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ABSTRACT 

EFFECTS OF SPATIAL DISTRIBUTION OF STORMWATER MANAGEMENT 

INFRASTRUCTURE ON POLLUTANT REMOVAL EFFICIENCIES AT THE 

WATERSHED SCALE: A GEOGRAPHIC INFORMATION SYSTEMS APPROACH 

Stephanie Sparkman, M.S. 

George Mason University, 2015 

Thesis Director: Dr. Paul Houser 

 

Although urban areas comprise only 7% of the Chesapeake Bay Watershed, 

stormwater runoff from these areas represents a serious impairment to local streams and 

downstream ecosystems. Urban stormwater best management practices (SWBMPs) may 

be designed to retain, detain, or infiltrate stormwater runoff, and are sometimes also 

designed to treat stormwater runoff by removing or reducing nutrients and sediment. 

Using SWBMPs to protect streams in the Chesapeake Bay Watershed is of both 

ecological and economic importance. 

Conventional management of urban stormwater aims to convey runoff away from 

a developed area as quickly as possible. More recently, SWBMPs have been used in a 

distributed or decentralized manner to treat stormwater close to its source. This is 

sometimes referred to as a low impact development approach to stormwater management. 

The objective of this research is to compare annual pollutant removal efficiencies of two 



 

watersheds in Clarksburg, MD with differing spatial patterns of SWBMP implementation 

(centralized and distributed), and determine if spatially distributed SWBMPs offer the 

best water quality benefit.  

Annual pollutant removal efficiency (APRE) is the measured reduction of 

pollutants, typically in percent, from the inflow to the outflow of a SWBMP. The Monte 

Carlo method is applied to the ranges of APRE for each SWBMP. By utilizing the GIS 

data generated for DAs to each SWBMP, the information given for APRE are integrated 

to calculate a water quality benefit for the two watersheds. Because each watershed is 

similar in land cover characteristics, this research emphasizes the effectiveness of the 

spatial configuration of the SWBMPs. This research shows that spatially distributed 

SWBMPs remove annually between 0.95-1.00 lbs. more nitrogen, 0.048-0.049 lbs. more 

phosphorus, and 0.87-0.89 lbs. more sediment on average per acre as compared to 

centralized SWBMPs.  

In conclusion, this research utilizes a geographic information system to aid local 

and state governments to achieve federally mandated water quality regulations. 

Combined with cost and land use/land cover data, these new APRE data could optimize 

infrastructure design protocol for new urban development. 
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INTRODUCTION 

Human population growth and urbanization in the Chesapeake Bay Watershed 

(CBW) is on the rise. Although urban areas comprise only 7% of the CBW, stormwater 

runoff from these areas represents a serious impairment to local stream and downstream 

ecosystems (EPA, 2010). Even when utilizing best available sediment and erosion control 

practices during development, studies have shown (e.g. Hogan et al., 2013) that receiving 

streams experience altered flow, geomorphology, and decrease in biotic community 

health (Walsh et al., 2005). These small stream impacts during development in turn affect 

sediment and nutrient loads to larger downstream aquatic ecosystems such as the CBW 

(Hogan et al., 2013). Stormwater runoff from urban areas contributes 16% nitrogen, 16% 

phosphorus, and 25% sediment pollution to the CBW (US EPA, 2010). Consequently, 

urban stormwater runoff is the fastest growing source of pollution to the CBW (US EPA, 

2010). The long term increase in nitrogen and phosphorus pollutant loads to the CBW is 

recognized as the primary factor for hypoxia conditions. Significant ecological harm such 

as degraded benthic communities illustrate the detrimental effects of hypoxia present in 

the CBW (Hagy, et al., 2004). 

Urban areas alter the water balance by covering pervious, open land with 

impervious surfaces such as buildings, parking lots, roads, and rooftops, giving 

stormwater runoff less chance to infiltrate and filter into the ground (Davis, 2005).  
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When natural lands and vegetation (trees, bushes, and tall grasses) that provide 

filtering of stormwater runoff are replaced by impervious surfaces, there is little chance 

for water-quality improvement (Davis, 2005). Untreated and overflowing urban 

stormwater runoff can cause downstream flooding, property damage, and increase 

contaminants that could potentially affect human health and living resources (US EPA, 

1999). Therefore, implementing the best performing SWBMPs to protect streams in the 

Chesapeake Bay Watershed is of both ecological and economic importance. 

Stormwater Management Infrastructure 

Stormwater best management practices (SWBMPs) may be designed to retain, 

detain, or infiltrate stormwater runoff into the ground, and could also be designed to treat 

stormwater runoff by removing or reducing nutrients and sediment (Hogan, 2008). Urban 

stormwater runoff is controlled through the use of several different types of SWBMP 

infrastructure. Structural SWBMPs designed to manage water quantity include dry 

detention ponds, wet retention ponds, dry swales, and infiltration systems. Additionally, 

SWBMPs such as bioretention cells, sand filters, oil/grit separators, and underground 

storm filters are designed to improve water quality (Loperfido et al., 2014). A study in 

Charlotte, North Carolina indicated that in an urban environment, bioretention systems 

can reduce concentrations of most target pollutants as well as effectively reduce peak 

runoff from small to midsize storm events (Hunt, et al. 2008). 

Centralized vs. Distributed SWBMP Spatial Distribution 

Centralized management of urban stormwater aims to convey runoff away from a 

developed area as quickly as possible. First, the runoff enters gutters, then storm drains, 
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and finally is discharged directly to a stream. While this centralized approach minimizes 

stormwater ponding and flooding in urban areas, it tends to alter the hydrologic cycle and 

degrade water quality (Davis, 2005). Large areas of impervious surfaces often found in 

urban areas tend to be associated with higher levels of pollutants, diminished pollutant 

removal during overland flow, reduced infiltration of stormwater into the ground, and 

greater runoff peak flows in the receiving stream leading to stream bank erosion 

(Loperfido et al., 2014). Centralized stormwater management is also referred to as the 

conventional or traditional approach.  

An innovative stormwater management method is to distribute the SWBMP 

infrastructure. Distributed stormwater management infrastructure is commonly referred 

to as low impact development (LID), green engineering, or a novel approach to 

stormwater management. LID designs are intended to reduce stormwater runoff volume 

and improve water quality while mimicking pre-development hydrologic conditions 

(Davis, 2005). Environmental managers implement LID to accommodate development 

and attempt to mitigate environmental degradation commonly associated with impervious 

surfaces (Selbig, et al., 2008). The objective is to minimize impervious area, and treat 

stormwater close to its source. The stormwater is kept on site using natural approaches 

like vegetated swales and filter strips instead of curb-and-gutter systems which quickly 

produce runoff (Davis, 2005). Using infiltration to control stormwater runoff in urban 

areas is becoming a common LID practice as well. A primary goal of filtration (i.e. 

bioretention, infiltration trenches) is to control the volume and rate of runoff from 

developed areas in order to keep the level of runoff close to that of undeveloped 
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conditions. In addition, infiltration captures the stormwater and treats it through the 

process of water infiltrating and flowing through the soil profile (Nieber et al., 2014).  

As compared to conventional stormwater management systems, LID systems 

show lower maintenance burdens and higher water quality treatment capabilities as a 

function of pollutant removal performance (Houle et al., 2013). LID design is a 

progressive trend in stormwater management and water quality restoration efforts. While 

LID continues to gain more acceptance as the water quality benefits are documented, less 

is known about the economic benefits (Houle, et al., 2011). 

Figure 1 illustrates a simplified example of a centralized and distributed 

approached to stormwater management infrastructure. In the centralized watershed 

example, there are fewer SWBMPs in total. Furthermore, the majority of SWBMPs are 

located in the stream. In the distributed watershed example, the SWBMPs are located 

primarily on the landscape in treatment train networks. 

 

 

 
Figure 1: Centralized vs. Distributed SWBMPs, adapted from Loperfido et al. 2014 
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OBJECTIVES 

The objective of this research is to compare annual pollutant removal efficiencies 

(APRE) of two watersheds with differing spatial patterns of SWBMP implementation 

(centralized and distributed), and determine if spatially distributed SWBMPs offer the 

better water quality benefit as compared to centralized SWBMPs. Additionally, this 

research uses GIS to compare centralized versus distributed SWBMP infrastructure on a 

watershed scale.  

Hypothesis Statement 

If total drainage area to a terminal SWBMP increases, then the water quality 

benefit (lbs. of pollutant removed), will be significantly greater in the distributed 

watershed as compared to the centralized watershed. A generalized description of the 

hypothesis is modeled in Figure 2. It is evident in Figure 2 that the distributed watershed 

pollutant removal (y-axis/dependent variable) is greater as total drainage area to a 

terminal SWBMP (x-axis/dependent variable) increases. 
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Figure 2: Generalized Hypothesis Graph 

 

Purpose 

Determining the spatial configuration of SWBMPs that maximizes stormwater 

APRE will facilitate efforts to achieve federal mandated water quality regulations under 

the EPA’s Clean Water Act. Consequently, county governments can utilize this research 

to engineer stormwater infrastructure design in urban areas to meet Total Maximum 

Daily Loads (TMDL) regulations, therefore protecting valuable water resources like the 

CBW.  
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METHODS 

A comprehensive review of the study sites, development of watersheds in GIS, 

and analysis in Excel all comprise the methodology for this research. Each method is 

discussed and outlined in the sections below. 

Study Sites 

Developed neighborhoods in Clarksburg, Montgomery County, Maryland 

comprise the two SWBMP sites in this study. The watersheds are located in the CBW in 

the Washington, D.C. metropolitan area. The first, Crystal Rock watershed, contains 

centralized SWBMPs whereas the second, Tributary (Trib.) 104 watershed contains 

distributed SWBMPs. The study watersheds have similar land cover characteristics. 

Figure 2 demonstrates the location of the study sites starting first in the blue box, within 

the CBW. Next, the map expands to the Washington D.C. Metropolitan area with 

Clarksburg, MD study sites in the red box. Finally, aerial views of the watershed 

boundaries are outlined in red and blue dots represent the terminal outlet of each 

watershed’s stream. A terminal SWBMP is defined as the final SWBMP infrastructure 

that treats stormwater (i.e. terminal pond) before discharging to the stream.
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Figure 3: Study Site Locations 
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Trib. 104 is part of the Clarksburg Monitoring Partnership; a consortium of 

universities and local and federal government agencies formed to monitor the long-term 

aquatic ecosystem changes to stream systems resulting from the associated landscape 

transition from agricultural to medium and high density residential, commercial, and 

industrial land uses.  These sites are designated special protection areas (SPA). A SPA is 

land area of Montgomery County that has high-quality or unusually sensitive water 

resources or other environmental features such as high-quality streams, sensitive 

wetlands, and soils prone to erosion. Special measures and land-use controls are 

implemented to protect these resources and features. The SPA Program was established 

in 1994 by Montgomery County Council (Montgomery County Department of 

Environmental Protection, 2014). These study sites impact stream health in the CBW, 

where population and urban land use is on the rise. Moreover, Trib. 104 drains to Seneca 

Lake, an emergency drinking water reservoir. 

Crystal Rock’s centralized SWBMPs are located both in channel and on the 

landscape. In-stream SWBMPs provide hydraulic detention and retention and most 

landscape SWBMPs are designed for water quality treatment with some hydraulic 

detention capacity. Stormwater runoff is routed through traditional curb and gutter 

systems into the sewer pipe network.  Effluent from the SWBMPs located on the 

landscape is discharged directly into local stream channels via associated sewer networks. 

Centralized effluent bypasses riparian zones and thus misses opportunities for water 

quality treatment services that the riparian ecosystem could provide. The majority of wet 

ponds in Crystal Rock are located in stream. Figure 4 illustrates centralized SWBMP 
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spatial arrangement. Ponds are all located in stream and receive runoff from upstream 

ponds. Likewise, the SWBMPs (green dots) all directly go to a wet pond. 

 

 

 
Figure 4: Example of Centralized SWBMPs in Crystal Rock 

 

 

Trib. 104’s distributed SWBMPs are located entirely on the landscape providing 

infiltration, hydraulic detention, and water quality treatment of stormwater runoff before 

it is discharged to the riparian zone and reaches local stream channels. Figure 5 illustrates 

a distributed SWBMP treatment train from an aerial view in GIS (left side) and on the 

landscape photograph (right side). First, stormwater runoff is collected through traditional 

curb and gutter inlets, directed through the SWBMP treatment train that redundantly 

treats the stormwater before it is discharged to the stream from the terminal SWBMP 

detention pond. Blue font indicates hydraulic-control SWBMPs, red font indicates water 

quality SWBMPs, and purple font indicates SWBMPs that provide both hydraulic control 

and water quality treatment.  
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Figure 5: Example of Distributed SWBMPs in Trib. 104, Photo from Loperfido et al., 

2014 

 

Stormwater Database Development 

GIS serves as the primary tool to store and analyze stormwater spatial data. Figure 

6 summarizes the development of a geospatial stormwater database using GIS. The 

following sections describe in detail the development of a stormwater database. 
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Figure 6: Stormwater Database Development Using GIS 

 

Storm Sewer Network Development 

Storm sewer networks including pipes, inlets, manholes, and SWBMPs are 

maintained and developed from Montgomery County data for the study sites using 

ArcMap Version 10.2 (ESRI, Redlands, CA). First, Table 1 below lists the number and 

types of SWBMPs in the two watersheds and exemplifies how Trib. 104 not only has 

more SWBMPs but also a greater variety. Additionally, Table 1 lists the primary design 

goal for each type of SWBMP. 
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Table 1: SWBMPs in Crystal Rock and Trib. 104 
 Crystal 

Rock 

Trib104 Primary Design Goal 

SWBMP TYPE    

Bioretention 6 7 Infiltration/Hydraulic 

Detention 

Surface Sand Filters 11 11 Water Quality 

Ponds 11 (6wet, 

5dry) 

7 (dry) Hydraulic Detention or 

Retention 

Infiltration Trench/Storm 

Drain Recharge Facility 

4 (one of 

these is a 

series of 

four) 

18 Infiltration/Water Quality 

Oil/Grit Separator 1 18 Water Quality 

Drywell Recharge Facility 0 35 Infiltration 

Dry Swales 0 10 Infiltration/Stormwater 

conveyance 

Underground Storm Filter 0 5 Water Quality 

Recharge Chambers 0 2 Infiltration 

Volume Storage Facility 0 6 Hydraulic Detention 

Underground Sand Filters 0 2 Water Quality 

Total 41 121  
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When available, the primary data used to reference and digitize the storm sewer 

networks and SWBMPs are Montgomery County’s GIS data and engineering As-builts. 

When this data is not available, ancillary data sources are used; surface water flow 

directions derived from light detection and ranging (LIDAR) data and modeled in GIS, 

Google Earth, and Google Street View. To provide a visual reference, snapshots of these 

primary and secondary data sources are illustrated in the Appendix. 

To demonstrate storm sewer network locations in GIS, Figure 7 displays the 

location of the storm sewer network in Trib. 104 over the entire watershed, and then 

zooms into one particular area of the watershed. Pipes are red lines, inlets are pink dots, 

and manholes are blue dots. SWBMPs are smaller, colored dots and labeled with 

SWBMP names.  
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Figure 7: Storm Sewer Network in GIS
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Delineation of Drainage Areas 

Watershed analysis tool in ArcMap (ESRI, Redlands, CA) is used to delineate 

drainage areas (DAs) to each SWBMP. From there, hand editing to each DA polygon is 

perfected based on engineering As-built documents, aerial evidence, and the flow 

accumulation model built from LIDAR data. Total DA for each watershed is calculated 

by adding all DA polygons. Crystal Rock’s DA is about 768 total acres and Trib. 104’s 

DA is about 286 acres.  

Each DA polygon represents the surface water that drains to each SWBMP, 

characterized as subsewersheds. This file is referenced in GIS as DAs_BMPs. 

Subsewersheds make up a sewershed (treatment train). All sewersheds plus no treatment 

areas comprise the entire watershed. Figure 8 provides a synopsis of the development of 

the Trib. 104 watershed in GIS. First, the DA_BMP polygon is modeled (each in an 

individual color), highlighting the subsewersheds. Next, the DAs_BMP polygons that 

form a treatment train comprise the sewershed (each sewershed is a different color). Last, 

all sewershed polygons plus no treatment polygons combine to form the watershed. It is 

noteworthy that the no treatment area in Crystal Rock contains impervious surface cover 

whereas the no treatment area in Trib. 104 is riparian zone with no impervious cover. 
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Figure 8: Steps to Build Watersheds 
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DAs are calculated using the inlets shapefile for the pour points. A separate 

shapefile, WaterIntoPipe, is created to account for water that flows to a point, but that 

point is not necessarily an inlet. The inlets shapefile and WaterIntoPipe shapefile are 

merged to represent a complete Final_Inlets_Merge shapefile. 

In Arc Toolbox, the Environments Settings is set for the following while right 

clicking the Spatial Analyst tools: Output Coordinates is set to DEM file (t10408_6snp), 

under Processing, set Extent and Snap Raster as the DEM file, and under Raster 

Analysis- set cell size same as DEM.  First, Fill is used on the DEM file to fill the holes. 

Once Fill tool is performed the Map Algebra- Raster Calculator is used. This shows what 

is filled by subtracting Original DEM – Filled DEM. A negative number represents where 

a hole has been filled. The magnitude of the negative number represents the size of the 

hole. Next, Flow Direction is run where the input surface raster is the FilledDEM. Next, 

Flow Accumulation is run where the flow direction raster is the input. Under Symbology, 

it is changed from percent clipped to standard deviations (or histogram equalized) to view 

flow accumulation lines. Then, a buffer is applied by running the Snap Pour Point. For 

the buffer, the input feature is the final inlets shapefile and the flow accumulation file is 

the input accumulation raster. A snap distance of 15 feet is applied based on the error in 

the 2011 aerial metadata. This step generates new locations for inlets based on the highest 

flow accumulation cell within the given radius of 15 feet. Lastly, Watershed tool in 

ArcMap (ESRI, Redlands, CA) is run. Flow direction and snapped inlets file are used as 

inputs. Under Symbology, Show Unique Values is chosen. Consequently, generated 

subsewersheds represent surficial DAs; land surface areas that drain to each inlet.  
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For Crystal Rock, the same steps outlined above in GIS are taken except the 

SWBMP shapefile is used instead of inlets shapefile to establish preliminary 

sewersheds/treatment trains. The SWBMP shapefile is used due to the large volume of 

incomplete inlet and pipe records from Montgomery County’s GIS data and the lack of 

available As-builts for Crystal Rock. The large majority of Crystal Rock subsewersheds 

are generated based on drainage evidence viewed in Google Earth and Google Maps’ 

street view coupled with the derived LIDAR flow accumulation model. While hand 

delineating efforts can be just as accurate, they are more time consuming. The most 

efficient way to generate and verify subsewersheds is using the methodology outlined 

above for Trib. 104. Because Trib. 104 is a newer development, (completed in 2010 

whereas Crystal Rock was completed in 1998) the GIS and engineering data are more 

plentiful. 

After running ArcMap’s (ESRI, Redlands, CA) watershed tool and generating 

subsewersheds, the goal is to develop methodology to assemble the DAs to each 

SWBMP. The Conversion Tool is used to convert the raster dataset to polygons. 

Polygons for each watershed are generated when inlets are used as pour points. The 

original DA polygon conversion file is saved and another file is created that is used for 

hand modification of the DA polygons. This way, if a mistake is made with the hand 

delineations, the original polygon file is left intact. Hand delineations are performed 

using the editor tool. Also, the reshape feature tool and trace tool are used to adjust DA 

polygon boundaries.  
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The Excel database Trib104Sewersheds contains each subsewershed and its 

associated inlet for Trib. 104. Perfected subsewershed polygons generated for Trib. 104 

are very helpful to edit the DA to each SWBMP in Trib. 104. One issue in the 

methodology for Trib. 104 DAs is that the DEM is from 2008 and the land surface was 

not fully developed until 2010. Crystal Rock was developed by 1998 and therefore the 

DEM may not pose a source of error. LIDAR in Crystal Rock has some error such as 

when a stream runs under the road through a large culvert as open channel flow, LIDAR 

does not capture this. To overcome DEM error in Trib. 104, subsewershed polygons are 

modified by hand. When available, engineering As-built plans with DA polygon 

information guide hand delineations. Additionally, in Trib. 104, aerial imagery evidences 

driveway/culvert swale systems. When available, engineering As-builts confirm each of 

these swale systems and they are added into the DA_BMPs shapefile as one large DA 

polygon. 

Finalized DA polygons represent the subsewersheds. Subsewersheds are useful in 

delineating DAs to each SWBMP only in Trib. 104. The engineering As-built data in 

Crystal Rock was not sufficient enough to complete a subsewershed layer. DAs to 

SWBMPs are exclusively edited by hand in Crystal Rock based on LIDAR flow 

accumulation model, aerial imagery, pipe information, Google Maps, and field 

knowledge. Although the process to assemble DAs to each SWBMP in Crystal Rock is 

more tedious and time consuming, it is still considered accurate.  

Land cover characteristics together with the amount of impervious surface in each 

DA_BMP polygon and storm sewer infrastructure are all accounted for in GIS for each 
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DA to SWBMP. DA polygons provide a spatial reference to perform GIS analysis for 

area measurements and potential, future studies regarding land use/land cover (LULC) 

and cost analysis. 

 

Pollutant Removal Efficiency Analysis 

Excel serves as the primary organization and pollutant removal efficiency analysis 

tool. The data analysis steps performed in Excel are described in Figure 9 below. The 

following sections describe the pollutant removal efficiency data analysis steps in detail. 

 

 

 
Figure 9: Pollutant Removal Data Analysis Steps Using Excel 
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Drainage Order 

Figures 10 and 11 below illustrate the order each SWBMP drains until the 

terminal SWBMP is reached. Arrows point to ‘what drains to what’. Additionally, the 

figures are color coded by treatment train. SWBMPs that solely treat individually and are 

not part of a treatment train are not highlighted in any color. Each terminal SWBMP is 

highlighted in bold. The Excel spreadsheet equations account for SWBMPs that are in a 

treatment train, and thus affect the SWBMP downstream. For example, in Figure 10, 

Crystal Rock Pond PDWDED SEQNO 2447 (yellow) receives several drainages from 

bioretention cells upstream, but it then drains to Pond PDQNED 2454 (green) and must 

be considered in those calculations. An example from Figure 11, Trib. 104 shows the 

complicated treatment train network that leads up to the terminal Pond 3 (orange). It is 

evident in DA directional diagrams modeled by Figures 10 and 11 that there is a much 

stronger treatment train network in Trib. 104. Crystal Rock contains many independent 

SWBMPs that drain to the same terminal SWBMP which then drain directly to a pond. 

These ponds are located in or directly discharge to the stream. Alternatively, Trib. 104 

treats runoff in a series of SWBMPs before discharging instead, to the riparian zone. The 

Appendix contains a snapshot of detailed Excel setups for Monte Carlo method based on 

the directional flow to each SWBMP.



 

 

2
3
 

 
Figure 10: Drainage Order for Crystal Rock
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Figure 11: Drainage Order for Trib. 104 
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Pollutant Loading Rates 

Nitrogen and phosphorus removal in pounds are derived from published literature 

by Unites States Geological Survey (USGS). Ator et al. (2011) identified and quantified 

sources of nitrogen and phosphorus in the Chesapeake Bay by estimating local and 

delivered fluxes and yields for 80,579 streams in the Chesapeake Bay watershed. The 

USGS 2002 study states 49 kg/km2/year total phosphorus and 1090 kg/km2/year of total 

nitrogen are the loads from urban areas. Urban sources of nitrogen and phosphorus can 

include fertilizer applications to turf grasses, septic systems, leaking sewer lines, 

domestic animals, deposition from automobiles, and spills in commercial or industrial 

areas. Most significant is atmospheric deposition of nitrogen into CBW steams (Ator et 

al., 2011).  

Sediment loads to the CBW from urban landscapes are obtained from the 

Chesapeake Bay Watershed Model which simulates that 2,034 pounds of sediment come 

off of urban landscapes per year into the CBW (US EPA, 2010). The pollutant loadings 

for nitrogen, phosphorus, and sediment are illustrated in Table 2 below and are converted 

to pounds per acre per year for this study. This yields 9.72 pounds of total nitrogen, 0.44 

pounds of total phosphorus, and 4.97 pounds of sediment per acre, per year from urban 

landscapes in the CBW. An assumption for this research is that the study watersheds are 

considered entirely urban. 
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Table 2: Pollutant Loading Rates from Urban Areas in CBW 

Pollutant Removal (lbs./acre/year) 

Nitrogen 9.72 

Phosphorus 0.44 

Sediment 4.97 

 

 

Pollutant Removal Efficiencies 

Pollutant removal efficiency is the measured reduction of pollutants, typically in 

percent, from the inflow to the outflow of a SWBMP. The two most common methods to 

evaluate pollutant reductions are event mean concentration efficiency and mass or load 

efficiency. Mass efficiency is considered most accurate of the two as this method is based 

on the sum of incoming and outgoing pollutant loads. Furthermore, mass efficiency 

method considers the volume of water entering the SWBMP and lost by the SWBMP 

(such as through evapotranspiration and infiltration). Consequently, equal weight is given 

to small and large storm events (Winer, 2007). An important assumption in this research 

is that the SWBMP APRE ranges in each watershed perform equally i.e. a sand filter in 

Crystal Rock has a similar APRE range as a sand filter in Trib. 104. It is appropriate to 

assume similar APRE for each type of SWBMP because this research is merely a 

comparison of spatial distribution of SWBMP (centralized vs. distributed). 

Although many studies have analyzed SWMP pollutant removal efficiencies, 

large variance remains in pollutant removal efficiency estimates due to SWBMP size, 

age, and location (Koch et al., 2014). Factors such as SWBMP design, maintenance 
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activity, seasonality, and age all influence the variability of pollutant removal efficiency 

(US EPA, 2009). Typically, the range of efficiency data is large i.e. the difference 

between the lowest and highest removal reported is large (Winer, 2007). Because this 

research focuses on a comparison of modeled APRE and not exact reported 

concentrations, the pollutant removal efficiency ranges cited in each literature study are 

used for the analysis. Furthermore, the total pollutants removed are simply compared for 

the two watersheds and normalized for DA to obtain APRE. This research reflects a 

compilation of recent publications (Chesapeake Stormwater Network, 2012; Knox 

County Tennessee 2008; Maryland Department of Environment 2009 and 2011; Simpson 

and Weammert 2009; Weiss 2007; and Winer 2007) that evaluate SWBMP pollutant 

removal efficiency. Each of these references also performed exhaustive literature review 

to achieve estimated SWBMP pollutant removal efficiencies.   

Table 3 below lists the estimated pollutant removal efficiencies for nitrogen, 

phosphorus, and sediment for each SWBMP type as cited in literature. Nitrogen removal 

efficiency for sand filters is an example of a large efficiency range. Alternatively, 

removal efficiency is accurate and has a small range in dry well recharge facilities.  

All oil/grit separators in the study site are proprietary and are either manufactured 

by AquaSwirlTM or Stormceptor© and their efficiencies for sediment removal are from 

data reported on their websites. Since oil/grit separators are not designed to remove 

nitrogen or phosphorus, that efficiency is zero. To estimate the pollutant removal 

efficiency of an oil/grit separator with a sand filter, the efficiency is assumed to be equal 

to the pollutant removal efficiency of a sand filter.  
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Underground sand filter pollutant removal efficiency is assumed for this research 

to have pollutant removal efficiency equal to a surface sand filter. 

All dry well recharge facilities in Trib. 104 are terminal. Once the dry well tank is 

filled to capacity, water flows out of an overflow outlet and runs down through the 

riparian zone and lastly into the receiving stream.  Since the water in the tank contains 

'first-flush' water, much of the pollutants that run off of the roof are captured in this small 

volume of water. Water in the tank then infiltrates into the ground through holes in the 

bottom of the tank. All dry-well recharge facilities are calculated as one SWBMP and 

their area is representative of the roofs they drain.  

Recharge chambers are open bottom chambers that allow infiltration of 

stormwater into surrounding soil, reducing runoff. The pollutant removal efficiency of 

recharge chambers is assumed to equal that of infiltration. 

Volume storage facilities integrate oil/grit separators and underground storm 

filters and therefore are not considered for pollutant removal efficiency. They simply 

represent a system of SWBMPs. Thus, the pollutant removal efficiency of oil/grit 

separators and underground storm filters is considered individually when present in a 

sewershed.  

Monte Carlo method is applied to the ranges of APRE for each SWBMP, ending 

with the terminal SWBMP. This methodology is discussed in subsequent sections. 
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Table 3: Pollutant Removal Efficiencies 
 Pollutant Removal Efficiency (%) 

N P Sediment 

SWBMP Type    

Bioretention Facility 35-46 40-59 55-90 

Sand Filter 10-60 40-59 80-86 

Dry Pond 5-24 10-30 10-50 

Wet Pond 20-31 45-60 60-80 

Infiltration Trench/Storm 

Drain Recharge Facility 

42-85 60-85 89-95 

Oil/Grit Separator 0 0 40 

Oil/Grit Separator with 

Sand Filter 

10-60 40-59 80-86 

Dry Well Recharge 

Facility 

50-60 60 90 

Dry Swale 10-56 24-60 65-90 

Underground Storm Filter 18-35 10-70 89-95 

Recharge Chamber 42-85 60-85 89-95 

Volume Storage Facility 0 0 0 

Underground Sand Filter 10-60 40-59 80-86 

 

 

Statistical Analysis 

First, the average of 20 iterations for total annual lbs. of pollutant removed per 

total DA to terminal SWBMP is graphed and a linear fit, r2, and slope are calculated for 
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both Crystal Rock and Trib. 104. These linear plots provide preliminary insight into the 

relationship of the pollutant removal efficiency between the two watersheds. The 

succeeding sections describe methodology to obtain statistically justifiable data. 

Defensible analysis to compare the difference between Crystal Rock and Trib. 

104’s total APRE efficiencies is achieved with frequency distribution plots and 

confidence intervals for the difference between the means. Monte Carlo method is 

applied to the APRE for each SWBMP using Excel to automate random iterations. The 

goal is to obtain the distribution of nitrogen, phosphorus, and sediment APRE for each 

watershed. The Monte Carlo method is accomplished through a series of functions in 

Excel. The minimum and maximum ranges of pollutant removal efficiencies are input to 

a random number generator equation in Excel. Next, 1000 data points are randomly 

generated for each terminal SWBMP in the treatment train in order to simulate random 

APRE. Lastly, the 1000 APRE data points for each terminal SWBMP is totaled over the 

entire watershed to give total APRE per watershed. A frequency distribution plot tests fit 

for normality and overlap.  

To obtain the frequency distribution, the 1000 APRE for each watershed are 

sorted from smallest to largest to define distribution ranges. Next, these data are placed 

into the appropriate bin (numbered 1-30). Finally, a count is recorded for how many 

times each data point falls within a bin. Thus, the frequency distribution plot shows how 

many times a certain total APRE fell within one of those bins.  Frequency distribution 

plots illustrate the 1000 randomly generated SWBMP total APRE summed across each 
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entire watershed. Moreover, the plots exemplify a watershed to watershed comparison of 

the total nitrogen, phosphorus, and sediment APRE.  

As a final point, statistical analysis is performed using the confidence interval for 

the difference between the means equation. From Crystal Rock and Trib. 104 an 

independent random sample is drawn.  Sample means, �̅�1 and �̅�2, are calculated from the 

1000 iterations.  The difference is �̅�1-�̅�2 which is an unbiased estimator of the difference 

between the two population means, µ1 - µ2.  The variance of the estimator is  

(
𝜎1

2

𝑛1
) + (

𝜎2
2

𝑛2
). The population variances are known so the 100(1-α) percent confidence 

interval for µ1 - µ2 is given by the equation (Wackerly, et al., 2002): 

 

 

(�̅�1 − �̅�2)  ± 𝑧(1−𝛼 2⁄ ) √(
𝜎1

2

𝑛1
)  + (

𝜎2
2

𝑛2
) 

 

          

This equation provides the range of difference between the means of APRE for 

nitrogen, phosphorus, and sediments in Crystal Rock and Trib. 104. 
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RESULTS 

Simple linear regression plots and frequency distribution plots for APRE 

demonstrate that distributed SWBMP infrastructure removes pollutants at a significantly 

greater rate as DA to a terminal SWBMPs increase.  

Initial plots all contain a very large data point for one particular DA to terminal 

SWBMP in Crystal Rock. Because this data point has such a large DA and accordingly 

large pollutant removals, it always affects the linear regression model for Crystal Rock. It 

is important to keep this particular data point in mind when viewing the other linear 

regression plots in this paper. It is significant to note that this large data point is not an 

outlier and characterizes the nature of centralized SWBMP spatial distribution (individual 

SWBMPs going to one large area for treatment). Figure 12 below is the original plot for 

nitrogen that includes the large data point and is described on the plot accordingly. 

Additionally, a red circle on Figure 12 highlights the location of the majority of the data 

points. Figures 13, 15, and 17 do not show this large data point but it is included in linear 

regression calculations. 
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Figure 12: Original Linear Regression Plot for Nitrogen 

 

 

Nitrogen 

In Figure 13 below, the simple linear regression plot for annual nitrogen removal 

illustrates that the APRE of Trib. 104, distributed, is better as DA increases to each 

terminal SWBMP as compared to Crystal Rock, centralized. A linear fit was applied; r2 

and linear regression equations assess data linearity. Both Crystal Rock and Trib. 104 

have good r2 values for linearity with Crystal Rock at 0.97 and Trib. 104 at 0.99.  
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Figure 13: Linear Regression Plot for Nitrogen
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Figure 14 below illustrates the frequency distribution obtained for nitrogen 

removal using 1000 random APRE data across each, entire watershed. The plot evidences 

that the distributions are approximately normally distributed for the 1000 samples. Most 

important, the plot exemplifies that Trib. 104 removes more nitrogen as compared to 

Crystal Rock. 

Moreover, it is noteworthy that the distributions for nitrogen in Crystal Rock and 

Trib. 104 are very similar. This could be due to the fact that the nitrogen removal 

efficiency ranges reported from literature are large and most imprecise as compared to 

phosphorus and sediment.
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Figure 14: Frequency Distribution Plot for Nitrogen 
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Because there is a small overlap between Crystal Rock and Trib. 104’s frequency 

distribution, a Z-test is used to test if there is a significant difference between the two 

watershed’s APRE distributions. Table 4 outlines the parameters used for the z-test. The 

z-test shows that the z-calc is greater than z-score for 99% confidence level. Therefore, 

the null hypothesis that there is no significant difference between nitrogen removal 

efficiency in Crystal Rock and Trib. 104 is rejected. Additionally, only 98 of the 1000 

random samples from Crystal Rock had a similar APRE with Trib. 104; otherwise stated, 

there is only a 9.8% chance that Crystal Rock will have pollutant removal efficiency 

equal to/as large as Trib. 104. 

 

 

Table 4: Z-Test for Nitrogen Removal Efficiency 

Crystal Rock mean 2.190375 variance 0.044078  

Trib.104 mean 3.165256 variance 0.09726 

𝐻0: There is no significant difference between nitrogen removal efficiency in Crystal 

Rock and Trib. 104 

Z 82.00134 99% confidence level 

Z score 2.33  <  Z calc 82 Observations Samples 

98 1000 

Reject 𝐻0: Only a 9.8% Chance that Crystal Rock might average nitrogen removal better 

than Trib.104 
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The test for the confidence interval for the difference between the means for total 

nitrogen APRE shows that at a 95% confidence interval, Trib. 104 will remove between 

0.95-1.00 more pounds of nitrogen on average, per acre, per year as compared to Crystal 

Rock. 

Phosphorus 

The simple linear regression plot for phosphorus APRE is illustrated in Figure 15. 

Again, Trib. 104, distributed has greater removal efficiency as DA increases to each 

terminal SWBMP as compared to Crystal Rock, centralized. A linear fit was applied; r2 

and linear regression equations assess data linearity. Both Crystal Rock and Trib. 104 

have a good r2 value for linearity with Crystal Rock at 0.99 and Trib. 104 at 0.98.  

Phosphorus chemically adsorbs itself to sediments and therefore is predicted to 

show similar results to sediment. This is evidenced by the overlap of linear regressions at 

approximately 12 DA acres to terminal SWBMP in both the phosphorus linear regression 

model (Figure 15) and also in sediment linear regression model (Figure 17). This overlap 

exemplifies that the removal efficiency for phosphorus and sediment are occurring 

concurrently, even though in different amounts of removal (in pounds).
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Figure 15: Linear Regression Plot for Phosphorus 
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Figure 16 shows the frequency distribution obtained for phosphorus removal 

using the 1000 APRE data across each, entire watershed. The smaller inset plots evidence 

that the distributions are approximately normally distributed for the 1000 samples. 

Furthermore, the plot exemplifies that Trib. 104 removes more phosphorus as compared 

to Crystal Rock. Figure 16 main plot also shows the two watershed’s frequency 

distribution graphed simultaneously to prove a clear picture of the significant difference 

in pollutant removals. There is no overlap for any of the values obtained for phosphorus 

removal efficiency. Interestingly, Trib. 104 has a much tighter distribution (standard 

deviation). This may be due to the spatial distribution of distributed SWBMPs in a 

treatment train; if a SWBMP upstream is not performing well, then it still not as great an 

issue because there are more opportunities downstream to remove phosphorus.  However, 

in Crystal Rock, centralized, if an upstream SWBMP is not performing well, there is a 

greater impact to the system since there's little other opportunity to remove phosphorus. 

The test for the confidence interval for the difference between the means for total 

phosphorus APRE shows that at a 95% confidence interval, Trib. 104 will remove 

between 0.048-0.049 more pounds of nitrogen on average, per acre, per year as compared 

to Crystal Rock. Although these numbers seem small, it is important to note phosphorus 

has a small mean pollutant removal at 0.195 in Trib. 104 and hence represents a 

significant removal per acre relative to Crystal Rock’s phosphorus removal.
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Figure 16: Frequency Distribution Plot for Phosphorus 
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Sediments 

Lastly, the simple linear regression plot for sediment removal is illustrated in 

Figure 17. Trib. 104, distributed has greater removal efficiency as DA increases to each 

terminal SWBMP as compared to Crystal Rock, centralized. A linear fit was applied; r2 

and linear regression equations assess data linearity. Both Crystal Rock and Trib. 104 

have a good r2 value for linearity with Crystal Rock at 0.98 and Trib. 104 at 0.99. 
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Figure 17: Linear Regression Plot for Sediment
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Similar to the results of phosphorus removal, Figure 18 illustrates that Trib. 104 

removes more sediment as compared to Crystal Rock. The smaller inset graphs for each 

watershed show sediment removal frequency distribution is approximately normally 

distributed for the 1000 samples. Figure 18 main plot shows the two watershed’s 

frequency distribution graphed simultaneously to prove a clear picture of the significant 

difference in sediment APRE. There is no overlap for any of the values obtained for 

sediment removal efficiency. Although varying in the range of values as compared to 

phosphorus, Trib. 104 sediment removal accordingly and again has a tighter distribution 

(standard deviation) as compared to Crystal Rock as predicted to be from the nature of 

spatially distributed SWBMPs. 

The test for the confidence interval for the difference between the means for total 

sediment APRE shows that at a 95% confidence interval, Trib. 104 will remove between 

0.87-0.89 more pounds of sediment on average, per acre, per year as compared to Crystal 

Rock.
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Figure 18: Frequency Distribution Plot for Sediment 
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FUTURE RESEARCH 

Supplementary data from this thesis research are available to form alternative 

hypotheses. Specifically, LULC and cost data can be integrated with current results on 

pollutant removal efficiencies.  

 

Impervious Surface Cover 

Impervious surface cover can be deduced from the LULC data on Crystal Rock 

and Trib. 104. Pollutant removal analysis per DA for impervious surfaces as DA 

increases to each terminal SWBMP could prove interesting. This is large in part due to 

the fact that there are no treatment areas in Crystal Rock that contain impervious surface 

cover. Instead, the entire no treatment polygon in Trib. 104 is entirely riparian.  

The following steps have been designed to perform preliminary impervious 

surface analysis. DAs to each SWBMP (DAs_BMP) polygons for Crystal Rock and Trib. 

104 are overlaid LULC shapefile data. The impervious surface is deduced from each 

DAs_BMP polygon. First, an impervious surfaces shapefile is created by using select by 

attributes in the LULC shapefile. This creates a new shapefile that illustrates only 

impervious surfaces. Next, the tabulate intersection tool calculates the percentage of each 

land cover classification class per each DAs_BMP polygon. The DAs_BMP table is 

related to the tabulated intersection table so that for each DA_BMP polygon, clicking the 
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relate table will result in each percentage of land cover type for that particular DAs_BMP 

polygon.  

 

Costs 

Infrastructure costs for the different SWBMPs are obtained from Montgomery 

County. This cost data is stored in an attribute table in GIS that corresponds with DAs. 

This research maintains cost data that reference and coordinate with the SWBMP DAs’ 

attribute table. The database includes detailed cost information on several SWBMPs in 

Trib. 104. When available, exact cost data is input to the database. For SWBMPs that do 

not have exact cost data, cost data is either forecasted based on the same type of SWBMP 

or gathered from an alternative cost resource. Comments are included in the database to 

differentiate between SWBMPs that have exact cost data available or SWBMPs that have 

derived cost data. 

 It is assumed that the total costs of SWBMPs in the distributed watershed will be 

more because there are a greater number of SWBMPs installed on the landscape. 

However, a future research goal is to determine if distributed SWBMPs remove 

pollutants at a greater rate per dollar. Cost data for each SWBMP are referenced to 

engineering as-built data sheets and commented on in detail so as to provide an economic 

reference. Consequently, the cost is known for the DA to each SWBMP. Costs associated 

with upstream SWBMPs contained in a shared sewershed are added until each terminal 

SWBMP is reached.  
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CONCLUSIONS 

 By utilizing the data generated for DAs to each SWBMP, the information given 

for APRE are integrated to calculate a water quality benefit for Crystal Rock and Trib. 

104. The two watersheds are compared for which one has greater SWBMP ability to 

remove more pollutants per DA by looking at the linear regressions and frequency 

distribution plots. Because each watershed is similar in land cover characteristics, this 

research emphasizes the effectiveness of the spatial configuration of the SWBMPs.  

APRE data analysis supports that spatially distributed SWBMPs remove annually 

between 0.95-1.00 lbs. more nitrogen, 0.048-0.049 lbs. more phosphorus, and 0.87-0.89 

lbs. more sediments on average per acre as compared to centralized SWBMPs. Efficient 

treatment of nutrient and sediment pollution by distributed SWBMPs in urban areas could 

help reduce hypoxia and therefore positively impact the CBW. 

The methodology for this thesis research is intended to be a model for future 

research comparing centralized and distributed SWBMP pollutant removal efficiencies 

using GIS. When combined with cost and LULC data, the new data generated for 

pollutant removal efficiencies could be useful in optimizing stormwater management 

infrastructure design protocol and aid local government decisions to meet stormwater 

regulations.  
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APPENDIX 
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These photos illustrate SWBMPs on the landscape at Trib. 104 
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These photos show an example of an Engineering As-built and how it is marked and 

color coded to aid in this research. 
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This is GIS map showing the location of the storm sewer network (pipes, inlets, and manholes) and SWBMPs in Crystal 

Rock.
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This is the digital elevation model (DEM) for Crystal Rock. 
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This is the flow accumulation model for Crystal Rock.  
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This is a GIS map showing the drainage areas to each SWBMP in Crystal Rock. Each color represents a different 

drainage area.  
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This is a GIS map that shows the impervious surface cover in Crystal Rock in relation to SWBMP locations.
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This is GIS map showing the location of the storm sewer network (pipes, inlets, 

and manholes) and SWBMPs in Trib. 104. 
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This is the digital elevation model (DEM) for Trib. 104.  
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This is the flow accumulation model for Trib. 104. 
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This is a GIS map showing the drainage areas to each SWBMP in Trib.104. Each 

color represents a different drainage area.  
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This is a GIS map that shows the impervious surface cover in Trib. 104 in relation to 

SWBMP locations. 
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This is a screen shot of the detailed Excel database used to perform Monte Carlo 

analysis. 
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