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INTRODUCTION 
 

The Charge of Updating the Runoff Reduction Numbers 
 

The original technical memorandum on the Runoff Reduction Method (RRM) was produced in 2008, 

accounting for stormwater control measure (SCM) research conducted through 2007 (CWP & CSN, 

2008).  The memorandum provided a framework for Virginia’s emerging stormwater management 

program, and the method has since been utilized in other jurisdictions, including the City of Nashville.   

At the time, the authors acknowledged the limited number of available studies, particularly for some 

SCM categories: 

The biggest caveat to the data. . .is the limited number of studies available that 

reported BMP runoff reduction or EMC based nutrient removal efficiencies. As a 

result, some of the numbers listed in the tables will be subject to change as more 

studies and data become available. The numbers in the tables are the authors’ best 

judgment based on currently-available information. (CWP & CSN, 2008, p. 9). 

The current project, conducted by the original authors in addition to other researchers, presents an 

opportunity to update the information based on research and studies conducted from 2007 through 

2017.  The effort was undertaken to support the City of Nashville’s stormwater program and LID Manual 

(Metro Water Services, 2016).  Nashville’s stormwater standard is based on volume (runoff reduction); 

as a result, this report focuses on updating the runoff reduction capabilities of the SCMs included in 

Nashville’s LID Manual.   

Table 1 notes the number of studies per practice contained in the original RRM memo compared to new 

studies analyzed for this project.  As can be seen from the table, some practices were represented more 

heavily than others.  Bioretention and Permeable Pavement are the favored topics of newer research.  

Some of the same practices that were under-represented in the original analysis still contain a limited 

number of studies (e.g., extended detention, grass channels).  In addition, some newer categories, such 

as Urban Bioretention, are not currently supported by an abundance of research on runoff reduction 

(and the term is not used universally to describe the same practice).  Given those limitations, newer 

studies do provide a more robust body of data to support professional application.  The exercise of 

updating the research findings should be conducted on a periodic basis, as the field of stormwater 

research continues to expand at universities and research agencies.  
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Table 1. Comparison of Studies in the Runoff Reduction Technical Memo (2008) to those Collected for the 
Current Project 

SCM & Nashville LID Manual Chapter 
Reference 

Original RRM Memo: 
through 2007 (CWP & CSN, 
2008, Appendix B) 

New Studies: 2007 – 20161 

Bioretention (GIP-01) 11 39 

Urban Bioretention (GIP-02) 1 3 

Permeable Pavement (GIP-03) 14 16 

Infiltration (GIP-04) 4 8 

Water Quality Swale (GIP-05) 3 1 

Extended Detention Pond (GIP-06) 5 6 

Grass Channel (GIP-08) 4 10 

Sheet Flow (GIP-09) 5 8 

Green Roof (GIP-12) 9 13 
1 These numbers represent the number of studies collected and reviewed for this project.  Not every 
study reported runoff or volume reductions.  In addition, many papers studied multiple practices, so 
the actual number of SCMs monitored for runoff reduction is higher than the number of papers.  The 
practice-specific sections of this report provide more information on these variables.  

 

Recommendations From This Study 
Table 2 summarizes the recommendations of this project based on a review of the studies.  The 

following sections present a more detailed analysis for each SCM type.  

Table 2. Summary of Recommendations for Runoff Reduction Rates 

SCM Summary of Recommendations 

Bioretention (GIP-01) • Increase Level 1 rate from 40 to 60% 

• Keep Level 2 rate at 80% 

• Add alternative Level 2 with internal water 
storage (IWS)  

Urban Bioretention (GIP-02) • Not enough new data for change 

Permeable Pavement (GIP-03) • Decrease Level 1 from 45 to 30% 

• Increase Level 2 from 75 to 80% 

• Clarify IWS as Level 2 option with minimum 
measured infiltration rate 

Infiltration (GIP-04) • Maintain existing sizing and infiltration testing 
criteria 

Water Quality Swale (GIP-05) • Not enough new data for change 

Extended Detention Pond (GIP-06) • Increase unlined ED ponds from 15 to 25%, with 
possible inclusion of soil analysis 

Grass Channel (GIP-08) • Not enough new data for change to RR rate 

• Consider adding vegetated check dams 

Sheet Flow (GIP-09) • Adjust lower end of rate to 40% and allow rate 
increases for longer filter lengths 

Green Roof (GIP-12) • Adjust Level 1 to 10% times media depth, with 
minimum depth of 3 inches 

• Adjust Level 2 to 12% times media depth, with 
minimum depth of 4 inches 

• Maximum runoff reduction for both levels = 90% 
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What Do The Numbers Mean? 
 

The purpose of this study is to support Nashville’s stormwater compliance program.  As such, the runoff 

reduction rates need to be based on solid technical and scientific resources, and provide a logical link to 

the specifications in the LID Manual.  With this as a guiding principle, it must be acknowledged that 

there is no standardization in how researchers measure and report volume or runoff reduction data.  

Some base the calculation on the total volume of runoff entering and leaving a practice during the entire 

study period.  Others measure volume reduction for numerous individual storm events, and then 

average the results.  Some studies aim to measure and model the mechanisms of evaporation, 

transpiration, exfiltration, underdrain flow, and overflow.  Yet others compare “treatment” sites with 

control sites. 

It would be a daunting task, indeed, to attempt to standardize or normalize these data sets.  The 

approach taken, therefore, was to review the papers carefully, understand what was being measured, 

and rely on a weight of evidence approach to discern convergences of the data towards certain values.  

In some cases, hand calculations were performed based on raw data presented in the papers to derive 

comparable runoff reduction rates.  Typical of SCM monitoring, there was a lot of “scatter” in some data 

sets.  Variability is likely due to design factors, the size and intensity of monitored storms, drainage 

areas, monitoring methods, age of SCM and degree of maintenance, and other factors.  Once study 

results and associated SCMs were categorized as Level 1 or 2 design, the variability declined. 

The fact that this type of analysis is not perfect should be understood in the context of supporting 

compliance.  Both the design community preparing plans for review and the plan reviewers need a 

predictable and supportable number so that each site plan can be treated on a consistent scale, and the 

practices used (if properly constructed and maintained) have a strong likelihood of performing at a 

certain level.  That said, the data can and should be updated on a periodic basis, as new studies are 

ongoing, with many having a stronger focus on measuring volume.   

Methodology 
 

The methodology for the project included, in general terms, the following steps: 

• Team members collected newer research studies based on professional contacts and recent work.  

The team was assembled based on their knowledge of this type of research.  All papers were 

collected into a shared folder and categorized by practice.  A spreadsheet was developed to collect 

runoff reduction data in a systematic way. 

• Dr. Hathaway from the University of Tennessee and his graduate students reviewed all of the 

collected studies and added some of their own.  The students entered data into the spreadsheet, 

documenting study variables, runoff reduction rates, methods of analysis, number of storms 

sampled, and other data.  Brief study descriptions were also added. 

• Subsequently, the other team members conducted thorough reviews of the data.  This included, to 

the extent possible, categorizing individual practice studies as Level 1 or 2 based on the standards in 

Nashville’s LID Manual.  The data were analyzed for basic statistics, such as mean and median runoff 

reduction rates.  In some cases, outliers were either included or excluded based on the 

circumstances depicted in the studies.  
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• Team members also distilled SCM design take-home points and recommendations for each practice.  

The team decided that specific recommendations would not be derived in cases where there were 

fewer than 5 studies in a SCM category.   

• Throughout the process, the team held conference calls to discuss methodology, issues that arose 

with comparing data that were collected using different methods, and appropriate 

recommendations.  

• Team members reviewed the final analysis and recommendations.  

The Study Team 
 

The current study team included the following individuals and organizations: 

• David J. Hirschman, Principal, Hirschman Water & Environment, LLC (team lead) 

• Dr. Jon Hathaway, PE, PhD, University of Tennessee, Department of Civil & Environmental 

Engineering; Graduate Students: Jessica Thompson, Whitney Lisenbee, Padmini Persaud, Andrew 

Tirpak 

• Kelly Collins Lindow, PE, Principal and Founder, CityScape Engineering, LLC 

• Tom Schueler, Chesapeake Stormwater Network 

• Dr. Marcus Aguilar, formerly Virginia Tech 

Remaining Sections of This Report 
 

The following sections provide more detailed analyses of the updated research, organized as the SCMs 

are listed in the Nashville LID Manual.  Note that some sections contain more content than others based 

on the number of studies that were reviewed and the degree to which recommendations were distilled 

from the research.   

Also, not every practice in the current LID Manual is included.  The following SCMs are not included in 

this analysis based on proposed content for the updated Manual, or the fact that runoff reduction rates 

are design dependent or involve factors beyond the scope of this study: 

• Downspout Disconnection (GIP-07) 

• Reforestation (GIP-10) 

• Cistern (GIP-11) 
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BIORETENTION (GIP-01) 
 

Table 3. Summary of Updated Study 

New Studies Reviewed: 2007 -- 2016 39 

# Reporting Runoff Reduction Rates 20 

# of Individual Practice Runoff 
Reduction Rates Measured (counting 
multiple practices for some studies) 

35 

 

Table 4. Summary of Updated Research With Existing Runoff Reduction Rates 

 Level 1 Level 2 Alternative: 
Internal Water 
Storage (IWS) 

# of practices studied 12 13 10 

Mean Runoff Reduction 59% 80% 77% 

Median Runoff Reduction 63% 89% 87% 

Existing Nashville LID Rate 40% 80% N/A 

Proposed Rate 60% 80% 80% (alternative 
Level 2) 

 

Design Factors: Take-Home Points 
• Not surprisingly, practice size, storage, and media depth are important factors for runoff 

reduction.  The research supports enhanced runoff reduction rates for increased overall size and 

media depth of around 3 feet.  These practices also contribute to reducing peak flows and 

extending the time to peak (Davis et al., 2012; Brown & Hunt, 2011b; Li et al., 2009; Selbig & 

Balster, 2010). 

• The inclusion of an Internal Water Storage (IWS) zone (upturned elbow) appears to enhance 

runoff reduction on an average annual basis.  While the IWS can take up some storage, 

especially during high intensity events, it also promotes enhanced exfiltration through the sides 

of the practice, as the water within the IWS remains in the practice for longer periods of time.  

IWS seems to work best in soils that are somewhat limited for infiltration (e.g., more on the 

clayey side).  In sandier soils, there is not enough residence time within the IWS for the 

modification to affect runoff reduction performance.  IWS also enhanced removal of dissolved 

forms of Nitrogen (Brown & Hunt, 2011a; Li et al., 2009; Winston et al., 2016; see also discussion 

of IWS in Hirschman et al., 2017).   

• The type of vegetation does matter.  Deeper rooted vegetation extending down into the soil 

media layer and dense underground biomass retains more moisture compared to shallower root 

systems, such as turf grass (Selbig & Balster, 2010; see also discussion of vegetation in 

Hirschman et al., 2017).   

• There is some support in the research for continued use of low organic matter, permeable soils 

(Davis et al., 2012).  However, there is a countervailing argument that the practices are “over-

drained,” reducing residence time and processing of pollutants.  Some researchers indicate that 
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existing infiltration testing standards are too restrictive, and that infiltration/exfiltration plus 

evapotranspiration will account for large percentages of runoff reduction, provided the 

practices are adequately sized or oversized for the drainage area (Selbig & Balster, 2010; 

Wadzuk et al., 2017).  

• From a runoff reduction perspective, avoid excavated cells that intercept groundwater (Line & 

Hunt, 2009).  

• Pre-treatment, as intended, can increase the life of a practice and decrease maintenance burden 

(Lewellyn et al., 2016). 

Recommendations 
• Consider elevating Level 1 RR rate to 60% 

• All infiltration designs qualify for Level 2, given adequate infiltration testing.  Reduced media 

depth (e.g., 30”) may be justified for confirmed infiltration designs.  

• Maintain treatment volume (Tv) sizing criteria and media depth specifications (with possible 

revisions for IWS as explained below). 

• Add IWS as a Level 2 option, or replace existing stone sump with IWS.  There may be some 

support for reducing the media depth if IWS is used (e.g., 30”), but this needs some additional 

analysis.  Also, the depth of the IWS zone and whether the zone should intercept the soil media 

layer needs further analysis.  If the media layer is intercepted, then it is recommended to leave 

at least the top 18” of media in an unsaturated condition.  Further analysis of IWS 

specifications is taking place in a separate study being undertaken by some of the authors. 

• Consider revising planting plan specifications, allowing for a densely-planted, native meadow 

that can be cut back annually in the early Spring.  This may provide a more maintenance-

friendly landscape.  Trees can certainly be incorporated into some designs, and can be an 

option as long as the maintenance tasks are understood by the responsible party.  

 

Table 5. Bioretention Studies Arranged by Design Level 1 

LEVEL 1 Runoff Reduction 

Brown & Hunt, 2011b 63% 

Brown & Hunt, 2012 88% 

Davis et al., 2012 77% 

Hatt et al., 2009 11%, 30%, 33% 

Hunt et al., 2008 99% 

Jarden et al., 2016 40% 

Li et al., 2009 40%, 77%, 89% 

Line & Hunt, 2009 -9%2 

Mean/Median 59%/63% 

LEVEL 2 Runoff Reduction 

Brown & Hunt, 2011b 65% 

Brown & Hunt, 2012 89% 

Davis et al., 2012 52% 

Jarden et al., 2016 36% 

Komlos & Traver, 2012 47%, 90%, 90% 

Selbig & Balster, 2010 100%, 98%, 98%, 95% 
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Wadzuk et al., 2017 89% 

Xiao and McPherson, 2011 89% 

Mean/Median 80%/89% 

INTERNAL WATER STORAGE 

Brown & Hunt, 2011a 100%, 98%, 75%, 87% 

Davis et al., 2012 86%, 90% 

Winston et al., 2016 59%, 42%, 36% 

DeBusk & Wynn, 2011 97% 

Mean/Median 77%/87% 

 
1 Rows with multiple values indicate that the study included 
multiple practices with different design features. 
2 This value was considered an outlier and not counted in the 
mean/median values. The study had some issues with 
measurement of outflow and the practice intercepted the water 
table. 

 

URBAN BIORETENTION (GIP-02) 
 

There were only 3 studies that were classified as Urban Bioretention.  Some of this may have been due 

to nomenclature in that the various practices categorized under regular Bioretention (GIP-01) included 

different configurations, but most were typical applications, treating parking lots, rooftops, streets, etc. 

Of the 3 classified as Urban Bioretention, only one reported volume reductions (Geronimo et al., 2014) 

with the reported value of 40%, matching the existing runoff reduction rate.   Additional Urban 

Bioretention systems were studied in conjunction with other practices as part of treatment trains, but 

runoff reduction rates were reported for the entire treatment train rather than its individual 

components (Brown et al., 2013; Line et al., 2012; Page et al., 2015; Wilson et al., 2015).  

Due to the lack of additional data points, there is insufficient information at this point to modify the 

existing runoff reduction rate.   
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PERMEABLE PAVEMENT (GIP-03) 
 

Table 6. Summary of Updated Studies 

New Studies Reviewed: 2007 - 2016 16  

# Reporting Runoff Reduction Rates 10 

# of Individual Practice Runoff 
Reduction Rates Measured (counting 
multiple practices for some studies) 

19 

 

Table 7. Summary of Updated Research With Existing Runoff Reduction Rates 

 Level 1 Level 2 

# of practices studied 13 6 

Mean Runoff Reduction 35 96 

Median Runoff Reduction 32 99 

Existing Nashville LID Rate 45 75 

Proposed Rate 30 80 

 

Design Factors: Take-Home Points 
• Studies show very little surface runoff from maintained permeable pavements. Consequently, 

practices in well drained soils (HSG A and B) with adequate storage and no underdrain yield very 

high runoff reduction results.   

• In HSG C and D soils, the inclusion of an Internal Water Storage (IWS) zone can enhance runoff 

reduction by promoting slow infiltration (Collins et al, 2008; Wardynski et al, 2013; Winston et 

al, 2015).  Significant results were noted for IWS depths of 6 inches or greater and when the 

underlying soil infiltration rate was greater than 0.01 in/hr.   

• Ripping or trenching of the subgrade can help improve infiltration rates in HSG C or D soils 

(Tyner et al, 2009; Wardynski et al, 2013) 

• Increasing the contributing drainage area or hydraulic loading ratio to the permeable pavement 

surface area beyond 3:1 decreased runoff reduction performance (Winston et al, 2015; Smolek 

and Hunt, 2015). 

Recommendations (based on existing Section 3 Design Table) 
• Consider lowering Level 1 RR rate from 45% to 30%. 

• Consider raising Level 2 RR rate from 75% to 80%. 

• For Level 2, consider modifying the Section 6 Design Criteria: 

o Set a predicted drawdown (infiltration) of captured runoff (e.g. 24 to 48 hours) based 

on infiltration testing. 

o Modify and clarify the Internal Water Storage (IWS) criteria (e.g., minimum 6” IWS in 

HSG C/D soils, with measured infiltration > 0.1 inches/hour).  The current specification 

allows either a sump below the underdrain OR IWS.  Both may be valid options.  The 

chief advantage of IWS in this application might be enhanced runoff reduction due to 

increased exfiltration out the sides and bottom. 
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o Maintain limits on hydraulic loading (off-site run-on onto the permeable pavement). 

 

Table 8. Permeable Pavement Studies Arranged by Design Level1  

LEVEL 1 Runoff Reduction 

Collins et al., 2008 19.2% 

Collins et al., 2008 39.3% 

Collins et al., 2008 31.8% 

Collins et al., 2008 6.7% 

Dreelin et al, 2006 73%2 

Fassman and Blackbourn, 2010 28% 

Smolek and Hunt, 2015 22% 

Drake et al, 2012 43% 

Wardynski et al, 2013 78% 

Crookes et al, 2017 46% 

Winston et al, 2015 16%, 32%, 53% 

Winston et al, 2015 16% 

Winston et al, 2015 32% 

Mean/Median 35%/32%3 

LEVEL 2 Runoff Reduction 

  

Bean et al, 2007 100% 

Bean et al, 2007 89.9% 

Bean et al, 2007 87.6% 

Winston et al, 2015 99%4 

Wardynski et al, 2013 100%4 

Wardynski et al, 2013 99.6%4 

Mean/Median 96%/99% 

 
1 Rows with multiple values indicate that the study included multiple practices 
with different design features. 
2 This value was considered an outlier and not counted in the mean/median 
values. The study looked at selected small intensity events, excluding larger 
events. 
3 The mean/median = 27% when permeable pavement was compared to a 
control asphalt area, which may be a more realistic way to measure actual 
runoff reduction. 
4 Design included Internal Water Storage (IWS). 
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INFILTRATION (GIP-04) 
Table 9. Summary of Updated Study 

New Studies Reviewed: 2007 – 20161 8 

# Reporting Runoff Reduction Rates 3 

# of Individual Practice Runoff Reduction 
Rates Measured (counting multiple 
practices for some studies) 

3 

1 Three of these studies were included in the Original 
RRM, but storm event data became available since its 
completion. 

 

Table 10. Summary of Updated Research With Existing Runoff Reduction 
Rates 

 Level 1 Level 2 

# of studies practices 3 

Mean Runoff Reduction 92% 

Median Runoff Reduction 93% 

Existing Nashville LID Rate 50% 90% 

Design Factors: Take-Home Points 
The volume reduction performance of infiltration SCMs depends on the size of the practice with respect 

to the contributing drainage area, and the infiltrative capacity of the native soils surrounding the SCM. 

Facilities sized for as small as the one-half inch of rainfall may still have performance in the 90% range, 

although the native soil infiltration capacity will affect the level of this performance. It should be noted 

that the studies reviewed all had reasonable or favorable infiltration rates in native soils. 

Recommendations 
• Infiltration facilities can provide high levels of runoff reduction, even if the facility is sized for a 

relatively small storm event. For example, the bioinfiltration facility in Wadzuk et al. (2017) was 

sized to capture the first 0.5” of runoff from the impervious surfaces in the contributing 

drainage area.  While the facility successfully captured 100% of runoff from events less than or 

equal to 0.5”, it also captured 97% of volume from storms between 0.5” and 1.0”, and 50% from 

all larger events.  Likewise, the infiltration trench in Lewellyn et al. (2016) was sized to capture 

the 1.0” event, but has consistently prevented any surface outflow for much larger storms. 

Therefore the 1.0” and 1.1” criteria for rainfall depth capture that is currently used for L1 and L2 

sizing (respectively) is likely to be sufficient.  

• One note of interest is the emphasis in Wadzuk et al. (2017) that a properly designed infiltration 

facility needs little to no maintenance. This is anecdotal evidence after 13 years of monitoring a 

single infiltration SCM, and there are likely to be exceptions to this – especially at sites that 

generate excessive solids in their runoff. 

• Reported saturated hydraulic conductivity of native soils in studies reviewed was 0.23 in/hr. 

(Horst et al. 2011) and 5.8 in/hr. (Lewellyn et al. 2016) [not reported in Wadzuk et al. (2017)]. 

This suggests that a broad range of existing soil infiltration capacity can provide substantial 

volume reduction benefits. 



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 12 
 

Table 11. Infiltration Studies and Mean Runoff Reduction Rates 

Reference Mean %RR Notes 

Wadzuk et al. 
(2017) 

Events w. > ¼ in. rainfall = 54.2% 
Events w. 0.05 in < P < 1.6 in. = 89% 

Thirteen years of monitoring data 

Horst et al. (2011) 93% Three linked infiltration beds overlaid 
with geotextile filter fabric and coarse 
aggregate, sized to store the first 2.0” 
of rainfall 

Lewellyn et al. 
(2016) 

93% Infiltration trench with vegetated side 
slopes for pretreatment 

 

WATER QUALITY SWALE (GIP-05) 
 

The one new study included in the Water Quality Swale category had wetland swale characteristics and 

did not report volume reductions (Winston et al., 2012).  An additional study (Xiao and McPherson, 

2011) identified the studied practice as a “bioswale,” but examination of the paper indicated that it was 

more similar to typical bioretention, so it was moved to the GIP-01 category.  

Due to the lack of additional data points, there is insufficient information at this point to modify the 

existing runoff reduction rate.   

 

EXTENDED DETENTION (GIP-06) 
 

Table 12. Summary of Updated Study 

New Studies Reviewed: 2007 – 20161 6 

# Reporting Runoff Reduction Rates 5 

# of Individual Practice Runoff Reduction 
Rates Measured (counting multiple 
practices for some studies) 

7 

1These were not new studies per se, but older studies 
where the storm event data became available after 
the Original RRM report in 2007. 
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Table 13. Summary of Updated Research With Existing Runoff Reduction Rates 

 Lined Design Specified 
(Unlined) 

# of studies practices 0 7 

Mean Runoff Reduction N/A 34% 

Median Runoff Reduction N/A 25% 

Existing Nashville LID Rate 0% 15% 

Design Factors: Take-Home Points 
In principle, the design factors that would provide for increased runoff volume reduction in extended 

detention (ED) ponds are: (1) increased pond surface area providing higher evaporation potential, (2) 

increased hydraulic residence time or drawdown time providing higher evaporation potential, (3) 

infiltration capacity of native soils and (4) transpiration by emergent vegetation. However, as ED pond 

monitoring studies typically do not focus on runoff volume reduction, it was not possible to substantiate 

these logical hydrologic pathways with empirical data. 

Recommendations 
There are limited empirical monitoring studies that focus on the volume reduction benefits of ED ponds, 

as most studies focus on the capture of sediment and associated constituents. Nevertheless, several of 

these studies record volume reduction as an ancillary part of the monitoring program, and have 

reported these data to the International Stormwater BMP Database. In an analysis of the available data 

as of 2011, Geosyntec Consultants and Wright Water Engineers calculated the total volume reduction of 

each individual study, then calculated the median of all studies as 33%. This is similar to the results of an 

earlier analysis by Strecker (2004) – average %RR = 30% - included in the initial RRM. The data from this 

report were reviewed, and the results shown in Table 14. It should be noted that all of the ED ponds 

shown in the Table are grass lined ponds, as there was insufficient data to perform any meaningful 

analysis on the lined ED ponds. 

Rather than lump the total volume of each individual study, and then calculate summary statistics, 

summary statistics were calculated using each individual storm event (n = 84) from the seven sites 

shown in Table 14. Summary statistics were as follows: 1st quartile = 13%; Median = 25%, 2nd quartile 

(Mean) = 33%, 3rd quartile = 51%. 

Table 14. Results of Extended Detention (ED) pond monitoring 
studies as median percent runoff reduction (%RR) for all storm 
events monitored 

Source Study Reference Site Median 
%RR 

Huber et al., 2006; Liptan, 
2001 

Lexington Hills 67 

Hussain et al., 2005 Carver County 50 

Yu et al., 1994 Massie Road 37 

CALTRANS, 2004 I-5/Manchester 37 

CALTRANS, 2004 I-5/SR-56 24 

CALTRANS, 2004 I-5/SR-78 18 

Stanley, 1996 Greenville Pond, NC 7 
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Based on the results shown in Table 14, as well as the findings of the Original RRM study, %RR credit for 

unlined ED ponds (i.e. “Design Specified”) could reasonably be increased from the current 15% to 25%.  

Perhaps the higher rate could be tied to a soils analysis and/or adding soil amendments to the bottom of 

the pond. There is no new empirical evidence to suggest that lined EDs provide a volume reduction 

benefit that is significantly greater than zero. 

 

GRASS CHANNEL (GIP-08) 
 

Table 15. Summary of Updated Study 

New Studies Reviewed: 2007 – 20161 10 

# Reporting Runoff Reduction Rates 3 

# of Individual Practice Runoff Reduction 
Rates Measured (counting multiple 
practices for some studies) 

6 

1Three of these studies were included in the Original 
RRM, but storm event data became available since its 
completion. 

 

Table 16. Summary of Updated Research With Existing Runoff Reduction Rates 

 Without Compost 
Amendments 

With Compost 
Amendments 

# of studies practices 6 0 

Mean Runoff Reduction 37% N/A 

Median Runoff Reduction 81% N/A 

Existing Nashville LID Rate1 10 – 20% 20 – 30% 
1Level 1 = HSG Soils C and D.  Level 2 = HSG Soils A and B.  Ranges of RR for each 
Level are for no compost amendment (low end) vs. compost amendment (high 
end). 
 

 

Design Factors: Take-Home Points 
The literature on key factors affecting hydrologic function of grass channels has not substantially grown 

since the Original RRM. The two key points from this review are that (1) Grass Channels may provide a 

higher level of runoff reduction than initially expected and (2) the use of check dams comprised of 

sturdy vegetation (e.g. Panicum virgatum) can increase volume reduction during moderate rainfall 

events. These two findings are attributable to Davis et al. (2012), as the other two studies reviewed 

were limited in their analysis of hydrologic outcomes. 
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Recommendations 
• Consider the use of in-line vegetated check dams, as these led to significantly improved volume 

reduction for storm events between 1 – 1.3 in. depth in Davis et al. (2012). For example, the 

volume reduction in the MD Department of Environment (MDE) swale in this study increased 

from a median of 10% across all storm events to a median of 100% after check dams were 

installed. 

• Pre-treatment filter strips appeared to have a minimal effect on performance (Davis et al. 2012), 

and as a result it is recommended that these be incorporated into the Manual as a possible 

alternative, but not as a requirement for increased credit. 

 

Table 17. Grass Channel Research & Median Runoff Reduction Rates 

Reference Median %RR Notes 

Davis et al. (2012) 11%, 64%, 89%, 100% Evaluated the effects of pre-treatment filter strips 
and check dams 

Knight et al. (2013) 23% Compared swale performance to VFS performance 

Lucke et al. (2014) 52% Not focused on volume reduction 

 

SHEET FLOW (GIP-09) 
 

Table 18. Summary of Updated Study 

New Studies Reviewed: 2007 – 20161 8 

# Reporting Runoff Reduction Rates 6 

# of Individual Practice Runoff Reduction 
Rates Measured (counting multiple 
practices for some studies) 

38 

1 Three of these studies were included in the Original 
RRM, but storm event data became available since its 
completion. 

 

Table 19. Summary of Updated Research With Existing Runoff Reduction 
Rates 

 Sheet Flow to 
Conservation 

Area 

Sheet Flow to 
Vegetated Filter 

Strip 

# of studies/practices 0 38 

Mean Runoff Reduction N/A 43% 

Median Runoff Reduction N/A 40% 

Existing Nashville LID Rate 50%/75% in HSG 
A/B & C/D 

respectively 

50% 
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Design Factors: Take-Home Points 
 

In theory, there are several design factors that would lead to increased runoff volume reduction using 

sheet flow, including the conservation area or filter strip’s (1) length, (2) slope, (3) vegetation, (4) soil 

infiltration; and (5) the extent to which flow is diffused prior to entering the conservation area or filter 

strip. Overall, the literature confirms that filters of increased length provide higher volume reduction 

(e.g. Hunt et al., 2010, Abu-Zreig et al., 2004), though the relationship does not follow a clear pattern. 

The effect of slope is less visible as some filters with extremely high slopes had relatively high volume 

reduction. For example, the San Rafael Roadside Vegetated Treatment System (CALTRANS, 2003) had a 

slope of 50%, but provided a median volume reduction over 34 storm events of 65%. Inversely, the 

Altadena Strip (CALTRANS, 2004) had a milder slope of 3%, but only provided 10% median volume 

reduction over 12 storm events. 

It was not possible to draw any conclusions about the effect of vegetation type, as all the studies 

reviewed used some type of grass, though Blanco-Canqui et al. (2004) note that the installation of a 

switchgrass barrier perpendicular to flow increased detention time and infiltration. The only study that 

evaluated the effects of soil amendments and flow diffusion was Knight et al. (2013). The results of this 

study indicate that while a wider filter (measured in the direction perpendicular to flow) increases 

volume reduction, the soil amendments did not have a significant effect. 

Recommendations 
• In general, the lumped value of 50% credit given for vegetated filter strip (VFS) is slightly higher 

than the central values from the literature (mean = 43%, median = 40%), though not as high as 

the third quartile value of 75%. As the literature indicates that volume reduction is a function of 

slope length, the City may consider lowering the baseline credit given for the use of a VFS to 

40%, and increasing credit with slope length to incentivize longer lengths of sheet flow. 

• The City may also consider the findings of a similar review by Battiata et al. (2014), indicating 

that the loading ratio – the drainage area divided by the area of the filter strip - appeared to 

affect runoff reduction across studies reviewed. 

• None of the literature reviewed reasonably met the criteria for Conserved Open Space, and as a 

result no recommendations are given for this variety of the practice.  

 

Table 20. Sheet Flow Research & Median Runoff Reduction Rates 

Reference Median %RR Notes 

Abu-Zreig et al. (2004) 25, 25, 41, 42, 44, 58, 63% Evaluated effect of slope and length 

Blanco-Canqui et al. (2004) 2.2, 5.4, 5.6,11, 13, 13, 18, 
20, 20, 20, 21, 28% 

Evaluated effect of vegetation and 
length 

CALTRANS (2003) 0, 12, 14,26,37,40, 52, 
60,63, 64, 70% 

Evaluated effect of slope and length 

CALTRANS (2004) 10, 45, 92%  

Hunt et al. (2010) 100%  

Knight et al. (2013) 36, 42, 57, 59% Evaluated effect of width and soil 
amendments 
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GREEN ROOF (GIP-12) 
 

Table 21. Summary of Updated Studies 

New Studies Reviewed: 2007 - 2016 10  

# Reporting Runoff Reduction Rates 11 

# of Individual Practice Runoff 
Reduction Rates Measured (counting 
multiple practices for some studies) 

23 

 

Table 22. Summary of Updated Research With Existing Runoff Reduction Rates 

 Level 1 Level 2 

 # of practices studied 18 5 

Mean Runoff Reduction1 62 61 

Median Runoff Reduction1 67 69 

Existing Nashville LID Rate 45 60 

Proposed Rate Credit based on thickness 
(0.1 x thickness) 

Credit based on thickness 
(0.12 x thickness) with max 
credit of 90% 

1  The majority of reported runoff reduction rates were measured during summer months only.  
Further, many studies were sample plots not indicative of actual green roof conditions.  Refer 
to discussion below about design factors and recommendations. 
 

 

Design Factors: Take-Home Points 
• Green roof performance varies by season.  During warm summer months, significantly more 

evapotranspiration occurs from the green roof surface than during winter months (Hutchinson 

et al, 2003; Wadzuk et al, 2013). 

• Vegetation increases runoff reduction rates by 7-10% compared to unvegetated roofs (media or 

gravel only).  These results emphasize the importance of establishing healthy plant coverage on 

green roofs (Van Woert et al, 2005; Lang et al, 2010). 

• In certain climates, vegetation may require supplemental irrigation during summer months to 

thrive.  In a study performed by Hill et al (2017), sensor controlled or non-irrigated systems had 

less runoff than standard irrigation systems.   

• Runoff volumes increase with increasing roof slope, resulting in lower runoff reduction values 

(Van Woert et al, 2005; Getter et al, 2007; Hathaway et al, 2008). 

• Thicker media depths demonstrate higher runoff reduction values (Van Woert et al, 2005; 

Getter et al, 2007; Hathaway et al, 2008). 

Recommendations 
• Consider changing Level 1 RR rate to 10% times the media depth (in inches) with a minimum 

depth of 3 inches (30% RR) and maximum RR = 90%. 

• Consider changing Level 2 RR rate to 12% times the media depth with a minimum depth of 4 

inches (48% RR) and maximum RR = 90%. 
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• For Level 2, consider modifying the Section 6 Design Criteria: 

o Reduce minimum media depth requirement from 6 inches to 4 inches 

o No irrigation or irrigation must be controlled by sensors so that irrigation takes place 

based on soil moisture 

o Roof slopes 2% or flatter 

o Remove limits on hydraulic loading since green roofs typically don’t receive additional 

runoff.   

• For Level 1, consider modifying the Section 6 Design Criteria: 

o Reduce media depth requirement from 4-6 inches to minimum of 3 inches 

o Can be irrigated 

o Roof slopes 8.33% (1:12) or lower 

o Remove limits on hydraulic loading since green roofs typically don’t receive additional 

runoff.   

 

Table 23. Green Roof Studies Arranged by Design Level 

LEVEL 1 Runoff Reduction 

Hathaway et al, 2008 77%2 

Hathaway et al, 2008 88%2 

Zaremba et al, 2016 78%2 

Zaremba et al, 2016 50%2 

Hill et al, 2017 50%2 

Hill et al, 2017 70%2 

Van Woert at al, 2005 69. 8%2 

Van Woert at al, 2005 70.7%2 

Van Woert at al, 2005 65.9%2 

Van Woert at al, 2005 68.1%2 

Van Woert at al, 2005 27.2%2 

Van Woert at al, 2005 50.4%2 

Van Woert at al, 2005 60.6%2 

Banting et al, 20051 54% 

Lipton and Strecker, 20031 28% 

Getter et al, 20071 76.4%2 

Getter et al, 20071 85.6%2 

Denardo et al, 20051 45%2 

Mean/Median 62%/67%3 

LEVEL 2 Runoff Reduction 

Lang et al, 2010 72%2 

Lang et al, 2010 44%2 

Hill et al, 2017 50%2 

Hill et al, 2017 70%2 

Hutchinson et al, 20031 92%2, 59%3, 69% 

Mean/Median 61%/69%3 
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1Study included in original RRM. 
2Runoff reduction rates measured during summer months only.   
3Runoff reduction rates measured during winter months only.  Only three studies 
looked at annual performance and documented a significant decline in performance 
during winter months. 
4Mean and median not representative of annual runoff reduction rates. 

 

TREATMENT TRAINS 
Several of the research studies addressed the aggregate performance of different types of SCM’s in 

series, or treatment trains.  While not a stand-along practice, it is interesting to explore how treatment 

trains can be used to utilize multiple SCM runoff reduction and pollutant removal mechanisms.   Table 

24 provides a summary of the treatment train studies.   

Table 24.  Research on Treatment Trains and Retrofits 

Reference Practices used in Treatment 
Train and/or Retrofit 

Summary of Results 

Brown et al., 2012 Pervious concrete, bioretention Total outflow volume reduced 
by 69% 

Hathaway & Hunt, 2010 3 stormwater wetland in series Reduced treatment after 1st in 
series 

Line et al., 2012 Bioretention, pervious concrete, 
constructed wetland 

Reduced export of most 
pollutants compared to sites 
with no treatment or wet pond 

Page et al., 2015 Bioretention, street retrofit, 
permeable pavement, tree 
filters 

Runoff depth decreased by 52% 
compared to control catchment 

Wilson et al., 2015 Green & grey: Infiltration, 
cisterns, swales, bioretention, 
underground detention 

Runoff coefficient = 0.02 
compared to 0.49 at 
conventional site with dry 
detention pond.  LID pollutant 
loading were 5% of 
conventional site. 

 

Design Factors: Take-Home Points 
• Treatment trains using a range of practices and treatment mechanisms reduced volumes, peak 

rates, and pollutant loads compared to conventional practices or pre-retrofit conditions.   

• Benefits were reduced when the same practice was used in series (e.g., constructed wetlands).   

• Some studies are unique because they measured results from a whole site or urban catchment 

versus just one practice drainage area.  

 

  



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 20 
 

BIBLIOGRAPHY 
 
Abu‐Zreig, M., Rudra, R. P., Lalonde, M. N., Whiteley, H. R., and Kaushik, N. K. (2004). Experimental 
investigation of runoff reduction and sediment removal by vegetated filter strips. Hydrological 
Processes, 18(11), 2029-2037. 
 
Banting, D., Doshi, H., Li, J., Missios, P., Au, A., Currie, B.A., and Verrati, M. (2005). Report on the 
Environmental Benefits and Costs of Green Roof Technology for the City of Toronto. Prepared for: City of 
Toronto, Ontario Centres of Excellence.  Prepared by: Ryerson University. 
 
Battiata, J., Claggett, S., Crafton, S., Follansbee, D., Gasper, D., Greer, R., ... Zielinski J. (2014).  
Recommendations of the Expert Panel to Define Removal Rates for Urban Filter Strips and Stream Buffer 
Upgrade Practices Final. Center for Watershed Protection. Retrieved from 
https://www.chesapeakebay.net/documents/UFS_SBU_Expert_Panel_Draft_Report_Decision_Draft_FIN
AL_WQ_GIT_APPROVED_JUNE_9_2014.pdf  
 
Blanco-Canqui, H., Gantzer, C. J., Anderson, S. H., Alberts, E. E., and Thompson, A. L. (2004). Grass barrier 
and vegetative filter strip effectiveness in reducing runoff, sediment, nitrogen, and phosphorus loss. Soil 
Science Society of America Journal, 68(5), 1670-1678. 
 
Bean, Z. E., Hunt, F. W., and Bidelspach, A.D. (2007). Evaluation of four permeable pavement sites in 
eastern North Carolina for runoff reduction and water quality impacts. Journal of Irrigation and 
Drainage Engineering, 133(6), 583-592 
 
Brown, R. A. and Hunt, W. F. (2011a) Impacts of Media Depth on Effluent Water Quality and Hydrologic 
Performance of Undersized Bioretention Cells. Journal of Irrigation and Drainage Engineering, 137(3), 
132–143. 
 
Brown, R. A. and Hunt, W. F. (2011b) Underdrain configuration to enhance bioretention exfiltration to 
reduce pollutant loads. Journal of Environmental Engineering, 137(11), 1082-1091. 
 
Brown, R. A. and Hunt, W. F. (2012) Improving bioretention/biofiltration performance with restorative 
maintenance. Water Science & Technology, 65(2), 361-367. 
 
Caltrans (California Department of Transportation) (2003). Roadside Vegetated Treatment Sites (RVTS) 
Study Final Report. Available from the California Department of Transportation, Sacramento, CA. 
 
Caltrans (California Department of Transportation) (2004). BMP Retrofit Pilot Program Final Report. 
Available from the California Department of Transportation, Sacramento, CA. 
 
Center for Watershed Protection (CWP) and Chesapeake Stormwater Network (CSN) (2008). Technical 
Memorandum: The Runoff Reduction Method.  
 
Collins, K. A., Hunt, W. F., & Hathaway, J. M. (2008). Hydrologic comparison of four types of permeable 
pavement and standard asphalt in eastern North Carolina. Journal of Hydrologic Engineering, 13(12), 
1146-1157. 
 



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 21 
 

Crookes, A. J., Drake, J. A., & Green, M. (2017). Hydrologic and Quality Control Performance of Zero-
Exfiltration Pervious Concrete Pavement in Ontario. Journal of Sustainable Water in the Built 
Environment, 3(3), 06017001. 
 
Davis, P. A., Traver, R. G., Hunt, W. F., Brown, R. A., Lee, R., and Olszewski, J. (2012) Hydrologic 
Performance of Bioretention Storm-Water Control Measures.  Journal of Hydrologic Engineering, 17, 
604-614. 
 
DeBusk, K. M. and Wynn, K. M. (2011). Storm-water bioretention for runoff quality and quantity 
mitigation. Journal of Environmental Engineering, 137, 800–808. 
 
DeNardo, J.C., Jarrett, A.R., Manbeck, H.B., Beattie, D.J., Berghage, R.D.  (2005). Stormwater mitigation 
and surface temperature reduction by green roofs. Trans. ASAE 48 (4), 1491–1496. 
 
Drake, J., Bradford, A., and Van Seters, T. (2012). Evaluation of permeable pavements in cold climates—
Kortright Centre. Vaughan, Toronto and Region Conservation Authority, Toronto, ON. 
 
Dreelin, E. A., Fowler, L., and Carroll, C. R. (2006). A test of porous pavement effectiveness on clay soils 
during natural storm events. Water Research, 40(4), 799-805. 
 
Fassman, E. A., & Blackbourn, S. (2010). Urban runoff mitigation by a permeable pavement system over 
impermeable soils. Journal of Hydrologic Engineering, 15(6), 475-485. 
 
Geronimo, F. K. F., Maniquiz-Redillas, M. C., Tobio, J. A. S., and Kim, L. H. (2014). Treatment of 
suspended solids and heavy metals from urban stormwater runoff by a tree box filter. Water Science 
and Technology, 69(12), 2460-2467. 
 
Getter, K. L., Rowe, D. B., and Andresen, J. A. (2007). Quantifying the effect of slope on extensive green 
roof stormwater retention. Ecological engineering, 31(4), 225-231. 
 
Hathaway, J.M., Hunt, W. F., and Jennings, G. D. (2008). A field study of green roof hydrologic and water 
quality performance. Transactions of the ASABE, 51(1), 37-44. 
 
Hathaway, J.M. and Hunt, W.F. (2010). Evaluation of Storm-Water Wetlands in Series in Piedmont North 
Carolina. Journal of Environmental Engineering, 136(1), 140-146. 
 
Hatt, B. E., Fletcher, T. D., and Deletic, A. (2009). Pollutant removal performance of field-scale 
stormwater biofiltration systems. Water Science and Technology, 59(8), 1567-1576. 
 
Hill, J., Drake, J., Sleep, B., and Margolis, L. (2017). Influences of four extensive green roof design 
variables on stormwater hydrology. Journal of Hydrologic Engineering, 22(8), 04017019. 
 
Hirschman, D.J., Seipp, B., Schueler, T. (2017). Performance Enhancing Devices for Stormwater Best 
Management Practices. Urban Stormwater Work Group. Center for Watershed Protection. 
 
Horst, M., Welker, A. L., & Traver, R. G. (2011). Multiyear performance of a pervious concrete infiltration 
basin BMP. Journal of Irrigation and Drainage Engineering, 137(6), 352-358. 
 



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 22 
 

Hunt, W. F., Smith, J. T., Jadlocki, S. J., Hathaway, J. M., and Eubanks, P. R. (2008). Pollutant removal and 
peak flow mitigation by a bioretention cell in urban Charlotte, NC. Journal of Environmental 
Engineering, 134(5), 403-408 
 
Hunt, W. F., Hathaway, J. M., Winston, R. J., and Jadlocki, S. J. (2010). Runoff volume reduction by a level 
spreader–vegetated filter strip system in suburban Charlotte, NC. Journal of Hydrologic 
Engineering, 15(6), 499-503. 
 
Huber, W.C. (2006). BMP modeling concepts and simulation. U.S. EPA National Risk Management 
Research Laboratory Office of Research and Development, Cincinnati, Ohio, USA. 
 
Hussain, C. F., Brand, J., Gulliver, J. S., and Weiss, P. (2005). Water quality performance of dry detention 
ponds with under-drains. Minnesota Department of Transportation. 
 
Hutchinson, D., P. Abrams, R. Retzlaff, and T. Liptan. (2003). Stormwater Monitoring Two Ecoroofs in 
Portland, Oregon, USA. In Proc. Greening Rooftops for Sustainable Communities. May 2003; Chicago, 
Illinois. 
 
Jarden, K. M., Jefferson, A. J., and Grieser, J. M. (2016). Assessing the effects of catchment‐scale urban 
green infrastructure retrofits on hydrograph characteristics. Hydrological Processes, 30(10), 1536-1550. 
 
Knight, E. M. P., Hunt, W. F., and Winston, R. J. (2013). Side-by-side evaluation of four level spreader–
vegetated filter strips and a swale in eastern North Carolina. Journal of Soil and Water 
Conservation, 68(1), 60-72. 
 
Komlos, J. and Traver, R. G. (2012). Long-term orthophosphate removal in a field-scale storm-water 
bioinfiltration rain garden. Journal of Environmental Engineering, 138(10), 991-998. 
 
Lang, S. B. (2010). Green roofs as an urban stormwater best management practice for water quantity 
and quality in Florida and Virginia. University of Florida. 
 
Lewellyn, C., Lyons, C. E., Traver, R. G., & Wadzuk, B. M. (2016). Evaluation of seasonal and large storm 
runoff volume capture of an infiltration green infrastructure system. Journal of Hydrologic 
Engineering, 21(1), 04015047. 
 
Li, H., Sharkey, L. J., Hunt, W. F., and Davis, A. P. (2009). Mitigation of impervious surface hydrology 
using bioretention in North Carolina and Maryland. Journal of Hydrologic Engineering, 14(4), 407-415. 
 
Line, D. E. and Hunt, W. F. (2009). Performance of a bioretention area and a level spreader-grass filter 
strip at two highway sites in North Carolina. Journal of Irrigation and Drainage Engineering, 135(2), 217-
224. 
 
Line, D. E., Brown, R. A., Hunt, W. F., and Lord, W. G. (2012). Effectiveness of LID for commercial 
development in North Carolina. Journal of Environmental Engineering, 138(6), 680-688. 
 
Liptan, T. (2001). Storm Summary Report, Lexington Hills BMP Monitoring. Portland, OR: Bureau of 
Environmental Services, City of Portland OR. 
 



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 23 
 

Liptan, T. and Strecker, E. (2003).  EcoRoofs (greenroofs) – A more sustainable Infrastructure.  National 
Conference on Urban Stormwater: Enhancing Programs at the Local Level. February 2003. 
 
Lucke, T., Mohamed, M. A. K., and Tindale, N. (2014). Pollutant removal and hydraulic reduction 
performance of field grassed swales during runoff simulation experiments. Water, 6(7), 1887-1904. 
 
Metro Water Services, Metropolitan Government, Nashville and Davidson County (2016). Low Impact 
Development: Stormwater Management Manual, Volume 5. 
 
Page, J. L., Winston, R. J., Mayes, D. B., Perrin, C. A., and Hunt III, W. F. (2015). Retrofitting residential 
streets with stormwater control measures over sandy soils for water quality improvement at the 
catchment scale. Journal of Environmental Engineering, 141(4), 04014076. 
 
Selbig, W. R., and Balster, N. (2010). Evaluation of turf-grass and prairie-vegetated rain gardens in a clay 
and sand soil, Madison, Wisconsin, Water years 2004-08 (p. 75). US Department of the Interior, US 
Geological Survey. 
 
Smolek, A., and Hunt, W. (2015). Performance of Permeable Pavement over a Tight, Clay Soil in Durham, 
North Carolina: Hydrology, Water Quality and the Calibration and Validation of DRAINMOD. Water 
Resources Research Institute of the University of North Carolina. 
 
Stanley, D. W. (1996). Pollutant removal by a stormwater dry detention pond. Water Environment 
Research, 68(6), 1076-1083. 
 
Strecker, E., Quigley, M., Urbonas, B., and Jones, J. (2004). Stormwater management: State-of-the-art in 
comprehensive approaches to stormwater. The Water Report. Issue #6. Envirotech Publishers Inc., 
Eugene, OR.     
 
Tyner, J. S., Wright, W. C., & Dobbs, P. A. (2009). Increasing exfiltration from pervious concrete and 
temperature monitoring. Journal of environmental management, 90(8), 2636-2641. 
 
VanWoert, N. D., Rowe, D. B., Andresen, J. A., Rugh, C. L., Fernandez, R. T., and Xiao, L. (2005). Green 
roof stormwater retention. Journal of environmental quality, 34(3), 1036-1044. 
 
Wadzuk, B. M., Schneider, D., Feller, M., and Traver, R. G. (2013). Evapotranspiration from a green-roof 
storm-water control measure. Journal of Irrigation and Drainage Engineering, 139(12), 995-1003. 
 
Wadzuk, B., Traver, R., Komlos, J., Smith, V., Welker, A., (2017). VUSP – PADEP: Best Management 
Practice National Monitoring Site Year 13 – 2016. Villanova University. 
 
Wardynski, B. J., Winston, R. J., & Hunt, W. F. (2013). Internal water storage enhances exfiltration and 
thermal load reduction from permeable pavement in the North Carolina mountains. Journal of 
Environmental Engineering, 139(2), 187-195. 
 
Wilson, C. E., Hunt, W. F., Winston, R. J., and Smith, P. (2015). Comparison of runoff quality and quantity 
from a commercial low-impact and conventional development in Raleigh, North Carolina. Journal of 
Environmental Engineering, 141(2), 05014005 
 



   
 

Updating the Runoff Reduction Method, City of Nashville, June 2018 Page 24 
 

Winston, R. J., Hunt, W. F., Kennedy, S. G., Wright, J. D., and Lauffer, M. S. (2012). Field evaluation of 
storm-water control measures for highway runoff treatment. Journal of Environmental 
Engineering, 138(1), 101-111. 
 
Winston, R. J., Dorsey, J. D., & Hunt, W. F. (2015). Monitoring the performance of bioretention and 
permeable pavement stormwater controls in Northern Ohio: hydrology, water quality, and maintenance 
needs. Fulfilment of NOAA Award number NA09NOS4190153. 
 
Winston, R. J., Dorsey, J. D., and Hunt, W. F. (2016). Quantifying volume reduction and peak flow 
mitigation for three bioretention cells in clay soils in northeast Ohio. Science of the Total 
Environment, 553, 83-95. 
 
Xiao, Q. and McPherson, E. G. (2011). Performance of engineered soil and trees in a parking lot 
bioswale. Urban Water Journal, 8(4), 241-253. 
 
Yu, S. L., Kaighn, R. J., and Liao, S. L. (1994). Testing of best management practices for controlling 
highway runoff, Phase II (No. FHWA/VA-94/R21). Virginia Transportation Research Council. 
 
Zaremba, G. J., Traver, R. G., & Wadzuk, B. M. (2016). Impact of drainage on green roof 
evapotranspiration. Journal of Irrigation and Drainage Engineering, 142(7), 04016022. 
 


