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Introduction 

Managing stormwater quality is complex because there are many interrelated aspects to consider when making 

informed decisions that are cost-effective and meaningful. To address those challenges, the Los Angeles County 

Flood Control District through a joint effort with U.S. Environmental Protection Agency (EPA) has developed the 

Watershed Management Modeling System (WMMS), for which the ultimate goal is to identify cost-effective 

water quality improvement projects through an integrated, watershed-based approach. The WMMS encompasses 

Los Angeles County’s coastal watersheds of approximately 3,100 square miles, which is composed of more than 

80 incorporated cities and unincorporated county areas. The area includes all the major watersheds for which total 

maximum daily loads (TMDLs) have been developed or are being developed. The process for developing TMDL 

implementation plans and the expectations of the Regional Water Quality Control Board are still evolving, with 

an increasing emphasis on the necessity for quantifying load reductions to show that attainment can be achieved 

as a result of implementing best management practices (BMPs) specified in the plans. That effort was a multi-

phased approach. Phase I set forth to (1) identify relevant existing bodies of work that have already been 

conducted throughout the study area, (2) standardize the modeling methods and assumptions associated with the 

various work products, and (3) establish a consistent analytical basis for conducting effective and meaningful 

comparisons for each area relative to others in the region. 

 

Existing bodies of work included several TMDLs that were developed for multiple river segments for pollutants 

(including nutrients, metals, and bacteria) in the Los Angeles County regional watershed area. Urban runoff and 

stormwater were identified as the primary pollutant sources for these TMDLs. Phase I of that effort culminated in 

a comprehensive watershed model of the entire study area that included the unique hydrologic and hydraulic 

behavior of the system and characterization of water quality loading, fate, and transport throughout the system for 

all the key TMDL constituents (Tetra Tech 2010a, 2010b). An important outcome of the Phase I modeling was a 

standardized model that provided a consistent analytical medium for relative comparison of existing condition 

loading and potential load reduction benefit, because the underlying models were then based on unified 

assumptions and responses. 

 

Upon completion of the comprehensive watershed model, Phase II of the effort built on the Phase I body of work 

with the objective of characterizing management opportunity in the study area, in terms of both projected 

pollutant reduction benefit and cost. Traditional TMDL development typically relies on iterative trial-and-error 

modeling approaches for achieving water quality objectives. Considering the tremendous implementation costs 

within this highly urbanized context, a key objective of the Phase II effort was to enhance the WMMS 

functionality to be able to identify TMDL implementation options that are both financially efficient while 

attaining water quality objectives. As a result, the model development included mapping climate and land cover 

variability, BMP treatment opportunities, and a range of viable options at a high degree of spatial resolution 

(2,655 subwatersheds), with water quality targets at 186 unique TMDL attainment points within the in-stream 

network. Because simulation-optimization problems at such a scale have been an unsolvable problem for decades, 

this study applied a new algorithm named Nonlinearity-Interval Mapping Scheme (NIMS) developed during this 

study, which was used to optimize management under various risk tolerance levels for achieving TMDL 

attainment with minimum BMP implementation cost. The results of this study show a promising trend for future 

watershed-scale optimal TMDL development and implementation plan formulation. 

 

Management opportunity primarily focused on structural BMPs in terms of (1) smaller distributed green 

infrastructure and (2) larger centralized management facilities. Local cost information was compiled and 

synthesized to be able to assign a dollar value to each type of management activity. Because a single management 

practice can have both flow and water quality benefit that varies by pollutant, the ability to dynamically model the 

system response in the context of the larger watershed model was an important design consideration for the 

modeling approach. Furthermore, recognizing that location matters, the ability to link the spatial orientation of 

management activity relative to downstream attainment points was another important design consideration. The 

Los Angeles County WMMS was specifically designed to dynamically evaluate upland management strategies for 
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meeting downstream control targets that minimize cost and maximize benefit. The tool was not intended to be 

prescriptive of exactly where and what type of management practice; nevertheless, it does (1) provide guidance as 

to relative costs and benefits of implementing management practices at different locations, (2) identify what kind 

of treatment capacity is necessary and how it might be optimally distributed upstream of an assessment point, and 

(3) demonstrate model sensitivity of the system to the optimization objective (in terms of the stringency of the 

water quality attainment target). The system provides a robust analytical platform for investigating interactive 

management strategies throughout the study area. For example, WMMS has recently been applied in developing a 

water quality design storm (Tetra Tech 2011). Figure 1 is a conceptual schematic of how various layers of 

information are integrated in WMMS for evaluating management alternatives using optimization. Phase I 

involved configuring the baseline calibration model of the existing condition. The model was later refined to 

include existing hydromodifications in the watershed, which included reservoirs and spreading grounds. Those 

elements were also included as part of the optimization baseline condition, because they provide some degree of 

water quality management. The optimization baseline is also designed to evolve with time as planned 

management activities are implemented in the watershed, improving water quality and changing the baseline for 

future management planning. The system was set up to evaluate both distributed BMPs and centralized BMPs as 

exploratory management alternatives. The water quality standard itself is also a variable that can be evaluated 

with this system in terms of model sensitivity to the stringency of the standard. 

 

 
Figure 1. Conceptual schematic of the WMMS optimization platform for evaluating management alternatives. 

 

This report summarizes the Phase II development effort and outlines various aspects of the methodology. It first 

begins with a description of the model updates that were undertaken at the onset of Phase I. Those updates 

included adding existing hydromodifications (i.e., reservoirs and spreading grounds) throughout the study area. 

Second, the report briefly describes the supporting data and background information and defines some of the key 

concepts and analytical components of the WMMS, and how each component is integrated for problem solving 

and optimization. Third, the report provides both a detailed proof-of-concept application of the watershed-scale 

optimization and results from full-scale application to the entire study area. The report concludes with a summary 

of lessons learned. Note that this document only briefly summarizes background information from the Phase I 

watershed model development effort. For a comprehensive description, see the previous hydrologic and water 

quality modeling reports (Tetra Tech 2010a, 2010b). 
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Model Reconfiguration for Existing Hydromodifications 

The Los Angeles County regional watersheds include certain hydromodifications in the drainage network. Those 

include centralized BMPs (such as extended detention basins, infiltration basins, and wetlands), spreading 

grounds, and reservoirs—the latter two have the most notable influence on flow conditions. An inventory of 

centralized BMP throughout the study area was solicited from stakeholder communities in the study area. A form 

was provided to each city for it to provide critical information about its structures. Criteria were established to 

determine which structures would be included. A centralized BMP was considered to be significant if all the 

following were true: 

 An individual or cluster of centralized BMPs treat an area larger than 100 acres 

 The drainage area for a single BMP is more than 50 percent impervious 

 The BMP or cluster of BMPs is shown to provide 100 percent containment of the 85
th
 percentile rainfall 

event (in terms of peak flow or volume reduction) 

 

A total of 104 BMPs (27 centralized and 77 distributed) were reported from the survey after removing duplicated 

survey results. There were enough data provided to georeference 25 centralized BMPs, of which 5 included 

sufficient size and outflow device information, as listed in Table 1. Because the drainage areas of these facilities 

were negligible compared to the more influential spreading grounds, they were not explicitly represented in the 

model. However, these facilities served as the basis for sizing and characterizing the representative centralized 

BMP, as described in the section about Centralized BMP Cost Functions. 

 
Table 1. BMP facilities used to characterize the representative centralized BMP 

Attribute 

Tuxford Green 
Hydrodynamic 

Separator & 
Cisterns 

(C01) 

Discovery 
Sports Complex 

Infiltration 
Basin (C03) 

Sun Valley Park 
Infiltration 

Basins  
(C04) 

PD2507 Water 
Quality Basin & 

Sand Filter 
(C24) 

PD2529 Water 
Quality Basin & 

Sand Filter 
(C25) 

Drainage area (acres) 1,400 62 35 150 365 

Surface area (ft
2
) 4,356 39,200 65,340 32,000 91,000 

Bottom area (ft
2
) 4,356 39,200 65,340 9,600 48,000 

Depth (ft) 20 13.5 10 17 26 

 

On the basis of those selection criteria, all the existing spreading grounds throughout the county can be considered 

as significant centralized BMPs because they service drainage areas larger than 100 acres. Other centralized BMP 

information from only a handful of locations was received. Although they were not explicitly represented in the 

model, the data were used to estimate typical dimensions and configurations of representative centralized BMPs 

to be considered as supplemental storage during watershed-scale optimization. In August 2010, the Phase I report 

was amended to reflect how hydromodifications for (1) spreading grounds and (2) reservoirs were represented in 

the model. Figure 2 shows that about 50 percent of the study area is affected one way or another by a spreading 

ground. For that reason, spreading grounds were explicitly represented in the model as part of the baseline 

simulation and calibration run. In addition to the two reservoirs that were originally included in the Santa Clara 

watershed, 14 additional reservoirs had sufficient information for inclusion in the model. Figure 3 is a map 

showing the approximate locations of the 14 reservoirs in their respective watersheds. Although the reservoirs 

were included in the network, it was possible to calibrate them only for the periods for which both operational 

data and time series of in-stream flow were available. The period with common data for comparison was 

10/1/1988 (the start of the reservoir operations datasets) through 12/31/2006 (the end of the modeling time 

period). 
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Figure 2. Locations, drainage areas, and aerial footprints of spreading grounds. 
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Figure 3. Locations of major reservoirs in Los Angeles County. 

 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling  

 

 

6 

Definition of Key Analytical Components and Concepts 

WMMS for Los Angeles County includes specific changes that were implemented to create a truly regionalized 

modeling approach that takes advantage of the strengths of previous modeling efforts, addresses identified 

weaknesses, and builds on the collective efforts and advances of the past few years. Tetra Tech performed a 

detailed evaluation of all the previous modeling efforts to evaluate and characterize similarities and differences. 

The key analytical concepts and analytical components described in this section include (1) land use 

representation, (2) weather data representation, (3) Management Categories, (4) Management Levels, (6) BMP 

cost functions, and (5) Degree of Practice. All those analytical components and concepts work together to 

constitute the watershed-scale simulation-optimization platform applied in this study. 

Land Use Representation 

Available spatial data were further refined to account for potential differences in soil hydrologic group and slope. 

The unique combination of land use, soil type, and slope represents a hydrologic response unit (HRU) for 

watershed modeling. The HRU approach simplifies the selection of model parameters and provides a clear 

physical basis for parameter assignment. Figure 4 is a map of the HRU distribution throughout the study area. 

Weather Data Representation 

The Flood Control District maintains a network of a few hundred rainfall gages that are part of an early flood 

warning system. Of the 400+ gages, 148 high-quality gages were selected and processed for the watershed model, 

as shown in Figure 5. Additional details regarding both land use representation and weather data representation 

are provided in the Phase I modeling reports. 

 

The baseline hydrology modeling results integrate both land use and weather variation throughout the study area 

so that the model’s responsiveness varies in a way that closely resembles the spatial variation of the watershed. 

The Phase I modeling effort also tested and demonstrated the sensitivity of hydrology and pollutant loading to 

variations in land use and weather throughout the study area. For example, the model sensitivity tests showed that 

the watershed that receives the most precipitation was not the one that experiences the most runoff; but rather, 

runoff potential was shown to be a function of precipitation and land use. Figure 6 is a map of modeled average 

unit-area runoff volume for the entire watershed, with subwatershed 6325 identified as the subwatershed with the 

highest runoff potential. That subwatershed is in the foothills of the San Gabriel Mountains and is largely made up 

of a large, impervious area of an interchange to Interstate 210. The watershed can be characterized as the critical 

condition watershed for stormwater runoff, meaning that it is the watershed with the highest runoff potential. 

Similar types of sensitivity analyses were used to derive the threshold boundaries for Management Categories and 

Management Levels, which are described in the next two sections. 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling 
 

 

 
 

7 

 
Figure 4. HRU representation in Los Angeles County regional watersheds. 
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Figure 5. Precipitation gage network for the Los Angeles County regional watersheds. 
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Figure 6. Modeled average unit-area runoff volume for the entire watershed. 
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Management Categories 

Watershed-based Management Categories were identified for planning BMP activities as a function of 

physiographic characteristics. Although a general overview is presented in the main body of this report, Appendix 

A presents the detailed methodology used to derive Management Categories. While HRUs represent the 

hydrologic response for individual land features, Management Categories describe the physiographic features 

such as impervious cover configuration and slope of a subwatershed. Management Categories are assigned within 

hydrologic boundaries (subwatersheds) because the associated factors that govern the selection and placement of 

structural BMPs in subwatersheds are hydrologic. Those factors include (1) total impervious area, (2) impervious 

density (dispersed or concentrated), (3) average slope of urban areas in the subwatershed (less than or greater than 

10 percent) and (4) average road density (high or low). Table 2 is a summary of Management Categories for the 

modeled subwatersheds. Figure 7 shows the total area distribution by Management Category. Most of the 

modeled county area is classified as Management Category C, meaning urban-concentrated impervious cover on 

moderate slope land with low road density. On the other hand, the Management Category covering the largest 

area is H, steep sloped, dispersed impervious cover, with low road density. Those areas are non-urban, 

undeveloped mountainous subwatersheds, with small pockets of impervious cover. 

 
Table 2. Summary for Management Categories for modeled subwatersheds 

ID 
Impervious 

cover 
Impervious 

configuration Road density Slope 
Area 

(acres) 
Percent 

Impervious 

A Urban Concentrated High road density Moderate 92,083 68% 

B Urban Concentrated Low road density Steep 72,528 27% 

C Urban Concentrated Low road density Moderate 346,637 59% 

D Urban Dispersed Low road density Steep 261,072 19% 

E Urban Dispersed Low road density Moderate 176,470 37% 

F Non-Urban Concentrated Low road density Steep 53,215 0.8% 

G Non-Urban Concentrated Low road density Moderate 5,138 2.2% 

H Non-Urban Dispersed Low road density Steep 928,664 0.5% 

I Non-Urban Dispersed Low road density Moderate 57,387 0.3% 

 

 
Figure 7. Total area distribution by Management Category. 
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Management Levels 

The Management Levels concept was established as a way to characterize the cost-benefit relationship with 

increasing degrees of distributed BMP implementation. Although a general overview is presented in the main 

body of this report, Appendix C presents the detailed methodology used to derive Management Levels. The 

product of that analytical component was a series of cost-effectiveness curves for every subwatershed in the study 

area. A cost-effectiveness curve represents the highest expected pollutant reduction benefit at each lowest-cost 

interval. EPA’s System for Urban Subwatershed Treatment and Analysis Integration (SUSTAIN) was used to 

model BMP performance and cost-benefit optimization for the analysis using the aggregate BMP approach 

(USEPA 2009). BMP sizing varied as a function of upstream impervious area. A schematic of possible treatment 

pathways for the Management Categories is presented in Figure 8. Figure 9 is an example of a cost-effectiveness 

curve for a hypothetical subwatershed derived using five Management Level intervals. 

 

 
Figure 8. Generalized treatment pathways framework for defining Management Levels. 

 

 

 
Figure 9. Example of a cost-effectiveness curve derived using five Management Level intervals. 
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Management Level 5 represents the maximum feasible treatment that can be achieved using distributed BMPs in a 

given subwatershed. Management Levels 1 through 4 represent 20 percent intervals of the maximum feasible 

treatment defined by Level 5. Figure 9 is typical of what is seen in cost-effectiveness curves derived using actual 

data. Note that each point along the curve represents an optimized set of BMP sizes and locations in a 

subwatershed. Although load reduction percentages are at equal intervals, implementation cost increases non-

linearly with increasing reduction. In other words, marginal cost (in terms of dollars per mass of pollutant 

removed) increases with increasing load reduction. 

 

Figure 10 conceptualizes the interaction between Management Categories and Management Levels. Management 

Categories are spatial classifications assigned by subwatershed, while Management Levels represent different 

intensities of BMP implementation in a given Management Category subwatershed. 

 
Figure 10. Conceptual relationships between Management Categories and Management Levels. 

 

BMP Cost Representation 

BMP cost data are necessary for cost-benefit optimization analysis. Locally derived cost information also helps to 

ensure that the optimization results are both reasonable and realistic estimates. Because optimization involves 
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scalable cost functions were developed as a function of the unit size components of the BMPs, such as area, 

depth, and volume. BMP costs were developed for both distributed and centralized BMPs. Although a general 

overview is presented in the main body of this report, Appendix B describes in detail how the cost functions were 

derived. 

Distributed BMP Cost Functions 

For comparison purposes, an extensive literature search (USEPA 2003; Brown and Schueler 1997; Coffman et al. 

1999; CASQA 2003; Hathaway and Hunt 2007; Landphair et al. 2000; NCHRP 2005) was performed to identify 

existing cost functions for the BMP types previously shown in the Figure 8 schematic. Where local data were not 

available, literature sources were used. The cost functions for distributed BMPs are 20-year life cycle costs that 

include (1) initial construction cost (year 0) and (2) operation and maintenance (O&M) costs (annualized present 

value for year 1 through year 20). No land acquisition costs are included because it was assumed that distributed 

BMPs would be implemented on private land by the respective landowner or trustee. An interest rate of 5 percent 

(commonly accepted value) was used to convert 20-year annual costs to present value. 
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Construction costs can be estimated using the following generic equation by applying the cost assumptions for 

construction processes and components: 

 

                     ( )    ( )     (  )     (  )    (  )  (1) 

 

where L = length of BMP (ft); A = surface area of BMP (ft
2
); Vt = total volume of BMP (ft

3
); Vm = media volume 

of BMP (ft
3
); Vu = underdrain volume of BMP (ft

3
). The ax coefficients are unique by BMP type and location. 

BMP design, project planning, and construction mobilization costs are assumed to be proportional to Construction 

Cost. For this study, the costs were assumed to be 60 percent of the construction cost according to the recent Los 

Angeles County local vendor bid history. 

 

Pervious pavement annual O&M costs were assumed to be $0.0059 per square foot in 2009 dollars (USEPA 

1999), while bioretention O&M costs were assumed to be 4 percent of the construction cost (CASQA 2003). 

O&M costs for rain barrels were assumed to be negligible and were therefore not considered. Table 3 shows the 

20-year life cycle cost components that were used in the model. As BMP sizes varied during optimization to 

derive the Management Levels, those cost components were applied to calculate the associated costs accordingly. 

 
Table 3. 20-year life cycle cost components for distributed BMPs 

Land use BMP 

Cost distribution by component 

Area 
($/ft

2
) 

Total volume 
($/ft

3
) 

Media volume 
($/ft

3
) 

Underdrain 
($/ft

3
) 

Transportation Bioretention (without underdrain) 11.206 3.31 5.83 0.00 

Residential 
Rain barrel 0.000 34.40 0.00 0.00 

Bioretention (with underdrain) 13.241 3.31 5.83 4.04 

Commercial, 
Industrial, 
Institutional 

Pervious pavement 
(without underdrain) 

21.994 0.00 0.00 3.08 

Bioretention (with underdrain) 13.241 3.31 5.83 4.04 

 

Centralized BMP Cost Functions 

The construction of large centralized BMP facilities was also considered in this study. Data analysis and model 

sensitivity testing both suggest that it is impossible to achieve 100 percent attainment at all locations using only 

distributed BMPs. An analysis of all available centralized BMP data (size, configuration, and expected 

performance) was performed. In addition, it was recognized that land acquisition is often necessary for placement 

and construction of the facilities. An average land cost of $2.55 million/acre was used to calculate land cost 

(Cutter et al. 2008). 

 

Depending on where the centralized BMP is placed, the performance and potential capture volume changes. 

Construction costs were calculated using the relationship shown below (CASQA 2003): 

 

                    (        )         (      )       (2) 

 

Where volume is specified in units of cubic-feet. Notice that the exponent is less than one, meaning that there are 

some economies of scale achieved with larger facilities. To better manage uncertainty associated with BMP 

placement and size, a standard unit centralized BMP was developed on the basis of the analysis of some available 

existing centralized BMPs in the county, as previously described in the Model Reconfiguration for Existing 

Hydromodifications section. Figure 11 is a schematic of the unit-centralized BMP that was assumed for this 

study. 
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Figure 11. Unit-centralized BMP representation. 

 

 

 

Maintenance costs for extended dry detention facilities are approximated to be about 4 percent of the initial 

capital cost per year (CASQA 2003). As a result, the present value (PV) of the maintenance cost over the life of 

the project is 

 

    (        )                         (        )    *(  
 

(   ) 
) (

 

 
)+  (3) 

 

where n is the number of years in the life of the project (assumed to be 20 years in this study) and i is the interest 

rate for inflation. Consistent with the distributed BMP cost estimates, an interest rate of 0.05 was used. 

 

By using a unit-centralized BMP, nonlinearity was removed from the cost estimate. Instead of sizing and placing 

individual facilities, the required additional runoff capture volume for attainment could be represented by the 

number of unit-centralized BMPs. Considering the BMP configuration shown in Figure 11, land acquisition cost 

is calculated as $2.55 million x 17.4 acres = $44.3 million. BMP construction cost is calculated as $12.4 million x 

(33.4 acre-feet)
0.76

 = $0.6 million. For maintenance costs, the present value of a 20-year annualized cost using a 5 

percent interest rate = 0.04 x $0.6 million x 12.462 = $0.3 million. Therefore, a life cycle cost estimate of a unit-

centralized BMP = $44.3 + $0.6 + $0.3 = $45.2 million. Because land acquisition cost represents over 98 percent 

of the total BMP cost and construction and maintenance cost represents 2 percent of total cost, the impact of any 

potential economies of scale realizable in the construction costs is minimal; therefore, using a standard unit-

centralized BMP provides both a simple and meaningful estimator for centralized BMP cost. 

Degree of Practice 

TMDL targets are specified as in-stream concentrations. Given the dynamics of the concentration values and the 

considerable, often elusively quantifiable uncertainty involved in watershed simulation models, it was important 

to have a way of measuring sensitivity of the modeled results for water quality standard attainment. Degree of 

Practice was a concept established to provide a risk-cost relationship for standard attainment, which differed 

slightly from the cost-effectiveness relationship previously established with the Management Levels. Five 
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Degrees of Practice were defined for this analysis. Table 4 defines the wet-weather allowable exceedance (risk 

tolerance) and TMDL attainment values associated with the five Degrees of Practice. 

 
Table 4. Degree of Practice wet-weather allowable exceedance and attainment 

Degree of Practice 
Wet-weather allowable exceedance 

(percent of time) 
Wet-weather TMDL attainment 

(percent of time) 

I 25% 75% 

II 15% 85% 

III 10% 90% 

IV 5% 95% 

V 0% 100% 

 

At the watershed scale, the model was formulated to reach attainment using a combination of distributed BMPs 

(Management Levels), with supplemental centralized BMPs where distributed BMPs were inadequate to achieve 

the desired frequency of water quality target attainment associated with a given Degree of Practice. As Degree of 

Practice increased (enforcing a higher in-stream percent wet-weather attainment), cost was expected to increase 

exponentially, as conceptualized in Figure 12. At the watershed planning scale, that information is being used to 

both (1) target and prioritize TMDL implementation areas and (2) serve as a platform for identifying a cost-

effective Degrees of Practice that define the most cost-effective practice. 

 
Figure 12. Theoretical graph of cost versus Degree of Practice for targeted prioritization and defining MCP. 

 

Integrated Watershed-Scale Optimization Platform 

Each of the analytical building blocks has been defined and explained in the previous section. All those 

components were integrated to form a simulation-optimization modeling platform for evaluating the range of 

management options throughout the county. The primary objective of the WMMS is to be able to dynamically 

identify the required treatment capacity (or BMP storage) at the subwatershed scale that satisfies in-stream 

attainment of known water quality objectives. Cost-benefit optimization is underlying methodology used to 

navigate through the search space of management opportunities. Another objective of WMMS is to retain the 

resolution associated with continuous simulation as the basis for characterizing long-term BMP effectiveness. The 

continuous simulation and optimization BMP design approach can be divided into two steps: (1) small-scale BMP 
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optimization to derive Management Levels and (2) large-scale optimization of Management Levels based on 

TMDL attainment. Figure 13 below is a conceptual illustration of this approach and is outlined as follows. 

 

 
Figure 13. Continuous simulation and optimization BMP design approach for deriving BMP treatment capacity. 

 

Small-Scale Analysis 

1. Organize subwatersheds into Management Categories according to unique watershed characteristics that 

most influence the type of management that will be selected. 

2. Identify potential BMP opportunity (volume = area x depth) and tabulate associated costs. 

3. Derive Management Levels for each Management Category. Use cost-benefit optimization to derive a 

cost-effectiveness curve of the BMP opportunity space (maximum reduction at minimum-cost intervals). 

Each Management Level has a fixed BMP treatment capacity. 

 

Large-Scale Analysis 

1. Determine the existing condition concentrations and water quality standards at each attainment point (by 

location and pollutant combination). 

2. Set desired Degree of Practice for water quality attainment. This is an allowable wet-weather exceedance 

criterion (risk tolerance) for each water quality standard for each location. 

3. Determine the optimum Management Level required to satisfy attainment at the specified Degree of 

Practice. 

4. The resulting Management Level for each subwatershed can be translated into BMP treatment capacity 

(BMP size). 

 

Although a general overview of the extrapolation is presented here, Appendix C presents a detailed description of 

the entire methodology for both deriving and extrapolating Management Levels to the entire watershed. The 

large-scale watershed optimization model was formulated on the basis of the dynamic watershed simulation 

model for the Los Angeles County regional watersheds. The purpose of the optimization model is to find the 

optimal distribution of BMP treatment capacity in each of the 2,655 subwatersheds such that the TMDL targets 

for total nitrogen, total phosphorus, total copper, total lead, and total zinc are simultaneously met at more than 186 

uniquely identified TMDL attainment points throughout the county’s rivers and tributaries, for the lowest possible 

BMP implementation cost. The platform successfully establishes a numeric linkage between TMDL targets and 

BMP performance measures. 
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Simulation-Optimization Proof of Concept 

This section presents a proof of concept for watershed scale simulation-optimization. It first describes the 

computational algorithm that was developed to perform the large-scale optimization. Second, it presents a proof-

of-concept application of the approach on a smaller subset of the study area. The solution technique was tested 

and compared versus a conventional genetic algorithm using the smaller area. 

Problem Formulation for Large-Scale Optimization 

The large-scale watershed optimization algorithm described and applied here is a targeted optimization approach 

to determine the optimal subwatershed-specific treatment levels, which when combined, achieve the Degree of 

Practice at all attainment points at the lowest cost. 

Objective Function 





N

i

ii xFF
1

)(       (4) 

Where, N is the number of subwatersheds in management area; ix  is the decision variable of the watershed scale 
optimization problem, which represents the treatment level selected at subwatershed i; )( ii xF  is the cost function 
of subwatershed i corresponding to treatment level ix . 
 
In the present study, the cost function of each subwatershed was expressed as a quadratic function in the form 

)( ii xF = iiii xcxc 2

2

1       (5) 

Where 1ic and 2ic are the coefficients derived on the basis of fitting the results of the SUSTAIN analysis to a 

quadratic function. 

Constraints 

The primary constraint of the BMP optimization problem is the mass-based loading target at each attainment 

point 




),( ,,, kikikj RLLSPC
kjTMDL ,    (6) 

 
Where i represents source subwatershed, j represents attainment point, and k represents pollutant; kiL , represents 
the current loading level for pollutant k at source subwatershed i; kiR ,  represents the load reduction ratio for 
pollutant k at source i; ),( ,,, kikikj RLLSPC  is the simulated loading of pollutant k at attainment point j which 
results from the reduction ratio kiR , ; kjTMDL , is the TMDL for pollutant k at attainment point j; and ( , )I K   
represents the domain for integration consisting of all the sources and pollutants. 
 

Note the reduction ratios of each constituent in equation 6 are not the same as the treatment level in equations 4 

and 5, but they are related such as 

kiR , =bi,kxi       (7) 

 

Where bi,k is the translational coefficient that relates the reduction ratio of pollutant k at subwatershed i to the 

treatment level at subwatershed i. 

 

Additional constraints involve setting the feasible bound of the reduction ratio to prevent obtaining unrealistic 

solutions: 
u

ii Xx 0  

 

Where 
u

iX is the maximum allowable treatment level at subwatershed i. 
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Putting the objective function and constraints together, the watershed scale optimization can thus be formulated as 

)( 
1

2

2

1



N

i

iiii xcxcFMin    (8a) 




),( ,,, kikikj RLLSPC
kjTMDL , ,  j,k  (8b) 

kiR , =bi,kxi          i,k     (8c) 

u

ii Xx 0 , i     (8d) 

 

Because the loading generation function, ),( ,,, kikikj RLLSPC , is continuously simulated using LSPC, which 

represents the routing of flows, and pollutants kinetic processes that are nonlinear, the optimization model as 

represented by equation 8 is a nonlinear simulation-optimization model. 

 

The solvability of the simulation-optimization model depends on the computational time involved in running 

LSPC. For a small scale model where each LSPC run requires approximately 1 minute of computational time, it is 

possible to solve the model using global optimization algorithms such as Genetic Algorithms (GA), Simulated 

Annealing (SA), Scatter Search (SS), Evolutionary Algorithms (EA) or some combination of the global 

optimization algorithms and traditional nonlinear optimization algorithms. However, for Los Angeles County, the 

execution of one simulation for the entire watershed takes approximately 10 hours on a Pentium Duo Core 2.66 

GHz computer, and the optimization model involves 2,655 subwatersheds, thus 2,655 decision variables. To solve 

such an optimization, model would involve running the LSPC model hundreds of thousands of times, and would 

require decades to centuries of computational time. That is clearly infeasible. 

 

A recent development in the nonlinear simulation-optimization field has resulted in a new algorithm that was 

shown to achieve optimal wasteload allocation in nonlinear water quality systems much more efficiently than 

previous algorithms (Zou et al. 2010). The method is called NIMS, and it involves mapping nonlinearity in the 

simulation model to intervals in an interval linear programming (ILP) equivalence. It employs the Risk-Explicit 

ILP algorithm to iteratively solve the ILP equivalence for the approximate optimal solutions of the original 

simulation-optimization model. Zou et al. (2010) demonstrate a case study for optimal TMDL allocation where 

both the NIMS and GA were applied to solve a CBOD and NH4 load reduction problem. The results indicate that 

while GA requires approximately 67 days to complete multiple restart scenarios for global optimization of the 

problem, the NIMS requires only about 6 hours to obtain solutions of similar optimality. Therefore, it is 

anticipated that the NIMS is the only viable solution algorithm for the Los Angeles County watershed large-scale 

optimization problem. By applying the NIMS, the nonlinear optimization model (8) is converted to 

)( 
1

2

2

1



N

i

iiii xcxcFMin    (9a) 

)1(,

1
,, iki

N

i

xba
kji






kjTMDL , ,  j,k         (9b) 

u

ii Xx 0 , i      (9c) 

 

Where, 


kji
a

,,
is the interval transfer coefficient of pollutant k loading at subwatershed i to attainment point j, which 

is derived from mapping the nonlinearity in the LSPC model to an interval matrix. 

 

Model (9) then can be solved using the multiple step NIMS algorithms as detailed in Zou et al. 2010. 
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Before the method is applied to solve the entire Los Angeles County watershed optimization problem, it was 

necessary to test it on a smaller scale problem described next. 

Simulation-Optimization Pilot Study 

Before embarking in the full-scale watershed optimization, the algorithm was tested using a small set of 

subwatersheds. That was done to (1) determine a suitable formulation of the problem, (2) test the nonlinearity-

interval mapping process, (3) evaluate the solvability of the resulted model, and (4) quantify the advantage of the 

solutions obtained by benchmark comparison to another commonly used optimization approach. The main 

purpose of the testing was to assess the feasibility of the process and to resolve the specifics of how the large-

scale optimization would be performed. A representative set of subwatersheds was selected, using the following 

guidance criteria: 

 Manageable number of subwatersheds, between 15 and 30 subwatersheds 

 Subwatersheds with a mix of HRUs 

 Subwatersheds that encompass a variety of Management Categories 

 

Figure 14 presents a schematic of the routing network for this example watershed with in-stream attainment 

points highlighted, while Figure 15, Figure 16, and Figure 17 show location and HRU distribution, Management 

Categories, and in-stream attainment point locations, respectively. 
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Figure 14. Routing network schematic for the example watershed. 
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Figure 15. Location and HRU distribution map for the example watershed. 
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Figure 16. Management Categories of the example watershed. 
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Figure 17. Reach network and location of attainment points for the example watershed. 
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Three nested attainment points (CP) were selected, at the outlets of reaches 6343, 6332, and 6326 (as shown in 

Figure 17, and previously highlighted in the Figure 14 routing schematic). Two different loading target scenarios 

were created, as shown in Table 5 and Table 6 

 
Table 5. TMDL targets at the three attainment points—Scenario 1 

Pollutant load 
(lb/yr) 

Attainment points 

6326 6332 6343 

TN 8,360 1,870 4,901 

TP 4,840 1,126 2,465 

Cu 29.40 7.52 5.16 

Pb 18.88 5.28 1.29 

Zn 204.40 54.12 21.68 

 
 

Table 6. TMDL targets at the three attainment points—Scenario 2 

Pollutant load 
(lb/yr) 

Attainment points 

6326 6332 6343 

TN 9,823 1,700 4,715 

TP 5,687 1,024 2,370 

Cu 34.55 6.84 4.97 

Pb 22.18 4.80 1.25 

Zn 240.17 49.20 20.85 

 

 

As previously described for Management Levels, SUSTAIN was used to generate small-scale cost-effectiveness 

curve relationships for each of the 24 subwatersheds. At the large watershed scale, the objective function was 

formulated to minimize TMDL implementation cost, subject to constraints of spatially variable pollutant load 

reduction targets for the five pollutants. The NIMS-based simulation-optimization formulation for the pilot area 

was solved for both Scenario 1 and Scenario 2. The two simulation-optimization solutions were also compared 

against two conventional (manual trial-and-error) methods as described below: 

1. Uniform Management Level reduction in each subwatershed until the target reduction at all three 

attainment points was achieved. That is similar to the approach taken to map the upper limit of the 

optimization search space. 

2. Apply the same average Unit Area Loading (UAL) reduction per subwatershed until the target reduction 

at all three attainment points was achieved. That results in different Management Levels among 

subwatersheds because of land use variation. 

 

The optimal NIMS reduction and the two conventional TMDL reduction are shown in Figure 18 for Scenario 1. 

Similarly, Scenario 2 was analyzed using the same optimization approach. However, for Scenario 2 it was 

possible to apply a rough spatially variable manual reduction because the targets at the upstream attainment point 

6332 were significantly more stringent than the downstream point 6326 and the parallel point 6343. Therefore, it 

was natural to reduce more load from the sources of 6332 to meet the target there, which minimized the need for 

additional reductions at the other two attainment points. The same two approaches for the uniform reduction and 

the UAL-based manual reduction were implemented for this scenario. The resulting manual reduction and optimal 

reductions are shown in Figure 19. Table 7 compares the total cost of implementing Scenarios 1 and 2 and 

confirms that the NIMS-based targeted simulation-optimization approach shows a notable savings in TMDL 

implementation cost relative to the two conventional allocation approaches. 
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Figure 18. Comparison of manual and optimal reduction ratio distribution across subwatersheds for Scenario 1. 
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Figure 19. Comparison of manual and optimal reduction ratio distribution across subwatersheds for Scenario 2. 
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Table 7. TMDL implementation cost by scenario 

TMDL allocation approach 
Scenario 1 

(million) 
Scenario 2 

(million) 

Uniform Management Level $97.0 $78.3 

Uniform Unit Area Load Reduction $116.0 $122.3 

Simulation-Optimization Solution (NIMS) $92.0 $76.6 

 

The pilot watershed is a relatively small system, and the target values were specified in a relatively simple way to 

allow for easy manual reduction analysis. When applied to the entire Los Angeles County watersheds area, the 

scale is much larger (2,655 subwatersheds), and the TMDL targets are specified at 186 unique attainment points 

corresponding to individual stream outlets along listed stream segments. At the small scale, the NIMS solution 

technique arrived at a solution within a matter of minutes. As will be seen in the next section, the efficiency of the 

simulation-optimization approach was truly realized at the larger watershed scale both in terms of computation 

speed and cost savings associated with the derived solutions, which was in the order of billions of dollars. 

Large-Scale, County-Wide Application 

The analytical components discussed thus far have described the series of steps culminating in an integrated 

watershed-scale optimization platform. Each of those components represents a discrete building block for which 

physical data have been used to determine ranges of behavior and expected responses or outcomes. The proof-of-

concept application has also shown the potential for significant computational savings that the NIMS approach 

provides. 

 

One can use various ways to navigate through the range of management options while searching for least-cost 

strategies that meet the management objectives. Recall that for each subwatershed, Management Levels represent 

discrete percent reductions at 20 percent intervals ranging from zero (baseline) to 100 percent (Level 5), which 

represents the maximum feasible set of practices for a given subwatershed. One way to navigate the search space 

is to apply a uniform Management Level to all subwatersheds while evaluating achievement of management 

objectives. The pilot study proof-of-concept demonstrated this approach at the small scale. That approach will be 

called the proportional approach in the remainder of this report. The proportional approach selects solutions from 

along the optimal cost-effectiveness curve for each subwatershed. Because Management Levels are subwatershed-

specific, uniformly selected solutions (implementation costs and benefits) are inherently proportional to the 

maximum feasible actions in a given subwatershed. The proportional approach can be used to test blanket 

management policies for achieving management objectives. Another way to navigate the search space is to select 

different Management Levels by subwatershed as needed to achieve the management objectives. The pilot study 

proof-of-concept also demonstrated this approach using the NIMS solution technique. The approach will be called 

the targeted approach for the remainder of this report. Figure 20 is a conceptual comparison of the proportional 

and targeted optimization approaches. 
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Figure 20. Proportional versus optimal scenario. 

 

Although the proportional and targeted scenarios both use solutions along the cost effectiveness curves in each 

subwatershed, the aggregated costs and benefits differ. For a given watershed-scale management objective, the 

targeted scenario will generally be achieved at a lower cost than the corresponding proportional scenario. If 

management objectives are defined as Degree of Practice, the difference between the proportional and targeted 

scenarios will also change as a function of Degree of Practice. The proportional scenario spatially distributes 

management activities uniformly according to what is possible within each subwatershed and intensifies 

management until management objectives at all attainment points are achieved. That is also the approach that was 

used for developing the water quality design storm (Tetra Tech 2011), because the objective of the design storm 

was to identify generalized guidance for management that spatially varied proportional to weather variation (i.e., a 

general rule). The proportional approach requires optimization only at the subwatershed level to derive 

Management Levels. Once the Management Level curves have been established, much less effort is required to 

proportionally scale Management Levels while evaluating compliance. However, that approach risks doing more 

management than necessary in certain parts of the watershed. 

 

On the other hand, the targeted approach is able to better identify locations where management is most effective 

toward attaining objectives. However, it is much more computationally intensive because Management Levels can 

freely vary by subwatershed. Nevertheless, the NIMS approach has been demonstrated as an extremely efficient 

and effective search technique for navigating the wide range of opportunity associated with targeted simulation-

optimization. The targeted scenario intensifies management upstream of attainment points where more 

management is needed. Under the targeted scenario, some individual subwatersheds could be managed at the 

lower end of the cost-effectiveness curve (or sometimes not at all), while others are managed at the higher end of 

the curve. When the aggregated management costs from all subwatersheds are summarized at the large-watershed 

scale, attainment cost increases as a function of Degree of Practice; however, the targeted scenario curve will 

generally plot lower than the proportional scenario curve, as conceptualized in Figure 21. At any given Degree of 

Practice, the difference between the proportional scenario and the targeted scenario is the opportunity cost of 

implementing a uniform management policy for all subwatersheds proportional to what is possible, relative to a 

spatially variable targeted solution. 
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Figure 21. Attainment cost as a function of Degree of Practice for proportional and targeted scenarios. 

 

The design storm report (Tetra Tech 2011) presents detailed results for management using the proportional 

approach; therefore, those results are not repeated in this document. Figure 22 is a cost-effectiveness plane that 

illustrates total cost of attainment for the proportional approach as a function of both Management Level and 

Degree of Practice. In two-dimensional space, the knee of the curve is typically used to identify the most cost-

effective point in the search space above which marginal cost increases dramatically. Because cost-effectiveness 

is being measured as a function of two variables that form a cost-effectiveness plane instead of a curve, the bowl 

of the plane is conceptual counter-part to the knee of the curve. The water quality design storm identified the a 

notable depression in the plane at Degree of Practice III and Management Level 3 (Tetra Tech, 2011). It is 

important to note that in the pilot study application, the uniform Management Level approach (analogous to the 

proportional approach) produced solutions that were slightly more expensive than the optimal solution. Treatment 

levels for some of the subwatersheds in Figure 18 and Figure 19 (proof-of-concept analysis) both suggest that 

they were managed more aggressively than necessary under the uniform Management Level solution versus the 

optimal NIMS solution. The plane shown in Figure 22 actually represents the upper bound of the simulation-

optimization search space. When NIMS is applied to the entire study area, optimal solutions that strategically 

target certain subwatersheds at different Management Levels will plot in the space somewhere beneath the upper 

surface of the search domain. When using the targeted approach, Degree of Practice is fixed at all attainment 

points, while Management Level is allowed to freely vary as needed by subwatershed. This section presents two 

targeted optimization scenario results for the entire Los Angeles regional watershed area at Degrees of Practice II 

and III. 
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Figure 22. Total attainment cost for uniform application of distributed and centralized BMPs by Management Levels and 

Degrees of Practice. 

 

Spatial Distribution of Optimal Treatment Capacity 

A unique Management Level curve was derived for each of the 2,655 subwatersheds. Although Management 

Level rules were derived for urban subwatersheds only, those within the non-urban Management Categories F 

through I were assigned the rules corresponding to their respective urban counterparts (B through E). Although 

Management Levels were discrete points, regression analysis was performed to derive continuous cost-benefit 

functions and the flow-pollutant load reduction correlations that were used as the forcing functions for NIMS. 

Because the NIMS functions are continuous, it is possible for the NIMS solution to select a performance level that 

falls between two discrete Management Level points. The results of the optimization were translated from 

Management Level, expressed as percent flow reduction, to a treatment depth (i.e., depth of storage required per 

impervious acre) for each subwatershed. As previously noted, Degree of Practice (i.e., allowable exceedance 

criteria) is set to be the same at every attainment point in the network; however, the required treatment depth is 

allowed to freely vary as needed by subwatershed. The design storm report suggests that the most cost-effective 

practice involved treating runoff associated with rainfall events between the 85
th
 and 90

th
 percentile, which closely 

matches Degrees of Practice II and III (Tetra Tech 2011). Figure 23 and Figure 24 present NIMS-targeted optimal 

treatment capacity depths by subwatershed for Degrees of Practice II and III, respectively. For each of two those 

maps, the attainment of water quality objectives, as specified by the Degree of Practice (85 and 90 percent 

attainment, respectively), is achieved using only distributed BMPs. No centralized facilities were required. That is 

because the optimization process targets critical areas with a higher Management Level to attain the management 

objectives at the lowest cost. 
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Figure 23. Optimal treatment depth by subwatershed for Degree of Practice II. 
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Figure 24. Optimal treatment depth by subwatershed for Degree of Practice III.  
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Figure 25 shows proportional scenario Management Level transects versus targeted optimal solutions at Degrees 

of Practice II and III. Those transects are also two-dimensional versions of the ones graph previously shown in 

three dimensions as Figure 22, looking in from the lower-left side. Notice that among the Management Level 

transects, total attainment cost increases nonlinearly with increasing Degree of Practice. While attainment is 

achieved using only distributed BMPs for Degrees of Practice I through III, the trend in the optimization results 

suggests that attainment for Degrees of Practice IV and V would require additional centralized BMPs to attain the 

specified water quality objectives. The total implementation costs presented in Figure 25 include both distributed 

and centralized BMP costs as necessary. 

 

 
Figure 25. Proportional scenario Management Level transects versus targeted optimal solutions at Degrees of Practice II 

and III. 

 

For each Degree of Practice, it is interesting to note that only selected subwatersheds were targeted for 

management to attain management objectives. Those subwatersheds tend to be the ones closest to the impaired 

attainment points. The spatial plots presented in Figure 23 and Figure 24 further demonstrate the solution 

technique’s ability to effectively link upstream management actions to downstream management objectives. 

 

Those simulation results were also summarized in terms of average treatment capacity utilization for the various 

urban Management Categories. Figure 26 contains graphs of actual urban Management Category area distribution 

and the total available treatment capacity distribution (for Management Level 5) for the Los Angeles County 

regional watersheds. Figure 27 shows the percent use for the two targeted management scenarios for Degrees of 

Practice II and III. It is interesting to note the differences between the areas that were prioritized for management 

under Degree of Practice II versus III. Management Category D (dispersed, low road density, steep slopes) was 

the least used at Degree of Practice II, suggesting that it is the least cost-effective category to management 

because it probably has a relatively lower baseline loading profile. Note that Management Categories A, C, and E 

(all moderate sloped areas) were preferentially used in both scenarios because moderate sloped areas tend to be 

where development is most concentrated, making treatment more cost effective. At Degree of Practice III, 

Management Category A was the most used of the Management Categories, indicating its relative cost-

effectiveness at achieving the required Degree of Practice. Of the steep-sloped Management Categories, B 
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(concentrated imperviousness) was more used than D (dispersed imperviousness). That was further confirmation 

of the relative cost-effectiveness of B over D. Figure 28 shows area-normalized average treatment capacity as a 

depth by Management Category for the proportional scenario as well as the two targeted scenarios for each 

Degree of Practice. 

 

 
Figure 26. Total area and treatment capacity distribution by urban Management Category. 

 

 

 
Figure 27. Treatment capacity use by Management Category for Degrees of Practice II and III optimization runs. 
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Figure 28. Average treatment depth by Management Category for Degrees of Practice II and III. 

 

Figure 28 shows that on average, the total required treatment depth is higher for Degree of Practice III than for II. 

While the graph shows an average by subwatershed, the actual spatial analysis shows that some areas of the same 

Management Category are treated at a higher Management Level than others. Several interesting trends are worth 

noting at this point. First, notice the large increases in treatment depth between Degree of Practice II and III for 

Management Category A compared to the relatively small increase for Management Category D. Rather than 

simply scaling solutions proportionally from a lower Degree of Practice, the figure illustrates how optimal 

selected practices by subwatershed associated with incrementally increasing Degree of Practice are targeted based 

on Management Category through evaluation of cost-effectiveness. That is because of a number of reasons, some 

of which are listed below: 

 The solution technique selects Management Levels as optimal solutions from along the cost-effectiveness 

curves associated with each subwatershed. 

 The combination of selected optimal Management Levels is evaluated against downstream attainment 

points draining multiple subwatersheds. 

 Downstream attainment is assessed for multiple pollutants; therefore, what might achieve attainment for 

one pollutant at a given Degree of Practice might not achieve attainment for another pollutant, thereby 

requiring a different combination of selected optimal Management Levels among upstream 

subwatersheds. 

 

For those reasons, applying the simulation-optimization management approach in an adaptive management 

context is recommended. As constructive management actions are taken in the watershed, and their effects are 

incorporated into a new model baseline condition, rerunning the large-scale optimization approach will provide an 

effective way of planning for optimal future management. 

 

It is also important to note that the two targeted optimal solutions for Degrees of Practice II and III were able to 

achieve attainment at their corresponding objectives by using only distributed BMPs. Evaluating other 

opportunities in the search space suggests that Degrees of Practice IV and V will require additional centralized 

BMPs to attain management objectives at those Degrees of Practice. 
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Small-Scale BMP Validation: Proportional Versus Targeted Optimal 

In 2009 a pilot application study was performed to evaluate the costs and benefits of various BMPs for managing 

stormwater (Tetra Tech 2009). For that study, two adjacent subwatersheds, 6355 and 6374, both in the Los 

Angeles River watershed were selected. Watershed-scale targeted optimization solutions in those two 

subwatersheds (for Degree of Practice II and III) did not recommend any BMP selections; however, because the 

proportional scenario included a level for all urban subwatersheds, results for Management Level 3 for the two 

subwatersheds are presented below in Table 8. 

 
Table 8. Management Level 3 proportional scenario BMP selections for subwatersheds 6355 and 6374 

Land group BMP type 

Number of units (Management Category) 

6355 (MC-A) 6374 (MC-B) 

Residential 
Rain Barrel 0 0 

Bioretention 337 97 

Commercial, 
Industrial, 
Institutional 

Porous Pavement 108 28 

Bioretention 22 67 

Transportation 
Bioretention 136 17 

Bioretention 220 65 

 
Figure 29 and Figure 30 show the pilot area and some neighboring subwatersheds within the larger Los Angeles 

River routing network. Because the targeted solution varies Management Level selections by subwatershed for 

attainment evaluation at the attainment points, the figures show that other nearby subwatersheds that contribute to 

the attainment points have BMP selections. In Figure 29, the attainment points immediately downstream of 

subwatersheds 6355 and 6374 do not require load reduction at 85 percent attainment (Degree of Practice II). In 

Figure 30, the attainment points immediately downstream of subwatersheds 6355 and 6374 require some load 

reduction to meet attainment; however, the targeted optimal solution found it more cost-effective to manage other 

upstream subwatersheds instead of subwatersheds 6355 and 6374. Because the attainment points are also nested 

within a network, achieving attainment at an upstream location sometimes automatically provides attainment at 

downstream locations. 

 

Subwatershed 6389 upstream of the pilot study subwatersheds was selected for presenting both the Degree of 

Practice II and III optimal solutions. The targeted optimal solutions both identified the subwatershed for 

distributed BMP management. A table of the proportional solution and targeted optimal solutions is presented 

below as Table 9 for comparison. 
 
Table 9. Subwatershed 6389 (MC-A) BMP selections for the targeted optimal at DoP-II and III, versus the proportional 

scenario at Management Level 3 and DoP-III 

Land use type BMP type 

Number of units 

Targeted optimal 
DoP-II 

Targeted optimal 
DoP-III 

Proportional scenario 
(ML3) 

Residential 
Rain Barrel 0 0 937 

Bioretention 0 191 206 

Commercial, 
Industrial, 
Institutional 

Porous Pavement 4 177 177 

Bioretention 2 36 139 

Transportation 
Bioretention 2 109 109 

Bioretention 8 268 268 
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Figure 29. Example optimal solution for Degree of Practice II. 
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Figure 30. Example optimal solution for Degree of Practice III. 
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Figure 31 compares proportional scenario implementation costs for distributed BMPs with NIMS-targeted 

optimal solution costs at Degrees of Practice II and III. For subwatershed 6389, optimal BMP implementation for 

Degree of Practice II falls well below that of Management Level 1 for the same subwatershed. BMP 

implementation for Degree of Practice III falls between Management Levels 3 and 4. As previously noted, the 

targeted optimal scenario produces solutions that fall between discrete Management Levels because it uses a 

continuous regression-derived equation for selecting Management Levels. 

 

 
Figure 31. Subwatershed 6389 treatment costs for proportional versus optimal solutions. 

 

While the pilot application study delivered a cost-effective BMP implementation plan for achieving TMDL 

targets, the study area was limited to two subwatersheds with a combined drainage area of 3.4 square miles. Cost-

effectiveness within the context of the larger regional watershed was not considered. As demonstrated in Figure 

29 and Figure 30, selection of subwatersheds 6355 or 6374 for treatment under the proportional scenario would 

produce a solution that was less cost-effective in the larger context of the Los Angeles River watershed. While 

developing the optimal solutions, it was determined that it was more cost-effective to treat other subwatersheds 

upstream of the attainment points because they resulted in more cost-effective impact than treating subwatersheds 

6355 or 6374. The integrated watershed simulation-optimization framework makes it possible to better 

characterize the interactions between watershed loading, in-stream routing, and attainment of water quality 

management objectives at the watershed scale. 

Summary and Conclusions 

The WMMS approach and application represents a robust analytical platform for watershed-scale management 

planning. The previously completed watershed modeling efforts (Tetra Tech 2010a, 2010b) provided a good 

foundation for simulation-optimization because they unified previous management efforts in the county into a 

platform with consistent modeling assumptions and configurations. The Phase I model also increased the spatial 

resolution of land use, soil properties, slope, and climate variability, which yielded a higher degree of spatial 

resolution in the baseline runoff and pollutant load representation. Upon completion of the comprehensive 
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watershed model, the objective of Phase II was for characterizing management opportunity in the study area, in 

terms of both projected pollutant reduction benefit and cost. Because simulation-optimization problems at this 

scale have been an unsolvable problem for decades, this study applied a new algorithm—NIMS—developed 

during this study, which was used to optimize management under various risk tolerance levels for achieving 

TMDL attainment with minimum BMP implementation cost. The results of this study show a promising trend for 

future watershed scale optimal TMDL and implementation plan development. A number of key lessons were 

learned through this effort: 

 Increasing the model resolution associated with the HRU and weather data representation provides a 

modeling platform that is able to better characterize the high degree of natural variation in the study area. 

 Dividing the analytical environment into manageable components such as Management Categories, 

Management Levels, cost functions, and Degrees of Practice made it is possible to test the sensitivity of 

each of the components in terms of load reduction and implementation cost associated with attaining 

water quality objectives. 

 One can navigate many ways through the search space associated with management opportunities, and the 

selected pathway depends on management objectives. 

 It is valuable to consider proportional and targeted optimization approaches because other social 

influences or economic constraints might need to be factored into management decision making. 

 The NIMS approach is an extremely efficient technique that makes it possible to attain insights associated 

with solving large-scale, simulation-optimization problems. 

 

The integrated continuous simulation and optimization BMP design approach provides many advantages for 

comprehensive watershed-scale analysis. First, the long-term, continuous simulation allows for a robust testing 

and understanding of BMP effectiveness under a wide range of conditions. Second, using the attainment target as 

a requirement that drives the BMP sizing ensures that the final result has taken into consideration the need to 

address existing TMDL objectives. Finally, the use of optimization techniques provides opportunities to identify 

cost-effective combinations of management strategies that are spatially optimized to ensure the highest likelihood 

of TMDL attainment at the lowest cost. Using the simulation-optimization solution technique to strategically 

target individual subwatersheds for management also represents a promising approach that could change the way 

practitioners plan and implement TMDL management activities. 
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Appendix A: Defining Management Categories 

Management Categories were developed as the basis for defining how different areas of the watershed would be 

managed. Management Categories consider the physical and land use characteristics and constraints of the subject 

area, and are based on key physiographic characteristics that influence the selection of BMPs. Sensitivity analyses 

of the existing condition model suggested that the most important factors for differentiating Management 

Categories were: (1) the amount of impervious cover, (2) impervious density configuration, (3) road density, and 

(4) land slope. This appendix first describes the GIS and database analyses that were applied to classify each of 

the 2,655 subbasins into a particular Management Category in terms of those four factors. Next, it shows how 

representative subwatersheds were identified and selected for subsequently defining Management Levels.   

 

Impervious Cover 

Subbasins were classified as high-impervious and low-impervious. Impervious cover refers to the relative amount 

of the total subbasin area that is impervious. It is calculated as a percentage of total subbasin area (Equation A-1).  

 

Impervious Cover Percent = (Total Impervious Area / Total Subbasin Area)  100 (A-1) 

 

Impervious cover was selected as a key Management Category characteristic because it was expected that the 

management of pollutant controls will be focused on those subbasins with greater imperviousness per unit area. A 

subbasin was classified as having a high impervious cover if the overall percent impervious was greater than 5 

percent. This threshold was selected because the presence of impervious area typically becomes discernable on 

subwatershed runoff hydrographs when more than 5 percent of the area is impervious. Figure A-1 is a conceptual 

representation of two types of urban subwatersheds with 5 percent impervious cover and different impervious 

density configurations (density configuration classification is described in the next section). About 30 percent of 

the subbasins are classified as ―low-impervious,‖ and the remaining 70 percent as ―high-impervious.‖ Figure A-2 

shows a map of the impervious cover throughout the basin. Figure A-3 shows the dichotomized impervious cover 

Management Category classification of the subbasins. 

  

 
Figure A-1. Conceptual representation of two types of urban subwatersheds. 
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Figure A-2. Impervious cover for watersheds in Los Angeles County. 
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Figure A-3. Dichotomized impervious cover Management Category component classification by subbasin. 
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Impervious Density Configuration 

Subbasins were dichotomized as concentrated or dispersed. This classification refers to the configuration of 

impervious cover in a subwatershed. Concentrated subbasins have urban development that has little available 

space within the development where large-scale centralized storm water treatment BMPs can be implemented. 

Dispersed subbasins have urban development that is less constrained in this respect. Impervious density was 

defined as the relative amount of impervious area within the urban area of the subbasin. It is calculated as a 

percentage of the subbasin’s urban area (Equation A-2).  

 

   Impervious Density Percent = (Urban Impervious Area / Total Urban Area)  100 (A-2) 

 

Subbasins were classified as concentrated if the impervious urban density was greater than 50 percent.  All other 

subbasins were categorized as dispersed. For this exercise, the land uses classified as urban were: high density 

single family residential, low density single family residential, multiple family residential, commercial, 

institutional, industrial, and transportation. Open recreational, agriculture, vacant and water land uses were 

classified as non-urban. Fifty percent was chosen as a logical threshold between concentrated and dispersed 

imperviousness. Assuming a perfectly uniform distributed impervious cover of 50 percent (as conceptualized in 

the center checker-board panel of Figure A-4), densities greater than 50 percent have no choice but to be 

concentrated, relative to densities less than 50 percent. Of course, it is possible to have clusters of imperviousness 

concentrated in pockets of the watershed; however, this check is confined strictly to urban portions of 

subwatersheds to better manage classification. Those with more than 50 percent urban imperviousness are 

classified as concentrated because their urban areas are expected to be more constrained with regards to the type, 

placement and size of BMPs than dispersed subwatersheds.  

 

 
Figure A-4. Conceptual distributions for impervious density configuration. 

 

 

Figure A-5 shows the dichotomized impervious density configuration classification of the subbasins.  
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Figure A-5. Dichotomized impervious density configuration by subbasin classification. 
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Land Slope 

Urban land slope was selected as a key Management Category feature because steep slopes are expected to have 

different considerations for selection and performance of BMPs than moderate slopes. The average slope of the 

urban areas of each subbasin was calculated using GIS. Those subasins where the average urban slope was greater 

than 10 percent were classified as steep. This threshold was selected upon review of local and national building 

ordinances that impose certain development restrictions for lots with average slopes above 10 to 15 percent slope. 

For example, the City of Santa Clarita has a ridgeline preservation / hillside development ordinance that applies to 

projects on lots having an average slope of 10 percent or more. The ordinance is designed to protect the natural 

ridgelines within the City and to ensure positive site design. The City of Pasadena reduces building footprints and 

requires retaining walls to be constructed on certain lots with slopes greater than 15 percent. For such reasons a 

threshold of 10 percent was selected for slope classification. Subwatersheds where the average urban slope was 

less or equal to 10 percent were classified as moderate. About 60 percent of 2,655 subbasins were classified as 

moderate, and the remaining 40 percent as steep. Figure A-6 shows a map of the land slope throughout the basin. 

Figure A-7 shows the dichotomized urban slope classification of the subbasins.  
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Figure A-6. Percent slopes for watersheds in Los Angeles County  
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Figure A-7. Dichotomized urban slope Management Category classification 
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Road Density 

Road density was the fourth key physical characteristic used in the definition of Management Categories per 

subbasin because road density was thought to be a surrogate indicator for traffic volume, which indicates 

increased pollutant generation potential.  The objective was to categorize subbasins into two classes based on 

density of roads within their boundaries as low and high. The road density is defined as the area of the road 

pavements within unit area of the subbasin. Two GIS layers, one corresponding to major roads covering interstate 

and state highways, and second one for all roads, were used for this analysis. First step towards determining the 

road density was to estimate the average width of each road. Google Earth’s measuring tool was used to find out 

the average widths of the major roads.  In general, the major Interstates and US Route 1 had an average width of 

about 40 meters, while State Routes and Business Interstate Route 5 had an average width of 20 meters.   These 

estimates can be further refined if and when actual road width or traffic volume attribute data becomes available. 

 

Roads other than major highways showed greater variation in terms of road widths.  Since road width attribute 

information was not available, a few roads were spot checked and measured from aerial photographs.  Some 

general inferences about average road width from these measurements could be made, and extrapolated to the 

other unmeasured roads using the road type as named (e.g. avenue, street, boulevard). It was observed that though 

there were about 65 types of roads present in Los Angeles area, more than half of them cover only very small 

portion of the area, less than 0.01 percent of the total road length. These road types were identified by 

summarizing the lengths of different road types. All the roads that only contribute less than 0.01 percent were 

assigned an average width of 8 m (assuming one lane of traffic in each direction). Two or three representative 

features were selected for each of other road types and their widths were estimated using Google Earth’s 

measuring tool. The majority of these roads were found to have an average of about 8 meters, except for roads 

named ―avenue,‖ ―boulevard,‖ and ―street.‖ The widths of these types were assigned as 10, 16, and 10 meters, 

respectively. As pollutant contribution from road types like trails, park roads, walkways, etc. are negligible (due 

to lower vehicle transport use); therefore, their widths were assigned as 1 meter. 

 

Once the roads were assigned an average width, the total area of the roads within each subbasin and 

corresponding road density (road area/subbasin area) were computed. Based on this initial analysis, a cutoff for 

road density was defined as 3 percent. Figure A-8 shows the dichotomized road density classification of the 

subbasins. 
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Figure A-8. Dichotomized road density Management Category component classification by subbasin. 
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When the four key characteristics that define the Management Categories are combined, they form 16 possible 

combinations. Of those 16, only 9 combinations in the study area had subwatersheds associated with them. Table 

A-10 presents the definitions of the nine Management Category groups. Table A-11 summarizes land area 

distribution associated with each Management Category. Figure A-9 shows the classification of subwatersheds 

into Management Category groups. 

  
Table A-10. Definition of Management Categories 

ID Impervious cover Impervious configuration Road density Slope Code 

A Urban Concentrated High road density Moderate 1110 

B Urban Concentrated Low road density Steep 1101 

C Urban Concentrated Low road density Moderate 1100 

D Urban Dispersed Low road density Steep 1001 

E Urban Dispersed Low road density Moderate 1000 

F Non-Urban Concentrated Low road density Steep 0101 

G Non-Urban Concentrated Low road density Moderate 0100 

H Non-Urban Dispersed Low road density Steep 0001 

I Non-Urban Dispersed Low road density Moderate 0000 

 

 
Table A-11. Summary of land area associated with each Management Category 

ID Code 
Area 

(acres) 

Total impervious 
area 

(acres) 

Urban area 
(acres) 

Impervious 
urban area 

(acres) 

Pervious urban 
area 

(acres) 

A 1110 92,083             62,823             89,795             62,610             27,185  

B 1101 72,528             19,854             34,371             19,646             14,725  

C 1100 346,637           205,573           329,448           203,742           125,706  

D 1001 261,072             50,358           146,019             48,733             97,286  

E 1000 176,470             67,238           159,709             65,872             93,838  

F 0101 53,215                   841               1,174                   412                   762  

G 0100 5,138                   187                   190                   115                     75  

H 0001 928,664             10,458             46,930               4,468             42,462  

I 0000 57,387                   197               3,067                   164               2,902  
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Figure A-9. Assignment of Management Categories by subwatershed. 
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Sensitivity Analysis of Model Results by Management Category 

After assigning individual subwatersheds to the different Management Categories, a set of sensitivity runs were 

performed to characterize the responsiveness of the model. First, the existing condition model results were 

summarized by Management Category as a basis for comparison for the other sensitivity analyses. Second, the 

model was run using the fixed critical condition weather pattern as the forcing function to show the 

responsiveness of the model to land cover (HRU) independent of weather pattern. Third, the results were 

summarized by percentile magnitude of precipitation (for the unique weather patterns as reflected in the model) to 

show the responsiveness of the model to weather alone. Finally, the baseline model run was summarized by a 

breakdown of the variable weather patterns (in terms of low, medium, and high precipitation) within each 

Management Category to show the combined response of the factors.  

 

Summary of Existing Condition Model Results 

This section presents the results of the loading analysis for the existing condition. The existing condition model 

uses the actual weather pattern per subwatershed (148 unique weather patterns) as well as the hydrologic response 

units (HRU) distribution for each subwatershed as defined in the baseline calibration model. Figure A-10 shows 

the baseline model surface runoff (in/year) for all Management Categories. Figure A-11 shows the baseline annual 

load of sediment (tons/ac/yr) for all Management Categories. Figure A-12 shows the baseline total Cu load 

(lb/acre/year) distribution for all Management Categories. The percentile ranges defined in these figures (and 

subsequent figures for this analysis) are slightly different from a traditional application of percentiles because they 

consider the cumulative load represented at each percentile interval. 

 

 
Figure A-10. Baseline average annual load ranges by Management Category for surface runoff (in/year). 
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Figure A-11. Baseline average annual load ranges by Management Category for sediment( tons/ac/year). 

 

 
Figure A-12. Baseline average annual load ranges by Management Category for Total Cu (lb/ac/year). 

 

Although the full set of pollutants involved in this analysis included TN, TP, TSS, Pb, Zn, and fecal coliform, 

total Cu was selected as the pollutant of choice to streamline presentation of analysis results for this section. The 

January 2009 Pilot Study report titled Pilot Application of the BMP Decision Support System in the County of Los 

Angeles also identified Cu as the limiting pollutant during optimization runs. 

 

Uniform Precipitation Response 

For this model run, one weather pattern (the one associated with the critical condition watershed described in the 

main body of this report and shown as Figure 6) was used to isolate land cover (i.e. HRU) response by 

Management Category. Figure A-13 shows the surface runoff by Management Category. Figure A-14 shows the 

average annual sediment load by Management Category. Figure A-15 shows the unit area loading distribution for 

a selected indicator pollutant (Total Cu) by Management Category. 
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Figure A-13. Average annual load ranges with fixed precipitation by Management Category for surface runoff (in/year). 

 

 
Figure A-14. Average annual load ranges with fixed precipitation by Management Category for sediment (tons/ac/year). 
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Figure A-15. Average annual load ranges with fixed precipitation by Management Category for total Cu (lb/ac/year). 

 

Comparing Figure A-10 with Figure A-13 and Figure A-12 with Figure A-15 shows that eliminating the influence 

of weather variability on subwatershed loading reduces the overlap of the loading ranges between Management 

Categories. One notable observation is the overall lower magnitude and tightness of variability for the runoff 

ranges associated with Management Categories F–I in Figure A-13. The highest band (95 percent) for F–1 is 

lower than the lowest band (5 percent) of any other Management Category. Notable differences were also 

observed in the unit area sediment loads. In Figure A-11 (baseline sediment load), the range of sediment loading 

was much larger for Management Categories F–I than for the urban Management Categories, highlighting the 

model’s ability to capture the nonlinear relationship between erosion and the rainfall/runoff volume. This varies 

much more significantly among the F–I categories. In the analysis with fixed precipitation, the range of loading 

was greatly reduced because the fixed precipitation value was not as high as some of the maximums that naturally 

occur in the mountainous areas. Also, in terms of Cu loading, the F–I middle quartiles (25 to 75 percent) do not 

overlap categories A, C, E, and D. Notice that only category B overlaps both E and D. Category B subwatersheds 

(steep, concentrated, low road density) are probably the most widely located among the categories, meaning that 

they also represent the widest variation of weather patterns in any single Management Category. For that reason, 

there is a wider variation of loading predicted for this category. Nonetheless, the classifying distinctions for 

Management Category B are important considerations because they govern the potential treatment strategies that 

can be applied in such areas. 

 

Variable Weather Pattern Response 

The objective of this modeling scenario is to evaluate the loading variability solely from differences in weather 

across the subwatersheds, independent of Management Category classification and physiographic characteristics. 

For this sensitivity run, the average HRU distribution was calculated for the entire Los Angeles County regional 

watershed area. The county-wide average HRU was then assigned to each subwatershed, regardless of the actual 

HRU distribution in each subwatershed. Though hypothetical in nature, this sensitivity run removed any 

variability caused by any geographical characteristics or differences. The actual weather data originally assigned 

to each subwatershed in the baseline model calibration was used for this run. The results represent loading 

variability attributable only to variations in weather patterns. It is important to note that both precipitation and 

evapotranspiration vary spatially across the watershed. For that reason, water yield percentage, computed as 

outflow volume (runoff + baseflow outflow) divided by total precipitation volume, could be a better indicator of 

loading potential than precipitation alone. Figure A-16 shows the surface runoff volume for each subwatershed as 

a function of rainfall percentile ranges; Figure A-17 shows the average annual sediment load; and Figure A-18 

shows the unit area loading distribution for Cu for each subwatershed. 
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Figure A-16. Baseline average annual load ranges by precipitation percentile range for surface runoff (in/year). 

 

 
Figure A-17. Baseline average annual load ranges by precipitation percentile range for sediment (tons/ac/year). 
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Figure A-18. Baseline average annual load ranges by precipitation percentile range for total Cu (lb/ac/year). 

 

Combined Weather Pattern and Management Category Response 

After assessing variability due to weather or physiographic differences alone, the two were combined to assess 

their synergistic effects. The weather patterns from all the subwatersheds for each Management Category were 

divided into thirds by volume of precipitation, with the first third representing the low magnitude of precipitation, 

the second third representing the mid magnitude of precipitation, and the final third representing the high 

magnitude of precipitation. Because precipitation varies among subwatersheds of the same Management 

Category, the actual precipitation intervals for the bins also vary. These weather patterns, together with the actual 

HRU distributions per subwatershed, were used to assess the unit area loads for all subwatersheds under the 

expected range of natural weather variability in the study area.  

 

Figure A-19 shows the variation in surface runoff for each of the precipitation scenarios by Management Category. 

Similarly, Figure A-20 and Figure A-21 show the annual average load sediment and Cu, respectively, for each of 

the precipitation scenarios by Management Category. In each of the three graphs, the average precipitation value 

for each bin is indicated in the precipitation series. 

 

 
 
Figure A-19. Average annual load ranges by Management Category and precipitation range for surface runoff (in/year). 
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Figure A-20. Average annual load ranges by Management Category and precipitation range for sediment (tons/ac/year). 

 

 
Figure A-21. Average annual load ranges by Management Category and precipitation range for total Cu (lb/ac/year). 

 

Summary of Observations from the Sensitivity Analyses 

The above graphs represent the full range of precipitation and load variation exhibited in the baseline model runs. 

A few interesting and notable trends are evident from careful examination: 

 Subwatersheds in Management Categories F–I receive the highest precipitation and produce the highest 

unit area loads in terms of total sediment load; however, the sediment-associated Cu load is still low 

compared with the five urban Management Categories. This suggests that optimizing management for 

these areas is probably a lower priority than for the five Urban Management Categories. 

 Management Category A (urban, concentrated, moderate slope, high road density) has some of the 

highest unit area runoff and Cu loading rates even though it is among the lowest in terms of total 

precipitation. This is because of the concentrated imperviousness and high road density. 
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 The highest precipitation range in Management Category B seems to break the trend of increasing mean, 

median, and inter-quartile runoff and Cu loading rates. This is because of the wide geographic spread of 

subwatersheds in this range. Some are in mountainous areas with high precipitation; however, the amount 

of urban impervious land is relatively smaller in those areas than in the lower-lying areas. That yields a 

much wider spread in the range of predicted unit area loads. 

 The total sediment loading rates are higher for the High group of subwatersheds in Management 

Categories B and D. This is because of 

o The wider spatial locations (and therefore precipitation variability) of these subwatersheds 

o The relatively higher percentage of vacant steep sloped HRUs, which are more susceptible to 

erosion 

Consequently, the average Cu unit area loading for Management Category B also has a lower mean and 

median unit area load but wider range of variation in terms of magnitude. 

 Because weather patterns vary so much across the study area and because the predicted unit area loads 

vary significantly with weather patterns, precipitation volume should also be included as an independent 

variable in the sizing criteria for BMPs in addition to total impervious area. This will ensure that 

associated costs of treatment are scalable and representative according to the expected pollutant delivery 

caused by rainfall runoff. 

 The relative order of runoff and loading tends to follow closely with the relative amount of impervious 

cover in each Management Category (ranking in order as A, C, E, B, and D). 

 Finally, this analysis lays the groundwork to ensure that the full range of variability inherent in the 

baseline model results (5 to 95 percent) will be represented in the selected subwatersheds for small-scale 

BMP modeling. 
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Selecting Representative Management Category Subwatersheds 

Recognizing the fact that the individual watersheds within and between Management Categories varied in size and 

magnitude of water yield or pollutant yield, the unit-area load interval distributions for the following analysis 

were determined for each Management Category by doing the following: 

1. Ranking the subwatersheds in order of increasing unit-area volume or unit-area load 

2. Tracking the cumulative volume/load associated with all subwatersheds within a given Management 

Category 

3. Identifying the unit-area load and subwatersheds associated with the cumulative volume/load at 5 percent, 

25 percent, 50 percent, 75 percent, and 95 percent of the total for subwatersheds in the Management 

Category 

 

The three-step sorting process described above can be presented in a graph like Figure A-22, which is a runoff 

distribution curve showing the full range of runoff volume variability for Management Category B as an example. 

This graph was created for each of the other Management Categories, but because B is presented here as an 

example because it has the fewest number of subwatersheds, making for a cleaner example graph. Notice that two 

subwatersheds are around each percent interval, one above and one below. The unit-area volume/load associated 

with the 5 and 95 percent of total load were chosen instead of the absolute minimum and maximum unit area 

loads because the minimums and maximums represent the upper and lower extremes (possibly extreme outliers) 

within the Management Category. For this model run, one weather pattern (the one associated with the critical 

condition watershed described in the main body of this report and shown as Figure 6) was used for all 

subwatersheds in the study area so that the resulting selection would be based solely as a function of HRU 

distribution (physiographic variability). It is evident from this graph that points above the 95 percent and below 

the 5 percent interval contain unit-area runoff values that are outliers from the central distribution of unit-area 

runoff values for management purposes. For example, the few watersheds above 95 percent represent conditions 

for which it might be cost prohibitive to try to manage. Notice that although the unit-area runoff values vary 

sharply between 13 and 19 ft
3
/acre/year, there is actually very little variation between them in terms of cumulative 

(or total) runoff volume delivered. On the other hand, points below 5 percent represent conditions that will most 

likely be treated under almost any type of management action; therefore, special attention is most likely not 

warranted for these subwatersheds. 
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Figure A-22. Runoff distribution curve showing full range of variability for Management Category B. 
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On the basis of the assessed variability of the subwatersheds across Management Categories because of weather 

patterns and physiographic characteristics, three subwatersheds were selected within each Management Category 

that corresponded to low (5 percent), medium (50 percent), and high (95 percent) runoff potential in each urban 

Management Category. That gave a total of 15 subwatersheds, as listed in Table A-12. Figure A-23 is a map 

showing the locations of the subwatersheds within the study area. Because of the relatively low level of 

imperviousness in Management Categories F through I, the sensitivity analysis shows that the subwatersheds 

generally have much lower runoff volumes and pollutant loads, and would likely fall low on the priority list from 

a watershed-scale simulation-optimization perspective. For this reason, non-urban Management Categories were 

not explicitly run in SUSTAIN. Instead, those subwatershed (in Management Categories F through I), were 

assigned rules corresponding to each of their Urban counterparts (B through E, respectively). After the overall 

map of selected subwatersheds is a detailed look at each of those subwatershed’s physiographical characteristics 

and weather patterns. 

 
Table A-12. List of selected subwatersheds by runoff potential for each Management Category 

Management Category 

Selected subwatersheds by runoff potential 

Low (5%) Medium (50%) High (95%) 

A 6044 1073 6370 

B 4016 1088 1090 

C 5164 6057 2028 

D 4142 5088 6136 

E 6445 6934 1216 
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Figure A-23. Subwatersheds selected for BMP modeling analysis. 
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A-25 

 

Management Category A has an overall high level of impervious cover, concentrated in urban areas, and a high-

density road network. The slope of urban areas in subwatersheds in Management Category A is generally very 

low. The land is predominantly flat, with slopes less than 2 percent. Impervious cover across the selected 

subwatersheds ranges from 54 to 83 percent, with urban areas having between 55 and 83 percent impervious 

cover. Road density tends to be higher in Management Category A, ranging from 24 to 51 percent. Table A-13 

summarizes the subwatersheds selected from Management Category A. 

 
Table A-13. Management Category A selected subwatersheds summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 6044 1073 6370 

Major Basin Group Los Angeles River Ballona Creek Los Angeles River 

Total Area (Acres) 484 2,948 215 

Average Precipitation (in/yr) 14.04 15.90 17.66 

Average Urban Slope (%) 1.24% 1.88% 0.72 

Land 
use 

Percent Urban 98.86% 96.24% 100.00% 

Percent Impervious 54.49% 68.52% 83.85% 

Percent Urban Impervious 55.11% 71.20% 83.85% 

Road Density 25.60% 24.43% 51.44% 

 

Subwatershed 1073, in the Ballona Creek watershed, is typical of those in Management Category A. It is 

composed of multi-family residential, commercial, and institutional land uses, with associated roads consuming a 

significant portion of the subwatershed. Figure A-24 shows HRU maps and land use distribution for the three 

selected subwatersheds presented in Table A-13. 
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Figure A-24. Selected subwatersheds from Management Category A. 
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Management Category B has an overall high level of impervious cover, concentrated in urban areas, and a high-

density road network. The slope of urban areas in subwatersheds in Management Category B is generally steeper, 

ranging from 11 to 16.05 percent. Impervious cover across the selected subwatersheds ranges from 12.15 to 57 

percent, with urban areas having between 53.2 and 78.67 percent impervious cover. Road density tends to be 

lower in Management Category B, ranging from 0 to 16.7 percent. Table A-14 summarizes the subwatersheds 

selected from Management Category B. 

 
Table A-14. Management Category B selected subwatersheds summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 4016 1088 1090 

Major Basin Group Santa Clara River Ballona Creek Ballona Creek 

Total Area (Acres) 1,043 4,751 855 

Average Precipitation (in/yr) 18.84 20.63 18.82 

Average Urban Slope (%) 15.61% 16.05% 11.11% 

Land 
use 

Percent Urban 15.44% 73.43% 95.34% 

Percent Impervious 12.15% 39.08% 57.41% 

Percent Urban Impervious 78.67% 53.22% 60.21% 

Road Density 0.00% 10.78% 16.67% 

 

Subwatershed 1088, in Ballona Creek watershed, is typical for Management Category B. It is of mixed use, with a 

large percentage of the land in residential, commercial, institutional, and industrial use, along with associated 

transportation and secondary roads. Just over a quarter of the land is vacant, mostly in areas with steep slopes. 

Figure A-25 shows HRU maps and land use distribution for the three selected subwatersheds. 
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Figure A-25. Selected Subwatersheds from Management Category B. 
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Management Category C has an overall high level of impervious cover, concentrated in urban areas, but a low 

density road network. The slope of urban areas in subwatersheds in Management Category C is generally flat, 

ranging from 0.9 to 6 percent. Impervious cover across the selected subwatersheds ranges from 42.9 to 80.5 

percent, with urban areas having between 50.4 and 84.4 percent impervious cover. Road density tends to be lower 

in Management Category C, ranging from 0.2 to 16.7 percent. Table A-15 summarizes the subwatersheds selected 

from Management Category C. 

 
Table A-15. Management Category C Selected Subwatersheds Summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 5164 6057 2028 

Major Basin Group San Gabriel River Los Angeles River Dominguez Channel 

Total Area (Acres) 783 1,253 563 

Average Precipitation (in/yr) 17.40 14.04 13.29 

Average Urban Slope (%) 3.47% 1.28% 0.88% 

Land 
use 

Percent Urban 99.85% 95.67% 95.45% 

Percent Impervious 58.10% 58.11% 80.52% 

Percent Urban Impervious 58.19% 60.75% 84.35% 

Road Density 19.27% 0.20% 16.69% 

 

Subwatershed 6057, located in the Los Angeles River watershed, is typical of Management Category C. Land in 

the subwatershed is roughly evenly divided between residential, commercial, and industrial uses. Figure A-26 

shows HRU maps and land use distribution for the three selected subwatersheds. 
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Figure A-26. Selected subwatersheds from Management Category C. 
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Management Category D has an overall moderate level of impervious cover, which is less concentrated and has a 

low-density road network. The slope of urban areas in subwatersheds in Management Category D is somewhat 

steeper, ranging from 14.20 to 37.74 percent. Impervious cover across the selected subwatersheds ranges from 

5.47 to 44.16 percent, with urban areas having between 30.76 and 48.42 percent impervious cover. Road density 

tends to be lower in Management Category D, ranging from 1.42 to 10.73 percent. Table A-16 summarizes the 

subwatersheds selected from Management Category D. 

 
Table A-16. Management Category D selected subwatersheds summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 4142 5088 6136 

Major Basin Group Santa Clara River San Gabriel River Los Angeles River 

Total Area (Acres) 2,318.68 1,393.10 951.95 

Average Precipitation (in/yr) 16.44 13.61 23.34 

Average Urban Slope (%) 37.74% 14.20% 14.83% 

Land 
use 

Percent Urban 17.78% 68.04% 91.21% 

Percent Impervious 5.47% 22.39% 44.16% 

Percent Urban Impervious 30.76% 32.91% 48.42% 

Road Density 1.42% 5.20% 10.73% 

 

Subwatershed 5088, in the San Gabriel River watershed, is typical for Management Category D. Land use is a 

mix of residential, commercial, industrial, institutional, and vacant land on steep slopes. Figure A-27 shows HRU 

maps and land use distribution for the three selected subwatersheds. 
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Figure A-27. Selected subwatersheds from Management Category D. 
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Management Category E has an overall moderate level of impervious cover, which is less concentrated and has a 

low-density road network. The slope of urban areas in subwatersheds of Management Category D is less steep, 

ranging from 3.27 to 8.21 percent. Impervious cover across the selected subwatersheds ranges from 22.05 to 

49.05 percent, with urban areas having between 32.47 and 49.05 percent impervious cover. Road density tends to 

be lower in Management Category E, ranging from 7.05 to 13.63 percent. Table A-17 summarizes the 

subwatersheds selected from Management Category E. 

 
Table A-17. Management Category E selected subwatersheds summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 6445 6934 1216 

Major Basin Group Los Angeles River Los Angeles River Ballona Creek 

Total Area (Acres) 394.22 741.59 328.50 

Average Precipitation (in/yr) 26.50 17.55 13.92 

Average Urban Slope (%) 8.21% 3.27% 7.47% 

Land 
use 

Percent Urban 67.92% 99.03% 100.00% 

Percent Impervious 22.05% 41.27% 49.05% 

Percent Urban Impervious 32.47% 41.67% 49.05% 

Road Density 7.05% 13.15% 13.63% 

 

Subwatershed 6934, in the Los Angeles River watershed, is typical of Management Category E. Land use is a mix 

of residential, commercial, institutional, industrial, and vacant land. Figure A-28 shows HRU maps and land use 

distribution for the three selected subwatersheds. 

 

 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling  

 

 

A-34 

 
Figure A-28. Selected subwatersheds from Management Category E. 
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Management Categories F–I have a minimal level of impervious cover and a low-density road network. These 

subwatersheds are predominantly vacant land. The slope of urban areas in subwatersheds in Management 

Categories F–I is quite steep, ranging from 30.77 to 64.69 percent. Impervious cover across the selected 

subwatersheds ranges from 0.0 to 2.25 percent, with urban areas having between 0.00 and 13.58 percent 

impervious cover. Road density tends to be very low in Management Categories F–I, ranging from 0 to 0.11 

percent. Table A-18 summarizes the subwatersheds selected from Management Categories F-I. 

 
Table A-18. Management Categories F–I selected subwatersheds summary 

Subwatershed characteristics 

Selected subwatersheds 

Low (5%) Medium (50%) High (95%) 

Subwatershed ID 6346 5265 5053 

Major Basin Group Los Angeles River Los Angeles River San Gabriel River 

Total Area (Acres) 1734 3843 3070 

Average Precipitation (in/yr) 28.3778 36.0582 17.7313 

Average Urban Slope (%) 55.15% 64.69% 30.77% 

Land 
use 

Percent Urban 2.87% 0.00% 16.54% 

Percent Impervious 0.03% 0.00% 2.25% 

Percent Urban Impervious 1.00% 0.00% 13.58% 

Road Density 0.00% 0.00% 0.11% 

 

Subwatershed 5265, in the Los Angeles River watershed is typical of Management Categories F–I. Most of the 

land is vacant, steep slopes with some urban grass areas but little other land use. 

 

  



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling  

 

 

A-36 

 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling 
 

 

 
 

B-1 

Appendix B: Development of BMP Cost Functions 

Cost estimation is a critical step for the optimization process because a key component of the optimization is 

evaluating and comparing the cost-effectiveness of various BMP alternatives. An analysis of typical costs for 

implementing centralized and distributed structural BMPs in the Los Angeles County area was performed to 

develop cost functions that can be used to estimate the cost of water quality improvement plans that include 

structural BMPs. The cost analysis provides the detail necessary for planning purposes and overall strategy 

development. 

 

For structural BMP projects, costs are included for planning, design, construction, operation and maintenance 

(O&M), and post-construction monitoring, where applicable. Costs were developed for three types of distributed 

structural BMPs: bioretention (BR), permeable pavement (PP), and rain barrels. Costs were also developed for 

two types of centralized BMPs: infiltration basins and extended dry detention basins. For each of the BMP types, 

separate costs were developed for both high and low soil infiltration rates. No distinction in cost was made for the 

various implementation areas, i.e., residential, commercial, industrial, or institutional for the construction costs, 

however, land acquisition costs are based on land use. The assumptions made in developing the cost estimates are 

described below. 

 

The costs estimated were based on cost functions derived from several sources. The primary source was the 

LACDPW bid history that provided a historical record of past LACDPW project bids. The bid history provided an 

estimate from the LACDPW project engineer, the value of the lowest bid, the value of the winning bid, and the 

average bid. In most cases, the value of the average bid was used as an estimate of the cost component. The 

average bid was used rather than the winning bid because the average bid provides a more accurate estimate of the 

actual value of the component rather than an estimate that may have been intentionally low in an effort to win a 

contract. Average costs from projects occurring in 2005 to 2009 were compiled and used to develop the cost 

functions. Direct quotes from vendors in the Los Angeles area were also compiled and used in the cost functions. 

If there was a discrepancy between the LACDPW bid history and a vendor quote the vendor quote was used as 

the vendor information is considered a more accurate source and indication of true market value of material costs 

within the Los Angeles County area. When a specific cost component was not available from the LACDPW Bid 

History and no vendor source could be identified, values from primary literature sources were used as an estimate. 

 

To ensure that the cost functions remain accurate the cost functions must be easily updated. A spreadsheet tool 

was developed  in which each component of the cost functions can be updated, including the costs of the 

construction components, site preparation, excavation and removal, asphalt/base removal, media, underdrains, 

gravel subbase, permeable pavement, and landscaping, and the proportional costs, planning, design, and 

mobilization. O&M, economy of scale factors, and inflation can be also be updated as more information becomes 

available. Cost functions representing the newly updated cost estimates can then be generated for incorporation 

into the model. 

 

Costs for specific components of BMP implementation were gathered and cost functions were derived on the 

basis of the sources described above. The costs estimated in this section provide more detail of the components 

and steps involved. 

 

BMP Cost Estimation Methods and Assumptions 

This section describes BMP cost estimation methods, including existing reference cost functions and relevant 

assumptions based on locally available data. Five types of BMPs were considered in this analysis as presented 

below. 

 Distributed BMPs 

1. Permeable pavement (PP) 
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2. Bioretention (BR) 

3. Rain barrel 

 

 Centralized BMPs 

1. Extended dry detention basin 

2. Infiltration basin 

 

Separate cost functions were developed for sites with soils that had both high and low infiltration rates for BR and 

PP (i.e., BMP with or without underdrains). If the infiltration rate of the native soil for a BMP is low (e.g., high 

clay content soils), it is necessary to install underdrains to ensure proper functioning of the BMP system. In this 

BMP cost analysis, generic and modular cost functions are used to allow for possible refinement in the future. If 

additional site-specific data become available, the parameters in the functions developed in this effort can be 

updated to include these updates. 

 

Total Cost Estimation 

The total cost of a BMP includes construction, land acquisition, and O&M costs (Sample et al. 2003; 

Muthukrishnan et al. 2004; Lampe et al. 2005; and Weiss et al. 2007). The construction and land costs only occur 

in the year when the BMP is installed unless a retrofit or up-sizing occurs. The costs for operation, inspection, and 

maintenance may occur annually or at some other frequency throughout the life of the BMP. 

 

Total Costs = (Construction Costs) + (Land Costs) + (O&M Costs) 

 

Details for each cost component are presented in the following sections. 

Construction Costs 
Construction costs can be estimated using local costs or standard guides such as the R.S. Means Building 

Construction Cost Data Handbook used by many engineers (Sample et al. 2003; Muthukrishnan et al. 2004; and 

Lampe et al. 2005). The Means book provides unit cost data for construction materials, labor, equipment, 

installation, and excavation for cities across the United States. Mathematical cost functions are gaining popularity 

because they offer a way to replace a cost database with a single equation. BMP construction cost is 

conventionally estimated using a power function that is based on the size of a BMP as shown below: 

 

bXaCost )(  

 

Where X = BMP size (e.g., length, area, or volume); and a & b = BMP type and site-specific parameters. 

 

The BMP size, X, can be expressed as total length, surface area, or volume of the BMP system. The BMP type 

and site-specific factors, a and b, are usually derived from observed data using regression analysis. The exponent, 

b, represents the cost efficiencies gained (economies of scale) as the size of the BMP increases. An exponent 

value of 1 represents the unit cost with no scaling efficiencies. An exponent less than 1 indicates increased cost 

efficiencies at increased BMP sizes. An exponent greater than 1 would indicate diminishing cost efficiencies as 

the BMP size increases. Peters and Timmerhaus (1980) recommend a b value of 0.6 as a generic economy of scale 

factor. 

 

Cost functions for various BMPs have been introduced, on the basis of data collected from existing projects and 

assumptions that similar projects will cost about the same. Existing BMP cost functions are summarized in Table 

B-1. One caution when applying mathematical equations is to consider whether the fit is accurate (Heaney et al. 

2002). Cost might not be a function of a single explanatory variable. The cost functions used in this analysis were 

selected because they have been used in many previous BMP cost analysis projects nationwide. 
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Table B-1. Existing functions for BMP construction cost estimation 

BMPs Cost Functions Sources 

Bioretention 

$ = 8.58 Volume 
0.99

; Volume in ft
3
 

USEPA 2003 
Brown and Schueler 1997 

$3.90 to $5.20/ft
2
 for residential areas 

Coffman et al. 1999 
CASQA 2003 

$13.00 to $51.94/ft
2
 for commercial, 

industrial, institutional areas 
Coffman et al. 1999 
CASQA 2003 

$5.04 to $8.70/ft
2
 Hathaway and Hunt 2007 

Permeable Pavement 

$6.58/ft
2
 

Landphair et al. 2000 
CASQA 2003 

$2.35 to $3.53/ft
2
 USEPA 2003 

$2.22 to $7.75/ft
2
 NCHRP 2005 

$8.58 to $12.88/ft
2
 Hathaway and Hunt 2007 

Rain Barrel $340.42/unit* Hathaway and Hunt 2007 

Extended Dry Detention 
Basin 

$ = 20.74V
0.69

; V in ft
3
 Young et al. 1996 

$ = 16.71V
0.76

; V in ft
3
 Brown and Schueler 1997 

Infiltration Basin 
$ = 19.87V

0.69
; V in ft

3
 Young et al. 1996 

$ = 19.73V
0.69

; V in ft
3
 Schueler 1987 

*50 gallons or fewer units 

(Note: All dollars in 2009, using a U.S. Department of Labor conversion tool at http://data.bls.gov/cgi-bin/cpicalc.pl) 

 

The size of a BMP can be expressed as length, area, volume, or as a combination of these within the construction 

cost estimation function. A generic form of the BMP construction cost estimation function is: 

 
v uv mv tal b

uv u

b

mv m

b

tv t

b

a

b

lo nc o n s t r u c t i VaVaVaAaLaCos t )()()()()(   

 

Where Cost construction = construction cost; L = length of BMP; A = surface area of BMP; Vt = total volume 

of BMP; Vm = media volume of BMP; Vu = underdrain volume of BMP; and ax and bx = BMP type and 

site-specific parameters. 

 

Extensive site-specific data for individual BMP types is required to develop the parameters in the function (i.e., ax 

and bx) that specify BMP type and provide economies of scale. The functions are determined using regression 

analysis for each BMP system. Another way that these variables can be developed uses available reference unit 

cost data (e.g., R.S. Means data or local contractors’ bidding data) on the basis of BMP size criterion as follows: 

 Length: drainage pipe, underdrain, and the like 

 Area: site preparation, landscaping, Permeable pavement, and such 

 Volume: excavation, media, gravel subbase, and the like 

 

Each cost parameter can be determined as length, area, or volume according to the appropriate units for each 

specific BMP. 

 

Land Costs 
Typically, the cost for land acquisition is considered part of the capital costs in addition to construction costs. The 

capital cost is estimated by applying a single equation according to the size of a BMP. However, land costs are 

quite variable depending the parcel’s the region, location, and land use categories. If regional land value data are 

http://data.bls.gov/cgi-bin/cpicalc.pl
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available that include site-specific unit area land values based on land use categories, the land cost for a BMP can 

be estimated as follows: 

 

Unit Area Value = (Total Land Value) / (Total Land Area) 

Land Cost = (Unit Area Value) × (BMP Area) 

 

Unit Area Value is the unit area land value per land use category; Total Land Value is the sum of the land 

values for a land use category; Total Land Area is the sum of the surface areas for a land use category; 

and BMP Area is the surface area for a BMP. 

 

The Los Angeles County Parcel Database was used to derive the unit area land values for individual land use 

categories. Thus, land values in this analysis are based on tax assessor’s records from the database instead of 

actual market values. The parcel database includes the land value and a land use code for each parcel. Areas for 

all parcels were estimated using GIS software to select the parcels in the database. In some cases, an identical 

parcel polygon (i.e., polygons that have the same locations and boundaries) had multiple identification numbers 

with different land values. For multi-family residential, a single parcel has multiple owners. When the parcel was 

subdivided, the values of the parcel were not adjusted. Often, such parcels had multiple individual owners and 

were different sizes but had the same total land values resulting in an inflated estimate for some of the land uses. 

Because of that, it was difficult to estimate the actual size of the parcel for the specific land value for individual 

identification numbers. Therefore, parcels in that category were not included in the unit land value estimation for 

the Los Angeles County area. Results of the spatial and statistical analysis are presented in Table B-2 through 

Table B-4. In the tables, Value represents the sum of land values, Area (acres) represents the sum of the parcel 

areas, and Number of parcels represents the total number of parcels for each land use category. 

 
Table B-2. Unit area values based on conventional land uses 

Land use Value 
Area 

(acres) 
Number of 

parcels $/acres $/ft
2
 

Residential $287,813,676,306 650,852.75 1,808,712 $442,210 $10.15 

Commercial $40,917,513,292 50,310.55 94,651 $813,299 $18.67 

Industrial $24,477,581,292 88,734.67 50,646 $275,851 $6.33 

Agricultural $1,849,811,210 620,989.97 52,060 $2,979 $0.07 

Recreational $853,269,262 9,614.64 1,483 $88,747 $2.04 

Institutional $3,383,074,377 15,511.05 8,820 $218,107 $5.01 

Miscellaneous $4,406,093,084 281,943.10 30,591 $15,628 $0.36 

 

Table B-2 provides unit area land values according to conventional land use categories for Los Angeles County. 

Land use categories can be combined into a single higher level category by dividing the sum of the values by the 

sum of the areas from the selected land use categories. This method of estimating combined unit area land values 

is more appropriate than averaging the unit area land values because it normalizes the values based on the size of 

the land use categories. 

 

In some instances, unit area land values using more detailed land use categories might be needed to determine 

detailed BMP cost-effectiveness when more detailed data are available. Table B-3 provides land value data for 

more detailed sub-land use categories. Individual land use data from the table can be combined into a unit area 

land value for a higher level land use category following the method previously described. 
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Table B-3. Unit area values based on detailed land uses 

Land use Value 
Area 

(acres) 
Number 

of parcels $/acres $/ft
2
 

Residential 
Single Family $240,066,910,170 580,224.21 1,565,474 $413,749 $9.50 

Multi Family $46,902,138,465 61,390.88 240,813 $763,992 $17.54 

Commercial 

Retail $16,680,305,933 17,190.18 36,001 $970,339 $22.28 

Wholesale $137,866,128 159.44 215 $864,686 $19.85 

Services $3,825,226,552 5,082.31 11,279 $752,655 $17.28 

Offices $3,488,489,264 3,552.42 2,439 $982,005 $22.54 

Restaurants $1,964,838,128 2,481.22 5,574 $791,885 $18.18 

Hotels $1,648,093,247 1,271.57 1,663 $1,296,113 $29.75 

Parking Lots $4,142,050,747 4,675.53 13,567 $885,899 $20.34 

Industrial 

Light $8,520,476,119 20,861.02 21,179 $408,440 $9.38 

Heavy $2,423,965,771 6,709.15 1,315 $361,293 $8.29 

Food $352,609,285 863.42 549 $408,385 $9.38 

Warehouse $8,620,685,293 19,178.96 11,297 $449,487 $10.32 

Parking Lots $351,114,965 843.75 1,515 $416,134 $9.55 

Agricultural 
Irrigated Farm $97,729,427 18,140.64 1,398 $5,387 $0.12 

Dry Farm $1,752,081,783 602,849.33 50,662 $2,906 $0.07 

Miscellaneous 
Rights of Way $5,554,527 1,390.05 295 $3,996 $0.09 

Governmental $4,011,277,905 247,097.33 22,120 $16,234 $0.37 

 

New BMPs might need to be installed on vacant land only. For such an application, unit area land values for 

vacant land are presented in Table B-4. 

 
Table B-4. Unit area values for vacant land 

Land use Value 
Area 

(acres) 

Number 
of 

parcels $/acres $/ft
2
 

Residential $7,378,307,711 211,245.65 100,490 $34,928 $0.80 

Commercial $2,196,876,356 9,140.50 10,040 $240,345 $5.52 

Industrial $2,288,125,690 27,119.49 12,340 $84,372 $1.94 

Governmental $261,895,905 58,455.02 3,915 $4,480 $0.10 

 

Operation and Maintenance (O&M) Costs 
O&M costs are post-construction costs necessary to ensure the proper functionality of a BMP, usually estimated 

on an annual basis (Sample et al. 2003; Muthukrishnan et al. 2004; Lampe et al. 2005; and Weiss et al. 2007). 

O&M costs include labor, materials, energy, equipment, replacement or additional planting, and disposal costs 

required for proper operation and functionality of the facility. O&M activities cover monitoring, landscape 

maintenance, structural maintenance, infiltration maintenance, sediment removal, and debris and litter removal 

within and around BMPs. 

 

O&M costs are calculated on an annual basis throughout the life of a BMP. The costs can be calculated by 

converting the annualized O&M costs to a present value using the following function (Heaney et al. 2002). 
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Where PV is the present value of O&M cost; AV is the annualize O&M cost; i is the interest rate; and n is 

the number of years in the life of a BMP. 

 

If the interest rate, i, and number of years in the life of a BMP, n, are assumed as 5.0 percent and 20 years 

respectively (commonly accepted values), the present value O&M cost function can be simplified as follows: 
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The resulting present value O&M costs can then be added to the total cost function. 

 

General Cost Assumptions 

The assumptions made in developing the cost estimates are described below. No distinction in construction and 

O&M costs was made for the various implementation areas, i.e., commercial, road, industrial, or institutional. The 

costs estimates are based on values derived from the LACDPW bid history and local vendors serving Los Angeles 

County. In some cases, where local data were not available, literature sources were used as a reference. The costs 

estimated in this section provide a more detailed consideration of components and steps involved. 

Planning 
Costs for planning include the effort required to further develop the BMP concept which, depending on the 

complexity of the BMP, could result in preparing a Project Concept Report. Additional administrative costs could 

be required to administer, manage, and coordinate the BMP’s implementation and are included with the planning 

costs. Administrative costs can vary widely with the complexity of the BMP, but for purposes of comparison, a 

value of 20 percent of the total construction costs was assumed for planning according to estimates from 

LACDPW. 

Permitting 
Regulatory requirements have to be met and environmental permits are required to implement most BMPs. The 

applicability of many regulations for a specific BMP depends on its site or design characteristics. Because the 

requirements imposed by regulatory agencies often have an effect on the cost, the associated costs were included 

in the analysis for centralized BMPs. Because the opportunities identified for distributed structural BMPs are for 

areas of impervious cover and not applied to vacant or open spaces, the permitting effort anticipated for such 

projects is minimal, if any. Therefore, no separate costs are identified in the analysis for permitting. It is assumed 

that any permitting costs associated with the construction phase, such as erosion and sedimentation control, are 

included with the design costs. 

Design 
Designing structural BMPs requires collecting and analyzing data and preparing construction documents. Data 

collection could include geotechnical investigations, field investigation of existing utilities (potholing), and a 

topographic survey for mapping. The design deliverables are project plans and specifications that can be used by a 

contractor to bid on and implement a BMP. Engineering costs can vary widely depending on the complexity of 

the project. For the purposes of the cost estimates, fixed rates of 30 percent were applied to the total construction 

costs, to estimate the design/engineering cost according to estimates from LACDPW. 

Construction Cost 
Construction cost function calculations developed for Los Angeles County assume that there are no efficiencies of 

scale, mainly because there is not enough existing data to derive the site-specific parameters for the Los Angeles 

County area. Thus, the construction costs are estimated from unit costs for individual construction processes and 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling 
 

 

 
 

B-7 

structural BMP subcomponents. LACDPW bid history data was analyzed to derive itemized costs for individual 

construction components. Additional cost data were collected from a publication by The Gordian Group (2009), 

derived to help LACDPW develop cost estimates, and from local vendors such as Soil Direct and LA 

Engineering. Details are presented below. 

Mobilization 
Mobilization costs are highly variable depending on the magnitude of the BMP. Mobilization cost is assumed to 

be 10 percent of the total construction costs according to estimates from LACDPW. 

Excavation and Removal 
Excavation and removal costs include the cost of excavating the volume of soil required to provide the required 

storage, hauling the removed dirt off-site, and disposal to an appropriate facility. The cost is estimated to be 

$42.54/yd
3
 ($1.576/ft

3
) on the basis of the LACDPW bid history data. 

Site Preparation 
General site preparation is required for every construction project and is the process of fine grading to prepare the 

site to function as a BMP after the bulk excavation is complete. This cost is $0.34/ft
2
 on the basis of the 

LACDPW bid history data. 

Asphalt/Base Removal 
Costs are included for areas that could be implemented as a retrofit. For most retrofit projects an impervious 

surface is removed and replaced with a pervious option such as permeable pavement or a bioretention area. Cost 

for asphalt/base removal is estimated $28.44/yd
3
 ($1.053/ft

3
) on the basis of the LACDPW bid history data. 

Media 
Imported soil media would be required at any site where soils have low infiltration rates to improve infiltration 

capacity. Media is required at any site where underdrains are necessary. The cost is estimated $75.00/yd
3
 

($2.778/ft
3
) according to the LACDPW bid history data. 

Underdrains 
Underdrains are required in areas with low infiltration rates. Underdrains are typically used with distributed 

BMPs to improve infiltration and filtering capacity. The cost estimate is based on the underdrain components, 

including 6-inch perforated PVC pipe spaced at 5 feet on center and filter materials. The cost is estimated $4.85/ft 

or $0.97/ft
2
, because underdrains are typically spaced about 5 feet apart on center, i.e., $4.85/ft × area / 5 (ft) = 

$0.97/ft
2
 × area. 

Gravel Subbase 
A gravel subbase consisting of a washed No. 57 stone is typically used as a base for roads and any construction. A 

gravel subbase is required for permeable pavement and any BMP where underdrains are required. The cost is 

estimated $52.00/yd
3
 ($1.926/ft

3
) according to quotes from local vendors (e.g., Soil Direct). 

Permeable Pavement 
This cost is estimated to be $12.73/ft

2
 according to estimates provided by local vendors (e.g., LA Engineering and 

Soil Direct) and components included in the LACDPW bid history data. The estimate includes all components for 

permeable pavement installation (site preparation, removal of existing impervious cover, excavation, subbase, 

materials for 0.5-foot thick pervious concrete, and installation). 

Landscaping 
One of the benefits of distributed BMPs is that they can be integrated into the site plan and often incorporated into 

the landscaping. Landscaping costs are estimated to be $5.00/ft
2
 on the basis of the LACDPW bid history data. 

The cost covers mulch or sod, topsoil, and vegetation.  
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Table B-5 summarizes the construction cost estimates presented above. 
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Table B-5. Per unit cost estimates for construction components 

Construction components Itemized costs Data sources 

Planning 20% of total construction costs LACDPW Bid History 

Permits/Studies Included in design LACDPW Bid History 

Design 30% of total construction costs LACDPW Bid History 

Mobilization 10% of total construction costs LACDPW Bid History 

Site Preparation $0.34/ft
2
 LACDPW Bid History 

Excavation and Removal $42.54/yd
3
 or $1.576/ft

3
 LACDPW Bid History 

Asphalt/Base Removal $28.44/yd
3
 or $1.053/ft

3
 LACDPW Bid History 

Media $75.00/yd
3
 or $2.778/ft

3
 LACDPW Bid History 

Underdrain (6" PVC) $4.85/ft or $0.97/ft
2
 * The Gordian Group 

Gravel Subbase (washed No.57 
stone) 

$52.00/yd
3
 or $1.93/ft

3
 Soil Direct 

Permeable Pavement $12.73/ft
2
 

LA Engineering, Soil Direct, and 
LACDPW Bid History 

Landscaping (includes mulch/sod and 
vegetation) 

$5.00/ft
2
 LACDPW Bid History 

* Underdrains are typically spaced about 5 feet apart on center. 

Land Costs 
Land acquisition costs for implementing BMPs can be estimated using unit area land values on the basis of land 

use categories presented in Table B-2 through Table B-4, which were derived from the Los Angeles County 

Parcel Database. If necessary, it is possible to combine more than one land use category to an appropriate land use 

group as previously described. 

O&M Costs 
The following assumptions were used to estimate the O&M costs: 

 Infiltration Basin Annual Maintenance Cost: 5 percent of the construction cost (CASQA 2003; Cutter et 

al. 2008) plus 1.72 percent rehabilitation cost (FHA 2003) 

 Extended Detention Basin Annual Maintenance Cost: 4 percent of the construction cost (CASQA 2003) 

 Permeable Pavement Annual Maintenance Cost: $0.0059 per square foot in 2009 dollars (USEPA 1999) 

 Bioretention Annual Maintenance Cost: 4 percent of the construction cost (CASQA 2003) 

 

As noted in the general cost assumptions for all BMPs above, the planning through construction phases for 

individual cost estimates is assumed to occur in year 0, and O&M costs are assumed to begin in year 1 and end in 

year 20. 

 

Cost Function Development 

Using the unit costs and assumptions described in the previous sections, cost functions for centralized and 

distributed BMPs have been developed as presented below. The developed cost functions include construction 

and O&M costs directly, but not land acquisition costs. This approach was taken because land costs are dependent 

on site-specific land use categories. Land costs can be integrated into the total cost by using the unit-area land 

value data presented in Table B-2 to Table B-4 and selected site land use categories. 
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Because no economy of scale is assumed, construction costs can be estimated using the following generic 

equation by applying the cost assumptions for construction processes and components. 

 

)()()()()( uvumvmtvtaloncons tructi VaVaVaAaLaCost   

 

Where Cost construction is the construction cost ($); L is the length of BMP (ft); A is the surface area of BMP 

(ft
2
); Vt is the total volume of BMP (ft

3
); Vm is the media volume of BMP (ft

3
); Vu is the underdrain 

volume of BMP (ft
3
); and ax is the BMP type and site-specific parameters derived from the cost 

assumptions. 

 

Once the cost functions are derived, other cost components expressed as proportions of the construction costs can 

be estimated as well. 

 

Cost Functions for Distributed BMPs 

Derivations of cost functions for individual distributed BMPs, based on the data collected for Los Angeles County 

previously described, are presented below. Cost functions for high and low infiltrating soils are provided for BR 

and PP. Site constraints and implementation steps that would be considered at the planning stage of a project are 

incorporated into the cost functions. The appropriate cost function will be selected for the optimization on the 

basis of known site constraints and the infiltration rate associated with the site’s reported Hydrologic Soil Group. 

Bioretention with an Underdrain 
Cost components for bioretention with underdrains are planning (20 percent of construction), design (30 percent 

of construction), mobilization (10 percent of construction), site preparation ($0.34/ft
2
), excavation and removal 

($42.54/yd
3
 or $1.576/ft

3
), media ($75.00/yd

3
 or $2.778/ft

3
), underdrain ($4.85/ft or $0.97/ft

2
), gravel below 

underdrain ($52.00/yd
3
 or $1.926/ft

3
), landscaping ($5.00/ft

2
), and present value O&M costs. 

 

)(926.1)(778.2)(576.1)(31.6 umtonco nstructi VVVACost   

)( Aaa  = Site Preparation + Landscaping + Underdrain 

 = ($0.34/ft
2
 + $5.00/ft

2
 + $0.97/ft

2
) × Area (ft

2
) 

 = 6.31 (A) 

 

)( tv tVa  = Excavation and Removal 

 = ($1.576/ft
3
) × Total Volume (ft

3
) 

 = 1.576 (Vt) 

 

)( mvm Va  = Media 

 = ($2.778/ft
3
) × Media Volume (ft

3
) 

 = 2.778 (Vm) 

 
)( uv uVa  = Underdrain Gravels 

 = ($1.926/ft
3
) × Gravel Volume below Underdrain (ft

3
) 

 = 1.926 (Vu) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 3.786 (A) + 0.946 (Vt) + 1.667 (Vm) + 1.156 (Vu) 
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O&M Cost s = 4 percent of Construction Cost 

 = 12.462 ( )(04.0 onconstructiCost ) 

 = 3.145 (A) + 0.786 (Vt) + 1.385 (Vm) + 0.960 (Vu) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(042.4)(830.5)(307.3)(241.13 Avaluelanduni tVVVA umt   

Bioretention without an Underdrain 
Cost components for bioretentions with underdrain are planning (20 percent of construction), design (30 percent 

of construction), mobilization (10 percent of construction), site preparation ($0.34/ft
2
), excavation and removal 

($42.54/yd
3
 or $1.576/ft

3
), media ($75.00/yd

3
 or $2.778/ft

3
), landscaping ($5.00/ft

2
), and present value O&M 

costs. 

 
)(7 7 8.2)(5 7 6.1)(3 4.5 mto nc o n s t r u c t i VVAC o s t   

)( Aaa  = Site Preparation + Landscaping 

 = ($0.34/ft
2
 + $5.00/ft

2
) × Area (ft

2
) 

 = 5.34 (A) 

 

)( tv tVa  = Excavation and Removal 

 = ($1.576/ft
3
) × Total Volume (ft

3
) 

 = 1.576 (Vt) 

 

)( mvm Va  = Media 

 = ($2.778/ft
3
) × Media Volume (ft

3
) 

 = 2.778 (Vm) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 3.204 (A) + 0.946 (Vt) + 1.667 (Vm) 

 

O&M Cost s = 4 percent of Construction Cost 

 = 12.462 ( )(04.0 onconstructiCost ) 

 = 2.662 (A) + 0.786 (Vt) + 1.385 (Vm) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(830.5)(307.3)(206.11 AvaluelandunitVVA mt   

Permeable Pavement with an Underdrain 
Permeable pavement with $12.73 per square foot unit area construction cost is used. This unit area cost includes 

site preparation, removal of existing impervious cover, excavation, subbase, materials for 0.5-foot thick pervious 

concrete, and installation. The other cost components are planning (20 percent of construction), design (30 percent 

of construction), mobilization (10 percent of construction), underdrain ($4.85/ft or $0.97/ft
2
), and gravel below 

the underdrain ($52.00/yd
3
 or $1.926/ft

3
). 

 

)(926.1)(70.13 uonconstructi VACost   

)( Aaa  = Unit Area Cost + Underdrain 

 = ($12.73/ft
2
 + $0.97/ft

2
) × Area (ft

2
) 
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 = 13.70 (A) 

 
)( uv uVa  = Excavation and Removal + Underdrain Gravels 

 = ($1.576/ft
3
 + $1.926/ft

3
) × Gravel Volume below Underdrain (ft

3
) 

 = 3.502 (Vu) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 8.22 (A) + 1.156 (Vu) 

 

O&M Cost s = 12.462 × Area (ft
2
) × Unit Cost ($0.0059/ft

2
) 

 = 0.0735 × Area (ft
2
) 

 = 0.0735 (A) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(082.3)(994.21 Aval uel anduni tVA u   

Permeable Pavement without an Underdrain 
Permeable pavement with $12.73 per square foot unit area construction cost is used. This unit area cost includes 

site preparation, removal of existing impervious cover, excavation, subbase, materials for 0.5-foot thick pervious 

concrete, and installation. The other cost components are planning (20 percent of construction), design (30 percent 

of construction), and mobilization (10 percent of construction). 

 

)(73.12 ACost onconst ruct i   

)( Aaa  = Unit Area Cost 

 = ($12.73/ft
2
) × Area (ft

2
) 

 = 12.73 (A) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 7.638 (A) 

 

O&M Cost s = 12.462 × Area (ft
2
) × Unit Cost ($0.0059/ft

2
) 

 = 0.0735 × Area (ft
2
) 

 = 0.0735 (A) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(442.20 AvaluelandunitA   

Rain Barrels 
For rain barrels with approximately 50 gallons of capacity, the average cost is $4.60 per gallon ($34.40/ft

3
) and 

includes the cost of filters, shipping, and installation. Maintenance costs are negligible. Estimated costs are 

derived from price quotes from commercial suppliers including Gardener’s Supply Company, Desert Plastics, 

Rain Barrel Source, Premium Rain Barrels, Simply Rain Barrels, Clear Air Gardening, and Aquabarrel. 
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Cost Functions for Centralized BMPs 

Derivations of cost functions for individual centralized BMPs, based on the previous data collected for Los 

Angeles County, are presented below. It would be cost prohibitive to install underdrains for BMPs at the 

centralized scale, therefore, costs for underdrains are not included in the centralized BMP cost functions. A more 

optimal solution would be considered in areas where the infiltration capacity of the soil is low. 

Extended Dry Detention Basin 
Cost components for extended dry detention basins are planning (20 percent of construction), design (30 percent 

of construction), mobilization (10 percent of construction), site preparation ($0.34/ft
2
), excavation and removal 

($42.54/yd
3
 or $1.576/ft

3
), media ($75.00/yd

3
 or $2.778/ft

3
), landscaping ($5.00/ft

2
), and present value O&M 

costs. 

 
)(7 7 8.2)(5 7 6.1)(3 4.5 mto nc o n s t r u c t i VVAC o s t   

)( Aaa  = Site Preparation + Landscaping 

 = ($0.34/ft
2
 + $5.00/ft

2
) × Area (ft

2
) 

 = 5.34 (A) 

 

)( tv tVa  = Excavation and Removal 

 = ($1.576/ft
3
) × Total Volume (ft

3
) 

 = 1.576 (Vt) 

 

)( mvm Va  = Media 

 = ($2.778/ft
3
) × Media Volume (ft

3
) 

 = 2.778 (Vm) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 3.204 (A) + 0.946 (Vt) + 1.667 (Vm) 

 

O&M Cost s = 12.462 × (4 percent of Total Construction Cost) 

 = 12.462 (0.04 )( onconstructiCost ) 

 = 2.662 (A) + 0.786 (Vt) + 1.385 (Vm) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(830.5)(307.3)(206.11 AvaluelandunitVVA mt   

Infiltration Basin 
Cost components for infiltration basins are planning (20 percent of construction), design (30 percent of 

construction), mobilization (10 percent of construction), site preparation ($0.34/ft
2
), excavation and removal 

($42.54/yd
3
 or $1.576/ft

3
), media ($75.00/yd

3
 or $2.778/ft

3
), landscaping ($5.00/ft

2
), and present value O&M 

costs. 

 
)(7 7 8.2)(5 7 6.1)(3 4.5 mto nc o n s t r u c t i VVAC o s t   

)( Aaa  = Site Preparation + Landscaping 

 = ($0.34/ft
2
 + $5.00/ft

2
) × Area (ft

2
) 

 = 5.34 (A) 
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)( tv tVa  = Excavation and Removal 

 = ($1.576/ft
3
) × Total Volume (ft

3
) 

 = 1.576 (Vt) 

 

)( mvm Va  = Media 

 = ($2.778/ft
3
) × Media Volume (ft

3
) 

 = 2.778 (Vm) 

 

Proportional Cost = Planning + Design + Mobilization 

 = 60 percent of Construction Cost 

 = )(6.0 o nc o n s t r u c t iCos t  

 = 3.204 (A) + 0.946 (Vt) + 1.667 (Vm) 

 

O&M Cost s = 12.462 × (6.72 percent of Total Construction Cost) 

 = 12.462 (0.0672 ( )( onconstructiCost ) 

 = 4.472 (A) + 1.320 (Vt) + 2.326 (Vm) 

 

Total Costs = Total Construction Costs + O&M Costs + Land Costs 

 = ))(()(771.6)(841.3)(016.13 AvaluelandunitVVA mt   

 

Summary of Estimated BMP Cost Functions 

Table B-6 summarizes the estimated costs for the components of each BMP. The values for each component 

reflect the total construction and maintenance costs, including the proportional constant cost. The values do not 

include land acquisition costs. 

 
Table B-6. Summary of estimated BMP component costs 

Type BMP 
Area cost 

($/ft
2
) 

Total volume 
cost 
($/ft

3
) 

Media volume 
cost 
($/ft

3
) 

Underdrain 
costs 
($/ft

3
) 

Distributed 

Rain Barrel 0 34.40 0 0 

Bioretention Area with 
underdrain 

13.241 3.31 5.83 4.04 

Bioretention Area 
without underdrain 

11.206 3.31 5.83 0 

Permeable Pavement 
with underdrain 

21.994 0 0 3.08 

Permeable Pavement 
without underdrain 

20.442 0 0 0 

Centralized 

Extended Dry Detention 
Basin 

11.206 3.31 5.83 0 

Infiltration Basin without 
under drain 

13.016 3.84 6.77 0 
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Summary and Conclusions 

Cost estimation functions were derived for five structural BMPs and presented in this section. The cost functions 

consist of cost estimates for construction, land acquisition, and O&M. Construction costs were developed from 

unit costs for individual construction components including planning, design, and mobilization that were collected 

from the LACDPW Bid History and local vendors that serve the Los Angeles area. Unit area land costs were 

collected from the Los Angeles County Tax Assessors Office for conventional land use categories, at varying 

levels of detail, using the Los Angeles County Parcel Database. The land costs are based on the public Tax 

Assessors records and not the actual market value. O&M costs were not available from the Los Angeles County 

Bid History or local vendors; therefore, the costs were derived using existing reference data and converted to 2009 

values. Typically, an economy of scale can be applied to BMP implementation where some costs, on a per area or 

volume basis, are reduced as projects increase in size. An accurate economy of scale requires a substantial number 

of projects to develop. Because there is not enough site-specific cost data available for Los Angeles County, an 

economy of scale effect could not be derived. As BMPs are implemented throughout Los Angeles County, actual 

cost data should be collected to update the cost estimates functions. If an economy of scale can be determined, the 

cost estimation functions should be updated accordingly. The cost functions are intended for optimization and 

planning purposes only. To use the results as a cost estimate, a contingency of approximately 25 percent should 

be applied for each BMP. 
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Appendix C: Development of Optimal Scenarios for 
Distributed BMPs within Each Management Level 

As described in Appendix A, Management Categories were used to organize and classify subwatersheds 

according to key physiographic characteristics that most influence the selection of BMPs. Appendix A also 

presented a detailed sensitivity analysis of watershed model load predictions for subwatersheds by Management 

Category. Table C-1 presents a model configuration summary and loading characteristics for selected pollutants 

by Management Category. The loading summaries showed that the relative order of runoff and loading tends to 

follow closely with the relative amount of impervious cover in each Management Category. Notice that for Cu 

and bacteria, the general trend of highest to lowest pollutants follows the order of A, C, E, B, and D. Sediment 

loading from non-urban areas (or urban areas with a high percentage of steep land use, such as B) were generally 

higher; however, metals like Cu, which are typically associated with urban sediment were higher from urban 

areas, and significantly lower (more than 10 times lower) from non-urban areas.  

 
Table C-1. Model configuration summary and loading characteristics by Management Category 

Management 
Category 

Number of 
subwatersheds 

Total area 
(acres) 

Sediment 
(lb/acre/year) 

Cu 
(lb/acre/year) 

Fecal coliform 
(billion/acre/year) 

A 223 92,084 146 0.0549 90 

B 91 72,528 134 0.0249 55 

C 648 346,636 122 0.0429 82 

D 413 261,072 107 0.0200 35 

E 429 176,470 96 0.0325 54 

F-I 851 1,044,403 174 0.0021 5 

 

Appendix A also evaluated subwatershed loading potential by summarizing model sensitivity due to the influence 

of both weather variability and physiographic characteristics. That sensitivity analysis was also used to select 

three representative subwatersheds within each of the five urban Management Categories, corresponded to low (5 

percent), medium (50 percent), and high (95 percent) runoff potential. The selected subwatersheds bracketed the 

full range of loading variability, on a unit area loading basis, as predicted by the model. In addition to 

characterizing the hydrological and water quality response of the system, estimated cost of BMP implementation 

was presented as Appendix B. The cost data were converted into unit functions that could be readily scaled and 

integrated into the optimization analysis. 

 

This purpose of this section is show how Management Levels were derived. This is done in two stages. First, a 

series of optimal scenarios for distributed BMPs within Management Levels were derived for the selected 

representative subwatersheds in each Management Category. The SUSTAIN model was used to derive cost-

effectiveness curves for 100-acre distribution-normalized versions of the representative subwatersheds. Second, 

the optimized management rules for all Management Categories were derived and extrapolated to generate cost-

effectiveness curves for all of the other watersheds in the study area. Those rules, once extrapolated to the 

watershed, represent the projected range of distributed BMP opportunity for watershed-scale optimization. The 

contents of this section are organized as follows: 

1. Small-scale BMP model configuration to represent generalized treatment pathways 

2. Definition of Management Levels 

3. Optimization problem formulation and constraints definition 

4. Evaluation of model optimization results for each Management Category 

5. Extrapolation  
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Management Category C is first presented in this report because it is the most common urban category within the 

regional watersheds study area, in terms total area and number of classified subwatersheds. Results from the other 

Management Categories are also subsequently documented in this section. 

 

Small-Scale Model Configuration 

The distributed structural BMP types that were thought to be the most likely candidates for implementation in Los 

Angeles County include (1) permeable pavement, (2) bioretention—with native drought resistant plants, and (3) 

rain barrels. Distributed structural BMPs are applied at site level, and are designed to treat runoff from a particular 

type of impervious land use or land cover; therefore, for modeling purposes, the size of the BMP can be 

configured as a function of the upstream impervious area draining to the BMP. A single, generalized aggregate 

BMP schematic was developed to represent the possible routing pathways for all Management Categories, as 

shown in Figure C-1. Although the land use distribution changes by subwatershed and Management Category, the 

general modes of treatment for each land use components is assumed to be similar regardless of its location. 

 

 
Figure C-1. Generalized treatment pathways framework for defining Management Levels. 

 

The drainage areas for the treatment pathways were classified into four general categories on the basis of the 

HRU/land use composition: 

1. Transportation/Roads impervious: primary and secondary road surfaces 

2. Residential impervious: mainly rooftops, driveways, and other on-sight imperviousness 

3. Commercial/Industrial/Institutional impervious: mainly rooftops, and parking surfaces 

4. Untreated Area: Vacant 

 

Depending on the relative HRU/land use distribution, the degree to which each of these treatment pathways is 

used is determined as part of the optimization scheme. For each Management Category, the impervious area can 

serve as a proxy indicator of the relative size of BMPs that will be selected for each Management Category. Table 

C-2 is a summary of aggregated land use distributions for each treatment pathway and Management Category. 
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Table C-2. Aggregated land use distribution for each treatment pathway and Management Category  

Management 
Category 

Total area 
(acres) 

Imperviousness (% of Total) 

Untreated (urban-
pervious and 
non-urban) Residential 

Commercial 
industrial 

institutional Transportation 

A 92,083 17% 23% 27% 33% 

B 72,528 9% 15% 6% 70% 

C 346,637 20% 26% 12% 42% 

D 261,072 9% 6% 5% 81% 

E 176,470 18% 10% 10% 63% 

F-I 1,044,403 0% 0% 0% 99% 

 
 

Definition of Management Levels 

Management Levels represent various degrees of management, each with its own cost and treatment potential. 

There are points either along or beneath a maximum achievable cost-effectiveness curve that can be associated 

with different Management Levels. When interpreting optimization results, there are several ways to dissect the 

curve. Four options were considered after performing small-scale optimization runs. The methods are summarized 

below: 

1. Preselected long-term target, levels of application as percent of area treated (i.e., implementation along a 

straight-line chord between zero and the optimal point) 

2. Uniform storage capacity design as Management Levels, plus levels of application 

3. Preselected long-term target, levels through phasing (i.e., implementation along piece-wise linear chords 

by management action from zero to optimal point) 

4. Management Levels as independent points along the curve 

 

Figure C-2 conceptually illustrates how Management Levels are defined for each of these methods. The 

advantages and disadvantages of each method are outlined with each method discussion. 
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Figure C-2. Conceptual illustration of four explored methods for defining Management Levels. 

 

Method 1: Preselected long-term target, Levels of Application 

This approach is probably the simplest approach to implement. An implementation target is preselected that will 

most likely guarantee success of achieving in-stream compliance at a watershed scale. Management Levels are 

defined as a function of the amount of area treated using the preselected management strategy. These levels 

represent Intermediate points along a straight-line chord between zero and the optimal maximum feasible point. 

 

Advantages 

 Easy to implement numerically 

 Assumes a fixed strategy and varies only the amount of area treated 

Disadvantages 

 Risk of recommending a suboptimal strategy in areas where less management is needed, thereby 

driving up the overall management cost 

 Provides less flexibility for implementation, because the combination of management actions is pre-

defined 

 It might not be possible to implement the predefined strategy uniformly with the same success on a 

subset of the area 
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Method 2: Uniform treatment capacity design endpoints as Management Levels 

This approach similar to Method 1, except it adds a new dimension of resolution. Instead of one preselected end-

point, five potential endpoints are explored as a function of design treatment capacity. 

 

Advantages 

 Easy to specify Management Levels in terms of incremental treatment capacity volumes 

Disadvantages 

 Risk of recommending a suboptimal strategy in areas where less management is needed, thereby driving 

up the overall management cost 

 Does not reflect treatment prioritization among different HRUs 

 

Method 3: Preselected long-term target, Management Levels through phasing 

This approach is also similar to Method 1, except that instead of Management Levels as a percentage of area 

treated, they represent implementation along piece-wise linear chords of management actions from zero to the 

preselected optimal point. 

 

Advantages 

 Clearly defines an implementation phasing pathway, where the most cost-effective components (HRUs) 

are treated first, followed by those that are less cost effective. 

 Management Levels are inclusive of each other, that is, one builds on the next toward the ultimate goal. 

 The end goal will be optimal if all components are fully implemented. 

Disadvantages 

 Risk of recommending a sub-optimal strategy in areas where less management is needed, thereby driving 

up the overall management cost. 

 Does not explore all available options along the cost-effectiveness curve. 

 

Method 4: Management Levels as independent points along the curve 

This approach sounds fairly logical as defined; however, further investigation of the management activities along 

the curve reveal some interesting nuances. This method does the best job of closely following the cost-

effectiveness curve at a given location, because Management Levels are located at piece-wise linear intervals 

along the continuous cost-effectiveness curve. However, further evaluation of the individual solutions reveals that 

they are not inclusive of each other. 

 

Advantages 

 Minimizes the risk of recommending a suboptimal strategy in areas where less management is needed 

 Explores more available options along the cost-effectiveness curve 

 Minimizes overall cost of implementation by spatially varying levels along the optimal curve 

Disadvantages 

 Management actions associated with different levels are not inclusive of each other 

 Each level might have a different phasing pathway 

 Potentially results in a wide spatially varied set of recommendations 

 

Optimization Problem Formulation and Constraints Definition 

For each representative subwatershed, a hypothetical model was configured with the actual drainage area HRU 

distribution normalized to 100 acres. The individual HRUs were routed to their respective pathways according to 

the Figure C- schematic. Using the 100-acre simulation model, six optimization runs were conducted for each 

representative subwatershed (as shown in Table C-3). The first five optimization runs used a fixed BMP design 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling  

 

 

C-6 

treatment capacity depth, and changed only the size or number (or both) of feasible BMPs applied during the 

optimization search. For example, in the 0.5-inch design depth run, BMPs were designed with a 0.5-inch storage 

capacity. The optimization objective sought to find the most cost-effective allocation of BMPs at each pollutant 

reduction levels, assuming a sizing rule of 0.5 inch, while scaling the treatment area. The sixth optimization run 

was an unconstrained composite run where both the BMP design capacity depth and the size and number of 

BMPs were applied as decision variables. Considering design capacities ranging between 0.5 and 1.5 inches, the 

resulting cost-effectiveness curve from the composite run at each watershed represents the maximum achievable 

treatment range. Zinc (Zn) was selected as the representative pollutant because for most of the study area, it is 

limiting; therefore, the optimization problem was formulated to present cost-effectiveness results for Zn load 

reduction and cost. Although Zn is used as the optimization benchmark, it is important to recognize that managing 

for Zn has comparable benefit on the other metals, which will also be associated with the different Management 

Levels. 

 
Table C-3. Optimization runs for each representative subwatershed  

Optimization run 

BMP treatment 
capacity 
(inches) Optimization decision variable 

0.5 inch design depth 0.5” Size or number of BMPs applied at various HRUs 

0.75 inch design depth 0.75” Size or number of BMPs applied at various HRUs 

1.0 inch design depth 1.0” Size or number of BMPs applied at various HRUs 

1.25 inch design depth 1.25” Size or number of BMPs applied at various HRUs 

1.5 inch design depth 1.5” Size or number of BMPs applied at various HRUs 

Composite Variable BMP design capacity, Percent of impervious area treated 

 

In summary, the decision variables used to specify BMP treatment capacity are a function of both the spatial 

(aerial footprint) and the excavation depth. Each treatment pathway has a maximum amount of area that is 

feasible for BMP implementation. Once area has been maximized, excavation depth is the only other way of 

increasing the treatment capacity. The decision variables for the first five optimization have a fixed excavation 

depth (according to their respective design depths), but vary the physical footprint of the BMPs to achieve the 

treatment capacity. The decision variables for the composite run are free to vary both the design depth (between 

the five 0.25-inch increments), and the physical footprint of the BMPs. 

 

Evaluation of Model Optimization Results for Management Category C 

The model sensitivity of treatment capacity design on the optimization results was tested for Management 

Category C subwatersheds. This is analogous to Method 2 described previously. Five management endpoints 

were explored as a function of design treatment capacity: 0.5, .75, 1, 1.25, and 1.5 inches. For each run, every 

BMP was sized according to the treatment capacity constraint. For each subwatershed, an unconstrained 

composite curve was also developed using a run where treatment capacity was allowed to vary in 0.25-inch 

increments between 0.5 inch and 1.5 inches. The results of these runs are presented in Figure C-3 (subwatershed 

C-05, 5164), Figure C-4 (subwatershed C-50, 6057), and Figure C-5 (subwatershed C-95, 2028). 

 

 



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling 
 

 

 
 

C-7 

 
Figure C-3. Maximum achievable reduction by design treatment capacity at Subwatershed C-05 (5164). 

 

 

 
Figure C-4. Maximum achievable reduction by treatment capacity at Subwatershed C-50 (6057). 
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Figure C-5. Maximum achievable reduction by treatment capacity at Subwatershed C-95 (2028). 

 

 

In general, the lowest design depth was found to be the most cost-effective for lower reductions (less than 20 lbs 

of Zn removed. Higher design depths can achieve higher pollutant load reductions above this point. The 

composite runs provided the most cost-effective solutions at all reduction levels because of the flexibility to vary 

the design treatment capacity by land use. For example, at lower reduction levels, lower design depths are 

selected, whereas at higher reduction levels an optimum mix of design depths by land use was selected. The 

higher constrained design depths were generally suboptimal at higher levels of treatment because some HRU 

BMPs were being over-designed, given a fixed treatment capacity constraint, for the water they treated. 

 

Composite Run Results Comparison 

Figure C-6 shows the Zn load reduction and cost derived from the three composite optimization runs from all 

three subwatersheds in Management Category C. Clearly, subwatershed C-95 has the highest achievable load 

reduction, followed by C-50 and C-05. The maximum achievable load reduction of each subwatershed is a 

function of (1) HRU distribution, (2) percent of imperviousness, and (3) precipitation. 
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Figure C-6. Cost-effectiveness curve derived from composite optimization runs (Management Category C). 

 

 

Figure C-7 plots the cost-effectiveness at various points along the curve. One general trend was observed at all 

three locations: the cost-effectiveness reduces as load reduction increases. The reason is because at higher load 

reduction levels, BMPs with higher design capacity are used with marginal additional benefit achieved. Besides 

BMP design capacity, factors that affect the cost-effectiveness include (1) land use type, (2) unit-area pollutant 

loading, and (3) precipitation. Figure C-8 is a graph of precipitation statistics for the Management Category C 

subwatersheds. 

 

 
Figure C-7. Cost-effectiveness versus Zn load reduction for selected Management Category C subwatersheds. 
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Figure C-8. Precipitation statistics of the three Management Category -C representative subwatersheds. 

 

 

Numerical Definition of Management Levels 

The maximum achievable load reduction of each subwatershed is a function of HRU distribution, imperviousness, 

and precipitation; however, for developing rules to inform the large-scale optimization modeling, there is a need 

convert these results into relative terms that are scalable to other areas with differing HRU distributions and 

precipitation intensities. One convenient way to do this is to define the Management Levels as a percentage of the 

maximum achievable load reduction. Figure C-9 presents the same information as Figure C-7, except that at each 

location, the cost-effectiveness has been normalized relative to the maximum achievable reduction at the 

respective location. After this step, the five Management Levels can be selected directly off the curves as discrete 

intervals along the maximum feasible treatment curve 20 percent, 40 percent, 60 percent, 80 percent, and 100 

percent. 
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Figure C-9. Normalized BMP cost-effectiveness and Management Level intervals for selected Management Category C 

subwatersheds. 

 

After identifying the Management Level intervals, Figure C-9 can be simplified into a form consistent with the 

proposed reduction matrix from some of the previous memoranda. Figure C-10 is the summary chart showing 

Management Levels identified from Figure C-9. 

 

 
Figure C-10. Cost versus load reduction relationship for selected Management Category C subwatersheds. 
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further analysis. Each of these solutions provides a specified BMP storage design depth and percent of BMP 

utilization. For example, at the 100 percent level (maximum feasible treatment level), the solutions details for the 

three selected Management Category C subwatersheds are summarized in Table C-4. 
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Table C-4 also illustrates the convention for translating the optimal solution details into rules that define a 

Management Level (100 percent in the example shown). First, the area-weighted average utilization percentage 

was calculated for each BMP component, and then rounded to the nearest 5 percent interval (i.e., 96%  100%, 

and 52%  50%). Next, the design depth was translated to a multiplier corresponding to the 85
th
 percentile 24-

hour rainfall depth. Because the predicted unit area loads vary throughout the watershed as a function of the 

weather patterns, precipitation will be included as an independent variable in defining Management Levels. For 

the Management Category C selected subwatersheds, the 85
th
 24-hour rainfall depths are 0.75 inch, 0.68 inch, and 

0.65 inch for C-05, C-50, and C-95, respectively. The BMP design depth multiplier is derived by dividing the 

design depth by the corresponding 85
th
 percentile 24-hour rainfall depth. Finally, the area-weighted BMP design 

depth multiplier is calculated for each BMP component and aggregated across subwatersheds. The following 

equation illustrates the calculation: 

 

BMP Design Depth Multiplier =  
l eDept ht hPer cent i

ept hBM PDes i gnD

edAr eaTot al Tr eat

aTr eat edAr e

85
 

 

 
Table C-4. BMP solution details of three Management Category -C representative subwatersheds at Management Level of 

100% of maximum load reduction  

Land use/BMP type 

Residential 
Commercial, industrial, 

institutional Transport
-ation 
bio-

retention 

Second-
ary road 

bio-
retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

Maximum 
Treated 
Area 
(acres) 

C-05 7 18 9 16 0 9 

C-50 11 28 6 11 4 15 

C-95 1 2 38 61 5 12 

BMP 
Utilization 
(%) 

C-05 90% 100% 100% 100% - 100% 

C-50 100% 96% 83% 100% 100% 93% 

C-95 97% 50% 95% 98% 100% 100% 

Area 
weighted 
average 

100% 100% 100% 100% 100% 100% 

Treatment 
Capacity 
Depth (in.) 

C-05          0.5          1.0        0.5   -             1.5  

C-50          0.5        1.25        0.5          1.0             1.5  

C-95          1.0          1.0        0.5          1.5             1.5  

BMP 
Design 
Depth 
Multiplier 

C-05   0.7 1.3 0.7   2.0 

C-50   0.7 1.8 0.7 1.5 2.2 

C-95   1.5 1.5 0.8 2.3 2.3 

Area 
weighted 
average 

  0.7 1.5 0.7 1.9 2.2 

 

 

Following the same convention described above, Management Levels for Management Category C were defined 

and presented in Table C-5. 
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Table C-5. Numerical definition of Management Levels for Management Category C 

BMP sizing/selection 
rules by HRU and 
Management Level 

Residential 
Commercial, industrial, 

institutional 

Transport-
ation 

bioretention 

Secondary 
road 
bio-

retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

B
M

P
 U

ti
liz

a
ti
o

n
 (

%
) Level I (20%) 0% 0% 50% 0% 55% 0% 

Level II (40%) 0% 20% 85% 0% 45% 60% 

Level III (60%) 0% 90% 90% 0% 100% 100% 

Level IV (80%) 0% 100% 55% 100% 100% 100% 

Level V (100%) 100% 100% 100% 100% 100% 100% 

B
M

P
 D

e
s
ig

n
 D

e
p

th
 

M
u

lt
ip

lie
r 

Level I (20%)     0.7   0.9   

Level II (40%)   0.7 0.7   0.7 0.7 

Level III (60%)   0.7 0.7   1 0.9 

Level IV (80%)   0.7 0.7 0.7 1.1 1.4 

Level V (100%)   0.7 1.5 0.7 1.9 2.2 

 

 

Model Optimization Results for Other Management Categories 

For the other Management Categories (A, B, D, and E), the same convention was followed for determining the 

generalized rules for extrapolation. This section presents the intermediate stages of the process and results for the 

other four Management Categories. 

 

Management Category A 

Figure C-11 shows the Zn load reduction and cost derived from the three composite optimization runs from all 

three Management Category A subwatersheds. Figure C-12 plots the cost-effectiveness at various load reduction 

points, and Figure C-13 plots the normalized cost-effectiveness curve relative to the maximum achievable 

reduction at each selected subwatersheds. Figure C-14 shows the precipitation statistics for the Management 

Category A subwatersheds, including the average annual rainfall depth and the 85th percentile rainfall intensity. 

Table C-6 defines the Management Levels for Management Category A. 
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Figure C-11. Cost-effectiveness curve derived from composite optimization runs (Management Category A). 

 

 

 

 
Figure C-12. Cost-effectiveness versus Zn load reduction for selected Management Category A subwatersheds. 
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Figure C-13. Normalized BMP cost-effectiveness and Management Level intervals for selected Management Category A 

subwatersheds. 

 

 
Figure C-14. Precipitation statistics of the three Management Category A representative subwatersheds. 
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Table C-6. Numerical definition of Management Levels for Management Category A 

BMP sizing/selection 
rules by HRU and 
Management Level 

Residential 
Commercial, industrial, 

institutional 

Transport-
ation 

bioretention 

Secondary 
road 
bio-

retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

B
M

P
 U

ti
liz

a
ti
o

n
 (

%
) Level I (20%) 0% 0% 35% 10% 30% 50% 

Level II (40%) 0% 10% 40% 10% 85% 90% 

Level III (60%) 0% 90% 90% 10% 100% 100% 

Level IV (80%) 15% 100% 90% 50% 100% 100% 

Level V (100%) 35% 100% 90% 100% 100% 100% 

B
M

P
 D

e
s
ig

n
 D

e
p

th
 

M
u

lt
ip

lie
r 

Level I (20%)     0.63 0.70 0.61 0.70 

Level II (40%)   0.73 0.63 0.73 0.64 0.69 

Level III (60%)   0.68 0.61 0.73 0.63 0.68 

Level IV (80%)   0.68 0.64 0.65 1.23 1.00 

Level V (100%)   1.41 1.41 0.62 1.84 1.81 

 

Management Category B 

Similarly for Management Category B, Figure C-15, Figure C-16, and Figure C-17 plots the Zn load reduction 

and cost derived from the three composite optimization runs, the cost-effectiveness at various load reduction 

points, and the normalized cost-effectiveness curve relative to the maximum achievable reduction at each selected 

subwatersheds, respectively. Figure C-18 shows the precipitation statistics for the Management Category B 

subwatersheds. Table C-7 defines the Management Levels for Management Category B. 

 

 
Figure C-15. Cost-effectiveness curve derived from composite optimization runs (Management Category B). 
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Figure C-16. Cost-effectiveness versus Zn load reduction for selected Management Category B subwatersheds. 

 

 

 
Figure C-17. Normalized BMP cost-effectiveness and Management Level intervals for selected Management Category B 

subwatersheds. 

 

0

50

100

150

200

250

300

350

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Zinc Removed (lb/acre/year)

C
o
s
t 

E
ff

e
c
ti
v
e
n
e
s
s
 (

$
1
,0

0
0
/l
b
-r

e
m

o
v
e
d
/a

c
re

)

5th Percentile

50th Percentile

95th Percentile

0

50

100

150

200

250

300

350

0% 20% 40% 60% 80% 100%

Management Levels: Percent of Maximum Zinc Removed

C
o
s
t 

E
ff

e
c
ti
v
e
n
e
s
s
 (

$
1
,0

0
0
/l
b
-r

e
m

o
v
e
d
/a

c
re

)

5th Percentile

50th Percentile

95th Percentile



Phase II Report: Development of the Framework for 
Watershed-Scale Optimization Modeling  

 

 

C-18 

 
Figure C-18. Precipitation statistics of the three Management Category B representative subwatersheds. 

 

 
Table C-7. Numerical definition of Management Levels for Management Category B 

BMP sizing/selection 
rules by HRU and 
Management Level 

Residential 
Commercial, industrial, 

institutional 

Transport-
ation 

bioretention 

Secondary 
road 
bio-

retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

B
M

P
 U

ti
liz

a
ti
o

n
 (

%
) Level I (20%) 0% 10% 30% 60% 0% 0% 

Level II (40%) 0% 10% 65% 60% 100% 95% 

Level III (60%) 0% 75% 50% 70% 100% 90% 

Level IV (80%) 0% 100% 80% 100% 100% 95% 

Level V (100%) 25% 100% 100% 100% 100% 95% 

B
M

P
 D

e
s
ig

n
 D

e
p

th
 

M
u

lt
ip

lie
r 

Level I (20%)   0.60 0.68 0.62     

Level II (40%)   0.60 0.68 0.62 0.95 0.61 

Level III (60%)   0.61 0.72 0.63 0.95 0.61 

Level IV (80%)   0.61 0.84 0.66 0.95 0.92 

Level V (100%)   1.03 1.85 0.75 1.26 1.84 

 

Management Category D 

Figure C-19 through Figure C-21 shows the cost-effectiveness curves for the selected subwatersheds of 

Management Category D. Figure C-22 shows the precipitation statistics for the Management Category D. Table 

C-8 defines the Management Levels for Management Category D. 
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Figure C-19. Cost-effectiveness curve derived from composite optimization runs (Management Category D). 

 

 

 
Figure C-20. Cost-effectiveness versus Zn load reduction for selected Management Category D subwatersheds. 
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Figure C-21. Normalized BMP cost-effectiveness and Management Level intervals for selected Management Category D 

subwatersheds. 

 

 

 

 
Figure C-22. Precipitation statistics of the three Management Category D representative subwatersheds. 
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Table C-8. Numerical definition of Management Levels for Management Category D 

BMP sizing/selection 
rules by HRU and 
Management Level 

Residential 
Commercial, industrial, 

institutional 

Transport-
ation 

bioretention 

Secondary 
road 
bio-

retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

B
M

P
 U

ti
liz

a
ti
o

n
 (

%
) Level I (20%) 5% 5% 95% 0% 0% 20% 

Level II (40%) 10% 55% 95% 30% 0% 45% 

Level III (60%) 10% 90% 95% 80% 80% 50% 

Level IV (80%) 10% 100% 95% 95% 100% 100% 

Level V (100%) 50% 100% 100% 95% 100% 100% 

B
M

P
 D

e
s
ig

n
 D

e
p

th
 

M
u

lt
ip

lie
r 

Level I (20%)   0.63 0.61     0.86 

Level II (40%)   0.63 0.60 0.62   0.63 

Level III (60%)   0.63 0.61 0.60 0.60 0.71 

Level IV (80%)   0.69 0.61 0.61 0.60 1.24 

Level V (100%)   1.33 1.69 0.61 1.81 1.87 

 

 

Management Category E 

Figure C-23 through Figure C-25 shows the cost-effectiveness curves for the selected subwatersheds of 

Management Category E. Figure C-26 shows the precipitation statistics for the Management Category E 

subwatersheds. Table C-9 defines the Management Levels for Management Category E. 

 

 

 
Figure C-23. Cost-effectiveness curve derived from composite optimization runs (Management Category E). 
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Figure C-24. Cost-effectiveness versus Zn load reduction for selected Management Category E subwatersheds. 

 

 
Figure C-25. Normalized BMP cost-effectiveness and Management Level intervals for selected Management Category E 

subwatersheds. 
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Figure C-26. Precipitation statistics of the three Management Category E representative subwatersheds. 

 

 

 
Table C-9. Numerical definition of Management Levels for Management Category E 

BMP sizing/selection 
rules by HRU and 
Management Level 

Residential 
Commercial, industrial, 

institutional 

Transport-
ation 

bioretention 

Secondary 
road 
bio-

retention 

Roof 
rain 

barrel 
Impervious 
bioretention 

Porous 
pavement 

Impervious 
bioretention 

B
M

P
 U

ti
liz

a
ti
o

n
 (

%
) Level I (20%) 0% 5% 70% 40% 20% 40% 

Level II (40%) 5% 30% 80% 40% 20% 85% 

Level III (60%) 5% 80% 80% 60% 40% 100% 

Level IV (80%) 5% 100% 90% 95% 100% 100% 

Level V (100%) 55% 100% 100% 100% 100% 100% 

B
M

P
 D

e
s
ig

n
 D

e
p

th
 

M
u

lt
ip

lie
r 

Level I (20%)   0.60 0.70 0.60 0.73 0.67 

Level II (40%)   0.66 0.73 0.60 0.73 0.62 

Level III (60%)   0.63 0.78 0.61 0.73 0.63 

Level IV (80%)   0.63 0.78 0.66 0.86 0.95 

Level V (100%)   1.19 1.20 0.66 1.53 1.84 

 

Summary of Observations and Trends 

Recall that urban HRUs were categorized into four treatment pathways: Residential, Commercial Industrial and 

Institutional (CII), Secondary Roads, and Transportation. Flow from those land use categories were treated 

according to the BMPs shown in the Figure C- generalized schematic. BMP use varied as a function of the 

subwatershed’s unique HRU distribution. Treatment Capacity, defined as a net BMP volume, was summarized for 

the five Management Levels among the five urban Management Categories. Figure C-27 through Figure C-31 

plot the treatment capacity (expressed as multiplier of the 85
th
 percentile rainfall depth) distribution for 

Management Categories A through E, respectively. 
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Figure C-27. Treatment capacity distribution among land use categories at five Management Levels of Management 

Category A. 

 

Figure C-28. Treatment capacity distribution among land use categories at five Management Levels of Management 
Category B. 
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Figure C-29. Treatment capacity distribution among land use categories at five Management Levels of Management 

Category C. 

 

 

 
Figure C-30. Treatment capacity distribution among land use categories at five Management Levels of Management 

Category D. 
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Figure C-31. Treatment capacity distribution among land use categories at five Management Levels of Management 

Category E. 

 

 

Table C-10 highlights the characteristics of the urban Management Categories. Reviewing these characteristics 

will help to better understanding the factors that most influence optimized treatment capacity selections between 

Management Levels for the different Management Categories. Figure C-32 below shows unit-area pollutant 

loading by land use group (i.e., Residential, CII, Secondary Road, Transportation), aggregated for the entire study 

area. For a given land use, the slight variation observed among the Management Categories is primarily because 

of (1) rainfall variability across the study area, and (2) the aggregation and categorization of land use into the   

groups presented. In general, Transportation and Secondary Road have the highest unit area loadings, followed by 

CII, and Residential has the lowest. Figure C-33 plots relative pollutant loads by land use group. In other words, 

for a given Management Category, Figure C-33 shows which land uses contribute what percentage of the total 

load. That graph shows that CII contributes the highest percentage of pollutant loads for Management Categories 

A, B, and C, but Residential contributes the highest percentage in Management Categories D and E. Cross-

referencing that finding with Table C-10 reveals that Management Categories A through C have concentrated 

imperviousness, whereas Management Categories D and E have dispersed imperviousness—which tend to be 

residential. 

 

 
Table C-10. Definition of urban Management Categories 

ID Impervious configuration Road density Slope 

A Concentrated High Road Density Moderate 

B Concentrated Low Road Density Steep 

C Concentrated Low Road Density Moderate 

D Dispersed Low Road Density Steep 

E Dispersed Low Road Density Moderate 
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Figure C-32. Unit-area Zn load by land use group for each Management Category. 

 

 

 
Figure C-33. Zn load contribution by land use group for each Management Category. 
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commercial land use runoff, followed by Secondary Road, Transportation, and finally Residential. 

 For most Management Categories at most Management Levels, CII shows the highest treatment 
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more cost-effective to treat these areas for Zn because they have relatively higher unit area loading and 

higher percentage of contribution than the other land use groups. 

 CII, Secondary Road, and Transportation generally showed higher treatment capacities than Residential 

for nearly all Management Categories at all Management Levels. The reason is Residential has the lowest 

unit area pollutant loading rates; therefore, treatment of Residential runoff is less cost-effective than for 

other land uses. 

 Management Category A has the highest transportation percentage (high road density). As a result, BMP 

selection focuses on Transportation first for Management Levels 1 through 3. That suggests that treating 

runoff from transportation land uses is one of the most cost-effective strategies for managing metals 

loading. The most cost-effective options for Management Category A are to treat Transportation runoff 

first, followed by impervious commercial runoff, Secondary Roads, and then Residential. 

 Management Category D has the highest percentage of pervious land, followed by Management Category 

B. These two categories also have steeper slopes than Management Categories A, C, and E. Consistent 

with observed trends in the watershed, steeper areas are more likely to be undeveloped; therefore, they 

will tend to have more pervious land area. Management Category D has a considerably higher pervious 

percentage than B. The dispersed impervious classification of Management Category D further indicates 

the lack of development relative to the concentrated Management Category B. Although Management 

Category B is classified as steep slope, those subwatersheds tend to have pockets of areas that have 

moderate or mild slope, where development is concentrated. 

 Management Category D prioritizes Commercial and Transportation at ML-I before Residential, but at 

ML-II Residential begins to have a higher capacity than Transportation. On the other hand, Management 

Category B prioritizes Commercial and Residential at ML-I, but Transportation and Secondary Roads 

play a much larger role in terms of treatment capacity at ML-II than Residential. 

 Overall, the fundamental factors influencing the treatment cost-effectiveness is unit area pollutant 

loading, which is a function of land use and precipitation. The Management Category classification is 

based on impervious configuration, road density, and slope. The above three factors appear to correlate 

with land use distribution characteristics. For example, as discussed earlier, Management Category A, 

which is concentrated, high road density, and moderate slope, has very little pervious area and a higher 

percentage of CII, Secondary Road, Transportation, and Residential. Management Category D, which is 

dispersed with steep slope has more Residential and pervious land. Because of the land use distribution, 

different Management Categories will tend to have distinctive treatment capacity distribution among land 

use groups. This confirms that the selected Management Category features are good indicators and drivers 

for treatment selection. 

 

Extrapolating the Management Level Rules to the Watershed Scale 

This section has described how Management Levels were derived for each of the Management Categories. 

Following this exercise, the generalized management rules associated with each Management Level were 

extrapolated to every subwatershed at the watershed scale. The result of this extrapolation are optimized cost 

versus load reduction relationships for every subwatershed. Those sets of curves represent the boundaries of the 

distributed BMP search space for the watershed scale optimization effort. 

 

The normalized Management Level rules for the five urban subwatersheds were applied all other subwatersheds 

sharing the same Management Category. As previously noted, the Non-Urban Management Categories (F through 

I) were assigned the rules corresponding to their respective ―Urban‖ counterparts (B through E). For every 

subwatershed, the five Management Levels rules were used to generate five discrete BMP application runs for 

each level. Each of these runs was a discrete SUSTAIN model run with distributed BMP sizing specified 

according to the Management Level rules. The runs are referred to as ―discrete‖ because no optimization is being 

performed; rather, each run represents an individual point along the cost-effectiveness curve. Because the rules 
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are scalable, even though the same rules are applied for watersheds of the same Management Category, the 

resulting BMP configurations are customized for each subwatershed according to (1) the HRU distribution and (2) 

the unique precipitation pattern. Each discrete SUSTAIN simulation for each subwatershed calculates both the 

total BMP cost and the pollutant reductions for points along the cost effectiveness curve for that subwatershed. 

After the discrete simulation results are complied, regression analysis is performed to derive continuous cost-

benefit functions and the flow-pollutant load reduction correlations that will later be used for basin-wide 

optimization analysis. The three-step procedural sequence is summarized below: 

 

Step 1: Translate the Management Level rules into SUSTAIN model runs 

The Management Level (ML) rules consist of two components: (1) the BMP utilization percentage and (2) the 

BMP design depth multiplier. The BMP utilization percentage indicates the percent of the maximum achievable 

treatment area (for distributed BMPs); while the BMP design depth multiplier indicates the BMP storage depth 

for the treated area. This multiplier is a function of precipitation intensity for each subwatershed.  

 

For every subwatershed, a total area of 100 acres with the same HRU distribution as the entire subwatershed was 

used as the base to construct the SUSTAIN input files. For every ML, the BMP utilization percentage and the 

BMP design depth multiplier are translated into the number of units (NUMUNIT) and size of each BMP (SIZE) 

components respectively using the following two equations.  

 

NUMUNIT = (BMP Utilization Percentage)  ×  (Max Number of Units) 

SIZE = (85
th
% Rain Depth)  ×  (BMP Design Depth Multiplier / 1.5)  ×  (Max Size) 

 

The ML rules are specific to each Management Category.  It is also important to note the 85
th
 percentile 24-hour 

rainfall depth of each subwatershed is used to calculate the BMP design depth using the multiplier defined in the 

MLs. For consistency, the 85
th
 percentile 24-hour rainfall design depths were recalculated based on the 10-year 

model simulation period for optimization (10/1/1996 to 9/30/2006) for each of the 148 weather locations. 

 

Step 2: Run SUSTAIN to calculate the cost and benefit (flow and pollutant reduction)  

This step is to run SUSTAIN to calculate the BMP cost, flow and pollutant reductions at the five MLs for every 

subwatershed. There are 2,655 subwatersheds in the modeling system, consequently a total of 13,275 (2,655 x 5) 

runs were performed. Table C-11 shows an example of the model results using subwatershed 1008, which is a 

Management Category C subwatershed.  

 
Table C-11. Example cost-benefit results at five Management Levels (subwatershed 1008, Management Category C) 

ML 
Cost  

($ Mil / 100 ac.)  Flow/Load Reduction (% of existing values) 

I 0.6162 8.2% 15.3% 9.7% 8.9% 8.8% 4.6% 11.9% 7.4% 

II 1.4400 18.3% 31.7% 22.3% 20.3% 25.7% 22.8% 29.0% 16.4% 

III 2.8775 31.7% 50.5% 41.3% 44.8% 49.4% 50.3% 52.0% 44.8% 

IV 4.3309 41.2% 66.1% 53.3% 56.8% 63.2% 62.0% 67.4% 54.9% 

V 9.1960 64.8% 79.5% 70.7% 71.4% 78.2% 77.6% 79.8% 69.2% 

 

 

Step 3: Do regression analysis to derive the cost-benefit function for every subwatershed  

Regression analysis was performed to derive the cost vs. flow volume reduction functions using the simulation 

results from Step 2 (as illustrated in Table C-11). A second-order polynomial function proved to be a good fit to 

represent the cost versus flow reduction relationship. Figure C-34 shows the example cost versus flow reduction 

regression equation for subwatershed 1008. The function is expressed as: 
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Cost (million $) = c1 x
2 
+ c2 x 

 

Where x is the flow reduction percentage, and c1 and c2 are the cost function coefficients.  

 

Another set of information required for basin wide optimization is the correlation coefficients between pollutant 

load reduction and flow volume reduction. Figure C-35 illustrate the correlation between flow and TSS load 

reduction. The linear regression equation is also shown in the chart. The equation is express as 

 

Y = ai x 

 

where x is the flow reduction percentage, and ai is the correlation coefficient for pollutant i.  

 

Table C-12 shows an example of the cost function, as well as the flow reduction and pollutant load reduction 

correlation coefficients derived for subwatershed 1008. This process is repeated for each subwatershed to 

construct a search-opportunity matrix for the watershed-scale optimization analysis.  

 

 

 

 
Figure C-34. Cost versus flow reduction regression analysis for subwatershed 1008.  
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Figure C-35. TSS and flow reduction correlation of subwatershed 1008.  

 

 
Table C-12. Example cost function and pollutant load to flow correlation coefficients (Subwatershed 1008, MC C) 

  
Subwatershed 

ID 
  

MC 

Cost Function TSS TN TP Cu Pb Zn  F.C. 

c1 (x
2
) c2 (x) a1  a2 a3 a4 a5 a6 a7 

1008 C 14.604 4.6672 1.3930 1.1733 1.2089 1.3391 1.3191 1.3999 1.1668 

 

Extrapolation Summary 

The watershed-scale extrapolation steps described in this document were applied to all subwatersheds, according 

to Management Category. The resulting matrix of incremental MLs represents the full projected treatment 

opportunity for distributed BMPs in terms of cost and performance benefit. An analysis of total BMP treatment 

capacity and total associated costs across the entire modeled watershed area provides a view into the nature of the 

search space available for optimization. Figure C-36 through Figure C-40 show extrapolated subwatershed 

treatment capacity for each ML. These maps represent uniform incremental layers of management. The total 

associated cost is also shown in a side panel for reference in these graphs. Because both climate and amount of 

urbanization varies throughout the watershed, both treatment capacity (the type and size of BMPs) and associated 

costs will also vary spatially across the watershed. 
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Figure C-36. Extrapolated BMP treatment capacity for Management Level I. 
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Figure C-37. Extrapolated BMP treatment capacity for Management Level II. 
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Figure C-38. Extrapolated BMP treatment capacity for Management Level III. 
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Figure C-39. Extrapolated BMP treatment capacity for Management Level IV. 
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Figure C-40. Extrapolated BMP treatment capacity for Management Level V. 


