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 GLENWOOD SPRINGS DURANGO 
 (970) 945-7755 TEL (970) 945-9210 FAX (970) 259-7411 TEL (970) 259-8758 FAX 


 
Wright  Water  Engineers,  Inc. 
2490 West 26th Ave., Suite 100A   www.wrightwater.com 
Denver, Colorado 80211 e-mail:jonjones@wrightwater.com 
(303) 480-1700 TEL e-mail: clary@wrightwater.com 
(303) 480-1020 FAX 


July 29, 2011 


 


Mr. Mike Malone 


Executive Director, Northwest Arkansas Council 


100 West Center, Ste. 300 


Fayetteville, AR  72701 


 


Re: Request for Scientific Information from Oklahoma Water Resources Board  


 Regarding Scenic Rivers Phosphorus Criterion Review 


 


Dear Mr. Malone: 


In response to a request from the Oklahoma Water Resources Board, the Northwest Arkansas 


Council (Northwest Council) recently requested that Wright Water Engineers, Inc. (WWE) 


assemble scientific information and data regarding the total phosphorus numeric standard of 


0.037 mg/L for Oklahoma Scenic Rivers, with particular emphasis on the Illinois River at the 


Arkansas/Oklahoma state line.  The purpose of the documents that are attached to this letter is to 


respond to your request.  Our findings generally focus on issues related to attainment of the 


standard in the context of stormwater runoff, concerns related to use of the reference stream 


approach to develop an enforceable standard under urbanized and active agricultural production 


watershed conditions, and comments related to use of models in the criterion reevaluation 


process.  Our review does not cover issues related to municipal wastewater treatment and 


provides only limited comments on agricultural BMPs. 


WWE has developed five primary findings regarding the total phosphorus standard of 0.037 


mg/L, as follows: 


 


Finding 1. Total phosphorus concentrations in runoff from both developed and undeveloped 


areas routinely exceed 0.037 mg/L. 


Finding 2. Some types of properly designed, constructed and maintained urban stormwater 


BMPs can provide significant reductions in total phosphorus concentrations; 


however, treated runoff effluent concentrations routinely exceed 0.037 mg/L, with 


most effluent concentrations being several times greater than the instream standard.   


Finding 3. In addition to the traditional urban BMPs discussed in Finding 2, there are other BMP 


applications that are relevant to the feasibility of attaining a 0.037 mg/L total 


phosphorus stream standard.  Examples include construction sites, permeable 


turfgrass areas, stream channels and corridors, and agricultural areas.  While BMPs 


applied in these settings provide many benefits and are widely used nationally, these 
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practices are unlikely to result in consistent attainment of a 0.037 mg/L standard.  


Furthermore, BMPs such as channel stabilization or sediment removal projects to 


control instream sources of phosphorus have practical and economic limitations at a 


watershed scale.   


Finding 4. A reference stream approach to establishing a phosphorus stream standard is not an 


appropriate basis for establishing standards in a large watershed with a long-term 


human use and presence.  Instead, stream standards should be developed based on 


conditions necessary to protect beneficial uses for the specific stream being regulated, 


taking into account specific stream characteristics (e.g., gradient, canopy) and cause 


and effect relationships between nutrients and biological responses. 


Finding 5. The Oklahoma Secondary Data QAPP identifies water quality models as a type of 


information that may be considered in reevaluating the scenic river criterion.  The 


TMDL modeling effort currently being conducted by EPA for the Illinois River 


should be a useful tool in reevaluating the standard, provided that the model is 


properly calibrated, validated, and supported by appropriate uncertainty analysis.  A 


model that accurately represents the watershed should also help to better understand 


issues related to attainability and economic implications of the standard.  However, 


the current parallel track of the modeling effort and standard review limit the extent to 


which the model findings will be able to be fully considered as part of a public 


process.  Additionally, it is critical that the current Illinois River modeling effort and 


other models considered follow certain principles and practices in order for the model 


to be a reliable assessment, management and regulatory tool. 


 


Further discussion of these findings and materials supporting these findings are provided in the 


attached submittal.   


The primary WWE staff who conducted this evaluation are Jonathan E. Jones, P.E., D.WRE, 


CEO and Jane Clary, LEED AP, CPESC, Senior Project Manager.  Our work was reviewed by 


Professor Larry Roesner, P.E., Ph.D., D.WRE, of Colorado State University.  Short biographies 


for Jonathan Jones, Jane Clary, and Larry Roesner are attached immediately behind this letter.  A 


full-length resume is also provided for Jonathan Jones because he will present brief summaries of 


these five findings to the Oklahoma Water Resources Board at its August 11, 2011 meeting in 


Tahlequah.   


Thank you for the opportunity to be of service, and please call with any questions that you or 


your members may have. 
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Sincerely, 


WRIGHT WATER ENGINEERS, INC. 


 By  ______________________________ 


 Jonathan E. Jones, P.E., D.WRE 


 Chief Executive Officer 


 


 


 By  ______________________________ 


 Jane Clary, LEED AP, CPESC 


 Senior Project Manager 


 


 


 


Attachments 


Brief Biographies for Jonathan Jones, Jane Clary and Larry Roesner 


Wright Water Engineers’ Summary of Response to Call for Scientific Information Related to 


Oklahoma Scenic Rivers Phosphorus Standard Review  


Attachment 1  Supporting Information Regarding Stormwater Runoff Quality 


Attachment 2  Supporting Information Regarding Urban Stormwater BMP Performance 


Attachment 3 Supporting Information Regarding Other BMP Applications 


Attachment 4  Supporting Information Regarding Use of Reference Streams to Establish Nutrient 


Criteria 


Attachment 5  Supporting Information Regarding Modeling 


Attachment 6  Resume for Jonathan Jones, P.E., Wright Water Engineers, Inc. 


 


 


cc: Mr. Tom Hopper, P.E., Crafton Tull 


 Dr. Larry Roesner, P.E., Colorado State University, Department of Civil Engineering 
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Brief Biographies of Key Individuals Providing Scientific Information 
 
Jonathan E. Jones, Wright Water Engineers, Inc. 
 
Jonathan E. Jones, P.E., D.WRE is a registered professional engineer in 12 states, and has 


experience throughout the United States on water resources engineering projects.  For the past 30 


years, he has worked on wide-ranging surface water and groundwater quantity and quality 


assignments at Wright Water Engineers, Inc., in Denver, where he is the Chief Executive 


Officer.   


 


He serves as co-principal investigator of the International Stormwater BMP Database 


(www.bmpdatabase.org), the world’s largest database for BMP performance, currently featuring 


performance studies of nearly 500 BMPs.  This database is co-sponsored by the U.S. EPA, 


Federal Highway Administration, Water Environment Research Foundation, Environmental 


Water Resources Institute and the American Public Works Association.  The Database team 


recently prepared for the U.S. EPA the Urban Stormwater BMP Monitoring Guidance Manual 


(accessible at www.bmpdatabase.org).   


 


Mr. Jones has been active with the American Society of Civil Engineers (ASCE) and the Water 


Environment Federation (WEF), having chaired a committee of over 100 engineers that prepared 


the 1992 reference Manual of Practice for the Design and Construction of Urban Stormwater 


Management Systems; served as a contributing author of the 1998 reference Manual of Practice 


on Urban Runoff Quality Management; and currently serving as one of five senior reviewers of 


the manual of practice Design of Urban Stormwater Controls for ASCE/EWRI.  Mr. Jones has 


played a major role in planning, organizing and co-chairing various national conferences 


regarding wet-weather issues and receiving water impacts, including the 2002 conference (and 


proceedings) entitled Linking Stormwater BMP Designs and Performance to Receiving Water 


Impact Mitigation, published by ASCE and co-sponsored by the U.S. EPA, among others, and 


Stormwater Runoff and Receiving Systems: Impacts Monitoring and Assessment (Edwin E. 


Herricks, Editor: Lewis Publishing, 1995).   


 


Mr. Jones has served as WWE’s principal-in-charge or project manager for the preparation of the 


comprehensive three-volume Denver Urban Storm Drainage Criteria Manual, published by the 


Urban Drainage and Flood Control District.  This three-volume set has been widely disseminated 


and is frequently cited in the literature.  He has worked on river water quality assessments, major 


drainageway master plans and/or drainage studies in wide-ranging locations including (as 


examples): Duwamish River, Washington; Los Angeles River and Callegus Creek, California; 


Arkansas River, Kansas; Antelope Creek and Beal Slough in Lincoln, Nebraska; Little Sac River 


and Wilson Creek in Springfield, Missouri; Wilson Creek, near Hot Springs, Arkansas; Fish 


Creek near Jackson, Wyoming; and numerous tributaries to the Colorado River in Colorado for 


multiple Colorado ski resorts. 


 


Mr. Jones serves on the Board of Directors of the Urban Watersheds Research Institute; he was 


appointed by the Governor of Colorado to serve on the Board of Directors of the Cherry Creek 


Basin Water Quality Authority, and previously was on the Board of Directors of the American 


Academy of Water Resources Engineers.  He has been a member of advisory committees for the 
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University of Virginia and Colorado State University Civil and Environmental Engineering 


Departments, and presently serves in this capacity at the University of Colorado–Boulder. 


 


He has assisted the USEPA by serving on various wet-weather-related committees and in 


reviews for EPA staff on specific draft publications and other activities, and was a college 


student intern for USEPA in Washington, D.C. (innovative and alternative wastewater treatment 


technologies) for three years.  In 2010, Mr. Jones was principal-in-charge of WWE’s work to 


assist the Cadmus Group and Geosyntec, Inc., on engineering issues related to EPA’s 


development of the new post-construction stormwater regulation. 


 


He regularly publishes, presents publicly, and testifies in administrative and judicial hearings.   


 
 
Jane Clary, Wright Water Engineers, Inc. 
 
Jane Clary is a Senior Water Resources Scientist with Wright Water Engineers in Denver, CO, 


where she has worked on diverse water resources projects for public and private entities for over 


18 years.  She serves as a Project Manager on the International Stormwater Best Management 


Practices (BMP) Database project, which she has been involved with for over 15 years.  In 2010, 


she co-authored the International Stormwater BMP Database Pollutant Category Summary on 


Nutrients, and in 2009 she managed and co-authored the Urban Stormwater BMP Performance 


Monitoring guidance manual.  She has contributed to multiple regional and municipal storm 


drainage criteria manuals in several states, particularly in the areas of regulatory issues, 


stormwater quality and BMP performance.  She has served as the lead author on several non-


point source BMP manuals in Colorado focused on golf courses, mountain driveways and the 


landscaping industry.  Several of these manuals were featured in the Colorado Nonpoint Source 


Program’s “Ten Years of Success” publication.  Jane has served as the Big Dry Creek Watershed 


Coordinator for 15 years for several municipalities and counties north of Denver, providing 


water quality analysis and technical assistance on a variety of watershed-related issues.   


Jane currently serves as the Co-chair of the Pathogens in Wet Weather Flows Technical 


Committee for the Urban Water Resources Research Council of the Environmental and Water 


Resources Institute and has provided technical support to the Colorado Water Quality Forum E. 


coli Work Group for several years.  Jane received the “2008 GreenCO Person of the Year” award 


for her work in landscape water conservation for the Green Industries of Colorado and publishes 


and speaks frequently on a variety of water resources-related issues.   


Jane’s educational background includes an M.S. in Environmental Science from the University 


of Colorado and a B.S. in Economics from Vanderbilt University, graduating Phi Beta Kappa.  


Jane also holds the U.S. Green Building Council’s LEED AP credential and is a Certified 


Professional in Erosion and Sediment Control (CPESC). 


 
 
  







 


Larry A. Roesner, Colorado State University 
 
Larry A. Roesner, Ph.D., P.E., D.WRE, has been Harold H. Short Professor of Civil Engineering 


Infrastructure Systems at Colorado State University in Fort Collins since 1999.  His research at 


CSU has focused on the development of sustainable urban water infrastructure systems, storm 


drainage design criteria to obtain geomorphic and ecologic stability in receiving water systems, 


and the physical effects of urban wet-weather discharges on aquatic habitat.  He has also tested 


Low Impact Development practices for the Fort Collins Stormwater Utility.   


Before Dr. Roesner came to CSU, he had a 30-year career in the private sector at Camp Dresser 


& McKee (1975 –1999), where held the positions of Associate, Technical Director, Senior 


Technical Advisor, Chief Technical Officer, and Senior Vice President, and Water Resources 


Engineers, Inc. (1968 – 1975), where he served as Principal Engineer.  Representative modeling 


experience includes development of a river–wetlands phosphorus transport model for a river 


tributary to Lake Okeechobee, Florida; modeling the impact of water treatment plants in Chicago 


on the Illinois River; preparation and delivery of stream water quality modeling (QUAL-II) 


workshops across the United States and development and application of QUAL-II stream water 


quality model for the U.S. EPA; and development of a mathematical model to simulate dissolved 


nitrogen gas concentrations in the Lower Columbia River.  Dr. Roesner played a major role in 


the development of the widely used water resource models SWMM and STORM.  His water 


quality experience includes and evaluation of the impact of wastewater treatment plant effluent 


discharges on water quality in the Rio Grande in Albuquerque, New Mexico, and a study of the 


pre-impoundment water quality for a proposed drinking water supply reservoir for the Rivanna 


Water and Sewer Authority in Charlottesville, Virginia. 


Dr. Roesner earned his Ph.D. in Environmental Engineering at the University of Washington, 


where as a graduate research assistant, he compiled and analyzed water quality data for the 


assessment of inland waters.  He received his master’s degree in hydrology from Colorado State 


University and his bachelor’s degree in civil engineering from Valparaiso University.  He is a 


member of the National Academy of Engineering. 
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Response to Call for Scientific Information  


Related to Oklahoma Scenic Rivers Phosphorus Standard Review 


Prepared by Wright Water Engineers for the Northwest Arkansas Council 


July 29, 2011 


Finding 1.  Total phosphorus concentrations in runoff from both developed and 
undeveloped areas routinely exceed 0.037 mg/L.  


Scientific monitoring data from multiple sources (listed below and attached) indicate that the 
median and average total phosphorus concentrations in runoff from multiple land use categories, 
including both developed and undeveloped areas, routinely exceed 0.037 mg/L.  Depending on 
the land use and the data source, concentrations are commonly reported to be an order of 
magnitude higher than the 0.037 mg/L standard.   


This finding is relevant to whether a 0.037 mg/L total phosphorus standard is attainable, given 
the practical reality that it is not physically or economically feasible to treat all runoff in an 
inhabited watershed.  Findings 2 and 3 closely relate to this finding in terms of effluent 
concentrations potentially achievable when runoff best management practices (BMPs) are 
implemented.   


(Note:  The authors recognize that the 0.037 mg/L total phosphorus standard applies within 
designated Scenic Rivers.  It does not apply at “edge of field” or in the small streams that 
comprise the tributary networks for the Scenic Rivers.  However, expected concentrations of 
phosphorus in runoff collected from lands during storm events are important considerations in 
evaluating the reasonableness and attainability of 0.037 mg/L, given that phosphorus 
concentrations in runoff influence phosphorus concentrations in rivers, including those with the 
Scenic River designation.) 


Supporting Information1


Representative information and data supporting this finding include: 


 


1. The U.S. Environmental Protection Agency (EPA) completed the National Urban Runoff 
Program (NURP) in 1983, which showed median phosphorus concentrations in urban 
runoff ranging from 0.37-0.47 mg/L, which is an order of magnitude higher than the 
0.037 mg/L standard.  In Protocol for Developing Nutrient TMDLs (EPA 1999), EPA 
identified phosphorus concentrations in urban runoff ranging from 0.2 to 1.7 mg/L (from 
Novotny and Olem 1994*).  Other more recent estimates of median total phosphorus for 
urban areas include:  0.26 mg/L (from Smullen and Cave 1999*), 0.29 to 0.78 mg/L 
depending on the climate region (from CWP 2004*), 0.27 mg/L (Pitt and Maestre 2005 in 


                                                 
1 In some cases, runoff data summaries have been compiled based on research conducted by others.  Where 
secondary citations of these sources are indentified, an asterisk (*) has been provided. 
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National Stormwater Quality Database), and 0.22 mg/L for untreated runoff in the 
International Stormwater BMP Database (accessed July 2011, www.bmpdatabase.org).  
Furthermore, out of over 3,650 untreated runoff records in the International Stormwater 
BMP Database, less than 5 percent of individual event samples are below 0.037 mg/L of 
total phosphorus.   


2. Many of the historic and recent urban runoff characterization studies further divide 
overall urban runoff estimates into land uses such as residential, commercial, industrial 
and open space, as shown in Attachment 1.  Of particular interest are concentrations of 
runoff from undeveloped and open space areas, which are also several times (or more) 
greater than the 0.037 mg/L standard.  Representative examples include:  0.12 for open 
space (NURP 1983*); 0.11 mg/L for forest, 0.13 mg/L for grass and 0.13 mg/L for 
pasture (Horner 1992*); 0.06 mg/L for open space (NSQD, Version 3, 2008); 0.42-0.56 
mg/L for landscaped areas and 0.40-0.68 mg/L for undeveloped areas (Pitt et al. 2004a 
[“older data”]); 0.08 mg/L for undeveloped areas (Pitt et al. 2004b [“recent data”]), and 
0.40 mg/L for grasslands (WWE et al. 2005*).  Lawson and Heilman (1983) monitored 
runoff from four forested watershed areas in the Alum Creek Watershed in the Ouachita- 
Mountains from 1977-1981 and documented average phosphorus concentrations of 0.07 
and 0.09 mg/L in relatively undisturbed watersheds, and 0.12 and 0.14 mg/L in areas that 
had undergone various forestry-related alterations.    


3. For an example of runoff quality in Oklahoma, the City of Tulsa 2010 NPDES Permit 
Annual Report provides an annual summary of urban runoff water quality for the City for 
over 15 years (1994-2010).  Median total phosphorus runoff event mean concentrations 
(EMCs) range from 0.15 to 0.47 mg/L and are accompanied by a statement that “no 
significant degradation of water quality has occurred during this reporting period” (City 
of Tulsa 2010).  The median value for 2009-2010 was 0.30 mg/L, nearly an order of 
magnitude above the 0.037 mg/L standard.   


4. For an example in Arkansas, the Pulaski County Site Evaluation Tool User’s Guide and 
Documentation (prepared by Tetra Tech for Pulaski County, 2010), provides total 
phosphorus runoff estimates for various land uses under high and low slope conditions 
for protected and unprotected forest, grassland and lawn, as well as for surfaces such as 
bare earth, gravel, pavement, and rooftops.  Out of all of these categories, only runoff 
from low-slope, protected forest would be expected to meet a 0.037 mg/L criterion, with 
an estimated value of 0.032 mg/L.   


5. The range of total phosphorus values provided in #1-4 above is based on “end of pipe” 
and “edge of field” samples, rather than instream data.  Although there are instream 
attenuation factors which reduce source runoff concentrations relative to the instream 
concentrations, the extent of attenuation will vary based on a variety of factors and may 
not provide the reductions necessary to meet a 0.037 mg/L instream total phosphorus 
standard, given that runoff concentrations are usually several times to one or more orders 
of magnitude higher than the 0.037 mg/L standard.  Examples of such attenuation factors 
include dilution, biological transformations, instream deposition of settleable solids, 
pollutant removal in vegetated buffers, which separate sources from receiving waters, and 
others.   



http://www.bmpdatabase.org/�
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6. Phosphorus associated with fine-grained particulate matter also exists in the atmosphere.  
This sorbed phosphorus can enter natural waters by both dry fallout and rainfall.  (EPA 
1999).  Some references indicate that rainfall can have total phosphorus concentrations 
that exceed 0.037 mg/L, while others suggest rainfall concentrations less than 0.037 
mg/L.  For example, Pitt et al. (2004a) summarize research that shows 0.24 mg/L of 
orthophosphate as P in the urban Midwest and 0.8 mg/L total phosphate in Tennessee.  
By contrast, EPA (1999) provides a wet deposition value of 0.015 mg/L, based on work 
by Novotny and Olem (1994*). 


7. Phosphorus in runoff associated with agricultural lands varies based on site-specific 
conditions, but would also be expected to exceed 0.037 mg/L, even under ideal 
implementation of agricultural BMPs.   


Conclusions 


Urban runoff quality data from many sources show that a standard of 0.037 mg/L of total 
phosphorus in developed areas such as the Illinois River watershed is likely not consistently 
attainable unless:  1) the watershed is reforested to conditions prior to human settlement, or 2) 
runoff from the watershed can be treated to meet the 0.037 mg/L standard, or 3) a combination of 
1) and 2).  Neither of these scenarios is physically or economically realistic for a watershed of 
this size that has been modified by humans for over 150 years.  Furthermore, as discussed in 
Findings 2 and 3 of this data submittal, commonly used stormwater best management practices 
(BMPs) can rarely meet a standard this low, which poses significant regulatory, legal and 
economic implications for non-attainment of stream standards, as discussed in Finding 2.    
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2 References are listed in alphabetical order; however, the order of excerpts provided in Attachment 1 is generally in 
order of importance relative to this finding.  Some references are reported in the preceding summary, whereas other 
references are only provided in Attachment 1. 
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Finding 2.  Some types of properly designed, constructed and maintained urban 
stormwater BMPs can provide significant reductions in total phosphorus concentrations; 
however, treated runoff effluent concentrations routinely exceed 0.037 mg/L, with most 
effluent concentrations being several times greater than the instream standard.   


For decades, it has been widely recognized that properly designed, constructed and maintained 
urban stormwater BMPs can be effective at removing pollutants from stormwater runoff and can 
provide significant water quality and other benefits.  Furthermore, BMPs are the focal point of 
federal, state and local stormwater quality regulations.  However, scientific monitoring data 
demonstrate that the median total phosphorus concentrations achieved in runoff treated by a wide 
range of urban stormwater BMP types exceed 0.037 mg/L, regardless of the BMP type.  This 
finding is based on monitoring from hundreds of BMPs contained in the International 
Stormwater BMP Database, as explained further below.  Other BMP performance databases and 
technical papers, manuals, books, etc., also support this finding.  Additionally, national 
researchers generally agree that there is an “irreducible concentration” beyond which urban 
stormwater BMPs would not be expected to remove pollutants.  Estimates for irreducible 
concentrations vary based on BMP type, but are typically more than twice the 0.037 mg/L 
standard, even for BMP categories that perform very well for total phosphorus reduction.   


To consistently meet a 0.037 mg/L limit for urban runoff discharges, it would be necessary to 
construct advanced treatment systems.  An example of such a system would be large stormwater 
storage facilities (to attenuate the large peak flows common in urban settings to suitable levels 
for treatment), followed by chemical addition for coagulation/sedimentation, and then followed 
by sand filtration.  This would go far beyond the realm of state-of-the-practice stormwater 
treatment technology and entail enormous planning/design/construction/operation and 
maintenance costs.  This is highly significant to the discussion at hand, given that 13 percent3


Data relied upon to support this finding are provided in Attachment 2 and in the remainder of 
this summary, which covers the following topics: 


 of 
the Illinois River Watershed is associated with urban land uses.   


• Expected concentrations of total phosphorus in treated effluent from urban stormwater 
BMPs 


• Volume-related considerations for phosphorus load reductions  


• Irreducible concentrations of total phosphorus in treated effluent from urban stormwater 
BMPs 


• Recommended design storms for urban stormwater quality BMPs and relation to 
attainment of the 0.037 mg/L phosphorus standard 


• Costs of watershed-scale BMP implementation 


                                                 
3 Source for 13% urban land use estimate: Massey and Haggard 2010.   
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Expected Concentrations of Total Phosphorus in Treated Effluent from Urban Stormwater 
BMPs 


The International Stormwater BMP Database (accessed July 2011, www.bmpdatabase.org), is 
the world’s largest single repository of urban stormwater BMP performance data, containing data 
for over 470 BMPs.  The project represents over 15 years of effort to compile and 
comprehensively analyze research conducted from the mid 1980s to the present for multiple 
BMP types.  The U.S. Environmental Protection Agency funded the project for many years, and 
since 2004 a broader coalition of partners has supported the project, including the Water 
Environment Research Foundation, Environmental and Water Resources Institute of the 
American Society of Civil Engineers, Federal Highway Administration, U.S. Environmental 
Protection Agency and American Public Works Association.  Wright Water Engineers and 
Geosyntec Consultants manage and maintain the project for WERF, with deliverables reviewed 
by the WERF Project Subcommittee and Steering Committee.4


www.bmpdatabase.org
  The underlying database 


( ) may be downloaded and used for independent analysis.   


In December 2010, a comprehensive analysis of BMP performance regarding nutrients was 
prepared by Geosyntec Consultants and Wright Water Engineers (2010) for the International 
Stormwater BMP Database Project.  Tabular and graphical statistical summaries of influent and 
effluent concentrations for total phosphorus for various BMP types were developed as shown in 
Attachment 2.  Table 2-1 summarizes key non-parametric descriptive statistics for total 
phosphorus concentrations for influent and effluent for each BMP type, based on this analysis.  
As shown in Attachment 2 and the Table  2-1, manufactured devices, media filters, retention 
ponds, wetland basins, and wetland channels all show statistically significant reductions in 
median total phosphorus concentrations.  Detention basins also appear capable of reducing total 
phosphorus, although the median effluent concentrations are not as low as some other BMP 
types (e.g., retention ponds).  Bioswales, bioretention, filter strips and porous pavement do not 
show statistically significant reductions in total phosphorus concentrations.   Median effluent 
concentrations for the BMP categories range from 0.08 mg/L (wetland basins) to 0.21 mg/L for 
dry detention basins and filter strips.  (Note that the influent to wetland basins is already on the 
low-end of typical urban runoff, with median concentrations of 0.12 mg/L.)  From a compliance 
standpoint, it is necessary to consider values beyond the calculated medians, so the 75th 
percentile values included in Table 2-1 are also important, and these range from 0.14 to 0.36 
mg/L.  Based on these data, it is clear that several BMP categories are effective at reducing total 
phosphorus; however, none of these categories would be able to routinely meet a 0.037 mg/L 
total phosphorus limit. 


  


                                                 
4 WERF’s peer review process includes a Project Steering Committee and a Project Subcommittee.  A list of 
individuals on these committees can be obtained from the project website:  
http://www.bmpdatabase.org/Contacts.htm    



http://www.bmpdatabase.org/�

http://www.bmpdatabase.org/�

http://www.bmpdatabase.org/Contacts.htm�
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Table 2-1.  Category-level BMP Performance for Total Phosphorus 
(Analysis based on December 2010 Release of BMP Database, as presented in Geosyntec and 


Wright Water Engineers 2010) 


Note:  Green highlight indicates statistically significant reduction in total phosphorus.  Red 
indicates a statistically significant increase in total phosphorus, normal font indicates no 
statistically significant difference. 


Figure 2-1. Influent/Effluent Summary Statistics for Total Phosphorus  
(Source:  International Stormwater BMP Database, in Geosyntec and WWE 2010)   


Note:  Red line identifies 0.037 mg/L benchmark for comparison.   
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Since release of the Geosyntec and WWE (2010) data analysis, over 90 BMP studies were added 
to the International Stormwater BMP Database as part of the ongoing data acquisition efforts for 
the database.  WWE has provided a summary of the expanded overall effluent quality data set in 
Table 2-2 and Figure 2-2 to assess the likelihood of BMPs achieving effluent quality that would 
meet 0.037 mg/L.  This summary, which includes data for multiple BMP types, shows an overall 
treated effluent median total phosphorus concentration of 0.14 mg/L.  A cumulative frequency 
distribution shows that 0.037 mg/L would be achievable in effluent concentrations for individual 
storm events less than 10 percent of the time.  Furthermore, in those cases where a median 
effluent concentration of ≤0.037 was achieved for an individual storm event, there are two 
important caveats that must be considered: 1) a portion of these samples had phosphorus 
concentrations in the influent that were less than 0.037 (so no treatment was necessary to meet 
the standard), and 2) in some cases, the effluent concentrations are “artificially” lowered due to 
the use of one-half of the detection limit for statistical calculations to represent non-detected 
values (e.g., a value reported as less than the detection limit of 0.06 mg/L would be represented 
as 0.03 mg/L for analysis purposes).  Additionally, from a compliance perspective, these data 
show that a limit of 0.037 mg/L would be expected to be exceeded at least 90 percent of the time, 
which is a serious concern with regard to the allowable exceedance frequency associated with the 
0.037 mg/L total phosphorus stream standard.   


Table 2-2.  Summary of Overall BMP Total Phosphorus Data  
in International BMP Database(accessed July 2011) 


(all values in mg/L) 


Descriptive Statistic 
Inflow 
(Untreated) 


Outflow 
(Treated) 


Mean 0.36 0.27 
Median 0.22 0.14 
Standard Deviation 0.47 0.64 
Minimum 0.002 0.001  
Maximum 8.44 23.10 
Count 3651 3661 
Notes:   
Values below detection limits were replaced with ½ of the detection limit.   
Two elevated outliers were removed from the inflow data set.   
The maximum value for the outflow data and highest values result from a 
bioretention cell with high P in the infiltration media. 
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In addition to the broad-scale analysis described above, to provide a sense of the kind of detailed 
analysis that is available from the BMP Database website on-line search tool, WWE has attached 
an example data summary sheet from the BMP Database for a pond-wetland system of BMPs 
that provided good phosphorus removal.  Other examples can be retrieved from the BMP 
Database (www.bmpdatabase.org).  Review of individual BMP studies shows that in some cases, 
studies with very low phosphorus concentrations in the treated effluent did not show statistically 
significant removal due to source areas with already very low phosphorus in the inflow to the 
BMP.  Conversely, several examples that removed large fractions of the total phosphorus from 
the inflow (e.g., 50-90%), typically did not remove phosphorus to the 0.037 mg/L level, as 
shown in the attached example.  There were only a few examples out of over 250 BMPs (less 
than 1 percent) with total phosphorus data that achieved both statistically significant reductions 
and effluent phosphorus concentrations in the vicinity of 0.037 mg/L.  It is important to note that 
a variety of BMPs are capable of removing significant amounts of total phosphorus from urban 
runoff, just not to the extremely low level of 0.037 mg/L.  Practices that tend to be most effective 
for phosphorus removal include BMPs in series (“composite BMPs”), some media filters, some 
retention ponds and wetland basins, and manufactured devices that incorporate filtration unit 
treatment processes.   


Although the International Stormwater BMP Database is the most comprehensive up-to-date 
national database that incorporates findings from several regional monitoring programs, other 
regional and national databases show similar results.  One notable example is the Center for 
Watershed Protection’s National Pollutant Removal Database for Stormwater Treatment 
Practices (Winer 2000, http://www.cwp.org/).  Examples of regional efforts include work by the 
California Department of Transportation, the Florida Department of Environmental Protection, 
Harris County Flood Control District in Texas, the Denver Urban Drainage and Flood Control 
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District, and the City of Austin, TX.  (Data from these regional efforts are already included in the 
International Stormwater BMP Database.)  


In addition to evaluating data collected by others, WWE has direct experience with urban 
stormwater BMP monitoring and has co-authored a guidance manual for EPA titled Urban 
Stormwater BMP Performance Monitoring (Geosyntec and WWE 2009).  WWE has attached a 
few examples of BMPs that we have been directly involved with monitoring that show good 
phosphorus removal, but, once again, not to 0.037 mg/L levels:  


• The Grant Ranch pond-wetland system is located upstream of Bow-Mar Lake in 
Littleton, CO, where the upstream development is required to monitor BMP performance 
and meet numeric effluent limits (Jones et al. 2004).  The system was conservatively 
designed with three extended dry ponds feeding into a wetland/retention pond.  This 
BMP system reduced both baseflow and stormflow concentrations from approximately 
0.3 to 0.4 mg/L total phosphorus (influent) down to concentrations of 0.14 and 0.12 to 
mg/L, respectively.  (Although the attached paper provides published findings from the 
first several years of monitoring, it is noteworthy that the system has been monitored for 
over ten years, including four wet-weather and four dry-weather events each year.)   


• Pond L-3 and Pond W-6/W-7 in Arapahoe County, CO were designed by and have been 
monitored by WWE (WWE 2009a&b).  These stormwater ponds are located upstream of 
the Cherry Creek Reservoir, which is Colorado’s most frequently visited state park (over 
1 million visitors annually) and the reservoir provides swimming, fishing, boating and 
other activities.  These ponds are monitored because they have received “trade credits” 
for phosphorus load reductions.  During 2008, Pond L-3 reduced median phosphorus 
concentrations from 0.141 to 0.105 mg/L and removed an estimated 112 pounds of total 
phosphorus from discharges to Cherry Creek Reservoir.  Pond W-6/W-7 reduced median 
total phosphorus concentrations from 0.308 mg/L to 0.221 mg/L, removing an estimated 
54 pounds of phosphorus from discharging to the reservoir.  (Note that WWE has 
considerable experience with phosphorus “trading” in the Cherry Creek Reservoir and 
Dillon Reservoir watershed in Colorado.) 


Irreducible Concentrations of Total Phosphorus in BMP-Treated Effluent 


In addition to median performance for urban stormwater BMPs, an important related concept is 
the lowest concentration expected to be achievable, also known as the “irreducible 
concentration.”  Schueler and Holland (2000) suggested an irreducible concentration of 0.15-
0.20 mg/L of total phosphorus for stormwater practices, based on work conducted in the mid-
1990s.   


A more recent analysis related to protection of Lake Maumelle by Tetra Tech for Pulaski 
County, Arkansas in 2010 provides a range of expected irreducible concentrations for modeling 
purposes for various BMP types, as summarized in Table 2-3, which has been extracted from the 
Pulaski County Site Evaluation Tool User’s Guide and Documentation (prepared by Tetra Tech 
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for Pulaski County, 2010).5


Table 2-3. Pulaski County Irreducible Concentrations for BMP Performance 


  Table 2-3 summarizes the irreducible concentrations recommended 
by Tetra Tech, with lower limit effluent concentrations ranging from 0.071 to 0.233 mg/L total 
phosphorus for treated discharges from stormwater BMPs.   


(Source:  Pulaski County 2010, Prepared by Tetra Tech) 


 


Volume-related Considerations for Phosphorus Load Reductions in Urban Stormwater 
BMPs 


The findings in this summary focus on concentrations, as opposed to loads.  In terms of surface 
load reductions, surface runoff volume reductions would also be considered in addition to 
concentration reductions (volume x concentration = load).  However, infiltration does not 
necessarily eliminate pollutant loading to streams and is not feasible or appropriate under all 
circumstances.  For example, even though infiltration reduces the surface runoff volume, 
infiltrated flows may still reach streams through interflow and groundwater inflow, particularly 
in areas of karst topography.  Similarly, surface runoff will still occur during larger storm events 
once the soil has become saturated. 


                                                 
5 Note:  WWE provided review and comment on this effort and recommended slightly lower irreducible 
concentrations for total phosphorus than those ultimately adopted by Tetra Tech and Pulaski County for use in the 
model.   







Response to Call for Scientific Information Related to Oklahoma Scenic Rivers Phosphorus Standard Review 
 


111-056.000 Wright Water Engineers, Inc. Page 13 
July 2011 


Recommended Design Storms for Urban Stormwater BMPs and Effect on Standard 
Attainment 


When analyzing BMP performance data, it is important to recognize that BMPs are normally 
designed for relatively small, frequently occurring events (often less than the 1-year storm). This 
practice is consistent with the recommendations of many federal, state and local governmental 
entities that address stormwater management, along with such engineering professional societies 
as the American Society of Civil Engineers (ASCE), Water Environment Federation (WEF), 
American Public Works Association (APWA) and National Association of Flood and 
Stormwater Management Agencies (NAFSMA).  Designing for larger storms has been found by 
many researchers to be inefficient and non-cost-effective (see, for example, attached text from 
the 1998 ASCE/WEF Manual of Practice Urban Stormwater Quality Management regarding the 
concept of optimized “water quality capture volume”).  Since recommended engineering practice 
is to design urban stormwater BMPs that will have their design flow exceeded  more than once 
each year on average, this has obvious implications for the frequency of non-compliance of a 
stream standard of 0.037 mg/L. 


Urban Stormwater BMP Costs    


The cost of implementing stormwater BMPs that provide significant phosphorus removal 
throughout a watershed of this size would be enormous.  For a general frame of reference, WWE 
provides two examples for the costs of individual BMPs. (Note:  A detailed cost analysis was 
beyond the scope of materials requested in the OWRB call for submissions, so the following 
should be viewed as conceptual, planning-level projections.  WWE has additional BMP cost 
references, which can be provided if needed).   


Example 1.  Estimated Capital Costs to Treat a One-Square-Mile Residential Area Using 
Bioretention. 


The amount of water quality capture volume (WQCV) that would need to be treated from a one-
square-mile area urban area with 40% imperviousness and a 24-hour drain time was calculated 
using the City of Rogers, Arkansas Urban Storm Drainage BMP Design-Aid Workbook from the 
City of Rogers Drainage Criteria Manual (Draft, December 2009) to be approximately 13.6 
acre-feet (AF), or about 4.4 million gallons.  The Water Environment Research Foundation 
(WERF 2009b) “BMP and LID Whole Life Cost Model” was used to approximate costs for new 
construction of curb-contained bioretention, which would be a typical urban retrofit practice.  
Using the base cost of $42,254 per acre of effective drainage area (without underdrain) for curb-
contained bioretention, 25% engineering and planning costs, the total facility capital cost would 
be approximately $13,500,000 with ongoing maintenance costs.  Again, even with expenditures 
of this magnitude, effluent concentrations would normally exceed 0.037 mg/L for total 
phosphorus. 
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Example 2.  Estimated Capital Costs to Treat a One-Square-Mile-Residential Area Using a Sand 
Filter Basin. 


Given the same site characteristics in Example 1, but a less-expensive BMP cost from the WERF 
whole-life cost model, the BMP-REALCOST spreadsheet tool (Olson et al. 2010) was used to 
approximate costs for a sand filter basin.  Using the default cost parameters provided in the 
model (base cost of $45,000 per 10,000 cubic feet of media), the total capital cost to treat 13.6 
AF of WQCV from one square mile is approximately $3,400,000, including 25% for engineering 
and planning, plus ongoing maintenance costs.  Even with expenditures of this magnitude, 
effluent concentrations would normally exceed 0.037 mg/L for total phosphorus. 


Given the data in Examples 1 and 2 using the WERF cost model, the capital cost (not including 
operation, maintenance and replacement) of urban stormwater BMPs would range from $3.4 
million (sand filter basin without chemical addition) to $13.5 million (bioretention) per square 
mile.  Massey and Haggard (2010) have stated that 13% of the Illinois River watershed in 
Arkansas is “urban,” which translates into roughly 78 square miles.  Thus, based on conceptual 
application of the WERF cost model, the total capital cost of constructing urban stormwater 
BMPs in Arkansas would range from $265 million to $1.05 billion.  Operation, maintenance and 
replacement costs would add millions of dollars annually to this range.  These cost projections 
are expected to underestimate actual costs because many of the BMPs would need to be 
constructed in areas that are already developed, which typically drives up costs due to utilities, 
existing storm drainage, infrastructure, traffic movement, homeowner and business disruptions, 
etc.  Another major constraint with retrofitting existing developments is the question of “who 
pays.”  In addition, to increase the effectiveness of phosphorus removal, the BMPs would need to 
be supplemented with equalization storage and chemical addition/mixing prior to discharge into 
bioretention, sand filter or other media filter BMPs.  These additions would substantially 
increase both capital and operation/maintenance costs. 


Some communities are moving towards capture and re-use of both runoff and wastewater 
effluent as a more cost-effective means of managing pollutant loads.  Whether applied in the 
wastewater or stormwater context, this would be expected to have the effect of reducing flows in 
the Illinois River, which is likely not desirable in terms of beneficial recreational uses such as 
canoeing. 


Conclusion and Implications  


To evaluate the feasibility of meeting a 0.037 total phosphorus standard with conventional urban 
stormwater treatment technologies, WWE (1) reviewed the national literature; (2) relied on our 
experiences with BMP design in various projects around the United States and (3) corresponded 
recognized experts in the field as a check on our findings.  On the basis of these three 
independent means of analyzing the potential feasibility of meeting a 0.037 mg/L total 
phosphorus limit, WWE has determined that it would not be feasible with conventional urban 
stormwater treatment technologies to meet the 0.037 mg/L standard, even when considering 
BMPs in series, “green infrastructure practices,” and filtration practices.  Furthermore, load 
reductions potentially achieved by infiltration practices may not be desirable in certain karst 
topography areas.  To consistently meet a 0.037 mg/L limit for urban runoff discharges, it would 
be necessary to construct advanced treatment systems.  For example, this could require large 
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stormwater storage facilities (to attenuate the large peak flows common in urban settings to 
suitable levels for treatment), followed by chemical addition for coagulation/sedimentation and 
then sand filtration.  This would go far beyond the realm of state-of-the-practice stormwater 
treatment technology and entail enormous planning/design/construction/operation and 
maintenance costs.  Even without going to these lengths, implementation of conventional BMPs 
such as bioretention and sand filters would cost an estimated $265 million to $ 1.05 billion in the 
existing urban area in Arkansas in the Illinois River watershed, much of which would require 
retrofits.  As previously discussed, there are serious technical and non-technical constraints to 
widespread BMP retrofitting, with the leading issue being “who pays.”  Despite this investment, 
effluent phosphorus concentrations would still be expected to exceed the standard. 


Although we do not believe that “end-of-pipe” or “edge-of-field” numeric phosphorus limits at 
the stream standard of 0.037 mg/L are practically attainable, the Total Maximum Daily Load 
(TMDL) process for impaired waters “opens the door” to inclusion of numeric effluent limits in 
municipal stormwater permits.  Given the likelihood that phosphorus TMDLs associated with an 
“impaired” stream designation would “work backward” into Oklahoma and Arkansas municipal 
stormwater permits in some manner in the future, permanent adoption of a stream standard for 
total phosphorus that is generally unattainable under wet weather (runoff) conditions poses 
serious long-term potential compliance issues for landowners and local governments in both 
Arkansas and Oklahoma.  Although the current regulatory focus for the Oklahoma Scenic Rivers 
phosphorus standard review is the instream standard, the review must consider the 
implementation-phase realities that such a standard would pose under the TMDL program. 


Finally, given the virtually certain probability of stream standard exceedances during wet 
weather conditions based on Findings 1 and 2 coupled with review of historic water quality data, 
the current formulation of the standard in terms of magnitude, duration and frequency is not 
consistently attainable, even after accounting for instream attenuation effects.  Review of water 
quality data for the Illinois River at the state line (Massey and Haggard 2010) indicates that the 
stream sometimes meets the standard under certain types of low flow conditions; however, under 
wet-weather conditions, when flows increase and total suspended solids (TSS) levels 
correspondingly increase, the river does not meet the total phosphorus standard.  Overall, the 
concentrations of phosphorus observed in the Illinois River exhibit a high degree of variability, 
particularly on a seasonal basis and under various flow conditions.  Given this variability, careful 
consideration should be given to the formulation of the standard in terms of magnitude, duration 
and frequency if the standard is to be realistic and attainable.  Setting aside concerns about the 
magnitude component of the standard, the frequency and duration aspects of the standard need to 
be reevaluated to provide for a frequency of allowable exceedances and an averaging period 
(duration) that reasonably corresponds to seasonal variations and other variable factors.   
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Finding 3.  In addition to the traditional urban BMPs discussed in Finding 2, there are 
other BMP applications that are relevant to the feasibility of attaining a 0.037 mg/L total 
phosphorus stream standard.  Examples include construction sites, permeable turfgrass 
areas, stream channels and corridors, and agricultural areas.  While BMPs applied in these 
settings provide many benefits and are widely used nationally, these practices are unlikely 
to result in consistent attainment of a 0.037 mg/L standard.  Furthermore, BMPs such as 
channel stabilization or sediment removal projects to control instream sources of 
phosphorus have practical and economic limitations at a watershed scale.   


Analysis of BMP performance data for land use/site conditions such as construction sites, 
turfgrass areas (e.g., golf courses, residential lawns, parks, open space) and others indicates that 
it is not feasible with conventional practices to consistently meet a total phosphorus standard of 
0.037 mg/L.  In addition, the limited technical literature for such practices as riparian buffer zone 
preservation/enhancement and stream bank stabilization does not demonstrate that the 0.037 
mg/L total phosphorus limit would be consistently attainable, despite the many benefits of these 
practices.  Additionally, phosphorus already present in streambed sediments represents an 
ongoing “legacy” source of phosphorus that is impractical to eliminate or remove, but which can 
result in increased instream phosphorus concentrations as chemical equilibrium in the stream 
adjusts over time and when higher flow conditions resuspend deposited sediments. 


Supporting information for this finding is provided below, along with information provided in 
Attachment 3.   


Supporting Information 


1. Construction Sites 


Portions of Northwest Arkansas in the Illinois River watershed continue to experience 
development and population growth; therefore, the expected quality of effluent from 
construction-phase BMPs is relevant to attainment of instream standards.  In most cases, 
construction site runoff monitoring, if conducted, focuses on sediment-related constituents (e.g., 
turbidity, TSS), with nutrient-related data being less frequently reported.  Nonetheless, California 
Department of Transportation (Caltrans) conducted monitoring of 15 highway construction sites 
in California that included various construction BMPs (Kayhanian et al. 2001).  The mean total 
phosphorus concentration in runoff from the sites was 0.95 mg/L.  Although phosphorus 
concentrations in runoff in disturbed soils areas will be affected by site-specific conditions, this 
study provides a general reference for the concentrations of phosphorus that would be expected 
from construction sites with BMPs in place.   


Additionally, although presented in the context of agricultural BMPs, work completed by 
Sharpley et al. (2010, 2011) regarding the Arkansas Phosphorus Index can also be extrapolated 
for use as a quantitative estimate for disturbed soils at construction sites and the expected 
effectiveness of site stabilization practices such as filter strips, runoff diversions, sediment 
ponds, revegetation, terracing, etc.   
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2. Turfgrass Areas  


For highly manicured lawn areas such as golf courses, parks, school campuses, some residential 
lawns, cemeteries, etc., total phosphorus concentrations in runoff vary depending on turf 
management practices, but are consistently greater than 0.037 mg/L.  A study by Rosen et al. 
(2004), found that sites with no fertilizer added had average flow-weighted total phosphorus 
concentrations of 0.95 to 2.23 mg/L.  Sites with no phosphorus in the fertilizer had average 
concentrations of 0.75 to 1.67 mg/L.  Data were also provided for fertilizers with high 
phosphorus content, which had average concentrations of 1.65 to 4.98 mg/L total phosphorus.  
This study showed that fertilizer management BMPs with no or low phosphorus can effectively 
reduce total phosphorus in runoff from golf courses; however, the effluent concentrations 
suggested remain much higher than a 0.037 mg/L limit.  Use of no fertilizer actually had higher 
phosphorus in the runoff, presumably due to soil loss from areas of poor turf quality.  It is 
important to recognize that fertilizer properly applied to the turf (or other ground cover) can 
actually be beneficial for instream phosphorus concentrations.  This is because sites with good 
ground cover produce less sediment (from soil erosion) than those with poor cover, as 
documented extensively on the websites of the Natural Resources Conservation Service (NRCS) 
(e.g., see various Conservation Effects Assessment Projects at 
http://www.nrcs.usda.gov/technical/nri/ceap/index.html), the International Erosion Control 
Association (IECA) (http://www.ieca.org/), EPA 
(http://water.epa.gov/polwaste/nps/agriculture/agmm_index.cfm; 
http://cfpub.epa.gov/npdes/stormwater/menuofbmps/index.cfm?action=min_measure&min_meas
ure_id=4) and references such as Dunne and Leopold (1978). 


Soldat et al. (2008) summarize many studies quantifying phosphorus loss from turfgrass systems, 
showing significant variability, with the vast majority of phosphorus concentrations being one to 
two orders of magnitude higher than the 0.037 mg/L limit.  Table 3-1, extracted directly from 
Soldat et al. (2008), provides examples of these findings. 


Kussow (2004) conducted turfgrass research and found that simply eliminating phosphorus in 
lawn fertilizers will not guarantee less phosphorus in runoff.  A Wisconsin study found that a 
major portion of phosphorus may also originate from the turfgrass itself and that properly 
maintained lawns have lower phosphorus losses than poorly maintained lawns.  Reported 
phosphorus values ranged from 0.71 to 2.04 mg/L.  
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Table 3-1.  Summary of Runoff Losses from Turfgrass Systems 
(Source:  Soldat et al. 2008) 
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3.  Riparian Buffers 


Riparian buffers are well-accepted as a water quality protection BMP based on research in 
numerous literature sources, including research at the University of Arkansas as well as the day-
to-day experiences of numerous local governments and property owners.  The practice of 
providing wide, vegetated setbacks from water bodies provides diverse benefits in addition to 
water quality enhancement, including aquatic life protection, promoting channel stability, 
attenuating flood flows and removing sediment from overflows, water temperature moderation, 
nutrient cycling, and others.    


Despite the many benefits provided by riparian buffers, runoff at a 0.037 mg/L total phosphorus 
concentration is not routinely attainable.  This conclusion is based on review of buffer zone 
research studies, along with review of BMP performance data from the data sources noted in 
Finding 2 regarding filter strips and vegetated swales, which are analogous to stream setbacks.   


Costs for streamside buffers can range from nominal (in new developments where development 
in the 100-year floodplain is not permitted due to local ordinances) to large (retrofitting buffer 


Table 3-1 Continued 
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zones into urbanized areas).  While implementing streamside buffers in undeveloped or newly 
developing areas is technically and economically feasible in many areas, implementing this 
practice after development on a widespread basis would have substantial costs, including those 
associated with legal and institutional constraints related to private land ownership.  Again, the 
central question is “who pays.” 


4.  Streambank Stabilization 


Streambank stabilization has been successfully completed in many areas, often with a side-
benefit of reducing phosphorus loads to streams.  The practice is gaining in popularity for many 
reasons, and such projects are favorably viewed by the public.  Metrics associated with these 
studies are often load-based (kg/yr of P) reduced, making comparison to a concentration value 
(0.037 mg/L) more complicated.   


Two examples with streambank stabilization data are attached, including work in the Ozarks 
(Dove et al. 2009) and in Northwest Arkansas (WCRC 2011).  Both sources provide 
representative costs per pound of phosphorus removed.  These projects were both highly 
effective and involved substantial financial commitments.  For example, WCRC (2011) 
summarizes two projects that are projected to reduce total phosphorus from channel bank erosion 
in the relevant reaches by approximately 95% (calculated value, not based on field 
measurements).  For these projects, costs were $636 to $3,864 per pound of phosphorus 
removed. 


Based on work in Nebraska, Kansas and Missouri, Dove et al. (2009) estimate stream restoration 
costs at $188/lb of phosphorus removed and $278/lb of phosphorus removed by 100-foot-wide 
stream buffers.   


On all but very small tributaries in areas with limited runoff, channel stabilization alone could 
not enable consistent attainment of the 0.037 mg/L standard.  First, as discussed in Finding 1, 
unless the watershed is undisturbed forest, flows upstream of the eroding reach will already 
exceed 0.037 mg/L most of the time.  Secondly, channel stabilization projects normally address 
specific reaches and not the entire channel, so areas subject to erosion remain.  Thirdly, to meet 
0.037 mg/L, very little sediment could be produced by the stabilized bank, which is not realistic.  
Channel stabilization costs are generally substantial, so this practice is generally implemented for 
targeted stream reaches, rather than entire stream networks in a watershed.    


5.  Control of Existing In-Channel Sediment Sources of “Legacy Phosphorus” 


Haggard and Sharpley (2007), Haggard et al. (2010), Scott et al. (2011), Rogers (2010) and 
others have published findings related to sources of “legacy phosphorus” in the Illinois River.  
Such sources of phosphorus may continue after source control practices are implemented in a 
watershed.  As noted by Haggard and Sharpley (2007), sediments act as either sinks or sources of 
phosphorus and thus, may be influential in determining the time frame over which changes occur 
in watersheds after management strategies have been implemented.  This phenomenon of 
“legacy phosphorus” and lag time between implementation of controls and observed water 
quality benefits is also noted in other publications such as EPA (1999) (citing Maki et al. 
[1983]*) and the National Academy of Sciences (2011) regarding the Chesapeake Bay.  WWE is 
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not aware of large-scale river sediment stabilization projects that have been conducted to 
minimize scour, resuspension and downstream transport of accumulated deposits for the purpose 
of meeting a stringent total phosphorus standard.  Additionally, we are not aware of case studies 
or other scientific evidence to suggest that channel modifications of this kind would be feasible 
in the Illinois River and its tributaries.  The permitting, design, construction and maintenance 
challenges at this scale make the concept infeasible.   


Given the lack of practical controls expected to be available to control legacy phosphorus, the 
phosphorus-rich sediments that have accumulated over many years will continue to be released 
as the chemical equilibrium of the stream adjusts and as deposited sediments are resuspended 
under certain flow conditions.  Currently, the 0.037 mg/L phosphorus standard does not provide 
for such instream sources that have become part of background loading in stream systems such 
as the Illinois River. 


6.  Agricultural BMPs 


Considerable work has been conducted by the University of Arkansas faculty, Oklahoma State 
University faculty, and the U.S. Department of Agriculture (USDA) Natural Resources 
Conservation Service related to agricultural BMPs.  Attachment 3 provides a summary of percent 
reductions expected to be associated with various agricultural BMP practices, as documented in 
the Conservation Practice Modeling Guide for SWAT and APEX (Wailder et al. 2009).  The EPA 
also provides performance estimates and cost data in National Management Measures to Control 
Nonpoint Source Pollution from Agriculture (EPA 2003). 


Although a discussion of agricultural BMPs is beyond the scope of this submittal, there are many 
effective agricultural BMPs that can help to reduce phosphorus loading, as evidenced by the 40 
percent reduction in total phosphorus loading in the Illinois River at the Oklahoma state line.  
(Reductions are due to a combination of controls at wastewater plants and implementation of 
agricultural BMPs.)  Key documents related to phosphorus control in agricultural practices can 
be obtained from the University of Arkansas website (http://www.uaex.edu/).  Even when such 
agricultural BMPs are aggressively implemented, the 0.037 mg/L standard would not be 
expected to be consistently attainable.  For example, if a fenced riparian buffer was implemented 
that reduced phosphorus concentrations by 35 percent, then the pre-BMP runoff value of 
phosphorus would need to be about 0.057 mg/L to meet a 0.037 mg/L standard.  Using the much 
higher SWAT/APEX modeling assumption of 75 percent reduction for filter strips, the pre-BMP 
runoff value would need to be 0.148 mg/L total phosphorus to meet a 0.037 mg/L standard.  
Neither of these scenarios is likely.  Although some practices will further reduce phosphorus 
loads by reducing runoff volumes as well as concentrations, attainment of a 0.037 mg/L total 
phosphorus standard remains highly improbable.   
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Conclusions and Implications 


Consistent with conclusions presented in Finding 2 for urban land uses, implementation of BMPs 
to control phosphorus loading in other settings is also unlikely to result in consistent attainment 
of a 0.037 mg/L standard.  See conclusions for Finding 2 for compliance implications. 
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Finding 4.  A reference stream approach to establishing a phosphorus stream standard is 
not an appropriate basis for establishing standards in a large watershed with a long-term 
human use and presence.  Instead, stream standards should be developed based on 
conditions necessary to protect beneficial uses for the specific stream being regulated, 
taking into account specific stream characteristics (e.g., gradient, canopy) and cause and 
effect relationships between nutrients and biological responses. 


Representative problems with using a reference stream approach to establish an instream 
phosphorus standard for the Illinois River in effect at the Arkansas/Oklahoma state line include: 


1. Reference stream conditions summarized in Clark et al. (2000) are clearly identified as 
being associated with undeveloped watersheds.  These are not the conditions present in 
the Illinois River watershed.  It is an unrealistic expectation that a stream in watershed 
with a more than 150-year history of human use, a population of over 300,000, and an 
active agricultural economy will have the same water quality as an undeveloped 
watershed. Furthermore, if it were somehow feasible to “turn back the clock” to an earlier 
condition, it is not clear what that condition would be.  For example, if the transbasin 
water in the upper basin were no longer discharged to the watershed, this would not 
simply reduce phosphorus loading, but it would also reduce the baseflows that 
recreational users have come to expect for canoeing, fishing, etc.  While one could 
potentially envision using the reference stream approach in headwaters streams in 
undisturbed wilderness areas, it is an inappropriate expectation that a watershed with 
long-term human presence would be able to return to a reference condition.   


2. The reference streams near the Illinois River in the Clark et al. (2000) report have 
significantly different characteristics than the Illinois River.  Examples of some of these 
differences include:  


• North Sylamore Creek and the Cossatot River in Arkansas and the Kiamichi River 
in Oklahoma have tributary drainage areas of 40-90 square miles, whereas the 
Illinois River at Watts has a drainage area of over 635 square miles, and 
approximately 1,600 square miles overall.  Although the Buffalo River drainage 
area in Arkansas is more comparable in size to the Illinois River at Watts, it has 
been a protected national river since 1972 and includes a wide publically owned 
buffer for the length of the river.   


• The populations above the North Sylamore, Buffalo River and Cossatot 
monitoring locations are roughly estimated to be less than 2,000 people in 
contrast to the approximately 300,000 people in the Illinois River watershed.   


• Aerial photos of the watersheds obtained from the USGS gauges at these 
references streams (see Attachment 4) show clear difference in land use, with 
dominant land uses in the reference streams being national forest or state parks, 
whereas Massey and Haggard (2010) state that the Illinois River includes 
approximately 13 percent urban area and 46 percent pasture/hayland.   
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• Other major differences include either no municipal discharges or small (0.1 
MGD) municipal discharges in these reference watersheds, as compared to five 
municipal WWTPs with a combined permitted discharge of 40 MGD in the 
Illinois River.   


• The Illinois River is a sixth-order stream, which will have substantially different 
physical, chemical and biological characteristics than lower order streams.   


All of these factors, as well as others not summarized here, demonstrate that assigning a 
stream standard based on phosphorus concentrations under substantially different 
watershed and stream conditions is problematic from both scientific and practical 
perspectives related to attainability.  While other scenic rivers in Oklahoma may have 
characteristics similar to some of these reference streams used in the Clark et al. (2000) 
report, an alternative procedure is needed to assign an appropriate standard for the Illinois 
River that takes into account watershed and stream characteristics.   


3. For any given water body (river, lake, stream, wetland, etc.), receiving water impacts are 
highly site specific (Urbonas 2001, EPA 1999).  The following text, excerpted from 
Protocol for Developing Nutrient TMDLs (EPA 1999), provides a sense of the 
complexity of phosphorus dynamics and associated responses in receiving waters: 


Many natural factors, including light availability, temperature, flow levels, 
substrate, grazing, bedrock type and elevation, control the levels of macrophytes, 
periphyton, and phytoplankton in waters.  Effective management of 
eutrophication in a waterbody may require a simultaneous evaluation of several 
limiting factors. 


Light availability.  Shading of the water column inhibits plant growth.  Numerous 
factors can shade waterbodies, including: (1) as plant production increases in the 
upper water layer, the organisms block the light and prevent it from traveling 
deeper into the water column; (2) riparian growth along waterbodies provides 
shade; and (3) particulates in the water column scatter light, decreasing the 
amount penetrating the water column and available photosynthesis. 


Temperature.  Temperature affects the rates of photosynthesis and algal growth, 
and composition of algae species. . .  Algal community species composition in a 
waterbody often changes with temperature.  For example, diatoms most often are 
the dominant algal species at water temperatures of 20° to 25°C, green algae at 
30° to 35° C, and blue-green algae (cyanobacteria) above 35° C (Dunne and 
Leopold, 1978; EPA, 1986b). 


Water Velocity.  Water movement in large lakes, rivers, and streams influences 
plant production.  Stream velocity has a two-fold effect of periphyton 
productivity; increasing velocity to a certain level enhances biomass accrual but 
further increases can result in substantial scouring (Horner et al., 1990). . .  In 
rivers and streams, frequent disturbance from floods (monthly or more frequently) 
and associated movement of bed materials can scour algae from the surface 
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rapidly and often enough to prevent attainment of high biomass (Horner et al., 
1990).  Rapid flows can sweep planktonic algae from a river reach, while low 
flows may provide an opportunity for proliferation. 


Substrate.  Macrophytes and periphyton are influenced by the type of substrate 
available.  Macrophytes prefer areas of fine sediment in which to root (Wright 
and McDonnell, 1986, in Quinn, 1991).  Thus, the addition and removal of 
sediment from a system can influence macrophyte growth.  Periphyton, because of 
its need to attach to objects, grows best on large, rough substrates.  A covering of 
sediment over a rocky substrate decreases periphyton biomass (Welch et al., 
1992). 


Grazing.  Dense populations of algae-consuming grazers can lead to negligible 
algal biomass, in spite of high levels of nutrients (Steinman, 1996). . .  
Consideration of grazer populations might explain why some streams with high 
nutrients have low algal biomass. 


Bedrock.  The natural effects of bedrock type also might help explain trophic 
state.  Streams draining watersheds with phosphorus-rich rocks (such as rocks of 
sedimentary or volcanic origin) can be enriched naturally and, therefore, control 
of algal biomass by nutrient reduction in such systems might be difficult.  Review 
of geologic maps and consultation with a local soil scientist might reveal such 
problems.  Bedrock composition has been related to algal biomass in some 
systems (Biggs, 1995). 


The Relationship Between Water Quality and Flow in Streams and Rivers.  The 
relationship between water quality and flow in streams and rivers deserves 
special mention because some impairments are aggravated (or caused primarily) 
by flow modifications that result from in-stream diversions or catchments.  For 
nutrient TMDLs, stream flow directly influences many physical features (e.g., 
depth, velocity, turbulence, reaeration, and volatilization), while also indirectly 
influencing nutrient uptake by attached algae.  The velocity and depth associated 
with specific flow regime also define the residence time in a reach, which directly 
influences reach temperature and the spatial expression of decay rates.  During 
TMDL development, it is important to identify the flow regimes necessary to 
satisfy designated uses and to identify situations where flow modifications might 
make use attainment difficult or impossible.  Because of the difficulties associated 
with addressing these types of impairments, more time might be required to 
identify and implement acceptable solutions.  In some instances, states or 
territories might choose to undertake a Use Attainability Analysis (UAA) to 
address the factors affecting the designated use. 
 


4. Trends and thresholds for cause and effect relationships must be determined for the 
individual water body in question.  Some water bodies provide a wide range of beneficial 
uses and are judged by the public to be of excellent quality, even though total phosphorus 
concentrations exceed “reference conditions.”  The appropriate total phosphorus standard 
for any given water body must be tailored to that water body’s hydrology, hydraulics, 
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sediment transport regime, morphology, aquatic life, etc.  These concepts were clearly 
articulated in the April 2010 Scientific Advisory Board (SAB) Ecological Processes and 
Effects Committee review of EPA’s Empirical Approaches for Nutrient Criteria 
Derivation.  The following excerpts from the SAB review are representative of these 
points: 


• “For criteria that meet EPA’s stated goal of “protecting against environmental 
degradation by nutrients,” the underlying causal models must be correct. Habitat 
condition is a crucial consideration in this regard (e.g., light [for example, canopy 
cover], hydrology, grazer abundance, velocity, sediment type) that is not adequately 
addressed in the Guidance. Thus, a major uncertainty inherent in the Guidance is 
accounting for factors that influence biological responses to nutrient inputs. 
Addressing this uncertainty requires adequately accounting for these factors in 
different types of water bodies.  Numeric nutrient criteria developed and implemented 
without consideration of site specific conditions can lead to management actions that 
may have negative social and economic and unintended environmental consequences 
without additional environmental protection.”  


• “[T]he final document should clearly state that statistical associations may not be 
biologically relevant and do not prove cause and effect.  Without a mechanistic 
understanding and a clear causative link between nutrient levels and impairment, 
there is no assurance that managing for particular nutrient levels will lead to the 
desired outcome.  The Guidance needs to clearly indicate that the empirical stressor-
response approach does not result in cause-effect relationships; it only indicates 
correlations that need to be explored further. “The Committee emphasizes the 
importance of choosing the biological endpoints (i.e., response variables) that respond 
specifically to nutrients. We note that responses of benthic indices can be related to 
many types of stress.” 


• “The examples provided in the Guidance generally do not demonstrate a strong 
nutrient stressor linkage to beneficial use impairment. The stream examples show 
very weak correlations that have high levels of uncertainty, and lump data from 
distinctly different ecosystems where multiple factors in addition to nutrients will 
contribute to biotic responses.  Furthermore, the SAB recommends … “a weight of 
evidence approach that is used to establish the likelihood of causal relationships 
between nutrients and their effects for criteria derivation.”   


Other EPA guidance such as Nutrient Criteria Technical Guidance Manual: Rivers and Streams 
(EPA 2000) provides similar statements, such as:  “Streams with similar morphologies may have 
similar nutrient capacities or responses to nutrient loadings.  Rivers and streams are very diverse 
within ecoregions.. The geomorphology of a river or stream – its shape, depth, channel 
materials – affects the way the waterbody receives, processes and distributes nutrients.”   


More recently, comparable concerns have been articulated in a June 2011 congressional hearing, 
as summarized by Bob Gibbs, Subcommittee Chairman of the Water Resources and 
Environment Subcommittee of the U.S. House of Representatives Committee on Transportation 
and Infrastructure, 2011 (provided in its entirety in Attachment 4).  Key excerpts that are directly 
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relevant to the limitations associated with use of a reference stream to set stringent numeric 
stream standards include pp. 3-7 and recommendations to guide future nutrient criteria efforts are 
provided on p. 11.  For ease of reference, the overall recommendations are also provided in 
Table 4-1. 


Table 4-1.  Recommendations from the June 2011 Congressional Hearing Regarding 
Nutrient Criteria 
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5. As part of the Oklahoma Standards Review QAPP Data Objective 1 (p. 16), the standard 
reevaluation process proposes to address three perspectives: 


• The Oklahoma Scenic Rivers criterion must preserve unique natural scenic 
beauty, water conservation, fish, wildlife and outdoor recreational values of these 
streams, 


• The criterion must be protective of the downstream uses of Lake Tenkiller, 


• The criterion must be no lower than necessary to accomplish 1) and 2) to reduce 
costs to point and non-point discharges in the watershed.”   


Based on the information reviewed to date by WWE, cause-and-effect relationships have 
not been demonstrated for the Illinois River; therefore, an adequate basis for the 0.037 
mg/L has not been established in a manner that demonstrates that the standard is no lower 
than necessary to accomplish its objectives.  Additionally, the cost implications of such a 
standard are substantial, as discussed in Findings 2 and 3; therefore, it is critically 
important that this objective not be short-circuited by use of the reference stream 
approach. 


6. Because the stream standard ultimately drives other Clean Water Act requirements (e.g., 
determination of impairment, discharge permits, TMDLs), and has substantial economic 
and legal implications for existing and future discharges to the stream due to the TMDL 
process, it is critical that a realistic, attainable standard be developed based on scientific 
knowledge of conditions present in specific streams.  A variety of examples are available 
from states that have worked to develop site-specific procedures for development of 
nutrient criteria that take into account factors such as stream characteristics, attainability, 
economic considerations and other factors.  As one example, the State of Colorado is 
currently proposing nutrient criteria that provide different phosphorus criteria depending 
on whether the stream is a cold water (mountain) or warm water (plains) stream.  As part 
of development of the criteria, practical economic realities are also being considered 
through concepts such as a “municipal screener” provision related to economic feasibility 
of advanced wastewater treatment for dischargers and a 20-year compliance period.  In 
recognition of the substantial financial impact associated with compliance with nutrient 
criteria, a $400,000 cost-benefit analysis is also being conducted to thoroughly evaluate 
the costs of additional treatment in comparison to the expected benefits to designated 
beneficial uses.  The question of “what is attainable” is also being discussed and explored 
as part of the criteria development process.  (See the Colorado Water Quality Forum, 
Nutrient Criteria Work Group, http://www.cwqf.org/ for more information.). 


Conclusions 


In summary, the reference stream approach used to set the 0.037 mg/L total phosphorus standard 
for Oklahoma Scenic Rivers does not take these stream-specific factors or cause-and-effect 
(stressor-response) relationships into account as part of establishment of the standard.  
Particularly for the Illinois River, an alternative approach is needed to establish an appropriate 
standard based on “cause and effect” and an overall “weight of evidence”, consistent with the 
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recommendations of entities such as the SAB.  Factors such as attainability and economic 
considerations are also important in establishment of the standard, given the fact that not all 
Oklahoma Scenic Rivers are located in undisturbed, pristine watersheds. 
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Finding 5:  The Oklahoma Secondary Data QAPP identifies water quality models as a type 
of information that may be considered in reevaluating the scenic river criterion.  The 
TMDL modeling effort currently being conducted by EPA for the Illinois River should be a 
useful tool in reevaluating the standard, provided that the model is properly calibrated, 
validated, and supported by appropriate uncertainty analysis.  A model that accurately 
represents the watershed should also help to better understand issues related to 
attainability and economic implications of the standard.  However, the current parallel 
track of the modeling effort and standard review limit the extent to which the model 
findings will be able to be fully considered as part of a public process.  Additionally, it is 
critical that the current Illinois River modeling effort and other models considered follow 
certain principles and practices in order for the model to be a reliable assessment, 
management and regulatory tool.   


The value and utility of water resources computer models has been recognized for roughly 50 
years.  However, it is also been recognized that for any given model to be a reliable assessment, 
management and regulatory tool, certain principles must be met.  In the event that modeling 
results are used in the reevaluation of the 0.037 mg/L total phosphorus standard, we have 
provided excerpts from key references in Attachment 5 and briefly summarize principles that are 
important when modeling results are used for such purposes.  These principles include: 


• The model must be based upon contemporary data that reflect current river conditions 
related to such parameters as land use, flow regime, municipal/industrial wastewater 
treatment performance, stormwater BMPs in the watershed for various land use 
categories, and other significant factors in the watershed. 


• As a model is being developed, when significant data gaps are encountered, these 
gaps need to be “filled” or the model may not realistically represent the system.   


• The uncertainty associated with estimates for the key parameters in models should be 
defined (i.e., conduct uncertainty analysis), so that users and affected parties are 
aware of model limitations. 


• Outside review, including review by affected parties, is valuable, from early in the 
process through beta testing. 


• Models must be properly calibrated and validated to represent real-world conditions. 


• In watersheds with rapidly changing conditions, particularly in response to the 
implementation of new point and nonpoint controls, the model should be periodically 
revisited and results updated. 


• Modeling future scenarios requires the input of multiple parties and realistic 
projections of assumed scenarios. 


These principles are articulated in the various documents attached, along with text which directly 
compares field data collection vs. modeling when conducting engineering evaluations.  For 
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example, as stated by the widely respected authors of Stormwater Management in Urban Areas 
(Whipple et al. 1983): 


It should be stated emphatically that models are not a substitute for field-gathered data 
or knowledge of hydrologic/hydraulic and water quality processes on the part of the user.  
No model (or any other analytic technique, for that matter) can predict how a 
physical/biological system behaves as dependably as direct measurements of the system 
itself.  Nor is any model sufficiently comprehensive to represent accurately every 
physical/chemical/biological prototype situation that the user may desire to simulate.  
Failure to heed these obvious truths has resulted in a good deal of model misuse.   


The principal use of models is in situations where direct measurements are either 
impossible or impractical.  When a drainage system is under design, for example, a 
model will let the designer look at many alternative configurations.  The designer can 
project several population growth patterns and answer the “what if” questions that 
planning for the future demands, and can do so in a reasonable framework of time and 
costs. 


Meeting the principles described above typically requires a substantial investment of time and 
money on the part of the parties developing and reviewing the model.  Major river and lake 
models often require years and substantial amounts of money to develop.  In the case of the 
current Illinois River models that are under development by Aqua Terra and EPA Region 6, 
concerns have been expressed about whether adequate money and time have been allocated for 
model development, and the contractor has stated that certain aspects of the work normally 
considered important to the preparation of an acceptable model (such as uncertainty analysis) 
will not be undertaken due to budget limitations.  It would be premature to accept 0.037 mg/L as 
the permanent total phosphorus standard without the results of the Illinois River model being 
available with a timeline enabling detailed review of the model and appropriate stakeholder 
involvement.   
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Nutrients and Water Quality


First Edition: November 19992-2


Table 2-1.  Sources and concentrations of nutrients from common point and nonpoint sources 


Source Nitrogen (mg/L) Phosphorus (mg/L)


Urban runoff 3 - 10 0.2 - 1.7


Livestock operations 6 - 800a 4 - 5


Atmosphere (wet deposition) 0.9 0.015b


Untreated wastewater 35 10


Treated wastewater (secondary treatment) 30 10
a As organic nitrogen; b Sorbed to airborne particulate
 Source:  Novotny and Olem, 1994


suffer a loss of equilibrium, hyperexcitability,
increased respiratory activity and oxygen uptake, and
increased heart rate.  At extreme ammonia levels, fish
may experience convulsions, coma, and death
(USEPA, 1986a; revised 1998b).


• Drinking water supply. Diatoms and filamentous
algae can clog water treatment plant filters and
reduce the time between backwashings (the process
of reversing water flow through the water filter to
remove debris).  Disinfection of water supplies
impaired by algal growth also might result in water
that contains potentially carcinogenic disinfection by-
products, such as trihalomethanes.  An increased rate
of production and breakdown of plant matter also can
adversely affect the taste and odor of the drinking
water.


• Recreational use.  The excessive plant growth in a
eutrophic waterbody can affect recreational water
use.  Extensive growth of rooted macrophytes,
periphyton, and mats of living and dead plant
material can interfere with swimming, boating, and
fishing activities, while the appearance of and odors
emitted by decaying plant matter impair aesthetic
uses of the waterbody.


Nutrient Sources and Transport


Both nitrogen and phosphorus reach surface waters at an
elevated rate as a result of human activities. 
Phosphorus, because of its tendency to sorb to soil
particles and organic matter, is primarily transported in
surface runoff with eroded sediments.   Inorganic
nitrogen, on the other hand, does not sorb as strongly
and can be transported in both particulate and dissolved


phases in surface runoff.  Dissolved inorganic nitrogen
also can be transported through the unsaturated zone
(interflow) and ground water.  Because nitrogen has a
gaseous phase, it can be transported to surface water via
atmospheric deposition.  Phosphorus associated with
fine-grained particulate matter also exists in the
atmosphere.  This sorbed phosphorus can enter natural
waters by both dry fallout and rainfall.  Finally, nutrients
can be directly discharged to a waterbody via outfalls
for wastewater treatment plants and combined sewer
overflows.  Table 2-1 presents common point and
nonpoint sources of nitrogen and phosphorus and the
approximate associated concentrations.


Once in the waterbody, nitrogen and phosphorus act
differently.  Because inorganic forms of nitrogen do not
sorb strongly to particulate matter, they are more easily
returned to the water.  Phosphorus, on the other hand,
can sorb to sediments in the water column and on the
substrate and become unavailable.  In lakes and
reservoirs, continuous accumulation of sediment can
leave some phosphorus too deep within the substrate to
be reintroduced to the water column, if left undisturbed;
however, a portion of the phosphorus in the substrate
might be reintroduced to the water column.  The
activities of benthic invertebrates and changes in water
chemistry (such as the reducing conditions of bottom
waters and sediments often experienced during the
summer months in a lake) also can cause phosphorus to
desorb from sediment.  A large, slow-moving river also
might experience similar phosphorus releases.  The
sudden availability of phosphorus in the water column
can stimulate algal growth.  Because of this
phenomenon, a reduction in phosphorus loading might
not effectively reduce algal blooms for many years
(Maki et al., 1983).
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Figure 4.  Box Plots of Influent/Effluent Total Phosphorus Concentrations by BMP Type. 


 
 
 


Table 10.  Influent/Effluent Summary Statistics for Total Phosphorus. 


BMP Type 


Count 
(Studies/Data Pts.) 


25th 
Percentile 


(mg/L) 
Median (95% Conf. Interval)  


(mg/L) 


75th 
Percentile 


(mg/L) 


In Out In Out In Out In Out 
Bioretention 12/187 12/157 0.07 0.06 0.14 (0.12,0.15) 0.13 (0.10,0.16) 0.23 0.33 


Detention Basin 17/222 17/241 0.18 0.12 0.26 (0.21,0.26) 0.21 (0.18,0.23) 0.48 0.34 
Filter Strip 14/245 14/169 0.07 0.10 0.16 (0.14,0.19) 0.21 (0.16,0.23) 0.30 0.45 
Bioswale 17/257 19/293 0.05 0.14 0.12 (0.09,0.16) 0.20 (0.17,0.20) 0.28 0.35 


Manufactured Device 34/457 41/456 0.10 0.07 0.22 (0.16,0.22) 0.14 (0.11,0.14) 0.46 0.36 
Media Filter 19/291 20/282 0.10 0.05 0.19 (0.16,0.20) 0.10 (0.08,0.11) 0.35 0.19 


Porous Pavement 5/65 6/65 0.07 0.06 0.12 (0.09,0.13) 0.10 (0.07,0.11) 0.17 0.14 
Retention Pond 38/578 40/561 0.14 0.06 0.27 (0.23,0.29) 0.11 (0.08,0.11) 0.53 0.22 
Wetland Basin 12/284 13/271 0.08 0.04 0.12 (0.10,0.12) 0.08 (0.06,0.08) 0.20 0.14 


Wetland Channel 6/88 6/83 0.13 0.10 0.18 (0.15,0.22) 0.14 (0.11,0.15) 0.30 0.25 
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International Stormwater BMP Database Untreated Runoff Data (Accessed July 2011)


Descriptive Statistic
Untreated 


Runoff
Mean 0.36
Standard Error 0.01
Median 0.22
Mode 0.20
Standard Deviation 0.47
Sample Variance 0.22
Kurtosis 58.42
Skewness 5.70
Range 8.44
Minimum 0.002
Maximum 8.44
Sum 1302.40
Count 3651
Note:  


Removed two outliers (high values) from inflow.


Data Source:  
International Stormwater BMP Database 
(www.bmpdatabas.org) (accessed July 
2011).  Data summary prepared by Jane 
Clary, Wright Water Engineers.
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7. Identification of water quality improvements or degradation.   
 
In an effort to identify water quality improvements or degradation during this 
reporting period, storm water runoff quality for this reporting period was compared to 
past storm water runoff quality.  This was accomplished by calculating the event 
mean concentration (EMC) for each parameter sampled during storm event 
monitoring (Part V) for this reporting period.  The EMC was then compared against 
the EMC calculated for the last 17 reporting periods as well as the permit application 
period.  The results are delineated in the below table and indicate that no significant 
degradation of water quality occurred during this reporting period.   
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EMC Data Comparison Chart for Reporting Year 94/95 through 09/10 
 
 


Parameter 09/10 
EMC 


08/09 
EMC 


07/08 
EMC 


06/07 
EMC 


05/06 
EMC 


04/05 
EMC 


03/04 
EMC 


02/03 
EMC 


01/02 
EMC 


00/01 
EMC 


99/00 
EMC 


98/99 
EMC 


97/98 
EMC 


96/97 
EMC 


95/96 
EMC 


94/95 
EMC 


Pre-Permit 
Results(2) 


Cd (t)(mg/L) 
0.004 0.002 0.0019 0.0011 0.0007 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.001 


0.002 


Cu (t)(mg/L) 
0.024 0.018 0.024 0.018 0.011 0.008 0.009 0.014 0.010 0.011 0.018 0.11 0.015 0.014 0.014 0.015 


0.030 


Pb (t)(mg/L) 
0.032 0.009 0.022 0.016 0.0099 0.0052 0.008 0.012 0.009 0.011 0.005 0.003 0.018 0.015 0.014 0.01 


0.17 


Zn (t)(mg/L) 0.247 0.192 0.29 0.19 0.090 0.065 0.17 0.16 0.058 0.10 0.11 0.072 0.064 0.034 0.096 0.064 0.22 


BOD (mg/L) 
13 16 16 15 17 5 10 11 9 9 11 5 5 7 9 8 


9 


COD (mg/L) 
111 89 94 78 69 40 77 78 77 64 49 17 57 42 51 52 


70 


O&G (mg/L) 
0.0 0.73 3.1 4 3 4 3 4 3 3 5 6 5 5 3 4 


No results 


Phosphorus 
(T) (mg/L) 


0.36 0.35 0.47 0.43 0.33 0.20 0.23 0.36 0.21 0.22 0.20 0.17 0.15 0.20 0.28 0.20 0.30 


Phosphorus 
(D) (mg/L) 


0.12 0.34 0.22 0.19 0.14 0.11 0.13 0.18 0.13 0.13 0.09 0.13 0.11 0.17 0.19 0.12 0.12 


TSS (mg/L) 
230 101 224 274 109 46 74 55 56 151 25 19 114 68 66 69 


135 


TDS (mg/L) 
181 120 167 105 121 124 65 152 136 132 117 100 83 123 155 119 


100 


TKN (mg/L) 
2.7 2.6 2.3 1.9 2..0 1.1 1.4 1.8 2.0 2.3 1.4 0.37 0.90 0.86 1.4 0.82 


1.66 


Fecal 
Coliform 
(col/100 mL) 


2491 6910 2525 15454 15454 6592 6812 5094 18618 1846 11492 10747 1762 3744 1204 11206 No results 


Diazinon 
(mg/L) 


0.000 0.000 0.0025 0.0025 0.003 0.003 0.003 0.003 0.001 0.000 0.001 0.000 0.000 0.003 0.003 0.001 No results 


Nitrogen  
(mg/L) 


3.3 3.7 3.2 2.6 3.2 2.0 2.2 3.0 3.7 3.5 1.9 1. 5 1.9 1.2 3.3 1.8 0.78 
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Examples of Total Phosphorus in Rainfall 
and Atmospheric Fallout 







 
Effective Modeling of Urban Water Systems, Monograph 13. W. James, K . N. Irvine, E. A. McBean & 
R.E. Pitt, Eds.  ISBN 0-9736716-0-2   © CHI 2004.   www.computationalhydraulics.com 
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Sources of Pollutants in Urban Areas 
(Part 1) – Older Monitoring Projects 


 
 
 
Robert Pitt, Roger Bannerman, Shirley Clark and Derek Williamson 
 
 
 
 
Information concerning source area runoff characteristics during wet weather 
events can be very important when developing stormwater management plans 
that incorporate source area controls, or changes in development patterns. 
This information is also important when calibrating or testing many 
stormwater models. Unfortunately, this information is not readily available 
and can be expensive and tedious to collect. However, a substantial amount of 
these data have been collected over the past several decades, but are not well 
known. This chapter, and the next, present summaries of these data, 
specifically source area sheetflow and particulate quality for a variety of 
areas. Information is presented for many source areas, including urban wet 
and dry atmospheric deposition, roofs, urban soils, streets and other 
pavements. Information showing concentrations of conventional pollutants, 
heavy metals, and selected organic compounds is summarized for major land 
use categories. The following chapter summarizes additional source area 
sheetflow information obtained during detailed projects in Alabama and 
Wisconsin during the 1990s, and summarizes newer data collected elsewhere. 


Much of the information was collected in the 1970s and 1980s as part of 
stormwater research projects for the EPA. This chapter summarizes source 
area sheetflow quality data obtained from a number of studies conducted in 
California, Washington, Nevada, Illinois, Ontario, Colorado, New Hampshire, 
and New York during 1970s and 1980s. Most of the early data obtained were 
for street dirt chemical quality as part of street cleaning research projects, but 
a relatively large amount of parking area runoff and roof runoff quality data 
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was also obtained during these early projects. However, only a few of these 
studies evaluated a broad range of source areas or land uses.  
 


23.1 Source Area Pollutant Generation Processes 
 
The following discussion stresses stormwater pollutants originating from 
automobile activities and atmospheric deposition. More limited information is 
available for other source areas, such as roof runoff and runoff from 
landscaped areas. 


 
23.1.1  Automotive Activities 


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


Pitt (1979) found that automobile tire wear is a major source of zinc in 
urban runoff and is mostly deposited on street surfaces and nearby adjacent 
areas. Other important sources of zinc are galvanized metals. About half of 
the airborne particulates lost due to tire wear settle out on the street and the 
majority of the remaining particulates settle within about six meters of the 
roadway. Exhaust particulates, fluid losses, drips, spills and mechanical wear 
products can all contribute lead to street dirt. Many heavy metals are 
important pollutants associated with automobile activity. Most of these 
automobile pollutants affect parking lots and street surfaces. However, some 
of the automobile related materials also affect areas adjacent to the streets. 
This occurs through wind transport after the material is resuspended from the 
road surface by traffic-induced turbulence, or high winds.  


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


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


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


Solomon and Natusch (1977) also examined urban particulates near 
roadways and homes in urban areas. They found that lead concentrations in 
soils were higher near roads and houses. This indicated the capability of road 
dust and peeling house paint to contaminate nearby soils. The lead content of 
the soils ranged from 130 to about 1,200 mg/kg. Koeppe (1977), during 
another element of the Champaign-Urbana lead study, found that lead was 
tightly bound to various soil components. However, the lead did not remain in 
one location, but it was transported both downward in the soil profile and to 
adjacent areas through both natural and man-assisted processes. 
 
23.1.2  Atmospheric Deposition 
 
Wind transported materials are commonly called “dustfall.” Dustfall includes 
sedimentation, coagulation with subsequent sedimentation and impaction. 
Dustfall is normally measured by collecting dry samples, excluding rainfall 
and snowfall. If rainout and washout are included, one has a measure of total 
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atmospheric fallout. This total atmospheric fallout is sometimes called “bulk 
precipitation.” Rainout removes contaminants from the atmosphere by 
condensation processes in clouds, while washout is the removal of 
contaminants by the falling rain. Therefore, precipitation can include natural 
contamination associated with condensation nuclei in addition to collecting 
atmospheric pollutants as the rain or snow falls. In some areas, the 
contaminant contribution by dry deposition is small, compared to the 
contribution by precipitation (Malmquist 1978). However, in heavily 
urbanized areas, dustfall can contribute more of an annual load than the wet 
precipitation, especially when dustfall includes resuspended materials. 


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


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


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


Table 23.1 summarizes rain quality reported by several researchers. As 
expected, the non-urban area rain quality can be substantially better than 
urban rain quality. Many of the important heavy metals, however, have not 
been detected in rain in many areas of the country. The most important heavy 
metals found in rain have been lead and zinc, both being present in rain in 
concentrations from about 20 μg/L up to several hundred μg/L. It is expected 
that more recent lead rainfall concentrations would be substantially less, 
reflecting the decreased use of leaded gasoline since these measurements were 
taken. Iron is also present in relatively high concentrations in rain (about 30 to 
40 μg/L). 


The concentrations of various urban runoff pollutants associated with dry 
dustfall are summarized in Table 23.2. Urban, rural and oceanic dry dustfall 
samples contained more than 5,000 mg iron/kg total solids. Zinc and lead 
were present in high concentrations. These constituents can have 
concentrations of up to several thousand mg of pollutant per kg of dry 
dustfall. Spring, et al. (1978) monitored dry dustfall near a major freeway in 
Los Angeles, CA. Based on a series of samples collected over several months, 
they found that lead concentrations on and near the freeway can be about 
3,000 mg/kg, but as low as about 500 mg/kg 150 m (500 feet) away. In 
contrast, the chromium concentrations of the dustfall did not vary 
substantially between the two locations and approached oceanic dustfall 
chromium concentrations.  


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


Tables 23.3 and 23.4 report bulk precipitation (dry dustfall plus rainfall) 
quality and deposition rates as reported by several researchers. For the 
Knoxville, KY, area (Betson 1978), chemical oxygen demand (COD) was 
found to be the largest component in the bulk precipitation monitored, 
followed by filterable residue and nonfilterable residue. Table 23.4 also 
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presents the total watershed bulk precipitation, as the percentage of the total 
stream flow output, for the three Knoxville watersheds studies. This shows 
that almost all of the pollutants presented in the urban runoff streamflow 
outputs could easily be accounted for by bulk precipitation deposition alone. 
Betson concluded that bulk precipitation is an important component for some 
of the constituents in urban runoff, but the transport and resuspension of 
particulates from other areas in the watershed are overriding factors.  


Rubin (1976) stated that resuspended urban particulates are returned to the 
earth’s surface and waters in four main ways: gravitational settling, 
impaction, precipitation and washout. Gravitational settling, as dry deposition, 
returns most of the particles. 


 
Table 23.1  Summary of reported rain quality. 


 
Column 1. Rural-Northwest (Quilayute, WA)1 ; 2.  Rural-Northeast (Lake George, NY)1 ; 3.  Urban 
Northwest (Lodi, NJ)2 ; 4.   Urban-Midwest (Cincinnati, OH)3 ; 5. Other Urban3 ; 6. Continental Avg. 
(32 locations)1    
Notes: 1.Rubin 1976; 2. Wilbur and Hunter 1980; 3. Manning, et al. 1976. 
 
This not only involves the settling of relatively large fly ash and soil particles, 
but also the settling of smaller particles that collide and coagulate. Rubin 
stated that particles that are less than 0.1 μm in diameter move randomly in 
the air and collide often with other particles. 


 1 2 3 4 5 6 
Suspended solids, mg/L    13   
Volatile suspended solids, mg/L    3.8   
Inorganic nitrogen, mg/L as N    0.69   
Ammonia, mg/L as N     0.7  
Nitrates, mg/L as N     0.3  
Total phosphates, mg/L as P     <0.1  
Ortho phosphate, mg/L as P    0.24   
Scandium, μg/L <0.002 nd    nd 
Titanium, μg/L nd nd    nd 
Vanadium, μg/L nd nd    nd 
Chromium, μg/L <2 nd 1   nd 
Manganese, μg/L 2.6 3.4    12 
Iron, μg/L 32 35     
Cobalt, μg/L 0.04 nd    nd 
Nickel, μg/L nd nd 3   43 
Copper, μg/L 3.1 8.2 6   21 
Zinc, μg/L 20 30 44   107 
Lead, μg/L   45    
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These small particles can grow rapidly by this coagulation process. These 
small particles would soon be totally depleted in the air if they were not 
constantly replenished. Particles in the 0.1 to 1.0 μm range are also removed 
primarily by coagulation. These larger particles grow more slowly than the 
smaller particles because they move less rapidly in the air, are somewhat less 
numerous and, therefore, collide less often with other particles. Particles with 
diameters larger than 1 μm have appreciable settling velocities. Those 
particles about 10 μm in diameter can settle rapidly, although they can be kept 
airborne for extended periods of time and for long distances by atmospheric 
turbulence. 
 


Table 23.2  Atmosphere Dustfall Quality 
 


Constituent, (mg 
constituent/kg total solids) 


Urban1 Rural/ 
suburban1 


Oceanic1 Near 
freeway 
(LA)2 


500' 
from 
freeway 
(LA)2 


pH    4.3 4.7 
Phosphate-Phosphorous    1200 1600 
Nitrate-Nitrogen, μg/L    5800 9000 
Scandium, μg/L 5 3 4   
Titanium, μg/L 380 810 2700   
Vanadium, μg/L 480 140 18   
Chromium, μg/L 190 270 38 34 45 
Manganese, μg/L 6700 1400 1800   
Iron, μg/L 24000 5400 21000   
Cobalt, μg/L 48 27 8   
Nickel, μg/L 950 1400    
Copper, μg/L 1900 2700 4500   
Zinc, μg/L 6700 1400 230   
Lead, μg/L    2800 550 


Notes: 1. Summarized by Rubin 1976; 2. Spring, et al. 1978 
 
The second important particulate removal process from the atmosphere is 
impaction. Impaction of particles near the earth’s surface can occur on 
vegetation, rocks and building surfaces. The third form of particulate removal 
from the atmosphere is precipitation, in the form of rain and snow. This is 
caused by the rainout process where the particulates are removed in the cloud-
forming process. The fourth important removal process is washout of the 
particulates below the clouds during the precipitation event. Therefore, it is 
easy to see that re-entrained particles (especially from street surfaces, other 
paved surfaces, rooftops and from soil erosion) in urban areas can be readily 
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redeposited through these various processes, either close to the points of 
origin or at some distance away. 


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


 
Table 23.3  Bulk precipitation quality 


 
               Constituent (all 
units mg/L except pH) 


Urban (average of 
Knoxville St. 
Louis & 
Germany)1 


Rural 
(Tennessee)1 


Urban 
(Guteburg, 
Sweden)2 


Calcium 3.4 0.4  
Magnesium 0.6 0.1  
Sodium 1.2 0.3  
Chlorine 2.5 0.2  
Sulfate 8.0 8.4  
pH 5.0 4.9  
Organic Nitrogen 2.5 1.2  
Ammonia Nitrogen 0.4 0.4 2 
Nitrite plus Nitrate-N 0.5 0.4 1 
Total phosphate 1.1 0.8 0.03 
Potassium 1.8 0.6  
Total iron 0.8 0.7  
Manganese 0.03 0.05  
Lead 0.03 0.01 0.05 
Mercury 0.01 0.0002  
Nonfilterable residue 16   
Chemical Oxygen Demand 65  10 
Zinc   0.08 
Copper   0.02 


Notes: 1. Betson 1978; 2. Malmquist 1978. 
Murphy (1975) described a Chicago study where airborne particulate material 
within the city was microscopically examined, along with street surface 
particulates. Particulates from both of these areas were found to be similar 
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(mostly limestone and quartz) indicating that the airborne particulates were 
most likely resuspended street surface particulates, or from the same source. 


PEDCo (1977) found that the re-entrained portion of the traffic-related 
particulate emissions (by weight) is an order of magnitude greater than the 
direct emissions accounted for by vehicle exhaust and tire wear. They also 
found that particulate resuspensions from a street are directly proportional to 
the traffic volume and that the suspended particulate concentrations near the 
streets are associated with relatively large particle sizes. The medium particle 
size found, by weight, was about 15 μm, with about 22% of the particulates 
occurring at sizes greater than 30 μm. These relatively large particle sizes 
resulted in substantial particulate fallout near the road. They found that about 
15% of the resuspended particulates fall out at 10 m, 25% at 20 m, and 35% at 
30 m from the street (by weight).  


In a similar study Cowherd, et al. (1977) reported a wind erosion threshold 
value of about 5.8 m/s (13 mph). At this wind speed, or greater, significant 
dust and dirt losses from the road surface could result, even in the absence of 
traffic-induced turbulence. 


 
Table 23.4  Urban bulk precipitation deposition rates (Betson 1978)1 


Rank  Constituent Average Bulk 
Deposition Rate  


(kg/ha/yr) 


Average Bulk Prec. as 
a % of Total 


Streamflow Output  
1 Chemical oxygen demand 530  490 
2 Filterable residue 310  60 
3 Nonfilterable residue 170 120 
4 Alkalinity 150 120 
5 Sulfate 96 470 
6 Chloride 47 360 
7 Calcium 38 170 
8 Potassium 21 310 
9 Organic nitrogen 17 490 


10 Sodium 15 270 
11 Silica 11 130 
12 Magnesium 9 180 
13 Total Phosphate 9 130 
14 Nitrite and Nitrate-N 5.7 360 
15 Soluble phosphate 5.3 170 
16 Ammonia Nitrogen 3.2 1,100 
17 Total Iron 1.9 47 
18 Fluoride 1.8 300 
19 Lead 1.1 650 
20 Manganese 0.54 270 
21 Arsenic 0.07 720 
22 Mercury 0.008 250 


Note: 1.  Average for three Knoxville, KY, watersheds. 
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Rolfe and Reinbold (1977) also found that most of the particulate lead 
from automobile emissions settled out within 100 m of roads. However, the 
automobile lead does widely disperse over a large area. They found, through 
multi-elemental analyses, that the settled outdoor dust collected at or near the 
curb was contaminated by automobile activity and originated from the streets.  
 
 


23.2  Particulate Quality 
 
A number of early stormwater studies collected dry soil samples from various 
urban surfaces for gravimetric, particle size, and quality analyses. Many of 
these data are summarized in this section. Burton and Pitt (2002) describe 
how these samples were obtained. In general, they were vacuumed from hard 
surfaces in very specific patterns in order to determine the accumulation rates. 
Related tests (such as conducted by Pitt, 1987, and summarized in Burton and 
Pitt, 2002) determined how much of this material would washoff during rains. 
The accumulation rates and washoff conditions are summarized in another 
chapter of this book.  


The data summarized in this section focus on average concentration values 
for different pollutants, land uses, and source areas. Ranges or variations are 
not presented due to the vast amount of data obtained and how the samples 
were composited before chemical analyses. Generally, each sample comprised 
12 to 40 subsamples for each collection. Collections were usually made 
several times a week for up to several years from 5 to 10 areas per project. 
Therefore, each project typically included data from hundreds to thousands of 
samples. Normally, each sample was separated into several particle sizes 
using standard sieves. Each sample fraction was retained, usually in small 
plastic bags. Seasonal composites were then made of all similar sized samples 
for each source area for the chemical analyses. The data shown in this section 
are averages of the chemical analyses for the smallest particle sizes for all 
samples representing each land use for each project. 


Particulate potency factors (usually expressed as mg pollutant/kg dry 
particulate residue) for many samples are summarized on Tables 23.5 and 
23.6. These data can help recognize critical source areas, but care must be 
taken if they are used for predicting runoff quality because of likely 
differential effects due to washoff and erosion from the different source areas.  


These data show the variations in chemical quality between particles from 
different land uses and source areas. Typically, the potency factors increase as 
the use of an area becomes more intensive, but the variations are slight for 
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Nutrients and Water Quality


First Edition: November 19992-2


Table 2-1.  Sources and concentrations of nutrients from common point and nonpoint sources 


Source Nitrogen (mg/L) Phosphorus (mg/L)


Urban runoff 3 - 10 0.2 - 1.7


Livestock operations 6 - 800a 4 - 5


Atmosphere (wet deposition) 0.9 0.015b


Untreated wastewater 35 10


Treated wastewater (secondary treatment) 30 10
a As organic nitrogen; b Sorbed to airborne particulate
 Source:  Novotny and Olem, 1994


suffer a loss of equilibrium, hyperexcitability,
increased respiratory activity and oxygen uptake, and
increased heart rate.  At extreme ammonia levels, fish
may experience convulsions, coma, and death
(USEPA, 1986a; revised 1998b).


• Drinking water supply. Diatoms and filamentous
algae can clog water treatment plant filters and
reduce the time between backwashings (the process
of reversing water flow through the water filter to
remove debris).  Disinfection of water supplies
impaired by algal growth also might result in water
that contains potentially carcinogenic disinfection by-
products, such as trihalomethanes.  An increased rate
of production and breakdown of plant matter also can
adversely affect the taste and odor of the drinking
water.


• Recreational use.  The excessive plant growth in a
eutrophic waterbody can affect recreational water
use.  Extensive growth of rooted macrophytes,
periphyton, and mats of living and dead plant
material can interfere with swimming, boating, and
fishing activities, while the appearance of and odors
emitted by decaying plant matter impair aesthetic
uses of the waterbody.


Nutrient Sources and Transport


Both nitrogen and phosphorus reach surface waters at an
elevated rate as a result of human activities. 
Phosphorus, because of its tendency to sorb to soil
particles and organic matter, is primarily transported in
surface runoff with eroded sediments.   Inorganic
nitrogen, on the other hand, does not sorb as strongly
and can be transported in both particulate and dissolved


phases in surface runoff.  Dissolved inorganic nitrogen
also can be transported through the unsaturated zone
(interflow) and ground water.  Because nitrogen has a
gaseous phase, it can be transported to surface water via
atmospheric deposition.  Phosphorus associated with
fine-grained particulate matter also exists in the
atmosphere.  This sorbed phosphorus can enter natural
waters by both dry fallout and rainfall.  Finally, nutrients
can be directly discharged to a waterbody via outfalls
for wastewater treatment plants and combined sewer
overflows.  Table 2-1 presents common point and
nonpoint sources of nitrogen and phosphorus and the
approximate associated concentrations.


Once in the waterbody, nitrogen and phosphorus act
differently.  Because inorganic forms of nitrogen do not
sorb strongly to particulate matter, they are more easily
returned to the water.  Phosphorus, on the other hand,
can sorb to sediments in the water column and on the
substrate and become unavailable.  In lakes and
reservoirs, continuous accumulation of sediment can
leave some phosphorus too deep within the substrate to
be reintroduced to the water column, if left undisturbed;
however, a portion of the phosphorus in the substrate
might be reintroduced to the water column.  The
activities of benthic invertebrates and changes in water
chemistry (such as the reducing conditions of bottom
waters and sediments often experienced during the
summer months in a lake) also can cause phosphorus to
desorb from sediment.  A large, slow-moving river also
might experience similar phosphorus releases.  The
sudden availability of phosphorus in the water column
can stimulate algal growth.  Because of this
phenomenon, a reduction in phosphorus loading might
not effectively reduce algal blooms for many years
(Maki et al., 1983).
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Figure 4.  Box Plots of Influent/Effluent Total Phosphorus Concentrations by BMP Type. 


 
 
 


Table 10.  Influent/Effluent Summary Statistics for Total Phosphorus. 


BMP Type 


Count 
(Studies/Data Pts.) 


25th 
Percentile 


(mg/L) 
Median (95% Conf. Interval)  


(mg/L) 


75th 
Percentile 


(mg/L) 


In Out In Out In Out In Out 
Bioretention 12/187 12/157 0.07 0.06 0.14 (0.12,0.15) 0.13 (0.10,0.16) 0.23 0.33 


Detention Basin 17/222 17/241 0.18 0.12 0.26 (0.21,0.26) 0.21 (0.18,0.23) 0.48 0.34 
Filter Strip 14/245 14/169 0.07 0.10 0.16 (0.14,0.19) 0.21 (0.16,0.23) 0.30 0.45 
Bioswale 17/257 19/293 0.05 0.14 0.12 (0.09,0.16) 0.20 (0.17,0.20) 0.28 0.35 


Manufactured Device 34/457 41/456 0.10 0.07 0.22 (0.16,0.22) 0.14 (0.11,0.14) 0.46 0.36 
Media Filter 19/291 20/282 0.10 0.05 0.19 (0.16,0.20) 0.10 (0.08,0.11) 0.35 0.19 


Porous Pavement 5/65 6/65 0.07 0.06 0.12 (0.09,0.13) 0.10 (0.07,0.11) 0.17 0.14 
Retention Pond 38/578 40/561 0.14 0.06 0.27 (0.23,0.29) 0.11 (0.08,0.11) 0.53 0.22 
Wetland Basin 12/284 13/271 0.08 0.04 0.12 (0.10,0.12) 0.08 (0.06,0.08) 0.20 0.14 


Wetland Channel 6/88 6/83 0.13 0.10 0.18 (0.15,0.22) 0.14 (0.11,0.15) 0.30 0.25 
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Shop Creek Wetland-Pond System  (95-97)
Composite—Overall Site BMP


Phosphorus as P, Total (mg/L)


BASIC STATISTICS HYPOTHESIS TESTING:


Date Phosphorus as P, Total (mg/L)


*Statistically Significant Difference in Median? YES


TIME SERIES PLOT LOGNORMAL PROBABILITY PLOT


α=0.05


p-
value


STATISTICAL TEST NULL HYPOTHESIS


Mann-Whitney:
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Disclaimer:
The database on which this statistical summary is based is intended to provide a consistent and scientifically defensible set of data on BMP designs and related performance.  Although the Database Team has reviewed the submitted data, the use of the database information or any 
analysis results provided by the Team is solely at the risk and option of the user.  The intended purpose of the database is to provide a data exchange tool that permits characterization of BMPs solely upon their measured performance using consistent protocols for measurements 
and reporting information. 
The Database Team does not endorse any BMP over another and any assessments of performance by others should not be interpreted or reported as the recommendations of the Database Team.
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POND L-3 2008 STORMWATER MONITORING RESULTS 


1.0 EXECUTIVE SUMMARY 


Wright Water Engineers, Inc. (WWE) has prepared this Report to summarize results of 


stormwater monitoring for 2008 for Pond L-3.  Pond L-3 is an Arapahoe County Water and 


Wastewater Authority (ACWWA) phosphorus Trade Credit project, which was approved by the 


Cherry Creek Basin Water Quality Authority (CCBWQA) in 2003.  The Trade Credit approved 


for Pond L-3 was 57 pounds of total phosphorus (TP).   


Because phosphorus removal by stormwater Best Management Practices (BMPs) such as Pond 


L-3 is highly variable, depending on factors including short-term and long-term hydrology, 


pollutant loads, phosphorus speciation, vegetation, maintenance and others, the CCBWQA 


required stormwater monitoring to “prove” actual Trade Credits awarded on an annual basis.  To 


meet this requirement, WWE developed a water quality monitoring plan for Pond L-3 at the 


request of ACWWA.  Stormwater monitoring, following this plan was initiated in 2008.  


Monitoring in 2008 included hydrologic and water quality measurements of storm and baseflows 


and assay of sediments accumulated in the pond.  Monitored parameters included total suspended 


solids (TSS), TP, total dissolved phosphorus (TDP), total orthophosphate (TOP) and dissolved 


orthophosphate (DOP).  With regard to Trade Credits, the most significant parameter is TP, since 


Trade Credits are expressed in terms of TP and because the partitioning of phosphorus between 


dissolved and particulate phases is dynamic and changes during transport and within the Cherry 


Creek Reservoir.  A detailed procedure, described in Section 4.0 of this Report, was established 


to analyze the collected data and to quantify phosphorus removal and the associated Trade 


Credits for Pond L-3. 


In 2008, the overall reduction in TP for Pond L-3, including both baseflows and storm flows, was 


approximately 98 pounds.  After adjustments for performance of the pre-retrofit pond and 


application of the Trade Ratio, the Trade Credit for Pond L-3 for 2008 is 28.4 pounds.  
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The Trade Credits for 2008 are lower than the Trade Credits projected in the Trade Credit 


applications for this project.  This is likely due to a combination of factors including a drier than 


average year in 2008, natural variability in pollutant loads and variability in facility performance. 


Although the focus of the monitoring assignment and Trade Credits is TP, the results for TSS 


were also notable in 2008.  Pond L-3 removed nearly 50 tons of sediment in 2008.  This is 


information that may be valuable to ACWWA for demonstrating effective pollutant control as a 


part of your Municipal Separate Storm Sewer System (MS4) permit under the Colorado 


Discharge Pollutant Elimination System. 


2.0 INTRODUCTION 


Pond L-3 is located near the outfall of the Lone Tree Creek watershed.  Figure 1 is an aerial 


photograph showing the location of Pond L-3, relative to the Arapahoe County Water and 


Wastewater Authority (ACWWA) Lone Tree Creek Wastewater Treatment Facility and the 


Cherry Creek Reservoir.  Preliminary facility design presented in the 1994 Design Report for 


Lone Tree, Windmill, Dove, and Cottonwood Creeks Drainage and Water Quality Facilities 


proposed phased implementation of Pond L-3 with the initial phase as an online extended dry 


detention pond with the capability of Phase 2 modifications to a retention or wet pond for 


enhanced water quality treatment.   


The Phase 2 modifications of Pond L-3 are referred to as a “retrofit” of the initial phase.  The 


goal of collecting monitoring data in 2008 was to generate data to allow computation of mass 


balances for monitored pollutants, most importantly total phosphorus (TP).  Based on the mass 


balance calculations and the previously approved method for computing Trade Credits based on 


pollutant loads, the TP removed in 2008 can be calculated and compared to the 57 pounds per 


year of TP credit for Pond L-3.  See Section 3.0 Background for a detailed discussion of the 


methods used to assign TP credits for Pond L-3.   







Table 11. Stormflow Total Phosphorus (TP) Hydrology, Concentrations and Loads 


Event Date
Precipitation 


Total              
(in)


Volume In 
(ac-ft)


Volume 
Out      


(ac-ft)


Total 
Phosphorus 


Concentration 
In                    


(ppb)


Total 
Phosphorus 


Load In                   
(lb)


Total 
Phosphorus 


Concentration 
Out                


(ppb)


Total 
Phosphorus 


Load Out 
(lb)


Total Phosphorus 
Load Reduction              


(lb)


1/7/2008 0.07 C 0.0 0.0 0.0 0.0 0.0


1/8/2008 0.08 C 0.0 0.0 0.0 0.0 0.0


1/16/2008 0.01 C 0.0 0.0 0.0 0.0 0.0


1/19/2008 0.42 C 18.9 18.9 0.0 0.0 0.0


1/30/2008 0.21 C 9.1 9.1 0.0 0.0 0.0


2/2/2008 0.09 C 0.0 0.0 0.0 0.0 0.0


2/15/2008 0.07 C 0.0 0.0 0.0 0.0 0.0


2/18/2008 0.01 C 0.0 0.0 0.0 0.0 0.0


2/24/2008 0.04 C 0.0 0.0 0.0 0.0 0.0


2/26/2008 0.04 C 0.0 0.0 0.0 0.0 0.0


3/5/2008 0.03 C 0.0 0.0 0.0 0.0 0.0


3/15/2008 0.01 C 0.0 0.0 0.0 0.0 0.0


3/16/2008 0.05 C 0.0 0.0 0.0 0.0 0.0


3/17/2008 0.07 C 0.0 0.0 0.0 0.0 0.0


3/22/2008 0.03 C 0.0 0.0 0.0 0.0 0.0


3/23/2008 0.18 C 7.8 7.8 0.0 0.0 0.0


3/31/2008 0.05 C 0.0 0.0 0.0 0.0 0.0


4/1/2008 0.08 C 0.0 0.0 0.0 0.0 0.0


4/3/2008 0.09 C 0.0 0.0 0.0 0.0 0.0


4/7/2008 0.06 C 0.0 0.0 0.0 0.0 0.0


4/9/2008 0.60
I


34.2 34.2 503.0 46.7 88.0 8.2 38.5


4/17/2008 0.10
I


8.7 8.7 67.0 1.6 21.0 0.5 1.1


5/1/2008 0.35
I


19.1 19.1 232.0 12.0 105.0 5.4 6.6


5/2/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


5/7/2008 0.38
I


33.8 33.8 0.0 0.0 0.0


5/8/2008 0.04
I


0.0 0.0 0.0 0.0 0.0


5/10/2008 0.18
I


10.4 10.4 0.0 0.0 0.0


5/12/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


5/12/2008 0.35
I


19.9 19.9 72.0 3.9 47.0 2.5 1.4


5/14/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


5/15/2008 0.09
I


6.5 6.5 76.0 1.3 30.0 0.5 0.8


5/15/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


5/26/2008 0.18
I


4.8 4.8 115.0 1.5 73.0 0.9 0.5


6/3/2008 0.16
I


13.0 13.0 122.0 4.3 121.0 4.3 0.0


6/4/2008 0.20
I


9.9 9.9 0.0 0.0 0.0


6/19/2008 0.09
O


0.0 0.0 0.0 0.0 0.0


7/5/2008 0.04
I


0.0 0.0 0.0 0.0 0.0


7/6/2008 0.14
I


7.8 7.8 0.0 0.0 0.0


7/7/2008 0.02
I


0.0 0.0 0.0 0.0 0.0


7/8/2008 0.11
I


5.6 5.6 141.0 2.2 111.0 1.7 0.5


7/9/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


7/18/2008 0.07
I


10.4 10.4 0.0 0.0 0.0


7/23/2008 0.19
I


8.7 8.7 0.0 0.0 0.0


7/24/2008 0.10
I


0.0 0.0 0.0 0.0 0.0


8/6/2008 0.37
I


8.8 8.8 0.0 0.0 0.0


8/7/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


8/8/2008 0.12
I


0.0 0.0 0.0 0.0 0.0


8/11/2008 0.02
I


0.0 0.0 350.0 0.0 142.0 0.0 0.0


8/14/2008 0.02
I


0.0 0.0 0.0 0.0 0.0


8/15/2008 2.14
I


109.1 109.1 238.0 70.5 186.0 55.1 15.4


8/23/2008 0.04
I


0.0 0.0 0.0 0.0 0.0


8/23/2008 0.02
I


0.0 0.0 0.0 0.0 0.0


8/31/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


9/2/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


9/11/2008 0.94
I


42.9 42.9 137.0 15.9 178.0 20.7 -4.8


9/13/2008 0.27
I


1.7 1.7 0.0 0.0 0.0


9/16/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


9/26/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


10/5/2008 0.27
I


9.1 9.1 542.0 13.4 182.0 4.5 8.9


10/11/2008 0.17
I


9.5 9.5 156.0 4.0 67.0 1.7 2.3


10/13/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


10/20/2008 0.13
I


4.8 4.8 0.0 0.0 0.0


10/21/2008 0.07
I


4.3 4.3 0.0 0.0 0.0


10/23/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


11/5/2008 0.04
I


0.0 0.0 0.0 0.0 0.0


11/14/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


11/17/2008 0.01
I


0.0 0.0 0.0 0.0 0.0


11/20/2008 0.01
C


0.0 0.0 0.0 0.0 0.0


11/29/2008 0.27
C


11.7 11.7 0.0 0.0 0.0


11/30/2009 0.02
C


0.0 0.0 0.0 0.0 0.0


12/1/2008 0.09
C


0.0 0.0 0.0 0.0 0.0


12/4/2008 0.12
C


5.2 5.2 0.0 0.0 0.0


12/8/2008 0.21
C


9.1 9.1 0.0 0.0 0.0


12/9/2008 0.08
C


0.0 0.0 0.0 0.0 0.0


12/14/2008 0.05
C


0.0 0.0 0.0 0.0 0.0


12/16/2008 0.04
C


0.0 0.0 0.0 0.0 0.0


12/19/2008 0.04
C


0.0 0.0 0.0 0.0 0.0


12/26/2008 0.01
C


0.0 0.0 0.0 0.0 0.0


TOTAL 10.8 444.7 444.7 N/A 177.4 N/A 106.2 71.2
Runoff from Sampled Storms = 282.4 282.4 Load Reduction Sampled Storms = 71.2


Percentage of Total = 0.64 0.64 Estimated Total Load Reduction = 112.2


MEAN: 211.6 103.9 Mean of data points collected
I
Precipitation data taken from inflow MEDIAN: 141.0 105.0 Median of data points collected
O
Precipitation data taken from outflow 


C
Precipitation data taken from Centennial Airport Rain Gage  
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POND W-6/W-7 2008 STORMWATER MONITORING RESULTS 


1.0 EXECUTIVE SUMMARY 


Wright Water Engineers, Inc. (WWE) has prepared this Report to summarize results of 


stormwater monitoring for 2008 for Pond W-6/W-7.  Pond W-6/W-7 is an ACWWA phosphorus 


Trade Credit project, which was approved by the Cherry Creek Basin Water Quality Authority 


(CCBWQA) in 2005. The Trade Credit approved for Pond W-6/W-7 was 34 pounds of total 


phosphorus (TP).   


Because phosphorus removal by stormwater Best Management Practices (BMPs) such as Pond 


W-6/W-7 is highly variable, depending on factors including short-term and long-term hydrology, 


pollutant loads, phosphorus speciation, vegetation, maintenance and others, the CCBWQA 


required stormwater monitoring to “prove” actual Trade Credits awarded on an annual basis. To 


meet this requirement, WWE developed a water quality monitoring plan for Pond W-6/W-7 at 


the request of ACWWA.  Stormwater monitoring, following this plan was initiated in 2008.  


Monitoring in 2008 included hydrologic and water quality measurements of storm and baseflows 


and assay of sediments accumulated in the pond.  Monitored parameters included total suspended 


solids (TSS), TP, total dissolved phosphorus (TDP), total orthophosphate (TOP) and dissolved 


orthophosphate (DOP).  With regard to Trade Credits, the most significant parameter is TP, since 


Trade Credits are expressed in terms of TP and because the partitioning of phosphorus between 


dissolved and particulate phases is dynamic and changes during transport and within the Cherry 


Creek Reservoir.  A detailed procedure, described in Section 4.0 of this Report, was established 


to analyze the collected data and to quantify phosphorus removal and the associated Trade 


Credits for Pond W-6/W-7. 


In 2008, the overall reduction in TP for Pond W-6/W-7 was approximately 54 pounds.  After 


adjustment to exclude TP removal for post 2000 development (ineligible for Trade Credit 


because of BMP requirement) and application of the Trade Ratio, the Trade Credit for Pond 


W-6/W-7 for 2008 is 12.1 pounds.  
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The Trade Credits for 2008 are lower than the Trade Credits projected in the Trade Credit 


applications for this project.  This is likely due to a combination of factors including a drier than 


average year in 2008, natural variability in pollutant loads and variability in facility performance. 


2.0 INTRODUCTION 


Pond W-6/W-7 is located approximately four miles from the Cherry Creek Reservoir near the 


intersection of East Briarwood and Jordan Road in Arapahoe County.  This pond was initially 


planned as a water quality facility, Pond W-6, and a flood control detention Pond W-7 but it was 


determined that to effectively use the available space, it would be best to create a combined water 


quality and flood control facility named Pond W-6/W-7.  This facility is an extended detention 


basin (EDB).  Figure 1 is an aerial photograph showing the location of Pond W-6/W-7 relative to 


the Arapahoe County Water and Wastewater Authority (ACWWA) Lone Tree Creek Wastewater 


Treatment Facility and the Cherry Creek Reservoir. 


The goal of collecting monitoring data in 2008 was to generate data to allow computation of 


mass balances for monitored pollutants, most importantly total phosphorus (TP).  Based on the 


mass balance calculations and the previously approved method for computing Trade Credits 


based on pollutant loads, the TP removed in 2008 can be calculated and compared to the 34 


pounds per year TP credit for Pond W-6/W-7.  See Section 3.0 Background for a detailed 


discussion of the methods used to assign TP credits for Pond W-6/W-7.   


2.1 Physical Characteristics  


Pond W-6/W-7 receives runoff from an approximately 1.2 square mile watershed with an 


existing imperviousness of about 39 percent.  Future projected imperviousness is 76 percent.   


Pond W-6/W-7 was designed jointly as a water quality facility with a water quality capture 


volume (WQCV) of 14.8 acre-feet (AF) (design volume = 17.7 AF) with a 40 hour drain time 


and as a flood control facility with an additional 29.8 AF of detention storage to attenuate 10- 


and 100-year peak flow rates to allowable master plan levels based on future developed 







Table 6. Stormflow Total Phosphorus (TP) Hydrology, Concentrations, and Loads 
 


Event Date Precipitation 
Total (in)


Volum
e In      


(ac-ft)


Volum
e Out       
(ac-ft)


Total 
Phosphorus 


Concentration 
In                       


(ppb)


Total 
Phosphorus 


Load In             
(lb)


Total 
Phosphorus 


Concentration 
Out               


(ppb)


Total 
Phosphorus 
Load Out (lb)


Total 
Phosphorus 


Load 
Reduction           


(lb)
1/7/2008 0.07 C 0.0 0.0 0 0 0


1/8/2008 0.08 C 0.0 0.0 0 0 0


1/16/2008 0.01 C 0.0 0.0 0 0 0


1/19/2008 0.42 C 10.0 10.0 0 0 0


1/30/2008 0.21 C 5.0 5.0 0 0 0


2/2/2008 0.09 C 0.0 0.0 0 0 0


2/15/2008 0.07 C 0.0 0.0 0 0 0


2/18/2008 0.01 C 0.0 0.0 0 0 0


2/24/2008 0.04 C 0.0 0.0 0 0 0


2/26/2008 0.04 C 0.0 0.0 0 0 0


3/5/2008 0.03 C 0.0 0.0 0 0 0


3/15/2008 0.07 C 0.0 0.0 0 0 0


3/16/2008 0.05 C 0.0 0.0 0 0 0


3/17/2008 0.07 C 0.0 0.0 0 0 0


3/22/2008 0.03 C 0.0 0.0 0 0 0


3/23/2008 0.18 C 4.3 4.3 0 0 0


3/31/2008 0.05 C 0.0 0.0 0 0 0


4/1/2008 0.08 C 0.0 0.0 0 0 0


4/3/2008 0.09 C 0.0 0.0 0 0 0


4/7/2008 0.06 C 0.0 0.0 0 0 0


4/9/2008 0.55 C 13.0 13.0 0 0 0


4/10/2008 0.24 C 5.7 5.7 300.0 5 462.0 7 -3


4/11/2008 0.01 C 0.0 0.0 0 0 0


4/12/2008 0.01
C


0.0 0.0 0 0 0


4/17/2008 0.20
C


0.0 0.0 195.0 0 222.0 0 0


5/1/2008 0.29
O


2.4 2.4 324.0 2 326.0 2 0


5/7/2008 0.56
O


4.6 4.6 0 0 0


5/9/2008 0.19
O


3.3 3.3 0 0 0


5/12/2008 0.45
O


7.5 7.5 154.0 3 91.0 2 1


5/14/2008 0.01
I


0.0 0.0 0 0 0


5/15/2008 0.11
O


3.4 3.4 116.0 1 76.0 1 0


5/17/2008 0.01
I


0.0 0.0 0 0 0


6/3/2008 0.35
O


7.1 7.1 0 0 0


6/4/2008 0.28
I


9.2 9.2 280.0 7 219.5 5 2


6/16/2008 0.05
I


0.0 0.0 0 0 0


6/19/2008 0.24
I


1.2 1.2 395.0 1 254.0 1 0


6/25/2008 0.01
I


0.0 0.0 0 0 0


6/30/2008 0.01
I


0.0 0.0 0 0 0


7/5/2008 0.01
I


0.0 0.0 0 0 0


7/6/2008 0.54
I


2.5 2.5 0 0 0


7/7/2008 0.03
I


0.0 0.0 0 0 0


7/8/2008 0.18
I


1.2 1.2 188.0 1 95.0 0 0


7/18/2008 0.05
I


0.0 0.0 0 0 0


7/23/2008 0.36
I


0.6 0.6 0 0 0


7/24/2008 0.01
I


0.0 0.0 0 0 0


8/6/2008 0.44
I


2.0 2.0 354.0 2 284.0 2 0


8/7/2008 0.02
I


0.0 0.0 0 0 0


8/8/2008 0.10
I


0.6 0.6 0 0 0


8/11/2008 0.12
I


1.3 1.3 318.0 1 162.0 1 1


8/14/2008 0.03
I


0.0 0.0 0 0 0


8/15/2008 2.09
I


69.9 69.9 364.0 69 188.0 36 33


8/17/2008 0.01
I


0.0 0.0 0 0 0


8/21/2008 0.01
I


0.0 0.0 0 0 0


8/22/2008 0.03
I


0.0 0.0 0 0 0


8/23/2008 0.02
I


0.0 0.0 0 0 0


8/25/2008 0.01
I


0.0 0.0 0 0 0


8/31/2008 0.01
I


0.0 0.0 0 0 0


9/2/2008 0.01
I


0.0 0.0 0 0 0


9/8/2008 0.02
I


0.0 0.0 0 0 0


9/10/2008 0.01
I


0.0 0.0 0 0 0


9/11/2008 0.01
I


0.0 0.0 0 0 0


9/11/2008 0.82
I


21.8 21.8 316.0 19 349.0 21 -2


9/13/2008 0.17
I


0.3 0.3 0 0 0


10/20/2008 0.13
I


0.0 0.0 0 0 0


10/21/2008 0.01
I


0.0 0.0 0 0 0


10/21/2008 0.04
I


0.0 0.0 0 0 0


11/5/2008 0.02
I


0.0 0.0 0 0 0


11/14/2008 0.02
C


0.0 0.0 0 0 0


11/20/2008 0.01
C


0.0 0.0 0 0 0


11/29/2008 0.27
C


6.4 6.4 0 0 0


11/30/2008 0.02
C


0.0 0.0 0 0 0


12/1/2008 0.09
C


0.0 0.0 0 0 0


12/4/2008 0.12
C


2.9 2.9 0 0 0


12/8/2008 0.21
C


5.0 5.0 0 0 0


12/9/2008 0.08
C


0.0 0.0 0 0 0


12/14/2008 0.05
C


0.0 0.0 0 0 0


12/16/2008 0.04
C


0.0 0.0 0 0 0


12/19/2008 0.04
C


0.0 0.0 0 0 0


12/26/2008 0.01
C


0.0 0.0 0 0 0


TOTAL 11.59 191.1 191.1 N/A 110.7 N/A 77 34
Runoff from Sampled Storms = 118.7 118.7 Load Reduction Sampled Storms = 34


Percentage of Total = 0.62 0.62 Estimated Total Load Reduction = 54


MEAN: 275.3 227.4 Mean of data points collected


MEDIAN: 308.0 220.8 Median of data points collected
I
Precipitation data taken from inflow
O
Precipitation data taken from outflow 


C
Precipitation data taken from Centennial Airport Rain Gage  
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As stated, both the infiltration trench/basin and permeable pavement assume no underdrain is used, and 
that the entire water quality volume is captured. If the site designer wishes to deviate from the design 
specifications (e.g., utilizing underdrains on poorly infiltrating soils), the modified design would be a 
User-Defined BMP in the SET, and the designer would be required to justify modified performance 
values. 
 
Stormwater reuse is highly variable and depends on capture volume, intended water uses, and how well 
the operator makes use of the water resource. However, it is a practice with great potential for reducing 
runoff volume and pollutants; intended water uses are unlikely to contribute directly to stormwater runoff, 
so pollutant removal is likely equal to runoff volume reduction. The Stormwater Management and 
Drainage Manual does not attempt to dictate the capture volume and water uses, but allows flexibility in 
design and application. When utilized as part of the Surface Runoff Loading Rate Plan, the volume 
reduction must be calculated and submitted as part of a Stormwater Reuse Plan. If approved, the 
stormwater reuse practice is entered in the SET as a User-Defined BMP. The annual volume reduction 
and annual pollutant removal rates are set equal to the value calculated in the approved Stormwater Reuse 
Plan. All of the lower limit effluent concentrations are set equal to zero. 


Summary 
 
BMP performance measures for the SET and Stormwater Management and Drainage Manual are 
summarized in Table A-6. The synthesis and results are based on the best information available at the 
time of writing.  
 
Table A-6  SET and Stormwater Manual BMP Performance Measures 


Structural BMP 


Lower Limit Effluent 
Concentration (mg/L) Annual Load Reduction 


 Annual 
Runoff 


Reduction TP TSS TOC TP TSS TOC 


Extended Detention Wet Pond 0.084 10.4 9.9 50% 80% 25% 0% 


Extended Detention Dry Basin 0.121 12.5 10.9 15% 49% 4% 0% 


Extended Detention Stormwater Wetland 0. 099 7.9 9.9 50% 72% 25% 0% 


Bioretention 0.090 6.8 9.8 55% 78% 49% 40% 


Sand Filter 0.071 4.6 9.8 60% 86% 15% 0% 


Grass Swale  0.233 20.3 13.4 23% 38% 3% 10% 


Vegetated Filter Strip with Level Spreader 0.151 12.8 13.4 38% 63% 46% 50% 


Infiltration Trench/Basin 0 0 0 90% 90% 90% 90% 


Permeable Pavement 0 0 0 75% 75% 75% 75% 


Stormwater Reuse 0 0 0 Variable, User-Defined BMP in SET 
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Load reduction has traditionally been the cri-
teria used to evaluate the performance of urban
stormwater management practices. Simply put,


the mass of stormwater pollutants entering a practice
are compared against the mass leaving it (over a suitable
time frame), and a percent removal efficiency is quickly
computed. While load reduction is a useful criteria to
compare the relative performance of different practices,
it does have some limits. For example, it tells us very little
about the concentration of pollutants leaving the prac-
tice. Outflow concentrations can be of considerable
interest to a watershed manager. For example, is there a
background level or irreducible concentration of storm-
water pollutants discharged downstream that repre-
sents the best that can be achieved with current tech-
nology?


The concept of irreducible concentrations has been
explicitly recognized for some years in process models
used to design of wastewater treatment wetlands (Kadlec
and Knight, 1996; Reed, 1995). The consensus of expert
opinion is that surface flow wastewater wetlands can-
not reduce sediment and nutrient concentrations be-
yond the rather low levels indicated in Table 1, no matter
how much more surface area or treatment volume is
provided.


Figure 1 illustrates the effect of an irreducible con-
centration on the treatment efficiency of a hypothetical
stormwater practice. When incoming pollutant concen-
trations are moderate to high, for example, an increase
in a treatment variable (such as area or volume) will
result in a proportional reduction in the concentration
of a pollutant leaving the practice (line A). If, however,
the incoming pollutant concentration approaches the
irreducible concentration, (denoted as C-star), it is not
possible to change the outflow concentration very
much, regardless of how much additional treatment is
provided (line B). Indeed, when the incoming concen-
tration is equal to or falls below the irreducible concen-
tration, it is possible to experience negative removal, i.e.,
an increase pollutant concentration as it passes through
the practice (line C).


Why do irreducible concentrations exist? To begin
with, they often represent the internal production of
nutrients and turbidity within a pond or wetland, due to
biological production by microbes, wetland plants and
algae. Some of these internal processes inevitably re-
turn some pollutants back into the water column, where


they may be displaced during the next storm event. In
other cases, the irreducible concentration may simply
reflect the limitations of a particular removal pathway
utilized in a stormwater practice. For example, a practice
that relies heavily on sedimentation for removal can have
a relatively high C*. This is evident in the settling column
data presented in Figure 2 developed by Grizzard et al.
(1986). When sedimentation is the sole removal pathway,
the removal rates for a range of pollutants eventually
become asymptotic, no matter much more detention time
is provided.


Does a C* exist for pollutants controlled by urban
stormwater practices? Two recent studies suggest that
irreducible concentrations do indeed exist. In the first
study, Kehoe and his colleagues systematically analyzed
the quality of stormwater in a series of 36 stormwater
ponds and wetlands located in the greater Tampa Bay,
Florida area. Researchers characterized the sediment,
metal and dissolved oxygen content of water discharged
from stormwater wet ponds (N=24) and pond/wetland
systems (N=12) over a two-year period. Grab samples
were collected from each site one to three days after
storms occurred to represent post-storm discharges.


A summary of the study results are shown in Table 2
for the wet ponds and pond/wetland systems. Outflow
TSS levels were remarkably consistent, at slightly less
than 10 mg/l. Dissolved oxygen levels tended to be more
variable, with slightly lower oxygen levels reported in
wetland systems than ponds. Similarly, pH levels of
pond/wetland systems were slightly more acidic than
pond systems, presumably due to the greater amount of
organic matter that accumulated in the wetlands. The


Table 1: Irreducible Concentrations in Wastewater Wet-
lands and Stormwater Management Practices


Water Quality Wastewater Wastewater Stormwater
Parameter (Kadlec and (Reed Practices
(mg/l) Knight 1996) 1995) (this study)


Total Suspended Solids 2 to 15 8 20 to 40


Total Phosphorus 0.02 to 0.07 0.5 0.15 to 0.2


Total Nitrogen 1.0 to 2.5 1.0 1.9


Nitrate-Nitrogen 0.05 0.00 0.7


TKN 1.0 to 2.5 1.0 1.2


Irreducible Pollutant Concentrations
Discharged From Stormwater Practices
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5.0 Whole Life Cost and Discount Rate Options 


Figure 10 presents the layout of the discount rate selection cells. 


WHOLE LIFE COST 



Figure 10. Data Entry Cells for the Discount Rate Selection. 


In order to calculate the present value oflong-term operational costs, the model requires 
an appropriate discount rate. The model default is set at a rate of 5.5%. In this model, discount 
rates are established for the life of the project, and do not fluctuate over time due to external 
variables. This value may be adjusted by the user as appropriate for each application. Users 
should note that inflation is not accounted for in this model. 


6.0 Capital Costs (Sheet 2) 


This sheet displays base facility costs and associated capital costs (e.g., engineering, land, 
etc.). The BMP types have different formats for capital cost estimation based on the variety of 
factors associated with each type. Two methods are included in the models: Method A, a simple, 
automated (default costs provided) method using cOlTelating drainage area size; and Method B, a 
user-entered engineering estimate with no default costs provided (user entry only). 


6.1 Method A: Simple Cost Based on Drainage Area 


Method A is simple and can be used for planning level estimates for large numbers of 
facilities (using an averaged facility size). It should be compared to site-specific information, if 
possible, to ensure that the basic assumptions (especially base facility costs) are reasonable. 


Retention Pond, Swale, and Extended Detention Capital costs for BMPs in the U.S. range 
dramatically from region to region because of significant differences in labor rates, system 
requirements, weather related factors, and other considerations. Therefore, in order to provide at 
least a minimum level of capital cost information for a model default setting, a simple method is 
provided to correlate drainage area (which also roughly measures facility size) and capital cost. 
Data of this type were available for some U.S. agencies interviewed during the 2005 phase of 
this project, and the results were checked against more site-specific examples. The method also 
allows the user to modify many of the inputs. Figure 11 presents the data entry cells for 
calculating a parametric cost based on drainage area for these BMPs. 


The user chooses a "Base Facility Cost per acre ofDA [Drainage Area]." Typical costs 
range (widely) from $1,000 to $15,000 per acre as indicated in the notes below the table. 
Associated costs are then added in for engineering, planning, land cost, and user entered values. 
A simple set of cost curves was also added to account for higher per-unit costs for facilities on 
the smaller end of the facility size spectrum for retention ponds, extended detention basins, and 
swales. Larger facilities generally provide economies of scale for capital cost. 
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Method A: Simple Cost based on Drainage Area 


1~2!tp.!!,,~:!,~ of DA Treated (Chosen. 


[Model Default '.••...• Uliler .1.. option) 


Cosfbased on Drainage Area 
..... 


Drainage Area (DA) (acres) ! 50.00 50.00 
Base Facility Cost per acre DA* I $ 3,00( $ 3,000 
Default Cost Adjustment for Smaller Projects" I 1.4 1.42 
Resulting Base Cost per acre DA $ 4,26( $ 4,260 


'=B=as"-'e=F="a"'-cj"c:nt=y-==C"=o.:cst=("-ro:":'un-=d;:;'ed"-u=-p'-'-t-o-ne-a-restC-:$-:'1-=-OO"-)-----+-"'-$ 213,aO("'i------+-'t'----'---·Z-1-'.3,;:,O-"-"lOO 


Engineering & Planning (default =25% of Base Cost) $ 53,25( 53,250
FL~an~d-=:c~;o~st---'--~~~~~~~=-=-~2-----!-~$--~==~(r------ ---~~~O 


Other Costs $ ( $ 0 
Total Associated Capital Costs (e.g., Engineering, Land, etc.) I $ 53,250 


TQtalFacility Cost ••..•• '.' .../'i·'!·::';'·,·{.Yi\,·ii,'10" • ....• $. '266,2S0!r",;Sj<: <$:266~250 


Figure 11. Data Entry Cells for the Retention Pond, Swale, and Extended Detention Models 
for Simple Cost Based on Drainage Area, 


Permeable Pavement Costs for permeable pavement are largely dependent upon the type of 
pavement selected. The user selects the pavement type and a "high" or "low" cost (entered in 
Worksheet 1, Design & Maintenance Options). These unit cost estimates are shown in Table 2. 
They should be substituted with local data for the pavement type selected. 


Table 2. Default Unit Cost for Permeable Pavement Types. 


Cost Per Sq. Foot (Installed)Paver System 
HiQhLow 


Asphalt $0.50 $1.00 
Porous Concrete $2.00 $6.50 
Grass I Gravel Pavers $1.50 $5.75 
Interlocking Concrete Paving Blocks* $5.00 $10.00 


!Other $5.00 $10.00 
• Upper end cost dependent on depth of base and site accessibility. 

Source: Low Impact Development Center, 2004b. "Penrneable Paver Costs." http://www.lid

stormwater.net/permeable_pavers/permpaver_costs.htm. Web document Accessed June 28,2004. 



Green Roof The green roof model generates two separate simple cost models based on user
entered roof characteristics: a pre-assembled modular green roof installation and a custom multi
layered installation based on component cost. Please see Tab 7 of the model for more 
information. 


The other models (swale, in-curb planter vault, residential rain garden, curb contained 
bioretention, cistern) have similar data entry tables to facilitate simple cost estimation. 


6.2 Method B: User-Entered Engineer's Estimate 


The best method of capital cost estimation for individual facilities comes from site
specific engineer's estimates. The model for each BMP type provides a table with potential cost 
items. None of the quantities or unit costs are given as model defaults, so the exercise will be 
entirely user-entered. Many of the cost items may not be applicable to a given project and can be 
ignored and additional costs may also need to be added as appropriate. 


Method B is not as readily used for regional or multi-facility cost estimation (unlike 
Method A) due to the site-specific nature of individual BMPs. For example, site selection has a 
major impact on construction cost. A retention pond site in a natural low point with favorable 
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soils will generally cost much less than an equivalent pond, which requires excavation of the 
entire facility volume and an impermeable liner - even though the two might be located in close 
proximity. 


Figure 12 is the blank engineer's estimate worksheet provided for retention ponds. 


Method B: User-Entered Engineer's Estimate 
I T dd' hS I e ecl from Ihe fo lowing I'1St, as app ica I ble to Ihe project or faCllty type; a Ilems were necessary, 


To~al Facility Base Costs '. .... .... ! Unit! Unit Cost Quantity . Cost 


Mobilization D LS I 


tClearing & Grubbing AC i / .• 


Excavation/Embankment (':v 


Dewaterin~ LS $ 
Haul/Dispose of Excavated Material CY $ 
Sediment PretreatmentStruct (e;.g., inlet sump) LF $ '.' 


Trash Rack LF $ 
~Structure(s) LS $ ,
Energy Dissipatioll Apron LS I $ 
Outflow Structure LS $ 
Overflow Structure (con(;rete or rock riprap) [ CY 
Dam/Embankment 
Impermeable Liner =iFf $ 
~'s Edge Vegetation SF $ 
~cl~Vegetation SF $ 
~Lllndscaping (eg., tree;~) e $ '. 


Maintenance Access Ramp/Pad $ 
Revegetation/Erosion Controls 
Traffic Control LS .. ; 


Amenity Items (e.g r"{'r.,~tir.n~1 facilities, seating) LS .; '. 


iSignage, Public FrllJcation Materials. etc. LS 
Other 
Other i 
Other i $ '. 
TOtctlI=;~cility BaseCos;/ .• ·· ...•··•..·•·· •• /~.;Fk.·.;,. WY>;{J i,.;;,(;t;;.,;5}/··.·•.····.·li:i; .•.~.......... ·'i.' .... "'$;;';',? ..·.••'.c 


Associated Capital Costs '.' ...... • Unit Unit Cost Quantity Cost 


Project Management - $ 
Engineering: ,I;~;n"n, '$ 
Engineering: Final Design .' $ 
Topographic Survey ! $ 
Geotechnical ~$ 


Landscalle Design $ 
Land AcquisitionCsite, easements, etc.) 


II,JtiIit~ Relocation 
Legal Services ...... 


Permitting & Construction Inspection 
Sales Tax 


.;; ...Contingency (e,g., 30%) , 
ITotii"J\.
I'" ~iated.·CaOitaIQ9~m;i;?;;S3;·);i~8Jvi;:;(; i;;;:~(;.i';;fl;:fi~,.;~::iii~)?;'~·,;:. tr;.'}11;'.·.:\... ";,!\.;~.~~.\!\" :\I.. ,.,:,!:.{.. ';';iZ;~ 


Tgtal.'F#ci I ity COst!i'i.;>Jy·¥,·t.:,t\'£'·;i!:~,: )"j;;; i'.i.~~!';jSj;;ff';rl(tf,};.·:·. l{';:~;i;!;;':;}~::';l('!.$?'~';;~;{';j;' 


Figure 12. Blank Engineer's Estimate Worksheet Provided for Retention Ponds. 


7.0 Maintenance Costs (Sheet 3) 


7.1 Model Philosophy 


Maintenance costs are developed from interviews with storm water management agencies, 
literature review, RS Means 100, and when no other information was available, best professional 
judgment. The references used for estimating maintenance costs for the bioretention, green roof, 
and cistern tools are cited in Tab 8 of the models. The extensive data collection exercise 
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undertaken for the 2005 project (Lampe, et al. 2005) has provided the following information and 
insights: 


• 	 maintenance activities required differ according to each site to ensure performance; 


• 	 variation in these activities is required to meet different aesthetie and amenity needs for a 
particular site; and 


• 	 cost for maintenance activities varies at each site, based on labor, machinery, and 
materials requirements. 


Model default hours and rates were taken from data collected from agencies across the 
U.S. when available. From the original report it was not generally possible to see the influenee of 
system size on eost. Indeed, the data showed that there are likely to be a range of other often 
more significant factors that may influence the level maintenance inputs required at a particular 
site, such as the proximity of nearest litter source. This assumption was not carried through the 
latest expansion of the WLC tools, and so the approaeh used for eaeh tool is described below. 


When data were not available, an engineering estimate was used. Both the rates and 
default frequencies reflect the differing requirements of high-medium-low maintenance 
categorization. The user can enter site-specific rates, hours, and frequencies for all aetivities. 


Swale and Permeable Pavement These models do not account for relationships between size 
and maintenance costs. Data for corrective maintenance for permeable pavement is extremely 
limited and thus very general assumptions were made to assume the need to replace the system 
after a period of decades (varies with high, medium, and low) at the same cost as the Base 
Facility Cost (and no Associated Costs). These assumptions need further study and site-specific 
data would be especially useful. 


Extended Detention Basin and Retention Pond In these models, sedimcnt removal (which is a 
dominant maintenance cost category for these systems) scales with the size of the installation. 


Green Roof, Curb-Contained Bioretention, and Residential Rain Garden For these models, 
maintenanee costs are scaled by adjusting the hours per maintenance event required relative to 
the surface area of the installation. Also in these models, "Materials and Incidental Costs/Events" 
are copied (and in some cases reduced by an assumed multiplier) from the "Capital Costs" page 
to estimate replacement costs of growing media, mulch, and other materials. 


In-curb Planter Vault Maintenance costs in this model are scaled based on the number of vaults 
installed. 


Cistern This model seales labor costs by increasing hours required for roof maintenance relative 
to the user-entered roof size. The cost of pump replacement is dependent on pump size, and 
references the water pump cost from the "Capital Costs" page. Pump replacement is assumed to 
occur every five years. 


The model user must use professional judgment in accepting or changing the model 
default settings. The original model spreadsheets (extended detention basin, retention pond, 
swale and permeable pavement) were set up for "average sized" facilities in an "average setting." 
For example, in most jurisdictions, the average maintenance crew was able to mow grass and 
pick up trash ("Vegetation Management with Trash & Minor Debris Removal") for about two 
sites per day (hence four hours assumed per site). This includes going to a maintenance yard, 
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Curb-Contained Bioretention Reference Sheet 


Curb-Contained l3iorclcntiQn arc ddined as a series of smalier, depressed vegetated collection basins that retain stormwatcr runoff from parking 


lots, residemial streets or large impervious commercial arcas These depressions arc olten surrounded by ctlrbing 10 max:mLze storage during large 


evems, and often include an over-flow outlet or underdrains to conventiQnal sto:mwaicr systems. Inl10w is often dispersed via a gravel diaphragm or 


level spreader to disperse flow evenly into thc facility. 


Design Assumptions for Default Cost 
- Size: 7% ot imperviOUS area. Default assumes 1 acre DA, garden totat Is 3,050 fl2 it Is assumed that thts will be broken into at least 4 


separate planlers, 875 sf each (Wossink, 2003). 
- Depth: Default assumed 5 fI media depth (EPA 2000). 
-- Commercial and municipal Landscaping maintenance costs established on per-hour basis . 
•• Cost of retronttlng commercial parking lot Is 16% higher Ulan now construction (Clar et a12004) 


Table 1. Summary 0 f References 


Source Cost per Area Study Location Notes 
Bannerman el ai, $20/sf of garden area or Wisconsin Wisconsin Maintenance S2 sf of garden area, Assumes: 
2003 $44,OOO/acre of Impel\!ious sale garden area per impervious area ' 


J 
Belan, 2004 S1.50lsf Great Lakes Region Very basic, no 50'1 alteralion, no curbing, basic planting. 


Clar 01 at 2004 1(jO,'Q increase for retrofit over 
new construction 


EPA 2000 545,000/0.5 acres impervious MD and FL no details 
area 


i 
Heaney, 2002 None Specified Assume 4 teet deep for estimations from LID Inglewood 


C=157VAO.63, None Specified C - cost, V =volume of trench. To derive cosl; V"4 
feet deep x 3050 sf garden ~ 12200 cf is assumed 


Robben, 2005 52.1Slsf impervious area Porttand, OR Construction costs are $12,500, or 63% 01 tolal costs. 
ASSOCiated costs are about 47% of total 


SIAO/sf Impervious area Porttand, OR Conslruclion costs are 513,000 or 93% of total costs. 
Associated cosls are about 7% of tolal 


UFC 2004 540151 garden area None SpeCified very broad Planning and design - 45% of total cos!. 
Constr. Cost -50% 


510lsf garden area None Specified very broad I Planning and design - 45% of lotal cosl, 
Constr. Cost -50% 


i 


Wossink,2003 C=2861 (DA)'O,438 North Carolina Res, Sandy 


I 
SA of relenllon = DAln i no curbing cost 


i Soil .025DA res, Acres 
,07DA if 100% 


imperv, 


I 
C=10,162(DA),1.0BB Nor1h Carolina Res, Clay Soil SA of retention = .025DA res. no curbing cosl 


.07DA if 100% impel\!. 


I 


MC-3,437(C)'O.152 Nor1h Carolina 20-year Good I no curbing cost 
maintenance MAINTENANCE, 


Info : 


'" - - r re or i are in cr 5 SA - sunC cost In SUS 2005, MC Mamtenance Cost m SUS 2005, DA damage a a, mpervlDus a a e , ace area 
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Table 2: Estimated Cost per Drainage Area Normalized to Equal Areas as Reported by Listed Sources. Costs reported in SUS 
2008 I 
Source Original cost Original Area 


GOS! normal,zea 
to one acre Year 2008 cost' 


Under· 
drained? 


Bannerman. 2003 S 44.000"00 1 ac S 44,000 2003 S 51.486 No 
Bela:1,2004 S 1.50 1 s(garden S 4,574 2004 $ 5,213 No 
UFC,2004 $ 10.00 1 sf garden $ 30,492 2004 S 34,754 No 
RS Means, 200B S 40,522.00 1 ac S 40,522 200S S 40,522 No 
Wassink Sand,2003 $ 2,796.00 1 ae $ 2,796 2003 $ 3,272 Na 


IAverage 1 acre S 38,338 S 42,254 No 
Robben 
Robben 
EPA 
UFC 
\Nossinl{ 
Heaney 
RS means 


S 
S 
$ 
S 
S 
S 
S 


2.15 
1.40 


45,000.00 
40.00 


10,246.00 
58,925.92 
48,441.00 


1 sf Imperv. 
2 sf Imperv. 


.5 ac 
1 sf garden 


1 ae 
1 ae 
1 ae 


S 93,654 
S 60,984 
S 90,000 
S 121,968 


$ 10,246 


S 57,683 
S 48,441 


2006 
2006 
2000 
2004 


2003 
2002 
2008 


S 
S 
S 
S 


$ 
S 
$ 


100,020 
65,129 


112,528 
139,016 


11.989 
69,035 
48,441 


Yes 
Yes 
Yes 
Yes 


Yes 
Yes 
Yes 


Average 1 acre $ 78,788 S 89,028 Yes 


outl,ers, 110t Included 1M cost average 


Unit cost used to estimate cost In model averaged over several dilferent studies): 
Cost with underdralns = S89,028 xarea In acres 
Cost without u"derdralns = $42,254 x area in acres 


Table 3. Estimated Cost for a Curb·Contained Bioretention Catchment Series Retrofit with Underdrain, 
Liner, and Landscaping using RS Means 100 (2008) Cost Data for a 1-acre impervious area (3050 
square foot bioretention surface area). 
Item Cost 


9th,"r 
other 


Total Facility Base Cost With Underdrain 


Total Facility Base Cost W/out Underdraln 


EA 


EA 


Average Cost Per Drainage Area (Acre, with underdrain) 


Average Cost Per Drainage Area (Acre, w/out underdrain) 


48,441 
40,522 


Drainage Area =1 acre, Total Garden Size = 3050 SF 

'6" perforated uMerdrain extending 500'to nearest conventional stormdrain assumed, 

.. Curbing: 120 II per planter, 480 fI tolal. Assume standard street curbing. 



Source 
Home Depot ntal 


Cost 
$5014hr 


Notes 
Min 4 hour rental 


:!§.rneli9.it~.fOU!)!L"M~I1.~_n,!~-'~_6<:!ivities __ . __ • ··-i-cccc--c-:c:7'···':'" -.;:- .-ce-'.,. 
Kang, 200B Maintenance Costs 
RS Means Labor Costs 
RS-Means EiarCi.1ulch -..---


S311hr
SO.'75/s( 
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RS Means Estimate Compiled by Construction Cost Corporation, Sail Lake City, UT. 


enler facility, A lab and design component accompanied the projecl, costs not included. i 
EPA 2005 


and 


a 


iThe Low 1mpac! Development Cenler suggests ageneral COSI of S10 - S40 per sf of garden fo'c'commercial 
iparklng lot installations. The web sile stresses that certain costs are assumed part of the parking tol 
'construction, and are not included in thiS estimate, including mobilization and excavating. Cost hreakdowns 
ilnctude: planning, S845: design, $3600; construction, 55237; and closeoul, S675 for a lotal of $10,375. For 
retrofits, $2000 (19%) is added 10 construction costs. No sizing informalion is suggested. 


Heaney, 2002 Heaney reports a cost equation of C=157V'O.63, C cost, V = volume of trench, Cosls include lining and 
underdrain, no siZing informaHon is given. 


Robben. 2005 City of Portland improved !WO streel sections to be a "green stree!" and included bioretenlion cells. Costs 
for the firsl and second projects were as 52.15 and S 1 AO per sf drainage area, respeclively. 
Associaled costs were 47% and 7% totat costs for the first and second projects, respectively. 


UFC 2004 The UFC suggests a general cost of 510· $40 per sf of garden for commercial parking lot installalions. The 
web site stresses that certaIn costs acre assumed part of the parlo:ing to! construction, and are not included 
in this estimate, including mobilization and excavat:ng. Cost breakdowns include: planning, $845; design, 
$3600; construction, $5237; and closeout. $675. No Sizing informafion is suggested. 


Wossink.2003 Wossink reports two CosI equations for bioretention, one for sandy one 


of draina;;;e area is suggested for impervious areas. 20·year 
jestimates were created by compiling project cosl!'~ of 11 facilities in North Carolina. Costs did not inciude 
underdrains, and a garden size of 7%.. 
maintenance CQsls are given including itemized maintenance ac!lvilies for general bioretenllon, 


Source Summa 
Bannerman et aI, Gives "conceptual cosl" informalion for Parking Lot Bicrotenlion at a cosl of S44,OOO per acre Impervious, ' 
2003 or $20 per sf aclion area. These do not include underdrains. Average garden size of 1800 sf is reported to ' 


treat JUS! less than one acre 


Belan,2004 American Rivers provides a good summalY of nalural or low impacl slormwater managemenlCost siled at 
51.50 per garden area and includes excavalion to 3 feet, bacKwfiil with original soils, no underdraln or lining, 


Clar et al 2004 
bioretention. Costs used in report include a cos, increase of 16% for relroflWng parking lOIs with 
bioretenlion cens above expected new construction caslS. Cost per average garden is lisled will10ut staling: 
garden size or drainage area, 
Describes a parking lot bioretention 


, lotal area 456 sf; underdrain installed; 2" construction costs. Construction characteristics: size 
gravet bed under engineered soIls backfill, toped with mulch; and 4' inlet cut into curb to allow waler \0 


8. Rc:f(HlH'ICeS 
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ABSTRACT  


Fifteen highway construction sites were monitored by the California Department of Transportation 


(Caltrans) to help assess the water quality of stormwater runoff exiting from the sites.  This study was 


conducted by Caltrans to generate sufficient water quality data to further develop management strategies 


and evaluate existing best management practices (BMPs). A wide range of construction sites were 


selected for monitoring throughout the State.  Both flow-paced composite and single grab samples were 


collected and analyzed at these sites for a total of 72 station-storm events during the 1998/99 and 


1999/00 wet seasons. Results obtained during the two-year characterization study indicate that: 


• Caltrans’ construction site runoff constituent concentrations detected during this study are less 
than typical Caltrans’ and Non-Caltrans’ highway runoff constituent concentrations with the 
exception of total chromium, total nickel, total phosphorus, TSS, and turbidity. 


• The concentrations of TSS and turbidity are likely due to the disturbed soils present at most 
construction sites. 


• The origin of the high concentrations of total chromium, total nickel, and total phosphorus 
concentrations is unknown.  Concentrations of these constituents varied between sites so it is 
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possible site-specific soils and vegetative conditions may have contributed to the concentrations 
of these constituents. 


• A correlation (R
2 
values greater than 0.5) was observed between TSS runoff concentrations and 


particulate runoff concentrations of chromium, copper, and zinc, indicating that minimizing 
particulate matter may reduce total metals concentrations. 


INTRODUCTION 
 


Construction is performed yearly at hundreds of Caltrans’ highway and freeway sites.  Because 


construction site activities differ significantly from typical highway/freeway activities, the storm water runoff 


water quality characteristics are expected to differ as well.    


A two-year (1998-99 and 1999-00) monitoring study was performed to evaluate the quality of 


storm water runoff from a variety of Caltrans’ highway construction projects.  The characterization data is 


being used to estimate constituent loadings to receiving waters, and to help establish a baseline for 


construction site water quality and mass loading data.  Data obtained was also compared to highway 


runoff data and general urban runoff data. 


Stringent criteria were used to select these highway construction sites to ensure that a wide 


range of Caltrans’ construction activities were represented.   During the 1998-99 wet season nine sites 


were monitored.  Six sites were monitoring during the 1999-00 wet season.  A total of 72 station-storm 


events were monitored for the two-year period.  Figure 1 presents the locations of the 15 construction 


sites and Table 1 summarizes the physical characteristics of these sites.  The main focus of this paper is 


to present the storm water runoff characteristics that were obtained from the California highway 


construction sites during the 1998-99 and 1999-00 wet seasons.  


METHODOLOGY 
 
Site Selection Process  
 


The following criteria were used to select the 15 construction sites that were monitored during the 


1998-99 and 1999-00 wet seasons:  


• The sites should represent a wide range of typical Caltrans construction projects (see Table 1 for 


the types of construction projects monitored); 


• The sites should represent a wide range of geographic areas (see Figure 1); 


• The sites should represent a wide range of hydrometeorologic conditions; 
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• The sites should have active construction planned for the entire monitoring period; 


• Storm water from a significant portion of the construction site should flow to one centralized 


collection point; 


 
Legend: 
District 1 = Caltrans District 1 
Construction Site 1-3 = Site 1-Caltrans District 3 


 


FIGURE 1  Highway Construction Sites Used for 


Storm Water Runoff Characterization Study 
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TABLE 1 Physical Characteristics of Construction Sites  


Construction 
Site-District 


Highway Construction Type Construction Activities 
Sample 


Location 
Flow 


Measurement 
BMP in Place 


1-3 I-80 Roadway 
Widening/Rehabilitation 


Bridge embankment and 
pier, new entrance ramp 


Pipe outlet Bucket and 
stop watch 


Silt fence, vegetative 
berms, channel rock 


2-3 SR-99 Roadway 
Widening/Rehabilitation 


Rail replacement, 
resurfacing 


Bridge 
deck drain 


Bucket and 
stop watch 


Gravel bags, Filter 
fabric 


3-4 I-80/ 
SR-580 


Roadway 
Widening/Rehabilitation 


Heavy equipment work 
on highway supports 


Drain Inlet Area velocity 
meter 


Sand bags, silt fence, 
gravel bags 


4-4 I-80 Roadway 
Widening/Rehabilitation 


Bridge embankment and 
pier 


Gutter Area velocity 
meter 


Straw bale 


5-4 I-580/ 
I-680 


Freeway Interchange 
Modification 


Highway bridge pier, 
bridge and roadway 


Pipe outlet Area velocity 
meter 


Sand bag dams 


6-4 SR-237/ 
I-880 


Freeway Interchange 
Modification 


New interchange with 
bridge 


Drain pipe Area velocity 
meter 


Sand bag dams, 
channel rock 


7-6 SR-168 Roadway Facility 
Construction 


Mass grading Concrete 
vault 


Area velocity 
meter 


Concrete vault with 
steel grate cover 


8-6 SR-168 Roadway Facility 
Construction 


Mass grading, wood work Drain inlet Area velocity 
meter 


Silt fence, sand bags 


9-8 SR-30 New Roadway Facility 
Construction 


Site grading Bypass 
drain pipe 


Area velocity 
meter 


Gravel bags 


10-8 I-15/ 


SR-210 


New Highway 
Construction 


Site grading for new 
highway 


Pipe outlet Area velocity 
meter 


Silt fence, sand bags, 
straw bales 


11-8 I-15/ 
SR-215 


Roadway 
Widening/Rehabilitation 


Recent concrete paving Drain inlet Bucket and 
stop watch 


Sand bags 


12-11 SR-78 Interchange Modification Roadway excavation, 
storm drain excavation 


30-inch 
RCP inlet 


Area velocity 
meter 


Sand bags 


13-12 I-5 Roadway 
Widening/Rehabilitation 


Dirt removal, grading, 
storm drain installation 


30-inch 
RCP inlet 


Area velocity 
meter 


Sand bags 


14-12 SR-55/ 
SR-22 


Roadway 
Widening/Rehabilitation 


Construction debris and 
material stockpile 


Pipe inlet Area velocity 
meter 


Silt fence, straw bale, 
channel rock 


15-12 SR-55  Widen freeway/Construct 
New Overpass 


Grading, street approach, 
bridge piers and bridge 


Pipe Outlet Area velocity 
meter 


Sand bags 


I = Interstate 
SR = State Route
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                           (a)


  


• There should be no possibility of co-mingling construction site runoff with runoff from offsite or non-


construction areas; 


• The collection points should be located downstream of any BMPs commonly used at the sites.  


Figure 2 presents photographs of a typical highway construction site and a typical sample location point.   


Storm Event Monitoring 


All storm events were monitored in accordance to the Caltrans “Guidance Manual: Storm Water 


Monitoring Protocols,” (1).  Depending on the site location, two to seven storm events were monitored 


during the 1998-99 and 1999-00 wet seasons.  


The minimum criteria used to consider each storm event as a representative event were as follows : 


• Depth of storm rainfall must be greater than 0.25 inch accumulation 


• At least 24 hours must have elapsed since the last storm 


 


 


 


 


 


 


 


 
 
 
 
 
 
 


FIGURE 2  Typical Monitoring Site: (a) Typical Highway Construction Site, (b) Enclosed Pipe 
for Sample Collection 


(b)
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Sample Collection 
 


Flow-paced composite samples were collected for all constituents except for coliform and oil & 


grease, which were collected as single grab samples.   For storm events that lasted 8 hours or more, a 


composite sample was prepared from a series of aliquot samples collected every 20 minutes for up to 8 


hours.  If the storm lasted less than 8 hours in duration, aliquot samples were collected every 20 minutes 


until the end of storm water runoff.  Manual sample collection was performed at all sites and portable 


flow/velocity meters and rain gages were used to continuously measure flow rate and rainfall volume.  


Composite samples were prepared on a flow proportional basis with the amount taken from each aliquot 


calculated from the flow volume that occurred during each sampling interval and the percentage of total 


flow volume during the storm event. 


 Grab samples were collected when the flow rate was typical of full site flow (when the entire 


drainage area is contributing flow).  Grab samples were not intended to represent first-flush conditions or 


peak flow conditions. 


 
Constituents and Analytical Methods 


The constituents, the analytical methods and reporting limits used for this study are presented in Table 2.  


As shown, the analyzed constituents were organized in six major groups: (i) metals (total and dissolved), 


(ii) nutrients, (iii) conventional, (iv) oil & grease, (v) biological, and (vi) pesticides.  All laboratory analyses 


were conducted in accordance to Standard Methods and the USEPA analytical methods.   


Standard lab QA/QC procedures were performed in accordance with the sampling and analysis 


plan (2, 3).  Analytical results were qualified as necessary based on the results of the QA/QC evaluations. 


RESULTS AND DISCUSSION  
 


Results of the California highway construction site stormwater runoff characterization study 


conducted during the 1998-99 and 1999-00 monitoring seasons are summarized in Table 3.  As shown, a 


simple statistical analysis was used to determine the range of values, mean, and coefficient of variance 


(CV). In addition to the data presented in Table 3, herbicides, pesticides (other than diazinon and 


chloropyrifos), and semi-volatile organic compounds were analyzed during the 1998/1999 monitoring  
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TABLE 2  Constituent List for Construction Site Runoff Characterization Study 


Constituent Units Reporting Limit Analytical Methods 


   


µg/l 0.5 EPA 200.8 
µg/l 1 EPA 200.8 
µg/l 1 EPA 200.8 
µg/l 1 EPA 200.8 
µg/l 1 EPA 200.8 
µg/l 0.5 EPA 200.8 


Metals 
Cadmium 
Chromium 
Copper 
Lead 
Nickel 
Silver 
Zinc µg/l 1 EPA 200.8 


   
mg/l 0.1 EPA 365.2, 365.3 
mg/l 0.1 EPA 300 
mg/l 0.1 EPA 300 
mg/l 0.1 EPA 350.1 


Nutrients 
Phosphorus 
Nitrate 
Nitrite 
Ammonia 
Total Kjeldahl Nitrogen mg/l 0.5 EPA 351.2 


   
mg/l 2 EPA 130.1 
mg/l 4 EPA 160.2 
mg/l 1 EPA 160.1 
NTU 1 EPA 180.1 
mg/l 5 EPA 410.1 


µS/cm 1 Field Meter  
pH units 0.01 Field Meter 


Conventional 
Hardness 
Total Suspended Solids 
Total Dissolved Solids 
Turbidity 
Chemical Oxygen Demand 
Specific Conductivity 
pH 
Temperature ºC 0.1 Field Meter 


Oil and Grease mg/l 1 EPA 1664 


   Biological 
Total Coliform 
Fecal Coliform 


MPN/100 ml 
MPN/100 ml 


20 
20 


SM B9221/C9221 


   Pesticides 
Chlorpyrifos 
Diazinon 


µg/l 


µg/l 


0.03 
0.03 


ELISA 


   


Other Pesticides/PCBsa µg/l 0.05-1 EPA 608 


   


Herbicidesa µg/l 1-100 EPA 615 


   


Semi-Volatile Organicsa µg/l 5-50 EPA 625 
a
 These constituents were analyzed for the first monitoring season and over 90% of the results were 


below the reporting limits.  These analyses were discontinued for the second monitoring season. 


season and more than 90% of the samples collected were reported as non-detect. To provide a better 


perspective of this raw data set, an evaluation was performed as follows: 


• Comparing the highway construction site runoff data with historical highway runoff characteristics in 
California and other states in the nation as well as National Urban Runoff Program (NURP) data. 


• Determining the influence of BMPs applied at these construction sites. 


• Correlating total suspended solids (TSS) concentrations to other pollutant concentrations. 


 
For the purpose of comparison, constituent concentrations detected from Caltrans highways during the 


1997/1998 and 1998/1999 wet seasons are provided in Table 3.  In addition, Figure 3 presents a bar 
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TABLE 3  Statistical Summary of Caltrans Construction Site Storm Water Runoff Quality and Highway Runoff Quality.


Constituent Units Minimum Maximum Mean
b


CV Minimum Maximum Mean
b


CV


Cadmium Dissolved ug/L 0.25 0.25 NA NA 0.02 6.1 0.45 1.27


Cadmium Total ug/L 0.25 4.1 0.63 1.14 0.10 13 1.25 1.04


Chromium Dissolved ug/L 0.50 30 5.17 1.23 0.55 50 3.01 1.09


Chromium Total ug/L 6.80 210 38.90 0.99 0.46 100 12.08 1.02


Copper Dissolved ug/L 1.00 25 6.77 0.81 1.00 140 15.84 0.90


Copper Total ug/L 3.80 128 32.07 0.80 2.10 770 50.25 1.27


Lead Dissolved ug/L 0.25 15 0.75 2.46 0.20 300 7.34 3.20


Lead Total ug/L 1.00 291 44.35 1.31 1.10 1530 120.83 1.69


Nickel Dissolved ug/L 0.50 15 3.15 0.83 0.47 50 4.85 1.03


Nickel Total ug/L 2.50 266 36.45 1.54 0.91 317 14.55 1.64


Silver Dissolved ug/L 0.25 0.5 0.36 0.35 0.04 1.0 0.58 0.36


Silver Total ug/L 0.25 53.0 1.15 5.48 0.15 82.0 2.43 4.48


Zinc Dissolved ug/L 1.00 80.0 13.59 1.19 6.56 1300.0 89.46 1.35


Zinc Total ug/L 6.90 609.0 140.86 0.89 11.00 2400.0 231.99 1.04


Phosphorus Dissolved mg/L 0.05 0.9 0.33 0.63 NA NA NA NA


Phosphorus Total mg/L 0.05 10.7 0.95 1.19 0.01 3.3 0.29 1.19


Nitrate (as N) mg/L 0.05 3.9 0.89 0.87 0.20 8.3 1.55 0.83


Nitrite (as N) mg/L 0.05 2.8 0.17 2.10 0.01 1.7 0.22 1.13


Ammonia mg/L 0.03 4.0 0.36 1.49 0.19 10.0 1.79 0.94


TKN mg/L 0.25 19.9 2.46 1.20 0.17 57.0 2.81 1.53


Hardness mg/L 13.0 1680 114.51 1.88 3.30 365.0 59.29 0.89


Suspended Solids mg/L 12.0 3850 499.21 1.46 4.00 4800.0 160.84 1.98


Dissolved Solids mg/L 22.0 1270 194.74 0.95 14.00 470.0 118.36 0.67


Turbidity NTU 15.0 16000 701.61 2.77 9.90 140.0 59.49 0.74


COD mg/L 12.0 380 86.06 0.67 10.00 480.0 121.16 0.73


Oil & Grease mg/L 0.5 22.7 2.73 1.16 1.00 226.0 14.42 1.50


Coliform (Total) MPN/100 ml 2.0 540000 31970 3 30 500000 30573 2.05


Coliform (Fecal) MPN/100 ml 2.0 205000 4544 6 2 160000 8172 3.28


Chlorpyrifos ug/L 0.02 0.5 0.29 0.83 0.02 1.00 0.58 0.77
Diazinon ug/L 0.02 2.4 0.41 1.09 0.04 2.40 0.65 0.75
CV = Coefficient of Variance
NA = Not Applicable
a 


All Highway Related Runoff Data Collected by Caltrans from 1997 to 1999
b 


A vaue equal to one half of reporting limit was used when a value was reported as non-detect


Construction Site Runoff (1998-2000) Caltrans Highway Runoff (1997-1999)
a







Kayhanian et al. Page 9


graph comparison of the construction site data to data available from other highway or urban runoff 


characterization studies (4, 5, 6, 7, 8).  As shown in Table 3 and Figure 3, Caltrans’ construction site 


runoff constituent concentrations are generally less than Caltrans’ and Non-Caltrans’ highway runoff 


constituent concentrations with the exception of total chromium, total nickel, total phosphorus, TSS, and 


turbidity.  The generally higher highway runoff constituent concentrations are assumed to be due to 


typical highway activities (average daily traffic > 60,000) that are more likely to contribute pollutants than 


construction activities.   Likewise, the higher concentrations of TSS and turbidity are likely due to the 


disturbed soils present at construction sites.  The origin of the total chromium, total nickel, and total 


phosphorus concentrations is unknown.  Concentrations of these constituents varied between sites so it 


is possible that site-specific soils and vegetative conditions may have contributed to the higher 


concentrations of these naturally occurring constituents. 


Types of best management practices (BMPs) used at each of the construction sites monitored 


during this study are presented in Table 1. Photos of the typical types of BMPs used at the construction 


sites are presented in Figure 4. The main purpose of these BMPs is to minimize the amount of sediment 


being discharged from the sites.  As expected, the TSS concentrations detected in the construction site 


runoff indicate that the BMPs did not contain all of the sediment.  However, the importance of these BMPs 


FIGURE 3  Comparison of Construction Site and Highway 
Storm Water Runoff Concentration for Selected Constituents 
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was apparent as visual observations during field activities indicated that silt fences, vegetative berms, 


sandbags, gravel bags, and straw bales were effective at containing significant amounts of sediment.     


Because BMPs are among the most useful and important tools in the Caltrans Stormwater Program (9), 


runoff characterization data from this study will be used to further develop management strategies and to 


evaluate and optimize existing BMPs.     


(a) Channel rock and vegetative berms (b) Straw bales 


(c) Vegetative berms (d) Silt fence 


FIGURE 4  Typical BMPs Used at Construction Sites to Contain Sediments 


Because higher TSS runoff concentrations were expected and observed in the storm water runoff from 


construction sites, a potential relationship between TSS and constituents reported in the 1998 – 2000 


data set was evaluated.   Because no linear correlation between TSS concentrations and total 


concentrations were observed, a relationship between TSS and particulate concentrations was assessed.  


Particulate values were obtained by subtracting the dissolved concentrations from the total 


concentrations. Although better correlations were found, no strong correlations were evident for most 


constituents.  However, R
2 
values greater than 0.5 (see Figure 5) were observed between TSS and 


particulate concentrations of copper, chromium, and zinc.  This correlation indicates that minimizing 


particulate matter in stormwater runoff may reduce total metals concentrations; further indication that 
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effective BMP implementation and sediment removal is essential for reducing pollutant loads discharged 


in runoff from construction sites. 


  


FIGURE 5  Correlation Between TSS and Particulate Metal for Chromium, Copper, and Zinc 
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CONCLUSIONS 


The following conclusions are based on the two years of construction site runoff water quality monitoring 
data discussed above:  


• Caltrans’ construction site runoff constituent concentrations detected during this study are less 
than typical Caltrans’ and Non-Caltrans’ highway runoff constituent concentrations with the 
exception of total chromium, total nickel, total phosphorus, TSS, and turbidity. 


• The higher concentrations of TSS and turbidity are likely due to the disturbed soils that 
construction site runoff is exposed to before exiting the site. 


• The origin of the total chromium, total nickel, and total phosphorus concentrations is unknown.  
Concentrations of these constituents varied between sites so it is possible that site-specific soils 
and vegetative conditions may have contributed to the constituent concentrations. 


• A correlation (R
2 
values greater than 0.5) was observed between TSS runoff concentrations and 


particulate runoff concentrations of chromium, copper, and zinc, indicating that minimizing 
particulate matter may reduce total metals concentrations. 


• The correlation between TSS concentrations and constituent concentrations may be useful when 
further developing best management practices. 
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Examples of Implemented Stream Restoration Projects and  
Estimated Total Phosphorus Reductions 


 
Prepared for Wright Water Engineers 


By the Watershed Conservation Resource Center (WCRC) 
July 13, 2011 


 


Accelerated streambank erosion from channel instability contributes sediment, total 
phosphorus (TP), and total nitrogen (TN) to stream networks.  This source of sediment and 
nutrients can be reduced through the implementation of stream restoration designs using a 
natural channel design 
approach.  Reduction of 
contaminants associated with 
streambank erosion is 
dependent on the following: 


 The size of the stream and 
associated watershed 


 The degree of instability of 
the channel and resulting 
streambank erosion rates 


 The physical properties of 
the streambank materials  


 The nutrient concentrations 
of the streambank materials 


 The flows that pass through 
the site 


 
The WCRC has implemented several stream restoration projects in Northwest Arkansas.  The 
project objectives included estimating sediment and nutrient loadings to the stream before and 
after restoration.  An 1,800 ft stream restoration project was implemented on the West Fork 
White River (WFWR) at Brentwood, Arkansas (see attached fact sheet) in 2009.  The watershed 
area at the project site is 18 mi2 and the bankfull cross-sectional area is 135 ft2.  Erosion rates 
were measured on seven streambanks within the project area prior to implementation and the 
rates ranged from less than 0.1 to 21.1 ft/yr.  Streambank erosion rates one year following 
implementation were measured and were all less than 0.9 ft/yr.  Sediment loads were 
estimated using bulk density values of similar streambank material types in the WFWR 
watershed.  The following table is a summary of estimated sediment and nutrient loads before 
and after implementation of the stream restoration project on the WFWR at Brentwood.  
Compared to the estimated sediment loading rate prior to implementation (1,958 ton/yr), 
restoration of the site resulted in at least 96% reduction in annual sediment loads.   Annual TP 
and TN loads are reduced by an estimated 638 lb/yr and 2,400 lb/yr, respectively.  The total 
project cost was $406,200, with $231,500 federal dollars and $174,700 matching dollars 
(mostly in-kind).  In addition to design, engineering, and construction costs, the total project 


Example of one year of accelerated streambank erosion on an Ozark stream 







costs include pre- and post-monitoring, maintenance for one year, public outreach, grant 
administration, and the development of a conservation easement program for the watershed; 
all were tasks associated with specific grant program and project partners’ objectives.   
 
Estimated sediment and nutrient load reductions resulting from restoration of the WFWR at Brentwood, AR 


 
 
The implementation of the WFWR stream restoration at Brentwood has proven to be successful 
in protecting land, improving aquatic and terrestrial habitat, and reducing sediment and 
nutrients loads to the WFWR.  The project has been effective in reducing streambank erosion 
for a range of flow events that have exceeded the design flow up to catastrophic floods during 
the spring of 2011.  Based on measured erosion rates at other sites on the WFWR that included 
flood events, the annual reduction of sediment and nutrient loads for 2011 would be at least 
two to four times the amounts shown in the table above.  
 
In 2008, the WCRC implemented a 1,200 ft stream restoration on a small urban stream, 
Niokaska Creek that flows through Gulley Park in Fayetteville, Arkansas (see attached fact 
sheet).  The watershed area is 1.25 mi2 and drains an urban area that is predominantly 
residential.  The bankfull cross-sectional area is 29 ft2.  Erosion rates were measured at several 
streambanks within the project area before and after implementation of the stream restoration 
design.  Also, streambank materials were sampled and analyzed for particle size distribution, 
TP, and TN and bulk density was determined.  The following table is a summary of estimated 
sediment and nutrient loads before and after implementation of the stream restoration project 
on Niokaska Creek at Gulley Park.  Compared to the estimated annual sediment loads prior to 
implementation (110,000 lb/yr), restoration of the site resulted in a 96% reduction.   Annual TP 
and TN loads are reduced by 94% amd 95%, respectively.  The total project cost was $262,200, 
with $121,000 federal dollars and $141,200 matching dollars.  In addition to design, 
engineering, and construction costs, the total project costs include pre- and post-monitoring, 
maintenance for two years, grant administration, and public outreach; all were tasks associated 
with specific grant program and project partners’ objectives.   
 
Estimated sediment and nutrient load reductions resulting 


from restoration of Niokaska Creek at Gulley Park. 


 
 


 
 
 
 


Sediment 


(lb/yr)


Total P


(lb/yr)


Total N


(lb/yr)


Before 


Restoration
110,000 28.8 71.1


After 


Restoration
4,600 1.7 3.3


% Reduction 96% 94% 95%
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ABSTRACT 
 
Keywords: stream restoration, phosphorus, removal cost, TMDL 
 
One of the many appealing features of the Ozarks is the quality and beauty of our 
lakes and streams.  Frequent algae blooms in the James River arm of Table Rock 
Lake however threatened not only valuable tourism dollars but also the quality of 
Ozark life.  A nutrient based TMDL focusing on phosphorus and nitrogen was 
adopted for the James River in 2002.  As we move into implementation, the question 
of the most cost effective method to reduce phosphorus loads is paramount.  This 
paper compares the local cost of phosphorus removal from point sources as well as 
non-point sources.  Specific Ozarks examples investigated included phosphorus 
reduction from a waste water treatment plant, stormwater BMP’s, stream buffers and 
stream stabilization.  The paper findings indicate Stream restoration is an excellent 
solution to preventing this phosphorus from being transferred to Ozark lakes and is 
cost efficient when compared to other non-point source reduction strategies.  This 
paper briefly introduces the audience to many other economic benefits to stream 
restoration such as flood attenuation, greenways trails, and home price increase.   
  
1.0 Introduction 
 
As the Ozark’s see increased development, area streams are beginning to show the 
telltale signs of urbanization. One common impact from urbanization is accelerated 
stream bank erosion. 
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Picture 1. Bank erosion threatening an Ozark condominium building (2008 
photograph by Olsson) 


 
Stream and bank erosion liberates a tremendous amount of sediment and causes the 
loss of property. The City of Springfield and Greene County are making progress 
toward restoring degraded streams. As part of Springfield’s stormwater management 
plan, the city began daylighting Jordan Creek. This project removes drainage tunnels 
and reconstructs the stream corridor. The daylighted area also features a greenway 
trail connecting two parks.   
 


 
 


Picture 2. Jordan Creek Daylighting Project (Springfield MS4 Report, 2007). This 
entire portion was previously in an undersized box culvert. Small fish are now 


prevalent in the base flow stream, and the trail system is heavily used. 
 


Greene County completed a stream restoration project in 2007, stabilizing Ward 
Branch using geomorphic and bioengineering approaches instead of concrete. This 
project was 1,289 feet long, made extensive use of native plantings, and, in the future, 
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will incorporate a greenway trail. The cost for restoring Ward Branch was $347,000 
or $269 per linear foot. 
 


 
 


Picture 3. Map of Ward Branch restoration project. Located adjacent to Twin Oaks 
Country Club Golf Course in southern Springfield, the stream bank was heavily 


eroded and contributed to phosphorus pollution in James River. 
 


Using Ward Branch as an example, at a cost of $269 per linear foot, is it worth 
stabilizing the Ozark streams? This paper presents some of the economic impacts 
from not stabilizing the Ozark streams. The discussion focuses mainly on phosphorus 
(P) impacts and costs, but some of the benefits associated with a stable greenway are 
also considered. Local studies and local examples are used when possible and are 
compared to national data. 
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2.0 Background 
 


2.1 Impact of Phosphorus (P) on Water Quality 
P is a particular concern because many of the Ozark’s waterways and lakes 
are P limited (DNR 2001 TMDL). Nutrient loading analysis typically focuses 
on either P or nitrogen, depending on which is the limiting factor in a water 
body. A nitrogen to P ratio of greater than 10:1 indicates that the water body is 
P limited and vice versa. Stating that the nutrient is “limited” does not mean 
that there isn’t much of it; it means that it will limit the total productivity of 
the water body. The following table shows published Nitrogen Limiting 
Thresholds taken from the DNR Total Maximum Daily Load (TMDL) for 
James River: 
 


Table 1. Nitrogen:Phosphorus limiting thresholds 


Information Source N Limiting 
Threshold 


Transition P Limiting 
Threshold 


Schanz and Juon (1983) <10:1 10:1-20:1 >20:1 
Petersen et al. (1993)   >20:1 
Stockner and Shortreed (1978)   >20;1 
Pringle (1987) <10:1   
Grimm and Fisher (1986) <10:1   
Dodds et al. (1998) <12.6:1   
Borchardt (1996)   >17:1 
Lohman (1988) <12:1   


 
The high sediment trap efficiencies of lakes cause them to become sinks for 
pollutants. In addition, through sedimentation and anaerobic digestion, P can 
be recycled through the water column. Dissolved P is quickly utilized by 
algae, macrophyte, and epyphite communities for increased cellular growth. 
The resulting biomass shades out larger plants and benthic micro-algae or 
macrophytes. Picture 4 shows the relation between P and algal chlorophyll a.  
The implication of this relationship is that every pound of P can sustain 
approximately 200 lbs of biomass when all other nutrients are abundant. In 
comparison, one pound of nitrogen can only support 12.5 lbs of biomass (CE-
QUAL, 1995).   
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Picture 4. Graph showing relation between chlorophyll and total phosphorus 


concentrations in Table Rock Lake. 
 
2.2 Table Rock Lake Eutrophication 
In the 1990s, the James River Arm of Table Rock Lake, located near Branson, 
Missouri, started experiencing frequent algae blooms. This high dollar tourism 
location was well known for its crystal clear water, and the algae blooms 
became a stark reminder that a lake’s water quality is a reflection of its 
watershed and streams. In the James River Basin, tourism brings over $900 
million per year to the local economies (DNR TMDL 2001). Local officials 
and businesses understood the potential impact of poor water quality on the 
local economy. This led the Table Rock Lake/Kimberling City Area Chamber 
of Commerce to form the corporation Table Rock Lake Water Quality, Inc. in 
1998. The Chamber’s board of directors recognized that improving and 
preserving Table Rock Lake’s water quality was vitally important. They 
concluded that the corporation would be an action group dedicated to projects 
that would stop pollution resulting from non-point sources such as nutrient 
enrichment, bacterial contamination, and contamination from point sources. 
This group was instrumental in formalizing and implementing the James River 
TMDL.     
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Picture 5. Table Rock Lake (algae bloom of 1999 in the James River Arm of 
Table Rock Lake – Missouri DNR photo). 


 
 Water quality studies performed as far back as 1969 have indicated that high 
nutrient loads existed in the James River. In May of 2001, the James River 
TMDL of 0.075 mg/L of P and 1.5 mg/L of in-stream total nitrogen was 
approved. The first phase of the TMDL implementation plan focuses on point 
sources. A P limit of 0.5 mg/L was imposed on all point sources discharging 
greater than or equal to 22,500 gallons per day. A major result of this first 
phase was the 2001 improvement to the City of Springfield Southwest 
Treatment Plant to reduce average P discharge to 0.5 mg/L.   
 
The second phase of the TMDL (Total Maximum Daily Load) focuses on 
non-point sources and relies on riparian corridor restoration, Best 
Management Practices (BMPs), septic tank cleanouts, and soil testing. The 
City of Springfield’s Stormwater Management Plan has been put into place 
and has helped by upgrading/creating stormwater treatment in addition to 
performing full spectrum detention, acquiring floodplain areas, cleaning 
streets, and improving the de-icing procedures. The James River Basin 
Partnership and the Watershed Committee of the Ozarks have also helped by 
contributing volunteer time, organizing cleanups, educating the public, and 
managing grant funds. The following chart from the DNR’s TMDL Data 
Sheet shows the difference in P loads before the TMDL and after the 
combined point and non-point source controls have been partially 
implemented: 
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Table 2. James River TMDL 


Mean Nutrient Levels for Two Locations on James 
River Comparing Data from 1999 to 2003 (in mg/L) 


Nutrient 


James R. near 
Boaz 


James R. at 
Galena 


1999 2003 1999 2003 


Total P 0.62 0.15 0.51 0.21 


 
The dramatic reduction in P is notable but is largely a result of improvements 
at the wastewater treatment plant. Non-point sources of P, however, are much 
more elusive to treat. According to the TMDL for the James River Basin, 
0.033 to 0.06 tons/acre/year of sediment is released from stream bank erosion. 
The amounts of sediment that can be liberated from modest reaches of streams 
are extensive. The rate of erosion found at Ward Branch produced 77 tons of 
soil liberated in eight months from only a 1,000-foot long stretch (OEWRI, 
2007).   
 
2.3 Phosphorus (P) Loaded Stream Banks 
Fine-grain sediment in alluvial deposited stream banks is laden with nutrients 
such as P. This is not a surprise; the agricultural community has long valued 
the highly productive floodplain bottoms. Research performed by Iowa State 
University (Moeller, Kovar, Russell, and Haan, 2006) has found that total P 
concentrations of 200-to-500 mg/kg were common in grazing land in 
Colorado. Soil testing performed by Missouri State University on Ward 
Branch Stream in Green County, Missouri, has found a similar range of total 
P. The average P found in the stream banks was 400 mg/kg (0.035 lbs of P per 
cubic foot of bank material). This implies that even minor amounts of stream 
bank erosion have a large potential to release P into the stream and ultimately 
into sensitive water bodies such as Table Rock Lake.   
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Picture 6. Sampling sites for Ward Branch (OEWRI, 2007) 
 
Using the averages mentioned above for the Ward Branch Study, it was 
estimated that erosion would liberate 93 lbs of P per 1,000 feet of channel per 
year. Testing found that the total P load in the stream was 175 lbs/year, so this 
bank alone contributed 53 percent of the P load in the stream. 
 
The Ward Branch findings on the volume of sediment generated from stream 
banks are not the only such findings. Based on reservoir water quality studies 
performed by Olsson Associates in Nebraska, 20-to30 percent of sediment and 
nutrients are from stream bank erosion (Cunningham, 2003). Studies on San 
Diego Creek in suburban Los Angeles found that over 60 percent of the 


3677World Environmental and Water Resources Congress 2009: Great Rivers © 2009 ASCE







 


 


   


 


 


sediment resulted from channel erosion (Trimble, 1997). Likewise, a study on 
Goodwin Creek in northern Mississippi found that better than 80 percent of 
the total sediment yield originated as channel and gully erosion (Grissinger, 
1990). A study of a channelized stream in Illinois found that one storm eroded 
as much as 1,150 tons of soil from a single bank in 1982 (Roseboom and 
Russell, 1985). The amounts of sediment liberated from stream banks can be 
greatly increased as a result of channelization, urbanization, and widespread 
stream instabilities such as incision (head cuts).   
 
A link exists between the riparian buffers and stream bank stabilization. A 
study of 748 stream bends found that 67 percent of bends without vegetation 
suffered erosion during a storm, while only 14 percent of bends with 
vegetation were eroded (Beeson and Doyle 1995). Keep in mind, the bank 
erosion potentially could have removed the vegetation rather than the de-
nuded banks causing the erosion. Nevertheless, this 1995 study makes it clear 
that bends void of vegetation are 30 times more likely to erode.   
 
Studies have shown that P removal has been measured along a healthy stream 
segment (Watson, 2001). Unhealthy or deforested riparian areas cause channel 
narrowing, which reduces the total amount of stream habitat and ecosystem 
per-unit channel length and compromises in-stream processing of pollutants 
(Sweeny, et al., 2004). Sweeny has suggested, "Forested stream channels have 
a wider and more natural configuration, which significantly affects the total 
in-stream amount and activity of the ecosystem, including the processing of 
pollutants. Riparian corridors and grass filter strips work together to cause 
sedimentation of clay particles containing phosphorus and to slow the water as 
it enters the stream. The woody vegetation further assists in stream bank 
stabilization. These results reinforce current policies used in the U.S. to 
incentivize riparian buffers as BMPs resulting in re-forestation for stream 
restoration and water-quality." A forest and grass buffer combination not only 
reduces non-point source pollutants from entering streams; they also enhance 
the in-stream processing of both non-point and point source pollutants, 
thereby reducing their impact on downstream rivers and impoundments 
(Welsch, 1991, Lowrance, 1997). This in-stream P processing further 
improves the cost efficiency for stream restoration. 
 
2.4 Other Non-Point Sources of Phosphorus (P) 
The point source wastewater treatment plants are only one of the many 
sources of P to our streams. Urban runoff contains a considerable amount of 
non-point P. Table 3 breaks down sources of P pollution from an area in 
Marquette, Michigan (Steuer, Selbig, Hornewer, and Prey, 1997). The table 
also summarizes event mean concentrations in runoff from residential and 
commercial areas completed by the Watershed Committee of the Ozarks on 
Pierson Creek. Pierson Creek is located along the eastern edge of Springfield, 
Missouri. The 1994 Pierson Creek study sampled runoff downstream from a 
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general residential or commercial area, so the land use was not itemized as 
discreetly as the Michigan study. 
 


Table 3. Sources of phosphorus in urban areas from various data sources.   


Source Area 
Sampled 


Michigan Study 
Total P (mg/l) 


Pierson Creek 
Study Total P 


(mg/l) 


 
NURP Data 


(mg/l) 
Commercial Parking 
Lot 


0.2 0.281 0.201 


High Traffic Street 0.31 -  


Medium Traffic Street 0.23 -  
Low Traffic Street 0.14 -  
Commercial Rooftop 0.09 -  
Residential Rooftop 0.06 


0.40 
 


Residential Driveway 0.35 0.383 
Residential Lawns 2.33  
Basin Outfall 0.29   


 
Based on the MS4 monitoring being performed by the City of Springfield in 
areas of the community that do not have water quality stormwater treatment, 
total P concentrations range from 0.05 mg/L to 0.8 mg/L, with an average of 
0.26 mg/L, which compares favorably to the Michigan study. The Michigan 
study and the Nationwide Urban Runoff Program (NURP) data have focused 
on these urban sources, but many of these studies neglect stream bank erosion 
sources of P.  
 
The City of Springfield has begun a notable stormwater treatment program for 
all new developments over one acre in size. The water quality storm of one 
inch must be treated using systems such as rain gardens, bioswales, extended 
detention, filter strips, porous concrete, and several other mechanisms to 
decrease the water quality impairments to our streams. Watershed groups in 
the area are working hard to reduce the amount of P and other stormwater 
pollutants from entering streams. The James River Basin Partnership 
sponsored the 2006 James River Watershed 319 Project. This $3.1 million 
project created a variety of BMPs, including riparian corridor restoration, 
septic tank cleanout, urban and agricultural soil testing, and 
educational/outreach programs. The Watershed Committee of the Ozarks is 
currently working with the City of Springfield to install storm water education 
signage at key locations around the city. In addition, the Watershed Center at 
Valley Water Mill is being developed as an educational showpiece for a 
variety of water quality BMPs.   
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3.0 Phosphorus (P) Removal Costs 
 
The impacts of hyper utrophic conditions caused by excess P are well documented, 
but what about the costs to remove P from Ozark waterways?  P enters our water 
from both point and non-point sources.  This section will discuss an Ozark’s example 
on the costs of P removal from a point source and will also discuss the costs of non-
point source P removal using stormwater BMPs. 
 


3.1 Point Source Phosphorus (P) Removal Costs 
Point source pollution can contribute a high percentage of P to our water, but 
our research indicates it is much cheaper to reduce the amount of P being 
discharged from point sources than non-point sources. In response to the 
imposed TMDL on James River and the algae blooms on Table Rock Lake, 
the Springfield Southwest Treatment Plant performed treatment upgrades to 
decrease P discharges into the James River. The upgrade began in 1997 and 
was completed March of 2001. The project cost was $2.2 million and involved 
installing an alum treatment system. The most recent project followed a 1993 
project, which also reduced the discharge concentrations of P. 
 


Table 4. Wastewater treatment plant upgrades and the associated pre and 
post total phosphorus discharges to Wilson Creek. 


Southwest 
Treatment 
Plant Upgrade 


Completion 
Date 


Cost Post-Upgrade Avg. 
Lbs of P to Creek 


Prior Avg. 
Lbs of P to 
Creek 


Plant Expansion 1993 
$30 
million 


850 lbs/day 
1,650 
lbs/day 


Alum 
Treatment 


2001 
$2.2 
million 


110 lbs/day 850 lbs/day 


 
Including the operation and maintenance cost of the alum system, the cost for 
P removal at the treatment plant, due to the 2001 upgrade, resulted in 
approximately $4.60 per pound of P removed per year, assuming a 50-year 
life cycle and including an estimated O&M cost of 54 percent of construction.  
 
3.2 Non-Point Source Stormwater BMP Phosphorus (P) Removal Costs 
Olsson Associates and Wright Water Engineers recently completed a 
stormwater BMP retrofit cost analysis study for Overland Park, Kansas. We 
specifically evaluated the costs associated with constructing and maintaining 
various non-point source pollution treatment methods. The cost for these 
systems varied but is generally summarized in Picture 7. 
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Picture 7. Graph of BMP Cost (Olsson, 2007) 
 
Based on the monitoring being performed by the City of Springfield in areas 
of the community that do not have water quality stormwater treatment, total P 
concentrations range from 0.05 mg/L to 0.8 mg/L, with an average of 0.26 
mg/L (City of Springfield, 2007). Mean average cost was used from the graph 
above for a BMP of $10 per cubic foot for a 50-acre development site, which 
gives a total BMP cost of $1.12 million (including 4.5 percent operation and 
maintenance costs). BMPs all have varying percent removal rates for P, which 
range from zero percent for green roofs, 15 percent for grass channels, and up 
to 75 percent removal for wetlands (EPA, 1999). We should note that an 
increasing amount of data has been suggesting the removal efficiency of 
BMPs that may not be the most appropriate measure used in designing these 
systems due to the variability of inflow concentrations and a practical lower 
limit of removal. For simplicity, we are using a 40 percent removal rate for an 
average inflow concentration of 0.26 mg/L P. Using these inflow and removal 
rates, the BMPs would cost $466 per pound of P removed per year (EPA, 
1999). Some agricultural BMPs are cheaper, such as terracing. These BMPs 
result in average costs of $185 per pound of P removed per year (Tippett, 
1995).   
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3.3 Cost of Stream Stabilization Using Geomorphic and Bioengineering 
Approaches 
National data indicates a wide range in costs for stream stabilization, from $42 
per linear foot to as much as $1,000 per linear foot (especially for daylighting 
culverts). Projects performed by Olsson Associates in Nebraska, Kansas, and 
Missouri have found a range of costs from $260 per linear foot to $350 per 
linear foot. The Ward Branch stabilization in Greene County resulted in a cost 
of $269 per linear foot. Assuming a 4.5 percent operation and maintenance 
cost, the total cost for 1,000 feet of stream would be $874,250. In 1,000 feet of 
stream channel on Ward Branch, MSU measured 93 lbs of total P being 
exported per year from bank erosion. For Ward Branch, the cost in terms of 
the amount of total P prevented was $188 per pound annually for a 50-year 
life cycle. 
 
It should be pointed out that these approaches do not completely eliminate 
stream bank erosion. Natural systems in dynamic equilibrium will migrate 
over time, and sediment will be liberated and subsequently deposited so that 
the net transport out of the system balances with the net sediment inflow rate. 
 


 
 


Picture 8. Before and after stream restoration done by Newbury Hydraulics – 
Waukegan Brook – Washington Park, Michigan: 1991 before restoration (left), and 


three years post-construction in 1995 (right).   
 
One approach historically taken to reduce stream bank erosion is to concrete 
line or enclose the stream. This approach is quite expensive and also reduces 
environmental benefits. Using lower Ward Branch as an example, the 
upstream culvert is a 10-by-12-foot concrete box culvert. Assuming this 
culvert was extended with the same size structure, it would result in a 
construction cost of nearly $1.6 million ($1,580 per linear foot) for the culvert 
and fill necessary to the cover 1,000 feet of conduit. This cost does not include 
permitting costs and downstream erosion protection. This cost is over five 
times more costly than the natural stream design. 


 
3.4 Stream Buffers  
To arrive at a unit cost basis, several design parameters were applied. Using a 
100-foot wide buffer with woody vegetation for the first 50 feet next to the 
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stream and a 50 grass filter outside the woody area yielded a 50 percent 
removal efficiency using a relatively flat slope of 1-to-5 percent (Wenger 
1999). A flow through velocity of 0.5 fps with a design depth of 1-inch deep 
during the two year storm was used to establish the number of acres a unit 
width of buffer could treat (Harner et al 2000). Combined with an assumed 
predominantly residential land use, the buffer could treat 0.0148 drainage area 
acres per foot of width. Installation bid tabulations from the Jordan Creek 
daylighting project in Springfield and projects in Christian County, Missouri, 
were reviewed, and, based on these local Ozark projects, an average 
installation cost of $15,000 was estimated. The installation cost includes 
three-to-five gallon trees, shrubs, native grass seeding, erosion control, and 
grading to ensure sheet flow through the buffer. Maintenance costs are 
estimated to be similar to stormwater BMPs at 4.5 percent of construction. 
The sediment accumulated in buffers must be removed to maintain the buffer 
treatment efficiency (Daniel and Moore, 1997). An assumed 10 year cleanout 
of the accumulated sediment in the grass area, followed by reseeding, was 
assumed at a 10 year interval over the 50 year design life. These calculations 
indicate that a 100-foot wide grass and tree buffer would cost approximately 
$20 per linear foot to install and an additional $140 per linear foot to maintain 
for a 50 year period. The amount of phosphorus removed during the 50 year 
design life was estimated at 0.58 lbs per foot of buffer. The cost efficiency is 
calculated at $278 per pound of phosphorous removed. 
   


4.0 Cost Efficiency Comparison 
 
We have presented some of the costs associated with removing P from the water 
column once it has been liberated and also the costs associated with stabilization 
measures taken to prevent the P from being eroded from the stream banks. Is an 
ounce of prevention worth a pound of cure? The following table summarizes the 
results: 
 


Table 5. Phosphorus removal cost comparisons 


P Removal Method Data Source Cost per Pound 
Removed Annually 


Wastewater 
Treatment Plant 


Springfield WWTP Upgrades, 
EPA Guidance Documents 


$4.60 


Stormwater BMPs 
EPA 1999 Study $698 to $1,535 


Olsson 2006 Study $466 


Stream Restoration 
Ward Branch and Other 
Restoration Plans in Nebraska, 
Kansas, and Missouri 


$188 


Stream Buffers 
Jordan Creek, Springfield 
Christian County, Missouri 


$278 
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Point source reductions stood out as the most effective method to reduce P entering 
the James River. Of the three non-point source methods reviewed, the data indicates 
that performing stream stabilization projects is a cost-efficient method to reduce the 
amount of P in our streams and lakes. Stream bank stabilization projects should be an 
integral portion of a watershed plan and a TMDL implementation strategy. However, 
if full-spectrum detention and adequate stream buffers are in place, the stabilization 
projects may not be needed, and the phosphorus processing of the healthy corridor is, 
in essence, “free” treatment. The associated prevention of stream instabilities offers 
an even more attractive economic proposal, as do the added benefits of healthy 
streams and the ensuing recreational opportunities.   
 
5.0 Other Economic Benefits of Stream Restoration and Greenways Trails 
 
The prior discussion was limited to quantifiable dollars spent to prevent P from 
reaching critical areas. As the Ozarks continue to see urban development, increasing 
pressures will encourage us to encroach on our streams. Riparian areas are dynamic 
and provide many functional benefits to the stream ecosystem. Effective riparian 
management could ameliorate many ecological issues related to land use and 
environmental quality. Riparian corridors should play an essential role in conducting 
water and landscape planning, in the restoration of aquatic systems, and in catalyzing 
institutional and societal cooperation for these efforts (Nainmen et al 1993). Riparian 
zones need to be viewed as an active river area framework, which includes a spatially 
explicit, holistic view of rivers that comprises both the channels and the riparian lands 
necessary to accommodate the physical and ecological processes associated with the 
river system. The framework informs river conservation by providing an approach to 
account for the areas and processes that form, change, and maintain a wide array of 
habitat types and conditions in and along rivers and streams. 
 
By leaving a buffer around streams during construction, developers realize not only 
immediate cost savings, but also the possibility of gaining long-term value to the 
property. The developer realizes an economic advantage for keeping the stream open 
and employing an adequate stream buffer, full-spectrum detention, and erosion 
control during construction and stormwater quality treatment. 
 
The National Park Service has well-documented studies on the economic value of 
greenways (NPS, 1995). Greenways that border streams offer many benefits, one of 
which is a marked increase in home values. In a subdivision in Springfield, the 
assessed valuations of the homes that back to the South Creek greenway is 15 percent 
higher than comparable homes in the remainder of the subdivision. In Boulder, 
Colorado, a study of property values found that homes next to a greenway had 32 
percent higher property values than homes 3,200 feet away. In Apex, North Carolina, 
developers of the Shepherd’s Vineyard subdivision found that they could charge 
$5,000 more for a home adjacent to a greenway. In Brown County, Wisconsin, homes 
along the Mountain Bay Trail sold for nine percent more than similar property not 
adjacent to a trail. Assuming an average lot width of 120 feet, an average lot value of 
$35,000, and residential houses backing to both sides of the stream, the benefit is 
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approximately $87 per linear foot of stream. In a 2002 survey of recent homebuyers 
sponsored by the National Association of Realtors, trails ranked as the second most 
important community amenity out of a list of 18 choices. The increase in home values 
also leads to increased property tax revenue. In Boulder, Colorado, a study of one 
subdivision revealed that the greenway increased the aggregate property value by 
$5.4 million. This resulted in $500,000 more in potential property tax revenue, which 
could pay for the $1.5 million greenway in three years.   
 
Greenway trails also decrease the amount of pollution reaching our streams by 
serving as alternative modes of transportation. Studies have shown that two-thirds of 
the trips that people living in urban areas make are less than five miles in distance. 
Using the trails for walking and biking has also been shown to decrease public health 
costs $3 for every $1 spent on trail development (Wang, Macera, Scudder-Soucie, 
Schmid, Pratt, and Buchner, 2005).   
 
Greenway trails can be incorporated as floodplain acquisitions. FEMA estimates that 
flooding causes over $1 billion in damages every year, and approximately 10 million 
homes are currently located in floodplains. After flooding in Tulsa, Oklahoma, the 
city designed a greenway along Mingo Creek that included woods, wetlands, and 
parks to enhance the floodplain. As a result, flood insurance rates in Tulsa dropped 25 
percent. The Minnesota DNR found that the average value of one acre-foot of flood 
storage is $300. Therefore, if one acre-foot of floodplain or wetland is developed, it 
would cost the public $300 to replace the water storage. Preserving and maintaining 
an “active river area” provides for future economic return while at the same time 
preventing future costly restoration or remediation projects.  
 
Streams, trails, and lakes also bring tourism dollars to communities. In the James 
River Basin, tourism brings over $900 million per year to the local economies (DNR 
TMDL 2001). The recreational benefits of trails, healthy streams, and lakes can be 
quantified using the “willingness-to-pay” system (National Parks Service, 1995). 
These values (converted to 2008 dollars) show what the average person would be 
willing to pay to have certain activities available to them per person, per day.   


 
Table 6. Willingness to Pay 


Average Willingness to Pay by Activity 


Activity Average Value per Activity Day 
Picnicking $25 
Hiking $40 
Non-motorized Boating $68 
Warm Water Fishing $41 
Non-consumptive Wildlife $28 


 
6.0 Conclusion 
This study has shown that stream restoration can be one of the most cost-effective 
methods of preventing phosphorus from entering lakes. BMPs are more expensive, 
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though necessary, because not only do they treat a myriad of pollutants, including 
phosphorus, they also decrease the rate of runoff, thereby preventing some erosion. 
The calculations in this study show that phosphorus emissions from point sources 
such as treatment plants are the least-costly to reduce. However, as the James River 
TMDL states, non-point source pollution needs to be addressed in conjunction with 
point source pollution to decrease the amount of nutrient loading in our lakes.   
 
Our streams and lakes are very valuable resources. What would happen today if the 
entire Table Rock Lake was affected the way the James River arm was affected by 
the algae blooms of 1998? As recent as the spring and summer seasons of 2008, 
visitation to Table Rock Lake decreased dramatically due to two factors: 1) lake 
levels remaining at or near record flood stages for several weeks due to large amounts 
of rainfall, and 2) public perception and fear that the lake was contaminated and 
unsafe to swim or boat in (Table Rock Lake Water Quality). As a result, local 
business owners realized decreased revenues. This recent event emphasizes the 
impacts impaired water quality has to local economies. Considering alone the amount 
of P that is released by eroding stream banks, compared to the cost of removing P by 
other non-point source removal methods, it is obvious that our streams need to be 
protected. The economic benefits of having healthy streams and lakes equate to 
millions of dollars per year in tourism, health care benefits, and home values. 
Protecting streams in urban settings generates approximately $250 worth of increased 
land value per linear foot and results in one of the least costly methods of reducing 
non-point source P. Protecting Ozark Streams is a necessary investment into the 
sustainability of the environment and the future economic viability of the region.  
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ABSTRACT 


Anthropogenic phosphorus (P) loading to freshwaters is a key concern facing 


Northwest Arkansas and the Upper Illinois River Watershed (UIRW), the focus of this 


study. Inputs of P to surface waters are cited as a key contributor to accelerated 


eutrophication. Subsequent reductions in overall water quality due to diverse inputs from 


both urban and agricultural sources have been researched, and measures have been 


implemented to reduce P loads. While strategies have been put in place, stream sediments 


are a critical, while less understood, link in the fate and transport of P from the landscape 


to overlying waterbodies and represent a potential source of a legacy effect in which prior 


management strategies continue to influence stream dissolved reactive P (DRP) 


concentrations. Thus, a comprehensive study of stream sediments within the region is 


necessary to understand whether or not bed sediment is still potentially a key regulator of 


DRP in the region. A three-fold approach was implemented; classification of physical 


and chemical properties of bed sediments, evaluation of extracting solutions for use in P-


sorption isotherm experiments to replicate stream water, and P uptake and release in a 


simulated stream channel utilizing a high P poultry litter source to evaluate typical 


agricultural practices of the region. Five sites were selected in the UIRW representing 


agricultural, forest, and urban sites. Sediment was collected and analyzed for a myriad of 


factors for each experiment. Results showed that streams in the UIRW are comprised of a 


mix of substrate sizes, a large portion of which are > 20-mm where P reactions are 


mainly biologically driven. Fine sediments which were approximately 15 % of bed 


sediment influenced chemically driven P reactions. Within the region DI water is most 


comparable to stream water and thus the most appropriate equilibrating solution to 


characterize P sorption and desorption properties of sediments. Based on fluvarium 







experiments, sediments in the watershed have a high affinity to sorb P (86 - 96%), with 


varying amounts of P subsequently desorbed ( 1 - 7 %). Across studies, sites showed a 


strong relationship to modified P saturation ratio (PSRmod)- This implies that prior land 


use management of the watershed has affected sediment properties, which continue to 


influence DRP levels of streams. Thus, a lack of decrease in P loads in streams of the 


UIRW is not indicative of a lack of effectiveness of recently implemented management 


strategies, rather it is likely a lack of sufficient time for reduction in both soil P levels, 


through adoption of agricultural and urban best management practices (BMPs), and 


stream sediment bound P acting as continued regulators of stream DRP levels. 
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Filter Stri 
DESCRIPTION 


Filter strips are vegetated areas that are 
situated between surface water bodies (Le. 
streams and lakes) and cropland, grazing land, 
forestland, or disturbed land. They are 
generally in locations when runoff water 
leaves afield with the intention that sediment, 
organic material, nutrients, and chemicals can 
be filtered from the runoff water. Filter strips 
are also known as vegetative filter or buffer 
strips. Strips slow runoff water leaving a field 
so that larger particles, including soil and 
organic material can settle out. Due to 
entrapment of sediment and the establishment. 
of vegetation, nutrients can be absorbed into . 
the sediment that is deposited and remain on Photo Courtesy USDA- NRCS Online Photo Gallery 


the field landscape, enabling plant uptake. 


--7'.... 
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POLLUTANT REMOVAL 
Suspended Solids 65% 
Nitrogen 70% 
Phosphorus 75% 


USEPA 2009, STEPL BMP Efficiency Rates 


IMPLEMENTATION REQUIREMENTS 
Cost= 

Operation and Maintenance= 

Training for Operators= 



LANDUSE APPLICATION = 
Cropland, Rangeland, Pasture 
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Channel Protection 

DESCRIPTION 


Measure(s) used to stabilize the bed or 
bottom of a channel 


This practice may be applied as part of a 
conservation management system to 
support one or more of the following: 


Maintain or alter channel bed elevation or 
gradient 


Modify sediment transport or deposition 


Manage surface water and ground water 
levels in floodplains, riparian areas, and 
wetlands. 


USDA-NRCS, 2006. National Conservation Practice 
Standards. 
http://www.nrcs.usda.gov/technical/standards/nhcp.html 


Sediment= 75% 

Nitrogen= 75% 



- '7 Phosphorus= 75% 


USEPA 2009. STEPL BMP Efficiency Rates. "5treambank 
Stabilization and Fencing," 


IMPLEMENTATION REQUIREMENTS 


Cost= 

Operation and Maintenance= 

Training= 



LANDUSE DESIGNATION= 
Pasture, Rangeland, Urban, Cropland, Forest 



http://www.nrcs.usda.gov/technical/standards/nhcp.html
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Riparian Forest Buffer 


DESCRIPTION 


An area of predominantly trees and/or 
shrubs located adjacent to and up-gradient 
from watercourses or water bodies .. 
Reduces excess amounts of sediment, 
organic material, nutrients and pesticides in 
surface runoff and reduce excess nutrients 
and other chemicals in shallow ground 
water flow. Also reduces pesticide drift 
entering the water body. 


Riparian forest buffers are applied on areas 
adjacent to permanent or intermittent 
streams, lakes, ponds, and wetlands .. 


USDA-NRCS, 2003. National Conservation Practice 
Standards. 
http://www.nrcs.usda.gov/technicaljstandards/nhcp.ht 
ml 
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Sediment= 60% 
Nitrogen:::: 30% 


--..., Phosphorus:::: 30% 


USEPA 2009. STEPL BMP Efficiency Rates. "LID/Filter/Buffer strip." 


1. USDA-NRCS 


IMPLEMENTATION REQUIREMENTS 


Cost:::: 
Operation and Maintenance:::: 
Training:::: 


LANDUSE APPLICATION = 
Urban, Rangeland 
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Stream Restoration 
DESCRIPTION 


Stream restoration is a concept that encompasses a 
variety of constructed practices to mitigate and 
prevent the erosion and sedimentation of channel 
areas. These include the planting of stream banks 
with native vegetation, installation of rocks (rip 
rap), planting spikes or rods, and reconstructing 
channels to slow flow. The appropriate structural 
and vegetative measures are dictated by site 
specific conditions. Stream restoration is targeted to 
prevent the loss of land or land uses adjacent to 
streams and maintain the flow capacity of streams 
and constructed channels while reducing off-site or 
downstream effects of sediment resulting from 
stream bank erosion. 


Wilson, B. Streambank and Shoreline Protection. Phosphorus Best Photo Courtesy USDA- NRCS Online Photo Gallery 
Management Practices. Minimizing Agricultural Losses from Agriculture. 
SERA-17. USDA-NRCS. 
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POLLUTANT REMOVAL 
Sediment= 75% 
l\Jitrogen=75% 
Phosphorus=75% 


USEPA 2009. STEPL Pollutant Reduction Rates for Best Management 
Practices. "Streambank Stabilization and Fencing." 


IMPLEMENTATION REQUIREMENTS 
Cost= 
Operation and Maintenance= 


. Training= 


LANDUSE DESIGNATION: 
Urban, Cropland, Forest, Pasture, 

Rangeland 
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		Construction is performed yearly at hundreds of Caltrans’ highway and freeway sites.  Because construction site activities differ significantly from typical highway/freeway activities, the storm water runoff water quality characteristics are expected to

		A two-year (1998-99 and 1999-00) monitoring study was performed to evaluate the quality of storm water runoff from a variety of Caltrans’ highway construction projects.  The characterization data is being used to estimate constituent loadings to receivin

		Stringent criteria were used to select these highway construction sites to ensure that a wide range of Caltrans’ construction activities were represented.   During the 1998-99 wet season nine sites were monitored.  Six sites were monitoring during the 19
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Supporting Information Regarding Use of Reference Streams  
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Selected Reference Stream Locations from USGS Website 


  







USGS 07195500 Illinois River near Watts, OK







USGS 07060710 North Sylamore Creek near Fifty Six, AR







USGS 07340300 Cossatot River near Vandervoort, AR







USGS 07056000 Buffalo River near St. Joe, AR
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Nutrients and Water Quality


First Edition: November 19992-2


Table 2-1.  Sources and concentrations of nutrients from common point and nonpoint sources 


Source Nitrogen (mg/L) Phosphorus (mg/L)


Urban runoff 3 - 10 0.2 - 1.7


Livestock operations 6 - 800a 4 - 5


Atmosphere (wet deposition) 0.9 0.015b


Untreated wastewater 35 10


Treated wastewater (secondary treatment) 30 10
a As organic nitrogen; b Sorbed to airborne particulate
 Source:  Novotny and Olem, 1994


suffer a loss of equilibrium, hyperexcitability,
increased respiratory activity and oxygen uptake, and
increased heart rate.  At extreme ammonia levels, fish
may experience convulsions, coma, and death
(USEPA, 1986a; revised 1998b).


• Drinking water supply. Diatoms and filamentous
algae can clog water treatment plant filters and
reduce the time between backwashings (the process
of reversing water flow through the water filter to
remove debris).  Disinfection of water supplies
impaired by algal growth also might result in water
that contains potentially carcinogenic disinfection by-
products, such as trihalomethanes.  An increased rate
of production and breakdown of plant matter also can
adversely affect the taste and odor of the drinking
water.


• Recreational use.  The excessive plant growth in a
eutrophic waterbody can affect recreational water
use.  Extensive growth of rooted macrophytes,
periphyton, and mats of living and dead plant
material can interfere with swimming, boating, and
fishing activities, while the appearance of and odors
emitted by decaying plant matter impair aesthetic
uses of the waterbody.


Nutrient Sources and Transport


Both nitrogen and phosphorus reach surface waters at an
elevated rate as a result of human activities. 
Phosphorus, because of its tendency to sorb to soil
particles and organic matter, is primarily transported in
surface runoff with eroded sediments.   Inorganic
nitrogen, on the other hand, does not sorb as strongly
and can be transported in both particulate and dissolved


phases in surface runoff.  Dissolved inorganic nitrogen
also can be transported through the unsaturated zone
(interflow) and ground water.  Because nitrogen has a
gaseous phase, it can be transported to surface water via
atmospheric deposition.  Phosphorus associated with
fine-grained particulate matter also exists in the
atmosphere.  This sorbed phosphorus can enter natural
waters by both dry fallout and rainfall.  Finally, nutrients
can be directly discharged to a waterbody via outfalls
for wastewater treatment plants and combined sewer
overflows.  Table 2-1 presents common point and
nonpoint sources of nitrogen and phosphorus and the
approximate associated concentrations.


Once in the waterbody, nitrogen and phosphorus act
differently.  Because inorganic forms of nitrogen do not
sorb strongly to particulate matter, they are more easily
returned to the water.  Phosphorus, on the other hand,
can sorb to sediments in the water column and on the
substrate and become unavailable.  In lakes and
reservoirs, continuous accumulation of sediment can
leave some phosphorus too deep within the substrate to
be reintroduced to the water column, if left undisturbed;
however, a portion of the phosphorus in the substrate
might be reintroduced to the water column.  The
activities of benthic invertebrates and changes in water
chemistry (such as the reducing conditions of bottom
waters and sediments often experienced during the
summer months in a lake) also can cause phosphorus to
desorb from sediment.  A large, slow-moving river also
might experience similar phosphorus releases.  The
sudden availability of phosphorus in the water column
can stimulate algal growth.  Because of this
phenomenon, a reduction in phosphorus loading might
not effectively reduce algal blooms for many years
(Maki et al., 1983).
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Nutrient Cycling


The transport of nutrients from their sources to the
waterbody of concern is governed by several chemical,
physical, and biological processes, which together
compose the nitrogen or phosphorus cycle.  Nutrient
cycles are important to understand for developing a
TMDL because of the information they provide about
nutrient availability and the associated impact on plant
growth.  


Nitrogen


Nitrogen is plentiful in the environment.  Almost 80
percent of the atmosphere by volume consists of
nitrogen gas (N2). Although largely available in the
atmosphere, N2 must be converted to other forms, such
as nitrate (NO3


-), before most plants and animals can use
it.  Conversion into usable forms, both in the terrestrial
and aquatic environments, occurs through the four
processes of the nitrogen cycle.  Three of the
processes—nitrogen fixation, ammonification, and
nitrification—convert gaseous nitrogen into usable
chemical forms.  The fourth process, denitrification,
converts fixed nitrogen back to the gaseous N2 state. 


• Nitrogen fixation.  The conversion of gaseous
nitrogen into ammonia ions (NH3 and NH4


+).
Nitrogen-fixing organisms, such as blue-green algae
(cyanobacteria) and the bacteria Rhizobium and
Azobacter, split molecular nitrogen (N2) into two free
nitrogen molecules.  The nitrogen molecules combine
with hydrogen molecules to yield ammonia ions.


• Ammonification.  A one-way reaction in which
decomposer organisms break down wastes and
nonliving organic tissues to amino acids, which are
then oxidized to carbon dioxide, water, and ammonia
ions.  Ammonia is then available for absorption by
plant matter.


• Nitrification.  A two-step process by which
ammonia ions are oxidized to nitrite and nitrate,
yielding energy for decomposer organisms.  Two
groups of microorganisms are involved in the
nitrification process.  First, Nitrosomonas oxidizes
ammonia ions to nitrite and water. Second,
Nitrobacter oxidizes the nitrite ions to nitrate, which
is then available for absorption by plant matter.


• Denitrification.  The process by which nitrates are
reduced to gaseous nitrogen by facultative anaerobes. 
Facultative anaerobes, such as fungi, can flourish in
anoxic conditions because they break down oxygen-
containing compounds (e.g., NO3


-) to obtain oxygen.


Once introduced into the aquatic environment, nitrogen
can exist in several forms—dissolved nitrogen gas (N2),
ammonia (NH4


+ and NH3), nitrite (NO2
-), nitrate (NO3


-),
and organic nitrogen as proteinaceous matter or in
dissolved or particulate phases.  The most important
forms of nitrogen in terms of their immediate impact on
water quality are the readily available ammonia ions,
nitrites, and nitrates2 (dissolved nitrogen).  Particulate
and organic nitrogen, because they must be converted to
a usable form, are less important in the short term.  Total
nitrogen (TN) is a measurement of all forms of nitrogen.


Nitrogen continuously cycles in the aquatic
environment, although the rate is temperature-controlled
and thus very seasonal.  Aquatic organisms incorporate
available dissolved inorganic nitrogen into
proteinaceous matter. Dead organisms decompose, and
nitrogen is released as ammonia ions and then converted
to nitrite and nitrate, where the process begins again. If a
surface water lacks adequate nitrogen, nitrogen-fixing
organisms can convert nitrogen from its gaseous phase
to ammonia ions. 


Phosphorus


Under normal conditions, phosphorus is scarce in the
aquatic environment. Unlike nitrogen, phosphorus does
not exist as a gas and therefore does not have gas-phase
atmospheric inputs to aquatic systems.  Rocks and
natural phosphate deposits are the main reservoirs of
natural phosphorus.  Release of these deposits occurs
through weathering, leaching, erosion, and mining. 
Terrestrial phosphorus cycling includes immobilizing
inorganic phosphorus into calcium or iron phosphates,
incorporating inorganic phosphorus into plants and
microorganisms, and breaking down organic phosphorus
to inorganic forms by bacteria.  Some phosphorus is
inevitably transported to aquatic systems by water or
wind. 


2Note that plants cannot directly use nitrate but must first convert it
to ammonium using the enzyme nitrate reductase.  Because the ability
to do this is ubiquitous, nitrate is considered to be bioavailable.
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Phosphorus in freshwater and marine systems exists in
either an organic or inorganic form.


• Organic phosphorus.  Organic particulate
phosphorus includes living and dead particulate
matter, such as plankton and detritus.  Organic
nonparticulate phosphorus includes dissolved organic
phosphorus excreted by organisms and colloidal
phosphorus compounds.


• Inorganic phosphorus.  The soluble inorganic
phosphate forms H2PO4


-, HPO4
2-, and PO4


3, known as
soluble reactive phosphorus (SRP), are readily
available to plants.  Some condensed phosphate
forms, such as those found in detergents, are
inorganic but are not available for plant uptake.  
Inorganic particulate phosphorus includes
phosphorus precipitates, phosphorus adsorbed to
particulate, and amorphous phosphorus. 


The measurement of all phosphorus forms in a water
sample, including all the inorganic and organic
particulate and soluble forms mentioned above, is
known as total phosphorus (TP). TP does not distinguish
between phosphorus currently unavailable to plants
(organic and particulate) and that which is available
(SRP).  SRP is the most important form of phosphorus
for supporting algal growth because it can be used
directly.  However, other fractions are transformed to
more bioavailable forms at various rates dependent on
microbial action or environmental conditions.  In
streams with relatively short residence times, it is less
likely that the transformation from unavailable to
available forms will have time to occur and SRP is the
most accurate estimate of biologically available
nutrients.  In lakes, however, where residence times are
longer, TP generally is considered an adequate
estimation of bioavailable phosphorus.


Phosphorus undergoes continuous transformations in a
freshwater environment.  Some phosphorus will sorb to
sediments in the water column or substrate and be
removed from circulation.  Phytoplankton, periphyton,
and bacteria assimilate the SRP (usually as
orthophosphate) and change it into organic phosphorus. 
These organisms then may be ingested by detritivores or
grazers, which in turn excrete some of the organic
phosphorus as SRP.  Some previously unavailable forms
of phosphorus also convert to SRP.  Continuing the


cycle, the SRP is rapidly assimilated by plants and
microbes.


Human activities have resulted in excessive loading of
phosphorus into many freshwater systems.  Overloads
result in an imbalance of the natural cycling processes. 
Excess available phosphorus in freshwater systems can
result in accelerated plant growth if other nutrients and
other potentially limiting factors are available. 


Other Limiting Factors


Many natural factors combine to determine rates of plant
growth in a waterbody.  First of these is whether
sufficient phosphorus and nitrogen exist to support plant
growth.  The absence of one of these nutrients generally
will restrict plant growth.  In inland waters, typically
phosphorus is the limiting nutrient of the two, because
blue-green algae can “fix” elemental nitrogen from the
water as a nutrient source.  In marine waters, either
phosphorus or nitrogen can be limiting.  Although
carbon and trace elements are usually abundant,
occasionally they can serve as limiting nutrients. 
However, even if all necessary nutrients are available,
plant production will not necessarily continue
unchecked.  Many natural factors, including light
availability, temperature, flow levels, substrate, grazing,
bedrock type and elevation, control the levels of
macrophytes, periphyton, and phytoplankton in waters. 
Effective management of eutrophication in a waterbody
may require a simultaneous evaluation of several
limiting factors. 


• Light availability.  Shading of the water column
inhibits plant growth.  Numerous factors can shade
waterbodies, including: (1) as plant production
increases in the upper water layer, the organisms
block the light and prevent it from traveling deeper
into the water column; (2) riparian growth along
waterbodies provides shade; and (3) particulates in
the water column scatter light, decreasing the
amount penetrating the water column and available
for photosynthesis.


With seasonally high particulate matter or shading
(e.g., in deciduous forests), the high nutrients may
cause excessive growth only during certain times of
the year: for example, streams where snowmelt is
common in the spring.  Snowmelt could lead to high
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levels of suspended particulate matter and low algal
biomass.  During stable summer flows, however,
there will be lower levels of suspended matter and
hence higher algal biomass. 


• Temperature.  Temperature affects the rates of
photosynthesis and algal growth, and composition of
algal species.  Depending on the plant,
photosynthetic activity increases with temperature
until a maximum photosynthetic output is reached,
when photosynthesis declines (Smith, 1990). 
Moreover, algal community species composition in
a waterbody often changes with temperature. For
example, diatoms most often are the dominant algal
species at water temperatures of 20 ° to 25 °C,
green algae at 30 ° to 35 °C, and blue-green algae
(cyanobacteria) above 35 °C (Dunne and Leopold,
1978; USEPA, 1986b). 


• Water Velocity.  Water movement in large lakes,
rivers, and streams influences plant production. 
Stream velocity has a two-fold effect on periphyton
productivity: increasing velocity to a certain level
enhances biomass accrual but further increases can
result in substantial scouring (Horner et al., 1990). 
Large lakes and estuaries can experience the
scouring action of waves during strong storms
(Quinn, 1991).  In rivers and streams, frequent
disturbance from floods (monthly or more
frequently) and associated movement of bed
materials can scour algae from the surface rapidly
and often enough to prevent attainment of high
biomass (Horner et al., 1990).   Rapid flows can
sweep planktonic algae from a river reach, while
low flows may provide an opportunity for
proliferation.


• Substrate.  Macrophytes and periphyton are
influenced by the type of substrate available. 
Macrophytes prefer areas of fine sediment in which
to root (Wright and McDonnell, 1986, in Quinn,
1991). Thus, the addition and removal of sediment
from a system can influence macrophyte growth. 
Periphyton, because of its need to attach to objects,
grows best on large, rough substrates.  A covering of
sediment over a rocky substrate decreases
periphyton biomass (Welch et al., 1992).


• Grazing.  Dense populations of algae-consuming
grazers can lead to negligible algal biomass, in spite
of high levels of nutrients (Steinman, 1996).  The
existence of a “trophic cascade” (control of algal
biomass by community composition of grazers and
their predators) has been demonstrated for some
streams (e.g., Power, 1990).  Managers should
realize the potential control of algal biomass by
grazers, but they also should be aware that
populations of grazers can fluctuate seasonally or
unpredictably and fail to control biomass at times. 
Consideration of grazer populations might explain
why some streams with high nutrients have low
algal biomass.


• Bedrock.  The natural effects of bedrock type also
might help explain trophic state.  Streams draining
watersheds with phosphorus-rich rocks (such as
rocks of sedimentary or volcanic origin) can be
enriched naturally and, therefore, control of algal
biomass by nutrient reduction in such systems might
be difficult.  Review of geologic maps and
consultation with a local soil scientist might reveal
such problems.  Bedrock composition has been
related to algal biomass in some systems (Biggs,
1995). 


The Relationship Between Water Quality and Flow
in Streams and Rivers


The relationship between water quality and flow in
streams and rivers deserves special mention because
some impairments are aggravated (or caused primarily)
by flow modifications that result from in-stream
diversions or catchments.  For nutrient TMDLs, stream
flow directly influences many physical features (e.g.,
depth, velocity, turbulence, reaeration, and
volatilization), while also indirectly influencing nutrient
uptake by attached algae.  The velocity and depth
associated with a specific flow regime also define the
residence time in a reach, which directly influences
reach temperature and the spatial expression of decay
rates.  During TMDL development, it is important to
identify the flow regimes necessary to satisfy designated
uses and to identify situations where flow modifications
might make use attainment difficult or impossible. 
Because of the difficulties associated with addressing
these types of impairments, more time might be required
to identify and implement acceptable solutions.  In some







Nutrients and Water Quality


First Edition: November 19992-6


Use
Impairment


Many
Sources
Large


Watershed
Complex


Processes
Research


Area


More Data


More
Resources


Standard
Violation


One
Source
Small


Watershed
Basic


Processes
Principles


Understood


Few Data


Few
Resources


Increasing Level of Detail


Figure 2-1.  Factors influencing the level of detail for the
TMDL analysis


instances, states or territories might choose to undertake
a Use Attainability Analysis (UAA) to assess the factors
affecting the designated use.


NUTRIENT TMDLS


TMDL development is site-specific.  The primary focus
of this protocol is on developing nutrient TMDLs for
lakes or rivers.  Future material will explain developing
nutrient TMDLs in estuarine waters.  The availability of
data influences the types of methods that developers can
use.  Ideally, extensive monitoring data are available to
establish baseline water quality conditions, pollutant
source loading, and waterbody system dynamics.
However, without long-term monitoring data, the
developer will have to use a combination of monitoring,
analytical tools (including models), and qualitative
assessments to collect information, assess system
processes and responses, and make decisions.


Range of Approaches for Developing Nutrient
TMDLs


TMDL analysts should be resourceful and creative in
selecting TMDL approaches and should learn from the
results of similar analytical efforts.  The degree of
analysis required for each component of TMDL
development (e.g., selection of indicators and targets,
source analysis, link between sources and water quality,
and allocations) can range from simple, screening-level
approaches based on limited data to detailed
investigations that might need several months or even
years to complete.  Various interrelated factors will
affect the degree of analysis for each approach: the type
of impairment (e.g., violation of a numeric criterion
versus designated use impairment); the physical,
biological, and chemical processes occurring in the
waterbody and its watershed; the size of the watershed;
the number of sources; the data and resources available;
and the types and costs of actions needed to implement
the TMDL (see Figure 2-1).


Decisions regarding the extent of the analysis must
always be made on a site-specific basis as part of a
comprehensive problem-solving approach.  TMDLs are
essentially a problem-solving process to which no
“cookbook” approach can be applied.  Not only will
different TMDL studies vary in complexity, but the


degree of complexity in the methods used within
individual TMDL components also may vary
substantially.  Simpler approaches can save time and
expense and can be applied by a wider range of
personnel.  Simple approaches also generally are easier
to understand than more detailed analyses.


The trade-offs associated with using simple approaches
include a potential decrease in predictive accuracy and
often an inability to make predictions at fine geographic
and time scales (e.g., watershed-scale source predictions
versus parcel-by-parcel predictions, and annual versus
seasonal estimates).  When using simple approaches,
analysts should consider these two shortcomings in
determining an appropriate margin of safety.


The advantages of more detailed approaches,
presumably, are an increase in predictive accuracy and
greater spatial and temporal resolution.  Such
advantages can translate into greater stakeholder "buy-
in" and smaller margins of safety that usually reduce
source management costs.  Detailed approaches might
be necessary when analysts have tried the simple
approaches and have proven them ineffective, or when it
is especially important to “get it right the first time.” 
More detailed approaches also may be warranted when
there is significant uncertainty whether nutrient
discharges relate to human or to natural sources and the
anticipated cost of controls is especially high.  However,
more detailed approaches are likely to cost more, require
more data, and take more time to complete.







 
 
 


UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
             WASHINGTON D.C.  20460 


 
       
 


OFFICE OF THE ADMINISTRATOR 
SCIENCE ADVISORY BOARD 


April 27, 2010 
EPA-SAB-10-006 
 
The Honorable Lisa P. Jackson 
Administrator 
U.S. Environmental Protection Agency 
1200 Pennsylvania Avenue, N.W. 
Washington, D.C.  20460 
 
 Subject: SAB Review of Empirical Approaches for Nutrient Criteria Derivation 
 
Dear Administrator Jackson: 
 
      EPA’s Office of Water (OW) requested that the Science Advisory Board (SAB) review the 
Agency’s draft guidance document titled Empirical Approaches for Nutrient Criteria Derivation 
(“Guidance”).  The Guidance is one of a series of technical documents developed by OW to 
describe approaches and methods for developing numeric criteria for nutrients.  The Guidance 
specifically focuses on empirical approaches for determining stressor-response relationships to 
derive numeric nutrient criteria.  In response to the Agency’s advisory request, the SAB  
Ecological Processes and Effects Committee, augmented with additional experts, met on 
September 9-11, 2009 to conduct a peer review of the Guidance.  OW requested that the SAB: 1) 
comment on the technical merit of the methods and approaches described in the Guidance; 2) 
suggest approaches that might be considered to improve the Guidance; and 3) offer suggestions 
to improve the utility of the Guidance for state and tribal water quality scientists and resource 
managers.  The enclosed advisory report provides the advice and recommendations of the 
Committee. 
   
      The SAB commends EPA for addressing nutrient issues.  Nutrients (nitrogen and 
phosphorus) are a major cause of impairment in the quality of the Nation’s waters, and the SAB 
recognizes the importance of EPA’s efforts to develop numeric nutrient criteria.  The stressor-
response approach is a legitimate, scientifically based method for developing numeric nutrient 
criteria if the approach is appropriately applied (i.e., not used in isolation but as part of a weight-
of-evidence approach).  We encourage the Agency to continue this important work. 
 
     EPA’s draft Guidance provides a primer on a limited set of statistical methods that could be 
used in deriving nutrient criteria based on stressor-response relationships.  However, in its 
present form, the Guidance does not present a complete or balanced view of using the statistical 







methods to develop criteria.  Restructuring and substantial revision of the Guidance is needed 
prior to its release to make the document more useful to state and tribal water quality scientists 
and resource managers.   
 
     In general, we find that the scope and intended use of the Guidance should be more clearly 
identified.  The empirical stressor-response framework described in the Guidance is one possible 
approach for deriving numeric nutrient criteria, but the uncertainty associated with estimated 
stressor-response relationships would be problematic if this approach were used as a “stand 
alone” method because statistical associations do not prove cause and effect.  We therefore 
recommend that the stressor-response approach be used with other available methodologies in 
the context of a tiered approach where uncertainties in different approaches are recognized, and 
weight-of-evidence is used to establish the likelihood of causal relationships between nutrients 
and their effects for criteria derivation.  In this regard, we recommend that EPA more clearly 
articulate how this particular guidance fits within the Agency’s decision-making and regulatory 
processes and, specifically, how it relates to and complements EPA’s other nutrient criteria 
approaches, technical guidance manuals, and documents.  The SAB also recognizes that methods 
in the Guidance do not address downstream impacts of excess nutrients. 
 
     The SAB has provided many recommendations to improve the Guidance and strongly 
recommends that they be incorporated into the final document.  These recommendations focus 
on revising the document to address: cause and effect; the utility and limitations of the statistical 
methods and approaches in the document; the supporting analyses and data needed to correctly 
identify predictive relationships; the need for more guidance and examples to describe when and 
how to use various methods and approaches; linkages among designated uses and stressors; and 
the need for a more specific and descriptive framework outlining the steps in the criteria 
development process.  Finally, the SAB strongly recommends that EPA invest in providing the 
technical support and training needed to make the approaches and methods in the final Guidance 
more useful to state and tribal water resource managers.  
 
     Thank you for the opportunity to review this important guidance document.  The SAB looks 
forward to receiving the Agency’s response to this advisory report and stands ready to provide 
additional advice as EPA continues to develop nutrient criteria guidance. 
 


Sincerely, 
 


 
 
 /Signed/      /Signed/ 
 
Dr. Deborah L. Swackhamer, Chair             Dr. Judith L. Meyer, Chair 
Science Advisory Board              Ecological Processes and Effects Committee 
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Review Frequency 


After sizing a stormwater management facility using a design event, a review frequency 
flood event should be used, such as the IOO-year flood. This is done to ensure that there. 
are no unexpected flood hazards inherent in the proposed facilities. In some cases, a flood 
event larger than the IOO-year flood should be used to ensure the safety of the drainage 
structure and downstream development. 
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7.5 Hydrologic Procedure Selection 


In performing hydrologic calculations, it is important to have a systematic approach and 
to know the following: 


.. The types and accuracy of answers needed 


.. The available methodologies to provide necessary information 


.. The available data and information 


.. The assumptions inherent in and the limitations on selected methods 


A general approach for hydrologic calculations could be outlined as follows: 


l 


Step 1: Determine requirements (e.g., peak flow, hydrograph, etc.) and accuracy 
and select a design procedure. 


Step 2: Collect necessary data. 


Step 3: Identify design storm criteria and develop the storm or rainfall. 


Step 4: Compute time of concentration or other lag times required. 


Step 5: Determine rainfall excess if appropriate to the methodology. 


Step 6: Compute peak rate of runoff or flood hydrograph. 


Step 7: Perform detention storage or channel routing, if appropriate. 


Step 8: Estimate or test sensitivity to engineering judgments and data error ranges. 
Adjust approach as appropriate. 


Step 9: Document all estimates and calculations in detail. 


Streamflow measurements for determining a flood frequency relationship at a site are 
usually unavailable; in such cases, it is accepted practice to estimate peak runoff rates and 
hydrographs using statistical, empirical, or physically based formula methods. In general, 
results from using several methods should be compared, not averaged. If hydrologic 
procedures have been developed for the local area, they will probably produce the best r results and should be used. The accuracy of general hydrologic procedures can be greatly 
increased for a local area if they are calibrated for use within a specific area. The next 
section in this chapter discusses calibration. 


A consideration of peak runoff rates for design conditions is sometimes adequate for 
conveyance systems such as storm drains or open channels. However, if the design must 
include flood routing (e.g., storage basins or complex conveyance networks), a flood 
hydrograph is required. Many municipal ordinances now require that discharges from 
stormwater management facilities be evaluated through a portion of the downstream 
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FIGURE 7-2 
Hydrograph calibration. 
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in many locations. It is common that these equations can only be used for large or 
undeveloped watersheds, while most municipal hydrologic studies deal with small urban
ized watersheds and site developments. If regression equations are available for specific 
municipalities, the associated documentation should be used to determine their applica
bility and how to apply the equations. 


The following discussion will focus on three of the most popular hydrologic methods 
used within most municipalities: the Rational Method, the SCS Unit Hydrograph Method, 
and the Santa Barbara Unit Hydrograph Method. Other unit hydrograph methods are 
available, such as the Snyder Synthetic Unit Hydrograph, and, for some areas, local unit 
hydrographs have been developed, such as the Colorado Unit Hydrograph Method. Those 
interested in the Snyder Synthetic Unit Hydrograph should consult Chow (1964) or the 
AASHTO Model Drainage Manual, and for those municipalities where unit hydrograph 
methods have been developed, associated documentation should be used. 


7.6 Calibration 


Calibration is a process of varying the parameters or coefficients of a hydrologic method 
so that it will estimate peak discharges and hydrographs consistent with local rainfall 
and streamflow data. Most hydrologic procedures used for stormwater management 
facility design contain general equations that have been developed for large geographic 
areas. These procedures cannot be expected to take into account local hydrologic condi
tions, and, as a result, unless calibrated, they may not produce acceptable estimates for 
analysis and design.. 


Figure 7-2 shows a hydrograph resulting from flow data as compared to a hydrograph1 
resulting from using a noncalibrated and calibrated hydrologic procedure. It can be seen . 
that the calibrated hydrograph, although not exactly duplicating the hydrograph fromJ 
streamflow data, is a much better representation of the streamflow hydrograph than the 
noncalibrated hydrograph. 


The accuracy of the hydrologic estimates will have a major effect on the design of 
stormwater management facilities. Although it might be argued that one hydrologic 
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~ 
procedure is more accurate than another, practice has shown that all of the methods 
discussed in this chapter can, if calibrated and not used beyond their int. ended purposes, 
produce acceptable results consistent with observed or measured events. What should 
be emphasized is the need to calibrate the method for local and site-specific conditions. 
This calibration process can result in much more accurate and consistent estimates of 
peak flows and hydrographs. 


The calibration process can vary depending on the data or information available for a 
local area. Following are some general steps in the calibration process: 


1. 	 If streamflow data are available for an area, the hydrologic procedures can be 
calibrated to these data. The process would involve generating peak discharges 
and hydrographs for different input conditions (e.g., slope, area, antecedent soil 
moisture conditions) and comparing these results to the gauged data. Changes 
in the procedures would then be made to improve the estimated values as 
compared to the measured values. It is typically a good idea to first match flow 
volumes through adjustment of losses, then match peaks and timing. Also, it is 
best to change one parameter at a time and to measure sensitivity at each change. 


Note: When changing hydrologic procedures, care should be exercised to be 
sure that the basic theory of the hydrologic procedures is not violated by changes 
made during the calibration process. 


2. 	 After changing the variables or parameters in the hydrologic procedure, the 
results should be checked against another similar gauged stream or another 
portion of the streamflow data that were not used for calibration. 


3. 	 If some local agency developed procedures or equations (for example, a local 
regression equation for lag time or rainfall losses) for an area based on streamflow 
data, general hydrologic procedures can be calibrated to these local procedures. 
In this way, the general hydrologic procedures can be used for a greater range 
of conditions (e.g., land uses, watershed size, slope). 


4. 	 The calibration process should be undertaken only by personnel highly qualified 
in hydrologic procedures and design. There are many pitfalls. For example, the 
use of too long a time step duration may give an artificially low peak flow, simply 
because two time adjacent steps straddled the peak and did not capture it. 


5. 	 Should it be necessary to use unreasonable values for variables in order for the 
model to produce reasonable results, then the model should be considered sus
pect and its use carefully considered (e.g., having to use terrain variables that 
are obviously dissimilar to the geographic area in order to calibrate to measured 
discharges or hydrographs). However, the skilled modeler can often modify 
parameters to mimic conditions in nature not available in the model. For exam
ple, for small watersheds where absolute timing is not critical, artificially extend
ing the lag time can mimic inadvertent storage without resorting to a series of 
minor detention routings behind each undersized culvert within a subbasin. 


7.7 Precipitation and Losses 


Stormwater management facilities are normally designed based on some flood frequency. 
Floods and their corresponding frequencies are not often available. Therefore, most synthetic 
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A HYDROLOGICIWATER QUALITY MODEL APPLICATION PROTOCOL l 


Bernard Engel, Dan Storm, Mike White, ,Jeff Arnold, and Mazda/< Arab? 


ABSTRACT: This paper a procedure for standard application of hydrologic/water quality models. To 
date, most hydrologic/water quality modeling projects and studies have not utilized formal protocols, but rather 
have employed ad hoc approaches. The procedure proposed is an adaptation and extension of steps identified 
from relevant literature including guidance provided by the U.S. Environmental Protection Agency. This proto
col provides for establishing written plans prior to conducting modeling efforts. Eleven issues that 
should be addressed in model application plans were identified and discussed in the context of hydrolof,'ic/water 
quality studies. A graded approach for selection of the level of documentation for each item was The 
creation and use of environmental modeling plans is increasingly important as the results of modeling projects 
are used in decision-making processes that have significant implications. Standard modeling application proto
cols similar to the proposed procedure herein provide modelers with a roadmap to be followed, reduces modelers' 
bias, enhances the reproducibility of model application studies, and eventually improves acceptance of modeling 
outcomes. 


(lillY TERMS: simulation; quality assurance/quality control; runoff; nonpoint source pollution.) 


Bernard, Dan Storm, Mike White, ,Jeff Arnold, and Mazdak Arabi, 2007. A HydrologiclWater Quality 
Model Application Protocol. Journal of the American Water Resources Association (JA WRA) 43(5):1223-1236. 
DOl: 10.111l1j.1752-1688.2007.00105.x 


INTRODUCTION planning process that incorporates the following ele
ments: 


for modeling projects is as important 0) A systematic planning process including identi
as planning traditional environmental measurements fication of assessments and related performance 
for data collection projects. If model predictions are to criteria. 
be used for regulatory purposes, research or design, (2) Peer-reviewed theory and equations. 
then the modeling effort should be scientifically (3) Carefully designed life-cycle development pro
sound, robust, and defensible. To ensure this and cesses that minimize errors. 
to lead to confidence in results, the U.S. Environmen (4) Documentation of changes from the original 
tal Protection Agency (USEPA, 2002) recommends a plan. 


lPaper No. J05065 of the Journal or Ihe American WaleI' Resources Assoeialioll (JAWRt\). Received May 18,2005; accepted February 5, 
2007. @·2007 American "Vater Resources Association. Discussions are open until April 1,2008. 
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47907; Professor and Hesean:h Associate, 121 A"rricl1ltl1ral Hall, Oklahoma State Cniversity, Stillwater, Oklahoma 74078-6016; Agricultural 
Engineer, USDA·AHS, 808 East Blackland Road, Temple, Texas 76502; and Postdoctoral Research AssociDte, Agricultural and Biological 
Engineering, Purdue University, 225 S. University Street, West Lafayette, Indiana 47907 (E·mailtEngei: engeib@purdue.edu). 


JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1223 JAWRA 



mailto:engeib@purdue.edu





Er.GEL, STORM, WHITE, ARNOLD, AND ARABI 


(5) 	Clear documentation of assumptions, theory, 
and parameterization that is detailed enough so 
others can fully understand the model predic
tions. 


(6) 	Input data and parameters that are accurate 
and appropriate for the application. 


(7) Model prediction 	data that can be used to help 
inform decision-making. 


A Quality Assurance Project Plan and good project 
management in modeling projects are closely linked. 
A good Quality Assurance Project Plan documents all 
criteria and assumptions in one place for easy review 
and reference. The plan can be used to guide project 
personnel through the model development or applica
tion process and helps ensure that choices are consis
tent with project objectives and requirements. 
However, it should be noted that many assumptions 
and decisions cannot be made until the modeling 
effort is underway. A well prepared plan can be help
ful in providing guidance in such situations. Assump
tions and decisions made during the modeling process 
should be documented. 


Quality assurance (QA) in hydrologic modeling is 
the procedural and operational framework put in place 
by the organization managing the modeling study to 
ensure adequate execution of all project tasks, and to 
ensure that all modeling-based analyses are verifiable 
and defensible (Taylor, 1985). The two major elements 
of QA are quality control (QC) and quality assessment. 
QC addresses the procedures that ensure the quality 
of the final product. The procedures include: (1) the 
use of appropriate methodology in developing and 
applying computer models; (2) suitable verification, 
calibration, and validation procedures; and (3) proper 
use of the methods and model. Quality assessment is 
applied to monitor the QC procedures (van del' Heijde, 
1987). 


Use of a modeling protocol provides several poten
tial benefits to projects that include a significant 
modeling component. These include: (1) reduces 
potential modeler bias, (2) provides a roadmap to be 
followed, (3) allows others to assess decisions made 
in modeling the system of interest, (4) allows others 
to repeat the study, and (5) impl'oves acceptance of 
model results. 


A modeling protocol, preferably written, should be 
established prior to conducting a modeling study. To 
date, most hydrologic/water quality modeling projects 
and studies have not utilized formal modeling proto
cols, but rather ad hoc approaches are typically 
employed. The goal of this paper is to define the con
tent of a modeling protocol or a modeling QA plan 
that can be used to help hydrologic/water quality 
modelers establish such protocols for their modeling 
projects. 


LITERATURE REVIEW 


In following the scientific method, steps should be 
taken to minimize the potential influence of scientists' 
possible bias. The use of a modeling protocol or a QA 
plan in modeling projects can provide the documenta
tion needed to assess the project and can be helpful in 
reducing potential bias. definition, the scientific 
method is impartial and the results from the applica
tion of the scientific method must be reproducible. 
Therefore, the modeling protocol and associated docu
mentation must provide enough detail to allow the 
modeling project to be repeated. It should be noted 
that models are not hypotheses, but are simply tools 
that are used to evaluate a hypothesis. As applied to 
hydrologic modeling, the steps in the scientific method 
may be given as follows: 


(1) 	Based on existing theory and data, develop a 
hypothesis that is consistent with the current 
understanding of the system being modeled. 


(2) 	 Based on the hypothesis, make predictions by 
applying an appropriate hydrologic model. 


(3) Test the hypothesis by comparing model predic
tions with observed data. 


(4) Accept 	or reject the hypothesis based on appro
priate criteria. 


(5) 	 If needed, modify the hypothesis and 

Steps 2-5. 



Refsgaard (1997) defined a modeling protocol as 
depicted in Figure 1. Refsgaard makes a distinction 
between a model and a model code; a model is any 
hydrologic model established for a particular 
watershed. Others might refer to Refsgaard's defini
tion of a model as a model "setup" or a "parameter
ized" model. Refsgaard (1997) defined a model code 
as a generalized software package, which without 
changes, can be used to establish a model with the 
same basic types of equations (but allowing diffe
rent parameter values) for different watersheds. 
Refsgaard (1997) defined model validation as the 
process of demonstrating that a given site-specific 
model is capable of making "sufficiently accurate" 
predictions, where "sufficiently accurate" wi1l vary 
by application and project needs. A model is consid
ered validated if its accuracy and predictive capabi
lity in the validation period have been proven to lie 
within acceptable limits. Again, acceptable limits 
will vary by application and project requirements. 
Interestingly, Refsgaard (1997) does not include a 
model sensitivity analysis in his Sensitivity 
analyses, discussed in more detail later in the paper, 
can be helpful for a variety of purposes in modeling 
projects. 
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FIGURE 1. A Hydrological Model 

Protocol as Proposed by Refsgaard (19971. 



Developing efficient and reliable hydrologic/water 
quality models and applying them requires numer
ous steps, each of which should be taken conscien
tiously and reviewed carefully. Taking a systematic, 
well-defined and controlled approach to all steps of 
the model development and application process is 
essential for successful model implementation. QA 
provides the mechanisms and framework to ensure 
that decisions made during this process are based 
on the best available data and analyses. 


USEPA Quality Assurance 


The USEPA uses the Quality Assurance Project 
Plan to help project managers and planners docu
ment the type and quality of data and information 
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needed for making environmental decisions. The 
USEPA (2002) has developed a document, Guidance 
for Quality Assurance Project Plans for lvlodeling 
(EPA QAlG-5 M), to provide recommendations 011 


how to develop a Quality Assurance Project Plan for 
projects involving modeling (e.g., model development, 
model application, as well as large projects with a 
modeling component). A "model" is defined by USEPA 
as something that creates a prediction. The guidance 
regarding modeling is based on recommendations and 
policies from USEPA Quality Assurance Project Plan 
protocols, but is written specifically for modeling pro
jects. However, modeling projects have different QA 
concerns than traditional environmental monitoring 
data collection projects. The structure for the Quality 
Assurance Project Plan for modeling is consistent 
with the EPA Requirements for Quality Assurance 


Plans (QAlR-5) (uSEPA, 2001) and EPA 
Guidance for Quality Assurance Project Plans (QAI 


(USEPA, 1998), though for modeling not all 
elements are included because not all are relevant. 


The USEPA Quality System defined in USEPA 
Order 5360.1 A2 (USEPA, 2000), Policy and Program 
Requirements for the Mandatory Agency-Wide Quality 
System, includes environmental data produced from 
models. Environmental data includes any measure
ments or information that desclibes environmental 
processes, location, or conditions, ecological or health 
eflects and consequences, or the performance of envi
ronmental technology. As defined by USEPA, environ
mental data includes information collected directly 
from measurements, produced from models, or com
piled from other sources, such as databases or litera
ture. The USEPA Quality System is based on the 
American National Standard ANSVASQC E4-1994. 


Graded Approach to QA Project Plans 


USEPA defines the graded approach as "the pro
cess of basing the level of application of managerial 
controls applied to an item or work according to the 
intended use of the results and degree of confidence 
needed in the quality of the results" (USEPA, 1998). 
This allows the application of QA and QC activities to 
be adapted to meet project specific needs. Models that 
provide an initial "balJpark" estimate or nonregulatory 
priorities, for example, would likely not require the 
same level of QA and planning as would models that 
will be used to set regulatory requirements. However, 
USEPA provides no explicit categorizations or other 
specific guidelines for applying the graded approach 
(uSEPA, 2002). 


In applying the graded approach, USEPA suggests 
two aspects that are important for defining the level 
of QA that a modeling project needs: (1) intended use 
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of the model and (2) the project scope and magnitude 
(USEPA, 2002). The intended use of the model is a 
determining factor because it is an indication of the 
potential consequences or impacts that might occur 
because of the QC problems. For higher 
standards might be set for projects that involve 
potentially consequences, such as Congressional 
testimony, development of new laws and regulations, 
or the support of litigation. More modest levels of 
defensibility and rigor would often be acceptable for 
data used for technology assessment or "proof of prin
ciple," where no litigation or regulatory action are 
expected. Still lower levels of defensibility would likely 
apply to basic exploratory research requiring extre
mely fast turnaround, or high flexibility and adaptabil
ity. In such cases, the work may have to be replicated 
under more stringent controls or the results carefully 
reviewed prior to publication. The USEPA (2002) sug
gests peer review may be substituted, to some extent, 
for the level of QA. By analyzing the end-use needs, 
appropriate QA criteria can be established to guide the 
program or project. The examples presented are for 
illustration only, and the degree of rigor needed for 
any particular project should be determined based on 
an evaluation of the project needs and resources. 


Other aspects of the QA effort can be established 
by considering the scope and magnitude of the pro
ject. The scope of the model development and applica
tion determines the complexity of the project; more 
complex models or modeling projects likely need more 
QA effort. The magnitude of the project defines the 
resources at risk if quality problems lead to rework 
and delays. 


The QA Project Plan Elements for a Model 
Application Project 


The USEPA (2002) defined the following nine 
model application tasks and mapped them into 
Quality Assurance Project Plan elements: (1) needs 
assessment; (2) purpose, objectives, and output 
fications; (3) define quality objectives, desired perfor
mance criteria, and documentation needs for model 
output; (4) select the most appropriate model; (5) data 
development, model parameterization, and model cal
ibration; (6) determine whether data, models, and 
parameters for the application meet desired perfor
mance criteria; (7) run the computer code; (8) model 
output testing and peer review; and (9) summarize 
results and document. Further details on how these 
modeling tasks fit within a potential modeling QA 
plan are described in detail in Guidance jor Quality 
Assurance Project Plans for Modeling (USEPA, 2002). 


In this paper, we develop a standard protocol for 
conducting modeling efforts with an emphasis on 
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hydrologic/water quality modeling. To this end, the 
work of USEPA (2002) and other relevant literature 
were reviewed to arrive at a preliminary list of rec
ommended steps in conducting modeling studies. 
These steps were further extended based on the 
authors' experience to include issues, such as repre
sentation of nonpoint source (NPS) best management 
practices (BMPs). A detailed description of the pro
posed steps follows. 


MODEL APPLICATION PROTOCOL STEPS 


A hydrologic/water quality model application pro
tocol is proposed based on the authors' experiences 
and review of the literature, including the USEPA 
(2002) Guidance lor Quality Assurance Project Plan.'> 
for Modeling document. The authors recognize that a 
"graded" approach in implementing a modeling proto
col will be required, and thus not all modeling QA 
plans will include all sections or issues suggested. 
Further, the level of detail in such plans will vary 
greatly depending on the purpose of the model appli
cation project. The USEPA (2002) that a 
graded approach can be used to define the level of 
QA effort that a modeling project needs based on the 
intended use of the model and the project scope and 
magnitude (Table 1). 


The following items or sections should be included 
in a hydrologic/water quality modeling protocol: 
(1) problem definition/background; (2) model applica
tion goals, objectives, and hypothesis; (3) model selec
tion; (4) model sensitivity analysis; (5) available data; 
(6) data to be collected; (7) model representation 
issues data, BMPs, etc.; (8) model calibration; (9) 
model validation; (10) model scenario prediction; and 
(11) results interpretation/hypothesis testing. 


The proposed modeling protocol steps may be itera
tive. For example, the scientific literature and a preli
minary analysis using general data may 
initially be used to identify the model parameters 
that are the most sensitive. A more comprehensive 
sensitivity analysis assessment may be performed 
later once more detailed location specific data have 
been collected or obtained. 


Decisions made throughout the modeling effort and 
the rationale for these decisions should be docu
mented. In most instances, it will be necessary to 
make various assumptions and decisions throughout 
the modeling project. Many of these assumptions are 
best made during the modeling project rather than 
before the modeling starts, as information fi'om prior 
steps may impact decisions. The amount of documen
tation that should be created depends on the project 


1226 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 







A HVDROLOGICIWATER QUALITY MODEL ApPLICATION PROTOCOL 



TABLE 1. Examples of Modeling Projects With Differing Intended Uses (adapted from USEPA, 2002). 



Purpose for Obtaining Model-Generated 
Information (intended use) Typical QA Issues Level of QA 


Regulatory compliance 
Litigation 
Con,,'Tessional testimony 
Regulatory development 
State Implementation Plan (SIP) attainment 
Verification of model 
Trends monitoring (nonregulatory) 
Technical development 
"Proof of principle" 
Basic research 
Bench-scale testing 


Legal defensibility of data sources 
Compliance with laws ::md regulatory mandates applicable 
to data gathering 


Compliance with regulatory guidelines 
Existing data obtained under suitable QA progTam 
Audits and data reviews 
Use of accepted data-gathering methods 
Use of widely accepted models 
Audit and dflta reviews 
QA planning and documentation at the facility level 
Peer review of novel theories and methodology 


and the consequences of decisions that will be 
made as a result of the project findings. Each of the 
modeling protocol is discussed in more detail in 
the sections that follow. 


Item 1. Problem Definition/Background 


Background information and preliminary data for 
the study area should be obtained to help initially 
define the overall problem that will be addressed by 
the study. The background information and data col
lected in this step will be useful to determine whether 
modeling will be necessary, assist in defining the mod
eling objectives (if modeling is required) and to select 
the model or models to be used. More detailed objec
tives or hypotheses to be examined within the project 
are defined in the subsequent step. This initial step is 
similar to the initial observation phase commonly 
employed within the scientific method. 


Questions that may be addressed when defining 
the problem include the following: 


(1) 	What is the specific problem? 
(2) 	What are the overall goals and objectives of this 


project that will address this problem? 
(3) Why 	 should a modeling approach be used to 


address the problem? 
(4) How 	 will modeling of the problem help to 


address the overall goals of the project? 


It is also important to place the problem in context 
to provide a sense of the pr~ject's purpose relative 
to other pr~ject and program phases and initia
tives. Questions that might be addressed include the 
following: 


(1) 	\Vbat information, previous work, or previous 
data may currently exist that this project can 
use? 


(2) Given 	that the problem is best solved by a mod
eling approach, what models currently exist (if 
any) that can be used to achieve this project's 


and objectives? 
(3) 	What are the advantages and disadvantages of 


using these models? 


The presentation of background information may 
also include a discussion of initial ideas or potential 
approaches for model application. 


Iteln 2. JVIodel Application Goals, Objectives, and 
Hypothesis 


The objectives andlor hypotheses to be 
accomplished or tested by the modeling effort are 
defined based on the background information and 
data collected in the first step. The objectives or 
hypotheses should be stated in a manner that 
they can be tested or evaluated using the model 
predictions. 


In setting the objectives or hypotheses to be tested, 
one should keep in mind that models are typically 
more accurate when making relative compmisons 
rather than making absolute predictions. Thus, an 
objective or hypothesis might be written to compare 
expected pollutant losses for different tillage systems 
rather than examining whether a particular tillage 
system results in pollutant losses below a given mag
nitude. Model calibration can help improve the accu~ 
racy of absolute predictions, but adequate data for 
calibration that represent the range of conditions of 
interest for the location of interest are not always 
available. 


A summary of the work to be performed and the 
"products" t~ be created by the model application 
effort should be identified. These will be described in 
more detail in subsequent sections. 
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Item 3. Model Selection 


An 	appropriate model should be selected based on 
(1) the project goals, objectives or hypotheses; (2) how 
model results will be used; (3) the characteristics 
of the hydrologic/water quality system that are 
important to the objectives or hypotheses; and 
(4) various other factors including: (a) appropriate 
level of detail (space and time); (b) important chemi
cal, physical, and biological processes are included; 
(c) calibration requirements; (d) data requirements 
and availability; (e) previous applications of the model 
and acceptance in the scientific, regulatory, and 
stakeholder communities; (f) ease of use; (g) 
sensitivity to processes of interest; and (h) Available 
resources (e.g. modeler expertise, model technical 
support) and time. 


Item 4. Model Sensitivity Analysis 


A model sensitivity analysis can be heJpful in 
understanding which model inputs are most impor
tant or sensitive and in understanding potential limi
tations of the model. Additional care should be taken 
when estimating model parameters that are the most 
sensitive. Data collection efforts that support the 
modeling study may focus on obtaining better data 
for the most sensitive parameters. 


The sensitivity analysis can also identify potential 
limitations of the model. If a model is not sensitive to 
parameters that are to be varied in testing the pro
ject objectives or hypotheses, a different model may 
need to be selected. Models are abstractions of the 
systems they simulate and therefore typically repre
sent system components with varying levels of detail. 
For example, the scientific literature may indicate 
that differences in tillage practices influence pesticide 
losses in surface runoff In such a case, the use of a 
model that is not sensitive to tillage to examine the 
impact of switching from conventional tillage to con
servation tillage on pesticide losses in surface runoff 
is likely inappropriate. 


The literature and model documentation are often 
excellent sources of information on model sensitivity. 
For example, Muttiah and Wurbs (2002) identified the 
sensitivity of Soil and Water Assessment Tool (SWAT) 
to various parameters. However, it may be necessary 
to conduct a sensitivity analysis for the study 
watershed if its conditions are significantly different 
than those for model sensitivity analyses reported in 
the literature, as model sensitivity may be specific to 
the model setup. Thus, limited data for parameteriz
ing the model may need to be collected prior to 
conducting a sensitivity analysis. Generally, the 
sensitivity analysis should be completed 


an uncalibrated model setup, as the sensitive para
meters and those with the greatest uncertainty are 
typically used for model calibration. For example, 
Spruill et al. (2000) conducted a SWAT sensitivity 
analysis Lo evaluate parameters that were thought 
to influence stream discharge predictions. During 
calibration, the average absolute deviation between 
observed and simulated streamflows was minimized 
and used to identify optimum values or ranges for 
each parameter. 


Item 5. Available Data 


The goal of this step is to select the most appropri
ate data for the modeling effort. Data available for 
the modeling effort will likely come from numerous 
sources. An assessment of available data, its quality, 
and the time period it covers should be made. The 
amount of data available for a watershed can vary 
greatly, as can the quality of the data. For example, 
flow and water quality data may be available for 
1983 through 1988, while land use data might have 
been developed for conditions in 1995. This may 
result in a misrepresentation of the land uses that 
were present during the observed flow and water 
quality data period, especially for areas experiencing 
rapid urbanization. In other instances, differences in 
data collected at different dates may be negligible. 
For example, soil property data used in modeling 
runoff from a watershed would not typically change 
significantly over time, even over periods of tens of 
years. In instances where data, such as land use, 
may have changed significantly, it may be necessary 
to estimate data for the period of interest by interpo
lating between datasets for different time periods or 
by adjusting the data from the available time period 


other sources of data and information. 
The USEPA (2002) indicates that a Quality Assur


ance Project Plan for modeling should address the fol
lowing issues regarding information on how nondirect 
measurements (data and other information that have 
been previously col1ected or generated under some 
effort outside the specific project being addressed by 
the Quality Assurance Project Plan) are acquired and 
used in the project: 


(1) 	The need and intended use of each type of data 
or information to be acquired; 


(2) How 	the data will be identified or acquired, and 
expected sources of these data; 


(3) 	The method of determining the underlying qual
ity of the data; 


(4) 	The criteria established for determining 
whether the level of quality for a given set of 
data is acceptable for use in the project. 


JAWRA 	 1228 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 







A HYDROLOGICiWATER QUALITY MODEL ApPLICATION PROTOCOL 


Water quality and runoff data for the study 
watershed may be available from federal, state or 
local government For example, the U.S. 
Geological Survey is often an excellent source of 
streamflow data and the USEPA STORET database 
may provide useful water quality data. Datasets may 
also be available from past studies, and often are doc
umented in project reports. In many instances, these 
data will not be identified by simply conducting a lit
erature search; rather contacts with local universi
ties, state and local and local watershed 
groups will likely be necessary. 


Well documented and widely used datasets, such 
as soil properties from the U.S. Department of Agri
culture Natural Resources Conservation Service, 
often have well understood properties and degree of 
uncertainty. It is useful to understand this degree of 
uncertainty, the assumptions in the data and how 
these will likely impact the model results. Spatial or 
geographic information (GIS) data may be 
available from federal, state and local government 
agencies. Increasingly, county and local governments 
are developing detailed spatial datasets. For example, 
many county governments with urban areas have 
developed detailed elevation datasets that provide 
more detail than state and national elevation data
sets. Spatial data from these sources should have 
metadata available that describe the accuracy and 
other properties of the data that will be helpful in 
understanding the data quality and limitations. 


Remotely sensed datasets from satellites and aerial 
photography can potentially provide land use and 
other data needed in hydrologic/water quality model
ing studies. In addition, archived satellite data and 
aerial photography may be useful in creating land 
use information for the Remotely sensed data
sets will require interpretation to create the land use 
or other data that are needed. Accuracy assessments 
of the interpreted results should be performed to pro
vide information concerning the quality of the land 
use products created. 


The scientific literature may contain some informa
tion about the study area. reports, however, 
are more likely to contain the detailed data typically 
required for a model application project. Scientific 
papers may also provide into transformation of 
various data into the data or parameters required by 
the model. In most cases, these data must be trans
formed into values and formats required by the model. 


After identifying the data available and its various 
properties, including quality and temporal aspects, 
an assessment of the suitability of the data for use in 
the model that has been selected must be made. The 
model data requirements and the sensitivity of the 
model to various parameters should be considered 
when evaluating and the data to use. The 


rationale for the data selected for use in the model 
should be well documented, as should any required 
data transformation. 


The scientific literature contains numerous studies 
on the impacts that various data sources and 
data errors can have on model results. For example, 
Chaubey et al. (1999) explored the assumption of spa
tial homogeneity of rainfall when parameterizing 
models and concluded large uncertainty in estimated 
model can be expected if detailed varia
tions in the input rainfall are not considered. Nan
dakumar and Mein (1997) examined the levels of 
uncertainty in rainfall-runoff model predictions as a 
result of errors in hydrological and climatic data, and 
considered the implications for prediction of the 
hydrologic effect of landuse changes. Studies, such 
as these highlight the importance of understanding 
the consequences of the data used in the project on 
the model results and their interpretation. 


Item 6. Data. to Be Collected 


Based on the project objectives and hypotheses, 
available data and model sensitivity should be consid
ered in deciding what, if any, additional data should 
be collected. After assessing these issues, the modeler 
may conclude that additional data should be collected. 
Following calibration or validation, the modeler may 
also decide that additional data should be collected in 
an attempt to improve model performance. The collec
tion of additional data can be expensive, as well as 
require a amount of time. An appropriate 
QA plan for the collection of additional data should be 
prepared and followed (USEPA, 1998). 


Item 7. Model Representation Issues - Data, Best 
!vlanagement Practices, etc. 


Models are abstractions of the systems they are 
simulating. Therefore, the modeler will be required to 
make decisions on how to represent the various com
ponents of the system being modeled. This may 
include decisions on representation of components' 
within the model and in the transformation of avail
able data into the formats needed by the model. 
These decisions should be documented. The expected 
effect of these on the results, relative to 
alternative assumptions that could have been made 
should also be documented. 


One of the data representation issues typically 
faced is related to pollutant sources. It is typically 
impossible to include all pollutant sources in the 
modeling effort. For example, if the amount of phos
phorus a watershed is of interest, the modeler 
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may decide not to include phosphorus losses from 
septic systems, if they are small relative to other 
sources. Criteria should be established to determine 
which pollutant sources to include in the model 
and/or overall analysis. A simple mass balance for 
water and pollutants of interest may be helpful to 
identify the most important components of the 
hydrologic cycle and system to model and the most 
important sources of pollutants to consider. Another 
option is to use the selected model to perform a sim
ple preliminary model simulation using limited data. 
Based on such a model, criteria to exclude pollutant 
sources that represent less than 5% (or other levels 
deemed appropriate) of the pollutant might be estab
lished. It should be noted, however, that pollutant 
sources less than this threshold may be included if 
these data are readily available and easy to incor
porate into the model. When potential pollutant 
sources are not incorporated into the model, care in 
the interpretation of the final model results is 
required. 


The representation of BMPs within the model may 
not be well defined. Model documentation and the sci
entific literature can often provide guidance in BMP 
representation (Bracmort et al., 2006). However, in 
most instances, these sources do not fully describe 
how a specific BMP, such as a waterway, 
should be represented within a particular model; 
rather the modeler must exercise judgment in the 
BMP representation decision. Therefore, the modeler 
will need to determine how BMPs will be represented 
in the application of a model to a given location. 


The accuracy of hydrologic/water quality models 
also depends in part on how well model input param
eters describe the relevant characteristics of the 
watershed. Data that are obtained for a watershed 
will typically require some transformation and inter
pretation to create the inputs required by the model. 
For example, soil properties in the SSURGO database 
are often reported with a range of values, while the 
model will require a single value for each soil prop
erty. The model documentation and scientific litera
ture can often provide guidance in transforming 
commonly available data into the inputs required by 
the model. These data were used and the decisions 
made in data transformations should be documented. 


Input parameter aggregation may have a substan
tial impact on model output. For example, FitzHugh 
and Mackay (2000) used SWAT to determine how the 
size or number of subwatersheds used to partition 
the watershed affect model output and the processes 
responsible for model behavior. Mankin et al. (2002) 
explored the errors introduced when translating GIS 
data into model-input data. Watershed modelers 
using GIS data should be aware of the issues related 
to appropriate grid cell generation of Jand


management practice GIS coverages, accuracy of GIS 
data, and accuracy of interface algorithms. 


Refsgaard and Storm (1996) indicated that a rigor
ous model parameterization procedure is crucial to 
avoid methodological problems in subsequent phases 
of model calibration and validation. They the 
following points are important to consider in model 
parameterization: 


(1) 	Parameter classes (soil types, vegetation types, 
etc.) should be selected so it is easy, in an objec
tive way, to associate parameter values. Thus, 
when possible parameter values in the classes 
should be determined hased on available field 
data. 


(2) 	Determine which parameters can be assessed 
from field data or the literature and which will 
require calibration. For parameters subject to 
calibration, the physically acceptable intervals 
for the parameter values should be estimated 
and documented. 


(3) 	The number of calibration parameters should be 
minimized both from practical and methodolo
gical points of view. Fixing a pattern for a 
spatially varying parameter but allowing its 
value to be modified uniformly throughout the 
watershed can help minimize the number of 
calibrated parameters. 


Item 8. Model Calibration 


The USEPA (2002) indicates that if no nationally 
recognized calibration standards exist, the basis for 
the calibration should be documented. Quality Assur
ance Project Plan guidance indicates that calibration 
for data collection efforts address calibration of the 
analytical instruments that will be utilized to gener
ate analytical data. In modeling projects, by analogy, 
the "instrument" is the predictive tool (the model) 
that is to be applied (USEPA, 2002). All models, by 
definition, are a simplification of the processes they 
are intended to represent. \Vhen formulating the 
mathematical representations of these processes, 
there are relationships and parameters that need to 
be defined. Estimating parameters for these relation
ships is called calibration. Some model parameters 
may need to be estimated for every application of the 
model using site-specific data. Similar to an analyti 
cal instrument, models are calibrated by comparing 
the predictions (output) for a given set of assumed 
conditions to observed data for the same conditions. 
This comparison allows the modeler to evaluate 
whether the model and its parameters reasonably 
represent the environment of interest. Statistical 
methods typically applied when performing model 
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calibrations include regression analyses and good
ness-of-fit methods. An acceptable level of model per
formance should be defined prior to the initiation of 
model calibration. The details of the model calibration 
procedure, including statistical analyses that are 
involved, should be documented. 


Calibration Procedures 


Model calibration is often important in hydrologic 
modeling studies, as uncertainty in model predic
tions can be reduced if models are properly cali
brated. Factors contributing to difficulties in model 
calibration include calibration data with limited 
metadata, data with measurement errors, and spa
tial variability of rainfall or watershed properties 
poorly represented by point measurements. Model 
calibration can be done manually or by a combina
tion of manual and automatic procedures. Manual 
calibration can be subjective and time-consuming 
(Eckhardt and Arnold, 2001). Initial values can be 
assigned to parameters, which are then optimized 
by an automatic procedure (Gan et al., 1997). 
Chanasyk et aZ. (2002) calibrated SWAT until the 
predicted and observed results were visibly close. 
Many studies use comparable ad hoc approaches in 
calibration. However, approaches that use only 
visual comparison should be avoided. One of the 
advantages of an automated approach to calibration 
is that it uses a systematic approach in adjusting 
the model parameters, thereby removing potential 
modeler bias. With an ad hoc calibration approach, 
the modeler could potentially adjust model parame
ters during calibration that would create a model 
setup or parameterization that would be more likely 
to provide desired results when testing the project 
objectives or hypotheses. 


Santhi et al. (2001a) presented a flow chart with 
the decision criteria used during the calibration of 
SWAT. This flowchart has been adapted by Arabi 
et al. (2004) and others for calibration of SWAT, and 
an adapted version is presented in Figure 2. In some 
instances, this approach is too rigid to be strictly fol
lowed because of the interactions between model 
parameters, and thus the modeler may need to devi
ate from strictly following such an approach. 


The approach that will be followed in calibrating 
the model should be identified prior to beginning cali
bration. Performance criteria should also be estab
lished prior to beginning model calibration so that 
the modeler knows when the model has been success
fully calibrated. The scientific literature can often 
provide an idea of the likely performance of the model 
following calibration. Statistical measures can be 
used to identify performance criteria for determining 


whether the model has been calibrated successfully. 
For some effort.c;, an ad hoc calibration approach may 
be acceptable, while in other instances it will be 
desirable to have a specific calibration protocol. 


For projects supporting regulatory decision-making, 
the USEPA (2002) suggests the level of detail on 
model calibration in the Quality Assurance Project 
Plan should be sufficient to allow another modeler to 
duplicate the calibration method, if the modeler is 
given access to the model and to the data being used 
in the calibration process. For other projects (e.g., 
some basic research projects), it may be acceptable to 
provide less detail on this issue for the Quality Assur
ance Project Plan. In some instances, projects may 
use procedures that are somewhat different from 
standard calibration techniques, such as "benchmark
ing" procedures, and therefore the level of detail may 
differ from what is generally portrayed for calibration. 


Examples of features that the model calibration 
portion of the Quality Assurance Project Plan may 
address include the following: 


(1) 	Objectives of model calibration activities, includ
ing acceptance 


(2) 	Details on the model calibration procedure; 
(3) 	Method of acquiring the input data; 
(4) 	Types of output generated during model calibra


tion; 
(5) 	Method of assessing the goodness-of-fit of the 


model calibration equation to calibration data; 
(6) 	Method of quantifying variability and uncer


tainty in the model calibration results; and 
(7) Corrective action to be taken if acceptance crite


ria are not met. 


The calibration plan should identify the parame
ters that will be adjusted, the order in which they 
will be adjusted, and ranges in which the adjusted 
parameters must fall. The ranges of parameters 
used in calibration and the calibration results 
obtained should be documented during calibration. 


Not all models must be calibrated prior to using 
the model to test the project objectives or hypotheses. 
However, in most cases, calibration of the model for 
the study watershed(s) conditions can reduce the 
uncertainty in model predictions. If models are not 
calibrated, they should still be validated for the study 
watershed if data are available. 


For hydrologic/water quality models, the hydro
logic components are usually calibrated first. In the 
calibration of the hydrologic components of the model, 
it may be necessary to separate streamflow into 
direct or surface runoff and base flow. In balancing 
surface runoff and base flow volumes for a system of 
interest, other components associated with the hydro
logic component could be ultimately balanced. The 
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FIGURE 2. Example SWAT Calibration Flowchart (adapted from Santhi cl at., 2001a). 


model is typically calibrated first to obtain acceptable 
performance in the hydrologic components, then for 
sediment, and finally for nutrients, pesticides, bacte
ria, or other constituents. 


Calibration Data 


Data that will be used for calibration should be 
identified. One common method is to observed 
data into one dataset for calibration and one for 
validation. It is important that the calibration and 
validation datasets each have observed data of 
approximately the same magnitudes. For example, 


JAWRA 


both calibration and validation datasets should have 
periods with high and low flows in order to increase 
the robustness of the model. 


Yapo et al. (1996) used varying lengths of calibra
tion data and found that approximately eight years of 
data were needed to obtain calibrations that were 
insensitive to the calibration period selected for their 
watershed. Gan et al. (1997) indicated that ideally, 
calibration should use three to five years of data that 
include average, and dry years so that the data 
encompass a sufficient range of hydrologic events to 
activate all the model components during calibration. 
However, the required amount of calibration data is 
project specific. 
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Calibration Statistics 


The goodness-of-fit statistics to be used In 


describing the model's performance relative to the 
observed data should be selected prior to calibration 
and validation. The American Society of Civil Engi
neers (ASCE) Task Committee (1993) recommended 
graphical and statistical methods useful for evaluat
ing model performance. In most instances, both 
visual comparisons of predicted and observed data, 
as well as goodness-of-fit statistics, should be used. 
Plotting of predicted results and observed results 
along with the 1:1 line can be helpful in identifying 
model bias. The percent deviation of predicted val
ues from observed values is one numerical good
ness-of-fit criterion. A second basic goodness-of-fit 
criterion recommended by the ASCE Task Commit
tee (1993) is the Nash-Sutcliffe coefficient or coeffi
cient of simulation efficiency. Legates and McCabe 
(1999) evaluated various goodness-of-fit measures 
for hydrologic model validation and suggested that 
correlation and correlation-based measures (e:g., the 
coefficient of determination) are oversensitive to 
extreme values and are insensitive to additive and 
proportional differences between model estimates and 
observed values. Thus, correlation-based measures 
can indicate that a model is a good predictor, even 
when it is not. Legates and McCabe (1999) concluded 
that measures, such as the Nash-Sutcliffe coefficient 
of efficiency and the index of agreement are better 
measures for hydrologic model assessment than corre
lation-based measures. Legates and McCabe (1999) 
suggested a modified Nash-Sutcliffe coefficient that is 
less sensitive to extreme values may be appropriate 
in some instances. They also suggested additional 
evaluation measures, such as summary statistics and 
absolute error measures (observed and modeled 
means and standard deviations, mean absolute error 
and root mean square error) should be reported for 
model results. 


There are no standards or a range of values for 
goodness-of-fit statistical parameters that will 
adjudge the model performance as acceptable (Loague 
and Green, 1991). Ramanarayanan et al. (1997) sug
gested values of goodness-of-fit statistics computed 
based on monthly computations for determining the 
acceptable performance of the APEX model. They 
indicated that values close to zero for the correlation 
coefficient and/or the Nash-Sutcliffe coefficient indi
cated the model performance was unacceptable or 
poor. They judged the model performance as satisfac
tory if the correlation coefficient was greater than 0.5 
and the Nash-Sutcliffe coefficient was greater than 
0.4. Santhi et al. (2001a) assumed a Nash-Sutcliffe 
coefficient greater than 0.5 and a goodness of fit (R2) 


greater than 0.6 indicated acceptable model perfor


mance when calibrating SWAT. However, acceptable 
statistical measures are project specific. 


The literature can provide typical ranges of good
ness-of-fit statistics for models. For example, Saleh 
et al. (2000) obtained Nash-Sutcliffe coefficients for 
average monthly flow, sediment, and nutrient loading 
at 11 locations with values ranging from 0.65 to 0.99, 
indicating reasonable SWAT predicted values. SWAT 
also adequately predicted monthly trends in average 
daily flow, sediment, and nutrient loading over the 
validation period with Nash-Sutcliffe coefficients 
ranging from 0.54 to 0.94, except for N03-N, which 
had a value of 0.27. Fernandez et al. (2002) developed 
a GIS-based, lumped parameter water quality model 
to estimate the spatial and temporal nitrogen-loading 
patterns for lower coastal plain watersheds in eastern 
North Carolina. Predicted nitrogen loads were 
highly correlated with observed loads (correlation 
coefficients of 0.99 for nitrate-nitrogen, 0.90 for total 
Kjeldahl nitrogen, and 0.96 for total nitrogen). How
ever, the limitations of correlation coefficients, as dis
cussed previously, should be considered in 
interpretation of these results. Spruill et al. (2000) 
evaluated SWAT and its parameter sensitivities for 
streamflow from a small central Kentucky watershed 
and concluded the model adequately predicted the 
trends in daily streamflow, although Nash-Sutcliffe 
coefficient values were 0.19 for calibration and -0.04 
for validation. The Nash-Sutcliffe coefficients for 
monthly total flows were 0.58 for validation and 0.89 
for calibration. 


In some instances, model calibration may not yield 
results that are acceptable based on the predefined 
model performance criteria. If this occurs, the 
observed flow and pollutant data as well as the model 
input data should be examined for potential errors. 
The poor model performance may be an indication 
that more detailed model inputs are required. In 
other cases, this may be an indication that the model 
is unable to adequately represent the processes of 
interest for this watershed. 


Item 9. Model Validation 


When possible, it is important to reserve some 
observed data (e.g., flow and water quality data) for 
model validation. Additional discussion of the data 
for validation and calibration can be found in the 
Model Calibration section. Prior to beginning model 
validation, the criteria used to validate, that is, 
accept, reject, or qualify the model results, should be 
documented (USEPA, 2002). The same statistics used 
and reported for model calibration should be used in 
model validation. Typically, the values of these statis
tics are lower for validation than calibration. Accept-
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able levels of performance may be difficult to identify. 
Acceptable model performance levels that have been 
proposed are discussed in the Model Calibration sec
tion. The scientific literature can provide suggestions 
for levels of performance that might be anticipated 
for a given model. The specific purpose of the study, 
the available data and other factors should be 
considered when establishing the performance crite
ria. For example, the time period considered can 
impact model performance. Typically, model perfor
mance is poorer for shorter periods than for longer 
periods (e.g., daily us. monthly or yearly). For exam
ple, Yuan et al. (2001) found that AnnAGNPS pro
vided an of 0.5 for event comparison of predicted 
and observed sediment yields, while the agreement 
between monthly data had an R2 of 0.7. 


In some instances, acceptable model performance 
may not be obtained during the validation step. Note 
that the utility of the model may not depend on a sin-


performance indicator, and therefore, some judg
ment will be required by the modeler. The potential 
uncertainty associated with models and model setups 
that do not attain the desired level of performance dur
ing validation will be greater than those for which 
model performance is deemed acceptable. Unacceptable 
model performance for validation can be an indication 
that the validation period data ranges or conditions are 
significantly different than those for the calibration 
period. Therefore, care in the selection of the data for 
calibration and validation periods is needed. In other 
cases, poor performance during validation may be an 
indication that the model has not been adequately or 
properly calibrated. It is possible that numerous model 
setups or parameterizations can provide acceptable 
model results for calibration. However, during valida
tion such setups may provide poor results. In such 
cases, the model should be re-calibrated and then vali
dation attempted again. In addition, in some cases, the 
lack of acceptable validation may be the result of inac
curate validation data. 


If data are unavailable for validation, other 
approaches might be used to evaluate the potential 
performance of the model. The literature on the 
model may provide an indication of the model's 
expected performance. However, care should be taken 
in inferring the model's likely performance for the 
study watershed based on validation results found in 
the literature. Data used and model parameterization 
for studies reported in the literature are not often 
described with enough detail to allow a good assess
ment of the model's likely performance in other 
watersheds. Further, if the model study reported in 
the literature included calibration, assessment of the 
model's likely performance in the study watershed 
will be even more difficult as the model will not be 
calibrated for the study watershed. 


Observed runoff and water quality data from a 
similar watershed could potentially be used to deter
mine the likely performance of the model for the 
study watershed. Sogbedji and Mcisaac (2002) dem
onstrated the expected performance of the ADAPT 
model through calibration of the model using data 
from a comparable watershed and then applying it to 
similar watersheds. However, it may be desirable not 
to calibrate the model for the similar watershed, but 
rather simply validate the model for such watersheds, 
as data are unavailable for calibration of the model 
in the study watershed. 


The USEPA (2002) indicates that a model can be 
evaluated by comparing model predictions of current 
conditions with similar field or laboratory data not 
used in the model calibration process, or with compa
rable predictions from accepted models or by other 
methods uncertainty and sensitivity analyses). 
The results of a simple mass balance model could be 
compared with those of the model used in the study 
to see how well results match. Multiple comprehen
sive models might also be applied to the study 
watershed if data are unavailable for calibration and 
validation. If multiple models provide similar results, 
confidence in the results that are obtained may be 
increased. One must be cautious though with the 
interpretation of results in such a case, especially if 
the models use similar modeling components or 
approaches. 


If validation is not possible, varying ranges of 
model inputs might be used in later of the mod
eling effort to determine the sensitivity of the model 
results to the model inputs. The use of Monte Carlo 
techniques and other approaches can also be used to 
identify confidence limits on outputs. "Biasing" the 
model inputs may also be used in later stages of 
the modeling effort to determine the sensitivity of the 
results to assumptions in model inputs. In such a 
situation, the model inputs would be set to extreme 
values in their expected ranges. If the same conclu
sions are reached with these inputs, the confidence in 
the conclusions reached would be increased since the 
conclusions are not sensitive to the model input 
assumptions. 


Item 10. Model Scenario Prediction 


Once the model has been validated and the 
results are deemed acceptable, the model is ready 
to be parameterized to the conditions of interest 
(e.g., a landuse change, implementation of BMPs). 
The parameterization of the model and the rational
ization for decisions regarding data and representa
tions within the model should be documented to 
allow others to recreate the model setup (see Model 
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Representation Issues section). These data and 
representation decisions should be consistent with 
those used in setting up the model for calibration 
and validation. 


If possible, the uncertainty in model predictions 
when parameterized for the condition(s) of interest 
should be explored. The results from the validation 
stage provide some basis for expected model perfor
mance and level of uncertainty. Monte Carlo and other 
techniques can also be used to place confidence inter
vals on the expected results. For example, Kuczera 
and Parent (1998) used two Monte Carlo-based 
approaches for assessing parameter uncertainty in 
complex hydrologic models. 


An approach that can be helpful in exploring the 
extremes in the uncertainty of model predictions is to 
bias model inputs in a direction that would be 
expected to represent the "worst case." If the model 
results for such a case result in the same conclusion 
being reached, the confidence in the conclusion 
should be high. 


Item 11. Results Interpretation/Hypothesis Testing 


Model results should be interpreted accounting for 
the expected uncertainty. Typically, the uncertainty 
in models cannot be quantified because of complexity 
of interactions, and thus it will be necessary to quali
tatively assess the objectives or hypotheses taking 
into account the expected uncertainty in the results. 
The approach to be utilized in testing the objectives 
or hypotheses should be identified and documented 
prior to initiating the modeling. 


The literature contains numerous examples of 
interpretation of model results. For example, Kirsch 
et aZ. (2002) tested the SWAT model within pilot 
watersheds and then applied it throughout a larger 
watershed in Wisconsin to quantify impacts from the 
application of basin-wide BMPs. Modeling results 
indicated that implementation of improved tillage 
practices (predominantly conservation tillage) could 
reduce sediment yields by almost 20%. They deemed 
this a significant reduction relative to current condi
tions. Santhi et al. (200Ib) applied SWAT, which had 
been validated for flow and sediment and nutrient 
transport, to a watershed to quantify the effects of 
Bl\1Ps related to dairy manure management and 
municipal wastewater treatment plant effluent. King 
and Balogh (2001) used 99-year SWAT simulations 
for three locations to test hydrologic/water quality 
impacts of continuous corn, a forested environment, a 
golf course built in a previously agricultural setting, 
and a golf course constructed in a previously forested 
setting. Differences in hydrologic, nitrate-nitrogen, 
and pesticide impacts were examined using Tukey's 
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pairwise comparison to determine whether differ
ences were different. 


SUMMARY AND CONCLUSIONS 


Data collection for environmental projects typically 
follows a QAlQC QA planning for 
environmental projects should follow a stan
dard procedure. A modeling protocol, preferably writ
ten, should be established prior to conducting 
modeling studies. A modeling standard protocol 
would: (1) reduce potential modelers' (2) provide 
a roadmap to be followed, (3) allow others to repeat 
the study, and (4) improve acceptance of model 
results. 


This paper presents a model application protocol 
for hydrologic/water studies. The present 
work is an adaptation and extension of the guidance 
available in the including the USEPA, for 
QA project plans for Eleven issues that 
should be addressed in hydrologic/water quality 
model application were identified that include: 
(1) problem definitionlbackground; (2) model applica
tion goals, objectives, and hypothesis; (3) model selec
tion; (4) model (5) available data; 
(6) data to be collected; (7) model representation 
issues data, etc.; (8) model calibration; 
(9) model validation; nO) model scenario prediction; 
and (11) results interpretationihypothesis testing. 


It is essential to document the decisions made for 
each of these items and the rationale for these deci
sions. The extent of documentation that should be 
prepared depends on various factors, including the 
purpose of the modeling study. A graded approach 
was recommended for the level of QA effort 
that is required for a modeling study. A detailed 
discussion of the above-mentioned steps was provided 
with an emphasis on hydrologic/water quality studies 
including considerations relevant to representation of 
NPS BMPs with watershed models and appropriate 
criteria for evaluation of the performance hydrologic 
models. 
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Validation of Numerical Ground Water 
Models Used to Guide Decision Making 
by Ahmed E. Hassan 1 


Abstract 
Many sites of ground water contamination rely heavily on complex numerical models of Ilow and transport to 


develop closure plans. This complexity has created a need [or tools lUld approaches that can build confidence in model r predictions and provide evidence that these predictions are sufficient for decision making. Confidence building is a 'J 
l long-term, iterative process and the author beiieves that this process should be termed model validation. Model vaJi


dation is a process, not an end result. That is, the process of model validation cannot ensure acceptable prediction or 
quality of the model. Rather, it provides an important safeguard against faulty models or inadequately developed and 
tested models. If model results become the basis for decision making,then the validation process provides evidence 
that the modcl is valid for making decisions (not necessarily a true representation of reality). Validation, verification, 
and confirmation are concepts associated with ground water numerical models that not only do not represent estab
lished and generally accepted practices, but there is not even widespread agreement on the meaning of the terms as 
applied to models. This paper presents a review of model validation studies ,that pertain to ground water flow and 
transport modeling. Definitions, literature debates, previously proposed validation strategies, and conferences and 
symposia that focused on subsurface model validation arc reviewed and discussed. The review is general and focuses 
on site-specific, predictive ground water models used for making decisions regarding remediation activities and site 
closure. The aim is to provide a reasonable starting point for hydro geologists facing model validation for ground 
water systems, thus saving a significant amount of time, effort, and cost. This review is also (limed at reviving the 
issue of model validation in the hydrogeologic community and stimulating the thinking of researchers and practi
tioners to develop practical and efficient tools for evaluating and refining ground water predictive models. 
-------_....._--_..... _---------------------------


Introduction 
Great advances in both theoretical and applied areas of 


numerical modeling of ground water systems havc been 
made in recent years, driven in large part by advances in 
computer resources. This has enabled sophisticated incor
pOl'arion of the uncertainty inherent in all analyses of the 
subsurface through stochastic techniques (Gelhar 1993; 
Cushman 1997). As modeling has increased in complexity, 
a gap has been created between model results and the abil
ity to assess the accuracy (or at least relevance) of model 


simulations by regulators and the public. Without accep
tance by these stakeholders, ground water modeling to 
close subsurface contaminated sites is potentially useless, 
yet no other tools are availahle. Inclusion of a model val
idation process is the best way to address this problem, 


,- From the author's perspective, model validation is the 
process of evaluating and testing the different aspects of 
the model for the purpose of refining, enhancing, and 
building confidence in the model predictions in such a 
way that allows for sound decision making. It is the 
process that follows the determination that the model is 
well developed and calibrated after sensitivity analysis 
indicates insignificant uncertainty reduction from addi~'Division of Hydrologic Sciences, Desert Research Institute, tional characterization efforts. At this stage, and to allow 


University and Community College System of Nevada, 755 E. for making decisions based on the model results, the 
Flamingo Rd., Las Vegas, NV 89119; (702) 862-5465; fax (702) model validation process should begin. 
862-5427; hassan@dri.edu; also at Irrigation and Hydraulics 


Model validation is thus a process, not an end result Department, Faculty of Eng'neering, Cairo University, Giza, Egypt 
Received July 2002, accepted July 2003. by itself. It cannot ensure an acceptable model. Rather, it 
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rinadequately developed and tested models. If the validation J tion, conceptualization, calibration, and prediction, yet it 
process indicates that major deficiencies exist in the model will also provide a way to reenter the loop. However, 
and a new round of characterization, conceptualization, cal- involved parties understand validation differently, and 
ibration, modeling, and prediction is needed, it does not some regulatory agencies require a model to be validated. 
mean that the validation process failed. On the contrary, [I' Many sites (e.g., the U.S. Depm1ment of Energy and the I 
this means that the process is successful in achieving its U.S. Department of Defense sites) now have closure 
objectives. If it is proven that the refined model results processes "knocking on the door" of validation, and all will 
(through the validation proces;;) do not contrHdict the field benefit by using rigorous science to define and shape a val
data in a major way and these results arc ultimately used as idation process that researchers, site managers/sponsors, 
the basis for decision making, then the validation process regulators, and the public can accept. 
provides evidence that thc model is valid for making deci- A case in point is the Central Nevada Test Area 
siom; (no! necessarily a true representation of reality). (CNTA) where the Faultless underground nuclear test area 


Regulators and decision-makers should understand is undergOlJlg environmental restoration. Cndergrollnd 
there is no way to guarantee that a model-based decision is nuclear test sites are perhaps the most extreme example of 
always correct or that a model can ever be proven to bc the need for ground water modeling of contaminants. A 
valid in the strictest sense of the term (van del' Heijde technically feasiblc remediation tcchnology does not exist 
1990). While no modelers can claim their models are accu- for underground nuclear tests where a significant radionu
rately or correctly representing reality, it is reasonable for elide source will be left in contact with grOllnd water. 
the public (principally through their regulator) to expect Instead, regulatory closure will depend on a model-gener
some assessment to determine that models are legitimate ated contaminant boundary for exercising stewardship 
for their intended purposes. Defining a valid,ltion process restrictions. Confidence in the model results is ahsolutely 
to attain such legitimacy for ground water flow and trans- critical to achieve closure. A complex, three-dimensional 
po!'t models is needed. Again, such a process should not be flow and transport model was created for the CNT A site 
viewed as a mechanism for proving the model is valid, but (Pohlmann et al. 2000) and carefully reviewed by the state 
rather as a mechanism for enhancing the model. reducing regulator. After reviewing the model, the state of Nevada 
uncertainty, and improving predictions through an itcrative, determined the model was acceptable for prediding con-
long-term confidence-building process. The process should luminant boundarics for the site, allowing a major stcp 1'01'


contain trigger mechanisms that will drive the model back ward in the process (Chapman et al. 2002). An important 
to the characterization-conceptualization-calibratioll-pre- caveat was attached to that acceptance, however--a 
diction loop (Le., back to the beginning), but with a better requirement to validate the modeL Thus, the CNTA model 
understanding of the modeled system. \' is in immediate need of a validmion process that can stand) 


The purpose of this paper is to present a review of pre- l up to the rigors of scientific peer review, regulatory over
vious works dealing with the validation of ground water sight, and citizen concern. 
flow and transport models. The aim is to provide a reason- Another similar case is the Amchitka Island under-
able starting point for hydrogeologists facing the issue of ground nuclear tests that have been modeled for the pur
model validation for ground water systems. Previolls work pose of providing information needed to conduct a human 
regarding validation is scattered among journals, interna- health risk assessment of the potential hazard posed by 
tional cooperative projects, conferences and symposia, and three tests conducted on the island. The potcntialmigration 
reports, thus creating a daunting task for assembling what of radionuclides from the source to the Pacific Ocean or 
has been proposed/used for validating ground water models. Bearing Sea is evaluated using a parametric uncertainty 


The remainder of this paper is organized as follows. approach (Hassan et al. 200 I; Pohlmann et al. 2002). 
The next section presents examples of current studies fac- Although these models have not been formally accepted by 
ing the model validation issue that drove the need to report . the Alaskan stale regulators, it was indicated the models ] 
this review. Then the reasons that models should undergo t needed independent validation. . 
the validation process and the challenges inherent in carry- It is important to recogni7.e that the validation issues 
ing out such a process for ground water models are dis- reviewed in this paper are different from many popular 
cussed. A detailed presentation of the discrepancies and the model studies that relied on particular field experiments 
debate in the literature about the meaning and purposes of and that employed the terms "model validation" to validate 
model validation (01 lows. Also, a brief discussion of the "process" models or mathematical models. These experi
differences between model calibration, model verification, ments, primarily designed for studying and modeling sub-
and model validation is presented. The different studies and surface phenomena, include the Cape Cod experiment 
conferences focusing on model validation arc reviewed. (LeBlanc et a1. 1991), Borden site test (Mackay et a1. 1986), 
The different strategies that were proposed for the valida- and Macrodispersion Experiment (MADE) site (Boggs et 
tion process of subsurface models (mainly models of per- al. !992), to name a few. These experiments provided well 
formance assessment of high-level nuelear waste charactcrized sites and reasonably large data sets for cali
repositories) arc also discussed. brating and validating certain process and mathematical 


models. The term "model validation" was frequently used 
in these and other studies, and it essentially meant validat


Why This Review ing a certain mathematical model or verifying the existence 
Implementing a validation process can help move the of certain processes (e.g., matrix diffusion) llsing well char


modeling project beyond the endless loop of characteriza- acterized field experiments. 
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l\Ieed for and Challenges 

Facing Model Validation 



Need for Validation 
Predicting ground water now and transpolt at the field 


scale is usually done for a specific purpose, A regulatory 
question arises at a sile, for example, and modeling is 
undertaken to answer that question, The need I'or validation 
arises when the regulatory agency and, sub~equently, the 
public require aSSllrance that the model's solution to the 
pOiled question is not underestimating the negative conse
quences of the problem (i.e., a conservative estimate). 


. 	 Developers and users of modeJs (i.e., the decision-makcrsl 
using information derived from model results) and people j
affected by decisions based on such models are rightly con


\ cerned with whether the model and its results are correct 
(Sargent 1990), Depending on the model and the applica
tion in question, however. the correctness requirement may 
become one of reasonableness. With ground water models, 
for instance, all involved parties should be able to under
stand that the correctness requirement cannot be achieved. 
Instead, the requirement should shift to good modeling pro
tocol followed by long-term validation and lllonitoring 
processes to make sure the predicted consequences are not 
underestimated. 


It should also be recognized that not aU ground water 
models need to undergo the validation process and, for that 
matter, not all models requiring validation need the same 
level of rigor in the process. The determinant factor in the 
different cases is the amount of risk associated with making 
a wrong decision based 011 the model results vs. the cost 
(monetary and time) and the effort associated with a corre
sponding validation process. For instance, if the question 
addressed by the ground water model pertains to resource 
evaluation or ground water management issues, then it may 
not be as critical as a case of human exposure to ground 
water contaminated with toxic substances, and thus may 
not require a ligorous, if any, validation process. 


As described by the National Research Council (2000), 
monitoring and validation arc necded to bctter understand 
how transport processes affect the fate of the contaminant, 
and the ability to monitor and validate is essential in apply
ing any cOlTecrive action. The National Research Council 
indicates, however, that the knowledge and technology 
bases to support these activities are 110t fully developed. It 
thus identifies a number or rcsearch needs related to the 
model validation issue including the development of vali
dation processes, development of tools to judgc model per
formance, and development of ways to determine the 
measurements that are required for the model validation 
process. \' 


The interest in validating model predictions also arises L 
from the scientific need to better understand the physics of 
tlow and transport in highly complex systems such as the 
geologic environment. In fact, the inconsistency between 
model results and validation data provides a scientific chal
lenge to researchers to identify the liOurces of errors in thc 
model and to detcrmine whether these elTors are related to 
unresolved or unaccounted processes, model structure and 
conceptual model, or input data. In searching for the 


sources of errors, new scientific understanding can be 
gained and progress is usually made hy tbese discoveries. 


Challenges Facing Model Validation 
A number of issues combine to make the validation of 


subsurface now and transport models a clilTicult and chal
lenging task. First, data are usually lacking for building, 
calibrating, and operating the model, especially for deep 
subsurface problems and highly complicated geologic envi
ronments, Such data are lacking for both simple determin
istic models and highly complex stochastic models, Even if 
there are extensive databases for a particular site, they are 
often limitcd in relation to the variety of conditions and 
parameters that need to be monitored and characterized, 
With the current level of data scarcity and uncertainty, 
model validation becomes a formidable task, Tbe question 
of validation is more challenging when modeling radionu
clide transport thousands of years into the future since data 
are not available to use for comparison against model pre
dictions at this timescale. In addition, lack of knowledge 
about future stresses that will affect the ground water sys
tem reduces the reliability of future predictions. Despite 
these challenges, we need to build confidence that modcl
based decisions will not result in unacceptable risks to pre
sent or future popUlations, or in degradation of the natural 
environment (Konikow and Bredehoeft 1992). Building 
contidence in the models lIsed to support decision making 
is the requirement for validation; developing a validarion 
process that allows evaluating the model and refining it is 
an important goal for supporting and guiding the decision
making process. 


Heterogeneity j;., another challenge when it comes to 
prediction and validation, Heterogeneity makes it difficult 
to fully characterize the subsurface, especially with the dif
ficulty of making subsurface observations, When hetero
geneity is significant and data are limited, as is the case in 
many field sites, there may be no objective way of judging 
the model predictions or declaring any degree of satisfac
tion abolll the model. It is also important to note that even 
if we can get a highly detailed and reasonably accurate 
characterization of the subsurface parameters, the valida
tion process may still be dift1cult. The uncertainty stem
ming from the heterogeneity of subsurface parameters will 
result in lengthening the iterative cycles of the validation 
proccss and reducing uncertainty. 


Another major difficulty pertains to selecting quantita
tive criteria on which to base the decision that there is 
agreement between predicted and measured values (Voss 
1990). Furthermore, it is difticult to discriminate between 
inadequacies in the conceptual model::;, mathematical mod
els, and input data, 


Another challenge for model validation is the high cost 1 
of obtaining data for testing the modeL This cost should be 
considered in designing any validation process, There is a 
limit where increased investment in validation efforts (botb 
data collection and analy~is) does not significantly increase 
confidence in the model and adds little value to lhe end user 
(Sargent 1990). Therefore, the model validation process 
requires consent among concerned parties regarding the 
level of confidence required for the model results to be used 
in decision making, keeping an eye on the cost that is \ 


A,E, Hassan GROUND WATER 42, no. 2 277-290 279 



wwescanner

Highlight



wwescanner

Highlight



wwescanner

Highlight



wwescanner

Highlight



wwescanner

Highlight



wwescanner

Highlight



wwescanner

Highlight







\ 	 needed to achieve this confidence level. This consent or 
agreement, however, may be difficult to attain. 


Model Validation Perspectives and Debates 
It is important to define the terms associated with 


model validation used in the literature and to illustrate the 
intended meaning of these terms. The distinction between 
calibration, model verification, and model validation must 
be made to support the discussion of model validation pre
sented in this paper. 


Model Calibration 
In the earth sciences, the modeler is commonly faced 


with the inverse problem-the distribution of the depen
dent variable (e.g., head) is the most well known aspect of 
the system. whereas the distribution of the independent 
vari,tble cnnduetivity, porosity) is the least well 
known (Oreskcs et al. 1994). Model calibration is the 
proccss used to solve this inverse problem. That is, model 
calibration is the process of tllning the model to identify the 
independent input parameters by fitting the model results to 


field or experimental data. which usually represent the 
dependent system parameters. 


Traditionally, model calibration in ground water relied 
on manual trial-and-errof adjustment of the model indepen
dent parameters (e.g., hydntulic conductivity. recharge, 
boundary conditions) until a good match between modeled 
and observed dependent parameters (e.g., heads) occurred. 
The judgment of a good vs. a bad match was mostly based 
on visual inspection. In recem years, a great deal of 
research has foclised on developing automated calibration 
techniques rlwt rely on numerical optimization methods. 
This wa, driven by the fact that prediction reliability of 
ground water models was difficult to assess using only 
nonautomated calibration procedure (Poetcr and Hill 1997). 
A number of approaches for the solution of the automated 
inverse problem have been developed including nonlinear 
least-squares regression (Poeter and Hill 1997; Doherty 
1994; Hill. 1992, Cooley 1982). geostatistical approaches 
(Hoesksema and Kitanidis 1984; Zimmerman et al. 1998), 
LI norm-based parameter estimation technique (Xiang et 
al. 1992), and automated pilot point approach (RamaRao et 
al. 1995), to name a few. 


As discussed by Poeter and Hill (1997), the automatic 
calibration provides benefits and advantages over tradi
tional nonautomated, lrial-and-crror-hased calibration. 
First, it provides an ability to automaticafIy calculate the 
parameter values that produce the best tit between observed 
and simulated data. allowing more time to be focused on 
changing the concepwal model than the nOlHllltomated cal
ibration can allow. Second, the automated calibration 
allows for quantitative estimation of the quality of calibra
tion and the associated confidence in the parameter esti
mates. Third, automated calibration can reveal issues that 
may otherwise be overlooked, sllch as parameter correla
tion effects or lack of sensitivity of paramcter values to cal
ibration data (Poeter and Hill 1997). 


These new and automated parameter estimation tech
niques have direct implication on the model validation 
process. The added t1exibility to investigate the effects of 
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changes in conceptual models will benefit the model by 
incorporating conceptual uncertainty whenever relevant. In 
addition, these techniques will support the model validation 
process in at least two ways. First, these techniques can be 
lIsed in a sensitivity analysis or data decision analYSis mode 
to determine validation targets and field data collection 
activities lh<lt would most benefit the process and reduce 
uncertainty. Second, after the collection of each set of val
idation data, these techniques can provide a f1exible tool for 
updating the model input parameters and refining the 
model predictions. 


As modeling tools h<.lve increased in complexity and 
the ability to handle natural geologic variability, parame
terization of the models has become more difficult. The 
model complexity and the subsequent high-dimensional 
parameterization make objective calibration very difficult, 
if not impossible. The fitting process that is used to deter
mine model parameters can be guided by the principle of 
parsimony. This principle implies that the best model is the 
simple.,t possible model that adequately describes thc avail
able data. Using the principle of parsimony, the model is 
kept as simple as possible, while still accounting for the 
system processes and characteristics evident in the obser
vations, and respecting other information about the system 
(Hill 1998). 


The principle of parsimony can also be used to differ
entiate between alternative conceptual models. In this COIl


text. the principle states that ,tt11ong all plausible models 
that one could use to explain a given set of experimental 
data, one should select the model that is conceptually lcast 
complex and involves the smallest number of unknown (fit
ting) parameters. Whether to simplify the model or add 
complexities depends on the relevance of the simplified 
aspects to the issue of concern that initially derived the 
modeling effort. When it comes to model vulidatioll, the 
validation process, as previously defined, will provide a 
mechanism for testing whether the pm'simony principle was 
applied correctly 01' whether oversimplification led to 


major model deficiencies. Therefore, one can strive for 
model parsimony as long as this approach does not impair 
the ability of the model to simulate or approximate 
obscrved data values (Perrin et al. 2001). 


Code and Model Verification 
There should be a clear distinction between code veri


fication and model validation. Verification of a mathemat
ical model, or its computer code, is obtained whcn it is 
shown that the model behaves as intended; i.e., that it is a 
proper mathematical representation of the conceptual 
model and that the equations are correctly encoded and 
solved (Maloszewski and Zuber 1992). Code verification 
and testing is limited to establishing the correctness of the 
computer code with respect to the criteria and requirements 
for which it has been designed (van del' Heijde 1990, 1996). 


Model verification is a completely different process 
tban code verification. Anderson and Woessner (1992a) 
define model verification as a process aimed at establish
ing a greater confidence in the model by using" set of Cill
ibrated parameter values and stresses to reproduce a 
second set of field data. Konikow (j 986) also defines a 
verified model as the model where accuracy and predictive 
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capability have been proven to lie within acceptable toler
ance using tests indepcndent of the calibration data. 
According to Anderson and Woessner (1992a), model cal
ibration and verification demonstrate the model can mimic 
past behavior. whereas model validation determines 
whether the model can prcdict the future, which thcy call a 
predictive validation. 


The term verification, therefore, should refer fO a 
demonstrable ability of a generie model (and maybe an 
analysis model) to solve the governing equations. whereas 
validation should represent the process of postprediction 
testing and evaluation of a site-specific model for the pur
pose of supporting the decision-making process that relies 
on modeling results. When data are available to split 
between calibration and verification, it is common to call 
the process of using the calibrated model to reproduce the 
verification data set a model verification procesg. This 
process is different from the model validation process as it 
is pm1 of the development stage of the model, and appar
ently the modelers can and do change the model conceptu
alization if the calibrated model fails 10 reproduce thc 
verification data set. The modc! validation process follows 
the completion of this loop and is aimed at building confi
dence in model predictions that are going to form the basis 
for decision making. 


Model Validation 
The term validation is featured prominently in the lit


erature on high-level nldioactive waste disposal. Pescatore 
(1994) reports use of the term validation is lackillg in the 
field of low-level radioactive waste disposal and also, dur
ing the first half of the last century. in all technical fields. 
The first technical appearance dates from the mid-1950s, 
and it was adopted thereafter in the computer field and ele
vated to its present status following the computer revolu
tion in the 1970s and early 1980s (Pescatore 1994). The 
term validation then began to appear in safety standards for 
high-level waste in the late I980s. 


Most of the controversy over validation arises from 
alternative inlerpretations and perceptions of the meaning 
of the term. Interpretations range from an inherently 
unachievable "proof of truth" to more pragmatic 
approaches in waste management with emphasis on the 
subjective assessment of whether models are good enough 
for the application at hand (Zuidema 1994). Different clas
sifications for the numerous definitions of model validation 
have been presented in the literature. Here, we categorize 
the validation definitions and perspectives into four cate
gories. The following four subsections summarize the dif
ferent definitions and the controversy in the literature 
regarding the meaning and objectives of model validation. 


Scientifjc Views ofModel Validation 


The dictionary definition of valid covers a wide range 
of meanings (e.g., strong. having sufficient strength or 
force, sound. effectivc, eonvincing, fulfilling all necessary 
conditions. founded in truth, logically correct, having such 
force as to eompel serious attention). The scientific view of 
validation usually implies that models are true representa
tions of reality. The Nuclear Regulatory Commission 'I 
(1984) defines validation as the process or obtaining assur- \ 


ance that a model, as embodied in a computcr code, is a I 


correct representation of the proeess or system for which it 
is intended. The Department of Energy (1986) defines val
idation as a process to ascertai n that the code or model 
reflects the behavior of the real world. Niederer (1990) 
states that one validation type that can be invoked is the J, 
consensus-based approach proposed by Kuhn (1970), who 


\ concJude~ that proof of a scientific theory largely rests on 
L consensus, . 


For a scientific theory, consensus-based validation 
meaTlS that acceptance is ultimately based on the belief that 
the theory works, a belief that grows from repeated suc
cessful use. In terms of ground water model validation. the 
latter type calls for providing ample positive evidence for 
the appropriateness of the model, which will lead to general 
consensus that the model is adequate, Niederer (1990) 
stales "consensus is one aspect of scientific truth .... How
ever. as far as public acceptanee is concerned, it is the only 
one tbat really counts." Jackson et a!. (1992) consider vali
dation to be about establishing whether the model is an 
acceptable representation 01' the physical system and check
ing that the model is internally consistent. 


Anderson and Woessner's (1992a) approach to valida

tion has a slightly different perspective. They detine the 

strictest form of validation as the demonstration of the 

model's ability to accurately pl'edict the future, which they 

call a postaudit. Later, Woessner and Anderson (1996) pro

vided a less stringent requirement for accepting ground 

warer models and indicated that this acceptance should be 

based on confirming observations to support a subjcctivc 

judgment. They <ll~(l emphasized the importance of under

standing the role of uncertainty and accepting it when deal

ing with ground water modeling. 



The scientific views of model validation are more suit

able, if necessary at all, for theories and mathematieal 

developments that need to be validated in a strici sense. For 

numerical ground water models that are used to support or 

guide a decision-making pfllcess related to a subsurface 

prohlem, these scienti fic views are essentially neither 

achievable nor relevant. Accuracy is not always required 

for using model results as a basis for decision making. If, 

for exampJe, one monitors an uncontaminated area as 

delineated by a model, one would only try to make sure the 

clean area is in fact clean regardless of whether the model 

accurately predicts how contaminated the area within the 

plume is (concentration valLles). 



Philosophical Views of Model Validation 

According to Konikow and F3redehoeft (1992), philo



sophical definitions of validation are based on two different 

views. The first of these argues that theories are confirmed 

or refuted based on the results of critical experiments 

designed to verify the theory consequences. The second 

philosophical perspective stales that as scientists we CHn 

never validate a theory or a hypothesis, but ean only inval

idate it. Popper (1968) states that models, theories, or 

hypotheses can never be proven to be true, no matter how 

much corroborative data are presented; they can only be 

falsified. Consistent with the first view, Schlesinger (1979) 

defines validation as meaning "substantiation that a com

puterized model within its domain of applicability 
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possesses a satisfactory range of accuracy consistent with 
the intended application of the mode!." Konikow and Bre
dehoeft (1992), however, believe that many, if not most, 
present-day scientists who have considered these issues 
find themselve, in agreement with the second view. They 
also add that ground water models are subject to improve
ment, through invalidation but cannot be proven valid and 
that validation cannot add to the fund of knowledge. 


The philosophical view of model validation articulated 
by Oreskes et al. (1994) is that the term does not denote 
establishment of truth but rather legitimacy. They define a 
valid model as one lhal does nol contain known or 
detectable flaws and is internally consistent. They, how
ever, agree with the common view that the establishment of 
It madej's ability 10 accurately represent the actual 
processes occurring in the real system is not even a theo
retical possibility. Extcnding thcir views, Oreskes et al. 
( 1994) use the term confirmation to account for the fact that 
a failure to reproduce observed data falsifies the model, but 
the reverse is never the case. By using [is numerous llnd 
diverse confirming observations as possible, it is reason
able to cOOl:ludc that the conceptualization embodied in the 
model is no! flawed. 


Bredehoeft [ind Konikow (1992, 1993) and Konikow 
and Bredehoeft (1992, 1993) argue that using the terms val
idation and verification are misleading as they imply the 
correctness of the ground water models, which none of the 
ground water modelers would claim. They suggest that the 
ground water community should abandon these terms, and 
that the term history matching used in petroleum engineer
ing. benchmarking, and model testing be used instead. The 
history matching term encompasses the processes of cali
bration and validation without connotation of con·ectness. 
They, however, caution that care should be taken to predict 
only for a time comparable to the period that was matched. 
McCombie and McKinley (1993) argue against these views 
and assert the key problem in the validation issue is to 
define the level of accuracy and the degree of confidence 
that must be achieved in the prediction of specific parame
ters. They further recommend that the subjective aspect of 
assessing if a model is good enough be included in the term 
validation. De MarsHy et al. (1992) present evidence from 
their modeling experience as proof that their ground water 
model has been validated or at least not proven to be 
invalid. 


In an attempt to reconcile the two opposing views, Lei
jnse and Hassanizadeh (1994) argue that Konikow ancl Bre
dehoeft (1992) ancl de Marsily et al. (J 992) refer to two 
slightly different, yet related, definitions of the terms model 
and validation. They state that de Marsily et al. (1992) 
invoke a weak definition of the word model, wherein the 
mathematical equations and simplifying assumptions arc 
included, but the input data are not included. On the other 
hand, KOllikow and Bredehoeft (1992) invoke the strong 
definition of the word model where the previously men
tioned components are included in addition to the parame
ter values, boundary conditions, system geometry, and 
sources and sinks. Parallel to these definitions, validation in 
the weak sense refers to the validity of the generic models 
that are used in an analysis mode to analyze a system of 
imerest and to increase understanding of its behavior. The 


282 A.E. Hassan GROUND WATER 42, no. 2: 277-290 


strong definition of validation implies the validity of the 
model of a given system as a whole, including all input 
data, which is related to the predictive ability of a model in 
mimicking the correct system behavior. When Konikow 
and Bredehoeft (1992) say "ground water models cannot be 
validated," they refer to validation in the strong sense and 
they have prediction models in mind (Leijnse and Has
sanizadeh 1994). 


In Konikow and Bredehoeft's (1992) terms, the find
ing that the model is not proven to be invalid does not mean 
that it is valid. This is true for validation in the strictest 
sense, but this author believes that fO!' practical purposes, 
decision-making purposes, and to movc toward better 
understanding, tbe model sliccess at the invalidation 
attempts means that the model is successfully progressing 
through the process of model validation. 


The terms suggested by Konikow and Bredehoeft 
(1992, 1993) are mostly helpful in the model development, 
building, testing, and usage stages. If the modclls accepted 
by a regulatory agency, then the process has moved beyond 
these terms, and the more relevant term is in fact model val
idation. Unlike what might be thought by some researchers, 
regulators can and do understand the role of uncertainty and 
the difficulty of validating ground watcr models in the 
strictest sense of the word. As such, when regulators 
require a model validation phase, they are receptive to the 
fact that they are asking for confidence building and assur
ance that thc model does not contain major flaws or defi
ciencies. Public perception of the term validation, however, 
requires as much effort in explanation as terms like calibra
tion, history matching, and bencbmarking. For example, to 


the layman, the term calibration gives the same indication 
of accuracy and correctness as the term validation. Thus, 
using and explaining the real meaning of the model valida
tion proccss should not be any different from using and 
explaining an alterl1ati ve term. 


Most models, if 110t all, are not being uscd to reveal the 
truth about a system. Of course, it would be beneficial if 
models could do so, but they simply cannot. Models are in 
many cases decision-making tools. When a model success
fully passes a rigorous development, calibration, and test
ing process, it becomes a reasonable decision-making tool 
given the limited data used in the development process. 
Acknowledging the role of uncertainty, the model valida
tion process is one crucial stage in the entire process that 
should be regarded as an additional filter for independent 
model evaluation. Most of the literature debate focuses on 
the terminology and not on the process. No one argues that 
the process is unimportant, unneeded, or useless, and no 
one disagrees on the concept of using an independent data 
set to test the model. The disagreement revolves around 
what to call the process and what the implications are for 
the terms we use. 


Other philosophical views were presented more 
recently in a series of articles edited by Anderson and Bates 
(2001) focusing on model validation perspectives in hydro
logical sciences. For example, Young (2001) states that the 
views articulated by Konikow and Bredehoeft (1992) and 
Oreskes et al. (1994) arc linked in part to questions of 
semantics-"What is the truth')" "What is meant by terms 
such as validation. verification, and confirmation?" and the 
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like. Young (2001) also postulates that when models are 
not proven false, they can be considered conditionally valid 
in the sense that they can be assumed to represent the best 
theory of behavior currently available that has not yet been 
falsified. 


In an imcresting editorial following the previously 
cited articles, Bair (1994) presents a personal experience 
from the courtroom, where the ground water model valida
tion issue was the key element of a S500 million lawsuit. 
He was testifying in that trial and was asked to evaluate the 
plaintiffs' and defendant's ground water models, which 
predicted migratjon of contaminants for 17,000 feet and 
5000 feet from the injection point, respectively. During the 
trial, the plaintiffs' attorney used Bredehoeft and 
Konikow's (1993) arguments that ground water models 
cannot be validated, only invalidated. Bair (1994) men
tioned that his response, which was against this argument, 
was supported by the comments of McCombie and McKin
ley (1993) and de Marsily et a!. (1992) on Bredehoeft and 
Konikow's (1993) arguments. Summarizing Bair', (1994) 
conclusions about this experience. the trial showed how the 
jurors understood the differences between predictions that 
arc certain beyond reasonable doubt (operational- or confi
dence-based validity) and predictions that are certain 
beyond any doubt (stIictest form of validity). The doubts 
were probably removed from the minds of the jurors by the 
amount of site-specific data, the small differences between 
measured and simulated pressures llnd concentrations, and 
the recognition that no data were presented that invalidated 
the defendant's model. 


The main point one can capture from the preceding 
discllssion is that we should lise as much daw as possible in 
trying to invalidate a model to show that it is either certain 
or uncertain beyond reasonable doubt. Reasonable doubt is 
fundamental to the scientific method, but should not pre
vent us from making predictions; rather, it should cause us 
to gather sufficient data to rigorously test our models so 
that we make well founded predictions (Bail' 1994). In 
using performance assessment models for nuclear reposito
ries, regulators recognize that absolute assurance of com
pliance is not possible, and they require model developers 
to provide information necessary to convince a reasonable 
decision-maker that compliance with regulatory criteria 
would be achieved (Eisenbcrg ct a!. 1994). 


Operational Views of Model Validation 


A number of operational definitions consider valida
tion from a practical and regulatory perspective, Van del' 
Heijde (1990) states the objective of model validation is to 
determine how well a model's theoretical foundation and 
computer implementation describe the actual system 
behavior. This description is presented in terms of the 
degree of correlation between model calculations and inde
pendently derived observations of the cause-and-effect 
responses of the actual ground water system. 


The International Atomic Energy Agency (19R2) states 
validation is attained when a conceptual model and its asso
ciated computer code provide a good representation of the 
actual processes occurring in the real system. Depending on 
the meaning and strength of the term good representation, 
however, this definition may become a scientific one as 


opposed to a practical or operational definition. filavelle 
(1992) argues that most validation definitions available in 
Ihe literature make explicit reference to the need to demon
strate that a model is a good, cOITect, or sufficient represen
tation of reality and that these definitions require subjective 
interpretation, but do not recognize the need to measure the 
accuracy of the model caJcu lations. Plavelle, therefore, adds 
establishing the accuracy of the model predictions as a sec
ond dimension to the definition of validation. 


It is clear that these operational deJinitions rely on a 
subjecti ve component in the judgment of a 111 mieI' s validity; 
however, any evaluation process for model aspects, includ
ing the calibration evaluation, has to rely on subjective judg
memo There is no unique way to strllcmre a process for 
attaining a reasonable evaluation or guiding the subjective 
clement of the validation process. Since subjectivity will 
always be complemented hy objective, quantitative analy
sis, the balance between the two aspects depends largely on 
the problem at hand und the risk associated with making an 
unacceptable judgment. With the significant progress made 
during the past three decades in undel'standing and accept
ing the role uncertainty plays in ground water models, it 
should not be considered a weakness that subjective judg
ment and hydrogeologic expeltise are integral components 
in the entire modeling (including validation) process. 


Tsang (1991) denne;; validation as follows: "A model, 
including the conceptualization and the code, lOan be said to 
be validated with respect to (a) a process or (b) a sile
specific system," He argues that one should carry out 
model validation with respect to various processes and site
specific conditions. In other wordS: one should identify the 
relevant processes and the model geometric structure, and 
carry out the validation of the model (or group or models) 
with respect to that specific site. Voss (1990) describes 
model validity as the process of showing that the model is 
appropriate and adeqmne for the probJem, is logically 
develope.d using the best avai lable technology, is supporte.d 
by high quality experimental and observational data, and 
the limitations of the model arc well understood, 


For performance assessment of nuclear repositories, 
McCombie et al. (1990) discuss the interplay between 
achieving robust models and validated models. They argue 
that a model is determined to be robust when thcre is COI1


fidence that any errors will either have little effect on per
formance or be on the conservative side; however, they also 
emphasize that we should always aim at achieving the best 
possible understanding of system behavior and a realistic 
modeling of all the important processes involved. Along 
similar lines, Zuidema ( 1994) and Frick (1994) support the 
ielea that uncel1ainty and simplification should result in 
overestimating the consequences (conservatism). 


Confidence-Building Views ofModel Validation 


Davis and Goodrich (J 990) identify two acceptance 
criteria 1'01' a given model. The first is a measure of the ade
quacy of the model strncture (conceptual ane! mathematical 
models) in describing the system behavior and the second 
is a measure of the accuracy of the model input parameters 
relative to experimental results alld field observations. 
Along similar lines, Luis and McLaughlin (1992) view 
model validation as a first step that establishes the ability of 
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the model to explain observed phenomcna. If the model 
passes a set of reasonable validation criteria that build con
fidence in its performance, one can then proceed with an 
accuracy assessment, which assumes that structural errors 
(stemming from the conceptual model, mathematical for
mulation, and computer code) are negligible (Luis and 
McLaughlin 1992) or are captured in the overall uncer
tainty range. Although conceptual errors will always 
remain unknown, small conceptu<ll errors can be consid
ered minor relati ve to the entire range of unceltainty if the 
problem is cast in a stochastic framework with uncertainty 
considered in different parameter values. For major con
ceptual errors (e.g., not <lccounting for matrix diffusion in a 
fractured system, neglecting vadose zone processes in a sat
urated-unsaturated system), however, the model will mm:t 
likely not pas~ rigorous tests <lnd evaluations. 


Neuman (1992) defincs the validation of surety assess
ment models as the process of building scientific confi
dence in the methods used to perform such assessment; 
however, he recognizes that this confidence-building 
approach to validation is possibly open-ended, as much 
iteration between modelcrs and regulators may be needed. 
Eisenberg et al. (1994) support tbe idea of con1idence 
building and indicate that this term reeognizes that full sci
entific validation or models of performance assessment 
may be impossible and that the acceptance of mathematical 
models for regulatory purposes should be based on appro
priate testing, which will lead to a reasonable assurance that 
the reliulls are acceptable. Hassanizadeh (1990) differenti
ates between rescarch (or analysis) model validation and 
safety assessment modeling (or predictive modeling) vali
dation. The former is a tool thai helps one understand 
processes, uncertainties, etc., whereas the latter is a goal 
that helps the decision-making process. Sargent (1990) 
regards validation as a process that consists or performing 
tests and evaluations during model development until suffi
cient confidence is obttined that a model can be considered 
valid for its intended application. 


Both opponents and proponents for the term validation 
agree that the main concern is one of adequacy and not cor
rectness. The main concern is always whether the model is 
adequate for its intended use, and whether there is suffi
cient evidence that the model development followed logical 
and scientific appl'Oaches~and did not rail to account for 
important features and processes. Additionally, it should be 
noted thac determining the adequacy of a model or building 
eonlidence in its prediction is not a one-time exercise. [t is 
an iterative process that should be viewed as parl of an inte
gral loop with trigger mechanisms or decision points that 
force the model back to the characterization-conceptualiza
tion-calibration-prediction loop if the model v'llidation 
process indicates the need to do so. 


Discussion 
The definitions presented in the preceding sections 


cover H wide scope of different views on ground water 
model validation. Nevertheles", Illany of these definitions 
focus on providing evidence that the model under consid
eration is adequate for its intended use. We postulate that 
model validation is a long-tcrm, iterative process aimed at 


building confidence in the model as a whole and with trig


284 A.E. Hassan GROUND WATER 42. no. 2: 277-290 


gering mechanisms that drive the process back to the begin
ning if major defidencies are found. Key to this process is 
the use of a diverse set of tests that should be deSigned to 


evaluate a diverse set of aspects related to the model. 
An important point here is that the tests of model pre


dictions should bc suitable for the regulatory purpose of 
undertaking the modeling exercise in the first place. That is 
to say, thc validation tests should not be focused on 
whcther the model is scientifically COlTect for all condi
tions, but rather on the adequacy of the model for the 
intended regulatory purpose. POl' example, at Yucca Moun
tain the concern is whether leaking radionuclides that reach 
the saturated zone will cross a certain boundary and pose a 
health risk to recipients in the downstream direction. There
fore, the output 01' any modeling effort should focus on 
arrival times to that boundary. [n this case, it would not be 
required for the spatiai-Lemporal concentration predictions 
of Yucca Mountain models to match the field conditions in 
order for the models to be validated. What is important in 
this case is whether any field evidence indicates faster (or 
slower) transport rates, thus earlier (or later) mass arrival 
than predicted. 


It is clear that often-quoted statements sueh as "ground 
water models cannot be val idated" and "ground watcr mod
els ean only be invalidated" (Konikow and Bredehoeft 
1992, 1993: Brcdchocft and Konikow 1992,1993) reter to 
validation in only the strictest sensc, responding to a con
cern thm the layman's possible misconceptions me of pre
dominant importance. Unfortunately, such statements may 
lead to a relaxed attitude on the part of researchers, consul
tants, and even regulatory agencies when it comes to eval
uating model predictions. With the perception that the 
ground water model will never be validated, temptations 
are high to believe thut good model development, building, 
Hnd calibration cannot go further und nothing can be done 
more than a single monitoring well placed downstream the 
plume, even though the downstream direction may be 
highly uncertain. All ground water modelers agree that 
their models cannot be validated in the strictest sense (at 
least with present-day tcchnology), but similarly agree on 
the importance of postprcdietion testing and evaluation. By 
expanding our definition of validation to encompass a long
term process of confidence huilding, modelers and model 
lIsers can develop rigorous validation processes that will 
ultimately improve the models and the quality of decisions 
based on those models. 


Review of Ground Water 
Model Validation Studies 


In the area of nuclear waste management, the need to 
validate ground water models has received increased 
emphasis. This need has led to institutionalized and publi
cized programs for validating hydrogeological models. i\ 


number of international cooperative projects such as 
I NTRACOIN (1984, 1986), HYDROCOIN (Grundfel! et 
al. 1990), INTRAYAL (Nicholson 1990), STRIPA (Her
bert et al. 1990), CHEMY AL (8royd et al. 1990), and B 10
MOYS (Swedish National Institute of Radiation Protection 
1990) were devoted to validating models. Model validation 
was also extensively discussed in symposia including 







GEOV AL87 (1987), GEOV AL90 (1990), and GEOV AL94 
(1994). The journal Advonces in WaleI' Resource.l· dedicated 
two special issues to the topic of model validation (1992a, 
1992b). Additionally, a wealth of literature has been pub
lished on validation in the field of systems engineering anel 
operations research (Tsang 1987, 1989, 1(91); some may be 
useful for subsurface model validation. Examples cited by 
Tsang ( 1991) include Balci ( I 988), I3ald and Sargent (191l I , 
1984), Gass (1983), and Sargent (1988). 


The Swedish Nuclear Power Inspectorate initiated and 
completed three international cooperation projects to 
increase the understanding and credibility of models 
describing ground water tlow and radionuc1ide transport. 
The (NTRACOIN project is the first of these, and it 
focllsed on veritication and validation or transport models. 
The HYDROCOIN study was the second stUdy and repre
sented an international cooperative project for testing 
ground water modeling strategies for performance assess
ment of nuclear waste disposal. The study was devoted to 
testing ground water flow models and was performed at 
three levels including computer code verification, model 
validation, and sensitivity/uncertainty analysis. 


Based upon lessons learned from INTRA COIN and 
HYDROCOIN, a new international cooperative project, 
named INTRA VAL. began in October 19R7. The prqject 
was established to evaluate the validity or mathematical 
models for predicting the potential transport of radioactive 
substances in the geosphere (Swedish Nuclear Power 
Inspectorate 1990). The unique aspect of INTRA V AL was 
the interaction between the experimentalists and modelers 
in simulating the selected test cases for examining model 
validation issues. The selected test cases included labora
tory and field transport experimcnts and natural analogue 
studies that incorporated hydrogeologic and geochemical 
processes relevant to safety assessments of radioactive 
waste repositories. 


More recently, Anderson and Bates (2001) edited a 
collection of articles focusing on model validation perspec
tives in hydrological sciences not limited to ground water 
models. The articles cover watershed models, rainfall
runoff models, soil-water relation models, surf'ace water 
quality models, ice sheet models, snow models, and models 
of diverse aspects of hydrology. Most articles touched on 
the philosophical aspects of model validation, but others 
actually focused on code verification (as previously 
defined). The articles reiterate the fact that absolute valid
ity of predictive models is impossible. Many of the authors 
acknowledge there is little to choose among the terms ver
ify, validate, confirm, substantiate, etc., beeause they al'e 
synonymous in ordinary language, but whatever terms are 
used neeclto be cast in a technical manner and explained in 
the correct context. 


Predictive Reliability and Postaudit 
A number of studies have explored the predictive reli


ability of reasonably calibrated modcls by a posterior com
parison between model predictions and observed data 
(Person and Konikow 1986; Konikow 19X6; Freyberg 
1988). These studics showed that prediction accuracy was 
moderate; however, the common situation in these studies 
indicated that the calibrated model was used to predict sys


tem behavior under modified conditions (future predicted 
system stresses, modified boundary conditions, or different 
parameter values). In particular, Freyberg (1988) showed 
that the ability of a calibrated parameter set of a ground 
wnter flow model to reproduce observed data was not an 
indicator of the ability of that parameter set to predict sys
tem response under modified conditions. He reports that 
good calibration does not necessarily guarantee equally 
good prediction. Person and Konikow (1986) and Konikow 
(1986) recalibrated a ground water flow and solute trans
port model of an irrigated stream-aquifer system because of 
the discrepancies between prior predictions of ground 
water salinity and observed outcome. They found the cali
bration period (covering some seasonal variations in the 
river-aquifer interaction and irrigation cycles) needed for 
accurate transport prediction was longer than that required 
for the flow model predictions. 


A model postaudit is defined as a comparison of a 
model's predictions to the actual conditions of an aquifer as 
a result of a change in conditions (Brown 1996). "[Ilf the 
model's prediction was accurate, the model is validated for 
that particular site (Anderson and Woessner 1992b)." 
Anderson and Woessner (1992a) reviewed five postaudits 
of modeling studies where the models did not accurately 
predict the future behavior of the modeled system. These 
five stLIdies included the studies by Konikow (1986) and 
Person and Konikow (1986) thut were previously dis
c115sed. The other three studies are summarized here. 


Alley and Emery (1986) examined predictions of 1982 
water level declines and stream flow depletions ror the Blue 
River Basin, Nebraska, made in 1965 using an electric ana
log model. The postaudit showed the model underestimated 
the depletion of the streamflow and overestimated the 
decline of the ground water levels. Reanalyzing the model 
structure, AI ley and Emery (1986) concluded that the enol' 
in the prediction was a reBUlt of uncertainty in the concep
tual model of the Blue River 8'lsin. 


The next study is a postaudit study (Lewis anc! Gold
stein 1982) of a two-dimensional ground water flow and 
solute transport model that was developed and calibrated 
by Robertson (1974). The flow model was calibrated to an 
assumed steady-state flow field and the transport model 
was calibrated to observed concentrations of chloride in 
ground water in 1958 and 1969. Robertson (1974) [hen 
used the calibrated model to predict chloride and tritium 
concentrations in 1980, Through the postaudit study, Lewis 
and Goldstein (1982) found that the contaminant plumes 
predicted by the model extended rilrther downgrac!ient than 
the actual plumes anel attributed this deviation to the con
servative worst-case assumptions in the modcl input, sim
plicity of the conceptual model, and inaccurate estimate of 
subsequent waste discharge and aquifer recharge condi
tiolls. The original model of Robertson (1974) viewed the 
aquiter as a continuous porous medium, and it is likely that 
the flow in this aquifer would be betler approximated 
a dual-porosity model that includes fracture flow liS well as 
matrix diffusion (Anderson and Woessner 1992a). 


The final postalldit study reviewed by Anderson and 
Woessner (1992a) is the study of Flavelle et a!. (1990) that 
simulates the release of hydrogen ions from a tailings pile 
situated in glaciofluvial deposits in Onturio, Canada. The 
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flow model of that study was calibrated to measured heads 
in 1989 within the inner part of the plume where pH was 
< 4.8. The solute transport model was calibrated by match
ing plume position to observed position in 19R3 and 1984 
through varying the distribution coefficient. The calibrated 
model was then used to predict the plume distributioIl in 
1989. Data collected in 1989 showed the model accurately 
predicted the pH values in the inner core oj' the plume but 
not at the outer edges. Plavelle et al. (1990) concluded that 
even though their site was one of the most thoroughly stud
ied uranium tailings sites in Canada, the data were not com
plete enough to successfully validate tile model. 


Weaver et al. (1996) performed a postaudit on two 
ground water now models that were used to design a well 
array for a ground water capture and containment system 
installed along the boundary of a manufacturing facility. 
The first was an analytical model where the postalldit indi
cated that the performance of the initial system design did 
not meet expectations. This indicatioll led to using a numer
ical model to design an enhanced system for which a 
detailed postaudit could not be performed as the system was 
in place for a short period; however, a cursory review of the 
numerical model results VS. observed conditions was per
formed. The results of the review indicated that the devia
tions of the predictions from actual water levels COLI Id he 
mainly attributed to changes in system conditions (pumping 
rates, variations in well efficiencies, and limitations on total 
available drawdown) and aquifer heterogeneity. 


An interesting discussion related to the postaudit con
cept is presented by Brown (1996). The previous studies 
focused on evaluating the model and conducting the 
postaudit long aftcr the model had been accepted and used 
for decision making. Therefore, although the postaudit 
could have enabled the modeler to improve the model, ben
efiting from knowledge gained by new field data, the 
improvement could only take place after actions based on 
the prediction had taken place. Therefore, the postaudit 
does not help a model withstand attempt!'; at invalidation 
before the decision-making process (Brown 19Wi). An 
alternative to this type of model postalldil is the field 
postaudit that can be performed after the prediction but 
before the final decisions are made based on the prediction. 
If a modeling prediction test is required hefore the decision
making process occurs, a field audit will directly provide 
relevant information to evaluaLe the adequacy of model pre
dictions. This type of evaluation is usually called model 
validation by model sponsors and regulators. 


Review of Proposed Validation Strategies 
In the context of a performance ussessmenL or higlJ


level radioactive waste repositories, Davis and Goodrich 
(1990) and Davis et al. (1991) propose a strategy that 
focuses on demonstration of model adequacy in represent
ing the real system, given pertinent regulatory require
ments, rather than on proving absolute eorrectncss of the 
model from the purely scientific point of view. Their pro
posed strategy consists of 10 steps. (I) Define a validation 
issue. (2) Develop a conceptual model or models. (3) 
Develop a mathematical model. (4) Identify andlor design 
an experiment that addresses the validation issue. (5) 
Define performance mcasures to be used for model com
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parisons. (6) Quantify the uncertainty associated with the 
input data and the data available for comparison with the 
model output. (7) Define thc acceptance criteria or accept
able model error based on regulatory requirements and data 
uncertainty. (8) Simulate thc experiment. (9) Perform the 
experiment in the laboratory or field. (10) Evaluate model 
results based on the acceptance criteria. This strategy, how
ever, is not intended for an iterative process of predictive 
model validation. Rather, it is more suitable for examining 
a focused process model that can be cither' simulated in a 
laboratory experiment 01' in the field. For example, if one 
develops certain mathematical models for describing 
matrix dirfusion in fractured systems, then the preceding 
IO-step process can be used to validate this process model. 


Flavclle (1992) proposes a methodology that focuses 
on the quantitative evaluation of model accuracy whcn cal
ibrating and validating a model. The method includcs per
forming a regression amllysis of predicted values and 
mcasured data with the regression coefficient of the regres
sion line interpreted as an empirical indicator of model bias 
and the standard error illlerpreted as the uncertainty in the 
validation. In addition to the simplicity and wide under
standing implicit in this analysis, Flavelle (1992) indicates 
that the approach has an advantage in that the validation 
and calibration statistics can be compared to ascertain if 
there has been a change ill the simulated conditions, imply
ing that the model docs not adequately account for all 
important processes. 


Based 011 this linear regression, one needs to stmisti
cally test the assertion that the slope of the regression line 
is unity and that the intercept of the line is O. Hypothesis 
testing can be used for this purpose with the null hypothe
sis for the slope being HI): slope = I, and the alternate 
hypothesis is HIslope'" I. The test statistic is (~slope-l j .;. 
standard deviation of the slope). This result is to be com
pared to the critical value of the I-distribution at (n-2) 


degrees of freedom (n is the number of data points) and 
(I O.Sa) at the a level of significance, r(n-2, I O.5a) 
(Falvelle 1992). In a similar manner, the null hypothesis of 
a 0 intercept can be examined. Failing to reject both null 
hypotheses does not mean the model is free of biases, only 
that this analysis fails to identify any bias (Flavelle 1992). 
As pointed out by Draper and Smith (1981), regression 
analysis has a compelling advantage over analysis of the 
deviations, as it has been shown that the normality assump
tion of regression residuals is not unreasonable, while the 
deviations between calculated and observed data may not 
be normally distributed. 


It should be noted that an important aspect of the vali
dation process is the diversity of statistical tests and the 
diversity of the te~ted aspects of the model. Linear regres
sion analysis is apparently not the only test that can be 
implemented in evaluating the model results. Other statisti
cal tests, hypothesis tcsts, and qualitative tests arc neces
sary tools for a thorough and meaningful evaluation of the 
model input, structure, and output. 


Luis and McLaughlin (1992) propose a stochastic 
approach to model validation that relics on decomposing 
the differences hetween the predicted and measured values 
of the variable of interest into three components or error 
sources. (I) Measurement elTors, which represent the 







difference between the true values and the small-scale val
ues of the output variable. (2) Spatial heterogeneity, which 
represents the difference between the large-scale trend that 
the model is intended to predict and the true small-scale 
values. (3) Model error, which represents the difference 
between the model prediction and the actual large-scale 
trend. By expressing measurement residuals in terms of 
these three components, Luis and McLaughlin (1992) use 
perturbation analysis and derive the relationship between 
the measurement residual variance, actual variable vari
ance, and measurement error variance that is only related 
to the measuring device. This relationship holds only 
under the assumption that model errors are negligible, and 
once developed, the relationship can be used to develop 
statistical tests, which check the hypothesis that the model 
eITor is indeed negligible. 


Luis and McLaughlin (1992) then applied this 
approach to the well-instrumented Las Cruces infiltration 
experiment conducted near Las Cruses, New Mexico. They 
tried to validate a two-dimensional, numerical model that 
describes soil properties at the site by a set of spatially uni
form, effective moisture retention, and log hydl'aulic con
ductivity parameters. The validation approach indicated 
that this model was able to predict the behavior of the mois
turc plume at timescales of two years and space scales of 
20 m, but it was not clear that the model would be able to 
work equally well over longer temporal and spatial scales. 


Mummert (1996) used two validation approaches to 
evaluate a nitrate percolation model. The first is a point val
idation method where accuracy for point predictions is 
assessed by calculating the coefficient of determination, 
relative etTOr, and standard error. The second validation 
method used is the statistical validation, whereby Monte 
Carlo simulations are used to obtain distributions of model 
predictions. The hypothesis that field data represent rea
sonable samples from the distribution of model predictions 
is tested by checking if observed values lie within the 5% 
and the 95% quantiles of the distribution. 


Concluding Remarks 
The challenge of validating numerical models, espe


cially subsurface models, arises not only from technical and 
scientific difficulties, but also from the lack of a widely 
accepted definition of validation and the purpose of the 
process of validation. This review paper attempts to sum
marize the different validation perspectives and definitions 
and to analyze their merits. Important distinctions among 
the terms calibration, verification, and validation arc high
lighted. A review is presented of studies that deal with 
ground water model validation and propose certain valida
tion strategies. Common to most, if not all, of these studies 
is the fact that quantitative objective tools were not pro
vided in an integrated manner in the proposed approaches, 
making them difficult to adapt and use in different situa
tions. It is also common among these studies that the gen
eral consensus of the hydrogeologic community is that 
absolute validity (accurate or exact representation of real
ity) is not even a theoretical possibility and is definitely not 
a regulatory requirement. Confidence building in the mod
eling process and in the subsequent evaluation and valida


tion procedure is viewed as the best way to achieve model 
validation objectives and acceptance from the regulators 
and the public to decisions made based on these models. 


Building on this review, a ground water model valida
tion strategy should take into account a number of impor
tant issues that were recognized as being important to the 
process in many of the reviewed studies. These issues 
include reducing prediction uncertainty; diversity of data 
and evaluation tests; relying on objective measures when
ever possible and also capitalizing on subjective judgment 
and hydrogeologic insights; testing the different submodels 
individually and in connection to one another; and recog
nizing that the cost element of the validation process will 
play a significant role in making many of the decisions 
throughout the process. 


Opponents of the use of the term model validation pos
tulate that the term is misleading to the public because it 
conveys a connotation of correctness that cannot be proven 
true. This author disagrees with this paradigm for a number 
of reasons. First is the fact that whether the public agrees 
and whether the hydrogeologic community agrees, models 
are being used for regulatory decisions at a widc variety of 
sites, and many of these regulations call for some form o[ 
model validation. Therefore, instead of driving the process 
and studies to a halt, it is better to devote efforts to devel
oping the tools and techniques that can be used for assess
ing the model results and revising decisions based on them, 
if needed. This approach would at least allow for allocating 
resources to acbieve better understanding of the entire mon
itoring and validation process. 


Second, the term model validation requires as much 
effort to explain the underlying logic to the public as the 
terms calibration, history matching, and benchmarking. To 
a technician or a mechanic, who is familiar with calibrat
ing digital scales or calipers, the term calibration alludes to 
high accuracy and COITectness. Therefore, the calibration 
term can also be misleading to the public unless the under
lying definitions and logic are clearly explained and sim
plified. 


Third, Lee et al. (1996) identified significant misuses 
of ground water models in 20 reviewed modeling reports 
that were used to make regulatory decisions. A well estab
lished model validation procedure or process with trigger 
mechanisms for revisiting the model conceptualization 
when field data indicate deficiencies may have avened 
some of the misuses. 


Fourth, statements such as "ground water models can
not be validated" may lead to a relaxed attitude by model
ers, hydrogeologists, or even regulatory agencies regarding 
testing and evaluating their models. 
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Fundamentals ofUrban Runoff Management 


Lacking a flow record, use a hydrologic 
model to estimate (see Chapter 1). One option is 
to use Schueler's formula for the runoff coeffi
cient, Pj =0.9, and the average precipitation for 
the period, demonstrated in Method 2. This 
method can also be used with a flow record but 
no local concentration data by using NURP or 
other published average EMC values. 


I Method 5-Mechanistic Model. This method 
includes comprehensive computerized models 
like the Storage, Treatment, Overflow, and Runoff 
Model (STORM) created by the U.S. Army Corps 
of Engineers; Storm Water Management Model 
(SWMM) and Hydrologic Simulation Program
Fortran (HSPF), both sponsored by U.S. EPA; and 
Illinois Urban Drainage Area Simulation 
(lLlUDAS) developed by the Illinois State Water 
Survey. Detailed coverage of these models is be
yond this manual's scope, but the manual does 
describe their general elements. The models con
tain hydrologic and water quality components 
and have mathematical algorithms that represent 
the mechanisms generating and transporting run
off and contaminants. The hydrologic compo
nents of both SWMM and HSPF stem from the 
Stanford Watershed Model, first introduced al
most 25 years ago, and produce continuous 
hydrograph simulations. 


The models structure the water quality com
ponents on a mass balance framework that repre
sents the rate of change in pollutant mass as the 
difference between pollutant additions and 
losses. Additions, considered to be pollutant de
position, are computed as a linear function of 
time. Soil erosion is usually calculated according 
to the Universal Soil loss Equation (see Chapter 
1). losses are represented by a first-order washoff 
function (i.e., loss rate is considered to be a func
tion of pollutant mass present); other losses are 
modeled in mathematically similar ways. For ex
ample, both organic matter decomposition and 
bacterial die-off are considered first-order reac
tions. 


Some models, like SWMM, have both a re
ceiving water and runoff component. These mod
els treat some of the transformation processes that 
can occur in water (e.g., dissolved oxygen deple
tion according to the Streeter-Phelps equation). 
However, no model can comprehensively repre
sent these numerous and complex processes. 


. These models require substantial local data 
to set variable parameters in the calibration step 
and to verify them for the intended application. 


\ They also require considerable skill and commit-


PART I. Technical Issues 


ment from personnel. Therefore, only agencieSJ 
prepared to commit the resources for database de
velopment and expertise should embark on using 
these models. Agencies that need to estimate 
urban runoff water quality should determine their 
objectives and select the most appropriate 
method. 


Aquatic Sediment Impacts 


At some point in their life cycle, many aquatic or
ganisms have their principal habitat in, on, or 
near sediment. Sediments also hold pollutants in
troduced by urban runoff. Pollutants enter sedi
ments in several ways. The most direct path is the 
settling of solids-this physically changes sedi
ment quality and carries along other pollutants 
that change sediment chemistry or biology. Dis
solved pollutants also move out of solution and 
into sediments by such mechanisms as adsorption 
of metals and organics at the sediment surface; 
ion exchange of heavy metals in water with native 
calcium, magnesium, and other minerals in sedi
ments; and precipitation of phosphorus. 


Most aquatic sediments have a large capac
ity to receive such contaminants through these 
processes. Also, many of the pollutants are con
servative-once in sediments, they do not decom
pose or significantly change form. These 
conservative pollutants include refractory organic 
chemicals relatively resistant to biodegradation 
and all metals. Consequently, these types of pollu
tants progressively accumulate in sediments. 
Over the long term, discharge of even modest 
quantities of pollutants can result in sediment 
concentrations several orders of magnitude 
higher than in the overlying water. These contam
inant reservoirs can be toxic to aquatic life to 
which they come in direct contact, and can also 
contaminate reservoirs far beyond the benthic 
(bottom-dwelling) organisms by biomagnification 
through the food web. 


Historically, water quality has received more 
attention than sediment contamination. In the 
past 10 to 15 years, this view has changed be
cause of mounting evidence of environmental 
degradation in areas that meet water quality cri
teria. However, sediment toxicity investigations 
are limited because we do not understand the fac
tors that control contaminant bioavailability and 
we lack accepted testing methods. The result is an 
approach that emphasizes bioassay exposure 
techniques either in situ or in the laboratory along 
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12.7 Modeling Water Distribution Systems 469 


The water surface elevation in a tank varies depending upon the pressure distribution at the node 
at which the tank level is connected to the system. 


Unlike a single-period analysis where a tank level is considered fixed, in an EPS the tank lev
els change with progressive simulations to take into account inflow and outflow. In an extended 
period simulator, flows are assumed constant throughout a subperiod. Tank levels, which are mod
eled as FGNs, are adjusted using simple continuity at the end of the subperiod and these new lev
els are then used as the fixed grades for the next subperiod. The accuracy of the simulation is 
dependent upon the length of the subperiods and the magnitude of flows to and from the tank. 


12.7 MODELING WATER DISTRIBUTION SYSTEMS 


12.7.1 Computer Models 


Numerous computer models (computer software) have been developed to solve the network sim
ulation equations. The types of models can be classified into four basic types: 


• Steady-state hydraulic models 
• Extended-period hydraulic simulation models 
• Water quality simulation models 
• Optimization models 


The previous sections in this chapter have explained the mathematics and algorithms for the 
steady-state and extended-period simulation models. Section 12.7.4 briefly explains the water 
quality fundamentals in more detail. 


Two of the more widely used models in the United States are the EPANET model and the KYF
IPE2 (KYQUAL) model. Each of these models can simulate steady-state conditions, extended 
period simulation, and water quality. 


EPANET (Rossman et at., 1993; Rossman, 1994; and Rossman, 2000) is a model developed by 
the U.S. Environmental Protection Agency that can be used for steady-state and extended-period 
hydraulic simulation and for water quality simulation. This model is an explicit time-driven water
quality modeling algorithm for tracking transient concentrations of substances in pipe networks. 
"Explicit" refers to the fact that the calculation of concentrations at a given time are directly 
obtained from the previously known concentration front. Substance transport is simulated directly 
in the modeling process. Substance mass is allocated to discrete volume elements in each pipe dur
ing each time step. Reaction occurs in each element and mass is transported between elements. 
Mass and flow volumes are mixed together at downstream nodes. The algorithm used for the 
water-quality modeling is referred to as a discrete volume element method (DVEM). The algorithm 
used to solve the hydraulic equations is a gradient algorithm. 


KYFIPE2IKYQUAL (Wood et a!., 1995) is a model developed at the University of Kentucky. 
The original model KYPIPE was developed for steady-state and extended-period hydraulic simu
lation. The KYQUAL model performs the water-quality simulation. The network-simulation algo
rithm is based upon the linear theory method presented in section 12.6.4. 


Calibration is the process of adjusting model input data so that simulated hydraulics and water 
quality results adequately reflect observed field data. Calibration is an extremely important part of 
the modeling process of distribution systems. The process of calibration can be difficult, time- I 
consuming, and costly. An accurate representation of the system and components is a must j
adequately to perform the calibration process. 1\vo of the major sources of error in simulation 
analysis for hydraulics are demands (loading distribution) and pipe-carrying capacity. The impor
tance of each of these error sources will depend on the network application. 
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in combined sewer systems and are used to minimize combined sewer 
overflows rather than provide flood protection. More information on 
combined sewer system analysis can be found in Chapter 10. 


B. When Should A Model Be Used? 


Modeling may not always be necessary to address the problems iden


~

,_ tified earlier or the objectives listed above. Since the process of imPle-l 

menting a model, collecting the necessary data, calibrating and verifying 

the model, and assessing the results can be very time consuming and 

expensive, it is important to understand that problems may be amenable 

to a simpler form of analysis. For example, field investigation of a 

flooding problem may reveal culverts choked by debris and/or sediment, 
or overgrown channels. Simple maintenance may solve this problem. 
In another case, field inspection may reveal that a single channel or 
road crossing is undersized. Upsizing this one structure to the capacity 
of the channel immediately upstream may solve the problem so that it 
is not necessary to model the entire upstream watershed. Modeling 
may also be unnecessary to implement required control measures. 


By the same token, it should not be assumed that every water quality 
problem requires a water quality modeling effort. Some problems may 
be strictly hydraulic in nature, e.g., the basement flooding problem. 
That is, the solution may often reside primarily in a hydrologic or 
hydraulic analysis in which the concentration or load of pollutants is 
irrelevant. 


For example, the State of Florida requires the capture of the first one
half inch of runoff for water quality control for certain size develop
ments. Storage requirements for this case are simply calculated as one
half acre-inch per acre of development. In other cases the State requires 
that the runoff from the first inch of rainfall be captured for water 
quality control. For this case, a runoff model may be required to cal
culate the runoff volume produced by a one-inch rainfalL 


While modeling generally yields more information, simpler methods 
may provide sufficient information for developing a control strategy. 
In general, the simplest method that provides the desired analysis should 
be used. The risk of using a more complex (and presumably "better") 
model is that it requires more expertise, data, support, etc. to use and 
understand, with a consequent higher probability of misapplication. 


If modeling is necessary, it still may not be necessary to simulate 
quality processes since most control strategies are based on hydrologic 
or hydraulic considerations. Quality processes are very difficult to sim
ulate accurately and generally incorporate many heuristic procedures 
that require extensive calibration (Huber 1985). If abatement strategies 
can be developed without the simulation of water quality parameters, 
the overall modeling program will be greatly simplified. 


Computer models allow some types of analysis (such as frequency 
analysis) to be performed that could rarely be performed otherwise, 
since periods of runoff or quality measurements in urban areas are 
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seldom very long. It should 
use of measured data is ust: 
particularly for objectives (a) 
values are needed. Modeling 
especially for water quality pc 
cheaper than data collection, 
water quality simulation, rna: 
ibration and verification. 


Models sometimes may be 
data record. It is important t( 
extend data, but rather gen 
that should never be assume 
field. 


Careful consideration shou; 
input to receiving water quali 
model (SWMM) inadvertentl: 
tion of detailed intra-storm 
"pollutograph" (concentratio 
during a storm for input to , 
is, however, that the quality 
sensitive to such short-term 
most instances, the total sto: 
ceiving water response, dim 
tailed pollutographs. Instead, ( 
a much easier task. Simulat 
concentrations and loads is 
control options, such as stora~ 
may depend on the transient 


Any consideration of wate 
ditional data will be required 


TABLE 7.1. 	 Required Tempo 
(After Driscoll 19 


Type of 
Receiving Water 


(1) 


Lakes, Bays 
Estuaries 


Large Rivers 
Streams 


Ponds 
Beaches 


'OD "" oxygen demand, e.g., BOD, 
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ABSTRACT 


The U.S. EPA QUAL2E model is currently the standard for river water quality modelling. While QUAL2E is 
adequate for the regulatory situation for which it was developed (the U.S. wasteload allocation process). 
there is a need for a more comprehensive framework for research and teaching. Moreover. QUAL2E and 
similar models do not address a number of practical problems such as stonnwater flow events. nonpoint 
source pollution, and transient streamflow. Limitations in model fonnulation affect the ability to close mass 
balances. to represent sessile bacteria and other benthic processes, and to achieve robust model calibration. 
Mass balance problems arise from failure to account for mass in the sediment as well as in the water column 
and due to the fundamental imprecision of BOD as a state variable. © 199B lAWQ Published by Elsevier 
Science Ltd. All rights reserved 


KEYWORDS 


Activated sludge model; eutrophication; oxygen household; rivers; software; water quality models. 


INTRODUCTION 


The IA WQ Task Group on River Water Quality Modelling was formed to create a scientific and technical 
base from which to formulate standardized, consistent river water quality models and guidelines for their 
implementation. This effort is intended to lead to the development of river water quality models that are 
compatible with the existing IAWQ Activated Sludge Models (ASM-l and ASM-2, Henze et ai., 1987, 
1995) and can be straightforwardly linked to them (or vice versa). Specifically, water quality constituents 
and model state variables characterizing 0, Nand P cycling are to be selected. 


This paper is Part II of a three-part series that analyzes river water quality modelling with the above aim in 
mind. As a starting point, Part I (Rauch et aI.,) examines the existing state of the art in river water quality 
modelling. This paper looks at the limitations and problems of the current state of the art. Part ill (Somly6dy 
et al.,) builds on the first two papers to show possible directions for the future of the art with particular 
attention to the specifications of standardized river water quality model state variables and process 
submodels that achieve the aims set out for the Task Group. 
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PRACTICE OF WATER QUALITY MODELLING 


The current practice in water quality modelling is largely driven by legislation and regulations. Accordingly, 
the practice of water quality modelling varies from jurisdiction to jurisdiction as the regulatory framework 
also varies. 


U.S. framework 


The most widely known and used computer program for river water quality modelling is the QUAL2E 
model developed by the U.S. Environmental Protection Agency (Brown and Barnwell, 1987). QUAL2E ha~ 
a long history, having been preceded by another version of QUAL2 (Roesner et al., J981) and the similar but 
simpler QUALI model (TWDB, 1971). QVAL2E simulates dissolved oxygen and associated water quality 
parameters in rivers and streams under conditions of steady streamflow and pollutant discharge. While 
QUAL2E has clear limitations-stormwater flow events and other situations with unsteady hydraulics 
cannot be modelled-its formulation derives directly from the U.s. regulatory framework for which it wa~ 
developed and for which it is generally well suited. 


U.S. federal laws establish a two-tier system in which effluent limitations are first set based on available 
technology and then, if this degree of restriction is insufficient to meet water quality standards for a 
particular river, a further reduction in emissions is determined through a wa,>teload allocation. A wasteload 
allocation is the computation of the maximum amount of waste that can be discharged to the river while still 
meeting water quality standards under the low-flow conditions specified as a part of the stream standards 
(usually 7QlO, the seven-consecutive-day low flow with a probability of occurring once in ten years). 
Wasteload allocations are performed for conditions of constant low flow and maximum permitted effluent 
discharge rate. QUAL2E is intended specifically for the steady-streamflow, steady-effluent-discharge 
conditions specified in the water quality regulations for wasteload allocation. 


The early and widespread use of QVAL2E and its predecessor models makes it a standard against which 
other models are typically compared. The capabilities and state variables of the model are described in the 
accompanying paper by Rauch eJ al. (submitted). Important for this critique (see Somlyody et ai.• submitted, 
for further details) the model follows the traditional formulation of stream dissolved oxygen based on 
carbonaceous biochemical oxygen demand. 


European frameworks 


Few other countries have established water quality management laws in which water quality modelling is as 
integral a part of the process as in the V.S. Although water quality modelling is often used, it is typically as a 
planning tool in special studies of particular rivers. These models are frequently developed on a custom basis 
for each individual application. Thus, without the standardizing requirements a'> created in the U.S. 
wasteload allocation system, alternative modelling standards have yet to emerge in most other countries. 
Consequently, the operating standard for river water quality modelling is QUAL2E in Europe and elsewhere 
as well as in the U.S. 


In Europe, for example. water quality modelling is far less prevalent in the regulatory process. For municipal 
discharges. the EV requirements emphasize effluent criteria set for 'normal' and 'sensitive' areas (which are 
defined based on eutrophication potential). Decision makers typical employ dilution ratios (based on simple 
mass balances for the discharges to a river stretch) to assess expected water quality. Therefore, modelling the 
quantity of flow in the river is generally more important than modelling the quality. Nonetheless, there is a 
gradually increasing emphasis on quality modelling, largely as the result of important developments in the 
UK, Germany, Denmark, and The Netherlands. UK environmental agencies use simple stochastic models 
(for example, SIMCAT [NRA, 1990)) to summarize the two-week survey data typically collected by the 
agencies and to help the agencies decide on future restoration activities or permits/consents for dischargers 
on the catchment scale. Monte Carlo simulation is incorporated in the procedure to compensate for the 
inherently large uncertainty in the sparse data set. Also, in the UK, the Urban Pollution Management (UPM) 
procedure (FWR, 1994) has been developed and relies upon a suite of quality models of different levels of 
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complexity,. ranging from simpJe steady-state calculations implemented via a spreadsheet, to fully dynamic 
water quantIty and quality models. The Danish Engineering Union was early to publish a detailed procedure 
for computation and assessment of water pollution, focusing on intermittent oxygen depletion due to a 
combined, s.ewer overflow. (Spildevandskomiteen, 1985). In Germany, the ATV is currently developing a 
comprehenSIve water qualIty model (ATV. I 996). In a number of countries, there is a similar increasing 
emphasis on modelling and water quality models are increasingly being used on a case-by-case basis for 
specific environmental impact assessments or scenario analysis. Computer programs in use include 
QUAL2E, WASP (Ambrose et ai., 1988), Mike-II (DID, 1992), Salmon-Q (Wallingford Software, 1994). 
and DUFLOW (Aalderink, 1995). 


We anticipate further progress in the use of models in Europe due to changes in legislation that increasingly 
emphasize the affordability of treatment and cost-efficient policies. The ongoing trend is to use effluent 
standards and ambient criteria as in the U.S. that require river basin planning and water quality models to 
evaluate receiving water quality impacts. Examples include Austria and several CEE countries including 
Poland, the Czech Republic, Slovakia, and Hungary. 


PROBLEMS IN THE CURRENT MODELLING STANDARD 


Problems in model apRiicatjon 


The limitations of the QUAL2E formulation become apparent when attempting to simulate conditions other 
than the steady-streamflow, constant-emission conditions for which it is intended. QUAL2E is best suited 
for point sources of pollutants. For even these problems, however, the model is unsuitable for rivers that 
experience temporal variation in streamflow or where the major discharges fluctuate Significantly over a 
diurnal or shorter time period. (Other available models, including MIKEll, ATV, and AQUASIM, are able 
to simulate transient conditions [Rauch et ai., submitted)). 


More significant are the limitations of the model when examining the contribution of nonpoint sources of 
pollutants to river water quality degradation. Nonpoint sources have assumed greater relative importance in 
water quality management as point sources have come under increasingly stringent control. Unfortunately, 
nonpoint source loads are often driven by rainfall events and thus both the wasteload and streamflow vary 
significantly over time. Both types of variation may deviate significantly from the assumptions of QUAL2E. 


These limitations for point and nonpoint sources compromise the ability to model such problems as rivers 
regulated by hydropower or other dams that cause significant diurnal fluctuations in streamflow; combined 
sewer overflows and urban storm water effects; the effects of diurnal variation in the flow of municipal 
effluents; and the effects of industrial effluents discharged on a batch basis or with significant variation in 
flow during different working shifts. For many of these problems, there is currently no readily available, 
widely accepted water quality modeL 


The limitations of the model are compounded in many applications by inexperience or insufficient 
knowledge on the part of the model user. The QUAL2E user's manual (Brown and Barnwell, 1987) is 
basically a description of the model formulation and input formats for a model user who is implicitly 
assumed to be experienced and knowledgeable. However, the widespread dissemination and ready 
availability of QUAL2E encourages use that sometimes falls short of this implicit expectation. In some 
cases, the model user simply lacks the depth of understanding needed to evaluate the applicability of the 
model to the problem at hand. 


Problems in model formulation 


As with all models, QUAL2E incorporates certain simplifying assumptions and approximations. These pose 
specific limitations for some applications but more generally reduce the robustness of the model 
representation of basic water quality processes. The problems also impinge on the intended goal of this Task 
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Group to integrate river water quality models with the more fundamentally based ASM models in order to 
develop control strategies that integrate river water quality with wastewater treatment. The following lists 
several problems in the basic representation of water quality processes. 


QUAL2E and most river water quality models treat the river as a one-dimensional system. Implicit in this 
fonnulation is the assumption that any emissions to the river are instantaneously mixed across the full cross
section of the river. Actual experience is that discharged effluents, particularly if released from a shoreline 
outfall, may be distinguishable within the river flow for considerable distances downstream and that 
transverse mixing is often a slow process. Transverse mixing distances are roughly proportional to the 
square of the width, and become very large in larger rivers. For example, the mixing distance on the Danube 
River at Budapest is about 200 times the width. In tenns of water quality, the result is the prediction of 
average river concentrations that may be much less than those observed in the field in the core of the effluent 
plume. 


A basic principle of stream water quality models is the conservation of mass. Thus, a very fundamental 
concern with the existing approach is the fact that using BOD as a state variable intrinsically means that 
mass balances cannot be closed because BOD is ill defined and does not account for all biodegradable 
organic matter. Rather than being a unique material, BOD is the result of a bioassay measurement, the yield 
of which changes with the type of substrate consumed, Hence, the amount of substrate consumed and 
biomass produced, and the rates of those processes, can vary significantly. Existing models, with a single 
BOD substance and decay rate, cannot account for these variations. An extreme example occurs with the 
highly refractory waste generated by paper mills. The BOD of paper-mill wastewater is sufficiently different 
from municipal wastewater that practitioners such as Whittemore (1983) have experimented with two-stage 
decay and similar artifices to properly simulate degradation. 


Concerns over BOD aside, virtually all models attempt to observe mass-balance principles within the water 
column, but often fail to close mass balances involving interaction with the sediment. Thus, for example. 
oxygen-demanding materials that settle to the streambed are lost from the model mass balance, yet their 
effect continues to be modelled through a sediment oxygen demand (SOD) flux term in the model equations 
that is unrelated to BOD sedimentation. In QUAL2E, the following constituents are lost from the mass 
balance upon settling to the bottom: phytoplankton, organic nitrogen, organic phosphorus, and BOD. A more 
fundamental formulation would consider a complete mass balance and track mass in both the water column 
and sediment. 


A related issue is the treatment of benthic demands (flux tenns). Most river water quality models employ 
user-specified fluxes such as SOD to model the effect of the benthos. However, if the complete mass balance 
approach were used, benthic fluxes could be determined based on the mass settled to the stream bottom and 
the population of mediating microbiota. Three mechanisms contribute to oxygen uptake from the sediments: 


(i) 	 Sedimenting solids fonn sludge banks that usually undergo both anaerobic and aerobic 
decomposition. Aerobic decomposition on the bank surface consumes oxygen from the overlying 
water column. 


(ii) 	 Sessile bacteria degrade organic matter and consume dissolved oxygen from the water. 


(iii) 	 Endogenous respiration and lysis lead to a decay of biomass under oxygen consumption. 


A modelling approach that represents these basic phenomena could provide a more robust model 
formulation able to evaluate such changes as the transition from a discharge of untreated wastewater (and 
creation of a sludge bank) to secondarily treated wastewater (and eventual depletion of benthic sludge). 
Similar approaches are also possible for simulating the contribution of macrophytes to the stream dissolved 
oxygen concentration. 
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Mass balance approaches are also lacking for the pelagic bacteria that mediate biodegradation in the fiver 
water. These bacteria are typically not treated as state variables in the model but their effect is encapsulated 
within a single first-order degradation coefficient. As a result, changes in their population and character are 
not considered. Sedimentation, growth, and death affect bacterial population and are influenced by changes 
in the environment and emissions. The resulting dynamic changes in the degradation coefficient cannot be 
explained by the standard model approach. 


QUAL2E and most other existing river water quality models also lack a phenomenological sub model of the 
sessile microbiota that mediate nitrification and some of the benthic demands discussed above. Biological 
degradation of organic compounds and biochemical transformations of inorganic compounds in rivers are 
affected by bacteria or algae attached to substrates at the river bed as well as by those suspended in the water 
column. Since small rivers have a much larger ratio of wetted surface area to volume of water, the 
contribution of attached bacteria to the total transformation in small rivers may be particularly significant. If 
conversion process rates are dominated by the activity of attached bacteria, a river water quality model must 
be able to describe the population dynamics of these bacteria in order to be able to predict changes in 
conversion rates that follow from changes in pollution loads. The processes ioverning such population 
dynamics are attachment and detachment of bacteria, and substrate limitations in 'the depth of the developing 
biofilms or in deeper interstitial zones. 


The following example from the river Necker in Switzerland (Uehlinger el al., 1996) illustrates these 
processes. The Necker has a gravel bed that creates a substrate for sessile algae. By comparing the results of 
a series of empirical models with measurements of algal surface densities over a measurement period of I 
years, the most important factors influencing the dynamics of algal surface densities in this river were 
identified. These factors were growth limitation with increasing biomass density, a slow increase in the algal 
detachment rate with increasing discharge, and nearly complete elimination of the algal population during 
bed-moving floods. Figure I shows a comparison of measured and calculated algal surface densities over the 
whole measurement period and illustrates that it is feasible to formulate sessile algal growth, limitation, and 
detachment processes in a river water quality model, although the description is empirical and not 
necessarily transferable to other rivers. 
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Figure J. Comparison of measured (dols with error bars) and calculated (solid line) algal biomass densilies for Ihe 
most successful empirical algae model (Uehlinger el at., (996). 


Problems in model calibration 


Regardless of the formulation chosen for the river water quality model, calibration of the model to the 
specific river is a key step in model use. Several aspects of stream water quality may complicate or impede 
water quality model calibration. Ironically, one is the improvement of stream water quality over the years in 
many countries. Many (ivers now experience such good water quality (at least for conventional water quality 
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parameters) that there is no clear response to pollutant loading (that is, no depletion of dissolved oxygen or 
'DO sag'). This leaves no clear 'signal' against which to calibrate the water quality model. These streams may 
still experience water quality problems on an occasional basis such as extreme low flow or severe rainstorm 
events. However, the normal absence of a DO sag creates the need to gather data for model calibration 
during unusual or extreme conditions. Thus, a complete calibration process must include both dynamic 
loading conditions as well as loads that do not cause major changes in DO or other parameters. 


A key parameter in dissolved oxygen models for rivers is the reaeration coefficient, K 2• a parameter to 
which model predictions are highly sensitive. Typically. K2 is taken to be a function of temperature and 
simple hydraulic parameters such as the stream depth and velocity (McCutcheon 1989; Bowie et at.. 1985). 
In typical stream DO model applications. K2 is specified as a constant determined by calibration to each data 
set. However. intermittent discharges such as those associated with urban drainage. combined sewer 
overflows. or rainfall-derived nonpoint sources cause changes in streamflow and thus also in the reaeration 
coefficient. The implication of this type of variation is that determination of a constant reaeration coefficient 
by calibration likely results in a value that is not transferable to other conditions. This difficulty is 
compounded in small river~. where determination of the reaeration coefficient is generally problematic. 


The uniqueness of the model calibration is also an issue given that there are parameters that can counteract 
such that several sets of parameter values lead to the same modeling results. For example, the BOD decay 
coefficient, K\, and the reaeration coefficient, K2, can be adjusted to compensate for each other such that 
multiple acceptable calibration combinations typically are possible. Similarly, Li (1962) has shown that a 
distributed inflow from nonpoint sources may mimic the effect of altered reaeration and degradation rates. 
His analytical solutions for a uniformly distributed inflow of constant BOD showed this inflow term to be 
mathematically indistinguishable from changes in the reaeration and BOD decay rates. 


Problems in data collection 


A basic impediment to successful water quality modelling is the lack of adequate data for model calibration 
and verification. Thomann (1982) discusses issues of model calibration and verification and stresses the 
importance of using independent field data sets, preferably reflecting different field conditions, for 
calibration and verification. The need for independent data places a burden upon the model user to conduct 
multiple field measurement programs over a variety of streamflow and meteorological conditions. As 
discussed above, the data sets most useful for calibration and verification may be achievable only during 
extreme or unusual conditions when there is a clearly measurable pollutant stress exerted on the river. 


Field data collection is often limited by such practical considerations as the financial and personnel 
resources available for data collection. Usually, data collection focuses on an intensive field survey of short 
duration-typically one. two, or three days. Protocols for surveys intended to support wasteload allocation 
studies with QUAL2E are given by Mills ef al. (1986). These established procedures need to be modified for 
studies directed toward nonpoint sources or rainfall-driven events. Timing data collection to occur during 
such special events (either high flow or low flow) is difficult unless a dedicated field crew is available on a 
stand-by basis for the desired event to occur. 


Despite attempts to create protocols for the design of data collection campaigns for model calibration and 
testing. these procedures are hardly ever followed. Rather, ad hoc designs are made for a particular study. 
The experimental designs are typically characterised by a too low measuring frequency, both in time and in 
space, to accommodate calibration of complex dynamic conversion models. Usually only daily grab samples 
are taken at different locations along the river. In other approaches a plug of liquid is followed (by labeling it 
with some inert dye) and samples are taken at regular times. Rarely, dispersion effects are determined by 
measuring the behaviour of the tracer. Increasingly, river quality modellers are aware of the Jack of data and 
propose procedures such as (i) model-based design of the experimental set-up, (ii) high-frequency sampling 
at sufficient locations including the assessment of mixing and dispersion effects, and (iii) microcosm studies 
that follow the conversions taking place in a representative sample of river water. 
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A differem problem is raised by the aims of this Task Group, namely to develop models based upon state 
variables similar to those used in the ASM models. The change to state variables such as bacterial biomass 
implies that model state variables may not be measurable in the field. However, this problem also arises with 
ASM as well as models in other disciplines. The solution has been to focus in calibration and verification on 
those variables that can be measured and, when feasible, one should use surrogate measurements for 
variables that are otherwise not directly measurable. Moreover, the inclusion of a closed mass balance 
provides an additional data constraint that can compensate when certain state-variable fractions cannot be 
measured directly (although the presence of large counteracting fluxes will diminish the accuracy with 
which smaller fractions can be discriminated). 


Problems in predictive capability 


The problems identified in the foregoing sections diminish the capability of water quality models to be truly 
predictive, particularly when significant changes alter the river's pollutant load, streamflow, morphometry, 
or other basic characteristics. These problems arise when the changes to the river affect model parameters 
that are fixed based on an observed river condition that no longer controls the parameter. If, like most 
models at present, the model lacks the phenomenological structure to change model parameters to reflect 
changes in the river, then there is no predictive ability for at least those particular kinds of changes. 


A classic example of this situation is when a large-volume discharge that was untreated begins to receive 
secondary treatment. Standard water quality models cannot predict the resulting changes in light penetration 
due to a clearer effluent or sediment oxygen demand due to the depletion of sludge banks, nor can they 
predict the transition of the river from anaerobic to aerobic conditions or the accompanying cessation of 
denitrification. Denitrification occurs primarily in anoxic water zones and sediments and thus denitrification 
rates are higher in highly polluted rivers with major mud deposits (Billen et al., 1985; Chesterikoff et ai., 
1992). For this reason, it has been argued that a reduction in the organic load from sewage treatment plants 
without an accompanying increase in plant denitrification capacity may actually increase the nitrogen load 
passed downstream in the river. This happens because the in-river denitrification rate is reduced afrer 
restoration (Billen et ai., 1985, 1986; Chesterikoff et ai., 1992). It is impossible to quantify these processes 
without a model for the river sediment. Similar difficulties face those trying to predlct the effects of physical 
stream changes such as adding or removing a dam or the restoration of natural stream conditions as 
advocated in recent U.S. initiatives (U.S. EPA, 1995). 


CONCLUSION 


The current standard for river water quality modelling is the QUAL2E model developed by the U.S. EPA. 
QUAL2E was specifically designed to conduct wasteload allocations-the detennination of allowable 
maximum effluent loads under steady low streamflow. While QUAL2E and similar models are adequate for 
the specific regulatory situations for which they were developed, there is a need for a more comprehensive 
modelling framework for non-regulatory problems (e.g., research and teaching) and for those water quality 
management problems not addressed by QUAL2E (e.g., stormwater flow events, nonpoint sources, and 
transient streamflow). 


Problems with current modelling practice include those of model application, model formulation, model 
calibration, data collection, and predictive ability. Problems in model application include the aforementioned 
management problems not addressed by QUAL2E as well as potential misuse by inexperienced users. 
Limitations in model fonnulation are continued reliance on BOD as the primary state variable, despite the 
fact that BOD does not include all biodegradable matter, and poor representation of benthic flux terms. As a 
result of these limitations, it is impossible to close mass balances completely in most existing models. Model 
calibration is hampered by the need for river characterization under unusual or infrequent conditions, a 
problem that is compounded by the general inadequacy of field data collection frequency in time. These 
various limitations in current river water quality models impair their predictive ability in situations of 
marked changes in the river's pollutant load, streamflow, morphometry, or other basic characteristics. 
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Calibration (and Verification) 


tion, using the l11inois State Water Survey method. The present version has no 
water quality section, but this capability is being added. ILLUDAS is supported 
and updated by the lllinois State Water Survey. 


TR-20 


TR-20 uses the Soil Conservation Service (SCS) curve number technique 
to predict flow frequency curves. It is very easy to use and has attracted a 
fairly widespread following. The curve numbers used in TR-20 are derived 
from a sparse data base. They may not be reliable when applied to changing 
land use situations where measured data are not available. Also, the unit hydro
graph that is internally programmed in the model is not universally applicable, 
and the user may have to modify it. TR-20 is sponsored and supported by the 
SCS, but complete documentation and a user's manual have not been published. 


HVM-QQS (HVM-~uantity-~uality ~imulation) 


It is likely that HVM-QQS is the most sophisticated model available. It 
was developed in Germany where it has been used in several studies, and it 
has been applied also in Canada and the United States. It is a continuous 
simulation model like STORM that contains the hydraulic sophistication 
of EXTRAN. 


Until a short time ago, HVM-QQS was a proprietary model. It recently 
was acquired by the U.S. EPA, which is placing it in the public domain and 
providing documentation. At present little detail can be given as to how it 
works, and no widespread experience in its use can be cited. 


CALIBRATION (AND VERIFICATION) 


Most modelers realize that programs must be calibrated against field data if 
confidence in the model results is to be established. In practice, many different 


. exercises have passed for calibration. The purpose of this section is to give 
some guidance about what should be sought in the calibration process . 


First, some definitions are in order. Calibration is the exercise of changing 
model coefficients until the model simulates measured results with satisfactory 


. accuracy. Verification is checking a calibrated model against a data set not 
in the calibration process. For best results, a model should be both cali


and verified. In practice, this is seldom possible because of the scarcity 
data. 


Most stormwater models have an overabundance of coefficients that can 
adjusted to produce desired results. Some of the parameters usually deter


during calibration are: (for flow) Manning's n, the rational formula C, 
the percent impervious land cover; (for water quality) pollutant accumula


pollutant washoff rates, and kinetic relationship rates between 
In a typical case the modeler may have more than a dozen param
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Surface Runoff Quality Modeling 103 


Present opinion seems to be that the rate of accumulation is most rapid dur
ing the first few days after a significant rain storm. Why this is so is not well 
understood. 


Also of interest is the way in which pollutants on the land surface are 
dislodged and carded by the storm flow to create a stormwater pollution 
problem. This also is a point of debate. Some pollutants are associated with 
sediments and seem to be controlled by or related to sediment washoff rates. 
Others are dissolved and may be unrelated to sediment wash off rates. At issue, 
too, are questions of whether a "first flush," or initial period of high concen
tration, is to be expected. Models have been proposed and developed for a wide 
variety of water quality mechanisms. The user should study each problem on 
a site specific basis, and the way a model works should be consistent with the 
user's knowledge of that problem. 


Pollutant Accumulation 


Some of the earlier surface runoff quality models, including EPA SWMM i 
and STORM, used a linear relationship for pollutant buildup. Experience with 
the models and field data showed this assumption to be inadequate, and both 
of these models now have a buildup rate that decreases with time. Typical 
forms of the commonly used relationships are shown in Fig 5-4, in which solids 
accumulation rates are plotted as functions of time from last rainfall and land 
use.! 5 These curves are generally useful, but they demonstrate some of the 
questions that arise as well. For example, how important is the magnitude of 
the previous rain? It seems apparent that a one-inch rainfall may wash the 
streets and sidewalks quite clean, but what about a O.03-inch rain? Where 
should the line be drawn that connects several storm events into a single event? 


The figure shows three classes of land use. It implies that all residential 
lands accumulate pollutants in the same way, and in the example shown, resi
dential and commercial properties are quite similar. When should a property 
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Some Case Studies 117 


upper basin is still agricultural. The figure indicates good agreement between 
measured and computed values for both flow and total suspended solids. To 
be sure, the agreement is not as good as the Selby Street results, at least for 
flow. The paucity of data on the basin characteristics is a large factor in declar
ing this calibration to be a satisfactory one. 


A less acceptable case is shown in Fig. 5-12.25 This is another location in 
the Rouge River Basin, and the same model was used. Flow values are fairly 
good, but inferior to the preceding location. The suspended solids prediction 
from the model is less than half the measured total. The shape of the modeled 
pollution loading does not show the oscillations of the measured data. It was 
suspected that the problem lay both in the model and in the data. Crop man
agement factors in the model and been estimated on a very large scale, and it 
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was believed that some observed erosion was not being modeled. On the other 
hand, the oscillations in the pollution loading are not matched by oscillations 
in the measured hydro graph, so there is some mystery in the data. 


This example illustrates a common occurrence. The field program was 
poorly funded, and a thorough program of model calibration could not be 
completed. The result is a model suitable only for large-scale planning without 
further calibration. 


A different approach was required for the next example, an application of 
STORM to the City of Philadelphia. Actually, the model used was SEM
STORM, a variant, but this does not affect the example here. STORM is a 
continuous simulation model, and it was the intent of the study to use it with 
10 or more years of rainfall data. Calibration data existed for less than a dozen 
storms for a few homogeneous land use basins and for six storms on larger 
sub-basins. A two-step procedure was followed to calibrate and verify the model 
on the available data. 


First, the model was run for single storm events on each of the homo
geneous land use areas. Flow and quality coefficients were adjusted to obtain 
the agreement shown in Table 5-2. It is important to note that the same coef
ficients were used for each storm. This set of coefficients was locked in place 
for the verification. 


The verification storms were then run, utilizing the larger sub-basins, 
which have a mixed land usc. The results arc plotted in Fig. 5-13. Agreement 
for the total set was quite satisfactory, although some were high and some 
were low. 26 


No attempt was made to fit the shape of the hydrograph or pollutdgraph. 
STORM calculates hourly values of these quantities, but the simplicity of the 
model really precludes such a detailed approach. The objective here was to 
calibrate the model for the computation of long term loads, and it is believed 
that this objective was accomplished. 


From this chapter it may be seen how hydrologic modeling and prediction 
evolved from very simple empirical approaches involving quantities of runoff 
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INTRODUCTION 


Stormwater models first came into use in the late 1960s when researchers began 
to apply computer technology to the solution of storm drainage problems. 
The field has since developed into a complex array of models ranging from the 
very simple, single purpose program to quite elaborate modeling systems. This 
chapter describes some of the more useful models. It provides an outline of the 
kinds of data that the programs require and points toward the situations where 
such programs are practical. The frontiers of modeling have been omitted 
from the discussion as they are of a research nature. 


It is interesting that stormwater modeling has evolved generally from 
models to simple ones. The first method to receive widespread atten


tion was the EPA Storm Water Management Model, usually denoted by the 
acronym SWMM, and the Stanford Watershed Model, better known now as 
the Hydrocomp Simulation Program (HSPF). Both are very computer 
programs intended to be universal in their coverage of stormwater problems. 
A major distinction between the two models is that SWMM was originally 
developed to simulate runoff from a design rainstorm applied to a highly urban
ized watershed, whereas the Stanford Watershed Model was designed to simu
late a continuous time trace of watershed drainage from predon1inantly rural 
watersheds. In their infancy both of these models could be used otlJy by experts 
in computer technology and engineering. Today, derivatives of SWMM and 
the Stanford Watershed Model are in use rather widely, but they still rank 
among the more complex of the available models. 


Movement during the 1970s was clearly toward more specialized models. 
Today, a large number of programs exist. Users can select programs to do 
the particular jobs they want done. 


Why Use a Model? 


Engineers designed drainage for decades before models were 
available. Why is it necessary, or even useful, to work with models now'? The 
answer to this question lies in an examination of what models will do for the 
engineer-and perhaps it also lies in what they will not do. 


First, it should be stated emphatically that models are not a substitute 
for field-gathered data or knowledge of hydrologic/hydraulic and water quality 
processes on the part of the user. No model (or any other analytic technique, 
for that matter) can predict how a physical/chemical/biological system behaves 
as dependably as direct measurements of the system itself. Nor is any model 
sufficiently comprehensive to represent accurately every physical/chemical/bio
ogical prototype situation that the user may desire to simulate. Failure to 


heed these obvious truths has resulted in a good deal of model misuse. 


QI; 


Introduction 


f The principal use of models is il}_ situations where direct measurements J 
t are either impossible or impracticaL Whei1·-a·.dI].l~age system is under design, 


for example, a model will let the designer look at ma:ny,.al!~_rnative configura
tions. The designer can project several population growth patterns and. answer 
the "what if" questions that planning for the future demands, and can do sO 
in a reasonable framework of time and costs. Models also permit a more accu
rate hydraulic analysis of complex drainage systems where backwater, split 


and surcharging occur. The advent of models has changed the engineer 
from a cookbook artist who relied heavily on judgement to a serious analyst. 


Models permit the inclusion of water quality in the design and manage
ment of stormwater systems. At one time, drainage was considered to be the 
art of getting rid of stormwater as quickly as possible. Now it is recognized 
that this practice is generally inferior to retaining water in or on the system 
for some period of time. Water quality has become as important a factor as 
flood control in many instances. Models are an essential part of this new 


approach. 


Selecting a Model 


Many potential model users are bewildered by the number and complexity 
of the models available. Not only are there many programs, there are many 
versions of the same program. Moreover, the several comparative tests that 
have been conducted to determine the relative accuracy of the better known 
models, while informative, were inconclusive. The fact is that all of the major 
models, those described here and several others, are useful. Each is based on 
well-known and acceptable flow relationships. Their water quality sections are 
much less well defined than their hydrologic and"hydraulic sections; but, even 


so, they are valuable tools. 
It is more important that a model be used intelligently than it is that a 


particualr model be used. The user's first consideration should be to define 
the problem. Is the problem one of predicting overall changes in runoff due 
to urban development? Is it to design pipys to carry flow from point A to point 
B? Or is it to simulate the effects of detention basins on nutrient discharges 
to a stream? No single program will address all of these problems, and several 
programs are available to address each of them. The user must understand 
the problem before an attempt is made to model it. Then the proper 
can be selected and used to its best purpose, as a tool. 


This chapter first presents a general discussion of the kinds of processes 
that are modeled in surface runoff, transport systems, and water quality. It 
is useful before entering upon this discussion to study the model names and 
their abbreviations, listed in Table 5-1. This list is iust a sample of the many 


models available. 
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		Debo&Reese Calibration

		Engel Protocol

		Hassan Validation

		Horner Funds of Urban Runoff Management

		Mays Water Resources Engineering

		MOP 77 Why

		Shanahan River

		Whipple 2

		Whipple Linear Inadequate

		Whipple SW Management in Urbanizing Areas

		Whipple Why
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Wright Water Engineers, Inc., 2490 W. 26th Avenue, Ste. 100A, Denver, CO 80211 
Tel. 303/480-1700; Fax. 303/480-1020, e-mail:jonjones@wrightwater.com 


 
Wright Water Engineers, Inc. 


 


JONATHAN E. JONES, P.E., D.WRE 
  CHIEF EXECUTIVE OFFICER 


CURRENT Employed by Wright Water Engineers, Inc. (WWE) from June 1981 to the 
present.  Consultant to public and private sector clients on many aspects of 
surface water and groundwater quantity and quality engineering with emphasis 
on stormwater quantity and quality; floodplain management; surface water 
hydrology and statistical hydrology; water resources planning, policy and 
design; physical and legal water supply, including water rights evaluations and 
watershed models; dam and reservoir design; groundwater quality and 
hydrology; interaction between surface water and groundwater; lake and river 
impact assessment studies; multiple aspects of Federal Clean Water Act; 
municipal and industrial wastewater treatment; erosion/sediment control, 
channel stability and sediment transport; risk assessment; water classifications 
and standards; engineering aspects of wetland permitting and assignments 
involving RCRA and CERCLA. 


 


EDUCATION M.E., Civil Engineering, 1981 
University of Virginia 
 
B.S., Civil Engineering, 1980 
University of Virginia 


 


REGISTRATION Registered Professional Engineer 
 Colorado (#22 812) 
 Wyoming (#5072) 
 Missouri (#028452) 
 South Dakota (#6551) 
 Arkansas (#12766) 
 Iowa (#19741) 


 Nebraska (#E-9290) 
 Kansas (#15784) 
 Ohio (#E-66327) 
 Texas (#88335) 
 Indiana (#PE-10707888) 
 Kentucky (#27122) 


  


REPRESENTATIVE PROJECTS 


Stormwater Management and Flood Control 


USEPA International Stormwater BMP Performance Database (wwwbmpdatabase.org).  On 
behalf of ASCE’s Urban Water Resources Research Council, and working under grant funding 
provided by the Water Environment Research Foundation, USEPA, Federal Highway Administration, 
American Public Works Association, and American Society of Civil Engineers, have served as co-
principal investigator/developer of the world’s largest scientific database that summarizes urban 
stormwater BMP performance.  This database, which is widely referenced in the engineering 
literature, includes approximately 500 BMP performance studies.  In 2011, the team is expanding the 
Database to include special analysis of management issues of the Chesapeake Bay and agricultural 
BMP performance.  The Database contains many technical papers and topic summaries, BMP 
performance monitoring guidance (prepared under separate funding from EPA) and statistical 
summaries. 
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Denver Urban Drainage and Flood Control District and Cities and Counties in the Denver 
Metropolitan Area.  Consultant on wide-ranging stormwater quantity/quality issues.  Examples 
include: Principal Engineer and/or Project Manager of such documents as Volumes 1, 2 and 3 (in 
progress) of the Urban Storm Drainage Criteria Manual (criteria for 42 cities and counties in the 
Denver metropolitan area); Lower Box Elder Creek Major Drainageway Master Plan; Big Dry Creek 
Tributaries Master Plan; and Beebe Seep Canal/Barr Lake Master Plan.  Prepared the water rights 
and water quality chapters of the South Platte River Master Plan (through Metropolitan Denver).  
Advisor to Urban Drainage and Flood Control District on draft Phase 1 stormwater NPDES 
regulations. 


Jones Gulch Debris/Flood Flow Evaluation.  Evaluation of debris flow/flood hazard potential on 
Jones Gulch, tributary to the Snake River at the Keystone Resort in Summit County, Colorado. 


USEPA Post-construction Stormwater NPDES Regulation and Other Consulting for EPA.  
Principal-in-charge on subcontract assignment for the Cadmus Group and Geosyntec, Inc., 
regarding assisting the USEPA in Washington, D.C., with engineering aspects of the new post-
construction stormwater NPDES regulation (2011).  Worked as a subconsultant to Tetra Tech, Inc., 
to assist with development of guidance documents related to urban stormwater quality management 
and permitting for the USEPA in Washington, D.C.  For example, served as one of three panelists in 
a February 2008 webcast concerning how to evaluate BMP performance, in which over 4,000 people 
from around the United States participated.  Assisted Tetra Tech and the USEPA with their 
development of portions of the USEPA website pertaining to stormwater quality management and 
permitting, including the ―Urban BMP Performance Tool.‖   


State of Colorado.  Retained to evaluate the nature and causes of surface water damage at the 
campus of Colorado State University (CSU) in Fort Collins and state office buildings in Sterling 
during July 1997 extreme rainfall event.  In addition, served as expert for State of Colorado regarding 
professional practice charges against licensed professional engineer (case ultimately settled) 
regarding groundwater contamination and well water supply. 


ExxonMobil.  Assistance on multiple assignments in Colorado and Wyoming related to (for 
example) stormwater discharge permitting; planning and design of stormwater BMPs; floodplain 
evaluation and regulatory floodplain compliance; permitting under section 404 of the Clean Water Act 
and ancillary regulatory concerns; debris flow evaluation and flood flow quantification; design of 
sedimentation basins, detention ponds, culverts and other facilities; pipeline crossings of stream 
channels; and water supply and wastewater treatment facilities. 


City of Springfield and Greene County, Missouri, and Watershed Committee of the Ozarks.  
Development of stormwater management policies, ordinances and design criteria manual.  
Conceptual design of stormwater wetlands.  Watershed protection plan preparation.  Airport drainage 
system design review.  Review of long-term stormwater program financial options. 


Stapleton Airport Site Redevelopment ―Pattern Book.‖  Working on a multidisciplinary team led 
by the Matrix Design Group, served as coauthor of the Stapleton Airport Redevelopment Site 
―Pattern Book,‖ which provides a blueprint for stormwater management for this large site in the 
Denver metro area.  This book provides guidelines for stormwater quantity and quality management 
and was the foundation for the drainage system that has been constructed as the site has been 
redeveloped. 


City of Fayetteville, Arkansas.  Working a subconsultant to Geosyntec, Inc., planned and prepared 
conceptual designs for the retrofitting of four existing storm drainage facilities to provide enhanced 
phosphorus removal in the Beaver Reservoir watershed. 
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City of Lincoln, Nebraska.  Part of a multidisciplinary team preparing a water quality master plan for 
the restoration of Antelope Creek in Lincoln, Nebraska.  Antelope Creek runs through a highly 
urbanized area and the University of Nebraska.  The water quality in this reach of Antelope Creek 
has historically reported concentrations of fecal coliform, metals and other analytes that have 
exceeded the Nebraska Surface Water Quality Standards, and the Nebraska Department of 
Environmental Quality has established TMDLs for this reach of the creek. 


In conjunction with Olsson Associates Consulting Engineers, preparation of Major Drainageway 
Master Plans and Storm Drainage Criteria Manual for the City of Lincoln, Nebraska and the Lower 
Platte South Natural Resource District.  Advisor regarding general aspects of local stormwater 
quantity and quality management program.  Also, advised City of Lincoln staff on stormwater NPDES 
permitting issues and maintenance/upgrading prioritization as sub-consultant to JEO.   


Kansas Department of Transportation.  Evaluation of flooding near confluence of Walnut River 
and Arkansas River.  Separate assignment regarding evaluation of feasibility of relocating irrigation 
ditch near Garden City, Kansas (subconsultant to Burns & McDonnell). 


City of Rogers, Arkansas, and Crafton Tull Sparks. Consultant on storm drainage criteria, major 
drainageway master plans, ordinance enactment, erosion and sediment control, stormwater quality, 
financing and stormwater NPDES regulations. 


Simeon Residential Properties.  Working closely with Simeon (site developer) and downgradient 
affected parties, designed comprehensive and advanced stormwater quality management plans for 
two separate developments, Grant Ranch and Chatfield Green (TrailMark), in Littleton, Colorado.  
Both of these projects involved the application of numeric discharge standards for stormwater BMPs 
and provide a high level of protection for downgradient receiving waters (both surface water and 
groundwater).  Worked closely with Carroll and Lange on final design of channels, wetlands, ponds 
and other features.  In addition, oversaw confidential assignments for Simeon Properties related to 
due diligence for various properties related to physical and legal availability of groundwater and 
surface water, natural hazards, drainage, etc.  Consultation regarding potential availability of Denver 
Basin groundwater.  Developed water supply from Coal Creek for new golf course near Erie, 
Colorado. 


Padre Island, Texas.  Evaluation of flood hazards (due to hurricanes) for potential development for 
Intrawest Resorts.   


Florida and South Carolina.  Assisted Intrawest Resorts with evaluating water engineering aspects 
of resort developments in Florida and South Carolina. 


Houston, Texas Floodplain Mapping Evaluation.  Reviewed proposed FIRM maps prepared by 
Harris County Flood Control District for major property owners and developers in Houston 
metropolitan area. 


City of Rockford, Illinois.  Stormwater NPDES permitting and general issues related to City’s 
stormwater program. 


Denver International Airport (DIA).  Assisted with preparation of initial Storm Drainage Criteria for 
DIA, working as subcontractor to Bechtel, and with major drainageway master planning of Lower Box 
Elder Creek on east side of DIA for DIA, Adams County and Urban Drainage and Flood Control 
District. 


University of Illinois.  Assisted Dr. Edwin Herricks with design of parking lot BMPs at campus in 
Urbana–Champaign. 
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Audubon, Arkansas.  Evaluated adequacy of proposed stormwater quality management facilities 
for potential commercial development in Fayetteville. 


Stabilization of Caulks Creek in Wildwood, Missouri.  On behalf of the City of Wildwood, 
Missouri, and working closely with Intuition & Logic of St. Louis, served as advisor/reviewer of stream 
channel stabilization measures that were constructed on Caulks Creek to address severe erosion 
problems that were threatening to damage a county highway.   


City and County of Denver.  Project manager for preparation of two water quality/drainage-related 
guidance documents for the City and County of Denver:  Denver Water Quality Management Plan in 
2004 and Denver Storm Drainage Criteria Manual in 2006.   


Los Alamos National Laboratory, New Mexico.  Prepared sitewide drainage criteria memorandum 
that addressed both stormwater quantity and quality.  Prepared construction-related stormwater 
pollution prevention plan for RCRA site subject to remediation (site contains transuranic and 
hazardous wastes and drains to tributaries of the Rio Grande).  Risk assessment from standpoint of 
stormwater and sediment discharges.  Final design of erosion/sediment control plan and plan to 
stabilize highly erodable soils at contaminated site.  Advisor on interface between RCRA and 
stormwater management under the Clean Water Act.  Sitewide drainage assessment and floodplain 
delineation. 


San Diego County, California. Consultant regarding revisions to the County Drainage Criteria 
Manual and implementation of stormwater quality mitigation measures. 


City of Beaumont, Texas.  Consultant on master drainage planning and drainage criteria 
development. 


Knaust Brothers (Saugerties, New York).  Engineering review and testimony on adequacy of 
proposed stormwater quality management facilities for industrial office park in karst setting, including 
probable migration of stormwater into underground caves. 


Great Western Sugar Company. Evaluated flood hazard potential of Great Western Sugar 
Company’s Johnstown, Colorado facility with respect to floods ranging from the 10-year to 500-year 
return frequency, along with groundwater contamination studies, land treatment of high-strength 
industrial wastewater, and field sampling of groundwater quality. 


University of Colorado and City of Boulder, Colorado.  Coauthored study of environmental 
impacts of proposed 95-acre University of Colorado Research Park in Boulder, Colorado.  Prepared 
sitewide conceptual drainage plan.  Also, in a separate assignment, analyzed flood hydraulics, 
regulatory constraints and specific flood-proofing measures for research buildings located in the 
Boulder Creek floodway in Boulder.  Development of floodwater surface profiles. 


Colorado Ski Country USA.  Expert witness for Colorado Ski Country, USA (consortium of all 
Colorado ski resorts), in hearings involving the Colorado Water Quality Control Commission and staff 
with the Colorado Water Quality Control Division on water quality standards in wetlands and 
stormwater NPDES permitting.  Also prepared written testimony for Colorado ski resorts that was 
submitted to the USEPA in Washington, D.C., regarding Phase II of stormwater NPDES permitting.  
Regular consultant to the Colorado ski industry on wide-ranging water resources issues. 
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Keystone Resort and Keystone-Intrawest. Consultant on advanced stormwater quantity and 
quality management to comply with stringent Summit County phosphorus regulations for Lake Dillon; 
wastewater treatment and beneficial reuse; Lake Dillon model review (lake impact model); NPDES 
permitting; erosion and sediment control; water supply/water rights; 404 permits; integrated pest 
management and ―pesticide-free‖ golf course design; snow-storage facility design; water quality 
monitoring; drainage and flood control; debris flow; groundwater supply investigation, and interaction 
of surface water and groundwater. 


Bekaert Steel.  Stormwater quality and NPDES permitting assignments for facility in Bentonville, 
Arkansas. 


City of Salina, Kansas and ―Friends of the (Smoky Hill) River.‖  River restoration feasibility 
evaluation, including stormwater quality. 


City of Sioux Falls, South Dakota.  River restoration feasibility. 


Arkansas City, Kansas.  Evaluated flooding on Walnut River, related to construction of a highway, 
which served as a levee to protect the east side of Arkansas City. 


City of Lamar, Colorado.  Evaluation of nature and causes of flooding along Willow Creek on the 
east side of the City of Lamar, and sanitary sewer system evaluation. 


City of Ogallala, Nebraska.  Evaluated flooding at interchange of Highway 61 and I-80. 


City of Golden, Colorado.  Comprehensive review of nature and causes of flooding in Arapahoe 
Gulch and a tributary to Kenneys Run during large storms that occurred in June 2004, followed by 
master plan and preliminary design of improvements for Arapahoe Gulch.  Worked on projects in 
close conjunction with Colorado Water Conservation Board, Urban Drainage and Flood Control 
District, and City staff and neighborhood residents.  Findings presented to City Council. 


City of Woodland Park, Colorado.  Evaluation of flooding damages in mobile home park, including 
assessment of whether recent channel modifications had aggravated flooding.   


Fassnight Creek Floodplain Evaluation, Springfield, Missouri.  On behalf of Springfield, Missouri 
Department of Public Works, conducted independent evaluation of proposed floodplain acquisition/ 
channelization project on Fassnight Creek. 


Stormwater-related NPDES Permits.  Consultant for such public and private entities as the Adolph 
Coors Company; Rocky Flats Environmental Technology Site; Boeing Corporation; Xcel Energy; 
Futura Aluminum Company; Bar S Foods Company; Los Alamos National Laboratory; Watershed 
Committee of the Ozarks; John Morrell Company; Union Carbide; Arco Coal Company; Vail 
Associates; Keystone Resorts; City of Rogers, Arkansas; City of Lincoln, Nebraska; Bekaert Steel 
(Bentonville, Arkansas); City of Rockford, Illinois; City of Springfield, Missouri; Lennar Homes; Village 
Homes; Continental Homes; J.F. Laing Homes; Deltic Timber Company; and Intrawest Resort 
Development.   


USEPA Office of Water in Washington, D.C.  Advisor on a variety of issues such as:  (1) indicators 
for monitoring the effectiveness of ―wet weather‖ control measures (1993 for EPA directly and 1995 
for the Rensallierville Institute), (2) national case studies for advanced industrial stormwater 
management (1993 and 1994), (3) stormwater BMP effectiveness, from 1995 to present, and (4) flow 
measurement in irrigation systems.  Also reviewed 1996 draft version of document Wet Weather 
Research Plan and Stormwater Pollution Prevention for Industrial Activities and Stormwater Pollution 
Prevention for Construction Site Activities (focus on erosion and sediment control/channel stability), 
published by the Office of Wastewater Enforcement and Compliance, USEPA.  See ―Professional 
Activities‖ for additional projects involving USEPA. 







Jonathan E. Jones, P.E., D.WRE 


Page 6 of 32 
 


Denver Regional Council of Governments. Coauthor of three-volume set of erosion control 
manuals in 1982-83, which focused on how to prepare erosion control plans, costs of erosion control 
measures and design recommendations for control measures best suited to Denver Metro area. 


Representative clients involving floodplain delineation, management and regulation:  


 Coors Brewing Company—Colorado assignments 
 Coors Brewing Company—Harrisonburg, Virginia, brewery 
 ExxonMobil (Colorado and Wyoming) 
 BP-America 
 City of Pueblo, Colorado, and Pueblo Urban Renewal Authority 
 Sloan’s Lake tributaries, Denver, Colorado 
 Invesco Field – Mile High Stadium, Denver, Colorado 
 Pepsi Center, Denver, Colorado 
 City of Lincoln, Nebraska, major drainageways (subconsultant to Olsson Associates) 
 City of Springfield, Missouri, major drainageways 
 Philips Farm, Columbia, Missouri (subconsultant to Allstate Consultants) 
 City of Wildwood, Missouri (in association with stream channel stabilization) 
 Salina, Kansas 
 Sioux Falls, South Dakota 
 Adam’s Rib Resort, Eagle County, Colorado 
 Keystone Resort, Summit County, Colorado 
 Copper Mountain Resort, Summit County, Colorado 
 Jordan River, Salt Lake City, Utah 
 Estes Park, Colorado, Urban Renewal Authority 
 Santa Susana Field Laboratory, Ventura County, California (Boeing Corporation and the State of 


California) 
 West Elk Mine near Paonia, Colorado 
 Springfield, Missouri, Airport Authority 
 Intrawest Resort Development—Assignments on Padre Island, Texas, Gulf Coast of Florida, and 


South Carolina coastal resorts 
 State of Colorado, Office of Risk Management and State Attorney General’s Office 
 City of Golden, Colorado 
 Urban Drainage and Flood Control District, Denver, Colorado 
 City of Westminster, Colorado 
 City of Broomfield, Colorado 
 Adams County, Colorado 
 City and County of Denver, Colorado 
 City of Rogers, Arkansas (subconsultant to Crafton Tull Sparks) 
 Groundwater Management District No. 3, Garden City, Kansas 
 Dover-Norriseal, Houston, Texas 
 U.S. Fish and Wildlife Service for projects in Midwest Region (subconsultant to GEI, Inc.) 
 U.S. Department of Energy and its prime contractors at Rocky Flats Environmental Test Site 


(Colorado) and Los Alamos National Laboratory (New Mexico) 
 State of Kansas Attorney General’s Office 
 City of Arkansas City, Kansas 
 Colorado Intergovernmental Risk Sharing Agency 
 University of Colorado 
 City of Boulder, Colorado 
 City of Lamar, Colorado 
 Winter Park Resort, Grand County, Colorado 
 Village Homes (Colorado) 
 John Laing Homes (Colorado) 
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 Simeon Residential Communities (Colorado) 
 Lennar Homes 
 Centex Homes 


Water Quality 


Cotter Corporation, Schwartzwalder Mine in Jefferson County, Colorado—Assistance to Cotter 
regarding design of approximately 3,500-foot long, 42-inch diameter pipe to temporarily bypass 
Ralston Creek through mine site, to enable restoration of mine site to occur.  Development of short-
term and long-term mitigation and restoration plans for creek and associated riparian corridor.  
Assistance with water quality evaluations and NPDES permitting, including evaluation of applicable 
stream classifications and standards.  Multiple presentations to federal and state regulatory 
authorities and to Denver Water Department regarding project.   


Santa Susana Field Laboratory Expert Stormwater Panelist.  Selected by the State of California 
Los Angeles Regional Water Quality Control Board and the Boeing Corporation, with review by local 
environmental groups, to serve as one of five members of the Santa Susana Field Laboratory 
(SSFL) stormwater expert panel.  The SSFL site is approximately 2,500 acres and is located roughly 
30 miles northwest of downtown Los Angeles.  The site is jointly owned by NASA, Boeing and the 
U.S. Department of Energy.  The site was historically used for rocket engine testing and testing of 
small-scale nuclear reactors.  Certain contaminants are detected in stormwater runoff from the site, 
including, as examples, dioxin, and a wide range of heavy metals.  The Los Angeles Regional Water 
Quality Control Board has imposed stringent numeric limits on approximately two dozen compounds 
in stormwater discharges from the site.  The role of the panel is to provide advice and guidance on 
how to plan, design, construct and maintain stormwater treatment facilities that will best enable 
discharges to comply with the relevant permit limits. 


Rogers, Arkansas Utilities—Assisting Rogers with review of proposed total phosphorus TMDL for 
the Illinois River, which flows from Arkansas into Oklahoma, including of review of water quality 
modeling for river proposed by USEPA Region VI. 


Xcel Energy, Arkansas River.  Evaluated bacterial loading to tributary of Arkansas River from 
onsite cooling, stormwater and wastewater ponds. 


State of Florida Stormwater Quality Design Criteria Review.  Working initially for Versan, Inc. 
(EPA consultant) and then for the Center for Watershed Protection as member of an expert panel, 
reviewed the 2007 report Evaluation of Current Stormwater Design Criteria within the State of Florida 
from the Florida Department of Environmental Protection.  The review focused on the statistical 
characterization of effluent quality of stormwater control facilities, the feasibility of stormwater 
treatment goals, the quality of the data from the studies used in the document, and the applicability 
of studies from areas outside Florida.  Submitted a letter report summarizing opinions. 


Philips Farm.  Consultant (with local engineers) for development of comprehensive water quality 
protection plan for proposed 500-acre residential/commercial development known as Philips Farm in 
Columbia, Missouri.  Development located adjacent to two streams (Gans Creek and Clear Creek) 
that were considered to be sensitive and subject to stringent discharge requirements. 


BP Products North America, Inc., Colorado.  Assistance on numerous projects involving water 
quality and wetlands protection including, for example, evaluation of beneficial surface reuse 
alternatives for waters produced in association with coal bed methane.  Also evaluated produced 
water treatment technologies. 


City of Wildwood, Missouri.  Evaluation of nature and causes of water quality degradation in two 
large residential lakes (Chesterfield Lakes) in the northeast part of Wildwood, including assessment 
of adequacy of erosion and sediment control practices at approximately 100-acre construction site. 
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Southern Hills Lakes, Springfield, Missouri.  Comprehensive assessment of nature and causes of 
water quality degradation in three lakes on the east side of Springfield, known as Southern Hills 
Lakes.  Prepared action plan for addressing problem.  Worked closely with neighborhood residents 
and presented findings to City Council. 


National Renewable Energy Laboratory (NREL).  Stormwater BMP performance monitoring at 
Wal-Mart store in Aurora, Colorado, for three years. 


Lennar Homes.  Assistance with stormwater permitting throughout the United States, with emphasis 
on Nevada, Arizona, California and South Carolina. 


Potential Ski Resort in Idaho.  Retained by Vail Associates to conceptually evaluate engineering 
feasibility of potential ski resort near Cascade Reservoir, with emphasis on potential impacts to 
reservoir. 


Kansas Livestock Association.  Provided assistance with stormwater runoff issues in regulatory 
review by USEPA regional office. 


Associated Ditches of Kansas.  Assistance with TMDLs on Upper Arkansas River in Kansas. 


Little Sac River and Wilson Creek, Missouri.  Assisted City of Springfield with evaluation of 
bacteria TMDL. 


Wilson Creek Mine, Hot Springs, Arkansas.  Beginning in the mid 1990s, worked for Umetco 
(subsidiary of Union-Carbide) to plan, design and implement comprehensive mine reclamation 
practices.  Project has included such features wetlands, wetland channels, stream channel 
restoration, spoils regrading, treatment and revegetation, groundwater remediation, mechanical 
water treatment, floodplain evaluation and others. 


Town of Silverthorne, Colorado.  Retained by Town to evaluate potential adverse hydrologic 
impacts to wetlands as a consequence of existing and proposed residential construction.  
Investigation included construction of approximately fifty soil test pits and piezometers; interaction of 
surface water and groundwater; site hydrologic mass balance; groundwater hydraulics in response to 
development features such as foundation drains, road cuts, etc.; and evaluation of measures to 
mitigate potential hydrologic modifications.  Also worked closely with Town on behalf of Intrawest to 
prepare 1999 water quality and wetland protection ordinance.  Also worked closely with Town on 
behalf of Intrawest to prepare 1999 water quality and wetland protection ordinance. 


Agricultural Water Supply and Water Quality Issues. Consultant on various assignments 
including nonpoint source pollution, TMDLs, endangered species and related subjects for ranchers, 
irrigation districts and companies, and water right purchasers.  Representative clients include The 
Garden City Company (Kansas), Kansas Livestock Association, The Associated Ditches of Kansas, 
Coors Brewing Company (Coors owns agricultural properties), Greenland Ranch (Douglas County, 
Colorado), ranches purchased by Colorado Open Lands for historic preservation, and irrigated lands 
in North Dakota related to the Garrison Diversion project of the U.S. Bureau of Reclamation. 


Golf Course Water Quality Impact Mitigation Plans.  Water quality planning for such 
courses/entities as Applewood (Jefferson County); Keystone River Course; Keystone Ranch Course; 
Adam’s Rib (Eagle County); Maroon Creek Club (Pitkin County); Greene County, Missouri; ―The 
Greens,‖ Springfield, Missouri; and 1996 Golf Course BMP Manual for Colorado Department of 
Health and Denver Regional Council of Governments. 
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Total Petroleum. Consultant on two separate matters involving the CRC refinery on Sand Creek in 
Commerce City, Colorado.  Both cases centered on defining groundwater hydrology and subsurface 
contaminant movement.  Also defined the significance of alleged NPDES violations and receiving 
water impacts in Sand Creek. 


Climax Mining Company, Colorado.  Testimony regarding statewide water quality standard for 
selenium.   


Kansas City, Kansas.  As subconsultant to Design Studios West, Inc., water quality and drainage 
planning on Shoal Creek for large proposed development tract owned by Zion Properties near 
Kansas City International Airport. 


Salt Lake City, Utah, Golf Course.  Saline soils and water supply investigation for golf course in 
Salt Lake City owned by Zion Properties.   


Coalition of Keystone, Breckenridge, Copper Mountain, Vail, Winter Park and Silver Creek ski 
resorts and L.G. Everist, Inc.  Consultant regarding negotiations with Northwest Colorado Council 
of Governments (NWCCOG) on water quality standards for the NWCCOG jurisdictional area, 
including Dillon Reservoir.  These standards addressed such topics as stormwater quantity and 
quality management, erosion and sediment control, wetlands protection, protection of hydrologic 
balance, hazardous materials management, and sensitive watershed development.  Earlier 
assignments included the design of ―pound for pound‖ mitigation plans for proposed ski area 
development to protect Lake Dillon and phosphorus trading. 


Copper Mountain Resort.  Preparation of Water Quality Protection Plan (WQPP) for entire base 
area of resort.  Evaluation of adequacy of water and wastewater systems in response to projected 
major growth increases.  Design of dewatering facilities for large underground parking areas, 
including comprehensive groundwater monitoring and modeling effort, and defining relationship 
between surface flows and groundwater levels.  Design of underground parking drainage and 
pretreatment facilities.  Assistance with stormwater quantity and quality design and lake water quality 
investigations.  Acquisition of various NPDES permits.  Stream impact assessment, including 
biological monitoring. 


State of Utah Department of Environmental Quality.  Assisted with preparation of regulation 
regarding statewide wetland water quality standards (subconsultant to Sear Brown Group). 


ARCO Coal Company. Project Manager of various assignments in Wyoming (Black Thunder Mine 
and Coal Creek Mine) and Colorado such as review of adequacy of water-related sections of EIS for 
proposed 3,200-acre expansion of Black Thunder Mine; preparation of stormwater NPDES permits 
for Wyoming mines; work with Colorado Division of Minerals and Geology to design restoration plan 
for large coal refuse pile near Trinidad, Colorado; evaluation of groundwater quality issues; 404 
permitting requirements; and general water resources consulting. 


Town of Snowmass, Colorado.  Prepared Brush Creek Watershed Plan.  Comprehensive water 
quality monitoring program for Town; stream channel stabilization and restoration, and interaction on 
such topics as riparian corridor protection; wetlands protection; and related topics. 


City of Winnipeg, Manitoba, Canada. Consultant regarding measures to be implemented to 
enhance the water quality of 200 lakes within the City of Winnipeg.  Project began with assessment 
of the causes of observed problems and receiving water impact studies. 


Lowry Landfill in Denver, Colorado. Project Manager for a comprehensive surface water 
monitoring program, and surface water hydrology evaluations, including interaction of surface flows 
with alluvial groundwater.  Work conducted as a subcontractor to CH2M-Hill, under a USEPA 
Superfund contract. 
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Jefferson County Commissioners. Retained to evaluate the engineering feasibility of reopening 
and enlarging an existing landfill near the community of Leyden in Jefferson County.  Of particular 
concern to the Commissioners was the potential for contamination of downgradient groundwater 
resources.  This assignment culminated with a written report to the Commissioners. 


Silverthorne–Dillon Joint Sewer Authority.  Evaluated the technical feasibility of using composted, 
Class ―A‖ municipal sludge for reclaiming mine tailings, including groundwater, surface water 
interaction, and contaminant movement. 


ASARCO, Inc.  Testimony for ASARCO before the Colorado Water Quality Control Commission in 
1991 relative to proposed groundwater classifications and standards on the South Platte alluvium in 
Metropolitan Denver.  Testimony addressed water quality data, implications of proposed regulations 
relative to ongoing clean up under CERCLA, and generalized aspects of proposed standards for 
other industries in Denver Metropolitan area.  On a separate matter, selected by ASARCO to be 
engineering expert on litigation that involved alleged groundwater contamination; the plaintiffs 
ultimately dropped this complaint. 


Vail Associates.   Water quality monitoring, NPDES permitting, and watershed protection planning 
and design. 


Watershed Management 


Deltic Timber Corporation and Lake Maumelle Watershed, Little Rock, Arkansas.  Advise Deltic 
Timber regarding the practical implications of limitations related to proposed land development in the 
Lake Maumelle Watershed Management Plan.  Lake Maumelle serves as public water supply for 
most of the Little Rock metropolitan area, and the watershed management plan and County 
development ordinance established a series of stringent development requirements including, as 
examples: minimum open space and undisturbed land area requirements; compliance with numeric 
limits on certain constituents in stormwater discharges; and special commitments regarding 
treatment/discharge of sanitary wastewater.  Work has involved substantial interaction with 
representatives of Central Arkansas Water and Pulaski County. 


Cherry Creek Stream Restoration, City of Glendale, Colorado—Worked as part of 
multidisciplinary team to develop a stream restoration/enhancement plan for the reach of Cherry 
Creek through Glendale, Colorado, in association with urban redevelopment project. 


Sioux Falls, South Dakota.  Working closely with a large group of planners, architects, 
environmentalists, citizens and others, and serving as subconsultant to Brian Clark + Associates, 
planning and designing improvements to Big Sioux River through downtown Sioux Falls, South 
Dakota. 


Salina, Kansas, Channel Restoration.  Working closely with ―The Friends of the River‖ and the City 
of Salina, planned and conceptually designed improvements to restore the old channel of the Smoky 
Hill River through downtown Salina over a reach of approximately seven miles.  (Design Studios 
West, Inc. project planner and landscape architect.) 


Catawba Riverkeeper Foundation, Charlotte, North Carolina—Assisted with conceptual 
evaluation of impacts of proposed interbasin transfer to provide additional water supply for Charlotte 
suburbs. 
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The Garden City Company and The Associated Ditches of Kansas.  Consultant regarding upper 
Arkansas subbasin management plan; TMDLs; state water quality standards; endangered species 
issues; Ogallala Aquifer management plan; Kansas water plan; and general water rights issues. 
These wide-ranging assignments involved regulatory review, planning and engineering.  The 
Associated Ditches of Kansas is a coalition of the five major diverters from the Arkansas River in 
southwestern Kansas 


Watershed Committee of the Ozarks, City of Springfield Public Works Department, City 
Utilities and Greene County (All in Missouri).  Prepared the Fulbright Spring Protection Study, 
which evaluated the existing groundwater and surface water hydrology of Fulbright Spring and its 
associated watershed, and which suggested a watershed management strategy to protect spring 
water quality.   


Big Sky Ski Resort, Bozeman, Montana.  Conducted consumptive use study for snowmaking 
system.  Analysis was reviewed and approved by multiple Montana regulatory agencies.  Analysis 
was integrated into a water rights application prepared by the resort. 


Town of Vail, Vail Valley Consolidated Water Users, Upper Eagle Valley Water and Sanitation 
District, Vail Associates and others. Consultant for the preparation and implementation of the 
Gore Creek Watershed Management Plan, which provides a blueprint for the future management of 
the stream. 


Big Dry Creek Watershed Association and Gore Creek Watershed Alliance.  Retained by these 
two watershed groups in Colorado to assist with wide-ranging non-point issues, streamflow 
hydrology, water rights, habitat enhancement and other subjects. 


Aspen Skiing Company—Burnt Mountain Environmental Impact Statement and Other 
Consulting. Principal consultant for the Aspen Skiing Company regarding the water resources 
impacts of a 6,600-skier-at-one-time expansion of the Snowmass Ski area.  Subjects evaluated 
include adequacy of water rights; land treatment of wastewater; impact on aquatic ecosystems of 
proposed ski area; channel morphology/stability; changed basin hydrology in response to clear 
cutting and other development; water quality degradation from point and non-point sources, including 
soil erosion; planning and design of mitigation measures; field sampling and evaluation; endangered 
species assessment; hydrologic modeling/hydrologic mass balance; and groundwater impacts. 


General Water Resources Management, Including Municipal, Agricultural and Industrial 
Water Supply 


Water Supply Consultation. Regarding surface water and/or groundwater supplies for the following 
representative entities: 


 Homestake Mining Company, Lead, South Dakota. 
 ExxonMobil (Colorado). 
 BP/Amoco (Colorado and Wyoming). 
 Coors Brewing Company (Colorado, Virginia and Idaho). 
 Adam’s Rib Resort (Colorado). 
 Arapahoe Water and Wastewater Authority (alluvial wells). 
 Vail Associates (Idaho). 
 Big Sky Resort (Montana). 
 U.S. Bureau of Reclamation (North Dakota, California, Nevada and Arizona). 
 ARCO Coal Company (Colorado). 
 Water Supply and Storage Company  (Colorado). 
 City of Springfield and Greene County, Missouri. 
 University of Colorado. 
 U.S. Department of Energy (Colorado). 
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 Denver Area Council of Boy Scouts of America (Colorado). 
 Various Indian tribes including: 


o Umatilla (Oregon) 
o Hopi (Arizona) 
o Council of Energy Resource Tribes (Rocky Mountain Region) 


 Intrawest Resorts (Florida, South Carolina, Colorado). 
 Snowmaking evaluations for ski areas in Colorado and Montana, and for Colorado Ski Country, 


USA. 
 


BP–America.  Multiple assignments for the Durango, Colorado, Operations Center (San Juan Basin 
wellfield) related to Colorado water rights evaluation and testimony; determination of ―tributary‖ 
versus ―nontributary‖ groundwater; testimony for Colorado Oil and Gas Conservation Commission 
regarding potential regulations; wetlands permitting and enforcement actions under section 404 of 
the Clean Water Act; stormwater permitting and management; planning and engineering for water 
rights augmentation plan; design of water storage and stormwater impoundments; floodplain 
management; and assistance with development of information management systems. 


Santa Teresa Development near Las Cruces, New Mexico.  Working as a subconsultant to the 
Matrix Design Group, assisted with wide-ranging water resources issues related to the potential 
development of over 10,000 acres near Las Cruces, including wastewater and stormwater discharge 
requirements into the Rio Grande; wastewater and water master planning; evaluation of the water 
rights implications of wastewater reuse; stormwater and floodplain management; and optimizing the 
cost effectiveness of overall water resources management. 


Groundwater Management District No. 3, Garden City, Kansas.  Conceptual feasibility study of 
multiple projects to promote water conversation in southwest Kansas. 


Intrawest Due Diligence and Site Feasibility Evaluations.  Consulted for Intrawest Resorts in 
Texas, Florida and South Carolina regarding the feasibility of either purchasing existing resorts or 
constructing new resorts, from the standpoint of water resources engineering issues (water supply, 
wastewater treatment plant, environmental permitting, floodplain regulation, building construction 
issues, hurricane storm surge, etc.). 


Homestake Mining Company, South Dakota.  Quantification of historic municipal water use from 
1870s to the present for water system owned and operated by Homestake Mining Company.  Expert 
testimony before state of South Dakota water resources board. 


Contra Costa Water District (California).  Source water supply evaluation, as subconsultant to 
Carollo Engineers. 


Eagle’s Nest Resort Development in Summit County, Colorado.  Project Manager of 
assignments related to groundwater investigations; site hydrologic mass balance; landslide 
evaluation, including field installation of four inclinometers, one dozen piezometers and numerous 
test pits; testimony and detailed work with Town of Silverthorne to prepare and implement Wetland 
Protection Ordinance; water rights and water supply; water quality and wetland protection and 
mitigation; and other water resource studies. 


Industrial Site Location for Major Food Products Company.  Searched multiple western states 
for suitable location for industrial site in western United States, with dependable supply of high-
quality water as primary objective. 


Estes Park Urban Renewal Authority.  Subconsultant to Design Studios West for major river 
improvements in downtown Estes Park, Colorado. 
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City of Rocky Ford, Colorado.  Groundwater investigation related to water leakage from lake in 
town park. 


F. Laing Homes, Colorado.  Consultant on water supply and water quality impacts for proposed 
800-acre golf course/residential development to be located immediately upstream from Aurora 
Reservoir, which serves as public water supply for City of Aurora.  Responsible for designing state-
of-the-art stormwater quantity and quality management facilities.  Responsible for developing 
irrigation water supply, including the evaluation of multiple alternatives such as utilization of Denver 
Basin (non-tributary) groundwater; raw water from reservoir; stormwater reuse; and others.  In 
addition, evaluating feasibility of creating wetlands in onsite arroyos. 


Pueblo Urban Renewal Authority.  Subconsultant to Design Studios West for major river 
improvements in downtown Pueblo, Colorado, known as ―Historic Arkansas River Project.‖ 


L.G. Everist, Inc., Colorado (rock products).  Consultant and advisor on wide-ranging topics 
including wetlands permitting, wetlands ―banking,‖ surface water and groundwater hydrology, water 
rights, water supply, environmental permitting and other subjects. 


Wyoming Water Development Commission.  Working closely with representatives of the Wyoming 
Water Development Commission and oil companies, developed stream flow and water quality model 
for the Powder River Basin in Wyoming. 


City of Brighton, Colorado.  Expert testimony regarding the capability of the City of Brighton to 
provide municipal water supply for the Bromley Park subdivision versus the comparative capability of 
a local municipal water district.  Approach was to perform a ―side-by-side‖ comparison of the 
capabilities of the City versus the District on such subjects as suitability of existing infrastructure, 
past performance (compliance) history, financial capability, adequacy of groundwater and surface 
water supplies (from standpoint of quantity and quality), staff capabilities, etc. 


Mountain Coal Company.  Prepared permit text for submittal to Colorado Department of Minerals 
and Geology regarding all aspects of surface water and groundwater quantity and quality impacts 
associated with mining-induced ground subsidence.  Assessment and modeling of surface and 
groundwater hydrology and sediment transport, including efforts of storing large quantities of water 
underground in mined-out ―panels.‖  Preparation of site hydrologic mass balance; landslide 
evaluations; water rights; and augmentation planning.  Wastewater treatment feasibility studies.  
River morphology/stability evaluation and design.  404 permitting.  


U.S. Fish & Wildlife Service Dam Rehabilitation.  Hydrology and hydraulic studies associated with 
dam rehabilitation for the U.S. Fish and Wildlife Service in North and South Dakota for three years in 
mid-1980s, as subconsultant to GEI. 


Final Design of Rehabilitation Plans and Specifications for Upper Arkansas Water 
Conservancy District Dams.  Developed plans and specifications for the rehabilitation of two high 
mountain reservoirs. 


Infrastructure Projects for Boy Scouts of America.   Reconnaissance, preliminary and final 
design projects for two lakes for the Peaceful Valley Boy Scout Ranch near Colorado Springs, 
Colorado.  Formulation of water rights augmentation and operation plans.  Design of water wells and 
water supply and wastewater treatment systems.   


Lower Colorado River Basin Study for the U.S. Bureau of Reclamation.  Analysis of return flow 
characteristics associated with ―non-contractual‖ diversions (including wells) from the Colorado River 
in the reach from Davis Dam to the Mexico border.  This included assessing the probable 
―drawdown‖ characteristics of wells in the proximity of the lower Colorado River. 
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Reconnaissance-Level Dam Study for Water Supply and Storage Company.  Analysis of 32 
potential reservoir sites with respect to geology, hydrology, water rights, dam sizing, spillway 
requirements, and probable environmental impact in Cache la Poudre basin. 


Preliminary Design for Trap Lake II.  Analysis of proposed reservoir site including water rights, 
basin yield, flood hydrology, financing, and all civil engineering and environmental issues leading to 
the preliminary design of a 4,400 acre-foot reservoir with a dam height of 85 feet. 


Water Resources Development for EXXON Company, USA.  Pump-tested the Battlement Mesa 
Colorado River alluvial supply wells and interpreted data.  Categorization and ranking of irrigation 
water requirements for Battlement Mesa.  Water supply study.  Feasibility study of proposed 
reservoir on Monument Gulch.  Transit loss studies. 


Reservoir and Lake Assessments and Feasibility Studies.  Representative clients include: 
ExxonMobil (Colorado); City of Springfield, Missouri; Bowles Metropolitan District (Colorado); City of 
Winnipeg, Manitoba, Canada; U.S. Fish and Wildlife Service (North and South Dakota); Coors 
Brewing Company; Water Supply and Storage Company (Colorado); City of Rockford, Illinois and 
Forest Preserve District; multiple Colorado ski resorts; Arco Coal Company (Colorado); McStain 
Residential Communities (Colorado); City of Boulder, Colorado; City and County of Denver, 
Colorado; U.S. Department of Energy; Simeon Residential Properties (Colorado). 


General Engineering Work for Irrigation/Ditch Companies—Wide-ranging engineering 
investigations (water supply, inflow/outflow analysis, consumptive use studies, water rights 
evaluations, design of ditch facilities such as measuring devices, bank protection, headgates, 
turnouts, and other facilities) for such entities as the Garden City Company (Garden City, Kansas); 
Associated Ditches of Kansas (southwest Kansas); Groundwater Management District No. 3, 
Kansas; coalition of Kansas interests on the Republican River in northwest Kansas; FMIC Ditch 
(Colorado Springs, Colorado); Water Supply and Storage Company (Fort Collins, Colorado); various 
ditches that the Coors Brewing Company has significant ownership stakes in; and ditches at various 
mountain resorts and ski area in western Colorado. 


Slope Stability Investigations—Water engineering aspects of slope stability investigations at Three 
Peaks development in Summit County, Colorado; Maryland Creek Ranch in Summit County; 
Keystone Resort in Summit County; and the West Elk Mine in Delta County. 


Coors Brewing, Ceramics, Glass, and Real Estate Companies. Project Manager, Managing 
Principal, or Senior Engineer for the following representative projects: 


 Clear Creek water quality and habitat investigations. 
 Groundwater supply investigations, including surface water-groundwater interaction and 


testimony. 
 Water rights implications of relocating historic spring diversions. 
 Clear Creek ―Cosmic‖ Agreement to resolve longstanding water quality issues (testimony in 


water court). 
 Chicago Creek reservoir enlargement (testimony in water court). 
 Coors Augmentation Plan and Various Water Right Exchanges. 
 NPDES Permitting (Stormwater and Municipal and Industrial Wastewater). 
 Stormwater Quantity and Quality Management Projects including drainage criteria standards. 
 Groundwater Classifications and Standards, Groundwater Contamination Studies, 


Groundwater Management Strategies, and Groundwater Supply/Hydrology (testimony in 
administrative hearings). 


 Standley Lake Water Quality Study. 
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 Drainage and Erosion Control Plans for 400-Acre Coors Technology Center. 
 Water Resources Evaluation of Great Western Sugar Company’s Johnstown, Colorado, High 


Fructose Corn Syrup Plant with Respect To:  Water Rights; Groundwater and Surface Water 
Hydrology; Wastewater Treatment; Water Supply of the Town of Johnstown. 


 Rolling Hills Country Club - Welch Ditch Landslide. 
 Preliminary and Final Design of Multiple Dams and Reservoirs. 
 Testimony regarding water quality classification, standards, data, receiving water impacts and 


related topics for South Platte River, in Denver. 
 Dam and Reservoir Inspections. 
 Coors Clear Creek Water Rights Operations Computer Model. 
 Various Water Rights Evaluations. 
 Cooling Water System Evaluation. 
 ―Pesticide Free‖ Golf Course Design and Monitoring (Applewood). 
 Drought and Flood Risk Assessment. 
 Detailed review of stormwater and erosion control plans for numerous developments 


adjoining Coors’ properties. 
 Engineering Assessment of the feasibility of utilizing the Coors Parfet clay pit, located in the 


town of Golden, Colorado for the disposal of fly ash. 
 Other. 


Rocky Flats Environmental Technology Site in Denver, Colorado (Kaiser-Hill, Inc., Rockwell 
International, EG&G, Inc., Rocky Mountain Remediation Services and U.S. Department of 
Energy). Project Manager and/or Managing Principal for the following representative assignments: 


 Surface water hydrology, sediment yield and sediment transport modeling and report 
preparation, focused on the amount of offsite export of plutonium and other radioactive 
constituents. 


 Testimony on stream classifications and standards before the Colorado Water Quality Control 
Commission. 


 Testimony before the Colorado Water Quality Control Commission on site-specific 
groundwater classifications and standards. 


 Principal author of the Rocky Flats Surface Water Management Plan, a document designed 
to bring Rocky Flats into full compliance with all local, state, and federal surface water 
regulatory requirements. 


 Principal auditor of proposed engineering facilities and associated costs for the roughly $100 
million ―Option B‖ project, consisting of dams, reservoirs, pipelines, pump stations, new raw 
water supplies, new water treatment plant, and other features to protect and replace 
downstream public water supplies. 


 Written testimony regarding biomonitoring standards. 
 Written testimony regarding statewide organic standards. 
 Written and verbal testimony regarding radionuclide standards, treatability, and economic 


impacts. 
 Principal engineer for Rocky Flats Drainage and Flood Control Master Plan, a comprehensive 


drainage and flood control plan for 10-square-mile site. 
 Consultant on stormwater-related and sanitary wastewater treatment plant NPDES permit 


matters. 
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 A-, B- and C-Series and Landfill Pond Interim Measures and Interim Remedial Action Plan. 
 Consultant on water rights. 
 Groundwater contamination characterization, movement, interception and treatment. 
 Gravel mine impacts on localized groundwater hydrology. 
 Auditor of groundwater monitoring program (approximately 500 wells), which resulted in 


deletion of over 100 wells and streamlined monitoring, at considerable cost savings. 
 Principal Engineer on Rocky Flats Watershed Management Plan, which focuses on erosion 


and sediment control, channel stability, and pesticide management and selection. 
 In meetings with representatives of the cities of Broomfield and Westminster, and in 


testimony before the Colorado Water Quality Control Commission (CWQCC) addressed 
questions regarding probable groundwater pollution sources on the Rocky Flats site, 
including, for example:  the solar ponds, existing landfill, proposed landfill, 881 hillside, and 
various other ―operable units.‖ 


Adam’s Rib Recreational Area.  Consultant for the Adam’s Rib Recreational Area on water supply, 
wetland, and water quality issues pertaining to the development of a 2,000-acre resort originally 
planned to accommodate 10,000 users, including 9,000 skiers at one time.  Broad work categories 
include: 


 Comprehensive groundwater monitoring and modeling. 
 Vassar Meadow and Joe Goode Meadow hydrologic mass balances. 
 Section 401 of Clean Water Act permit. 
 Section 402 of Clean Water Act permit, and wastewater treatment plant design. 
 Section 404 of Clean Water Act permit. 
 Pesticide-free golf course. 
 Statistical hydrology and special studies regarding surface water and groundwater hydrology. 
 Preparation of Water Quality Mitigation Plan for the entire development, a document which 


addresses all known point and non-point source pollution impacts of the development in the 
context of Colorado’s water quality regulations. 


 Characterization of wetland functions under the 404(b)(1) guidelines. 
 All aspects of physical and legal water supply, and impacts on minimum stream flows. 
 Many written and verbal presentations to the U.S. Environmental Protection Agency, U.S. 


Army Corps of Engineers, U.S. Forest Service, Colorado Division of Wildlife, U.S. Fish and 
Wildlife Service, Colorado Water Quality Control Division, environmental organizations, and 
other groups on the issues described above along with general water resources planning 
matters. 


 Erosion/sediment control and stream channel stability engineering design to meet ―no 
net/sediment increase‖ performance standard. 


Native American Tribes.  Project manager for such tasks as:  vulnerability assessments of tribal 
water supplies; risk assessment posed by pesticide usage; adequacy of proposed erosion and 
sediment controls; formulation of groundwater and surface water sampling programs and mitigation 
strategies to address observed problems; development of water supplies; overview of environmental 
laws; and likely adverse water quality impacts of existing or proposed industrial/commercial 
development.  Projects were completed for the following tribes: 


 Umatilla Indian Tribe (Oregon) 
 Hopi Tribe (Arizona) 
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 Acoma Tribe (New Mexico) 
 Consortium of Utah Tribes 
 Council of Energy Resource Tribes in Denver (technical staff for 52 Indian tribes) 


Expert Testimony 


Qualified as expert witness in federal and state courts and in formal administrative and regulatory 
hearings for plaintiffs and defendants in the following areas from 1984 to the present: 


 Stormwater Quantity and Quality Management (Construction and Post-Construction) 
 Water Classifications and Standards 
 Receiving Water Impact Analysis  
 Public Health Implications of Standards Exceedances 
 Surface Water and Ground Water Hydrology and Interrelationships 
 Water Quality and Pollution Control (Surface Water and Groundwater) 
 Flood Hazard Mitigation and Stormwater Quantity and Quality Management 
 Municipal, Industrial and Agricultural Water Supply 
 Water Rights/Water Supply/Water Demand/Basin Modeling 
 Hydraulics 
 Engineering Design and Cost Estimating 
 Erosion and Sediment Control 


Additional information available upon request. 


Instructor for Professional Development Courses, Seminars and Conference 
“Workshops”   


Conferences were offered by the American Society of Civil Engineers, University of Wisconsin 
Extension Service, CLE (for attorneys), American Society of Landscape Architects and University of 
Colorado at Denver Department of Continuing Engineering Education.  Subject matter addressed 
includes: 


 Overview of Environmental Laws 
 Erosion and Sediment Control and Channel Stability 
 Receiving Water Impacts of Pollutant Discharges 
 General Surface Water and Groundwater Quantity and Quality Issues 
 Stormwater Quality Management 
 Urban Hydrology 
 Design of Urban Drainage Systems 
 Hydrology and Hydraulics 
 Floodplain Management 
 Multipurpose Drainage Design 
 Risk Assessment and Benefit/Cost Analysis 
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OTHER EXPERIENCE 


U.S. Environmental Protection Agency, Washington, D.C., 1979 to 1981 (approximately 1/3 time 
while a college student.)  Comparison of engineering and economic feasibility of land treatment with 
other forms of municipal wastewater treatment.  Guidance to communities concerning acceptable 
application rates of municipal sludge from the standpoint of nitrate loading. Guidance to communities 
concerning fee simple acquisition versus leasing of land required for land treatment wastewater 
systems.  Prepared reports relating to ―innovative and alternative‖ forms of wastewater treatment.  
Reclamation of strip-mined areas in Pennsylvania utilizing domestic sludge as a fertilizer and soil 
conditioner.  Onsite wastewater treatment. 


PROFESSIONAL ACTIVITIES AND AWARDS 


Chairman of National Committee currently preparing guidance on public safety at stormwater 
management facilities for the American Society of Civil Engineers, American Public Works 
Association, National Association of Floodplain and Stormwater Management Agencies, Water 
Environment Federation, American Society of Landscape Architects and American Water Resources 
Association (2011). 


Member Board of Directors, Urban Water Resources Institute (term started in 2006). 


Associate editor of March 2011 edition of IMPACT magazine, a publication of the American Water 
Resources Association.  Associate editor of multiple issues since 2001. 


Member of Expert Panel Regarding Santa Susana Field Laboratory Stormwater Runoff—Assessing 
stormwater runoff and water quality issues at an industrial site in Southern California that must meet 
strict numeric standards for multiple constituents. 


Advisory Committee Member to the University of Virginia and Colorado State University Departments 
of Civil and Environmental Engineering (previously), focused on curriculum and accreditation.  
Currently (2011) serving in this capacity at the University of Colorado–Boulder. 


Member of five-person Environmental Water Resources Institute (EWRI) panel to review draft 
manual of practice on urban stormwater controls, proposed for publication by Water Environment 
Federation (WEF) and the American Society of Civil Engineers (ASCE) in 2011. 


Reviewer for the guidance manual Urban Stormwater BMP Performance Monitoring for the United 
States Environmental Protection Agency, Water Environment Research Foundation, Federal 
Highway Administration, and Environmental and Water Resources Institute of the American Society 
of Civil Engineers, published October 2010 and available on the website of the International BMP 
Database (www.bmpdatabase.org). 


Member of Board of Directors of American Academy of Water Resources Engineers, three-year 
term, October 1, 2007–September 30, 2010. 


Member (appointed by the Governor of Colorado) of Cherry Creek Basin Water Quality Authority 
Board of Directors from 2006 to 2010.  Testimony before the Colorado Water Quality Control 
Commission on behalf of the Authority Board regarding adjustments to existing water quality 
standards in Cherry Creek Reservoir in 2010. 


Editor of Great Works on Urban Water Resources (1962–2001), published by the American Society 
of Civil Engineers and Environmental and Water Resources Institute, 2006 (887 pages). 
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Invited Reviewer Journal of Hydrology, 2006. 


Conference Chairman of Experiences with Urban Stormwater BMPs in Colorado Co-Sponsored by 
Denver Urban Drainage and Flood Control District and Colorado Association of Stormwater and 
Floodplain Managers; April 9, 2003, Denver, Colorado. 


Co-chairman of the August 2001 Conference:  Linking Stormwater BMP Designs and Performance to 
Receiving Water Impact Mitigation, Snowmass Village, Colorado, sponsored by the United 
Engineering Foundation, Environmental and Water Resources Institute of the American Society of 
Civil Engineers and U.S. Environmental Protection Agency.  (Proceedings available from ASCE, 
Reston, VA). 


Member of the research team conducting a 1999 study for the Water Environment Research 
Federation titled ―Protocol for Wet Weather Effect Assessment and Technology Performance 
Evaluation.‖  


Member of Conference Organizing Committee for the 1998 ASCE symposia in Chicago, Illinois, 
―Coordination:  Water Resources and Environment,‖ and ―Water Resources:  A New Era for 
Coordination.‖  Co-author of policy statement that emerged from symposia, which was signed by 
approximately fifteen senior members of ASCE regarding National Water Resources Policy, entitled:  
―A New Approach to Coordination of Water Development and Environmental Regulations.‖  
(Published by AWRA in 1999.) 


Technical Reviewer of Chapter 8 ―Engineering (Codes, Standards, Practices, Control and Protection 
Works),‖ in the Final Report of the Second National Assessment of Research Needs in Natural 
Disasters; published by the National Science Foundation in 1998. 


Contributing Author of the 1998 reference, Urban Runoff Quality Management, published by WEF 
and ASCE (WEF MOP No. 23 and ASCE MOP No. 87). 


Invited Member of Technical Review Committee for the Land and Water Fund Stormwater facility 
construction project in Boulder, Colorado (1 of 25 national pilot projects selected by the National 
Geographic Society), 1997 to 1998. 


Instructor at the WERF Workshop on ―Research Needs in Urban Stormwater‖ on October 5, 1996 at 
the Annual Meeting of the Water Environment Federation in Dallas, Texas.  Published June 1997. 


Invited Instructor for the ―Emerging Trends in Stormwater Quality‖ Workshop at the National Precast 
Concrete Association Annual Convention in Denver, Colorado, February 1997. 


Presenter at Town of Snowmass Village Seminar on ―Sediment and Erosion Control Techniques and 
Regulatory Requirements‖ on October 10, 1996 at the Snowmass Village Conference Center.   


Member of the research team selected by the EPA in 1998 to prepare the Guidance Manual for 
Integrated Wet Weather Flow Collection and Treatment Systems for Newly Urbanized Areas. Project 
directed by Dr. James Heaney with the University of Colorado in Boulder.   


Reviewer of submittals to the Water Environment Research Federation (WERF) publication titled 
Water Environment Research (late 1990s). 


Chairman and Principal Author of the 1992 American Society of Civil Engineers and Water 
Environment Federation Manual of Practice for the Design and Construction of Urban Stormwater 
Management Systems (ASCE MOP No. 77).  A Task Committee of approximately 100 engineers 
from around the United States and Canada prepared this document (724 pages), which was jointly 
published by ASCE and WEF. 
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Chairman of the ASCE Urban Water Resources Research Council (1992 to 1996) and Secretary of 
Council from 1989 to 1992.  Also, member of Special Committee (four members) of ASCE Water 
Resources Planning and Management Division to evaluate the future role of this Division, given 
ASCE’s 1996 ―Strategic Plan‖ for the future. 


Reviewer of the McGraw-Hill Handbook of Hydrology; David R. Maidment, Principal Editor, published 
by McGraw-Hill in 1993. 


Reviewer for the Water Environmental Research Federation and American Society of Civil Engineers 
of various draft technical and policy documents prepared by the U.S. Environmental Protection 
Agency and U.S. Army Corps of Engineers (USACE), in early-mid 1990s. 


Invited Reviewer of August, 1996 Draft EPA document titled ―Wet Weather Research Plan‖ (invited 
by the USEPA), through the ASCE Urban Water Resources Research Council). 


Session Chairman and Conference Co-Organizer of ―Effects of Watershed Development and 
Management on Aquatic Ecosystems‖ held at the Snowbird Resort in Utah, August 4-9, 1996.  Co-
sponsors:  American Society of Civil Engineers; Engineering Foundation, and U.S. Environmental 
Protection Agency (including financial support). 


Conference Organizing Committee Member and Session Chair of ―Effects of Watershed 
Development and Management on Aquatic Ecosystems,‖ Snowbird, Utah, 1996 funded by the EPA, 
APWA and United Engineering Foundation. 


Chairman of the February 1996 conference in Denver, Colorado, entitled, ―Planners, Engineers, and 
Waterways,‖ sponsored by ASCE, AWRA, AWWA, CDOW, ASLA, APA, UDFCD, DRCOG and other 
organizations. 


Reviewer of Greenways, A Guide to Planning, Design and Development.  Published by the 
Conservation Fund, Flink, C.A. and R. M. Searns.  1995. 


Reviewer of U.S. Army Corps of Engineers Handbook for Stormwater Pollution Prevention Plans at 
the request of the Civil Engineering Research Foundation.  1995. 


Session Chairman of Stormwater NPDES Related Monitoring Needs.  Conference sponsored by the 
EPA, Engineering Foundation and ASCE in Crested Butte, Colorado, August 1994. 


Chairman of the national conference entitled:  ―National Water Resources Regulation - Where is the 
Pendulum Now?‖ sponsored by American Society of Civil Engineers, American Bar Association, U.S. 
Environmental Protection Agency, U.S. Geological Survey, U.S. Army Corps of Engineers, American 
Water Resources Association, American Geophysical Union, American Public Works Association 
and others, held in Washington, D.C., on January 31-February 1, 1994. 


Liaison between the ASCE Urban Water Resources Research Council and ASCE’s Water 
Resources Planning and Management Division for the organization of the May 1993 Annual Meeting 
of the ASCE Water Resources Planning & Management Division in Seattle, Washington. 


Reviewer for the Irrigation and Drainage Engineering journal published by the American Society of 
Civil Engineers (early 1990s). 


Conference Co-chairman of the Effects of Urban Runoff on Receiving Systems:  An Interdisciplinary 
Analysis of Impacts, Monitoring and Management, Mount Crested Butte, Colorado, August 4-9, 
1991.  Sponsored by Engineering Foundation, ASCE, and WPCF with speaker funding provided by 
EPA. 
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Program Co-chairman of the ―Colorado Environmental Regulation—Where is the Pendulum Now?‖  
Two-day conference sponsored by the Colorado Bar Association, ASCE, APWA, AWRA, WPCA, 
CGWA, CHWS and UDFCD; April 24-25, 1991, Denver, Colorado. 


Invited Engineering Consultant to provide verbal and written presentation titled ―Technical and 
Engineering Aspects of EPA Stormwater NPDES Regulations‖ prepared for the Utility Water Act 
group—a consortium of American Electrical Power Companies (February 1991). 


Technical Reviewer for Van Nostrand Reinhold Publishing Company, New York, New York.  1991. 


Control Group Member of the ASCE Task Committee to Evaluate Impacts to Aquatic Life Forms 
Posed by Urban Runoff Pollution. (1990-1991). 


Adviser to the Water Environment Federation and American Society of Civil Engineers on Continuing 
Engineering Education Programs, 1989-1991. 


Technical Reviewer for Prentice-Hall in 1990. 


State of Colorado Board of Registration for Professional Engineers and Land Surveyors.  Consultant 
for the investigation of professional practice charges against professional engineers (late 1980s).  


Program Chairman of the October 1988 Denver Metropolitan Area Urban Runoff Quality Conference 
held at the Stapleton Airport Holiday Inn (Cosponsored by ASCE/APWA/AWRA and Denver Urban 
Drainage & Flood Control District). 


Member, Conference Organizing Committee and Session Chairman of the American Society of Civil 
Engineers and Engineering Foundation, EPA Conference on Urban Runoff Quality Mitigation 
Measures held at Trout Lodge in Potosi, Missouri in July 1988. 


Reviewer of professional papers for the ASCE Journal of Water Resources Planning and 
Management Division (1986 and 1987). 


Session Chairman of the ASCE/Engineering Foundation/EPA Conference:  ―Urban Runoff Quality:  
Its Impacts, Quality and Enhancement.‖  Henniker, New Hampshire.  1986. 


Representative Awards 


2007 Land Stewardship Award and the 2007 President's Award of Excellence in Design by the 
Colorado Chapter of The American Society of Landscape Architects, 2007, for WWE’s work with 
Design Studios West on the Estes Park Riverwalk.  


Engineering Excellence Honor Award from the American Consulting Engineers Council of Nebraska, 
2006, for the urban drainage study WWE performed for the City of Lincoln, Nebraska, as a 
subconsultant to JEO Consulting Group along with Black & Veatch and the Heartland Center for 
Leadership Development. 


Recipient of Environmental and Water Resources Institute 2005 Urban Water Resources Research 
Council Award for Outstanding Service. 


Recipient of 2003 American Society of Civil Engineers State-of-the-Art Civil Engineering Award.  Co-
recipients Eric Strecker, P.E. Geosyntec and Ben Urbonas, P.E. Urban Drainage and Flood Control 
District for development of the USEPA/ASCE International Stormwater BMP Database. 
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Corporate and Staff Awards for Wright Water Engineers, Inc. (WWE) CEO and major owner of 
WWE, which has received various awards including the 1996 Colorado Ethics in Business Award, 
1999 Society of Financial Professionals National Ethics Award, and project and staff awards from 
such organizations as the American Consulting Engineers Council, Colorado Association of 
Stormwater and Floodplain Managers, and Colorado Department of Public Health and Environment, 
among others. 


REPRESENTATIVE RECENT PRESENTATIONS 
(Note:  Some of the publications described in the next section were presented at conferences.) 


Santa Susana Field Laboratory Expert Panel—Presentations at approximately eight public meetings 
and Los Angeles Region Water Quality Board hearings from 2009 through 2011 in Ventura County, 
California.  Two presentations on Panel activities and advanced stormwater management practices 
at 2011 annual meeting of California Association of Stormwater Quality Agencies (CASQA) in 
Monterey in September 2011. 


Guest Lecturer, University of Colorado–Boulder, Department of Civil and Environmental Engineering, 
Senior Design Class (2010 and 2011). 


Guest Speaker, University of Colorado Student Chapter of ASCE.  ―From School to Work.‖  
February 7, 2011. 


Presenter Water Environment Research Foundation ―Green Infrastructure‖ Webcast. Quantifying 
Performance, Costs, and Multiple Benefits. December 7, 2010. 


Seminar at UCLA ―Rocky Flats Environmental Test Site Closure Approach,‖ seminar for graduate 
and undergraduate students and faculty of the Department of Civil and Environmental Engineering, 
November 30, 2010. 


Speaker at the July 15, 2009 meeting of the Kansas City Chapter of the American Public Works 
Association, ―Emerging Trends in Water Resources.‖ 


Presenter at the 2009 American Society of Landscape Architects Colorado Spring Conference: Tools 
for Change, ―Keeping It Clean‖ Trends in Water Resources,‖ May 15, 2009, University of Denver. 


Speaker on ―Interstate Water Supply/Quality Conflicts and Consensus‖ at the conference ―Our Water 
Future: A Regional View—Sharing Information, Exchanging Ideas‖ sponsored by the Tri-State Water 
Coalition, Missouri State University, and the Watershed Committee of the Ozarks, Joplin, Missouri, 
September 11–12, 2008. 


Speaker at American Ecological Engineering Society Conference On ―Urban Stormwater Quality 
Management: Contemporary Issues‖ at ―Beyond Wetlands: Engineering the Landscape.‖  
Conference of the American Ecological Engineering Society, Virginia Polytechnic Institute and State 
University, Blacksburg, Virginia, June 11. 2008. 


Keynote Speaker at the Missouri Floodplain and Stormwater Managers Association conference, 
Lake of Ozarks, Missouri, April 8, 2008. 


Presenter at ―Current Issues in Storm Water Management in Colorado‖, February 29, 2008, Denver, 
Colorado, Lorman Education Services. 


Presenter at USEPA BMP Performance Webcast, February 6, 2008 (webcast slides can be 
downloaded from USEPA Stormwater NPDES Permit website).  
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Presenter Seminar on Emerging Issues in Water Resources Engineering, U.S. Environmental 
Protection Agency Research Laboratory, Edison, New Jersey, January 31, 2008. 


PUBLICATIONS 


Clary, Jane, Marc  Leisenring, Aaron Poresky, Andrew Earles, and Jonathan Jones.  2011.  ‖BMP 
Performance Analysis Results for the Interntional Stormwater BMP Database.‖  Bearing 
Knowledge for Sustainability: Proc. of the 2011 World Environmental and Water Resources 
Congress. 


Clary, Jane, M. Quigley, A Poresky, A Earles, E Strecker, M Leisenring, and J. Jones.  2011.  
‖Integration of Low Impact Development into the International Stormwater BMP Database.‖  
Journal of Irrigation and Drainage Engineering.  Vol. 137, No. 3.  March. 


Guo, James C.Y., J. Jones, and A. Earles.  2010.  ―Method of Superimposition for Suction Force on 
Trash Rack.‖  Journal of Irrigation and Drainage Engineering. Vol. 136, No. 11.  November. 


Clary, Jane, M. Quigley, A. Earles, J. Jones, E. Strecker and A. Poresky.  2010.  ‖Expanding the 
Internetaional Stormater BMP Database Reporting, Monitoring and Performance Anaysis 
Protocols to Include Low Impact Development (Part 1).  Proc. of the 2010 International Low 
Impact Development Conference, April 11–14, 2010.  San Francisco. 


Clary, Jane, and Jon Jones.  2010  ‖Challenges in Attaining Recreational Water Quality:  Can the 
Standards Be Met?‖  Impact.  Vol. 12, No. 2.  March (published by AWRA). 


Jones, Jonathan.  2010.  ‖Zero Impact Development.‖  Impact.  Vol. 12, No. 2.  March (published by 
AWRA). 


Guo, James C.Y., and J. Jones  2010.  ―Pinning Force during Closure Process at Blocked Pipe 
Entrance.‖  Jounal of Irrigation and Drainage Engineering.  February. Vol. 136, No. 2. 


Clary, Jane, J. Jones, and A. Earles.  2009.  ―Trends in Water Resources Changing the Landscape.‖  
Colorado Green, Vol. 25, No. 6.  November/December. 


Clary, J.K., T.A. Earles, J.E. Jones, J. O’Brien, and B. Urbonas.  2009.  Expanding the International 
Stormwater BMP Database Reporting, Monitoring and Performance Analysis Protocols to 
Include Low Impact Development.  Proc. CASFM 20


th
 Annual Conference, Crested Butte, CO.  


September. 


Clary, J., M. Quigley, A. Earles, M. Leisenring, E. Strecker, and J. Jones.  2009.  ―Integration of Low 
Impact Development Studies into the International Stormwater BMP Database.‖  Great Rivers: 
Proc. of American Society of Civil Engineers Environmental and Water Resources Institute, 
World Environmental and Water Resources Congress. Kansas City, Missouri, May 17–21.  


Clary, J., J. Jones, and B. Urbonas. 2009.  ―Challenges in Attaining Recreational Stream Standards 
for Bacteria: Setting Realistic Expectations for Management Policies and BMPs.‖  Great Rivers: 
Proc. of American Society of Civil Engineers Environmental and Water Resources Institute) 
World Environmental and Water Resources Congress, Kansas City, Missouri, May 17–21.  


Clary, J.,  J.E. Jones, M. Quigley, and E. Strecker.  2008.  ―The International Stormwater BMP 
Database: What’s in It for You?‖ Proc. of Environmental and Water Resources Institute World 
Congress 2008, Honolulu, Hawaii.  May. 
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Clary, J., C. Haines, and J. Jones.  2008.  ―Green Building Alternatives to Rainwater Harvesting in 
Colorado.‖  U.S. Green Building Council, Colorado Chapter Newsletter.  May, 2008.  


Clary, J., J. Jones, B. Urbonas, M. Quigley, E. Strecker, and T. Wagner.  2008.  ―Can Stormwater 
BMPs Remove Bacteria?  New Findings from the International Stormwater BMP Database.‖  
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2008.  Vol. 9, No. 1. 


Strecker, E., J. Clary, M. Quigley, and J. Jones.  2007.  ―International Stormwater BMP Database 
Update.‖  The Water Report.  November 15, 2007. 


Clary, J., M. Quigley, J. Jones, and E. Strecker.  2007.  ―International Stormwater BMP Database 
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Federation Technical Exhibition and Conference, San Diego, CA.  October 13—17. 


Clary, J., J. Jones, E. Strecker, and M. Quigley.  2007.  ―Coalition Enhances International Stomwater 
BMP Database.‖  EWRI Currents.  Fall.  Vol. 9, No. 4. 
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Database Protocols.‖  Urban Water Management.  July  
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Mountainous Areas.‖  Proc. of the 5th International Coference on Urban Watershed 
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2007. 
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and Floodplain Managers Annual Conference, Glenwood Springs, CO, September 27-29, 2006. 
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Prioritization in Lincoln, Nebraska.‖  Stormwater.  May/June. Vol. 7, No. 3. 


Clary, J.K., J.E. Jones, E.S. Strecker, and M. Quigley.  2006.  ―Documented Performance: 
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Practices.‖ Civil Engineering News. February. 
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Stormwater.  January/February 2006.  Vol. 7, No. 1. 


Jones, J.E., T. A. Earles, T. Browning, B. Hyde, D. Hartman, B. DeGroot, B. Urbonas.  2005.  ―Flood 
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21-23, 2005. 
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