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Modeling the Effectiveness of Traditional and Innovative Stormwater Management 
Strategies in the Chagrin River Watershed: Part 1 - Development Site Scale1 
 
Jay Dorsey, ODNR-DSWR; Rachel Webb, CRWP; Jon Witter, Ohio NEMO; Dan Mecklen-
burg, ODNR-DSWR; Amy Brennan, CRWP2,3 
 
Abstract 
 
WinSLAMM (Source Loading and Management Model) was used to evaluate the effective-
ness of alternative stormwater management approaches, relative to those currently favored 
by local and state regulations, in reducing runoff volume and controlling annual sediment 
loads.  The practices evaluated included impervious area disconnection, open swale drain-
age, bioretention and pervious pavement.  These practices, especially when used together, 
can more effectively manage runoff volume with several combinations approaching pre-
development runoff volume.   Controlling runoff volume is key to minimizing damage and 
costs associated with flooding and severe stream erosion, and to achieving water quality 
standards. 
 
WinSLAMM predicts that low impact stormwater practices individually can reduce site-scale 
annual runoff volume from a few percent to over 50%, while a well-designed suite of low im-
pact practices can reduce annual runoff volume by 80% for residential or commercial devel-
opment.  Impervious area disconnection and bioretention show the most promise for resi-
dential areas, whereas pervious pavement and bioretention show the most promise for com-
mercial sites. 
 
Currently, there is little impetus for developers or their engineers to include these practices 
in the design of new developments.  Widespread implementation of these alternatives re-
quires reconsideration of local zoning, subdivision and stormwater regulations, as well as 
methods for promoting and accounting for their use.  This report makes land use specific rec-
ommendations for promoting alternative approaches, highlights issues with implementation 
of these alternatives, and evaluates WinSLAMM as a stormwater planning and research tool. 

 

1 This study was supported by two grants:  
(1) “Improving Stream Protection and Assistance to Phase II Communities through Advanced Storm Water 
Standards” (ODNR, 2004); funding and support provided by OWDA, the Ohio Water Development Au-
thority.   
(2)  “Improving Land Use in the Lake Erie Basin through Better Planning, Improved Regulations, and 
Stormwater Modeling” (CRWP, 2006); funding and support provided by CICEET, the Cooperative Institute 
for Coastal and Estuarine Environmental Technology.  A partnership of the National Oceanic and Atmos-
pheric Administration and the University of New Hampshire, CICEET develops tools for clean water and 
healthy coasts nationwide. 
2 Ohio Department of Natural Resources, Division of Soil and Water Resources (ODNR-DSWR); Chagrin 
River Watershed Partners (CRWP); and Ohio NEMO Program, Ohio State University, Department of Food, 
Agricultural and Biological Engineering. 
3 Acknowledgments: This project would not have been possible without the contributions of Brian Ashurst, 
City of Mentor; Justin Czekaj, City of Aurora; Joan Milhoan, City of Solon; Kyle Dreyfuss-Wells, NEORSD 
(formerly CRWP). 
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Introduction 
 
The stormwater management paradigm has evolved as our understanding of the envi-
ronmental and economic impacts of stormwater management strategies has improved 
(Pitt, 2005b; Reese, 2007).  Over the centuries, stormwater management morphed from 
open drainage systems (ditches) to remove stormwater and wastewater, to combined 
sewer pipes to handle both stormwater and wastewater, to separate sewers for waste-
water (sanitary) and stormwater.  It might be said that the focus, historically, was on 
cleanliness and convenience at the point of stormwater generation. 
 
During the 1970s and 1980s, concerns about downstream flooding led to stormwater 
structures (mostly detention ponds) that control the peak rate of discharge from indi-
vidual developments during extreme storm events, typically larger than 2 inches.   
This approach resulted in an entire generation of engineers and planners trained to 
connect rooftops, streets and parking lots directly into storm sewers to quickly direct 
rainfall away from where it is not wanted (yards, streets, parking lots) to the stormwa-
ter pond where it is “managed” (see e.g., ASCE, 1992).  Wide curb and gutter streets, 
downspouts directly connected to storm sewers, catch basins located within parking 
lots with curbed and landscaped “islands”, and underground drainage networks are a 
result of regulations (zoning, subdivision and stormwater) developed during this era.  
This paradigm continues to be a primary driver of stormwater management decisions 
made by local governments in the Lake Erie basin.   
 
By the late 1980s and early 1990s, it became apparent that efficient stormwater drain-
age/conveyance systems and end-of-pipe detention ponds were not “managing” all of 
the issues related to stormwater (Schueler, 1987).  The Clean Water Act (shorthand for 
a number of pieces of legislation from 1970s and 1980s) helped expand the focus on 
stream and lake water quality beyond the industrial dischargers to “non-point 
sources” of pollution.   The Nationwide Urban Runoff Program (NURP; USEPA, 1982) 
was a great first step in quantifying and documenting the effectiveness of end-of-pipe 
stormwater controls for managing water quality.  Another 25+ years of research has 
resulted in an extensive stormwater runoff quality database.  Burton and Pitt (2001) are 
amongst the many who have documented the water quality impacts of stormwater 
runoff. 
 
Another body of research and literature has developed around stormwater impacts on 
receiving channel stability (see e.g., Booth, 1990; Booth and Jackson, 1997; Mecklen-
burg and Ward, 2002).  In essence, stream channel size and shape is a direct result of 
the interaction between the amount of surface runoff, the stream slope, and sediment 
characteristics.  If more runoff volume is added to a stream or stream slope is in-
creased, more and bigger sediment will move, resulting in channel incision.   
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Large detention ponds with flood control outlets do little to mitigate the impacts on 
downstream channel stability that result from increased imperviousness and runoff. 
As a result, historic stormwater management programs and guidelines have caused 
degraded, unstable receiving streams. Degraded (i.e., incised or entrenched) receiving 
streams are less efficient at processing nutrients and assimilating suspended sediments 
resulting in poor in-stream habitat and water quality.   In addition, unstable stream 
systems often pose threats to roads, bridges and other infrastructure that may require 
costly remediation measures. These impacts are common in the Chagrin watershed 
and throughout the Lake Erie basin.  
 
It should be noted that, although the knowledge base about ecological consequences of 
channel incision and hydromodification has increased significantly within the scien-
tific community over the last 20 years (see e.g., Konrad and Booth, 2005; USEPA. 
2007b), these issues are not well understood by practicing stormwater engineers and 
local decision makers. 
 
Another interesting note about the end-of-pipe detention basin as flood control para-
digm is that studies going back to the 1970s (see e.g., McCuen, 1974, 1979; Duru, 1981; 
Urbonas and Glidden, 1983; Traver and Chadderton, 1983; Emerson et al., 2003) have 
highlighted that, although detention basins may manage peak discharge at the outlet 
to the development site, the cumulative effects at the watershed scale are much more 
complex and may exacerbate flooding problems under some scenarios.  In spite of this, 
few communities have measured or modeled the impacts of their stormwater manage-
ment strategies at a watershed scale. 
 
To address the multiple concerns related to stormwater management, a more compre-
hensive set of design criteria have been developed and applied by different state and 
local governments.  One approach, developed and promoted by the Center for Water-
shed Protection, is the Unified Sizing Criteria approach (see e.g., Ch. 2 of Maryland 
Stormwater Manual; MDE, 2000) that incorporates water quality, groundwater re-
charge, channel protection and flood protection criteria. 
 
Through review of national research literature and guidance, and consultation with 
the Ohio Department of Natural Resources, Division of Soil and Water Resources 
(DSWR) and other partners, the Ohio Environmental Protection Agency (Ohio EPA) 
chose to focus their initial state-level post-construction stormwater requirements (Ohio 
EPA, April 2003) on water quality and the protection of channel stability in receiving 
streams. 
 
The post-construction requirement in the Ohio EPA NPDES4 Construction General 
Permit (CGP), known as the water quality volume (WQv), reflects the dominant na-

 

4National Pollutant Discharge Elimination System. 
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tional guidance on the capture and treatment of stormwater runoff for some “water 
quality event” that ranges from 0.5" to 1" depending on local rainfall characteristics 
(ASCE, 1998; USEPA, 2004).  Most states that have adopted state-level post-
construction water quality standards include a WQv requirement, and this standard 
consistently has been promoted by USEPA in NPDES-targeted stormwater manage-
ment guidance (e.g., USEPA, 2004; Muthukrishnan et al., 2004).  
 
In Ohio, the choice of 0.75 inches as the WQv rainfall capture depth and the require-
ment that the extended detention (24-48 hr) drawdown come from a “brimful” condi-
tion allows this single requirement to function both as a water quality requirement and 
a channel protection requirement.  In essence, the WQv sizing and drawdown require-
ments result in capture, extended detention and treatment of routed rainfall depths of 
between 0.85 and 1.5 inches. 
 
Ohio EPA included in the CGP (p23; Ohio EPA, 2008) a number of structural best man-
agement practices (BMPs) that have a proven track record for stormwater treatment 
for water quality, and 
are capable of the ex-
tended detention nec-
essary to help main-
tain channel stability.  
These practices are re-
quired for all develop-
ments that disturb 5 
acres or more, and are 
highly recommended 
for all developments 
that disturb more than 
1 acre but less than 5 
acres. 
 
Not surprisingly, the 
most common means 
of meeting the WQv requirement in Ohio is a detention basin.  This is understandable 
on at least two counts: (1) given the “detention basin is stormwater management” 
paradigm described above, designers and developers have limited knowledge of the 
alternatives; and (2) local regulations for most development sites require one of the 
aforementioned peak discharge control detention ponds, into which the WQv readily 
can be incorporated. 
 
Historically, very little thought was given to preserving open space or managing 
stormwater at its source, resulting in curb and gutter drainage networks that quickly 
deliver high volumes of stormwater runoff to large detention basins.  However, guid-

Table 1. Ohio EPA Accepted Structural Post-Construction 
BMPs (OEPA, 2008; Construction General Permit Table 2) 
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ance developed over the last 10 years has seen a significant shift in emphasis toward 
more ecologically oriented development approaches variously called smart growth, 
low impact development, green infrastructure, water sensitive urban design, inte-
grated site design, and environmental site design (CWP, 1998; Prince George’s County, 
1999a, 1999b; Coffman, no date; USEPA. 2005a; Bitting and Kloss, 2008; MDE, 2008)5.  
In essence, these approaches protect, enhance or mimic natural processes to maximize 
the degree of stormwater management functions and services provided by the land-
scape (Wulliman and Thomas, 2005).  Two recent publications (Belan and Otto, 2004; 
DePhilip et al., 2006) promote this approach for the Great Lakes watersheds. 
 
This shift in paradigm carries with it a number of issues related to that transition.  
These will be discussed in some detail later in this report, but a several related issues 
are worth noting up front: (1) complexity of the stormwater management system; (2) 
engineer and reviewer knowledge/experience/ability; (3) guidance and tools for 
analysis and design; (4) incentives for implementation; and and (5) removal of barriers 
to implementation. 
 
For 40 years or more, engineers were able to describe and model stormwater runoff 
with relatively simple tools such as the rational method, the modified rational method 
and Natural Resources Conservation Service (NRCS) curve number method, and the 
guidance reflected this paradigm (see e.g., NRCS, 1986; ASCE, 1992; McCuen, 1998).  
With the shift in focus from extreme rainfall events (2" or 3" or more) to the entire rain-
fall spectrum, an entire new level of understanding and ability is required to analyze, 
design and construct the new developments and their stormwater systems. 
 
The 99% of rainfall events less than 2" have been labeled Small Storm Hydrology, and 
the context and challenges for management outlined, by Pitt (1987, 1999, 2003a).  The 
need for different types of hydrologic, hydraulic and water quality analyses has led to 
development of a suite of analytical tools such as WinSLAMM6, Water Balance Model, 
and BMP DSS7, as well as new uses for more traditional tools such as SWMM (Elliott 
and Trowsdale, 2006; Huber et al., 2006; Zhen et al., 2006; Stephens and Dumont, 2008).  
In addition, hydraulic analyses are being carried beyond the development site in the 
form of flow duration analyses to predict impacts on bedload dynamics and channel 
stability (see e.g., Rohrer and Roesner, 2005; Aquafor Beech Limited, 2006). 
 
Up to this point in Ohio there has been little incentive (e.g., a pat on the back) for de-
velopers or design engineers to incorporate low impact development features.  The in-

5This report uses “low impact development” (LID) for the suite of ecologically-oriented strategies and 
practices. 
 
6WinSLAMM—windows version of the Source Loading and Management Model 
 
7BMP DSS—BMP Decision Support System 
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centive must come either from the carrot (cost savings, positive press, etc.) or from the 
stick (regulations).  Several states are taking the “stick” approach.  For example, Mary-
land, Minnesota, and Wisconsin have some form of groundwater recharge or infiltra-
tion criteria, forcing engineers to incorporate LID practices into their designs.   
 
Several states (including Minnesota and Pennsylvania) have provided a “carrot” by 
providing credits toward meeting some aspect of their stormwater criteria through the 
use of LID practices (MPCA, 2005; PaDEP, 2006).  However, the biggest incentive will 
come from cost savings achieved through the LID approach.  Examples of these sav-
ings are being documented by U.S. EPA and others (see e.g., USEPA, 2007a).  Also, 
tools such as the BMP Decision Support System (Zhen et al., 2006) that include cost op-
timization allow designers and reviewers to evaluate a wide menu of practices to find 
the mix that best fits the development type and watershed setting. 
 
Meeting the multiple objectives of flood control, water quality protection, and channel 
stability is a difficult task. Little quantitative analysis specific to the Lake Erie basin ex-
ists to support local governments as they attempt to improve stormwater management 
plans including best management practice selection.  Evaluating the many factors that 
influence water quantity, water quality, and stream stability is complex and not easily 
accomplished by direct measurements.   
 
Evaluating hydrologic and environmental responses that might occur as a result of 
land use changes and stormwater management choices can be greatly facilitated with 
decision tools such as computer simulation models. This approach is particularly use-
ful in evaluating the effect of existing or proposed zoning, subdivision and stormwater 
regulations, or the range of stormwater management strategies.   
 
In order to enhance the effectiveness of land use planning, to support improved storm-
water regulations, and to provide guidance for local reviewers and engineers in best 
management practice selection, the Source Loading and Management Model 
(WinSLAMM; Pitt and Voorhees, 2002) was tested for its ability to evaluate the poten-
tial of various stormwater management criteria and practices to meet comprehensive 
goals of flood control, channel stability, and water quality protection.8  

 

8Disclaimer - The purpose of this study was not to calibrate or validate WinSLAMM parameters for the 
Chagrin River watershed, an exercise that would have required extensive rainfall-runoff-pollutant data 
sets at the source area and development site scale.  The small storm runoff hydrology of impervious sur-
faces is not location-dependent, and the original tests from Milwaukee and Toronto that led to develop-
ment of the model should provide a reasonable representation for Ohio climate and conditions (R. Pitt, 
personal communication; Pitt, 1987, 2003b, 2008).  A clay soil type was selected for all pervious areas to 
be conservative and not overstate the benefits of low impact practices.  A logical next step past this 
study would be to find or develop one or more detailed rainfall-runoff or rainfall-runoff-pollutant data 
sets to verify WinSLAMM input parameters for northeast Ohio conditions.  Further discussion can be 
found in the “Evaluation of WinSLAMM” and “Next Steps” sections. 
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Approach 
 
The following section outlines the approach taken to evaluate different development 
types, local regulations and BMP choices including: 
< selection of appropriate models; 
< identification and definition of representative sites; 
< review of current regulations that affect stormwater system design and perform-

ance; and 
< description of scenarios modeled and development of input data sets.  
 
Model Selection 
 
Model selection was driven by several factors including:  
< hydrologic and water quality performance to be evaluated;  
< management scenarios to be modeled; 
< capabilities and limitations of the modeling tool; 
< ease of use; 
< cost; and 
< prior experience with models.  
 
For the purpose of the project, it was decided a priori to focus the site-level perform-
ance or “effectiveness” on two criteria: 1) annual runoff volume; and 2) suspended sol-
ids.  In addition, it was necessary to generate development site scale discharge hydro-
graphs as inputs to the watershed-scale model.9  
 
Thus, the project focused on finding an urban hydrology model capable of simulating 
the impact of various management strategies, such as downspout disconnection, curb 
and gutter versus swale drainage, bioretention and pervious pavement, on runoff vol-
ume and water quality for individual developments.  An earlier evaluation of models 
by ODNR-DSWR narrowed the field of models to the Storm Water Management 
Model (SWMM) and Source Loading and Management Model (SLAMM)10. These com-
puter models were developed to model both quantity and quality of stormwater runoff 
in urban and urbanizing environments.  SWMM, developed under the sponsorship of 
the U.S. Environmental Protection Agency, has become the industry standard for mod-
eling and designing complex drainage networks (Rossman, 2008). SLAMM was devel-
oped to more accurately quantify runoff volumes and pollutant concentrations for the 
smaller storm events not typically addressed by models used for drainage system de-

9The watershed-scale model was used to examine the viability of using rehabilitation of entrenched 
streams as an alternative approach to accomplish comprehensive stormwater management objectives 
(CRWP, 2006). 
 
10Since the WinSLAMM model was selected, two excellent, if now a bit dated, reviews of models capable 
of LID modeling were published (Elliott, A.H., and S.A. Trowsdale, 2006; Huber et al., 2006). 
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sign (Pitt and Voorhees, 2002).  The decision was made to use WinSLAMM, the most 
current version of SLAMM, because of specific application to the study objectives, ease 
of use and cost11. 
                                                                         
WinSLAMM is a semi-empirical hydrologic and water quality model “developed to 
better understand the relationships between sources of urban runoff pollutants and 
runoff quality” (Pitt and Voorhees, 2002).  Model theory is covered in great detail in 
Pitt’s Ph.D. dissertation (Pitt, 1987).  Though WinSLAMM can model runoff from a sin-
gle event or a time series (i.e., continuous), the heart of WinSLAMM is per event hy-
drology based on simple volumetric runoff coefficient relationships for each source 
area.  The model contains source area specific pollutant build-up and wash-off algo-
rithms.  The model has the capability to model water quantity and water quality im-
pacts of wet detention basins, swale drainage, impervious area disconnections, biore-
tention and pervious pavement.  A simple schematic of model structure is presented in 
Figure 1. 

More detail on WinSLAMM is given below.  Development of WinSLAMM input data 
sets is described later in this section.  The results of the modeling exercise, and com-
mentary on the functionality of the WinSLAMM model are covered in later sections. 

11During the course of this research, SWMM, USGS regression equations, spreadsheets, rational method, 
and NRCS curve number method also were used to model aspects of the developments (e.g., to size or 
model the sewer network, drainage swales or detention basins). 
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Representative Sites 
 
Identification of “representative” landscapes and developments was considered criti-
cal in order for the modeling results and conclusions to be transferable to other parts of 
the Lake Erie basin.  Common types and characteristics were noted on field visits to a 
range of commercial and residential developments in several Chagrin Watershed com-
munities (Solon, Mentor, Aurora, Moreland Hills, Pepper Pike, Mayfield Heights). 
 
In December 2007, CRWP, Ohio NEMO and ODNR-DSWR met with representatives of 
the cities of Aurora, Mentor and Solon.  From this meeting, it was determined the site-
scale modeling would:  
< develop “generic” residential and commercial developments based on zoning and 

stormwater requirements for the city of Solon; 
< collect, compare and contrast zoning and stormwater requirements from Aurora 

and Mentor to assess applicability of modeling results to other communities; and 
< given adequate time and resources, also consider large lot township zoning and de-

velopment.  
 
Regulations that Affect Stormwater System Design and Performance 
 
Stormwater management decisions and outcomes are affected by a wide variety of ex-
plicit/direct and hidden/indirect development requirements including minimum lot 
sizes, minimum house sizes, minimum street width or parking space requirements.  To 
be able to accurately model stormwater outcomes in a community requires considera-
tion of land use plans, zoning maps and regulations, subdivision regulations, and 
stormwater regulations.  Beyond the code, conversation with the staff that implement 
these regulations gives insight into specifics of implementation and enforcement. 
 
Stormwater, subdivision and zoning regulations were collected for Aurora, Mentor, 
Solon and Geauga County (Bainbridge Township).  Solon subdivision, zoning, and 
stormwater regulations were reviewed in-depth for rules, restrictions and require-
ments that influence development stormwater system characteristics.  The same exer-
cise, at a more perfunctory level was conducted for Aurora and Mentor.  Those regula-
tions are summarized in Appendix A-1. 
 
Scenarios Modeled & Input Data 
 
The following three development types were modeled:  
1. Commercial development (85% impervious area) representing a commercial strip 

or shopping center with outlots; 
2. Medium density residential subdivision (30% impervious area) with 0.4 acre lots, 

representing typical new development lot minimums in the participating munici-
palities; and 
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3. Low density or “large lot” residential (12% impervious area) with 2 acre lots, repre-
senting township development as well as certain residential zoning (e.g., Aurora R-
1) in participating municipalities.  

 
Each development was set at 20 acres for the following reasons:  
< new residential and commercial developments in the watershed range in size from 

a few acres to more than 50 acres;  
< upon discussing drainage areas within new development, several local engineers 

mentioned 20 acres as being “typical”; and 
< 20 acre development blocks were readily scalable into larger 80 ac, 320 acre, etc. 

subwatersheds for watershed-scale modeling purposes12.  
 

The inputs needed to populate the WinSLAMM modeled are listed in Table 2. 
 

The rest of this section will discuss development of rainfall data, and detail selection or 
development of appropriate input data. 
 
      Rainfall Data 
 
Two types of rainfall data were needed for this study:  1) design events representing 
different durations from 3 to 24 hours and recurrence intervals from 0.1 to 100 years;  
2) recorded rain gage data for a “typical” year. 
 

12A sensitivity analysis was performed comparing 20, 40 and 80 acre blocks to determine impact on 
model impacts.  Influence on runoff volume and 80 acre (i.e., a single 80 acre, 2x40 acre, or 4x20 acre) 
discharge hydrographs was deemed inconsequential for purposes of this study.  The potential effect of 
development size on pond size and geometry (especially pond surface area) could significantly affect 
removal efficiency of suspended solids. 

Input Options 

Rainfall Data time series or event 

Soil Type sandy (HSG-A),  silty (HSG-B), or clayey (HSG-C or HSG-D) 

Land Use Source Areas percent of development in roofs, driveways, sidewalks, park-
ing areas, streets, lawns/landscaping, etc.  

Drainage curb & gutter or swale 

BMP Controls wet detention, bioretention, or pervious pavement 

Pollutant Build-up and Wash-off Files provided for Midwestern U.S. conditions 

Unit Hydrograph Characteristics peak/average ratio for compound triangular unit hydrograph 

Table 2. WinSLAMM model inputs. 
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Design Event Data - Three sources summarizing the historic rainfall record are in com-
mon use in Ohio:  TP-40 (Hershfield, 1961), Bulletin 71 (Huff and Angel, 1992), and 
NOAA Atlas 14 (NWS-NOAA, 2004).  The NOAA Atlas 14 data is the most accurate, 
up-to-date, and location-specific rainfall data and easily accessed through the NWS 
Precipitation Frequency Data Server.  The recurrence intervals available in Atlas 14 are 
1 to 100 years.  For smaller recurrence intervals, Huff and Angel (1992) was used.   
 
For this study, two sets of design events were used.  Local stormwater regulations 
typically include some form of peak discharge control.  In this modeling exercise, the 
peak discharge approach utilized was the Critical Storm Method (CSM; ODNR, 1980), 
the peak discharge requirement in Aurora and Mentor stormwater regulations.  The 
CSM requires rainfall depths for the 1 through 100 year, 24 hour events.  For this 
study, NOAA Atlas 14 data for a location near Solon was used.  
 
To be able to analyze the range of effects of valley storage on stream discharge and 
depth (see companion study), a wide variety of rainfall depths and storm durations 
was evaluated.  A 44-event design storm series was created with 11 events each with 
durations of 3, 6, 12 and 24 hours.  The recurrence intervals for the 11 events were 100, 
50, 25, 12.5, 6.2, 3.1, 1.6, 0.8, 0.4, 0. 2 and 0.1 years13.  The 1.6 through 100 year RI events 
are derived from Atlas 14.  The 0.1 through 0.8 year events were derived from Huff 
and Angel (1992).  The resulting “Chagrin Design Storm” data set is as follows: 
 
 
 
 
 
 
 

 
 
 
 
 
 

Table 3.  Rainfall depths 
for the 0.1 through 100 
year, 3, 6, 12 and 24-hr 

Events. 

                  

RI (years) 3 6 12 24 

0.1 0.55 0.64 0.74 0.85 

0.2 0.76 0.89 1.02 1.18 

0.4 0.97 1.13 1.31 1.51 

0.8 1.21 1.42 1.64 1.90 

1.6 1.39 1.66 1.95 2.27 

3.1 1.66 1.98 2.29 2.68 

6.2 2.00 2.36 2.73 3.18 

12.5 2.32 2.74 3.17 3.67 

25 2.69 3.21 3.70 4.26 

50 3.07 3.68 4.24 4.86 

100 3.46 4.18 4.82 5.49 

Duration (hr)  

13Note: This design storm series was developed by taking the 100 year recurrence interval (RI), and then 
halving the RI ten times (50 = 100/2, 25 = 50/2, ...   ... 0.1 = 0.2/2) as described in Mecklenburg and 
Ward (2002). 
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Typical Year Rainfall Data - The best way to compare different development scenarios at 
the site scale is to look at the performance in terms of runoff volume and solids pollut-
ant load over a “typical” year of real rainfall data from the area.  Several sets of long-
term recorded rain gage data (Burton, Cleveland Easterly, Painesville Highway De-
partment and Ravenna) collected within 25 miles of the Chagrin watershed were avail-
able through the Midwest Regional Climate Center.   
 
Review of annual and seasonal rainfall averages suggested that the Burton gage data 
would be the most representative of the majority of the Chagrin watershed14.  Forty 
one (41) years of rainfall data (1950-1990) were processed and formatted for input to 
WinSLAMM (start date, start time, end date, end time, event depth).  The inter-event 
period was set at six (6) hours.  After the data was processed and formatted, it was 
evaluated for complete years of rainfall data (i.e., no periods of non-recording or bad 
data).  Twenty (20) years of data were “discarded” for incompleteness.  The remaining 
years were evaluated for closeness to the following characteristics - mean annual rain-
fall, mean monthly rainfall, event frequency distribution.  Burton rainfall year 1980 
was determined to be most representative of those characteristics and is henceforth la-
beled “typical”15. 
 
      Site Characteristics 
 
The development of representative site characteristics for input data was evolutionary, 
starting from initial discussions and site visits, through review of local regulations, 
preliminary geographical information system (GIS) analysis of candidate subdivisions, 
to selecting and ground-truthing representative sites.  Though a similar process was 
conducted for the representative commercial and low density residential, the develop-
ment of medium density residential site characteristics is detailed here16. 
 
A project-specific Chagrin GIS was developed from data provided by CRWP and the 
three participating communities that included high-resolution aerial photos, digital 
elevation models (DEMs), soils data and parcel data. 

14It should be noted that there is a significant gradient in annual rainfall from Lake Erie to the East 
Branch headwaters.  It is likely that individual storm characteristics (intensity, duration) would also 
vary most from Burton data the closer to Lake Erie.  This should be taken into consideration when se-
lecting precipitation data for continuous hydrologic modeling in the northern one-third of the water-
shed. 
 
15There is no such thing as a “typical” rainfall year, but other terms seemed just as inaccurate. 
 
16The process followed here, for the most part, is outlined in detail in the WinSLAMM user’s guide Sec-
tion 5, “Using WinSLAMM” (Pitt, 2003b).  A case study that uses this approach for the Little Shades 
Creek Watershed in Alabama is presented in “Site Development Characteristics for Stormwater Model-
ing” (Bochis and Pitt, 2005). 
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Soils -A review of the watershed soils showed a predominance of glacial till-derived 
hydrologic soil group (HSG) C & D soils (Mahoning, Ellsworth, Wadsworth, Rittman, 
etc.) with a few more-permeable HSG-B soils (e.g., Chili) in developable upland ar-
eas17.  Valley bottoms are dominated by HSG-B & C soils (Holly, Tioga, Chagrin, Orr-
ville, Euclid) developed in alluvium on floodplains and low terraces.  For this study, 
clay soils were selected in WinSLAMM to represent the predominant HSG-C & D soils 
in upland areas. 
 
Land Use/Source Areas - For each development type of interest (commercial, medium-
density residential, large lot residential) the following process was followed:  
< review zoning and subdivision regulations for requirements that will affect source 

area size and dimensions (lot size, house size, setbacks, street width, cul-de-sac di-
ameter, open space requirements, etc.);  

< use aerial photos in GIS to delineate representative developments; 
< visit sites and complete WinSLAMM field data form; 
< compare findings to other communities through regulations, discussion, and re-

search results; and 
< create “generic” development scenario.  
 
To develop the Medium Density Residential18 (MDR) prototype, the R-1-C zoning in 
Solon (24,000 ft2 or 0.55 acre) was selected and compared to similar zoning categories 
for Mentor (R-3 = 18,000 ft2 or 0.41 acre; 22,000 ft2 or 0.5 acre) and Aurora (R-3 = 17,420 
ft2 or 0.40 acre).  It was decided to find representative Solon subdivisions with between 
1.8 and 2.5 lots per acre (i.e., 0.40 to 0.55 acre lots). 
 
A GIS delineation of two Solon MDR subdivisions produced very similar results in 
terms of lot size (S1 = 2.4 lots/ac; S2 = 2.2 lots/ac) and source area percentages.  The 
source areas for the delineated subdivisions were compared to Low Density and Me-
dium Density Residential Standard Land Use files provided with the WinSLAMM soft-
ware that represent average values found for these types of developments in other ar-
eas.  For ease of input and translation to other communities, a lot size of 0.4 acres was 
assumed with a total impervious area of 30%.  For details, see Appendix A-2. 
 
Similar analyses were conducted for commercial and large lot residential develop-
ments.  The source area percentages for the three representative development types 
can be seen in Table 4. 

17Soils are classified by the Natural Resource Conservation Service into four Hydrologic Soil Groups 
(HSG) based on the soil's runoff potential. The four Hydrologic Soils Groups are A, B, C and D.  Group 
A soils have the smallest runoff potential and Group D the greatest. Details of this classification can be 
found in Technical Release 55 (TR-55), 'Urban Hydrology for Small Watersheds' (NRCS, 1986).  
 
18For the purpose of this study, Medium Density Residential represents single-family residential devel-
opments with 1-4 lots/acre. 
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Drainage/Conveyance Network - One variable that may significantly affect stormwater 
runoff volume, runoff rate, and water quality is the type of drainage network that con-
veys water from source areas to the discharge point in a BMP or at the edge of the de-
velopment.  WinSLAMM allows selection of either curb and gutter (C&G or CG) or 
open swale drainage.  The curb and gutter assumes connection to a storm sewer net-
work that delivers the runoff to the BMP or discharge point. 
 
No storm sewer sizing takes place in WinSLAMM.  For this exercise, the 10-year event 
and rational formula were used to size storm sewers and drainage swales needed for 
determining time of concentration estimates used in sizing peak discharge control 
structures (see discussion under BMP Controls below). 
 
BMP Controls - Stormwater best management practice (BMP) controls are necessary on 
most new developments in Ohio to meet either the state’s WQv requirement (Ohio 
EPA, 2008) or local peak discharge control requirements.  The following stormwater 
BMP controls were considered in this study:  
< no control; 
< wet detention basin - for WQv, peak discharge control, or both; 
< bioretention; and 
< pervious pavement (commercial site only).  
 
Although “true” dry ponds without micropools were an allowable option for meeting 
the WQv requirement at the time this study was conducted (Ohio EPA, 2003), they 
were not used for the site level analysis because WinSLAMM is not designed to model 
a detention basin without permanent pool.   In the most recent construction stormwa-
ter permit (Ohio EPA, 2008), Ohio EPA specified that a permanent micropool was re-

 
Source Area 

Model LLR 
(2.0 ac lots)  

Area (%) 

Model MDR  
(0.4 ac lots) 

Area (%) 

Model 
Commercial 

Area (%) 

Roofs 3.5 12.5 20.0 

Parking 0 0 40.0 

Driveways 3.5 7.0 2.0 

Sidewalks 0.5 2.0 3.0 

Streets 4.5 8.5 20.0 

Total Impervious 12.0 30.0 85.0 

Lawns/landscaping 88.0 70.0 15.0 

Total 100 100 100 

Table 4. Source Area Percentages for Representative Large Lot Residential (LLR), 
Medium Density Residential (MDR) and Commercial Sites. 
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quired in all dry ponds.  Model scenarios were added to test water quality perform-
ance of a dry pond with permanent micropool. 
 
BMPs were designed (“sized”) according to standard guidance (e.g., NRCS, 1986; 
ASCE, 1992; McCuen, 1998) and the pertinent state (Ohio EPA, 2003; ODNR, 2006) or 
local requirements.  A spreadsheet was generated to size WQv wet detention basin 
and outlet to meet Ohio EPA NPDES CGP requirements19.  The NRCS TR-55/TR-20 
(NRCS, 1965; NRCS, 1986) methodology (through a proprietary software package) was 
used to size the detention basin and outlet to meet local Critical Storm Method require-
ments.  The bioretention practices were designed and simulated in accordance with the 
Rainwater and Land Development manual (ODNR, 2006).  Pervious pavement was 
simulated to fully infiltrate the WQv from the parking lot only, and based on Univer-
sity of New Hampshire Stormwater Center guidance (UNHSC, 2007). 
 
Pollutant Build-up and Wash-off - To estimate the end-of-development loading of par-
ticulate solids from the different development scenarios requires pollutant build-up 
and wash-off information for each source area such as roofs, driveways, parking lots, 
streets, and lawn/landscaped areas.  In the absence of measured data for the Chagrin 
watershed, input data files representative of the Midwestern U.S. were used (R. Pitt, 
personal communication; file descriptions are posted at the USGS Wisconsin Water 
Science Center website http://wi.water.usgs.gov/slamm/). 
 
Unit Hydrograph - The WinSLAMM model applies a compound unit hydrograph to the 
per event runoff volume to model the rate of discharge into the stormwater BMP or, 
for models with no control, the rate of discharge leaving the site.  WinSLAMM is able 
to specify a peakiness factor to the unit hydrograph.  This was set to 3.8 per recom-
mendation of the model developers (J. Voorhees, personal communication). 
 
      Model Runs 
 
The scenarios modeled using WinSLAMM to evaluate site-level runoff volume and 
sediment loadings for one year of rainfall (1980 data for Burton rain gage) are summa-
rized in Table 5. 

19C = 0.858i3 - 0.78i2 + 0.774i + 0.04 (OEPA, 2008); orifice size by Method 2 #22, p19 (OEPA, 2007). 

Table 5 Key 
< Connected Impervious % - refers to the percentage of total site impervious area (i.e., roofs, driveways, side-

walks, parking areas, and streets) that drains directly to the drainage network without passing across a pervi-
ous (i.e., lawn or landscape) area as sheet flow.  Disconnected impervious refers to impervious areas that dis-
charge as sheet flow to a lawn or landscape area (e.g., roof downspout to a splashblock). 

< Pond—all of the ponds are wet detention basin designs except for the pond noted as “dry pond”. 
< Bioretention or Bio (%) - refers to the size, as a percentage of the total development site, dedicated to bioreten-

tion.  For example, bioretention (1.5%) under the medium density residential scenario would have a surface 
area equal to 1.5% of the 20 acre site, or 0.3 acres. 

< Pervious pavement or PP—in these scenarios, the entire parking lot area uses a pervious pavement design. 
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Land Use 

 
Soil 
Type 

 
Drainage 

Connected 
Impervious 

% 

 
Control/Detention 

 
Notes 

Undeveloped clay swale 0 none  

Large Lot Residential clay curb & gutter 100 none  

Large Lot Residential clay curb & gutter 100 pond  

Large Lot Residential clay curb & gutter 100 bioretention (1%)  

Large Lot Residential clay curb & gutter 100 bioretention (2.4%)  

Large Lot Residential clay curb & gutter 0 none  

Large Lot Residential clay curb & gutter 0 bioretention (1%)  

Large Lot Residential clay curb & gutter 0 bioretention (2.4%)  

Large Lot Residential clay swale 100 none  

Large Lot Residential clay swale 0 none  

Large Lot Residential clay swale 0 bioretention (1%)  

Large Lot Residential clay swale 0 bioretention (2.4%)  

Medium Density Residential clay curb & gutter 100 none  

Medium Density Residential clay curb & gutter 100 wet pond  

Medium Density Residential clay curb & gutter 100 dry pond w/micropool 

Medium Density Residential clay curb & gutter 100 bioretention (1.5%)  

Medium Density Residential clay curb & gutter 100 bioretention (6%)  

Medium Density Residential clay curb & gutter 60 none downspouts only 

Medium Density Residential clay curb & gutter 0 none  

Medium Density Residential clay swale 100 none  

Medium Density Residential clay swale 0 none  

Medium Density Residential clay swale 0 bioretention (1.5%)  

Medium Density Residential clay swale 0 bioretention (6%)  

Commercial clay curb & gutter 100 none  

Commercial clay curb & gutter 100 pond  

Commercial clay curb & gutter 100 bioretention (4.5%)  

Commercial clay curb & gutter 100 bioretention (9%)  

Commercial clay curb & gutter 100 pervious pavement  

Commercial clay curb & gutter 100 PP & bio (4.5%)  

Commercial clay curb & gutter 100 PP& bio (9%)  

Commercial clay curb & gutter 0 none  

Commercial clay swale 100 none  

Commercial clay swale 0 none  

Commercial clay swale 0 bioretention (4.5%)  

Commercial clay swale 0 bioretention (9%)  

Table 5. WinSLAMM Model Scenarios. 
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Results and Discussion 
 
A total of 35 development scenarios were modeled using WinSLAMM to generate an-
nual runoff volume and annual particulate solids load estimates.  Results are presented 
in Tables 6, 7, and 820. 

20 Disclaimer - Though results are based on local and state regulations, and recommended guidance, 
there are many model variables (individual development characteristics, topography, soils, outlet avail-
ability, …) specific to a given site and development that will cause results to vary significantly.  These 
model estimates are used to illustrate relative comparisons for these scenarios/inputs and should not be 
considered representative of all conditions or scenarios.  As a reminder, the purpose of this study was 
not to calibrate or validate WinSLAMM parameters for the Chagrin River watershed, an exercise that 
would have required extensive rainfall-runoff-pollutant data sets at the source area and development 
site scale.    A logical next step past this study would be to find or develop one or more detailed rainfall-
runoff or rainfall-runoff-pollutant data sets to verify WinSLAMM input parameters for northeast Ohio 
conditions.  Further discussion can be found in “Evaluation of WinSLAMM” section. 
 
21 Rv is the annual volumetric runoff coefficient, the fraction of total precipitation leaving the develop-
ment site as stormwater discharge.  Rv allows easy comparison between different land uses, source ar-
eas, or suites of stormwater practices.  For example, for typical medium density residential development 
following local guidelines (connected downspouts, curb & gutter drainage system and detention pond) 
the annual runoff volume would increase over 800% [(0.29-0.03)/0.03]. 

Table 6. WinSLAMM Modeling Results for Medium Density Residential 
(MDR) - Burton 1980 Rainfall. 

 
 

Scenario 

 
Runoff 
Depth 

Runoff 
Volume 

Reduction 

 
 

Rv21 

 
Particulate 

Solids 

 
Solids  

Reduction 

 (in/ac/yr) %   (lb/ac/yr) % 

No Controls 12.2  N/A 0.29 315  N/A 

Pond (Wet/Dry) 12.2 0 0.29 44/111 86/65 

Swales 11.3 7 0.27 248 22 

Downspouts Disconnected  8.3 32 0.20 283 10 

All Disconnected  5.8 53 0.14 205 35 

Swales & Disconnected 5.0 59 0.12 150 53 

Bioretention 1.5% (WQv) 8.0 34 0.22 128 60 

Bioretention 6% 3.0 76 0.12 29 91 

Swales Disc & Bioret- 1.5%  2.5 79 0.08 42 87 

Swales Disc & Bioret- 6% 0.7 94 0.02 6 98 

Undeveloped 1.4 88 0.03 4 99 
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Table 7. WinSLAMM Modeling Results for Large Lot Residential (LLR) - 
Burton 1980 Rainfall. 

 
 

Scenario 

 
Runoff 
Depth 

Runoff 
Volume 

Reduction 

 
 

Rv 

 
Particulate 

Solids 

 
Solids  

Reduction 

 (in/ac/yr) %   (lb/ac/yr) % 

No Control 6.2  N/A 0.15 210  N/A 

Dry Pond# 6.2 0 0.15 49 77 

Swales 5.7 8 0.14 163 23 

All Disconnected  3.7 40 0.09 159 24 

Swales & Disconnected 3.2 48 0.08 116 45 

Bioretention 1% (WQv) 3.9 38 0.09 83 61 

Disconnected & Bioret-1% 2.1 67 0.05 51 76 

Disconnected & Bioret-2.4% 1.2 81 0.03 21 90 

Swale Disc & Bioret-1%  1.8 70 0.04 39 82 

Swale Disc & Bioret-2.4% 1.1 83 0.03 16 93 

Undeveloped 1.4 80 0.03 4 98 

Table 8.  WinSLAMM Modeling Results for Commercial - Burton 1980 Rainfall. 

 
 

Scenario 

 
Runoff 
Depth 

Runoff 
Volume 

Reduction 

 
 

Rv 

 
Particulate 

Solids 

 
Solids  

Reduction 

 (in/ac/yr) %   (lb/ac/yr) % 

No Controls  26.3  N/A 0.63 647  N/A 

Wet Pond  26.3 0 0.63 63 90 

Swales  26.1 1 0.63 542 16 

All Disconnected  22.8 13 0.55 567 12 

Swales & Disconnected  22.5 14 0.54 474 27 

Pervious Pavement 15.4 41 0.37 332 50 

Bioretention 4.5% (WQv)  13.3 49 0.32 149 77 

Swale Disc & Bioret-4.5%  11.7 55 0.28 116 82 

Bioretention 9% 7.0 73 0.17 57 91 

Perv Pave & Bioret-4.5% 5.1 81 0.12 50 92 

Perv Pave & Bioret-9% 1.9 93 0.05 15 98 

Undeveloped 1.4 96 0.03 4 99 
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Runoff Volume 
 
In its simplest form, site hydrology can be represented by the following figure: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

If rainfall infiltrates the soil, it is unavailable for surface runoff.  The keys to maximiz-
ing infiltration are to: 
< minimize the impervious area necessary for the type of development; maximize 

pervious areas; 
< “disconnect” impervious areas from the drainage network, i.e., direct any runoff 

leaving impervious areas onto pervious areas such as lawn or landscaped areas; 
< maintain or enhance the infiltration capacity of the site’s pervious areas; 
< slow the flow or conveyance rate of runoff, providing more opportunity for infiltra-

tion along the flow path; and 
< provide additional temporary storage (S) on pervious areas and in infiltration 

BMPs such as bioretention and pervious pavement. 
 
WinSLAMM is able to model each of these management approaches in varying de-
grees.  
 
 
 
 

P

Q

ET

S
F

P – Precipitation 
(Rainfall & Snowmelt)

ET – Evaporation & 
Transpiration

S – Temporary Storage

F – Infiltration

Q - Runoff

Q = P – dS – ET - F
Figure 2.  Simplistic Storm Event Hydrologic Budget at the Earth’s Surface. 

22Evaporation and transpiration (ET) during a runoff event are relatively small.  Over the course of a 
year, however, evapotranspiration of retained (infiltrated or stored) water is significant.  See more on 
Ohio’s hydrologic cycle at:  http://ohiodnr.com/Portals/7/pubs/pdfs/fctsht18.pdf. 
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Figure 3.  WinSLAMM Annual Runoff Volume for Medium Density Residential 
(MDR) Scenarios - Burton 1980 Rainfall. 
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Figure 4.  WinSLAMM Runoff Volume Reduction Strategies for Medium Density 
Residential (MDR) - Burton 1980 Rainfall. 
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            Medium Density Residential (0.4 acre lots, total impervious area 30%) 
 
The estimated volume reduction by applying several of these stormwater management 
strategies for a medium density residential (MDR) development are presented in Fig-
ures 3 and 4. 
 
The results in Figure 3 are organized in order from highest annual runoff volume (no 
controls) to lowest (undeveloped)23.  Review of Table 6, Figure 3, and Figure 4 reveals 
several key points: 
 
< runoff volume is not significantly reduced by detention basins with permanent 

pools24; 
< for this particular site design on tight clay soils, switching from curb & gutter and 

storm sewers to swale (open ditch) drainage results in about a 7% volume reduc-
tion; the amount of infiltration can be increased by any combination of widening 
the swale bottom, decreasing ditch slope, or improving the infiltration rate through 
soil amendments (sand, peat, compost) or mechanical means; the reduction would 
be significantly higher for HSG-A or HSG-B soils; 

< even for tight clay soils, impervious area disconnection significantly reduces runoff 
volume; disconnecting only downspouts resulted in a 32% volume reduction; dis-
connecting all impervious areas resulted in a 53% volume reduction; the reduction 
would be significantly higher for HSG-A or HSG-B soils ; 

< bioretention BMPs designed to meet the WQv requirement (13,350 ft2 total surface 
area or 1.5% of the 20-acre site), and in which a one-foot deep exfiltration25 reser-
voir was included below the underdrain, would reduce runoff volume about 34%; 
WinSLAMM predicts that increasing the total surface area of the bioretention BMPs 
to 6% of the 20 acre site (53,400 ft2 total surface area) would reduce annual runoff 
volume about 76%; 

< combining infiltration strategies results in improved volume reduction; for exam-
ple, combining swale drainage and 100% impervious area disconnection would re-
sult in approximately 60% volume reduction; to swales & disconnection, add biore-
tention BMPs to meet the WQv requirement and annual runoff volume is reduced 
about 80%. 

 

23Runoff volume is more meaningful when considered as runoff volume per unit area which is equiva-
lent to runoff depth. 
 
24WinSLAMM does not have the capability of modeling true (i.e., no wet forebay or permanent micro-
pool) dry detention basins that would experience some level of runoff volume reduction through infil-
tration and evapotranspiration. 
 
25Exfiltration refers to infiltration from the bottom and sides of the bioretention basin into the native soil. 
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Figure 5.  WinSLAMM Annual Runoff Volume for Large Lot Residential (LLR) 
Scenarios - Burton 1980 Rainfall. 
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      Large Lot Residential (2 acre lots, total impervious area 12%) 
 
The estimated volume reduction by applying various stormwater management strate-
gies for large lot residential (LLR) development are presented in Figures 5 and 626. 
 
The results in Figure 5 are organized in order from highest annual runoff volume (no 
controls) to lowest (undeveloped).  Review of Table 7, Figure 5, and Figure 6 shows: 
< runoff volume is not significantly reduced by detention basins with permanent 

pools; 
< switching from curb & gutter and storm sewers to swale (open ditch) drainage re-

sults in about a 8% volume reduction; the amount of infiltration can be increased 
by any combination of widening the swale bottom, decreasing ditch slope, or im-
proving the infiltration rate through soil amendments (sand, peat, compost) or me-
chanical means; the reduction would be significantly higher for HSG-A or HSG-B 
soils; 

< disconnecting all impervious areas resulted in a 40% volume reduction; the reduc-
tion would be significantly higher for HSG-A or HSG-B soils; 

< bioretention BMPs designed to meet the WQv requirement (8750 ft2 total surface 
area or 1.0% of the 20-acre site), and in which a one-foot deep exfiltration reservoir 
was included below the underdrain, would reduce runoff volume about 38%; 
WinSLAMM predicts that increasing the total surface area of the bioretention BMPs 
to 2.4% of the 20 acre site (21,000 ft2 total surface area) would reduce annual runoff 
volume about 76%; 

< combining infiltration strategies results in improved volume reduction; for exam-
ple, combining swale drainage and 100% impervious area disconnection would re-
sult in approximately 48% volume reduction; to swales & disconnection, add biore-
tention BMPs to meet the WQv requirement and annual runoff volume is reduced 
about 70%; by taking advantage of the full suite of low impact strategies (swales, 
disconnection, and bioretention covering 2.4% of the site), the annual runoff vol-
ume from this site would be very close to pre-development levels . 

 

26This study assumed that 75% of the LLR development site (15 ac) was not disturbed during construc-
tion, with the remaining 25% (5 ac) disturbed (graded, etc.) during home site development and road, 
utilities and home construction.  This information was needed for post-development site characteriza-
tion for pond sizing. 
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            Commercial (total impervious area 85%) 
 
The estimated volume reduction by applying various stormwater management strate-
gies for strip commercial development are presented in Figures 7 and 8. 
 
The results in Figure 7 are organized in order from highest annual runoff volume (no 
controls) to lowest (undeveloped).  Review of Table 8, Figure 7, and Figure 8 highlight 
the following: 
< runoff volume is not significantly reduced by wet detention ponds; 
< because of the increased site impervious (with coincidental increase in runoff vol-

ume and reduction in pervious open areas), switching from curb & gutter and 
storm sewers to swale drainage (~1% volume reduction) and impervious area dis-
connection (13% volume reduction) provide limited opportunity for volume reduc-
tion for commercial sites on tight soils; the reduction would be significantly higher 
for HSG-A or HSG-B soils 

< bioretention BMPs designed to meet the WQv requirement (39,200 ft2 total surface 
area or 4.5% of the 20-acre site), and in which a 18" deep exfiltration reservoir was 
included below the underdrain, would reduce runoff volume about 49%; 
WinSLAMM predicts that increasing the total surface area of the bioretention BMPs 
to 9% of the 20 acre site (78,400 ft2 total surface area) would reduce annual runoff 
volume about 73%; 

< designing the entire parking lot as pervious pavement with a 4” aggregate reser-
voir below the underdrain results in an annual runoff volume reduction of 41% for 
the entire commercial site, infiltrating over 90% of all rain falling on the pavement; 

< combining infiltration strategies results in improved volume reduction; for exam-
ple, combining 100% impervious area disconnection with bioretention sized to 
meet the WQv requirement and annual runoff volume is reduced about 55%; com-
bining pervious pavement and bioretention can reduce annual runoff volume by 
over 80%. 

 
            Discussion 
 
Traditionally, the management of runoff “quantity” for flood control or to prevent 
stream erosion focused on controlling the peak discharge rate from a development site 
at some pre-development level.  As was noted in the introduction, peak discharge con-
trols based on large storm events provide dubious benefits for flood management 
(McCuen, 1974, 1979; Duru, 1981; Urbonas and Glidden, 1983; Traver and Chadderton, 
1983; Emerson et al., 2003) and do not prevent stream channel incision (MacRae, 1997; 
Booth and Jackson, 1997; Mecklenburg and Ward, 2002; Aquafor Beech Ltd, 2006). 
 
Many of our most troubling and costly stormwater impacts—severe stream channel 
erosion, flooding, loss of stream habitat, and degraded water quality—are largely at-
tributable to the increase in runoff volume associated with development (Pitt, 2002; 
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WSTB, 2008).  Therefore, we would expect the effective management of runoff volume 
to go a long way toward addressing these impacts.   
 
When considering management of runoff volume, opportunities are dictated by the 
type of development (and thus the amount of impervious area), site and soil character-
istics, and the size and distribution of rainfall events.  Before considering site condi-
tions and management options, it is instructive to weigh the size and frequency of 
rainfall events in relation to our stormwater management goals.   
 
Figure 9 shows the cumulative frequency of occurrence for rainfall events of different 
depths (inches) for the Burton, Ohio rain gage for the year 1980.  The chart shows that 
over 60% of events were 0.2" or less, and over 80% of events were 0.5" or less.  Con-
versely, the large rainfall events (>2") for which we traditionally have designed our 
stormwater management systems represent about 1% of all events. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This common distribution of rainfall events has led to recommendations for tiered 
strategies toward managing stormwater runoff (Schueler et al., 1992;  Claytor and 
Schueler, 1996; Pitt, 1999, 2003a; Graham et al., 2004; Stephens and Dumont, 2008).   
Pitt (2003a) recommends for “common rains” less than about 0.5” in depth27:   
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“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.”28 

 
Similarly, Stephens and Dumont (2008) recommend that the 75% of annual runoff vol-
ume produced by “light showers” be captured and infiltrated on site.  
 
The results from this modeling exercise highlight approaches that would allow the 
community, designer, and developer to meet such goals.  They break down into 
these strategies: 
< disconnect impervious areas from the gray infrastructure (i.e., curb, gutter, and 

storm sewer) drainage network; 
< maintain or enhance surface soil quality; 
< introduce areas, such as bioretention and rain gardens, with engineered soils 

that maximize infiltration; 
< create storage below the underdrain system in bioretention and pervious pave-

ment to promote deep infiltration; 
< to the maximum practical extent, use swale drainage instead of curb, gutter 

and pipe drainage; 
< replace detention basins with BMPs such as pervious pavement and bioreten-

tion that promote infiltration; 
< combine these strategies to maximize results. 
 
Several studies highlight real-world examples of use of LID practices to reduce 
runoff volume.  For example,  the City of Burnsville, Minnesota, installed 17 rain 
gardens (another name for bioretention) in a 25-lot, 5.3 acre residential neighbor-
hood to reduce runoff.  In a paired watershed study,  the watershed with the biore-
tention practices (0.41” of runoff) exhibited a 93 percent reduction in total runoff 
volume when compared to the untreated control watershed (5.58” of runoff) for 48 
rainfall events totaling 19.0 inches during 2004-2005 (Barr Engineering, 2006). 
 
In a study located here in the Chagrin River watershed, the Chagrin River Water-
shed Partners, Inc. found that bioretention practices were able to fully infiltrate 15 
of 21 rainfall events (71%) that exceeded 0.75” during 2008-2009 (R. Webb, per-
sonal communication).  All events smaller than 0.75” were fully infiltrated.  This 
demonstration project addressed ongoing local flooding issues while minimizing 
impact to the existing stormwater management infrastructure. 

27This consideration of the spectrum of rainfall events, and appropriate management based on fre-
quency and impacts of different size events, has been termed “small storm hydrology” and extensively 
considered by Pitt (1987, 1999, 2003a). 
 
28At some point, our society will likely realize what a valuable resource fresh water is and stop treating 
it as waste (see e.g., Jarrett et al, 2003).  Based on observation of the current human condition, this seems 
unlikely until water begins to become a scarce resource. 
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Sabourin and Wilson (2008) reported on the performance of enhanced swales that 
have characteristics of both the swales and bioretention systems described in this 
report.   The study used a paired watershed approach to compare enhanced swale 
drainage to the traditional curb, gutter and concrete storm sewer approach.  For 
four rainfall events ranging between 0.46 inches and 0.98 inches, the runoff vol-
umes from the enhanced swale watershed were only 14 to 27% of watershed with 
conventional drainage.  Peak flows were 14 to 53% of those for the conventional 
systems.   The concentration of pollutants in runoff was similar between the sites, 
but because of the reduced volume, pollutant yields were reduced significantly.  
TSS was reduced 81-95% by this enhanced swale system, without the use of a de-
tention basin. 
 
Kaufman and Wurtz (1997) reported both hydraulic and economic benefits of a 
downspout diversion program intended to lessen the burden on combined sewers 
and wastewater treatment in Flint, Michigan.  The program disconnected the 
downspouts for the approximately 6200 customers in the 6.5 sq. mi. Beecher Water 
District.   The authors reported a 29 percent reduction in mean stormwater flow 
volumes across all rainfall depths. 
 
These other studies confirm the level of runoff volume reduction suggested by this 
study are possible.  As we use these approaches to reduce runoff volume, the site 
and watershed scale hydrology and hydraulics will be altered radically from what 
we are used to from developed landscapes.  This is likely to be positive in terms of 
downstream flood reduction, more stable receiving streams and better surface wa-
ter quality.  However, we must be careful to consider the impacts of more on-site 
runoff retention and infiltration to avoid ancillary issues that may cause unin-
tended economic, environmental, aesthetic or health costs that could prevent sus-
tainable implementation of LID stormwater systems.   
 
In the rush to fix stormwater problems, especially those associated with increased 
runoff volumes, LID practices often are presented as the answer to all our storm-
water ills.  This undiluted promotion of LID practices often ignores the complexity 
of site and watershed scale hydrology, biology and water chemistry that got us the 
poor performance of traditional stormwater designs in the first place. 
 
A few considerations worth noting include: 
< On-site surface and subsurface drainage systems necessarily will have to be-

come more sophisticated to manage stormwater in close proximity to people 
and property.  Issues include:   infiltration of stormwater on sites with slip-
prone soils; design, construction and maintenance of infiltration practices and 
site drainage to minimize long-term surface ponding; better landowner educa-
tion; appropriate protection of and access to stormwater infrastructure through 
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easements and deed restrictions; and development or identification of responsi-
ble management entities with knowledge, experience and tools to properly 
maintain or rehabilitate stormwater infrastructure. 

< Effects of stormwater infiltration on groundwater hydrology and quality 
should receive equal consideration to surface water impacts.  Few in the Mid-
western United States recognize the extent, quality, or value of our groundwa-
ter resources, how susceptible those resources are to poor management of pol-
lutant sources (including stormwater), or the high cost to remediate or treat de-
graded groundwater (Freeze and Cherry, 1979; Lloyd and Lyke, 1995).   A cou-
ple excellent reviews of the research literature about groundwater contamina-
tion by stormwater are available (Pitt et al., 1996; Weiss et al., 2008), but addi-
tional work is still needed on:  short– and long-term groundwater impacts of 
specific infiltration BMPs, and stormwater treatment systems; and stormwater 
effects on local and regional groundwater hydrology. 

< Measurement and modeling how LID stormwater systems fit into overall wa-
tershed scale hydrology and ecological function is still in its infancy.  A number 
of tools and approaches have been developed to help assess hydrologic or geo-
morphic performance at a watershed scale including:  LID oriented models 
such as BMP DSS (Zhen et al., 2006) and the Water Balance Model (Stephens 
and Dumont, 2008); volume management as part of an overall watershed-scale 
hydrologic and hydraulic analysis (Emerson et al.,  2003); flow duration analy-
ses or flow exceedance analyses (MacRae, 1997; Rohrer and Roesner, 2005; 
Aquafor Beech Limited, 2006; Pitt, 2007; Roesner and Rohrer, No Date); full-
spectrum detention analyses (Wulliman and Urbonas, 2005); and measures of  
geomorphic stability (Doyle et al., 2000; Bledsoe, 2002).  These approaches and 
tools will be added to more traditional tools such as SWMM and HEC-RAS to 
assess watershed-scale impacts of stormwater practices, drainage network de-
sign and management, and valley storage on downstream flooding and geo-
morphic stability and predictability. 
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Runoff Water Quality 
 
Figures 10, 11, and 12 show WinSLAMM predicted annual sediment yields for LLR, 
MDR and Commercial, respectively.  The results are organized in order from highest 
annual sediment yields (no controls) to lowest (undeveloped).  Review of these figures 
and Tables 6-8 highlight the following: 
< WinSLAMM predicts that impervious area disconnections and swale drainage re-

duce sediment yields between 16 and 35% alone, or up to 45% in combination, pri-
marily through reduction in runoff volume; that means these green infrastructure 
approaches can play a significant role in achieving water quality targets as part of 
an integrated stormwater management plan, especially for development with am-
ple pervious areas; 

< well-designed and maintained wet detention ponds are proven sediment reduction 
BMPs, typically reducing sediment yields more than 80%; properly designed dry 
ponds, with a wet forebay and permanent micropool, designed to meet both the 
WQv and CSM peak discharge requirements can reduce sediment yields by 60-
80% - dry ponds without permanent pools will not achieve this level of perform-
ance; 

< WinSLAMM predicts bioretention BMPs designed to meet the WQv requirement 
would reduce sediment yields between 60 and 77%; by bumping the bioretention 
BMP area to 20% of site impervious area, WinSLAMM predicts sediment yields 
would be reduced about 90%; 
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< for the commercial site, using pervious pavement for the entire parking lot would 
result in about a 50% reduction in sediment yield from the entire development 
site—note that this scenario did not treat any other source area (roofs, sidewalks, 
drives, lawn/landscape areas); pervious pavement is an excellent water quality 
treatment and runoff volume reduction strategy when used with other BMPs neces-
sary to meet WQv and CSM requirements from the rest of the development site; 

< combining infiltration strategies results in improved water quality; in the residen-
tial scenarios, combining impervious area disconnection, swale drainage and biore-
tention sized to meet the WQv requirement resulted in over 80% reduction in sedi-
ment yield;  for the commercial site, combining pervious pavement and bioreten-
tion sized to meet the WQv requirement results in sediment yield reduction of 92%. 

 
These sediment removal results are consistent with those reported in the literature  
(USEPA, 2004; CWP, 2007). 
 
            Discussion 
 
Stormwater quality controls reduce the mass of pollutants in discharge.  The primary 
factors in determining runoff water quality are:  1) pollutant sources—the presence or 
build-up of pollutants where rain falls or runoff flows; 2) the volume of stormwater 
runoff; and 3) pollutant reduction treatment mechanisms, or unit processes, between 
where rain falls and runoff (or discharge) leaves the site.  This discussion will focus on 
the latter two factors29. 
 
Natural landscapes are full of features that reduce runoff volume, and place stormwa-
ter in extended contact with soil and vegetation.  The reduction of runoff volume 
comes from the high infiltration capacity of natural soils (attributable to low bulk den-
sity, good soil structure, well-developed macroporosity), the sorptive capacity of the 
surface leaf litter and high organic matter topsoil, temporary storage provided by pud-
dles and other discontinuities in the soil surface, and hydraulic roughness of flow 
pathways.  All these attributes of natural landscapes are diminished through the de-
velopment process—by soil compaction and loss of soil structure, by removing topsoil 
and surface litter, by uniformly grading for efficient surface drainage and minimal 
puddling, by creating smooth, hydraulically efficient flow paths. 
 
Within a stormwater management system, the treatment mechanisms, or unit proc-
esses, that affect sediment removal include:  infiltration/volume reduction, flow at-
tenuation, filtration, and sedimentation (NCHRP, 2006)30.  In the traditional pipe-and-
pond approach, the impervious surface, curb and gutter, and pipe parts of the flow-
path provide insignificant levels of these processes.  The entire burden for sediment re-

 

29For a comprehensive overview of source controls, see Urban Runoff Quality Management (ASCE, 1998). 
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moval is placed at the end of the pipe, the last small segment of flow path before 
stormwater is discharged from the site.    
 
Appropriately designed, constructed and maintained wet extended detention basins 
can be very effective at sedimentation, and thus sediment removal, especially if the ex-
tended detention volume is shallow with a large surface area (USEPA, 2004; CWP, 
2007).   Dry extended detention basins are another matter.  If designed, constructed 
and maintained for water quality treatment, they can be effective for that purpose.  
However, dry ponds are typically designed to meet the minimum regulatory require-
ments at minimum cost.  Usually this results in a stormwater BMP with minimal levels 
of the unit processes outlined above and substandard reduction in sediment yields. 
 
Stormwater management systems are most effective when they incorporate additive 
and complementary unit processes.   For example, parking lot runoff can be designed 
to sheet flow across a filter strip in which infiltration, filtration and sedimentation oc-
cur into a bioretention area in which the primary mechanism is filtration, but which 
also provides infiltration and sedimentation.   Shifting the primary drainage pathway 
from curb, gutter, and storm sewer to swales transforms a drainage network with few 
or no unit processes to one with extensive filtering, and some infiltration and sedimen-
tation.    
 
The LID approach to managing stormwater focuses on creating the most functional 
landscape within the constraints of the development type, location and site conditions.  
Like natural systems, this approach: 
< uses multiple treatment mechanisms with additive or complementary unit proc-

esses, preferably in series31; 
< creates hydraulic inefficiency in the flow pathways—disconnects impervious areas 

from gray infrastructure, promotes sheet flow instead of concentrated flow, uses 
open swales versus curb & gutter; 

< maintains or enhances the infiltration capacity of the soil; 
< maximizes stormwater contact with soil and vegetation. 
 
The results here show that building a LID stormwater treatment system around imper-
vious area disconnections, open swale drainage, and bioretention provides excellent 

30These are the primary physical and hydrologic processes that affect sediment dynamics.  Other storm-
water contaminants such as nutrients, petroleum hydrocarbons and metals are affected by these proc-
esses, but also by chemical and biological unit processes such as plant and microbial uptake, oxidation, 
reduction, sorption, and coagulation.  For a more comprehensive treatment of unit processes in storm-
water control, see Evaluation of Best Management Practices for Highway Runoff Control (NCHRP, 2006).. 
 
31Such a system of practices is often referred to as a “treatment train”, that can be defined as a series of 
BMPs each designated to address different aspects of stormwater runoff control with the goal of attenu-
ating stormwater discharge rate, and maximizing/optimizing volume control and pollutant removal. 
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sediment removal while also providing the additional hydrologic benefits described in 
the previous section.  The water quality treatment benefits provided by this more func-
tional landscape would be extended to other pollutants of concern such as nutrients, 
metals and petroleum hydrocarbons32.  A commercial site with over 50% impervious 
area probably requires pervious pavement to maintain the same level of treatment. 
 
 
 
 
 
 

32The University of New Hampshire Stormwater Center has reported pollutant removal performance for 
a wide range of conventional, manufactured and LID stormwater BMPs for TSS, petroleum hydrocar-
bons, inorganic nitrogen, metals and phosphorus  (Roseen et al., 2006, UNHSC, 2007b). 
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Peak Discharge Rate 
 
WinSLAMM is not the right tool for modeling peak flow rates for large rainfall events 
and was not used for that purpose.  However, as mentioned above, developers expect 
incentives to implement LID practices.  It is worthwhile then, to use the NRCS curve 
number (CN) method to explore incentives that may be provided by LID.  One such 
incentive is a peak discharge “credit” that results from the hydrologic benefits pro-
vided by LID.  In particular, low-impact development practices: 
- increase the amount of infiltration, thus reducing the site’s Curve Number and runoff 
volume for design storms 
- make drainage flowpaths less efficient, thus increasing the time of concentration. 
These hydrologic “credits” result in smaller post-development flow peaks and smaller, 
cheaper “flood control” BMPs. 

 

As an example, for a 20-acre residential subdivision with 0.33 acre lots it would be 
possible to reduce detention storage requirements by 20% and to gain 1 or 2 addi-
tional lots by applying a suite of low impact development strategies including se-
lective grading, swale drainage and impervious area disconnection (see Figure 13).  
The potential benefit to the developer from the lots gained, infrastructure costs and 
construction costs could exceed $50,000 while providing the runoff volume and 
water quality benefits noted above. 
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Implementation Issues 
 
Development primarily is driven by financial considerations.  The stormwater man-
agement system is only one of many development components - including buildings, 
streets, utilities, landscaping, public spaces, etc. - that, together, result in a desirable as-
set for the developer and community.  Traditionally, concerns such as convenience, 
aesthetics, traffic patterns, and emergency access have taken precedence over the 
stormwater infrastructure. 
 
Many of the impacts and costs associated with current stormwater management de-
signs occur off-site and are not felt by the developer or property owner.  A couple fac-
tors allow these externalized costs to go unchecked.  There is a lack of understanding 
of watershed hydrology and stream morphology among key decision makers, so they 
may not understand stormwater’s role in downstream flooding and stream erosion.  In 
addition, stormwater impacts are cumulative.  It is difficult to attribute stormwater im-
pacts or the costs associated with them to a specific development.   Costs for replace-
ment of bridges, culverts and other infrastructure are borne by taxpayers ignorant of 
this hidden expense.   Costs for flooding or severe streambank erosion are borne by 
downstream property owners who have little recourse to recoup expenses for damages 
short of uncertain and costly lawsuits.   
 
How can more effective stormwater management systems be encouraged?  A number 
of issues related to implementation of low impact stormwater management  ap-
proaches are worthy of discussion here: 
1. Understanding of stormwater impacts and their sources; 
2.The complexity of the stormwater management system including engineer and re-
viewer understanding, and guidance and tools for analysis and design; 
3. Removal of barriers and “disincentives” to implementation; 
4. Incentives for implementation. 
 
            Understanding Stormwater Impacts and Their Sources 
 
A body of stormwater research literature has begun to more completely describe hy-
drologic and water quality impacts of urbanization and stormwater runoff (Booth, 
1990; Booth and Jackson, 1997; Burton and Pitt, 2001; Pitt, 2002, Conrad and Booth, 
2005; Aquafor Beech Limited, 2006; NRC, 2008).  Especially important are the empha-
ses on small storm hydrology (Pitt, 1987, 1999, 2003a; Claytor and Schueler, 1996), run-
off volume reduction (Emerson et al., No date; Hirschman et al., 2008), hydologic im-
pacts on geomorphic stability (Doyle et al., 2000; Rohrer et al., No date), and flow du-
ration or flow exceedance (MacRae, 1997; Wulliman and Urbonas, 2005; Rohrer and 
Roesner, 2005; Davis et al.; No date).  These studies all highlight the benefit of the LID 
approach, that is, encouraging integrated stormwater BMPs that slow the flow of water 
and infiltrate as much stormwater as site conditions will allow.  Communicating that 
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in a meaningful way to local decision makers is challenging.  Short of regulatory re-
quirements at the state or federal level, a better accounting of off-site stormwater im-
pact costs to a community and its taxpayers are probably needed to move local offi-
cials to action. 
 
            Complexity of Stormwater Management Systems 
 
“Gray infrastructure” stormwater systems - those that are all connected, curb & gutter, 
pipe and end-of-pipe controls - are relatively simple to engineer.  Stormwater manage-
ment issues and impacts are pushed to the end of the development site and, in many 
cases, off-site.  Little or no consideration is given to protection or maintenance of the 
many functions and services provided by the pre-development landscape.  The pipes-
and-pond, cookie cutter approach allows site planners to simply allocate space for 
stormwater conveyances and controls without integrating stormwater management 
into overall site planning and layout. 
 
The benefits from low impact development and green infrastructure are significant, as 
noted above, because the developer and engineer take responsibility for managing wa-
ter on-site rather than passing the impacts downstream.  However, managing storm-
water on-site requires a different level of commitment in stormwater planning and de-
sign.  There is no such thing as cookie cutter.  The stormwater management system 
must be adapted to site conditions - topography, soils, subsurface limitations such as 
shallow bedrock or shallow groundwater table, availability of outlet, etc.  This requires 
a more thorough site investigation, as well as knowledge about how to work with site 
conditions. 
 
LID works best when the stormwater management system is an integrated part of the 
site layout.  This requires up-front consideration of the stormwater system during lay-
out of lots, streets and utilities.  LID protects existing flow pathways and drainage fea-
tures (and their many landscape functions and services) to the maximum extent possi-
ble, planning the site and stormwater system to incorporate these features.  This re-
quires site planners, landscape architects, and design engineers to all be involved from 
inception. Planned open space (such as landscaping requirements or parking lot is-
lands) becomes an integral part of the stormwater management system as opposed to 
simply meeting a code requirement.   
 
This integration of stormwater components throughout a development may also create 
challenges for long-term ownership and maintenance of the stormwater management 
system, especially when multiple property owners are involved.  Clear guidance on 
system location, function and maintenance must be laid out by the design engineer, in-
corporated in a long-term stormwater management plan, and appropriately and le-
gally documented through covenants or deed restrictions.   
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Understanding and appropriately designing site drainage - both surface and subsur-
face drainage - becomes especially important to avoid standing water issues 
(aesthetics, mosquito breeding, complaints, undoing of stormwater features).  Areas 
with steep slopes and slip-prone soils require special consideration of infiltration prac-
tices and subsurface drainage to avoid seepage, hillslope slippage and land slides. 
 
The increased level of system complexity requires greater depth and breadth of knowl-
edge, both for project designers and project reviewers.  The collective knowledge and 
experience base with these systems has improved markedly over the past few years 
and the library of guidance material for LID practices is constantly expanding 
(Ferguson, 1994, 2005; CWP, 1998; Prince George’s County, 1999a, 1999b; Coffman, no 
date; Livingston, 2000; Quigley and Lawrence, 2000; Belan and Otto, 2004; Hinman, 
2005; USEPA. 2005a, 2007a; UNHSC, 2007a; Bitting and Kloss, 2008; MDE, 2008; NRC, 
2008).   Training opportunities related to design of individual BMP alternatives (such 
as pervious pavement and bioretention) and integrated LID stormwater system design 
are becoming more available.  However, as with any new technology, direct experi-
ence is the best teacher.  Developers, designers, reviewers, construction contractors, 
owners, and maintainers of these systems each face a steep learning curve. 
 
The depth of knowledge and attention to detail has to be carried through the construc-
tion process as well.  The alternative stormwater management systems depend on 
maintenance of soil quality and optimal soil infiltration characteristics.  More specific 
guidance is required on timing and optimal site conditions for construction, as well as 
more oversight during the construction process. 
 
Getting appropriate training and becoming proficient at using available tools and 
models to design LID stormwater systems requires an investment of time and money 
by the developer and the design engineer.  Several engineering firms with an Ohio 
presence have begun making this investment and will be ahead of the curve when 
Ohio’s state and local regulations reflect the technical understanding of stormwater 
impacts and follow national trends toward runoff reduction requirements.  In addi-
tion, several developers have begun to seek special designations such as LEED certifi-
cation [footnote] to show their commitment to environmental responsibility; for the 
time-being, being “green” is sexy. 
 
Not only design engineers, but those who review and permit post-construction storm-
water systems must be able to evaluate both the meeting of post-construction require-
ments (such as peak discharge control and WQv) and appropriateness to site and wa-
tershed conditions.  Effectiveness of the review (in terms of time efficiency, responsive-
ness to the plan submitter, and evaluation of system performance and maintainability) 
requires: 1) the reviewer obtaining appropriate and on-going technical training; 2) de-
velopment of common/consistent tools, protocols and data requirements such that 
pertinent design information is quantified and presented in an understandable fash-
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ion; and 3) pre-design and periodic meetings among the reviewer(s) and developer, 
engineer and site planners. 
 
            Removal of Barriers to Implementation 
 
A number of issues impede the implementation of low impact stormwater systems: 
< regulations focused on peak discharge control instead of runoff volume; 
< zoning and subdivision requirements, e.g., required connection of downspouts to 

storm drains, that impede low impact designs; 
< lack of urban drainage know-how; 
< lack of understanding of alternative designs by plan reviewers; 
< lack of common tools for quantifying performance of alternative systems; 
< an aesthetic attachment to the “clean” look of curb and gutter streets; 
< expectations by land owners that rain water will go away immediately; and 
< a pipe-and-pond culture amongst designers and reviewers. 
All these issues limit the implementation of alternative stormwater systems, either 
blocking designs completely or, at least, slowing down the design and review process 
to the point that alternatives become too costly.  Removal of these “disincentives” will 
facilitate more interest, innovation and implementation of alternative systems. 
 
            Incentives for Implementation 
 
Incentives typically can be classified as “the carrot” or “the stick.”  The best examples 
of “the stick” approach are regulations that require incorporation of low impact prac-
tices. All enacted within the last 10 years, examples from the states of Minnesota, Wis-
consin, Maryland, and Washington, and local or regional requirements, e.g., the Darby 
Watershed NPDES Construction Stormwater Permit show the trend toward ground-
water recharge and runoff volume controls.  Maryland’s new Environmental Site De-
sign criteria (MDE, 2008) are probably the best example of these requirements.  Be-
cause of the limitations of detention-based stormwater controls noted earlier (McCuen, 
1974, 1979; Duru, 1981; Urbonas and Glidden, 1983; Traver and Chadderton, 1983), it is 
likely that Ohio will adopt some form of statewide runoff volume control standard in 
the near future, and it is possible that U.S. EPA may develop some nationwide stan-
dard for runoff volume control. 
 
Carrot-type incentives for LID primarily are either removal of the disincentives men-
tioned in the last section or economic incentives.  Economic incentives include: 
< proper regulatory crediting of LID practices that result in reduced stormwater BMP 

costs - e.g., giving credit for peak flow reduction that results in a smaller detention 
basin storage requirement; 

< reduction in stormwater infrastructure costs - e.g., smaller storm sewer pipes and 
catch basins; 

< any action that would reduce the time, and thus money, to gain plan approval; 
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< cost shares and grants for alternative or innovative designs; 
< marketing boost from “green” advertising. 
Because monitoring and modeling LID-based systems is still a relatively new en-
deavor, there is still much work to be done in appropriately quantifying and crediting 
this approach.  Minnesota (MPCA, 2005) and Pennsylvania (PaDEP, 2006) have made 
attempts for incentivizing LID. 
 
Evaluation of WinSLAMM as a Modeling/Planning Tool 
 
WinSLAMM was selected for this exercise because it was the best tool available for the 
job.  As with any model, there is a learning curve, and the user doesn’t develop a full 
sense of how the model functions, and what does or doesn’t work, until several mod-
els have been developed and run.  Based on over 50 scenarios modeled or attempted, a 
brief evaluation of WinSLAMM is offered here to help potential evaluate its suitability 
for their needs. 
 
            WinSLAMM Strengths 
 
< Ease of use – WinSLAMM uses a Windows-based interface with drop down menus, 

and a mixture of spreadsheet-like and fill-in-the-blank data entry sheets.  Many of 
the selection options are self-explanatory, and the accompanying documentation 
and help tool are adequate to address most questions.  Anyone with a basic under-
standing of stormwater runoff processes, stormwater BMPs and spreadsheets 
should be able to get up to speed in a few hours, and become proficient within de-
velopment of 5 or 10 sites or models.  Full-day and multiple-day training on the use 
of WinSLAMM has been offered. 

< Small storm hydrology approach - WinSLAMM’s strength is estimating runoff vol-
ume, a measure that has become increasingly important as our understanding of 
watershed hydrology has developed.  WinSLAMM hydrology is based on simple 
volumetric runoff coefficient relationships for each source area.  This approach al-
lows WinSLAMM to predict runoff volume much more accurately than NRCS 
curve number method over the 99% of runoff-generating events smaller than 2 
inches.  This should also allow improved accuracy in estimating stormwater runoff 
quality because pollutant loading is integrally linked to accurate prediction of run-
off volume. 

< Source area specific input and analysis - The model contains source area specific 
pollutant build-up and wash-off algorithms, and estimates run-off and pollutant 
yield by source area.  This allows targeting source control or treatment to areas that 
generate the highest concentration of a pollutant of concern (i.e., “hot spots”). 

< Input data requirements - The volumetric runoff coefficients and pollutant algo-
rithms were developed empirically and are representative of, but not based on, 
physical processes.  This means a simple description (type, size, condition) of 
source areas is all that is needed to populate the land use model.  This information 
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can be based on a pre-development layout/design or a quick delineation of an ex-
isting site with GIS.   The field data sheets included with WinSLAMM documenta-
tion allow rapid field characterization of sites to add further specificity.   Obtaining 
or developing an appropriate rainfall data set may be the biggest data input chal-
lenge. 

< BMP and treatment train options - The model has the capability to model water 
quantity and water quality impacts of wet detention basins, swale drainage, imper-
vious area disconnections, bioretention and pervious pavement.   This capability 
allows comparison of a range of approaches from the traditional hard-engineering, 
pipe-and-pond approach to extreme low-impact development scenarios. 

< Ability to quickly run or explore alternative “what if” scenarios - WinSLAMM is set 
up such that the user can start with a baseline model, make and save minor or ma-
jor changes quickly, and run multiple scenarios through a batch editor to compare 
the differences among many “what if” scenarios.  This attribute allows the storm-
water professional - whether designer, reviewer or planner - to rapidly assess alter-
native site layouts or BMPs, to assess the impact of changes to regulations, or to 
conduct sensitivity analyses. 

< Excellent planning tool - The conceptual simplicity of WinSLAMM allows rapid 
consideration of a range of alternatives, allows targeting of resources to the most 
effective strategies, and facilitates communication amongst interested parties 

< Wisconsin experience - The State of Wisconsin, through their Department of Natu-
ral Resources, has extensive experience using WinSLAMM as a stormwater plan-
ning and assessment tool, and has been intimately involved in the development of 
data sets and model options.  In addition, WinSLAMM is one of the modeling op-
tions available to site designers and Phase II communities to show compliance with 
Wisconsin stormwater regulations.  This experience adds a measure of legitimacy 
to the model. 

 
            WinSLAMM Weaknesses  
 
< Pervious area hydrology - Under the best of circumstances (e.g., tightly controlled 

laboratory conditions), soil hydrology is a challenge to model.  As with other hy-
drologic models, the higher the percentage of pervious area at the modeled site, the 
more likely WinSLAMM will have significant errors in runoff prediction.  Compari-
son of scenarios with low impervious area should acknowledge this caveat. 

< Site specificity – WinSLAMM is designed as a planning tool, showing relative com-
parisons of different development scenarios and management practices.  Though 
more specific characterization of some parameters is available (e.g., surface texture 
of pavement), other site variables such as slope and vegetation cannot be specified.  
Much additional input data, including matched rainfall and discharge data would 
be necessary to calibrate WinSLAMM to individual site conditions. As mentioned 
above, there is much hydrologic variability within a soil classification.  With the 
movement toward low impact development, it would be beneficial to have a more 
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explicit way in WinSLAMM to account or credit for practices used to improve soil 
quality and infiltration within the same soil classification. 

< BMP limitations – Several realistic model scenarios, such as bioretention treating 
the runoff from streets, cannot be modeled.  WinSLAMM BMP modeling capabili-
ties seem to improve with each model update.  Concerns encountered with results 
from scenarios that included bioretention and pervious pavement in earlier ver-
sions appear to be corrected or improved in the latest version (v9.4). 

< Hydrograph generation - Though not the primary use for WinSLAMM, the model 
does have the ability to generate an output hydrograph that could be used as input 
to another model such as HEC-RAS. WinSLAMM uses a unit hydrograph, and al-
lows the user to set the “peakiness” of the unit hydrograph.  WinSLAMM performs 
hydrologic routing on flows directed through BMPs, but does not account for hy-
draulic routing through the drainage network that determines travel time and hy-
drograph characteristics.  Hydrograph generation was the aspect of WinSLAMM 
that produced the most glitches during model runs for this study.  It appears that 
those glitches have been corrected in the most recent release (v9.4). 

< WinSLAMM flow duration analysis - WinSLAMM now includes a flow duration 
analysis application (Pitt, 2007).  The flow duration from a single development site 
seems to be of dubious value as a measure of channel stability since flow duration 
depends on the in-stream hydrograph resulting from summation of the cumulative 
hydrographs from all contributing parcels. 

< Translatability - Though likely to change with the shift toward managing runoff 
volume, stormwater professionals typically think in terms of the curve number or 
rational methods.  Therefore, there may be a translatability concern with 
WinSLAMM results. 

< Not supported by an extensive research literature base - There are hundreds of re-
search studies for the commonly used stormwater management models - e.g., the 
rational method, the curve number method, SWMM.  This allows multiple users to 
share their experiences and identify strengths and weaknesses with the model.  For 
an empirical model such as WinSLAMM, this also would allow validation and veri-
fication of the model assumptions at sites other than those where the original data 
was collected.  A literature search and canvassing of the model developers and 
known users resulted in very few WinSLAMM publications (Bachhuber and Sipple, 
No Date; Bannerman, 2003, 2005; Bannerman et al., 1993; Bochis-Micu and Pitt, 
2005; Hurley, 2008; Narayanan et al., 2007; Pitt, 2005).  

< User interface - For model users used to a fancy graphical user interface, plan view 
with spatial placement of system components, or model output with multiple bells 
and whistles, WinSLAMM may be a disappointment. 

 
            WinSLAMM Calibration 
 
Model calibration is worth another mention.  From Pitt (2008):  
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“The recommended strategy for using WinSLAMM is to start with the supplied pa-
rameter file set and rain files. The most important element will be to prepare an ac-
curate site file based on a correct site description. It is also easy to prepare a site 
specific rain file using local data. Collection of local or regional outfall monitoring 
data is also strongly recommended in order to modify the parameter files, as 
needed.” 

 
Also from Pitt (2008): 
 

“Without regional calibration, one will have to accept larger calculation errors than 
if local calibration was conducted. Even so, the model will still be useful for com-
parative purposes, especially if accurate rain and site files are used. In most cases, 
the runoff file needs very little change in order to accurately predict runoff vol-
umes, for example.” 

 
The modelers in this study took care to develop accurate site files and used gage rain-
fall data collected at Burton, Ohio.  However, resources were not available to collect 
outfall data (flow or water quality) to calibrate the model for the Chagrin Watershed. 
WinSLAMM’s value as a planning tool for stormwater professionals in Ohio would 
only be helped by studies that collected paired rainfall-runoff and water quality data 
that would allow validation or calibration of input parameter files. 
 
Conclusions and Recommendations 
 
The Source Loading and Management Model (WinSLAMM) was used to evaluate the 
effectiveness, in reducing runoff volume and controlling annual sediment loads, of al-
ternative stormwater management practices compared to the more traditional ap-
proaches favored by local and state regulations.  The practices evaluated included im-
pervious area disconnection, open swale drainage, bioretention and pervious pave-
ment, practices that are typically classified as low impact development (LID) strate-
gies.  
 
For the modeled residential subdivisions, swales reduced runoff volume 7-8% over the 
curb & gutter and sewer pipe drainage specified by local regulations.  For the same 
residential subdivisions, disconnecting impervious areas resulted in annual runoff vol-
ume reductions of 32 to 53%.  Whereas wet detention basins created no significant re-
duction in runoff volume, bioretention practices reduced annual runoff volume by 30-
50% when sized for the WQv and reduced runoff volume 62-76% when sized as 0.2 x 
site impervious area.  Using pervious pavement for the parking lot reduced annual 
runoff volume for the commercial site by 41%.  These practices, especially when used 
together, effectively manage runoff volumes with several combinations approaching 
pre-development runoff volumes.  These LID stormwater management strategies also 
provide benefits to the developer and community in meeting local peak discharge re-
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quirements and water quality targets. 
 
Historic (and many current) stormwater management practices in the Chagrin River 
Watershed do not adequately address the stormwater impacts that result from the in-
crease in runoff volume.  Many local zoning, subdivision and post-construction storm-
water management regulations encourage a pipe-and-pond approach that: 
< treats stormwater as a nuisance that should be disposed of as quickly as possible; 
< treats stormwater management as an afterthought rather than an integral part of 

site layout and design; 
< ignores or removes valuable landscape services offered by the soil, vegetation and 

surface flow paths; 
< moves the consequences and costs of not managing stormwater runoff volume onto 

downstream property owners and taxpayers. 
The science of stormwater management has progressed to the point that developers, 
designers and local decision-makers should be encouraging stormwater systems that 
make economic and ecological sense at both the site and community scales.   
 
The following recommendations are based on the best current science and the results 
of this study. 
 
            Recommendations - Low Density Residential (lots > 0.5 acre)  
 
< Disconnection of all impervious areas should be required. 
< The use of swale drainage instead of curb & gutter and storm sewers (swales 

should be required for lots 1 ac and larger) should be strongly encouraged, the de-
fault rather than the exception. 

< Open space protection, grading and soil renovation requirements are needed to 
protect the landscape functions and infiltration capacity. 

< Subdivision and stormwater regulations need to be updated to reflect the above 
recommendations. 

< For these low impervious area developments, a low impact approach – selective 
grading, soil renovation, swale drainage and use of rain gardens - should eliminate 
the need for “end of pipe” BMPs (i.e., detention ponds) for peak discharge control.   

 
            Medium Density Residential (2–8 lots/acre)      
 
< Disconnection of impervious areas should be the design standard, e.g., all catch ba-

sins should be located in vegetated areas with 15 ft minimum/> 25 ft average flow 
path. 

< The use of swale drainage instead of curb & gutter should be encouraged. 
< Soil quality maintenance or renovation requirements are needed.  Open space pro-

tection and selective grading should be encouraged to protect the landscape func-
tions and infiltration capacity. 
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< For these medium density developments, a low impact approach – focus on soil 
quality (selective grading, soil renovation), impervious area disconnection, distrib-
uted bioretention/rain gardens, pervious pavement parking lanes, and engineered 
swales - would address both water quality and water quantity.  Some less costly 
and intrusive form of detention can be incorporated to meet peak discharge control 
requirements. 

< Subdivision and stormwater regulations must be updated to allow/encourage LID 
approach. 

 
            Recommendations - Commercial, Institutional, and Multi-Family Residential  
 
< Incorporate minimum green space or landscape requirements (recommend 10-20%; 

15% a good compromise). 
< Disconnection of impervious areas should be the design standard.  All catch basins 

should be located in vegetated/landscaped areas with 15 ft minimum/> 25 ft aver-
age flow path.  Parking lot islands should be designed to receive and treat runoff 
from impervious pavement. 

< For C&D soils, landscaped areas should use engineered soils and bioretention de-
sign. 

< Pervious pavement should be encouraged or required except for “hot spots” (sites 
with high pollution potential) or sites with physical limitations. 

< Stormwater regulations should be updated to incorporate minimum landscaping 
requirements and parking “maximums”, and require/encourage bioretention and 
pervious pavement where appropriate. 

 
            Needs/Next Steps 
 
Currently, there is little impetus for developers or their engineers to include LID 
stormwater practices in the design of new developments.  Widespread implementation 
of these alternatives will require: 
< OEPA and local government comfort with LID; 
< CRWP work with local jurisdictions to review all aspects of development regula-

tions (zoning, subdivision, stormwater) that affect implementation of stormwater 
systems and remove barriers to implementation. 

< CRWP work with local governments and ODNR to develop guidance that appro-
priately credits LID practices for peak discharge requirements; 

< Identification or development of other financial incentives for LID; 
< Update of state and local regulations to reflect latest technical understanding; 
< Development of clear design guidance and maintenance requirements for LID prac-

tices; 
< More and better design guidance on overall site design, site drainage, construction 

and construction oversight, and management of soil quality; 
< Facilitation of learning curve for LID practices such as bioretention and pervious 
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pavement with better design tools and models, materials specifications and 
sources, cost information, demonstration projects, training, and monitoring;  

< Monitoring of individual BMPs and alternative designs to document Ohio-based 
stormwater BMP/system performance (hydrologic, water quality, aesthetics, main-
tenance, cost); 

< Quantification through monitoring and modeling of impacts on surface and 
groundwater; 

< Improved quantification of internal and external costs—flooding, infrastructure, 
etc.; 

< Work with interested member communities to use WinSLAMM for stormwater 
planning and plan evaluation; 

< Identification of opportunities to collect rainfall-runoff-water quality data to cali-
brate WinSLAMM for Ohio conditions. 
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Appendix 1 
 

Restriction/ 
Requirement 

Solon Mentor Aurora 

Lot Size R1A 16,000 sf (0.37Ac) 
R1C 24,000 sf (0.55Ac) 
R1D 1 Ac 
R1E 5 Ac 
D/W < 5/1 

R-1 16,000 sf (0.28Ac) 
R-2 15,000 sf (0.34Ac) 
R-3 18,000 sf (0.41Ac) 
R-4 22,000 sf (0.5Ac) 
R-5 1 Acre 

R1 1.5Acre 
R2 3-Acre 
R3 29,000 sf (0.67Ac) 
R4 17,420 sf (0.4Ac) 
R5 11,200 sf (0.26) 

Lot Width/
Setbacks 

R1A W=80 ft 
Front setback <60 ft  
Side setback = 5 ft/20 ft 
Rear setback >.2D 
 

 See Table 1155.01 
R1 W = 150 ft 
R2 W = 250 ft 
R3 W = 115 ft 
R4 W = 95 ft 
R5 W = 75 ft 

Minimum House 
Size 

1600 sf 
 

  

Street Width Minor Sts - 26 ft 
(for lots > 2Ac, 16 ft) 
Major Sts – ? 
 

Cul-de-sac – 20 ft 
Local Sts – 22 ft 
Minor Collector – 30 ft 
Major Collector – 36 ft 
Arterial – 48 ft 
+ 2 ft per vert curb 

Cul-de-sac – 22 ft 
Local Rd – 24 ft 
Secondary Rd – 24 ft 
Major Collector – 26 ft 
Private Rd – 22 ft 
 

Cul-de-sacs di-
ameter 

126 ft 120 ft (see 1115.03 for 
specifics) 

100 ft 

Sidewalks Required, W = ?? 
 

 Required except R-1, R-2, 
W=5 ft 

Roof drainage 
(connected vs dis-
connected) 

All directly connected to storm sewer 
 

Downspouts outletted on 
splashblocks (allowed to 
connect directly to curb/
gutter or storm sewer?) 
 
 
 

All directly connected to 
storm sewer (note:  typically 
not enforced; some down-
spout disconnection has 
been encouraged on certain 
projects) 
Rear yard drains 

Subdivision drain-
age (curb & gutter 
vs open swale/
ditch; storm sew-
ers) 

1250.20 Drainage Etc. “In any of the 
foregoing circumstances, the con-
struction of open drainage ditches as 
a substitute for such storm drains or 
storm sewers shall not be permitted” 
 

Curb & Gutter Both options (C&G, open 
channels) available.  Curb 
and gutter is required on all 
roads except R-1 & R2 zon-
ing.  C & G can be exempted 
by planning commission & 
council. 

SW Design Meth-
odology 

“Design Standards for Stormwater 
Control” 
Sewers/channels/culverts – rational, 
TR55 
Culverts/open channels – ODOT Cir-
cular 5 
Provided:  P, I, Tt(sheet), C,  n 
Detention – TR55 
Peak discharge - release 100-yr, 24-
hr post (4.6”) at 5-yr, 24-hr pre (3.0”) 

Subdiv Regs – 1115.07 
Drainage 
Storm sewers - Ra-
tional/2-yr design storm 
Peak Discharge – CSM 
Storm gradient – sur-
charge @ 10-yr 

Open Channels – 10-yr de-
sign storm 
Storm sewers – 5-yr storm 
residential/10-yr storm 
comm. 
Peak Discharge - CSM 
 

Table A-1.  Local Regulations that Affect Stormwater System Design.  
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Appendix 2 
 
Source Area Identification and Delineation for Medium Density Residential 
 
Review zoning and subdivision regulations for requirements that will affect source 
area size and dimensions (lot size, house size, setbacks, street width, cul-de-sac diame-
ter, open space requirements, etc.). 

Figure A-1.  Solon Zoning Map.  
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Use aerial photos in GIS to delineate representative developments. 

Solon GIS Source-area 
Delineation 

10049.4Total

68.834.0Total Pervious

31.215.4Total Impervious

7.83.83Streets

12.86.33Roofs

3.11.55Sidewalks

7.53.70Driveways

Area (%)Area (Ac)Source Area

10049.4Total

68.834.0Total Pervious

31.215.4Total Impervious

7.83.83Streets

12.86.33Roofs

3.11.55Sidewalks

7.53.70Driveways

Area (%)Area (Ac)Source Area

Cannon Estates  
Subdivision 

 
Density = 110 lots/49.4 Ac  
             = 2.2 lots/acre 

Figure A-2.  Source-area 
Delineation.  
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Visit sites and complete WinSLAMM field data form. 
 

Rapid Field  
Assessment 

 
Cannon Estates 

Subdivision 

Figure A-3.  Field 
Assessment.  
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Compare findings to other communities through regulations, discussion, and research 
results.  Create “generic” development scenario.  
 

 

Source Area Cannon Estates  
Area (%) 

WinSLAMM MDR  
Area (%) 

WinSLAMM LDR  
Area (%) 

Model MDR (0.4 ac lot) 
Area (%) 

Roofs 12.8 15.0 8.0 12.5 

Driveways 7.5 7.7 4.6 7.0 

Sidewalks 3.1 2.2 0.7 2.0 

Streets 7.8 12.8 7.0 8.5 

Total Impervious 31.2 37.7 20.3 30.0 

Lawns/landscaping 68.8 62.3 79.7 70.0 

Total 100 100 100 100 

Table A-2. Source Area Percentages for Representative Low Density Residential 
(LDR), Medium Density Residential (MDR) and Commercial Sites. 


