in many areas of the US. Runoff from

both impervious and pervious areas can be very important for these rains. The largest rains (greater than 100 mm)
are relatively rare and do not contribute significant amounts of runoff pollutants during normal years, but are very
important for drainage design. The specific source areas that are most important (and controllable) for these different
conditions vary widely. This section describes sources of urban runoff flows and pollutants based on many studies
reported in the literature.

Sour ces and Characteristics of Urban Runoff Pollutants

Y ears of study reveal that the vast majority of stormwater toxicants and much of the conventional pollutants are
associated with automobile use and maintenance activities and that these pollutants are strongly associated with the
particul ates suspended in the stormwater (the non-filterable components or suspended solids). Reducing or
modifying automobile use to reduce the use of these compounds, has been difficult, with the notable exception of
the phasing out of leaded gasoline. Current activities, concentrated in the San Francisco, CA area, focuson
encouraging brake pad manufacturers to reduce the use of copper.

The effectiveness of most stormwater control practicesis, therefore, dependent on their ability to remove these
particles from the water, or possibly from intermediate accumulating locations (such as streets or other surfaces) and
not through source reduction. The removal of these particles from stormwater isdependent on various characteristics
of these particles, especially their size and settling rates. Some source area controls (most notably street cleaning)
affect the particles before they are washed-off and transported by the runoff, while others remove the particlesfrom
the flowing water. This discussion, therefore summarizes the accumulation and washoff of these particul ates and the
particle size distribution of the suspended solids in stormwater runoff to better understand the effectiveness of

source area control practices.

Table 3-1 shows that most of the organic compounds found in stormwater are associated with various human-related
activities, especially automobile and pesticide use, or are associated with plastics (Verschueren 1983). Heavy metals
found in stormwater also mostly originate from automobile use activities, including gasoline combustion, brake
lining, fluids (e.g., brake fluid, transmission oil, anti-freeze, grease), undercoatings, and tire wear (Durum 1974,
Koeppe 1977, Rubin 1976, Shaheen 1975, Solomon and Natusch 1977, and Wilbur and Hunter 1980). Auto repair,
pavement wear, and deicing compound use also contribute heavy metals to stormwater (Field, et al. 1973 and
Shaheen 1975). Shaheen (1975) found that eroding area soils are the major source of the particulates in stormwater.
He also investigated many different materials that contribute to the street dust and dirt loading (Table 3-2). The
eroding area soil particles, and the particles associated with road surface wear, become contami nated with exhaust
emissions and runoff containing the polluting compounds. Shaheen found that gasoline and oils have heavy
concentrations of many pollutants, while break linings and asphalt pavement wear have high concentrations of many
heavy metals. Even litter materials (such as cigarette butts) can contribute metals and other pollutants. Most of these
compounds become tightly bound to these particles and are then transported through the urban area and drainage
system, or removed from the stormwater, with the particul ates. Stormwater concentrations of zinc, fluoranthene, 1,3-
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dichlorobenzene, and pyrene are unique in that substantial fractions of these compounds remain in the water and are
less associated with the particul ates.

Table 3-1. Uses and Sources for Organic Compounds found in Stormwater (Verschueren 1983)

Compound Example Use/Source

Phenol gasoline, exhaust

N-Nitroso-di-n-propylamine  contaminant of herbicide Treflan

Hexachloroethane plasticizer in cellulose esters, minor use in rubber and insecticide
Nitrobenzene solvent, rubber, lubricants

2,4-Dimethylphenol asphalt, fuel, plastics, pesticides

Hexachlorobutadiene rubber and polymer solvent, transformer and hydraulic oil
4-Chloro-3-methylphenol germicide; preservative for glues, gums, inks, textile, and leather
Pentachlorophenol insecticide, algaecide, herbicide, and fungicide mfg., wood preservative
Fluoranthene gasoline, motor and lubricating oil, wood preservative

Pyrene gasoline, asphalt, wood preservative, motor oil
Di-n-octylphthalate general use of plastics

Table 3-2. Concentrations of Materials Found on Urban Roadways (Shaheen 1975)

Tot. Vol. (a)
Material Solids BOD ‘2 CoD Grease Petroleum n-Paraffins

(mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
Gasoline 999.5 154.0 682.1 1.3 1.3 1.3
Lubricating Grease 973.9 143.3 753.1 665.8 566.3
Motor 0il 996.9 143.8 220.8 989.2 937.7 850.0
Transmission Fluid 999.8 102.6 198.3 985.6 941.7 875.4
Antifreeze 987.8 37.6 1102.4 143.8 69.6 6.1
Undercoating 998.7 89.8 309.5 958.1 182.8 120.7
Asphalt Pavement 64.2 1.2 85.5 21.4 15.0 9.0
Concrete 70.7 1.4 63.6 2.7 1.3 1.0
Rubber 986.3 26.8 2097.4 191.6 97.8 56.0
Diesel Fuel 999.9 80.2 399.0 385.3 307.8 209.7
Brake Linings 285.3 16.9 416.5 30.5 8.3 7.6
Brake Fluid 999.8 25.8 2420.8 883.0 33.1 18.6
Cigarettes 862.2 85.4 776.8 30.0 21.2 2.7
Salt (b) 74.7 - - 0.0 0.0 0.0
Cinders 0.0 = 59.3 1.3 1.2 1.2

Area Soil (c)

(a) BOD determinations were made on "pure' materials using a seed of unacclimated sewage organisms.

(b) Results are on a dry weight basis. Salt as received contained 3.7% water, assayed 93.2% sodium
chloride, and contained less than 0.005% cyanide.

(c) Soils from the Washington, D.C. area contained a magnetic fraction of from 8.9 to 12.5%, less thar

0.05 mg rubber per gram, less than 3 x 105 asbestos fibers per gram, 50 to 100 mg/g volatile
solids and 15 to 80 mg/g COD.
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Metals Content (ug/g)

Material Lead Mercury Chromium Copper Nickel Zinc
Gasoline 663 0 15 4 10 10
Lubricating Grease 0 0 0 0 0 164
Motor 0il 9 0 0 3 17 1060
Transmission Fluid 8 0 0 0 21 244
Antifreeze 6 0 0 76 16 14
Undercoating 116 0 0 0 476 108
Asphalt Pavement 102 0 357 51 1170 164
Concrete 450 0 93 99 264 417
Rubber 1110 0 182 247 174 617
Diesel Fuel 12 0 15 8 8 12
Brake Linings 1050 0 2200 30600 7454 124
Brake Fluid 7 0 19 5 31 15
Cigarettes 492 0 71 716 193 560
Salt 2 0 2 2 9 1
Cinders 0 0 0 3 4 7
Area Soil 0 0 36 23 25 27
Detection Limit 2 0.05 2 1 1 0.01

All areas are affected by atmospheric deposition, while other sources of pollutants are specific to the activities
conducted on the areas. As examples, the ground surfaces of unpaved equipment or material storage areas can
become contaminated by spills and debris, while undeveloped land remaining relatively unspoiled by activities can
still contribute runoff solids, organics, and nutrients, if eroded. Atmospheric deposition, deposition from activities
on paved surfaces, and the erosion of material from upland unconnected areas are the major sources of pollutantsin
urban areas.

Many studies have examined different sources of urban runoff pollutants. These significant pollutants have been
shown to have apotential for creating various receiving water impact problems. Most of these potential problem
pollutants typically have significant concentration increasesin the urban feeder creeks and sediments, as compared
to areas not affected by urban runoff.

The important sources of these pollutants are related to various uses and processes. Automobile related potential
sources usually affect road dust and dirt quality more than other particulate components of the runoff system. The
road dust and dirt quality is affected by vehicle fluid drips and spills (e.g., gasoline, oils) and vehicle exhaust, along
with various vehicle wear, local soil erosion, and pavement wear products. Urban landscaping practices potentially
affecting urban runoff include vegetation litter, fertilizer and pesticides. Miscellaneous sources of urban runoff
pollutantsinclude firework debris, wildlife and domestic pet wastes and possibly industrial and sanitary
wastewaters. Wet and dry atmospheric contributions both affect runoff quality. Pesticide usein an urban area can
contribute significant quantities of various toxic material s to urban runoff. Many manufacturing and industrial
activities, including the combustion of fuels, also affect urban runoff quality.

Natural weathering and erosion products of rocks contribute the majority of the hardness and iron in urban runoff
pollutants. Road dust and associated automobile use activities (gasoline exhaust products) historically contributed
most of the lead in urban runoff. However, the decrease of lead in gasoline has resulted in current stormwater lead
concentrations being about one tenth of the levels found in stormwater in the early 1970s (Bannerman, et al. 1993).
In certain situations, paint chipping can also be amajor source of lead in urban areas. Road dust, contaminated by
tire wear products and zinc plated metal erosion material, contributes most of the zinc to urban runoff. Urban
landscaping activities can be amajor source of cadmium (Phillips and Russo 1978). Electroplating and ore
processing activities can a so contribute chromium and cadmium.

Many pollutant sources are specific to a particular area and on-going activities. For example, iron oxides are
associated with welding operations and strontium, used in the production of flares and fireworks, would probably be
found on the streets in greater quantities around holidays, or at the scenes of traffic accidents. Therelative
contribution of each of these potential urban runoff sources, is, therefore, highly variable, depending upon specific
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site conditions and seasons. Specific information is presented in the following subsections concerning the qualities
of various rocks and soils, urban and rural dustfall, and precipitation.

Chemical Quality of Rocks and Soils

The abundance of common elementsin the lithosphere (the earth’ s crust) is shown in Table 3-3 (Lindsay 1979).
Almost half of the lithosphere is oxygen and about 25% is silica. Approximately eight percent isaluminum and five
percent isiron. Elements comprising between two percent and four percent of the lithosphere include calcium,
sodium, potassium and magnesium. Because of the great abundance of these materialsin the lithosphere, urban
runoff transports only arelatively small portion of these elements to receiving waters, compared to natural
processes. Iron and aluminum can both cause detrimental effectsin receiving watersif in their dissolved forms. A
reduction of the pH substantially increases the abundance of dissolved metals.

Table 3-3. Common Elements in the Lithosphere (Lindsay 1979)

Abundance Element Concentration in
Rank Lithosphere
(mg/kg)

1 (@] 465,000
2 Si 276,000
3 Al 81,000
4 Fe 51,000
5 Ca 36,000
6 Na 28,000
7 K 26,000
8 Mg 21,000
9 P 1,200
10 C 950
11 Mn 900
12 F 625
13 S 600
14 Cl 500
15 Ba 430
16 Rb 280
17 Zr 220
18 Cr 200
19 Sr 150
20 \% 150
21 Ni 100

Table 3-4, also from Lindsay (1979), shows the rankings for common elementsin soils. Theserankings are quite
similar to the values shown previously for the lithosphere. Natural soils can contribute pollutants to urban runoff
through local erosion. Again, iron and aluminum are very high on thislist and receiving water concentrations of
these metal's are not expected to be significantly affected by urban activities alone.

The values shown on these tables are expected to vary substantially, depending upon the specific mineral types.
Arsenic is mainly concentrated in iron and manganese oxides, shales, clays, sedimentary rocks and phosphorites.
Mercury is concentrated mostly in sulfide ores, shales and clays. Lead isfairly uniformly distributed, but can be
concentrated in clayey sediments and sulfide deposits. Cadmium can also be concentrated in shales, clays and
phosphorites (Durum 1974).

Street Dust and Dirt Pollutant Characteristics

Most of the street surface dust and dirt materials (by weight) are local soil erosion products, while some materials
are contributed by motor vehicle emissions and wear (Shaheen 1975). Minor contributions are made by erosion of
street surfaces in good condition. The specific makeup of street surface contaminantsis a function of many
conditions and varies widely (Pitt 1979).
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Table 3-4. Common Elements in Soils (Lindsay 1979)

Abundance Element Typical Typical Typical

Rank Minimum Maximum Average

(mg/kg) (mg/kg) (mg/kg)
1 [@) - - - - 490,000
2 Si 230,000 350,000 320,000
3 Al 10,000 300,000 71,000
4 Fe 7,000 550,000 38,000
5 C - - -- 20,000
6 Ca 7,000 500,000 13,700
7 K 400 30,000 8,300
8 Na 750 7,500 6,300
9 Mg 600 6,000 5,000
10 Ti 1,000 10,000 4,000
11 N 200 4,000 1,400
12 S 30 10,000 700
13 Mn 20 3,000 600
14 P 200 5,000 600
15 Ba 100 3,000 430
16 Zr 60 2,000 300
17 F 10 4,000 200
18 Sr 50 1,000 200
19 Cl 20 900 100
20 Cr 1 1,000 100
21 \% 20 500 100

Automobile tire wear isamajor source of zinc in urban runoff and is mostly deposited on street surfaces and nearby
adjacent areas. About half of the airborne particulates lost due to tire wear settle out on the street and the majority of
the remaining particul ates settle within about six meters of the roadway. Exhaust particulates, fluid losses, drips,
spills and mechanical wear products can all contribute lead to street dirt. Many heavy metals are important
pollutants associated with automobile activity. Most of these automobile pollutants affect parking lots and street
surfaces. However, some of the automobile related materials also affect areas adjacent to the streets. This occurs
through the wind transport mechanism after being resuspended from the road surface by traffic-induced turbulence.

Automobile exhaust particulates contribute many important heavy metalsto street surface particulates and to urban
runoff and receiving waters. The mo st notabl e of these heavy metals has been lead. However, since the late 1980s,
the concentrations of lead in stormwater has decreased substantially (by about ten times) compared to early 1970
observations. This decrease, of course, is associated with significantly decreased consumption of leaded gasoline.

Solomon and Natusch (1977) studied automobile exhaust particulates in conjunction with a comprehensive study of
lead in the Champaign-Urbana, IL area. They found that the exhaust particulates existed in two distinct
morphological forms. The smallest particul ates were almost perfectly spherical, having diametersin the range of 0.1
to 0.5 nm. These small particles consisted almost entirely of PbBrCl (Iead, bromine, chlorine) at the time of
emission. Becausethe particles are small, they are expected to remain airborne for considerabl e distances and can be
captured in the lungs when inhaled. The researchers concluded that the small particles are formed by condensation
of PbBrCl vapor onto small nucleating centers, which are probably introduced into the engine with the filtered
engineair.

Solomon and Natusch (1977) found that the second major form of automobile exhaust particul ates were rather large,
being roughly 10 to 20 mm in diameter. These particles typically had irregular shapes and somewhat smooth
surfaces. The elemental compositions of theseirregular particles were found to be quite variable, being
predominantly iron, calcium, lead, chlorine and bromine. They found that individual particles did contain aluminum,
zinc, sulfur, phosphorus and some carbon, chromium, potassium, sodium, nickel and thallium. Many of these
elements (bromine, carbon, chlorine, chromium, potassium, sodium, nickel, phosphorus, lead, sulfur, and thallium)
are most likely condensed, or adsorbed, onto the surfaces of these larger particles during passage through the
exhaust system. They believed that these large particles originate in the engine or exhaust system because of their
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very highiron content. They found that 50 to 70 percent of the emitted |ead was associated with these large
particles, which would be deposited within afew meters of the emission point onto the roadway, because of their
aerodynamic properties.

Solomon and Natusch (1977) also examined urban particul ates near roadways and homes in urban areas. They found
that lead concentrations in soils were higher near roads and houses. This indicated the capability of road dust and
peeling house paint to contaminate nearby soils. The lead content of the soils ranged from130 to about 1,200 mg/kg.
Koeppe (1977), during another element of the Champaign-Urbana lead study, found that |ead was tightly bound to
various soil components. However, the lead did not remain in one location, but it was transported both downward in
the soil profile and to adjacent areas through both natural and man-assisted processes.

Atmospheric Sources of Urban Runoff Pollutants

Atmospheric processes affecting urban runoff pollutantsinclude dry dustfall and precipitation quality. These have
been monitored in many urban and rural areas. In many instances, however, the sasmples were combined as a bulk
precipitation sample before processing. Automatic precipitation sampling equipment can distinguish between dry
periods of fallout and precipitation. Thesedevices cover and uncover appropriate collection jars exposed to the
atmosphere. Much of thisinformation has been collected as part of the Nationwide Urban Runoff Program (NURP)
and the Atmospheric Deposition Program, both sponsored by the USEPA (EPA 1983a).

Thisinformation must be interpreted carefully, because of the ability of many polluted dust and dirt particlesto be
resuspended and then redeposited within the urban area. In many cases, the measured atmospheric deposition
measurements include material that was previously residing and measured in other urban runoff pollutant source
areas. Also, only small amounts of the atmospheric deposition material would directly contribute to runoff. Rainis
subjected to infiltration and the dry fall particulates are likely mostly incorporated with surface soils and only small
fractions are then eroded during rains. Therefore, mass balances and determinations of urban runoff deposition and
accumulation from different source areas can be highly misleading, unless transfer of material between source areas
and the effective yield of this material to the receiving water is considered. Depending on the land use, relatively
little of the dustfall in urban areas likely contributes to stormwater discharges.

Dustfall and precipitation affect all of the major urban runoff source areasin an urban area. Dustfall, however, is
typically not amajor pollutant source but fugitive dust is mostly a mechanism for pollutant transport. Most of the
dustfall monitored in an urban areais resuspended particulate matter from street surfaces or wind erosion products
from vacant areas (Pitt 1979). Point source pollutant emissions can also significantly contribute to dustfall pollution,
especialy inindustrial areas. Transported dust from regional agricultural activities can also significantly affect
urban stormwater.

Wind transported materials are commonly called “dustfall.” Dustfall includes sedimentation, coagulation with
subsequent sedimentation and impaction. Dustfall is normally measured by collecting dry samples, excluding
rainfall and snowfall. If rainout and washout are included, one has a measure of total atmospheric fallout. This total
atmospheric fallout is sometimes called “ bulk precipitation.” Rainout removes contaminants from the atmosphere by
condensation processes in clouds, while washout is the removal of contaminants by the falling rain. Therefore,
precipitation can include natural contamination associated with condensation nuclei in addition to collecting
atmospheric pollutants as the rain or snow falls. In some areas, the contaminant contribution by dry deposition is
small, compared to the contribution by precipitation (Mamquist 1978). However, in heavily urbanized areas,

dustfall can contribute more of an annual load than the wet precipitation, especially when dustfall includes
resuspended materials.

Table 3-5 summarizes rain quality reported by several researchers. As expected, the non-urban arearain quality can
be substantially better than urban rain quality. Many of the important heavy metals, however, have not been detected
in rain in many areas of the country. The most important heavy metals found in rain have been lead and zinc, both
being present in rain in concentrations from about 20 ng/L up to several hundred ng/L. It is expected that more
recent lead rainfall concentrations would be substantially less, reflecting the decreased use of |eaded gasoline since
these measurements were taken. Iron is also present in relatively high concentrationsin rain (about 30 to 40 ng/L).
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Table 3-5. Summary of reported rain quality.

Rural- Rural-Northeast Urban- Urban- Other Continental
Northwest (Lake George, Northwest ~ Midwest Urban® Avg. (32
(Quilayute, NY)* (Lodi, NJ)>  (Cincinnati, locations)*
WA)! OH)*

Suspended solids, mg/L 13

Volatile suspended solids, mg/L 3.8

Inorganic nitrogen, mg/L as N 0.69

Ammonia, mg/L as N 0.7

Nitrates, mg/L as N 0.3

Total phosphates, mg/L as P <0.1

Ortho phosphate, mg/L as P 0.24

Scandium, ma/L <0.002 nd nd

Titanium, ma/L nd nd nd

Vanadium, na/L nd nd nd

Chromium, na/L <2 nd 1 nd

Manganese, na/L 2.6 34 12

Iron, ma/L 32 35

Cobalt, na/L 0.04 nd nd

Nickel, mo/L nd nd 3 43

Copper, mo/L 3.1 8.2 6 21

Zinc, no/L 20 30 44 107

Lead. mo/L. 45

1) Rubin 1976
2) Wilbur and Hunter 1980
3) Manning, et al. 1976

The concentrations of various urban runoff pollutants associated with dry dustfall are summarized in Table 3-6.
Urban, rural and oceanic dry dustfall samples contained more than 5,000 mg iron/kg total solids. Zinc and lead were
present in high concentrations. These constituents can hav e concentrations of up to several thousand mg of pollutant
per kg of dry dustfall. Spring, et al. (1978) monitored dry dustfall near a major freeway in Los Angeles, CA. Based
on a series of samples collected over several months, they found that |ead concentrations on and near the freeway
can be about 3,000 mg/kg, but aslow as about 500 mg/kg 150 m (500 feet) away. In contrast, the chromium
concentrations of the dustfall did not vary substantially between the two locations and approached oceanic dustfall
chromium concentrations.

Much of the monitored atmospheric dustfall and precipitation would not reach the urban runoff receiving waters.
The percentage of dry atmospheric deposition retained in a rural watershed was extensively monitored and modeled
in Oakridge, TN (Barkdoll, et al. 1977). They found that about 98% of the lead in dry atmospheric deposits was
retained in the watershed, along with about 95% of the cadmium, 85% of the copper, 60% of the chromium and
magnesium and 75% of the zinc and mercury. Therefore, if the dry deposition rates were added directly to the yields
from other urban runoff pollutant sources, the resultant urban runoff loads would be very much overestimated.

Tables 3-7 and 3-8 report bulk precipitation (dry dustfall plus rainfall) quality and deposition rates as reported by
several researchers. For the Knoxville, KY, area (Betson 1978), chemical oxygen demand (COD) was found to be
the largest component in the bulk precipitation monitored, followed by filterable residue and nonfilterable residue.
Table 3-8 also presents the total watershed bulk precipitation, as the percentage of the total stream flow output, for
the three Knoxville watersheds studies. This shows that almost all of the pollutants presented in the urban runoff
streamflow outputs could easily be accounted for by bulk precipitation deposition alone. Betson concluded that bulk
precipitation is an important component for some of the constituents in urban runoff, but the transport and
resuspension of particul ates from other areas in the watershed are overriding factors.
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Table 3-6. Atmosphere dustfall quality.

Constituent, (mg Urban®'  Rural/ Oceanic® Near freeway  500' from
constituent/kg total suburban® (LA)? freeway (LA)?
solids)

pH 43 4.7
Phosphate-Phosphorous 1200 1600
Nitrate-Nitrogen, ng/L 5800 9000
Scandium, ng/L 5 3 4

Titanium, ng/L 380 810 2700

Vanadium, ng/L 480 140 18

Chromium, ng/L 190 270 38 34 45
Manganese, ng/L 6700 1400 1800

Iron, ng/L 24000 5400 21000

Cobalt, ng/L 48 27 8

Nickel, ng/L 950 1400

Copper, ng/L 1900 2700 4500

Zinc, ng/L 6700 1400 230

Lead, ng/L 2800 550

1) Summarized by Rubin 1976
2) Spring 1978

Rubin (1976) stated that resuspended urban particulates are returned to the earth’ s surface and watersin four main
ways: gravitational settling, impaction, precipitation and washout. Gravitational settling, as dry deposition, returns
most of the particles. Thisnot only involvesthe settling of relatively large fly ash and soil particles, but also the
settling of smaller particlesthat collide and coagulate. Rubin stated that particlesthat are lessthan 0.1 mmin
diameter move randomly in the air and collide often with other particles. These small particles can grow rapidly by
this coagulation process. These small particles would soon be totally depleted in the air if they were not constantly
replenished. Particlesin the 0.1 to 1.0 m range are also removed primarily by coagulation. These larger particles
grow more slowly than the smaller particles because they move less rapidly in the air, are somewhat | ess numerous
and, therefore, collide less often with other particles. Particles with diameters larger than 1 mm have appreciable
settling velocities. Those particles about 10 mm in diameter can settle rapidly, although they can be kept airborne for
extended periods of time and for long distances by atmospheric turbulence.

The second important particulate removal process from the atmosphere isimpaction. Impaction of particles near the
earth’ s surface can occur on vegetation, rocks and building surfaces. The third form of particulate removal from the
atmosphere is precipitation, in the form of rain and snow. Thisis caused by the rainout process where the
particulates are removed in the cloud-forming process. The fourth important removal process is washout of the
particul ates bel ow the clouds during the precipitation event. Therefore, it is easy to see that re-entrained particles
(especially from street surfaces, other paved surfaces, rooftops and from soil erosion) in urban areas can be readily
redeposited through these various processes, either close to the points of origin or at some distance away.
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Table 3-7. Bulk precipitation quality.

Constituent (all units Urban Rural Urban

mg/L except pH) (average of (Tennessee)'  (Guteburg,
Knoxville St. Sweden)?
Louis &
Germany)*

Calcium 34 0.4

Magnesium 0.6 0.1

Sodium 1.2 0.3

Chlorine 25 0.2

Sulfate 8.0 8.4

pH 5.0 4.9

Organic Nitrogen 25 1.2

Ammonia Nitrogen 0.4 0.4 2

Nitrite plus Nitrate-N 0.5 0.4 1

Total phosphate 11 0.8 0.03

Potassium 1.8 0.6

Total iron 0.8 0.7

Manganese 0.03 0.05

Lead 0.03 0.01 0.05

Mercury 0.01 0.0002

Nonfilterable residue 16

Chemical Oxygen 65 10

Demand

Zinc 0.08

Copper 0.02

1) Betson 1978
2) Malmquist 1978

Pitt (1979) monitored airborne concentrations of particulates near typical urban roads. He found that on a number
basis, the downwind roadside particul ate concentrations were about 10% greater than upwind conditions. About
80% of the concentration increases, by number, were associated with particlesin the 0.5to 1.0 mm size range.
However, about 90% of the particle concentration increases by weight were associated with particles greater than 10
nmm. Pitt found that the rate of particulate resuspension from street surfaces increases when the streets are dirty
(cleaned infrequently) and varied widely for different street and traffic conditions. The resuspension rates were
calculated based upon observed long-term accumul ation conditions on street surfaces for many different study area
conditions, and varied from about 0.30 to 3.6 kg per curb-km (oneto 12 |b per curb-mile) of street per day.

Murphy (1975) described a Chicago study where airborne particulate material within the city was microscopically

examined, along with street surface particulates. The particulates from both of these areas were found to be similar
(mostly limestone and quartz) indicating that the airborne particulates were most likely resuspended street surface

particulates, or were from the same source.
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Table 3-8. Urban bulk precipitation deposition rates (Betson 1978)1.

Rank Constituent Average Bulk Average Bulk
Deposition Rate Prec. as a % of
(kg/haltyr) Total Streamflow
Output

1 Chemical oxygen demand 530 490
2 Filterable residue 310 60
3 Nonfilterable residue 170 120
4 Alkalinity 150 120
5 Sulfate 96 470
6 Chloride 47 360
7 Calcium 38 170
8 Potassium 21 310
9 Organic nitrogen 17 490
10 Sodium 15 270
11 Silica 11 130
12 Magnesium 9 180
13 Total Phosphate 9 130
14  Nitrite and Nitrate-N 5.7 360
15 Soluble phosphate 5.3 170
16 Ammonia Nitrogen 3.2 1,100
17 Total Iron 19 47
18 Fluoride 1.8 300
19 Lead 11 650
20 Manganese 0.54 270
21  Arsenic 0.07 720
22 Mercury 0.008 250

1) Average for three Knoxville, KY, watersheds.

PEDCo (1977) found that the re-entrained portion of the traffic-related particul ate emissions (by weight) is an order
of magnitude greater than the direct emissions accounted for by vehicle exhaust and tire wear. They also found that
particul ate resuspensions from a street are directly proportional to the traffic volume and that the suspended

particul ate concentrations near the streets are associated with relatively large particle sizes. The medium particle size
found, by weight, was about 15 nm, with about 22% of the particulates occurring at sizes greater than 30 nm. These
relatively large particle sizes resulted in substantial particul ate fallout near the road. They found that about 15% of
the resuspended particulates fall out at 10 m, 25% at 20 m, and 35% at 30 m from the street (by weight).
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Inasimilar study Cowherd, et al. (1977) reported awind erosion threshold value of about 5.8 m/s (13 mph). At this
wind speed, or greater, significant dust and dirt losses from the road surface could result, even in the absence of
traffic-induced turbulence. Rolfe and Reinbold (1977) also found that most of the particulate lead from automobile
emissions settled out within 100 m of roads. However, the automobile lead does widely disperse over alarge area.
They found, through multi-elemental analyses, that the settled outdoor dust collected at or near the curb was
contaminated by automobile activity and originated from the streets.

Source Area Sheetflow and Particulate Quality

The following discussion summarizes the source area sheetflow and particulate quality data obtained from several
studies conducted in California, Washington, Nevada, Wisconsin, Illinois, Ontario, Colorado, New Hampshire, and
New Y ork since 1979. Most of the data obtained were for street dirt chemical quality, but arelatively large amount
of parking and roof runoff quality data have also been obtained. Only afew of these studies evaluated a broad range
of source areas or land uses.

Sour ce Area Particulate Quality

Particulate potency factors (usually expressed as mg pollutant/kg dry particulate residue) for many samples are
summarized on Tables 3-9 and 3-10. These data can help recognize critical source areas, but care must be taken if
they are used for predicting runoff quality because of likely differential effects due to washoff and erosion from the
different source areas. These data show the variations in chemical quality between particles from different land uses
and source areas. Typically, the potency factorsincrease as the use of an area becomes more intensive, but the
variations are slight for different locations throughout the country. Increasing concentrations of heavy metals with
decreasing particle sizeswas also evident, for those studies that included particle size information. Only the quality
of the smallest particle sizes are shown on these tables because they best represent the particles that are removed
during rains.

Warm Weather Sheetflow Quality

Sheetflow data, collected during actual rain, are probably more representative of runoff conditions than the
previously presented dry particulate quality data because they are not further modified by washoff mechanisms.
These data, in conjunction with source area flow quantity information, can be used to predict outfall conditions and
the magnitude of the relative sources of critical pollutants. Tables 3-11 through 3-14 summarize warm weather
sheetflow observations, separated by source areatype and land use, from many locations. The mgjor source area
categories are listed below:

Roofs

Paved parking areas

Paved storage areas

Unpaved parking and storage areas
Paved driveways

Unpaved driveways

Dirt walks

Paved sidewalks

Streets

10. Landscaped areas

11. Undeveloped areas

12. Freeway paved lanes and shoulders

OWoOoNoOA~WDNE
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Table 3-9. Summary of observed street dirt mean chemical quality (mg constituent/kg solids).

Constituent Residential Commercial Industrial
P 620 (4) 670 (4)
540 (6) 400 (6)
1100 (5) 1500 (5)
710 (1) 910 (1)
810 (3)
TKN 1030 (4) 560 (4)
3000 (6) 1100 (6)
290 (5) 340 (5)
2630 (3) 4300 (2)
3000 (2)
COD 100,000 (4) 65,000 (4)
150,000 (6) 110,000 (6)
180,000 (5) 250,000 (5)
280,000 (1) 340,000 (1)
180,000 (3) 210,000 (2)
170,000 (2)
Cu 162 (4) 360 (4)
110 (6) 130 (6)
420 (2) 220 (2)
Pb 1010 (4) 900 (4)
1800 (6) 3500 (6)
530 (5) 2600 (5)
1200 (1) 2400 (1)
1650 (3) 7500 (2)
3500 (2)
Zn 460 (4) 500 (4)
260 (5) 750 (5)
325 (3) 1200 (2)
680 (2)
Cd <3 (5) 5 (5)
4 (2) 5(2)
Cr 42 (4) 70 (4)
31 (5) 65 (5)
170 (2) 180 (2)

References; location; particle size described:

(1) Bannerman, et al. 1983 (Milwaukee, WI) <31mm

(2) Pitt 1979 (San Jose, CA) <45 mm

(3) Pitt 1985 (Bellevue, WA) <63 nm

(4) Pitt and McLean 1986 (Toronto, Ontario) <125 mm
(5) Pitt and Sutherland 1982 (Reno/Sparks, NV) <63 nm
(6) Terstriep, et al. 1982 (Champaign/Urbana, IL) >63 nm
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Table 3-10. Summary of observed particulate quality for other source areas (means for <125nmm particles)
(mg constituent/kg solids).

P TKN COD Cu Pb Zn Cr
Residential/Commercial Land
Uses
1500 5700 240,000 130 980 1900 77
Roofs 600 790 78,000 145 630 420 47
Paved parking 400 850 50,000 45 160 170 20
Unpaved driveways 550 2750 250,000 170 900 800 70
Paved driveways 360 760 25,000 15 38 50 25
Dirt footpath 1100 3620 146,000 44 1200 430 32
Paved sidew alk 1300 1950 70,000 30 50 120 35
Garden soil 870 720 35,000 35 230 120 25
Road shoulder
Industrial Land Uses
Paved parking 770 1060 130,000 1110 650 930 98
Unpaved parking/storage 620 700 110,000 1120 | 2050 1120 62
Paved footpath 890 1900 120,000 280 460 1300 63
Bare ground 700 1700 70,000 91 135 270 38

Source: Pitt and McLean 1986 (Toronto, Ontario)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
Total Solids (ma/L)
Residential: 58 (5) 1790 (5) 73 (5) 510 (5) 1240 (5) 49 (5) 325 (5)
64 (1) 235 (4)
18 (4)
Commercial: 95 (1) 340 (2) 325 (4)
190 (4) 240 (1)
102 (7)
Industrial: 113 (5) 490 (5) 270 (5) 1250 (5) 506 (5) 5620 (5) 580 (5) | 1800 (5)
Suspended Solids (ma/L)
Residential: 22 (1) 1660 (5) 41 (5) 440 (5) 810 (5) 20 (5) 242 (5)
13 (5)
Commercial: 270 (2) 242 (5)
65 (1)
41 (7)
Industrial: 4 (5) 306 (5) 202 (5) 730 (5) 373 (5) 4670 (5) 434 (5) | 1300 (5)
Dissolved Solids (mg/L)
Residential: 42 (10 130 (5) 32 (5) 70 (5) 430 (5) 29 (5) 83 (5)
5(5) 83 (4)
Commercial: 70 (2) 83 (5)
175 (1)
61 (7)
Industrial: 109 (5) 184 (5) 68 (5) 520 (5) 133 (5) 950 (5) 146 (5) 500 (5)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data) (Continued).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
BODs (ma/L)
13 (4)
Residential: 34 22 (4)
Commercial: 7 (4) 11 (1)
4(8)
COD (mg/L)
Residential: 46 (5) 173 (5) 22 (5) 178 (5) 62 (5) 174 (5)
27 (1) 170 (4)
20 (4)
Commercial: 130 (4) 190 (2) 174 (5)
180 (4)
53 (1)
57 (8)
Industrial: 55 (5) 180 (5) 82 (5) 247 (5) 138 (5) 418 (5) 98 (5) 322 (5)
Total Phosphorus (ma/L)
Residential: 0.03 (5) 0.36 (5) 0.20 (5) 0.80 (5) 0.62 (5)
0.05 (1) 0.31 (4)
0.1(4)
Commercial: 0.03 (4) 0.16 (1) 0.62 (5)
0.07 (4) 0.15 (7)
0.73 (5)
0.9 (2)
0.5 (4)
Industrial: <0.06 (5) 2.3 (5) 0.7 (5) 1.0 (5) 0.9 (5) 3.0(5) 0.82 (5) 1.6 (5)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data) (Continued).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
Total Phosphate (ma/L)
Residential: <0.04 (5) <0.2 (5) 0.66 (5) 0.64 (5) 0.07 (5)
0.08 (4) 0.12 (4)
Commercial: 0.02 (4) 0.03 (5) <0.02 (5) 0.07 (5)
0.3(2)
0.5 (4)
0.04 (7)
0.22 (8)
Industrial: <0.02 (5) 0.6 (5) 0.06 (5) 0.13 (5) <0.02 (5) 0.10 (5) 0.03 (5) 0.15 (5)
TKN (ma/L)
Residential: 1.1 (5) 3.1(5) 1.3(5) 1.1(5) 2.4 (5)
0.71 (4) 2.4 (4)
Commercial: 4.4 (4) 3.8(5) 2.4 (5)
4.1 (2)
1.5 (4)
1.0(1)
0.8 (8)
Industrial: 1.7 (5) 2.9 (5) 3.5(5) 2.7 (5) 5.7 (5) 7.5 (5) 4.7 (5) 5.7 (5)
Ammonia (mg/L)
Residential: 0.1 (5) 0.1 (5) 0.3 (5) <0.1 (5) 0.5 (5) 0.3 (5) <0.1(5)
0.9 (1) 0.42 (4)
0.5(4)
Commercial: 1.1(4) 1.4(2) <0.1(5)
0.35 (4)
0.38 (1)
Industrial: 0.4 (5) 0.3 (5) 0.3 (5) <0.1 (5) <0.1 (5) <0.1 (5) <0.1 (5) <0.1(5)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data) (Continued).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
Phenols (ma/L)
Residential: 2.4 (5) 12.2 (5) 30.0 (5) 9.7 (5) <0.4 (5) 8.6 (5) 6.2 (5)
Industrial: 1.2 (5) 9.4 (5) 2.6 (5) 8.7 (5) 7.0 (5) 7.4 (5) 8.7 (5) 24 (7)
Aluminum (no/L
Residential: 0.4 (5) 3.2 (5) 0.38 (5) 5.3 (5) <0.03 (5) 0.5 (5) 15(5)
Industrial: <0.2 (5) 3.5(5) 3.1(5) 9.2 (5) 3.4 (5) 41 (5) 1.2 (5) 14 (5)
Cadmium (mo/L
Residential: <4 (5) 2(5) <5 (5) 5(5) <1(5) <4 (5) <5 (5)
0.6 (1)
Commercial: 5.1(7) <5 (5)
0.6 (8)
Industrial: <4 (5) <4 (5) <4 (5) <4 (5) <4 (5) <4 (5) <4 (5) <4 (5)
Chromium (no/L
Residential: <60 (5) 20 (5) <10 (5) <60 (5) <10 (5) <60 (5) <60 (5)
<5 (4) 71 (4) 49 (4)
Commercial: <5 (4) 19 (7) <60 (5)
12 (8)
Industrial: <60 (5) <60 (5) <60 (5) <60 (5) <60 (5) 70 (5) <60 (5) <60 (5)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data) (Continued).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
Copper (nmo/L
Residential: 10 (5) 100 (5) 20 (5) 210 (5) 20 (5) 20 (5) 40 (5)
<5 (4) 30 (4)
Commercial: 110 (4) 40 (2) 40 (5)
46 (4)
110 (7)
Industrial: <20 (5) 480 (5) 260 (5) 120 (5) 40 (5) 140 (5) 30 (5) 220 (5)
Lead (no/L)
Residential: <40 (5) 250 (5) 760 (5) 1400 (5) 30 (5) 80 (5) 180 (5)
30 (3) 670 (4)
48 (1)
17 (4)
Commercial: 19 (4) 200 (2) 180 (5)
30 (1) 350 (3)
1090 (4)
146 (1)
255 (7)
54 (8)
Industrial: <40 (5) 230 (5) 280 (5) 210 (5) 260 (5) 340 (5) <40 (5) 560 (5)
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Table 3-11. Sheetflow quality summary for other source areas (mean concentration and source of data) (Continued).

Paved Parking Paved Unpaved Paved Unpaved Dirt Paved Streets
Pollutant and Land Use Roofs Storage Parking/Storage Driveways Driveways Walks Sidewalks
Zinc (nu/L
Residential: 320 (5) 520 (5) 390 (5) 1000 (5) 40 (5) 60 (5) 180 (5)
670 (1) 140 (4)
180 (4)
Commercial: 310 (1) 300 (5) 180 (5)
80 (4) 230 (4)
133 (1)
490 (7)
Industrial: 70 (5) 640 (7) 310 (5) 410 (5) 310 (5) 690 (5) 60 (5) 910 (5)
References:

(1) Bannerman, et al. 1983 (Milwaukee, WI) (NURP)

(2) Denver Regional Council of Governments 1983 (NURP)

(3) Pitt 1983 (Ottawa)

(4) Pitt and Bozeman 1982 (San Jose)

(5) Pitt and McLean 1986 (Toronto)

(6) STORET Site #590866-2954309 (Shop-Save-Durham, NH) (NURP)
(7) STORET Site #596296-2954843 (Huntington-Long Island, NY) (NURP)
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Table 3-12. Sheetflow quality summary for undeveloped landscaped and freeway pavement areas (mean
observed concentrations and source of data).

Pollutants Landscaped Areas Undeveloped Areas Freeway Paved Lane and
Shoulder Areas

Total Solids, mg/L 388 (4) 588 (4) 340 (5)

Suspended Solids, mg/L 100 (4) 400 (1) 180 (5)
390 (4)

Dissolved Solids, mg/L 288 (4) 193 (4) 160 (5)

BODs, mg/L 3 (3) B 10 (5)

COD, mg/L 70 (3) 72 (1) 130 (5)
26 (4) 54 (4)

Total Phosphorus, mg/L 0.42 (3) 0.40 (1) ----
0.56 (4) 0.68 (4)

Total Phosphate, mg/L 0.32 (3) 0.10 (1) 0.38 (5)
0.14 (4) 0.26 (4)

TKN, mg/L 1.32 (3) 2.9 (1) 2.5 (5)
36 (4) 1.8 (4)

Ammonia, mg/L 1.2 (3) 0.1 (1) ----
04 (4) <0.1 (4)

Phenols, ng/L 0.8 (4) [ R

Aluminum, ng/L 15 (4) 11 (4) I

Cadmium, ng/L <3 (4) <4 (4) 60 (5)

Chromium, my/L 10 (3) <60 (4) 70 (5)

C , mg/L <20 (4) 40 (1) 120 (5)
opper, Ny 31 (3)
<20 (4)

30 (2) 100 (1) 2000 (5)
Lead, ng/L 35 (3) 30 (2)
<30 (4) <40 (4)

Zinc, ng/L 10 (3) 100 (1) 460 (5)
100 (4)

References:

(1) Denver Regional Council of Governments 1983 (NURP)
(2) Pitt 1983 (Ottawa)

(3) Pitt and Bozeman 1982 (San Jose)

(4) Pitt and McLean 1986 (Toronto)

(5) Shelly and Gaboury 1986 (Milwaukee)
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Table 3-13. Source area bacteria sheetflow quality summary (means).

Unpaved Freeway
Pollutant and Paved Paved Parking/ Paved Unpaved Dirt Paved Land- Un- Paved
Land Use Roofs Parking Storage Storage Driveways Driveways Walks Sidewalks Streets scaped developed | Lane and
Shoulders
Fecal Coliforms
(#/100 ml)
Residential: 85 (2) [ 250,000 (4) 100 (4) 600 (4) 11,000 (4) 920 (3) 3300 (4) 5400 (2) 1500 (7)
<2 (3) 6,900 (4) 49 (3)
1400 (4)
Commercial 9(3) 2900 (2)
350 (3)
210 (1)
480 (5)
23,000 (6)
Industrial: 1600 (4) 8660 (6) | 9200 (4) | 18,000 (4) | 66,000 (4) [ 300,000 (4) 55,000 (4) | 100,000 (4)
Fecal Strep
(#/100 ml)
Residential: 170 (2) | 190,000 (4) | <100 (4) 1900 (4) 1800 (4) >2400 (3) | 43,000 (4) | 16,500 (2) 2200 (7)
920 (3) 7300 (4) 920 (3)
2200 (4)
Commercial: 17 (2) 11,900 (2)
>2400 (3)
770 (1)
1120 (5)
62,000 (6)
Industrial: 690 (4) 7300 (4) | 2070 (4) 8100 (4) [ 36,000 (4) 21,000 (4) 3600 (4) 45,000 (4)
Pseudo, Aerug
(#/100 ml)
Residential: 30,000 (4) 1900 (4) 100 (4) 600 (4) 600 (4) 570 (4) 2100 (4)
50 (4)
Industrial: 5800 (4) | 5850 (4) | 14,000 (4) { 14,300 (4) 100 (4) 3600 (4) 6200 (4)
References:

(1) Bannerman, et al. 1983 (Milwaukee, WI) (NURP)
(2) Pitt 1983 (Ottawa)
(3) Pitt and Bozeman 1982 (San Jose)
(4) Pitt and McLean 1986 (Toronto)

(5) STORET Site #590866-2954309 (Shop-Save-Durham, NH) (NURP)
(6) STORET Site #596296-2954843 (Huntington-Long Island, NY) (NURP)
(7) Kobriger, et al. 1981 and Gupta, etal. 1977
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Table 3-14. Source area filterable pollutant concentration summary (means).

Residential Commercial Industrial
Total Filterable | Filterable | Total | Filterable | Filterable | Total | Filterable Filt.
(%) (%) (%)
Roof Runoff
Solids (mg/L) 64 42 66 (1) 113 110 | 97 (3)
58 45 77 (3)
Phosphorus (mg/L) 0.054 0.013 24 (1)
Lead (ng/L) 48 4 8(1)
Paved Parking
Solids (mg/L) 240 175 73 (1) 490 138 | 28(3)
102 61 60 (4)
1790 138 8 (3)
Phosphorus (mg/L) 0.16 0.03 19 (1)
0.9 0.3 33(2)
TKN (mg/L) 0.77 0.48 62 (5)
Lead (ng/L) 146 5 3(1)
54 8.8 16 (5)
Arsenic (ng/L) 0.38 0.095 25 (5)
Cadmium (ng/L) 0.62 011 18 (5)
Chromium (ng/L) 11.8 2.8 24 (5)
Paved Storage
Solids (mg/L) 73 32 44 (3) 270 64 | 24(3)

References:

(1) Bannerman, et al. 1983 (Milwaukee) (NURP)

(2) Denver Regional Council of Governments 1983 (NURP)

(3) Pitt and McLean 1986 (Toronto)

(4) STORET Site #590866-2954309 (Shop-Save-Durham, NH) (NURP)
(5) STORET Site #596296-2954843 (Huntington-Long Island, NY) (NURP)

Toronto warm weather sheetflow water quality data were plotted against the rain volume that had occurred before
the samples were collected to identify any possible trends of concentrations with rain volume (Fitt and McLean
1986). The street runoff data obtained during the special washoff tests were also compared with the street sheetflow
data obtained during the actual rain events (Pitt 1987). These data observations showed definite trends of solids
concentrations verses rain volume for most of the source area categories, as shown later. Sheetflows from all
pervious areas combined had the highest total solids concentrations from any source category, for all rain events.
Other paved areas (besides streets) had total solids concentrations similar to runoff from smooth industrial streets.
The concentrations of total solidsin roof runoff were almost constant for all rain events, being slightly lower for
small rains than for large rains. No other pollutant, besides SS, had observed trends of concentrations with rain
depths for the samples collected in Toronto. Lead and zinc concentrations were highest in sheetflows from paved
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parking areas and streets, with some high zinc concentrations also found in roof drainage samples. High bacteria
populations were found in sidewalk, road, and some bare ground sheetflow samples (collected from |ocations where
dogs would most likely be “walked”).

Some of the Toronto sheetflow contributions were not sufficient to explain the concentrations of some constituents
observed in runoff at the outfall. High concentrations of dissolved chromium, dissolved copper, and dissolved zinc
inaToronto industrial outfall during both wet and dry weather could not be explained by wet weather sheetflow
observations (Pitt and McLean 1986). As an example, very few detectable chromium observations were obtained in
any of the more than 100 surface sheetflow samples analyzed. Similarly, most of the fecal coliform populations
observed in sheetflows were significantly lower than those observed at the outfall, especially during snowmelt. It is
expected that some industrial wastes, possibly originating from metal plating operations, were the cause of these
high concentrations of dissolved metals at the outfall and that some sanitary sewage was entering the storm drainage
system.

Table 3-14 summarizes the little filterable pollutant concentration data available for different source areas. Most of
the available data are for residential roofs and commercial parking lots.

Sources of Stormwater Toxicants Case Study in Birmingham, AL

Pitt, et al. (1995) studied stormwater runoff samples from avariety of source areas under different rain conditions as
summarized in Table 3-15. All of the samples were analyzed in filtered (0.45 pm filter) and non-filtered formsto
enable partitioning of the toxicantsinto “particulate” (non-filterable) and “dissolved” (filterable) forms.

Table 3-15. Numbers of samples collected from each source areatype.

Local Source Residential Commercial/ Industrial Mixed
Areas Institutional

Roofs 5 3 4

Parking Areas 2 11 3

Storage Areas na 2 6

Streets 1 1 4

Loading Docks na na 3

Vehicle Service Area na 5 na

L andscaped Areas 2 2 2

Urban Creeks 19
Detention Ponds 12

1) All collected in Birmingham, AL.

The sampleslisted in Table 3-15 were all obtained from the Birmingham, AL, area. Samples were taken from
shallow flows originating from homogeneous source areas by usingseveral manual grab sampling procedures. For
deep flows, samples were collected directly into the sample bottles. For shallow flows, a peristaltic hand operated
vacuum pump created a small vacuum in the sample bottle, which then gently drew the sample directly into the
container through a Teflond tube. About one liter of sample was needed, split into two containers: one 500 ml glass
bottle with Teflond lined lid was used for the organic and toxicity analyses and another 500 ml polyethylene bottle
was used for the metal and other analyses.

An important aspect of the research was to evaluate the effects of different land uses and source areas, plusthe
effects of rain characteristics, on sample toxicant concentrations. Therefore, careful records were obtained of the
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amount of rain and the rain intensity that occurred before the samples were obtained. Antecedent dry period data
were also obtained to compare with the chemical datain a series of statistical tests.

All sampleswere handled, preserved, and analy zed according to accepted protocols (EPA 1982 and 1983b). The
organic pollutants were analyzed using two gas chromatographs, one with a mass sel ective detector (GC/M SD) and
another with an electron capture detector (GC/ECD). The pesticides were analyzed according to EPA method 505,
while the base neutral compounds were analyzed according to EPA method 625 (but only using 100 ml samples).
The pesticides were analyzed on a Perkin Elmer Sigma 300 GC/ECD using a J& W DB-1 capillary column (30m by
0.32 mm ID with a1l nm film thickness). The base neutrals were analyzed on a Hewlett Packard 5890 GC with a
5970 M SD using a Supelco DB-5 capillary column (30m by 0.25 mm ID with a0.2 mm film thickness). Table 3-16
lists the organic toxicants that were analyzed.

Table 3-16. Toxic pollutants analyzed in samples.

Pesticides Phthalate Esters Polycyclic Aromatic Hydrocarbons Metals
Detention Limit = 0.3 pg/L | Detention Limit = 0.5 pg/L Detention Limit = 0.5 pg/L Detention Limit =1 pg/L
BHC (Benzene Bis(2-ethylhexyl) Acenaphthene Fluoranthene Aluminum
hexachloride) Phthalate

Acenapthylene Fluorene Cadmium
Heptachlor Butyl benzyl phthalate

Anthracene Indeno (1,2,3-cd) | Chromium
Aldrin Di-n-butyl phthalate pyrene

Benzo (a) anthracene Copper
Endosulfan Diethyl phthalate Naphthalene

Benzo (a) pyrene Lead
Heptachlor epoxide Dimethyl phthalate Phenanthrene

Benzo (b) Nickel
DDE (Dichlorodiphenyl Di-n-octyl phthalate fluoranthene Pyrene
dichloroethylene) Zinc

Benzo (ghi) perylene
DDD (Dichlorodiphenyl

dichloroethane) Benzo (k)
fluoranthene

DDT (Dichlorodiphenyl

trichloroethane) Chrysene

Endrin Dibenzo (a,h)
anthracene

Chlordane

Metallic toxicants, also listed in Table 3-16, were analyzed using a graphite furnace equipped atomic absorption
spectrophotometer (GFAA). EPA methods 202.2 (Al), 213.2 (Cd), 218.2 (Cr), 220.2 (Cu), 239.2 (Ph), 249.2 (Ni),
and 289.2 (Zn) were followed in these analyses. A Perkin EImer 3030B atomic absorption spectrophotometer was
used after nitric acid digestion of the samples. Previous research (Pitt and McLean 1986; EPA 1983a) indicated that
low detection limits were necessary in order to measure the filtered sample concentrations of the metals, which
would not be achieved by use of a standard flame atomic absorption spectrophotometer. Low detection limits would
enable partitioning of the metal s between the solid and liquid phases to be investigated, an important factor in
assessing the fates of the metalsin receiving waters and in treatment processes.

The Microtoxd 100% sample toxicity screening test, from Azur Environmental (previously Microbics, Inc.), was
selected for this research after comparisons with other laboratory bioassay tests. During the first research, 20 source
area stormwater samples and combined sewer samples (obtained during a cooperative study being conducted in New
Y ork City) were split and sent to four laboratories for analyses using 14 different bioassay tests. Conventional
bioassay tests were conducted using freshwater organisms at the EPA’s Duluth, MN, laboratory and using marine
organisms at the EPA’s Narraganssett Bay, RI, laboratory. In addition, other bioassay tests, using bacteria, were also
conducted at the Environmental Health Sciences L aboratory at Wright State University, Dayton, OH. The tests
represented arange of organisms that included fish, invertebrates, plants, and microorganisms.
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The conventional bioassay tests conducted simultaneously with the Microtoxa screening test for the 20 stormwater
sheetflow and combined sewer overflow (CSO) sampleswere all short-term tests. However, some of the tests were
indicative of chronic toxicity (e.g., life cycle tests and the marine organism sexual reproduction tests), whereas the
otherswould be classically considered as indicative of acute toxicity (e.g., Microtoxd and the fathead minnow
tests). The following list shows the major tests that were conducted by each participating laboratory:

1. University of Alabama at Birmingham, Environmental En gineering Laboratory
Microtoxa bacteria luminescencetests ( 10-, 20-, and 35-minute exposures)
using the marine Photobacterium phogphoreum.

2. Wright State University, Biological Sciences Department
Macrofaunal toxicity tests:
Daphnia magna (water flea) survival; Lemma minor (duckweed) growth;
and Selenastrum capricornutum (green alga) growth.
Microbial activity tests (bacterial respiration):
Indigenous microbial electron transport activity;
Indigenous microbial inhibition of b-galactosidase activity;
Alkaline phosphatase for indigenous microbial activity;
Inhibition of b-galactosidase for indigenous microbial activity; and
Bacterial surrogate assay using O-nitrophenol-b-D-gal actopyranside
activity and Escherichia coli.

3. EPA Environmental Research Laboratory, Duluth, MN
Ceriodaphnia dubia (water flea) 48-h survival; and
Pimephal es promelas (fathead minnow) 96-h survival.

4. EPA Environmental Research Laboratory, Narragansett Bay, RI
Champia parvula (marine red alga) sexual reproduction (formation of cystocarps
after 5to 7 d exposure); and
Arbacua punctulata (sea urchin) fertilization by sperm cells.

Table 3-17 summarizes the results of the toxicity tests. The C. dubia. P. promelas, and C. Parvula tests experienced
problems with the control samples and, therefore, these results are therefore uncertain. The A. pustul ata tests on the
stormwater samples also had a potential problem with the control samples. The CSO test results (excluding the
fathead minnow tests) indicated that from 50% to 100% of the samples were toxic, with most tests identifying the
same few samples as the most toxic. The toxicity tests for the stormwater samples indicated that 0% to 40% of the
samples were toxic. The Microtoxa screening procedure gave similar rankings for the samples as the other toxicity

tests.
Table 3-17. Fraction of samples rated as toxic.

Sample series Combined sewer Stormwater (%)
overflows (%)
Microtoxa marine bacteria 100 20
C. Dubia 60 ot
P. promelas o ot
C. parvula 100 o
A. punctulata 100 o
D. magna 63 40
L. minor 50! 0

1) Results uncertain, see text
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Laboratory toxicity tests can result in important information on the effects of stormwater in receiving waters, but
actua in-stream taxonomic studies should also be conducted. A recently published proceedings of a conference on
stormwater impacts on receiving streams (Herricks 1995) contains many examples of actual receiving water impacts
and toxicity test protocols for stormwater.

All of the Birmingham samples represented separate stormwater. However, as part of the Microtoxa evaluation,
several CSO samples from New Y ork City were also tested to compare the different toxicity tests. These samples
were collected from six CSO discharge locations having the following land uses:

1. 290 acres, 90% residential and 10% institutional .

2. 50 acres, 100% commercial.

3. 620 acres, 20% institutional, 6% commercial, 5% warehousing, 5% heavy industrial, and 64%
residential.

4. 225 acres, 13% institutional, 4% commercial, 2% heavy industrial. and 81% residential.

5. 400 acres, 1% institutional and 99% residential.

6. 250 acres, 88% commercial. 6% warehousing, and 6% residential.

Therefore, there was a chance that some of the CSO samples may have had some industrial process waters.
However, none of the Birmingham sheetflow samples could have contained any process waters because of how and
where they were collected.

The Microtoxa screening procedure gave similar toxicity rankings for the 20 samples as the conventional bioassay
tests. It isalso arapid procedure (requiring about one hour) and only requires small (<1 mL) sample volumes. The
Microtoxa toxicity test uses marine bioluminescence bacteria and monitors the light output for different sample
concentrations. About one million bacteria organisms are used per sample, resulting in highly repeatable results. The
more toxic samples produce greater stress on the bacteriatest organisms that resultsin agreater light attenuation
compared to the control sample. Note that the Microtoxd procedure was not used during this research to determine
the absolute toxicities of the samples or to predict the toxic effects of stormwater runoff on receiving waters. It was
used to compare the relative toxicities of different samples that may indicate efficient source area treatment
locations, and to examine changesin toxicity during different treatment procedures.

Results

Table 3-18 summarizes the source area sampl e data for the most frequently detected organic toxicants and for all of
the metallic toxicants analyzed. The organic toxicants analyzed, but not reported, were generally detected in five, or
less, of the non-filtered samples and in none of the filtered samples. Table 3-18 shows the mean, maximum, and
minimum concentrations for the detected toxicants. Note that these values are based only on the observed
concentrations. They do not consider the non-detectabl e conditions. Mean values based on total sample numbers for
each source area category would therefore result in much lower concentrations. The frequency of detection is
therefore an inportant consideration when evaluating organic toxicants. High detection frequencies for the organics
may indicate greater potential problems than infrequent high concentrations.
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Table 3-18. Stormwater toxicants detected in at least 10% of the source area sheetflow samples (mg/L, unless otherwise noted).

Roof areas Parking Storage Street Loading Vehicle Landscaped Urban Detention
areas areas runoff docks service areas areas creeks ponds

NF" F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. [ NE F.
Total samples 12 12 16 16 8 8 6 6 3 3 5 5 6 6 19 19| 12 12
Base neutrals (detection limit = 0.5 mg/L)
1,3-Dichlorobenzene detection frequency = 20% N.F. and 13% F.
No. detected® 3 2 3 2 1 1 1 1 0 0 3 2 3 2 2 0 1 1
Mean* 52 20 34 13 16 14 5.4 3.3 48 26 29 5.6 93 27 21
Max. 88 23 103 26 72 47 54 7.5 | 120
Min.® 14 17 3.0 2.0 6.0 4.9 4.5 3.8 | 65
Fluoranthene detection frequency = 20% N.F. and 12% F.
No. detected 3 2 3 2 1 0 1 1 0 0 3 2 3 2 1 0 2 1
Mean 23 9.3 37 2.7 45 | 0 0.6 | 05 39 3.6 13 1.0 | 130 10 6.6
Max. 45 14 110 5.4 53 6.8 38 1.3 14
Min. 7.6 4.8 3.0 2.0 0.4 0.4 0.7 0.7 6.6
Pyrene detection frequency = 17% N,F, and 7% F.
No. detected 1 0 3 2 1 0 1 1 0 0 3 2 2 0 1 0 2 1
Mean 28 40 9.8 8 1.0 | 0.7 44 4.1 5.3 100 31 5.8
Max. 120 20 51 7.4 8.2 57
Min. 3.0 2.0 0.7 0.7 2.3 6.0
Benzo(b)fluoranthene detection frequency = 15% N.F. and 0% F.
No. detected 4 0 3 0 0 0 1 0 0 0 2 0 1 0 2 0 0 0
Mean 76 53 14 98 30 36
Max. 260 160 110 64
Min. 6.4 3.0 90 8.0
Benzo(k)fluoranthene detection frequency = 11% N.F. and 0% F.
No. detected 0 0 3 0 0 0 1 0 0 0 2 0 1 0 2 0 0 0
Mean 20 15 59 61 55
Max. 1 103 78
Min. 3.0 15 31
Benzo(a)pyrene detection frequency = 15% N.F. and 0% F.
No. detected 4 0 3 0 0 0 1 0 0 0 2 0 1 0 2 0 0 0
Mean 99 40 19 90 54 73
Max. 300 120 120 130
Min. 34 3.0 60 19
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Table 3-18. Stormwater toxicants detected in at least 10% of the source area sheetflow samples (mg/L, unless otherwise noted).Continued.

Vehicle
Roof areas Parking Storage Street Loading service Landscaped Urban Detention
areas areas runoff docks areas areas creeks ponds
NF.* F. NF. F. NF. NF. NF. F. NF. F. NF. F. NF. F. NF. F.

[~Total samples 12 12 16 16 8 6 3 3 5 5 6 6 19 19 2 12

Bis(2-chloroethyl) ether detection frequency = 12% N.F. and 2% F.

No. detected 3 1 2 0 0 1 0 0 1 1 1 0 1 0 1 0

Mean 42 17 20 15 45 23 56 200 15

Max. 87 2 39

Min. 20 2.0 6.0 49 | 4.5 3.8 | 65

Bis(chloroisopropyl) ether detection frequency = 13% N.F. and 0% F.

No. detected 3 0 3 0 0 0 0 0 2 0 1 0 2 0 0 0

Mean 99 130 120 85 59

Max. 150 400 160 78

Min. 68 3.0 74 40

Naphthalene detection frequency = 11% N.F. and 6% F.

No. detected 2 0 1 1 0 0 0 0 2 1 1 0 1 1 2 2

Mean 17 72 6.6 70 82 49 300 6.7 43 12

Max. 21 100 68 17

Min. 13 37 18 6.6

Benzo(a)anthracene detection frequency = 10% N.F. and 0% F.

No. detected 1 0 3 0 0 0 0 0 2 0 1 0 1 0 0 0

Mean 16 24 35 54 61

Max. 73 39

Min. 3.0 31

Butylbenzyl phthalate detection frequency = 10% N.F. and 4% F.

No. detected 1 0 2 1 0 0 0 0 2 2 1 0 1 0 1 0

Mean 100 12 3.3 26 9.8 130 59 13

Max. 21 48 16

Min. 3.3 3.8 3

Pesticides (detection limit = 0.3 mg/L)

Chlordane detection frequency = 11% N.F. and 0% F.

No. detected 2 0 2 0 3 1 0 0 1 0 0 0 0 0 0 0

Mean 1.6 1.0 1.7 0.8 0.8

Max. 2.2 1.2 2.9

Min. 0.9 0.8 1.0
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Table 3-18. Stormwater toxicants detected in at least 10% of the source area sheetflow samples (mg/L, unless otherwise noted).Continued.

Vehicle
Roof areas Parking Storage Street Loading service Landscaped Urban Detention
areas areas runoff docks areas areas creeks ponds
NF.* F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F.

[Total samples 12 12 16 16 8 8 6 6 3 3 5 5 6 6 19 19 12 12

Metals (detection limit = Img/L)

Lead detection frequency = 100% N.F. and 54% F.

No. detected 12 1 16 8 8 7 6 4 3 1 5 2 6 1 19 15 12 8

Mean 41 1.1 46 2.1 105 2.6 43 2.0 55 2.3 | 63 24 | 24 1.7 20 1.4 19 1.0

Max. 170 130 5.2 330 5.7 150 3.9 80 110 3.4 | 70 100 1.6 55 1.0

Min. 1.3 1.0 1.2 3.6 1.6 1.5 1.1 25 27 1.4 1.4 1.4 <1l 1 <1

Zinc detection frequency = 99% N.F. and 98% F.

No. detected 12 12 16 16 8 7 6 6 2 2 5 5 6 6 19 19 12 12

Mean 250 220 110 86 1730 22 58 31 55 33 105 73 230 140 10 10 13 14

Max. 1580 1550 | 650 560 13100 100 130 76 79 62 230 230 | 1160 | 670 32 23 25 25

Min. 11 9 12 6 12 3.0 4.0 4.0 31 4.0 | 30 11 18 18 <1 <1 <1 <1

Copper detection frequency = 98% N.F. and 78% F.

No. detected 11 7 15 13 8 6 6 5 3 2 5 4 6 6 19 17 12 8

Mean 110 2.9 116 11 290 250 280 3.8 22 8.7 | 135 8.4 | 81 4.2 50 1.4 43 20

Max. 900 8.7 770 61 1830 1520 | 1250 11 30 15 580 24 300 8.8 440 1.7 210 35

Min. 15 1.1 10 1.1 10 1.0 10 1.0 15 26 | 1.5 1.1 ] 1.9 0.9 <1 <1 0.2 <1

Aluminum detection frequency = 97% N.F. and 92% F.

No. detected 12 12 15 15 7 6 6 6 3 1 5 4 5 5 19 19 12 12

Mean 6850 230 3210 | 430 2320 180 3080 880 780 [ 18 700 170 | 2310 | 1210 | 620 190 700 210

Max. 71300 1550 | 6480 | 2890 | 6990 740 10040 | 4380 | 930 1370 | 410 | 4610 | 1860 | 3250 | 500 1570 | 360

Min. 25 6.4 130 5.0 180 10 70 18 590 93 0.3 | 180 120 <5 <5 <5 <5

Cadmium detection frequency = 95% N.F. and 69% F.

No. detected 11 7 15 9 8 7 6 5 3 3 5 3 4 2 19 15 12 9

Mean 3.4 0.4 6.3 0.6 5.9 2.1 37 0.3 1.4 | 04 | 9.2 0.3 [ 05 0.6 8.3 0.2 2 0.5

Max. 30 0.7 70 1.8 17 10 220 0.6 24 |1 06 | 30 05 |1 1 30 0.3 11 0.7

Min. 0.2 0.1 0.1 0.1 0.9 0.3 0.4 0.1 0.7 [ 03 | 1.7 0.2 | 0.1 0.1 <0.1 <0.1 0.1 0.4

Chromium detection frequency = 91% N.F. and 55% F.

No. detected 7 2 15 8 8 5 5 4 3 0 5 1 6 5 19 15 11 8

Mean 85 1.8 56 2.3 75 11 9.9 1.8 17 74 25 [ 79 2.0 62 1.6 37 2.0

Max. 510 2.3 310 5.0 340 32 30 2.7 40 320 250 4.1 710 4.3 230 3.0

Min. 5.0 1.4 2.4 1.1 3.7 1.1 2.8 1.3 2.4 2.4 2.2 1.4 <0.1 <0.1 <0.1 <0.1
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Table 3-18. Stormwater toxicants detected in at least 10% of the source area sheetflow samples (mg/L, unless otherwise noted).Continued.

Vehicle
Roof areas Parking Storage Street Loading service Landscaped Urban Detention
areas areas runoff docks areas areas creeks ponds
NF.” F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F. NF. F.
~Total samples 12 12 16 16 8 8 6 6 3 3 5 5 6 6 19 19 12 12

Nickel detection frequency = 90% N.F. and 37% F.
No. detected 10 0 14 4 8 1 5 0 3 1 5 1 4 1 18 16 11 8
Mean 16 45 5.1 55 87 17 6.7 1.3 | 42 31 53 21 | 29 23 | 24 3.0
Max. 70 130 13 170 70 8.1 70 130 74 3.6 | 70 6.0
Min. 2.6 4.2 1.6 1.9 1.2 4.2 7.9 21 <1 <1 1.5 <1
Other constituents (always detected, analyzed only for non-filtered samples)
pH
Mean 6.9 7.3 8.5 7.6 7.8 7.2 6.7 7.7 8.0
Max. 8.4 8.7 12 8.4 8.3 8.1 7.2 8.6 9.0
Min. 4.4 5.6 6.5 6.9 7.1 5.3 6.2 6.9 7.0
Suspended solids
Mean 14 110 100 49 40 24 33 26 17
Max. 92 750 450 110 47 38 81 140 60
Min. 0.5 9.0 5.0 7.0 34 17 8.0 5.0 3.0

1) N.F.: concentration associated with a non-filtered sample.

2) F.: concentration after the sample was filtered through a 0.45 nm membrane filter.

3) Number detected refers to the number of samples in which the toxicant was detected.

4) Mean values based only on the number of samples with a definite concentration of toxicant reported (not on the total number of samples analyzed).
5) The minimum values shown are the lowest concentration detected, they are not necessarily the detection limit.
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Table 3-18 also summarizes the measured pH and SS concentrations. Most pH values were in the range of 7.0to 8.5
with alow of 4.4 and ahigh of 11.6 for roof and concrete plant storage area runoff samples, respectively. Thisrange
of pH can have dramatic effects on the speciation of the metals analyzed. The SS concentrations were generally less
than 100 mg/L, with impervious area runoff (e.g., roofs and parking areas) having much lower SS concentrations
and turbidities compared to samples obtained from pervious areas (e.g., landscaped areas).

Out of more than 35 targeted organic compounds analyzed, 13 were detected in more than 10% of all samples, as
shown in Table 3-18. The greatest detection frequencies were for 1,3-dichlorobenzene and fluoranthene, which were
each detected in 23% of the samples. The organics most frequently found in these source area samples (i.e.,
polycyclic aromatic hydrocarbons (PAH), especially fluoranthene and pyrene) were similar to the organics most
frequently detected at outfallsin prior studies (EPA 1983a).

Roof runoff, parking area and vehicle service area samples had the greatest detection frequencies for the organic
toxicants. Vehicle service areas and urban creeks had several of the observed maximum organic compound
concentrations. Most of the organics were associated with the non-filtered sample portions, indicating an association
with the particulate sample fractions. The compound 1,3-dichlorobenzene was an exception, having a significant
dissolved fraction.

In contrast to the organics, the heavy metals analyzed were detected in aimost all samples, including the filtered
sample portions. The non-filtered samples generally had much higher concentrations, with the exception of zinc,
which was mostly associated with the dissolved sample portion (i.e., not associated with the SS). Roof runoff
generally had the highest concentrations of zinc, probably fromgal vanized roof drainage components, as previously
reported by Bannerman, et al. (1983). Parking and storage areas had the highest nickel concentrations, while vehicle
service areas and street runoff had the highest concentrations of cadmium and lead. Urban creek samples had the
highest copper concentrations, which were probably duetoillicit industrial connections or other non-stormwater
discharges.

Table 3-19 shows the rel ative toxicities of the collected stormwaters. A wide range of toxicities was found. About
9% of the non-filtered samples were considered highly toxic using the Microtoxa toxicity screening procedure.
About 32% of the samples were moderately toxic and about 59% were considered non-toxic. The greatest
percentage of samples considered the most toxic were from industrial storage and parking areas. Landscaped areas
also had a high incidence of highly toxic samples (presumably due to landscaping chemicals) and roof runoff had
some highly toxic samples (presumably due to high zinc concentrations). Treatability study activitiesindicated that
filtering the samples through arange of fine sieves and finally a 0.45um filter consistently reduced sample toxicities.
The chemical analyses also generally found much higher toxicant concentrations in the non-filtered sample portions,
compared to the filtered sample portions.

Replicate samples were collected from several source areas at three land uses during four different storm eventsto
statistically examine toxicity and pollutant concentration differences due to storm and site conditions. These data
indicated that variationsin Microtox@ toxicities and organic toxicant concentrations may be partially explained by
rain characteristics. As an example, high concentrations of many of the PAHs were associated with long antecedent
dry periods and large rains (Barron 1990).

Pollution Prevention Associated with Selection of Building Materials

The selection of alternative building materials exposed to weather can have a significant effect on runoff quality.
The above information showed obvious problems associated with roof runoff caused by the exposure of galvanized
metal flashing to rain water. Treated wood has also been of concern as alikely source of heavy metal and organic
toxicants.
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Table 3-19. Relative toxicity of samples using Microtoxa (non-filtered).

Local Source Highly Moderately Not Number
Areas Toxic Toxic Toxic of

(%) (%) (%) Samples
Roofs 8 58 33 12
Parking Areas 19 31 50 16
Storage Areas 25 50 25 8
Streets 0 67 33 6
Loading Docks 0 67 33 3
Vehicle Service Areas 0 40 60 5
Landscaped Areas 17 17 66 6
Urban Creeks 0 11 89 19
Detention Ponds 8 8 84 12
All Areas 9 32 59 87

Microbics suggested toxicity definitions for 35 minute exposures:
Highly toxic - light decrease >60%
Moderately toxic - light decrease <60% & >20%
Not toxic - light decrease <20%

The detection of pentachlophenolsin stormwater indicates important leaching from treated wood. Freguent
detections of polycyclic aromatic hydrocarbons (PAHS) during the U.S. Environmental Protection Agency’s
Nationwide Urban Runoff Program (EPA 1983a) may possibly indicate leaching from creosote treated wood, in
addition to fossil fuel combustion sources. High concentrations of copper, and some chromium and arsenic
observations also indicate the potential of leaching from “CCA” (copper, chromium, and arsenic) treated wood. The
significance of these |eachate productsin the receiving watersis currently unknown, but alternatives to these
preservatives should be considered. Many cities use aluminum and concrete utility polesinstead of treated wood
poles. Thisisespecially important considering that utility poles are usually located very close to the drainage system
ensuring an efficient delivery of leachate products. Many homes currently use wood stains containing
pentachlorophenol and other wood preservatives. Similarly, the construction of retaining walls, wood decks and
playground equipment with treated wood is common. Some preservatives (especially creosote) cause direct skin
irritation, besides contributing to potential problemsin receiving waters. Many of these wood products are at |east
located some distance from the storm drainage system, allowing some improvement to surface water quality by
infiltration through pervious surfaces.

Thereis growing interest in the development and use of environmentally sensitive construction materials.

Studies conducted at the University of Alabamaat Birmingham (Pitt, et al., 1995) investigated toxic contributions to
urban wet weather flow from sources such as roofs, parking areas, storage areas, streets, loading docks, vehicle
service areas, and landscaped areas. Roof runoff, vehicle service area and parking lot samples were foundto have
the greatest organic toxicant detection frequencies and the highest levels of detected metals. However, relative
pollutant contributions from various roofing, wooden and paving materials themselves are also a concern which has
not been adequately addressed. Due to the common use of these surfacesin our urban environments, reduction of
emissions at the source is desirable, and material substitution would seem a good place to start.

Roofing and Paving Materials

Other studies have verified the UAB research, confirming the important role played by roofs and paved surfacesto
pollutant contributions to wet weather flow. Boller (1997) identified heavy metals such as cadmium, copper, lead
and zinc as the critical metals in domestic wastewaters and, based on his flow studies, concluded that runoff from
roofs and streets contribute 50-80% of these metals to the total mass flow in Swiss combined sewer systems. Roof
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runoff samples, from tile, polyester, and flat gravel roofs were analyzed and metal concentrations were found to vary
tremendously with roof type. First flush analyses showed polyester roofs contributing highest concentrations of
copper (6,817 ngy/L), zinc (2,076 ng/L), cadmium (3.1 ng/L) and lead (510 ng/L). Concentrationsin runoff from tile
roofs were copper (1,905 ng/L), zinc (360 ng/L), cadmium (2.1 ng/L) and lead (172 ng/L). Runoff from flat gravel
roofs also contributed copper (140 ng/L), zinc (36 ny/L), cadmium (0.2 ng/L) and lead (22 ng/L). Runoff from roofs
was found to contain not only heavy metals, but polyaromatic hydrocarbons (PAHs) and organic halogens as well.
Mottier and Boller (1996), working in Zurich, measured metals concentrations in road runoff and found average
values of 300 ng/L for lead, 4 ng/l for cadmium, 150 ng/L for copper and 500 ng/L for zinc. Information on
pavement material type was not included. Averaged roof runoff concentrations (from tile and polyester roofs) were
also measured at 16 ng/L for lead, 0.17 ng/L for cadmium, 225 ng/L for copper and 42 g/l for zinc. Boller
concluded that copper installations on buildings seem to represent the largest source for the discharges of this metal
into the environment. He estimated annual zinc and copper corrosion from roof metal installations at 4-14 grams/sg.
meter and 7.5-15 grams/sg. meter respectively. Stark, et al (1995) arrived at a similar conclusion, estimating that
stormwater from roofs may be responsible for more the 60% of the copper in Austria’ s combined sewers.

Researchersin Marquette, Michigan, collecting wet weather flow concurrently at 33 sites during 12 storms detected
discernable differencesin runoff quality between avariety of impervious source areas (Steuer, et al. 1997).
Commercial and residential rooftops were found to produce the lowest concentrations of suspended solids, but the
highest concentrations of dissolved metals such as lead, zinc, cadmium, and copper. Parking lots produced the
highest concentrations for all PAH compounds and high concentrations of zinc, total cadmium and total copper.
Low traffic streets were also identified as amajor producer of total cadmium.

Forster (1996) sampled and analyzed roof runoff for heavy metals (Cd, Cu, Zn, Pb) between April 1993 and May
1994. Measurement were made with an experimental roof system situated on the Campus of the University of
Bayreuth and at various locations in the urban area of Bayreuth, Northern Bavaria. The experimental roof systems
allowed the influence of different roof materials (concretetiles, zinc sheet, pantiles, fibrous cement) on runoff
quality to be compared. Large differencesin runoff pollutant concentrations from various roofs were interpreted to
indicate that the pollutants were not only being transported to the surface viathe atmosphere, but also originating
from the material itself. Extremely high values of zinc and copper were measured when the roof system or parts of it
were made of metal panels, flashing, and gutters. For example, runoff concentrations from zinc sheet roofing started
almost three orders of magnitude higher and remained more than twenty times above the values measured for the
roofs affected only by atmospheric deposition. Forster noted the most critical effect of runoff pollution containing
heavy metalsistheir high ecotoxicity in receiving waters. Mean runoff concentration values at his study sites
exceeded by about two orders of magnitude local toxicity thresholds. Peak values exceeded thresholds by afactor of
1000 or more. Forster concluded by advocating abandoning the use of exposed metal surfaces on roofsand walls of
buildings.

Good (1993) reported the results of one time sampling of runoff from arusty galvanized metal roof, a weathered
metal roof, a built-up roof of plywood covered with roofing paper and tar, aflat tar-covered roof which had been
painted with afibrous reflective aluminum paint, and arelatively new anodized aluminum material at a sawmill
facility on the coast of Washington . The research was carried out following the discovery that stormwater samples
from the site were acutely toxic and contained high concentrations of zinc. Differencesin contributions of copper,
lead, and zinc were noticed between each roof type. Built-up roofing contributed the highest concentrations of
dissolved copper (128 ny/L) and total copper (166 ng/L), approxi mately 10 times higher than levels detected in
runoff from the other roofs sampled. Runoff from the rusty galvanized metal roof contained the highest
concentrations of dissolved lead (35 ng/L) and total lead (302 ng/L), dissolved zinc (11,900 ng/L) and tota zinc
(12,200 ng/L). High concentrations of zinc were noted in runoff from each type of roof sampled at the site.
Dissolved metals concentrations and toxicity remained high in roof runoff samples collected three hours after the
beginning of the storm event, indicating metals leaching continued throughout storm events. All roof runoff samples
were found to be highly toxic to rainbow trout with the aluminum painted roof least toxic. Roof runoff sample
concentrations exceeded the water quality criteriafor copper, lead, and zinc in all samples, though the greatest
exceedences were for zinc. Acid rain and the high ionic content of the coastal atmosphere were thought to have
contributed to the rapid corrosion of the galvanized metal roofs and leaching of zinc. Interestingly, plastic rain
gutters were also reported as a source of lead.
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Thomas and Greene (1993) working in and near Armidale, Australiafound differencesin metal contaminate levels
between urban and rural roofs associated with variationsin atmospheric deposition and differences related to
antecedent dry periods. He also found runoff water quality influenced by different roof types. Zinc concentrations
were significantly higher in galvanized iron roof catchments, while pH, conductivity and turbidity levels were higher
in concrete tile roof catchments.

Pitt, et al. (1995) found high concentrations of organic constituents in runoff from several types of paved source
areas. Paved areas receive pollutant contributions from vehicle exhaust emissions, tire and brake wear, vehicle
corrosion and leaks, carry-in and atmospheric deposition, which are then washed off to varying degreesin
subsequent rains. However, differences noted between sampling sites indicate potential differencesin contribution
of organics from paving materials themselves. Polycyclic aromatic hydrocarbons (PAHS) in particular are of
concern, because they are known to have potential for adverse effects to alarge number of invertebrates, fishes,
birds, and mammals (Kennish 1992). Chlorination of PAHs in water treatment plants have also been found to
produce carcinogenic by-products (Kopfler, et al. 1977).

Exposed Wooden Material/Treated Wood

Typical treated woods include chromated-copper-arsenate (CCA), ammoniacal copper zinc arsenate (ACZA),
pentachlorophenol (PCP), and creosote. The volume of treated wood produced in the United Statesin 1987 was as
follows: CCA/JACZA — 11.9 million cubic meters, PCP — 1.4 million cubic meters, Creosote — 2.8 million cubic
meters.

Both arsenic and chromium are heavy metals which have acute environmental health risks associated with them.
Copper does not generally constitute a human health risk, however, low concentrations of copper, in certain ionic
forms, are highly toxic to marine fauna and flora. The known toxicity of arsenic and chromium to humans has
resulted in concern about the possible introduction into the environment of large amounts of these metalsin treated
wood products (Brooks 1993).

Pentachlorophenol is a highly chlorinated, synthetic preservative containing pentachlorophenal, 2,3,4,6-
tetrachlorophenol, higher chlorophenols, dioxins and furans. Arsenault (1975) and Stranks (1976) reported the
presence of pentachlorophenol around the base of, and in drainage ditches near treated utility poles. Stranks reported
drainage ditch waters with 1.8 times the 96-h L C50 of chlorophenol for salmonids near PCP treated utility poles. In
1991, the EPA determined that the use of pentachlorophenol poses the risk of oncogenicity because of the presence
of hexachlorodibenzo-p-dioxin and hexachol orobenzene, both of which have the potential to produce
teratogenic/fetotoxic effects) (CALEPA 1996).

Creosoteis arather complex chemical that is comprised of more than 160 different distillates that occur in coal-tar,
including aromatic hydrocarbons (such as naphthal ene, anthracene, benzene, toluene, xylene, acenaphthene,
phenanthrene, and fluorene), tar acids (such as phenols, cresols, xylenols, and naphthols), and tar bases (including
pyridines, guinolines, and acridines) many of which are toxicants and carcinogens. The EPA determined that
creosote has the potential for oncogenicity and mutagenicity (CALEPA 1996).

Preliminary Leaching Teststo I nvestigate Building Material Contributionsto Stormwater
Contamination

Pitt, et al. (1999) examined the leaching effects associated with different building materials that may affect runoff
quality, as part of his studies on the construction of pilot-scale treatment units. Thisinformation is summarized in
the following paragraphs as an indication of the potential benefits of using alternative building materials. An
important consideration when constructing any treatability apparatusis potential contamination of the test solutions
by materials used in the construction of the device. Therefore, before the pilot-scal e M ulti-Chambered Treatment
Train (MCTT) was constructed, a series of tests were conducted to examine the leachability of different potential
construction materials. Samples of the various materials were left to soak in de-ionized water for set periods of time,
and then the water was analyzed for abroad list of constituents of interest.
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Samples of each material were immersed for a period of 72 h in approximately 500 mL of laboratory grade 18
megohm water. A sample blank was also prepared. Analyses conducted on each of these samples, and the sample
blank included toxicity screening, major ion, and toxicant analyses. Table 3-20 presents the contaminants that were
found in the leaching water at the end of the test in high concentrations that may affect the test results. The most
serious problems occur with plywood, including both treated and untreated wood. Attempting to seal the wood with
Formica and caulking was partially successful, but toxicants were still leached. Covering of the Formica clad
plywood with polyethylene plastic sheeting was finally used to eliminate any potential problem in the pilot-scale
treatment constructed. Fiberglass screening material, especially before cleaning, also causes a potential problem
with plasticizers and other organics. PV C and aluminum may be acceptable materials, if phthalate esters and
aluminum contamination can be tolerated.

Table 3-20. Potential Sample Contamination from Materials that may be used in Treatability Test Apparatus

Material:

Contaminant observed:

untreated plywood

toxicity, chloride, sulfate, sodium, potassium, calcium, 2,4-
dimethylphenol, benzylbutyl phthalate, bis(2-ethylhexyl)
phthalate, phenol, N-nitro-so-di-n-propylamine, 4-chloro-3-
methylphenol, 2,4-dinitrotoluene, 4-nitrophenol, alpha BHC,
gamma BHC, 4,4-DDE, endosulfan Il, methoxychlor, and
endrin ketone

treated plywood (CCA)

toxicity, chloride, sulfate, sodium, potassium,
hexachloroethane, 2,4-dimethylphenol, bis(2-chloroethoxyl)
methane, 2,4-dichlorophenol, benzylbutyl phthalate, bis(2-
ethylhexyl) phthalate, phenol, 4-chloro-3-methylphenol,
acenaphthene, 2,4-dinitrotoluene, 4-nitrophenol, alpha
BHC, gamma BHC, beta BHC, 4,4'-DDE, 4,4'-DDD,
endosulfan I, endosulfan sulfate, methoxychlor, endrin
ketone, and copper (likely), chromium (likely), arsenic
(likely)

treated plywood (CCA) and Formica

toxicity, chloride, sulfate, sodium, potassium, bis(2-
chloroethyl) ether?*, diethylphthalate, phenanthrene,
anthracene, benzylbutyl phthalate, bis(2-ethylhexyl)
phthalate, phenol*, N-nitro-so-di-n-propylamine, 4-chloro-
3-methylphenol*, 4-nitrophenol, pentachlorophenol, alpha
BHC, 4,4'-DDE, endosulfan Il, methoxychlor, endrin
ketone, and copper (likely), chromium (likely), arsenic
(likely)

treated plywood (CCA), Formica and silica caulk

lowered pH, toxicity, bis(2-chloroethyl) ether*,
hexachlorocyclopentadiene, diethylphthalate, bis(2-
ethylhexyl) phthalate, phenol*, N-nitro-so-di-n-
propylamine, 4-chloro-3-methylphenol*, alpha BHC,
heptachlor epoxide, 4,4'-DDE, endosulfan Il, and copper
(likely), chromium (likely), arsenic (likely)

Formica and silica caulk

lowered pH, toxicity, 4-chloro-3-methylphenol, aldrin, and
endosulfan 1

silica caulk

lowered pH, toxicity, and heptachlor epoxide

PVC pipe

N-nitrosodiphenylamine, and 2,4-dinitrotoluene

PVC pipe with cemented joint

bis(2-ethylhexyl) phthalate* acenaphthene, and
endosulfan sulfate

plexiglass and plexiglass cement

naphthalene, benzylbutyl phthalate, and bis(2-ethylhexyl)
phthalate, and endosulfan I

aluminum

toxicity, and aluminum (likely)

plastic aeration balls

2,6-dinitrotoluene

filter fabric material

acenaphthylene, diethylphthalate, benzylbutyl phthalate,
bis(2-ethylhexyl) phthalate, and pentachlorophenol

sorbent pillows

diethylphthalate, and bis(2-ethylhexyl) phthalate

black plastic fittings

pentachlorophenol

reinforced PVC tubing

diethylphthalate, and benzylbutyl phthalate

fiberglass window screening

toxicity, dimethylphthalate, diethylphthalate* bis(2-
ethylhexyl) phthalate, di-n-octyl phthalate, phenol, 4-
nitrophenol, pentachlorophenol, and 4,4’-DDD

Delrind benzylbutyl phthalate
Teflond nothing
glass zinc (likely)

* the observed concentrations in the leaching solution were very large compared to the other materials.
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Metals exposed to rain water are of obvious concern, asindicated by the roof runoff data. Treated wood is of
obvious concern and should be avoided in locations near directly connected paved areas. It isalso likely that runoff
from fresh asphalt pavement can produce toxic effects, while aged asphalt surfaces do not cause problems. In many
cases, much reduced amounts of toxicants reach the drainage system if the sheetflow water from these materialsis
allowed to drain across landscaped areas, where most of the heavy metals and organic toxicants seemed to be tightly
sorbed to soil particulates. Of course, these soil particulates can erode and contribute contaminated sedimentsto the
stormwater, while others can adversely affect groundwater (Pitt, et al. 1996). Selection of alternative meterialsis
preferred. Most plastics, or plastic-coated metals should be acceptable, along with many traditional building
materials (glass, brick and concrete), but much additional work needs to be donein this area.

Street Dirt Accumulation

The washoff of street dirt and the effectiveness of street cleaning as a stormwater control practice are highly
dependent on the available street dirt loading. Street dirt loadings are the result of deposition and removal rates, plus
“permanent storage.” The permanent storage component is afunction of street texture and condition and isthe
quantity of street dust and dirt that cannot be removed naturally by rains or winds, or by street cleaning equipment.
Itisliterally trapped in the texture, or cracks, of the street. The street dirt loading at any timeisthisinitial permanent
loading plus the accumulation amount corresponding to the exposure period, minus the re-suspended material
removal by wind and traffic-induced turbulence. Removal of street dirt can occur naturally by winds and rain, or by
human activity (e.g., by the turbulence of traffic or by street cleaning equipment). Very little removal occurs by any
process when the street dirt |oadings are small, but wind removal may be very large with larger loadings, especially
for smooth streets (Pitt 1979).

It takes many and frequent samples to ascertain the accumulation characteristics of street dirt. The studies briefly
described in this discussion typically involved collecting many hundreds of composite street dirt samples during the
course of the one to three year projects from each study area. With each composite sample made up of about 10 to
35 subsamples, a great number of subsamples were used to obtain the data. Without high resolution (and effective)
sampling, it is not possible to identify the variationsin loadings and effects of rains and street cleaning. Figures 3-1
and 3-2 are examples of the measured street dirt loading as afunction of time for both smooth and rough streets (Pitt
(1979). These plotsclearly show accumulation rates (and increases in particle size of the street dirt) as time between
street cleaning lengthens.
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Figure 3-1. Street dirt accumulation and particle size changes on good asphalt streets in San Jose, CA (Pitt

1979).
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Figure 3-2. Street dirt accumulation and particle size changes on rough asphalt streets in San Jose, CA (Pitt

1979).
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Figure 3-3 shows very different street dirt loadings for two San Jose, CA residential study areas (Pitt 1979). The
accumulation and deposition rates (and therefore the amounts lost to air) are quite similar, but the initial loading
values (the permanent storage values) are very different. The loading differences were almost solely caused by the
different street textures.
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Figure 3-3. Deposition and accumulation of street dirt (Pitt 1979).

In early studies (APWA 1969; Sartor and Boyd 1972; and Shaheen 1975) it was assumed that theinitial loading
values were zero. However, the sampling procedures employed were very effective in renoving all loose material
from the streets, including the loadings that could not be removed by rains or street cleaning. Calculated
accumulation rates for rough streets were therefore very large, as they were forced through the origin. The early,
uncorrected, Sartor and Boyd accumulation rates that ignored theinitial loading values were almost ten times the
corrected values that had reasonable “initial loads.”
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A street dirt loading equation that can be used to represent street dirt loading (Pitt 1979) is:
Y =ax-b¥+c

whereY = street loading at time x,

a, b, and c are second order polynomial curve coefficients
ax represents the deposition loading

by represents the amount lost to the air

and c representstheinitial storage loading

This curve should only be used over the range of observed accumulation periods. For long accumulation periods,
this quadratic equation may predict decreasing loadings.

At very long accumulation periods relative to the rain frequency, the wind losses may approximate the deposition
rate, resulting in very little loading increases. For Bellevue, Washington, with interevent rain periods averaging
about 3 days, steady loadings were observed only after about 1 week (Pitt 1985). In Castro Valley, California, the
rain interevent periods were much longer (ranging from about 20 to 100 days) and steady loadings were never
observed (Pitt and Shawley 1982).

The accumulation period for each observed loading is needed before these accumulation curve coefficients can be
calculated. It isthe time since the streets were last cleaned, or the time since the last “significant” rain. A significant
rainisusually considered to be about 10 mm, or larger, that occurs over afew hours. These rains normally remove
at least 90% of the “available” street dirt washoff load, as will be described in the following discussion.

Street dirt loading datais difficult to fit to any curve because of many potential measurement and interpretation
errors. The measurements are usually obtained with 25 percent allowable errors due to the large cost increases
needed to collect enough sub-samples to significantly reduce these errors. As an example, it requires about five
times as many street dirt subsamplesfor a 10 percent allowable error as compared to a 25 percent allowable error
(Pitt 1979). Many areas also have frequent (every few days) rains. In most cases, frequent rains keep the street dirt
loadings very close to theinitial storage value, with little observed increase in dirt accumulation over time. If the
loading valueis not very well correlated with accumulation time, linear regression curve fitting may not be

appropriate.

Other problems arise when attempting to use least squares regression techniques with data that contain different
distributions of residuals (errors) over the range of predictor variables, or if the errors are not independent. Thisis
especially true with street dirt accumulation data, as there are usually few street dirt |oading observations associated
with long accumulation periods. The shorter accumulation period observations usually have much smaller errors
(due to smaller allowable data ranges) than the observations having longer accumulation periods (which are not as
constrained). The short period loadings are relatively low, and the range of observed |oadings at these low
accumulation periods range from zero to values two or three times higher than the predicted loadings. The observed
loadings at the longer accumulation periods are also constrained at zero for minimum values, but the range of
possible valuesis much larger than for the lower loadings. The errors for these longer period observations can be
greater because of the greater opportunity for other factors that are not included in the regression relationship to be
prominent. These other factors include variable winds and moisture conditions. If the datais extensive, then it may
be separated into seasonal groupingsto reduce the variations of these other factors. L ogarithmic transformations of
the loading values can sometinmes produce normally distributed residuals over the range of data that are necessary
for least-squares regression analyses.

Early measurements of across-the-street dirt distributions made by Sartor and Boyd (1972) indicated that about 90
percent of the street dirt was within about 30 cm of the curb face (typically within the gutter area). These
measurements, however, were made in areas of no parking (near fire hydrants because of the need for water for the
sampling procedures that were used), and the traffic turbulence was capable of blowing most of the street dirt
against the curb barrier (or over the curb onto adjacent sidewalks or |andscaped areas) (Shaheen 1975). In |ater tests,
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Pitt (1979) and Pitt and Sutherland (1982) examined street dirt distributions across-the-street in many additional
situations. They found distributions similar to Sartor and Boyd' s observations only on smooth streets, with moderate
to heavy traffic, and with no on-street parking. In many cases, most of the street dirt was actually in the driving
lanes, trapped by the texture of rough streets. If extensive on-street parking was common, much of the street dirt was
found several feet out into the street, where much of the resuspended (in air) street dirt blew against the parked cars
and settled to the pavement. Figure 3-4 shows across-the-street distributions of street dirt, both before and after
street cleaning for arelatively busy roadway (having no parking) in Bellevue, WA (Pitt 1985). Only about 20% of
the street dirt was near the curb before street cleaning, while 90% was within about 8 ft. After cleaning, the load was

even more evenly distributed, as the street cleaner preferentially removed street dirt near the curb and blew some dirt
out into the street.
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Figure 3-4. Re-distribution of street dirt across the street during street cleaning (Pitt 1985).

Methodology for Street Dirt Accumulation Measurements

Pitt and McL ean (1984) conducted street dirt accumulation studies as part of the Humber River study portion of
TAWMS (Toronto Area Watershed Management Study). Detailed results were also presented by Pitt (1987). An
industrial street with heavy traffic (Norseman) and aresidential street with light traffic (Glen Roy) in Toronto were
monitored about twice aweek for three nonths. At the beginning of this period, intensive street cleaning (one pass
per day for each of three consecutive days) was conducted to obtain reasonably clean streets. Street dirt loadings
were then monitored every few days to measure the accumulation rates of street dirt. Street dirt sampling procedures
developed by Pitt (1979) were used. Basically, industrial vacuums were used to clean many separate subsample
strips across the roads which were then combined for analysis.

Street Surface Particulate Sampling Procedures

The street dirt sampling procedures described here were devel oped by Pitt (1979) and were extensively used during
many of the EPA’s Nationwide Urban Runoff Program (NURP) projects (EPA 1983) and other street cleaning
performance studies and washoff studies (Pitt 1987). These procedures were developed to be much for flexible and

more accurate indicators of street dirt loading conditions than previous sampling methods used during earlier studies
(such as Sartor and Boyd 1972, for example).
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Powerful dry vacuum sampling, as used in this sampling procedure, is capable of removing practically all of the
particulates (>99%) from the street surface, compared to wet sampling. It can also remove most of the other major
pollutants from the street surface (>80% for COD, phosphates and metals, for example). Wet sampling (used by
Sartor and Boyd 1972), better removes some of these other constituents, but is restricted to single area sampling,
requires long periods of time, requires water (and usually fire hydrants further restricting sample collection locations
to areas having no parked cars), and basically is poorly representative of the variable conditions present. Dry
sampling can be used in many locations throughout an area, isfast, and can also be used to isolate specific sampling
areas (such as driving lanes, areas with intensive parking, and even airport runways and freeways, if special safety
precautions are used). It is especially useful when coupled with appropriate experimental design toolsto enable
suitable numbers of subsamplesto be collected representing subareas, and finally, the collected dry samples can be
readily separated into different particle sizes for discrete analyses.

Equipment Description. A small half-ton trailer was used to carry the generator, two stainless steel industrial
vacuum units, vacuum hose and wand, miscellaneoustools, and afire extinguisher. This equipment can also be
fitted in a pick-up truck, but much time is then lost with frequent loading and unloading equipment, especially
considering the frequent sampling that istypically used for a study of this nature (sampling at least once aweek, and
sometimes twice a day before and after street cleaning or rains). A truck with a suitable hitch and signal light
connections was used to pull the trailer. The truck also had warning lights, including aroof-top flasher unit. The
truck operated with its headlights and warning lights on during the entire period of sample collection. The sampler
and hose tender both wore orange, high-visibility vests. The trailer was equipped with a caution sign on its tailgate.
In addition, both the truck and the street cleaner used to clean the test area were equipped with radios (CB radios
were adequate), so that the sampling team could contact the street cleaner operator when necessary to verify location
and schedule for specific test areas.

Experiments were conducted to determine the most appropriate vacuum and filter bag combination.
Two-horsepower (hp) industrial vacuum cleaners with one secondary filter and a primary dacron filter bag were
selected. The vacuum units were heavy duty and made of stainless steel to reduce contamination of the samples.
Two separate 2-hp vacuums were used together by joining their intakes with awye connector. This combination
extended the useful length of the 1.5 in. vacuum hose to 35 ft. and increased the suction so that it was adequate to
remove all particles of interest from the street surface. Unfortunately, two vacuums had to be cleaned to recover the
sampl es after the sample collection. A wand and a“gobbler” attachment were also needed. The aluminum gobbler
attached to the end of the wand and is triangular in shape and about 6 in. across. Since it was scrapped across the
street during sample collection, it wore out periodically and needed replacement. The generator used to power the
vacuum units was of sufficient power to handle the electrical current load drawn by the vacuum units, about 5000
watts for two 2-hp vacuums. Honda water-cool ed generators are extremely quite and reliable for this purpose.
Finally a secure, protected garage was used to store the trailer and equipment near the study areas when not in use.

Sampling Procedure. Because the street surfaces were more likely to be dry during daylight hours (necessary for
good sample collection), collection did not begin before sunrise nor continue after sunset. During extremely dry
periods, some sampling was conducted during dark hours, but that required additional personnel for traffic control.
Two people were required for sampling at all times, one acting as the sampler, the other acting as the vacuum hose
tender and traffic controller. Thislessened individual responsibility and enabled both persons to be more aware of
traffic conditions.

Before each day of sampling, the equipment was checked to make sure that the generator’ s oil and gasoline levels
were adequate, and that vacuum hose, wand, and gobbler were in good condition. Dragging the vacuum hose across
asphalt streets required periodic hose repairs (usually made using gray duct tape). A check was also made to ensure
that the vacuum units were clean, the electrical cords were securely attached to the generator, and the trailer lights
and warning lights were operable. The generator required about 3 to 5 minutes to warm up before the vacuum units
were turned on one at atime (about 5 to 10 seconds apart to prevent excessive current loading on the generator). The
amperage and voltage meters of the generator were also periodically checked. The generator and vacuums were left
on during the complete subsamping period to lessen strain associated with multiple shutoffs and startups. Obviously,
the sampling end of the vacuum hose was carefully secured between subsamples to prevent contamination.
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Each subsampleincluded all of the street surface material that would be removed during a severe rain (including
loose materials and caked-on mud in the gutter and street areas). The location of the subsample strip was carefully
selected to ensure that it had no unusual 1oading conditions (e.g., a subsample was not collected through the middle
of apile of leaves; rather, it was collected where the leaves were lying on the street in their normal distribution
pattern). When possible, wet areas were avoided. If asample was wet and the particles caked around the intake
nozzle, the caked mud from the gobbler was carefully scraped into the vacuum hose while the vacuum units were
running.

Subsamples were collected in a narrow strip about 6 in. wide (the width of the gobbler) from one side of the street to
the other (curb to curb). In heavily traveled streets where traffic was a problem, some subsampl es consisted of two
separate one-half street strips (curb to crown). Traffic was not stopped for subsampl e collection; the operators
waited for a suitable traffic break. On wide or busy roadways, a subsample was often collected from two strips
several feet apart, halfway into the street. On busy roadways with no parking and good street surfaces, most

particul ates were found within afew feet of the curb, and a good subsample could be collected by vacuuming two
adjacent strips from the curb as far into the traffic lanes as possible. Only a sufficient (and safe) break in traffic
allowed a subsample to be collected halfway acrossthe street.

Subsamplestaken in areas of heavy parking were collected between vehicles along the curb, as necessary. The
sampling line across the street did not have to be a continuousline if a parked car blocked the most obvious and
easi est subsample strip. A subsample could be collected in shorter (but very close) strips, provided the combined
length of the strip was representative of different distances from the curb. Again, in all instances, each subsample
was representative of the overall curb-to-curb loading condition.

When sampling, the leading edge of the gobbler was slightly elevated above the street surface (0.125in.) to permit
an adequate air flow and to collect pebbles and large particles. The gobbler was lifted further to accept larger
material as necessary. If necessary, leavesin the subsample strip were manually removed and placed in the sample
storage container to prevent the hose from clogging. If a noticeable decrease in sampling efficiency was observed,
the vacuum hoses were cleaned immediately by disconnecting the hose lengths, cleaning out the connectors (placing
the debrisinto the sample storage container), and reversing the air flows in the hoses (blowing them out by
connecting the hose to the vacuum exhaust and directing the dislodged debrisinto the vacuum inlet). If any mud was
caked on the street surface in the subsample strip, the sampler loosened it by scraping a shoe along the subsample
path (being certain that street construction material was not removed from the subsample path unlessit was very
loose). Scraping caked-on mud was done after an initial vacuum pass. After scraping was completed, the strip was
revacuumed. A rough street surface was sampled most easily by pulling (not pushing) the wand and gobbler toward
the curb. Smooth and busy streets were usually sampled with a pushing action, away from the curb.

An important aspect of the sample collection was the speed at which the gobbler was moved across the street. A
very rapid movement significantly decreased the amount of material collected; too slow a movement required more
time than was necessary. The correct movement rate depended on the roughness of the street and the amount of
material on it. When sampling a street that had a heavy loading of particulates, or arough surface, the wand was
pulled at avelocity of lessthan 1 ft per second. In areas of lower loading and smoother streets, the wand was pushed
at avelocity of 2 to 3 ft per second. The best indication of the correct collection speed was by examining how well
the street was visually being cleaned in the sampling strip and by listening to the collected material rattle up the
wand and through the vacuum hose. The objective was to remove everything that was lying on the street that could
be removed by asignificant rainstorm. It was quite common to leave avisually cleaner strip on the street where the
subsample was collected, even on streets that appeared to be clean before sampling.

In all cases, the hose tender continuously watched traffic and aleted the sampler of potentially hazardous
conditions. In addition, he played out the hose to the sampler as needed and kept the hose as straight as possible to
prevent kinking. If akink developed, sampling stopped until the hose tender straightened the hose. While working
near the curb out of the traffic lane (typically an area of high loadings), the sampler visually monitored the
performance of the vacuum sampler and periodically checked for vehicles. In the street, the sampler constantly
watched traffic and monitored the collection process by listening to particles moving up the wand. A large break in
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traffic was required to collect dust and dirt from street cracksin the traffic lanes, because the sasmpler had to watch
the gobbler to make sure that all of the loose material in the cracks was removed.

When moving from one subsample location to another, the hose, wand, and gobbler were securely placed in the
trailer. All subsamples were composited in the vacuums for each study area. The hose was placed away from the
generator’ s hot muffler to prevent hose damage. The generator and vacuum units were left on and in the trailer
during the entire subsampl e collection period. This helped dry damp samples and reduced the strain on the vacuum
and generator motors.

The length of time it took to collect all of the subsamplesin an area varied with the number of subsamples and the
test arearoad texture and traffic conditions. The number of subsamples required in each areawas determined using
experimental design sample effort equations, with seasonal special sampling efforts to measure the variability of
street dirt loadings in each area. The variabilities were measured using a single, small 1.5 HP industrial vacuum,
with ashort hose. The vacuum was emptied, the sample collected, and weighed (in the lab) after each individual
sample so the variability in loadings could be directly measured. During the first phase of the San Jose study (Pitt
1979), the test areas required the following sampling effort in order to stay within a 25% allowable error goal:

Test Area No. of Subsamples Sampling Duration
Downtown - poor asphalt street surface 14 0.5hr.

Downtown - good asphalt street surface 35 1lhr.

Keyes Street - oil and screens street surface 10 0.51hr.

Keyes Street - good asphalt street surface 36 1lhr.

Tropicana- good asphalt street surface 16 0.51hr.

The dirtiest streets required the least sampling effort because the coefficients of variation for loadings represented by
theindividual subsample strips was much smaller than for the cleaner streets. In the oil and screenstest area, the
sampling procedure was slightly different because of the relatively large amount of peagravel (screens) that was
removed from the street surface. The gobbler attachment was drawn across the street more slowly (at arate of about
3 seconds per ft.). Each subsample was collected by a half pass (from the crown to the curb of the street) and
therefore contained one-half of the normal sample. Two curb-to-curb passes were made for each Tropicana

subsampl e because of therelatively low particulate loadingsin this area, as several hundred grams of sample

material were needed for the laboratory tests. In addition, an after street cleaning subsample was not collected from
exactly the same location as the before street cleaning subsample (they were taken from the same general area, but at
least afew feet apart).

A field-datarecord sheet kept for each sample contained:
- Subsample humbers
- Dates and time of the collection period
- Any unusual conditions or sampling techniques.

Subsample numbers were crossed off as each subsample was collected. After cleaning, subsample numbers were
marked if the street cleaner operated next to the curb at that location. This differentiation enabled the effect of
parked cars on street cleaning performance to be analyzed. In addition, photographs (and movies) were periodically
made to document the methods and street |oading conditions.

Sample Transfer. After all subsamplesfor atest areawere collected, the hose and wye connections were cleaned by
disconnecting the hose lengths, reversing them, and holding them in front of the vacuum intake. Leaves and rocks
that may have become caught were carefully removed and placed in the vacuum can, the generator was then turned
off. The vacuums were either emptied at the |ast station or at a more convenient location (especially in asheltered
location out of the wind and sun).
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To empty the vacuums, the top motor units were removed and placed out of the way of traffic. The vacuum units
were then disconnected from the trailer and lifted out. The secondary, coarse vacuum filters were removed from the
vacuum can and were carefully brushed with asmall stiff brush into alarge funnel placed in the storage can. The
primary dacron filter bags were kept in the vacuum can and shaken carefully to knock off most of the filtered
material. The dust inside the can was allowed to settle for afew minutes, then the primary filter was removed and
brushed carefully into the sample can with the brush. Any dirt from the top part of the bag where it was bent over
the top of the vacuum was also carefully removed and placed into the sample can. Respirators and eye protection is
necessary to minimize exposure to the fine dust.

After the filters were removed and cleaned, one person picked up the vacuum can and poured it into the large funnel
on top of the sample can, while the other person carefully brushed the inside of the vacuum can with a soft 3- to
4-in. paint brush to remove the collected sample. In order to prevent excessive dust losses, the emptying and
brushing was done in areas protected from the wind. To prevent inhaling the sample dust, both the sampler and the
hose tender wore mouth and nose dust filters while remo ving the samples from the vacuums.

To reassemble the vacuum cans, the primary dacron filter bag was inserted into the top of the vacuum can with the
filters's elastic edge bent over the top of the can. The secondary, coarse filter was placed into the canand assembled
on thetrailer. The motor heads were then carefully replaced on the vacuum cans, making sure that the filters were on
correctly and the excessive electrical cord was wrapped around the handles of the vacuum units. The vacuum hoses
and wand were attached so that the unit was ready for the next sample collection.

The sampl e storage cans were |abeled with the date, the test area’ s name, and an indication of whether the sample
was taken before or after the street cleaning test or if it was an accumulation (or other type) of sample. Finally, the
lids of the sample cans were taped shut and transported to the laboratory for logging-in, storage, and analysis.

Summary of Observed Accumulation Rates

Table 3-21 summarizes many accumulation rate measurements obtained from throughout North America. In the
earliest studies (APWA 1969; Sartor and Boyd 1972; and Shaheen 1975), the initial street dirt loading values after a
major rain or street cleaning were assumed to be zero. Calculated accumulation rates for rough streets were therefore
very large. Later tests measured the initial loading values close to the end of major rains and street cleaning and
found that they could be relatively high, depending on the street texture. When these starting |oadings were
considered for the earlier measurements, the re-cal culated accumulation rates were much lower. The early,
uncorrected, Sartor and Boyd accumulation rates that ignored the initial loading values were almost ten times the
corrected values shown on this table. Unfortunately, most urban stormwater models used these very high early
accumulation rates as default values.
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Table 3-21. Street dirt loadings and deposition rates.

Initial Loading  Daily Maximum Days to Reference
Value Deposition Observed Observed
(grams/curb- Rate Loading Maximum
meter) (grams/curb- (grams/curb  Loading
meter-day) -meter)
Smooth and Intermediate Textured Streets
Reno/Sparks, NV — good condition 80 1 85 5 Pitt and Sutherland 1982
Reno/Sparks, NV — good with smooth gutters (windy) 250 7 400 30 Pitt and Sutherland 1982
San Jose, CA —good condition 35 4 >140 >50 Pitt 1979
U.S. nationwide — residential streets, good condition 110 6 140 5 Sartor and Boyd 1972 (corrected)
U.S. nationwide — commercial street, good condition 85 4 140 5 Sartor and Boyd 1972 (corrected)
Reno/Sparks, NV — moderate to poor condition 200 2 200 5 Pitt and Sutherland 1982
Reno/Sparks, NV — new residential area (construction) 710 17 910 15 Pitt and Sutherland 1982
Reno/Sparks, NV — poor condition, with lipped gutters 370 15 630 35 Pitt and Sutherland 1982
San Jose, CA — fair to poor condition 80 4 230 70 Pitt 1979
Castro Valley, CA —moderate condition 85 10 290 70 Pitt and Shawley 1982
Ottawa, Ontario — moderate condition 40 20 Na Na Pitt 1983
Toronto, Ontario — moderate condition, residential 40 32 100 >10 Pit and McLean 1986
Toronto, Ontario — moderate condition, industrial 60 40 351 >10 Pit and McLean 1986
Believue, WA — dry period, moderate condition 140 6 >230 20 Pitt 1985
Believue, WA — heavy traffic 60 1 110 30 Pitt 1985
Believue, WA — other residential sites 70 3 140 30 Pitt 1985
Average: 150 9 >270 >25
Range: 35-710 1-40 85 —910 5-70
Rough and Very Rough Textured Streets
San Jose, CA — oil and screens overlay 510 6 >710 >50 Pitt 1979
Ottawa, Ontario — very rough 310 20 Na Na Pitt 1983
Reno/Sparks, NV 630 10 860 35 Pitt and Sutherland 1982
Reno/Sparks, NV —windy 540 34 >1,400 >40 Pitt and Sutherland 1982
San Jose, CA — poor condition 220 6 430 30 Pitt1979
Ottaw a, Ontario — rough 200 20 Na Na Pitt 1983
U.S. nationwide — industrial streets (poor condition) 190 10 370 10 Sartor and Boyd 1972 (corrected)
Average: 370 15 >750 >30
Range: 190 - 630 6-34 370 - >1,400 10 - >50
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The most important factors affecting theinitial loading and maximum loading values shown on Table 3-21 were
found to be street texture and street condition. When datafrom many locations are studied, it is apparent that smooth
streets have substantially less loadings at any accumu lation period compared to rough streets for the same land use.
Very long accumul ation periods relative to the rain frequency result in high street dirt loadings. During these
conditions, the wind losses of street dirt (as fugitive dust) may approximate the deposition rate, resulting in
relatively constant street dirt loadings. At Bellevue, WA, typical interevent rain periods average about three days.
Relatively constant street dirt loadings were observed in Bellevue because the frequent rains kept the loadings low
and very closeto theinitial storage value, with little observed increase in dirt accumulation over time (Pitt 1985). In
Castro Valley, CA, therain interevent periods were much longer (ranging from about 20 to 100 days) and steady
loadings were only observed after about 30 days when the |oadings became very high and fugitive dust | osses
caused by the winds and traffic turbulence moderated the loadings (Pitt and Shawley 1982).

Pitt and McLean (1986) studied street dirt accumulation rates and the effects of street cleaning in Toronto. An
industrial street with heavy traffic and aresidential street with light traffic were monitored about twice aweek for
three months. At the beginning of this period, intensive street cleaning (one pass per day for each of three
consecutive days) was conducted to obtain reasonably clean streets. Street dirt loadings were then monitored every
few days to measure the accumulation rates of street dirt. The street dirt particulate |oadings were quite high before
theinitial intensive street cleaning period and were reduced to their lowest observed levelsimmediately after the last
street cleaning. After street cleaning, the loadings on the industrial street increased much faster than for the
residential street. Right after intensive cleaning, the street dirt particle sizes were also similar for the two land uses.
However, the loadings of larger particles on theindustrial street increased at a much faster rate than on the
residential street, indicating more erosion or tracking materials being deposited onto the industrial street. The
residential street dirt measurements did not indicate that any material was lost to the atmosphere as fugitive dust,
probably because of thelow street dirt accumulation rate and the short periods of time between rains. The street dirt
loadings never had the opportunity to reach the high loading values needed before they could be blown from the
streets by winds or by traffic-induced turbulence. The industrial street, in contrast, had a much greater street dirt
accumulation rate and reached the critical loading values needed for fugitive losses in the relatively short periods
between the rains.

Washoff of Street Dirt

Background

The degradation of the road surface and traffic related discharges are responsible for most of the particulate
dischargesin urban runoff. The smallest particulates from urban areas are usually discharged during the early parts
of storms, but small particulates from impervious surfaces may also be discharged during later parts of storms.
Shaheen (1975) found that road surface particulates and polluted area soils (affected by traffic related pollutants)
contribute most of the urban runoff particulate pollutants. Many urban runoff models assume that “all” of the
pollutants and runoff flows in urban areas originate from directly connected impervious areas, ignoring contributions
from pervious areas. The correct interpretation of particulate washoff from impervious surfaces is therefore critical
to understanding urban runoff quality. This discussion summarizes some of the procedures that are commonly used
to estimate particul ate washoff from impervious surfaces, presents the results of washoff tests, and describes a
revised street dirt washoff model.

Washoff of particulates from impervious surfacesis dependent on the available supply of particulates and the
capacity of the runoff to transport the loosened material. The accumulation of the material is dependent on many site
specific land use and geographic features, plus the intended or unintended losses of materials.

Brief descriptions follow of two methods (the Y alin equation and the Sartor and Boyd equation) currently used in
most urban runoff studies for estimating particul ate washoff from impervious surfaces. They can be used to obtain
satisfactory estimates of particulate washoff, if their limitations are recognized and if rough estimates are all that are
required. Unfortunately, they are often used in situations beyond their limits (such as for small rains, unusual street
dirt loadings, or rough pavement textures). Certain washoff equation parameters have also been misunderstood (such
as confusing total street dirt load with “available” street dirt load). The use of these washoff equationsin large and
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well documented urban runoff computer models also implies more confidence in their accuracy than may be
warranted.

A field study is briefly summarized that found significant washoff differencesfor various particle sizes. These
observed washoff quantities are compared to the values obtained with these two washoff models, but the observed
washoff quantities are shown to be much less than predicted with the washoff equations. These data observations
and the existing washoff models’ inabilities to accurately predict washoff lead to the series of washoff tests
conducted by Pitt (1987) and the development of washoff models sensitive to important environmental conditions.

Yalin Equation
Novotny and Chesters (1981) presented the Y alin equation as the best candidate from the many models presented in
the literature to describe sediment washoff and transport in urban areas. The Y alin equation relates the sediment
carrying capacity to runoff flow rate (Yalin 1963). Y alin assumed that sediment motion begins when the lift force of
flow exceeds acritical lift force. Once a particleis lifted from the bed, the drag force of the flow movesit
downstream until the weight of the particle forcesit back to the bed. The Yalin equation is used to predict particle
transport, for specific particle sizes, on aweight per unit flow width basis. It isused for fully turbulent channel flow
conditions, typical of shallow overland flow in urban areas. The receding limb (tail) of a hydrograph may have
laminar flow conditions, and the suspended sediment carried in the previously turbulent flows would settle out. The
predicted constant Y alin sediment load would therefore only occur during periods of rain; and the sediment load
would decrease, due to sedimentation, after therain stops. The equation is presented in the following form:

p=0.635s[1-(1/a*s)In(1+a*s)]

where p = particle transport, grams/meter-second

aand s are calculated, based on particle density, particle diameter, and shear velocity.
To use the equation, the particle shear velocity (v«, m/sec) must be calcul ated:

V- = (gHS)*®

where g = acceleration of gravity = 9.81 m/sec?

H = flow depth, meters

S = energy gradient slope, m/m
The particle Reynolds number (X) must also be known:

X=v«D/u

where D = particle diameter, meters

u = kinematic viscosity of fluid = 10° mf/sec for water

The critical particle bedload tractive force (Y, ), the tractive force at which the particle begins to move, can be
obtained from a Shield’ s diagram (Figure 3-5). Shen (1981) warned that Shield' s diagram cannot be used alone to
predict “self-cleaning” velocities, it gives only alower limit below which deposition will occur. It defines the
boundary between bed movement and stationary bed conditions. The diagram does not consider the particulate
supply rate in relationship to the particulate transport rate. Reduced particul ate transport occursif the sediment
supply rate islessthan the transport rate.

The actual tractive forceis also calcul ated:
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Y =v.?/ (ps-1)g*D

where ps = specific density of particle, g/cm3
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Figure 3-5. Shield’s diagram for particle tractive force (from Novotny and Chesters 1981).

The Yalin coefficients can be calculated knowing Y, Y, and ps:
s=Y /Yy

anda=2.45ps-0.4 (Y)°°

TheYalin equation by itself istherefore not sensitive to particul ate supply; it only predicts the carrying capacity of
flowing waters. Models must be used that account for total particulate discharge and “stop” transport when the
particulate supply is exhausted.

Besides the particulate supply rate, the Yalin equation is also very sensitive to local flow parameters (specifically
gutter flow depth); a hydraulic model that can accurately predict sheetflow acrossimpervious surfaces and gutter
flow is needed. Sutherland and McCuen (1978) statistically analyzed a modified form of the Yalin equation, in
conjunction with a hydraulic model (the Basic Inlet Hydrograph Model - BIHM), for different gutter flow
conditions. Except for the largest particle sizes, the effect of rain intensity on particle washoff was negligible. A set
of equations, shown on Table 3-22, were devel oped relating the percentage washoff (TS) of each of six particle
sizesto gutter slope, impervious area, initial solids|oading, and the gutter length before the storm drain inlet. These
washoff percentages assume aone-hour uniform rain of 13 mm. These washoff percentages can then be modified for
other total rains, by the K; factors given in Table 3-23:

TS =K TS
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where TS = percent total solids removal (for a specific size range)
TS = percent total solidsremoval for the standard 13 mm rain (for a specific size range)

K; = factor relating the standard rain to the actual rain

Table 3-22. Washoff Equations for Different Particle Sizes (Sutherland and McCuen 1978)

Range R Se(%) Equation

1 0.92 2.29 Ty = 91.440.76 G'-?240.1 1-0.01 S-0.0032 L

2 0.89 1.49 T2 = 95.6+40.65 G'*>540.061 I-0.0058 S-0.0028 L
3 0.94 3.74 Ta = 83.64G*°'*+0.2 1-0.0019 S-0.0063 L
4 0.95 6.60 Te = 64.241.35 G*-*340.39 1-0.036 S-0.0073 L
5 0.96 9.59 Ts = 33.6 1.58 G*-7+1°-°-0.062 S

6 0.99 3.40 Te = (6-1.44)(-3.740.5 I°-°3 _0.02 $+0.026 L)
R = correlation coefficient

Se = standard error of estimate.

T, = removal percentage for particle size range i

G = slope of gutter in percent.

I = impervious area in percent.

S = initial total solids loading in 1bs/curb mile.

L = length of gutter in feet.

Note: if T, exceeds 100 it is assumed to equal 100 in the model.

Source: Sutherland and McCuen, 1978

Table 3-23. Kj Values used in Yalin Sediment Transport Model (Sutherland and McCuen 1978)

Total Volume j
4 1

TS, 1/8 /4 1/2 1-174 1172 1-3/4 2 2-1/2 3

100 0.84 0.92 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
97 0.835 0.938 1.0 1.021  1.031 1.031  1.031 1.031 1.031 1.031 1.031
94 0.808 0.915 1.0 1.032 1.053 1.064 1.064 1.064 1.064 1.0064 1.064
93 0.731 0.882 1.0 1.048 1.075 1.075 1.075 1.075 1.075 1.075 1.075
90 0.778 0.889 1.0 1.055 1.089 1.1 .11 1an 1 1.1 .
88 0.670 0.852 1.0 1.063  1.09 1.108 1.119  1.131 1.136 1.136 1.136
84 0.417 0.798 1.0 1.083 1.119 1.143  1.161 1.178 1.190 1.190 1.190
76 0.303 0.658 1.0 1.125  1.184 1.224 1.25 1.263 1.270 1.289 1.316
72 0.239 0.542 1.0 1.125 1.208 1.264 1.305 1.333 1.347 1.369 1.389
64 0.156 0.375 1.0 1.219  1.344 1.406 1.469 1.515 1.563 1.563 1.563
61 0.082 0.295 1.0 1.230 1.352 1.426 1.492 1.533 1.582 1.606 1.639
45 0.044 0.178 1.0 1.489 1.689 1.811  1.911 1.978 2.044 2.149 2.222
a4 0.057 0.159 1.0 1.477 1.704 1.841 1.954 2.045 2.114 2.182 2.232
15 0.0 0.133 1.0 2.6 3.933 4.733 5.233 5.6 5.9 6.233 6.333

2 0.0 0.0 1.0 4.0 1.0 20.0 26.5 30.5 33.75 38.0 4.0
TS, = the percentage removal of total solids in a particle size range due to a total rainfall volume measured in

inches.

TS,

the percentage removal of total solids in a particle size range due to a total rainfall volume of 1/2 inches.

The Yalin equation is based on classical sediment transport equations, and requires some assumptions concerning
the micro-scal e aspects of gutter flows and street dirt distributions. The Yalin equation, as typically used in urban
runoff models, assumes that all particles lie within the gutter, and no significant washoff occurs by sheetflows
traveling across the street towards the gutter. The early measurements of across-the-street dirt distributions made by
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Sartor and Boyd (1972) indicated that about 90 percent of the street dirt was within about 30 cm of the curb face
(typically within the gutter area). These measurements, however, were made in areas of no parking (near fire
hydrants because of the need for water for the sampling procedures that were used), and the traffic turbulence was
capable of blowing most of the street dirt against the curb barrier (or over the curb onto adjacent sidewalks or
landscaped areas). In later tests, Pitt (1979) examined street dirt distributions across-the-street in many situations. He
found distributions similar to Sartor and Boyd’ s observations only on smooth streets, with moderate to heavy traffic,
and with no on-street parking. In many cases, most of the street dirt was actually in the driving lanes, trapped by the
texture of rough streets. If on-street parking was common, much of the street dirt was found on the outside edge of
the parking lanes, where the resuspended (in air) street dirt blew against the parked cars and settled to the pavement.
Some later modeling efforts (most notably later versions of the MUNP and PTM models, Sutherland personal
communication) adjusted the total street loading to estimate the loading present only in the gutter. Washoff of in-
street particulates was still not considered.

Another process that may result in washoff less than predicted by Yalin is bed armoring (Sutherland, et al. 19827).
Asthe smaller particulates are removed, the surface is covered by predominantly larger particulates which are not
effectively washed off by the rain. Eventually, these larger particulates hinder the washoff of the trapped, under-
lying, smaller particulates. Debris on the street, especially leaves, can also effectively armor the particulates,
reducing the washoff of particulatesto very low levels (Singer and Blackard 1978).

Sartor and Boyd Washoff Equation

Observations of particulate washoff during controlled tests may result in empirical washoff models that are not as
limited as incomplete theoretical models. Washoff experiments using actual streets and natural street dirt and debris
are affected by street dirt distributions and armoring. Their disadvantage is the assumption of transferability. If the
washoff experiments are conducted for many situations then it may be possible to use the resultant model for other
situations.

The earliest controlled street dirt washoff experiments were conducted by Sartor and Boyd (1972) during the
summer of 1970 in Bakersfield, California. Their data are used in many urban runoff models (including SWMM,
Huber and Heaney 1981; STORM, COE 1975; and HSPF, Donigian and Crawford 1976) to estimate the percentage
of the avail able particulates on the streets that would wash off during rains of different magnitudes. They used arain
simulator having many nozzles and a drop height of 1-1/2 to 2 metersin street test areas of about 5 by 10 meters.
Tests were conducted on concrete, new asphalt, and old asphalt, using simulated rain intensities of about 5 and 20
mm/hr. They collected and analyzed runoff samples every 15 minutes for about two hours for each test. Figure 3-6
shows two plots of their data, showing the asymptotic shape of the accumulative washoff curves for several particle
sizes. Sartor and Boyd fitted their datato an exponential curve, assuming that the rate of particle removal of agiven
sizeisproportional to the street dirt loading and the constant rain intensity:

dN/dt=krN

where dN/dt = the change in street dirt loading per unit time

k = proportionality constant

r =rainintensity (in/hr)

N = street dirt loading (Ib/curb-mile)
This equation, upon integration, becomes:

N =N, e*"

where N = residual street dirt load (after the rain)

N, = initial street dirt load
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Figure 3-6. Street dirt washoff during high intensity rain tests (Sartor and Boyd 1973).

Street dirt washoff is therefore equal to No minus N. The variable combination rt, or rain intensity times rain
duration, is equal to total rain volume (R). This equation further reducesto:

N =N, e*R
Therefore, this equation is only sensitive to total rain, and not rain intensity.

These figures also did not show the total street dirt loading that was present during the tests and modelers have
assumed that the asymptotic maximum shown was the total “before-rain” loading. However, the total street dirt
loadings were several times greater than the maximum washoff amount observed.

Because of decreasing particulate supplies, the exponential washoff curve predicts decreasing concentrations of
particulates with time since the start of a constant rain (Alley 1980 and 1981).

The proportionality constant, k, was found by Sartor and Boyd to be slightly dependent on street texture and
condition, but was independent of rain intensity and particle size. The value of this constant is usually taken as
0.18/mm, assuming that 90 percent of the particulates will be washed from a paved surfacein 1 hour during a13
mm/hour rain. However, Alley (1981) fitted this model to watershed outfall runoff data and found that the constant
varied for different storms and pollutants, for asingle study area. Novotny (undated) examined “before” and “ after”
rain event street particulate loading data using the Milwaukee NURP data and found almost athree-fold difference
between the constant value for fine (<45 microns) and medium sized particles (100 to 250 microns); 0.026/mm for
the fine particles and 0.01/mm for the medium sized particles, both much less than the “accepted” value. Jewell, et
al. (1980) also found large variationsin outfall “fitted” constant values for different rains compared to the typical
default value. Either the assumption of the high removal of particulates during the 13 mm/hr storm was incorrect
or/and the equation cannot be fitted to outfall data (which assumesthat all the particulates are originating from
homogeneous paved surfaces during all storm conditions).

This washoff equation has been used in many urban runoff models (including SWMM, STORM, and HSPF), but the
N, factor has been frequently misinterpreted. It has been assumed to be the total initial street loading, when in fact it
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isonly the portion of the total street load available for washoff (the maximum asymptotic washoff |oad observed
during the washoff tests). STORM and SWMM use an availability factor (A) for particulate residue as a calibration
procedure in order to reduce the washoff quantity for different rain intensities (Novotny and Chesters 1981):

A =0.057 + 0.04 ("}

wherer istherain intensity (mm/hr), and A must be less than 1.0. This regression equation is used to adjust the
relative importance of the particulate residue contributions from pervious and impervious source areas. This
availability factor isequal to 1.0 for all rain intensities greater than about 18 mm/hr. For rains of 1 mm/hr, this
availability factor reduces to about 0.10. HSPF does not use an availability factor in an attempt to be “more
universally applicable” (Donigian and Crawford 1976). Instead, calibration of observed with predicted outfall yields
are used to “adjust” the accumul ation and washoff rates directly in HSPF. The availability factor in SWMM does not
really have a significant effect on the variation of the predicted runoff load. However, it does affect the relationship
between the runoff volume and the particul ate washoff (and therefore concentration).

Jewell, et al. (1980) stressed the need to have local calibration data before using the exponential washoff equation,
as the default values can be very misleading. The exponential washoff equation for impervious areasisjustified, but
washoff coefficients for each pollutant would improve its accuracy.

Street Dirt Washoff Observations and Comparisons with the Yalin, and Sartor and Boyd Washoff Equations
Particle dislodgement and transport characteristics at impervious areas can be directly measured using relatively
easy washoff tests. Thesetests are used to supplement dry street dirt sampling at impervious source areas. Street dirt
sampling, or other pavement dirt sampling, is misleading because little of the sampled dirt actually washes off
during rains.

The Bellevue, Washington, urban runoff project (Pitt 1985) included about 50 pairs of street dirt loading
observations close to the beginnings and ends of rains. These before and after loading val ues were compared to
determine significant differencesin loadings that may have been caused by the rains. The observations were affected
by rainsfalling directly on the streets, along with flows and particul ates originating from non-street areas. The net
loading differences were therefore affected by street dirt washoff (by direct rains on the street surfaces and by gutter
flows augmented by “upstream” area runoff) and by erosion products that originated from non-street areas that may
have settled out in the gutters. When all the data were considered together, the net loading difference was about 10
to 13 grams/curb-m removed. This amounted to a street dirt load reduction of about 15 percent, which was much
less than predicted using the previously described washoff models.

Very large reductions in street dirt loadings for the small particles were observed during rainsin Bellevue, but the
largest particles actually increased in loadings (due to settled erosion materials), as shown in Figure 3-7. The
particles were not source limited, but armor shielding may have been important. Most of the weight of solid material
in the runoff wasin the fine particle sizes (<63 rm). Very few washoff particles greater than 1000 nm were found,
in fact, loadings increased for the largest sizes. Urban runoff outfall particle size analysesin Bellevue (Pitt 1985)
resulted in a median particle size of about 50 mm. Similar results were obtained in the Milwaukee NURP study
(Bannerman, et al. 1983).

Particulate residue washoff predictions for Bellevue conditions were made using the Sutherland and McCuen
modification of the Y alin equation, and the Sartor and Boyd equation. Three particle size groups (<63, 250-500, and
2000-6350 nm), and three rains, having depths of 5, 10, and 20 mm and 3-hour durations, were considered. The
gutter lengths for the Bellevue test areas averaged about 80 m, with gutter slopes of about 4.5 percent. Typical total
initial street dirt loadings for the three particle sizes were: 9 g/curb-meter for <63 nm, 18 g/curb-meter for 250-500
nmm, and 9 g/curb-meter for 2000-6350 mm. The actual Bellevue net loading removals during the storms was about
45 percent for the smallest particle size group, 17 percent for the middle particle size group, and -6 percent (6
percent loading increase) for the largest particle size group. The predicted removals were 90 to 100 percent using the
Sutherland and M cCuen method, 61 to 98 percent using the Sartor and Boyd equation, and 8 to 37 percent using the
availability factor with the Sartor and Boyd equation. The ranges given reflect the different rain volumes and
intensities only. There were no large predicted differences in removal percentages as afunction of particle size. The
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availability factor with the Sartor and Boyd equation resulted in the closest predicted values, but the great
differencesin washoff as afunction of particle size was not predicted.
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Figure 3-7. Observed washoff of street dirt during tests in Bellevue, WA (Pitt 1985).

Therain energy needed to remove larger particles is much greater than for small particles. Therefore, rains are much
more effective in removing fine particles than large particles. In contrast, mechanical street cleaning equipment
preferentially remove the larger particles compared to the small particles. Vacuum street cleaning equipment should
be able to remove the finer particles better than the larger particles, but most vacuum street cleaners cannot remove
the fine particles effectively under typically moist conditions and in the presence of larger particles that cover most
of thefiner street dirt. Therefore, particles of different sizes “behave” quite differently on streets. Typical street dirt
total solidsloadings show a“saw-tooth” pattern with time between street cleaning or rain washoff events. The
patterns for the separate particle sizes are considerably different than the pattern for total residue. Typical
mechanical street cleaners remove much (about 70 percent) of the coarse particlesin the path of the street cleaner,
but they remove very little of the finer particles (Sartor and Boyd 1972; Pitt 1979). Rains, however, remove very
little of the large particles, but can remove large amounts (about 50 percent) of the fine particles (Bannerman, et al.
1983; Pitt 1985; Pitt 1987). The intermediate particle sizes show reduced removals by both street cleaners and rain.

The Bellevue street dirt washoff observations included effects of additional runoff volume and particul ates
originating from non-street areas. The additional flows should have produced more gutter particul ate washoff, but
upland erosion materials may also have settled in the gutters (as noted for the large particles). However, across-the-
street dirt loading measurements indicated that much of the street dirt was in the street lanes, not in the gutters,
before and after rains. This dirt distribution reduces the importance of these extra flows and particul ates from upland
areas. Theincreased |oadings of the largest particles after rains were obviously caused by upland erosion, but the
magnitude of the settled amounts was quite small compared to the total street dirt loadings.

Small-Scale Washoff Tests

Street dirt has awide range of particle sizes and the chemical quality varied greatly for the different particle sizes. It
istherefore important to mostly focus on the fraction that will be removed during rains. There is much confusion if
the easily measured street dirt |oadings are assumed to be totally available for washoff. Washoff tests can therefore
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be used to estimate the fraction of the total loading measured on the street that can be removed during rains.

In order to clarify street dirt washoff, Pitt (1987) conducted numerous controlled washoff tests on city streetsin
Toronto. These tests were arranged as an overlapping series of 2° factorial tests, and were analyzed using standard
factorial test procedures described by Box, et al. (1978). The experimental factors examined included: rain intensity,
street texture, and street dirt loading. The differences between available and total street dirt loads were also related
to the experimental factors. The sampleswere analyzed for total solids (total residue), dissolved solids (filterable
residue: <0.45nm), and SS (particulate residue: >0.45 mm). Runoff samples were also filtered through 0.45nm
filters and the filters were microscopically analyzed (using low power polarized light microscopes to differentiate
between inorganic and organic debris) to determine particulate size distributions from about 1 to 500 nm. The runoff
flow quantities were also carefully monitored to determine the magnitude of initial andtotal rain water losses on
impervious surfaces.

Table 3-24 presents the site data along with the basic rain and runoff observations obtained during these tests. All
tests were conducted for about two hours, with total rain volumes ranging from about 5 to 25 mm. The test code
explanations follow:

Test code Rain Street dirt Street texture
intensity loading

HCR High Clean Rough

HDR High Dirty Rough

LCR Light Clean Rough

LDR Light Dirty Rough

HDS High Clean Smooth

HCS High Dirty Smooth

LDS Light Clean Smooth

LCS Light Dirty Smooth

Table 3-24 shows the specific experimental levelsthat each variable was held to during each test. Unfortunately, the
streets during the LDS test were not as dirty as anticipated and was actually areplicate with the LCS tests. The
experimental analyses were modified to indicate these unanticipated duplicate observations.

Table 3-24. Experimental Levels for each Test Factor

Rain intensity Street dirt loading Street texture
Expected to enhance High (11.0 to 12.2 mm/hr) Dirty (10.5t0 12.6 g/m") Smooth (0.3 to 0.4 mm
percentage washoff: detention storage)
Expected to retard Low (2.9 to 3.2 mm/hr) Clean (1.7 to 2.6 g/nY) Rough (1.1 mm detention
percentage washoff: storage)

A simple artificial rain simulator was constructed using 12 lengths of “soaker” hose, suspended on awooden
framework about one meter above the road surface. “Rain” was applied by connecting the hosesto a manifold,
having individual valvesto adjust constant rain intensities for the different areas. The manifold wasin turn
connected to afire hydrant. The flow rate needed for each test was cal cul ated based on the desired rain intensity and
the area covered. The flow rates were carefully monitored by using a series of ball flow gauges before the manifold.
Thedistributions of the test rains over the study areas were also monitored by placing about 20 small graduated
cylinders over the area during therains. In order to keep the drop sizes representative of sizes found during natural
rains, the surface tension of the water drops hanging on the plastic soaker hoses was reduced by applying alight
coating of Teflon spray to the hoses.

It was difficult to obtain even distributions of rain during the light rain testsin Toronto using the manifold, soa
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single hose was used that was manually moved back and forth over the test area during the smaller rain tests (three
people took 30-minute shifts). To keep evaporation reasonable for the rain conditions, the test sites were al so shaded
during sunny days. Blank water samples were also obtained from the manifold for background residue analyses. The
filterable residue of the “rain” water (about 185 mg/L) could cause substantial errors when calculating total solids
washoff.

The areas studied were about 3 by 7 meters each. The street side edges of the test areas were edged with plywood,
about 30 cm in height and imbedded in thick caulking, to direct the runoff towards the curbs with minimal leakage.
All runoff was pumped continuously from downstream sumps (made of caulking and plastic sand bags) to graduated
1000 L Nalgene containers. The washoff samples were obtained from the pumped water going to the containers
every 5to 10 minutes at the beginning of the tests, and every 30 minutes near the end of the test. Final complete
rinses of the test areas were also conducted (and sampled) at thetests' conclusions to determine total |oadings of the
monitored constituents.

The samples were analyzed for total residue, filtrate residue, and particulate residue. Runoff samples were also
filtered through 0.4 micron filters and microscopically analyzed (using low power polarized light microscopes to
differentiate between inorganic and organic debris) to determine particul ate residue size distributions from about 1
to 500 microns. The runoff flow quantities were also carefully monitored to determine the magnitude of initial and
total rain water losses on impervious surfaces.

These tests are different from the important early Sartor and Boyd (1972) washoff experimentsin the following
ways:

- They were organized in overlapping factorial experimental designsto identify the most important main
factors and interactions.
- Particle sizes were measured down to about one micron (in addition to particul ate residue and filterable
residue measurements).
- The precipitation intensities were lower in order to better represent actual rain conditions of the upper
midwest.
- Observations were made with more resolution at the beginning of the tests.
- Washoff flow rates were frequently measured.
- Emphasis was placed on total street |oading, not just total available loading.
- Bacteria population measurements were al so periodically obtained.

Figures 3-8 through 3-10 are plots of total solids, suspended solids, and filterable solids concentrations during these
tests. Thetotal solids concentrations varied from about 25 to 3000 mg/L, with an obvious decrease in concentrations
with increasing rain depths during these constant rain intensity tests. No concentrations greater than 500 mg/L
occurred after about two mm of rain. All concentrations after about 10 mm of rain were less than 100 mg/L. Total
solids concentrations were independent of the test conditions. A wide range in runoff concentrations was also
observed for SS, with concentrations ranging from about 1 to 3000 mg/L. Again, adecreasing trend of
concentrations was seen with increasing rain depths, but the data scatter was larger because of the experimental
factors. The dissolved solids (<0.45 mm) concentrations ranged from about 20 to 900 mg/L, comprising a
surprisingly large percentage of the total solidsloadings. For small rain depths, dissolved solids comprised up to 90
percent of the total solids. After 10 mm of rain depth, the filterable residue concentrations were all less than about
50 mg/L.
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Figure 3-8. Total solids concentration decreases with rain depth increases during constant rain intensity
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Figure 3-9. Suspended solids concentration decreases with rain depth increases during constant rain
intensity washoff tests in Toronto (Pitt 1987).
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Figure 3-10. Dissolved solids concentration decreases during street dirt washoff tests in Toronto (Pitt 1987).

Manual particle size analyses were also conducted on the suspended solids washoff samples, using a microscope
with a calibrated recticle. Figures 3-11 through 3-13 are examples of particle size distributions for three tests. These
plots show the percentage of the particles that were less than various sizes, by measured particle volume (assumed to
be similar to weight). The plots also indicate median particle sizes of about 10 to 50 mm, depending on when the
sample was obtained during the washoff tests. All of the distributions showed surprisingly similar trends of particle
sizeswith elapsed rain depth. The median size for the sample obtained at about one mm of rain was much greater
than for the samples taken after more rain. The median particle sizes of material remaining on the streets after the
washoff tests were also much larger than for most of the runoff samples, but were quite close to theinitial samples’
median particle sizes. The washoff water at the very beginning of the test rains, therefore, contained many more
larger particles than during later portions of the rains. Also, asubstantial amount of larger particles remained on the
streets after the test rains. Most street runoff waters during test rainsin the 5 to 15 mm depth category had median
suspended solids particle sizes of about 10 to 50 mm. However, dissolved solids (less than 0.45 nm) made up most
of the total solids washoff for elapsed rain depths greater than about five mm.

These particle size distributions indicate that the smaller particles were much more important than indicated during
previous tests. As an example, the Sartor and Boyd (1972) washoff tests (rain intensities of 50 mm/h for two hour
durations) found median particle sizes of about 150 nm which were typically three to five times larger than were
found during these lower-intensity tests. They also did not find any significant particle size distribution differences
for different rain depths (or rain duration), in contrast to the Toronto tests, which were conducted at more likely rain
intensities (3 to 12 mm/hr for two hours).

359



100

90—

801

704

60—

S04

40|

30—

204

10| .

[ R I
L B S Y O R B B

40 'S0 60 70 80 90 100 110 120 130 140 150 160

Particle slze (microns)

Percent of particles less than size, by volume

'SR
0 L .
1 i

18 I2U 30

Figure 3-11. Particle size distributions during high rain intensity, clean and smooth street (HCS) tests (Pitt
1987).

100 " o - -

90

80

70

60

50

40__

30

20

Percent of particles less than slze, by volume

Particle slze (microns)

Figure 3-12. Particle size distributions during high rain intensity, dirty and smooth street (HDS) tests (Pitt
1987).

360



100 » - +

90—

70—
60—
S0
40
30—
20 -

10

Parcent of particles less than size, by volume

Particle size (mlcrons)
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1987).

Washoff Equations for Individual Tests

The particulate washoff values obtained during these Toronto tests were expressed in units of grams per square
meter and grams per curb-meter, concentrations (mg/L), and the percent of the total initial loading washed off during
the test. Plots of accumulative washoff are shown on Figures 3-14 through 3-21. These plots show the asymptotic
washoff values observed in the tests, along with the measured total street dirt loadings. The maximum asymptotic
values are the “available” street dirt loadings (N,). The measured total loadings are seen to be several times larger
than these “available” loading values. As an example, the asymptotic available total solids value for the HDS (high
intensity rain, dirty street, smooth street) test (Figure 3-20) was about 3 g/nf while the total load on the street for
this test was about 14 g/nf, or about five times the available load. The differences between available and total
loadings for the other tests were even greater, with the total oads typically about ten times greater than the available
loads. Thetotal loading and available |oading values for dissolved solids were quite close, indicating almost
complete washoff of the very small particles. However, the differences between the two loading values for SS were
much greater. Shielding, therefore, may not have been very important during these tests, as almost all of the smallest
particles were removed, even in the presence of heavy loadings of large particles.

The actual data are shown on these figures, along with the fitted Sartor and Boyd exponential washoff equations. In
many cases, the fitted washoff equations greatly over-predicted suspended solids washoff during the very small rains
(usually less than one to three mm in depth), possibly due to shielding. In all cases, the fitted washoff equations
described suspended solids washoff very well for rains greater than about 10 mm in depth.

Tables 3-25 through 3-27 present the equation parameters for each of the eight washoff tests for total solids,
suspended solids, and filterable solids. Pitt (1987) concluded that particulate washoff (defined by the suspended
solids washoff) should be divided into two main categories, one for high intensity rains with dirty streets, possibly
divided into categories by street texture, and the other for all other conditions. Factorial tests also found that the

availability factor (theratio of the available loading, N,, to the total loading) varied depending on the rain intensity
and the street roughness, as indicated below:

Low rainintensity and rough streets: 0.045

High rain intensity and rough streets, or low rain intensity and smooth streets: 0.075
High rain intensity and smooth streets: 0.20

361



:g 3.25 g/m’ ~ 237 2.60 g/ m’ ~ 0.65 g/m?
M ) £ 207¢ £ 054
E 20¢ = 3
. 154 z
| g € 034
<] = =
g G 1.07% G
2]
g % 03t 2 024
3 g *
S b= 2
= w 0 +
f ¢ 05T &
- @
= & % 014
2 203F L4s 4 50.08 4
£ :
o
0.2 0.2y, 1 1 0.05 4> 1 |
o 's 10 115 120 o 's l10 115 120 0o 's T10 115 20
Rain {mm)

Figure 3-14. Washoff plots for HCR test (high rain intensity, clean, and rough street) (Pitt 1987).
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Figure 3-17. Washoff plots for LDR test (light rain intensity, dirty, and rough street) (Pitt 1987).
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Figure 3-19. Washoff plots for LCS test (light rain intensity, clean, and smooth street) (Pitt 1987).
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Figure 3-20. Washoff plots for HDS test (high rain intensity, dirty, and smooth street) (Pitt 1987).
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Figure 3-21. Washoff plots for LCS replicate test (light rain intensity, clean, and smooth street) (Pitt 1987).
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Table 3-25. Total solids washoff coefficients (Pitt 1987)1

Test Rain Street Street No Calculated  Standard No Calculated  Standard
condition intensity dirt texture (9/m?) k errorfork  (g/m? k error for
code category loading category measured (1/hr) (1/hr) available (1/hr) k
category total initial (1/hr)
initial total
total solids
solids load
load
HCR high clean rough 3.25 0.016 0.002 0.84 0.145 0.018
LCR low clean rough 2.99 0.038 0.001 0.58 0.304 0.032
HDR high dirty rough 12.82 0.004 <0.001 1.14 0.078 0.006
LDR low dirty rough 11.22 0.013 0.001 0.74 0.383 0.024
HCS high clean smooth 2.62 0.033 0.005 121 0.146 0.021
LCS low clean smooth 2.32 0.026 0.001 0.35 0.301 0.024
HDS high dirty smooth 13.82 0.012 0.001 2.74 0.138 0.008
LCS low clean smooth 242 0.042 0.002 0.57 0.300 0.024
1) Note:
N = N_)e—kR

Obviously, washoff was more efficient for the higher rain energy and smoother pavement tests. The worst case was
for alow rain intensity and rough street, where only about 4.5% of the street dirt would be washed from the
pavement. In contrast, the high rain intensities on the smooth streets were more than four times more efficient in
removing the street dirt.

If a selected model requires available loading valuesinstead of the total loading values, then a procedure must be
used to adjust the total loading values (such as attempted by the availability term in STORM and SWMM). In all
cases, the k term must be appropriate for the model form. However, the use of an available loading value for N,

requires the use of asubstantially larger k term compared to using the total loading value.

Table 3-26. Suspended solids washoff coefficients (Pitt 1987)

Test Rain Street dirt  Street No Calculatedk  Standard Ratio of

condition intensity loading texture (9/m?) available  (1/hr) error fork available

code category category category suspended (1/hr) load to total
solids load initial load

HCR high clean rough 0.295 0.832 0.064 0.11

LCR low clean rough 0.138 0.344 0.038 0.061

HDR high dirty rough 0.375 0.077 0.008 0.032

LDR low dirty rough 0.291 0.619 0.052 0.028

HCS high clean smooth 0.462 1.007 0.321 0.26

LCS low clean smooth 0.091 0.302 0.024 0.047

HDS high dirty smooth 1.66 0.167 0.015 0.13

LCS low clean smooth 0.209 0.335 0.031 0.11
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Table 3-27. Filterable solids washoff coefficients (Pitt 1987)

Test Rain Street dirt Street No Calculatedk  Standard
condition intensity loading texture (g/m?) (1/hr) error for k
code category category category measured total (2/hr)

initial filterable

solids load
HCR high clean rough 0.651 0.061 0.004
LCR low clean rough 0.745 0.139 0.006
HDR high dirty rough 0.915 0.058 0.002
LDR low dirty rough 0.680 0.163 0.006
HCS high clean smooth 0.871 0.070 0.003
LCS low clean smooth 0.395 0.154 0.007
HDS high dirty smooth 1.223 0.085 0.002
LCS low clean smooth 0.463 0.183 0.008

Thetotal residue models were fitted using both total and available residue values to show the differencesin the
proportionality terms (k) for each loading type. In three cases (HCR, HCS, and HDS), the available residue form of
the equations provided much better model residual analyses and were therefore preferred over the candidate
equations using total loadings. The k values varied greatly (by about 5 to 30 times), depending on the use of total or
available loadings.

Some of the attempts at fitting outfall datato the washoff model used total street dirt loading values, while the Sartor
and Boyd values were based on available loadings. Obviously, this difference in loading definition easily could have
been responsible for causing such different k values to be identified. The available loading forms of the equations
for these washoff tests produced the largest k values (0.078 to 0.38), and are similar to the reported Sartor and Boyd
value of 0.18 that is used as a“default” in many urban runoff models. The total loading model k terms are much
smaller (0.004 to 0.042) and are close to those reported by Novotny (undated) (0.019 to 0.026) using Milwaukee
NURRP street dirt washoff observations and actual measured total street dirt loadings.

Selecting the appropriate k term for the correct form of N, is critical. As an example, the rain volume needed to
produce 90 percent washoff can be cal culated using the standard washoff equation as follows:

N =N, e*?

for 90 percent washoff, N = 0.1 N, and

0.1 N, =N, e*® or

0.1=¢e*R and

(VK) loge (0.1) = R, therefore

R = 2.303/k for 90 percent washoff.
For ak value of 0.3 (the LCS model for available total residue loadings), the rain needed for 90 percent washoff
would be 8 mm. This rain would produce awashoff total of about 0.32 g/nf using the appropriate available N,
loading of 0.35 g/nf. If the k value of 0.026 was used instead (appropriate for the total loading form of the LCS

model), arain of almost 90 mm would be needed for 90 percent washoff (more than ten times the rain depth
predicted using the larger k value). In this case however, atotal N, value of 2.32 g/nf should be used, producing a
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washoff quantity of about 2.1 g/nf (more than 6.5 times the total residue washoff produced above). In all cases, the
fitted models should obviously be used with caution beyond the test conditions. The 8 mm rain prediction iswell
within the test conditions, while the 90 mm rain prediction is aimost four times the maximum rain used in these
washoff tests. Other relationships between k values and rain quantities (mm) to produce specific percent washoffs
areasfollows:

Percent washoff Rain needed (mm)

99.9 6.908/k
9 4.605/k
95 2.996/k
0 2.303/k
75 1.386/k
50 0.693/k
25 0.288/k
10 0.105/k

From these relationships, it is obvious that washoff occurs faster for larger k values (the washoff curves presented in
Figures 3-14 through 3-21 would be steeper for larger k values if the figures were plotted without log scales).

The selected particulate residual washoff models were all based on the available loading model form because of
superior model residual behavior. Therefore, an additional relationship is needed to predict avail able loading from
total observed loading. The available particulate residue |oadings ranged from about 3 to 25 percent (with an
average of about 10 percent) of the total particulate residual loadings.

The filterable residue washoff models, however, were all based on total measured filterable residue loadings. These
different preferred model forms for particul ate and filterable residue were most likely caused by the differencesin
washoff efficiencies for different sized particles. Particulate residues were not nearly as efficiently removed during
the washoff tests and were better related to much reduced “available’ particul ate residue loading values. Filterable
residues in contrast, were much more efficiently removed and related well to total |oadings (not much filterable
residue was |eft on the streets after the washoff tests, making the available loadings very similar to the total loadings
for filterable residue). Table 3-28 contains the availability relationship for suspended solids.

Table 3-28. Fraction of total street dirt suspended solids available for washoff (Pitt 1987).

Ratio of "available" particulate residue loadings to total particulate
residue loadings.

I =0.08 +0.04
T = -0.08 + 0.05

¥ = 0.097 + 0.04¢I) - 0.04(T)

A

I+T+ (high and rough) : Y = 0.10
I+T- (high and smooth): = 0.18
I-T+ (low and rough) g = 0.02
I-T- (low and smooth) : = 0.10

Maximum Washoff Capacity

Another important consideration in cal culating washoff of street dirt during rainsisthe carrying capacity of the
flowing water. If the water velocity is high, it is much more capable of carrying particulates than for lower water
velocities. Thisisthe basic concept of the Yalin equation (using the Shield’ s diagram) and numerous other sediment
transport equations:. thereis a physical limit to the ability of water to transport sediment. In contrast, the
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conventional washoff plots and equations presented earlier result in a*“ percentage” washoff of the total load,
irrespective of the resultant concentration. However, when observing the plot of suspended solids concentration vs.
rain depth for many washoff test plots (Figure 3-9), the pattern is quite distinct and appears to be generally
independent on initial street loading (thereis substantial scatter in this plot which likely reflects some site
conditions). The washoff mostly is controlled by the carrying capacity of the water, and not source limitations, as
thereis substantial material on the street after the end of most rains. Therefore, this carrying capacity must be
considered when predicting washoff quantities. If the cal culated washoff is greater than the carrying capacity (such
aswould occur for relatively heavy street dirt loads and low to moderate rain intensities), then the carrying capacity
islimiting. For high rain intensities, the carrying capacity is likely sufficient to transport most all of the washoff
material.

In order to determine this carrying capacity for street runoff, data from washoff tests conducted by Pitt (1987) and
Sartor and Boyd (1972), shown previously as Figures 3-6 and 3-14 through 3-21, were further examined. The
maximum washoff amounts (g/nf) for six different tests conducted on smooth streets were plotted against the rain
intensity (mm/hr) used for thetests. This plot isshown in Figure 3-22, illustrating the exponential equation fitted to
these data:

W =0.0636 e ***""

Where W = the maximum washoff, grams/meter’
and P = average rain intensity, mm/hr

These are the maximum washoff values possible, representing the carrying capacity of the runoff. If the predicted
washoff, using the previous “ standard” washoff equations, is smaller than the values shown in this figure, then those
values can be used directly. However, if the predicted washoff is greater than the values shown in this figure, then
the valuesin the figure should be used.
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Figure 3-22. Maximum washoff capacity for smooth streets (based on Pitt 1987
and Sartor and Boyd 1972 measurements).

The resulting sheetflow concentrations associated with these maximum washoff values depends on therain
durations at these average rain intensities. As an example, for typical 6 hour durations, the resulting concentrations
are very similar to the fitted line on the suspended solids concentration vs. rain depth plot shown on Figure 3-9
(about 100 mg/L for 1 to 2 mm rains, decreasing to about 10 mg/L for rains of about 25 mm in depth). For very
large rains, having sustained high rain intensities, the available street dirt loading would most likely be limiting.
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Comparison of Particulate Residue Washoff Using Previous Washoff Models and Revised
Washoff Model

Thisdiscussion briefly compares the washoff observations obtained during these washoff tests with predicted
washoff values obtained using the Sartor and Boyd (1972) washoff model (with and without the “avail ability”
factor). Table 3-29 shows the predicted washoff values along with the observed values for the conditions that
occurred during the washoff tests. In all cases, serious over-predictionsin street dirt washoff resulted by using these
common washoff models. Even with the availability factor, the predicted Sartor and Boyd washoff quantities were
almost two to more than five times greater than observed. Without the availability factor, the model ed washoff
quantities were at |east five times greater than the observed values. The residuals (all reflecting over-predictions) of
these modeled estimates ranged from 0.2 to 7 g/nf when using the availability factor, compared to residuals mostly
less than 0.05 g/nf when the model developed from these washoff tests was used. L ower residuals obtained by using
the revised model could be expected because these data were not independent from the data used in devel oping the
revised washoff model.

Table 3-29. Comparisons of Observed Washoff with Sartor and Boyd Equation Predictions (Pitt 1987).

Calculated

Calculated Sartor and Boyd
Sartor and Boyd Washoff With Observed
Washoff Avail. Factor Washoff
(g/m?) (g/m?) (g/m?)
Clean Streets
Light rains 1.47 0.28 0.08 to 0.18
Heavy rains 2.17 1.41 0.28 to 0.45
Dirty Streets
Light rains 7.73 1.47 0.28
Heavy rains 11.42 7.42 0.30 to 1.5

Asstated previously, over-predicted street dirt washoff quantities would result in under-predictions of particulate
residue from other sources during model calibration. These over-predictions, especially combined with commonly
over-predicted runoff flow volumes, dramatically affect the relative importance of different urban runoff pollutant
source areas and estimated effectiveness of source area controls.

Summary of Street Particulate Washoff Tests

The above discussion summarized street particul ate washoff observations obtained during special washoff tests,
along with the associated street dirt accumulation measurements. The objectives of these tests were to identify the
significant rain and street factors affecting particulate washoff and to develop appropriate washoff models. These
tests and cal culations were also used to clarify apparent confusion caused by misuse of washoff equationsin urban
runoff models.

The controlled washoff experiments identified important relationships between “available” and “total” particulate
loadings and the significant effects of the test variables on the washoff model parameters. Past mo deling efforts have
typically ignored or misused this relationship to inaccurately predict the importance of street particulate washoff.
The available loadings were almost completely washed off streets during rains of about 25 mm (as previously
assumed). However, the fraction of the total loading that was available was at most only 20 percent of the total
loading, and averaged only 10 percent, with resultant actual washoffs of only about 9 percent of the total 1oadings.
Based on extrapol ating the washoff models, only very large rains (possibly approaching 100 mm in depth) could
ever be expected to wash off most of the total particulate street dirt load. These very large rains are well beyond the

370



range of any washoff tests. However, observed street dirt washoff during actual rains near this size have not
produced substantially greater washoff quantities than observed during the tests conducted during this research. The
correctly used exponential washoff models only appear to be applicable for rainsin the range of about 3 to 30 mm,
which are the most important rains for water quality studies.

The fractions of the particulate residue |oadings that were available for washoff was affected by both rain intensity
and texture. In many model applications, total initial loading values (as usually measured during field studies) are
used in conjunction with model parametersfor available loadings, resulting in predicted washoff values that are
many times over-predicted. This hasthe effect of incorrectly assuming greater pollutant contributions originating
from streets and less from other areas during rains. Thisin turn resultsin inaccurate estimates of the effectiveness of
different source area urban runoff controls.

Street dirt accumulation values have also been observed before and after rains. A tested industrial street experienced
amuch greater accumulation rate than the residential street, probably because of increased tracking of debrisfrom
unpaved driveways and parking areas and greater deposition of particulates from the heavy car and truck traffic. As
shown in a summary of much accumulation data from throughout the US, smooth streets had much lower initial
loadingsimmediately after street cleaning, but street texture did not affect particul ate accumul ations as much as land
use.

These accumulation and washoff relationships were included in the Source L oading and Management Model
(WinSLAMM) to describe street dirt washoff processes.

Observed Particle Size Distributionsin Stormwater

A final note needs to be included in this section pertaining to the sizes of stormwater runoff particulates. The particle
size distributions of stormwater greatly affect the ability of most controls to reduce pollutant discharges, and
accumulation and washoff of particulates from source areas determines the particle sizes entering the storm drainage
systems. Sedimentation and filtration controls are much more effective for large particles than for small particles, for
example. Conventional street cleaning preferentially removes large particles from streets, but rains preferentially
remove the smallest particle sizes. Inaccurate particle size assumptions of stormwater particul ates than therefore
dramatically affect performance predictions.

During several research projects, Pitt determined particle size analyses of 121 stormwater samples from three states
that were not affected by stormwater controls (southern New Jersey as part of inlet tests; Birmingham, AL as part of
MCTT pilot-scale tests; and in Milwaukee and Minocqua, WI, as part of the MCTT full -scale tests). These samples
represented stormwater entering the stormwater controls being tested. Particle sizes were measured using a Coulter
Multi-Sizer Il1e and verified with microscopic, sieve, and settling column tests.

Figures 3-23 through 3-25 are grouped box and whisker plots showing the particle sizes (in mm) corresponding to
the 10", 50" (median) and 90" percentiles of the cumulative distributions. If 90% control of SSis desired, for
example, then the particles larger than the 90" percentile would have to be removed by a sedimentation device. The
median particle sizes ranged from 0.6 to 38 nm and averaged 14 nm. The 90" percentile sizes ranged from 0.5 to 11
nm and averaged 3 mm. These particle sizes are all substantially srraller than have been typically assumed for
stormwater. In all cases, the New Jersey samples had the smallest particle sizes, followed by Wisconsin, and then
Birmingham, AL, which had the largest particles. The New Jersey samples were obtained from gutter flowsin a
residential semi-xeroscaped neighborhood, the Wisconsin samples were obtained from a public works yard in
Milwaukee, and the Birmingham samples were collected from along-term parking area.
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Figure 3-23. Tenth percentile particle sizes for stormwater inlet flows.
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Figure 3-24. Fiftieth percentile particle sizes for stormwater inlet flows.

15 T L) L]
[o]
10 | "
o]
> *
'I-E *
z 8
=
5 -

T

|:| L L

0 L 1 1

NJ wi AL

AREA
Figure 3-25. Ninetieth percentile particle sizes for stormwater inlet flows.
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“First-Flush” of Stormwater Pollutants from Pavement

“First flush” refers to the relatively high pollutant concentrations at the beginning of awet weather event, with
decreasing concentrations as the event progresses. Sutherland (personal communication) suggests examining it by
preparing a double mass curve, with accumulative runoff volumes (x axis) vs. accumulative pollutant mass (y axis).
If first flush occurs, the resulting curve will bow upward initially and generally stay above the diagonal straight line
from 1 to 100% (unfortunately, | don’t have agood illustration). Thereis frequent mention of the phenomena of
“first flush” as an opportunity for stormwater control, specifically asthe reason why treatment of thefirst ¥2inch of
runoff is adequate. Concentrations at outfalls of most urban drainages do not routinely experience pronounced first
flushes. However, they are well documented for combined systems, where CSO concentrations are very large at the
beginning of events when accumulated sanitary solids in the sewerage can be easily scoured by aslight risein the
flow rate.

The controlled pavement washoff tests described in this section show large solids concentrations at the beginning of
the tests, with significant decreases as the test progresses. These tests were conducted with constant “rain”
intensities (and therefore constant kinetic energy). Theinitial abstractions and infiltration of water through the
pavement also resultsin less runoff at the beginning of the test. However, there is an abundance of material on
pavement surfaces that is not removed easily by low to moderate rain intensities. If the rain intensity increases later
in the event, then pollutant concentrations would likely increase according as the avai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>