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Executive Summary
	
  

American Rivers is advocating for implementation of Green Infrastructure (GI) as a stormwater
management strategy within the City of Raleigh. GI consists of structural and non-structural
approaches to stormwater management that mimic the natural hydrologic cycle by serving as a
break between continuous impervious surfaces and allowing for detention and infiltration of
stormwater. Stormwater retrofits provide the most feasible alternative for better stormwater
management within highly developed areas due to spatial and development constraints, which
serve as barriers to new development or construction of new practices.
The first section of the report outlines stormwater management principles, including the
incorporation of GI and Low Impact Development (LID) in order to meet regulatory requirements
under the National Pollutant Discharge Elimination System (NPDES). Findings from the Ellerbe
Creek Green Infrastructure Partnership Technical Report are also discussed in this section, as
the Report served as a framework for this study to carry forward.
The following section outlines the objectives of the study. This study aimed to develop a GIS
tool that would expedite the GI retrofit scoping process, while producing outputs that could be
input into a stormwater model. The study area was the Pigeon House Branch stormwater
drainage basin (3200 acres, ~32% mean impervious coverage).
The third section provides information on the study area, past stormwater management
recommendations made for the area, as well as its geographic context within the City of
Raleigh, and Raleigh’s impact within the Neuse River Basin.
The fourth section discusses the steps taken in development of the Green Infrastructure Retrofit
Scoping Tool (GI Tool), as well as how its outputs were incorporated into PLOAD, a GIS-based
pollutant load modeling application for watershed-scale management areas, and the
methodology involved with calculating pollutant loads as well as potential load reductions
resulting from GI implementation. Pollutant loading rates modeled within PLOAD included Total
Nitrogen (TN), Total Phosphorous (TP), and Total Suspended Sediments (TSS).
The fifth section evaluates the effectiveness of the GI Tool as well as outputs from PLOAD
model runs. The GI Tool was found to perform as expected, although fewer retrofits were
identified within the test stormwater drainage basin on which it was run. Total treatment area
from retrofit locations scoed by the GI Tool’s first run on Pigeon House Branch provided annual
pollutant load reduction estimates of up to 0.67, 9.92, and 16.82 tons of TP, TN, and TSS,
respectively (reductions in annual loading of 20%, 10%, and 13%, for TP, TN, and TSS).
However, these results were found to be contentious with reported measurements within the
literature.
This study produced the following conclusions and recommendations for American Rivers:
• PLOAD is not an adequate outlet for the specificity of spatial data the GI Tool provides.
This is likely due to the fact that PLOAD is meant to be utilized as a watershed-planning
tool, and not to provide stormwater modeling services on a subcatchment scale that this
study demanded. Future efforts by American Rivers to display potential water quality and
quantity benefits from GI implementation should incorporate a finer-scale model such as
EPA Stormwater Management Model (SWMM). There is now a framework in place that
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•

•

•

will allow for ‘communication’ between the GI Tool outputs and SWMM for finer-scale
results in future modeling efforts.
Potential range of error for modeled pollutant load reductions were not accepted,
although modeling techniques are still being refined, and current efforts may not be able
to provide less conservative pollutant load and volume load reduction benefits.
Pigeon House Branch lies within one of Raleigh’s most highly developed areas. Other
areas will likely see a shift in potential retrofit ‘profiles’ further away from downtown
(emphasis on residential practices like rain gardens). These shifts also indicate the
degree of difficulty to provide water quality and quantity benefits from performing a GI
retrofit scoping analysis on a single drainage basin.
The ability of the GI Tool to provide finer-scale estimates of stormwater management
benefits from GI within Raleigh will help the city move towards a future of integrated
stormwater management.
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Background
Stormwater Management
Extensive development stretching urban areas outwards from their centers changes the
fundamental hydrologic processes across the landscape, altering both the amount of stormwater
runoff and the pathways in which it follows (Shuster et al., 2005). These larger quantities of
stormwater runoff carry urban pollutants and contaminants, ranging from oils and heavy metals,
bacteria and other pathogens from combined sewer overflows, foreign sediments, and nutrients
(Gaffield et al., 2003; Johnson and Juengst, 1997). Any combination of these constituents can
lead to compromising conditions for both the environment and the communities that depend on
their waters as a source for drinking water or recreation.
In order to manage these health risks, stormwater management is mandated as a part of the
National Pollutant Discharge Elimination System, a subsection of the Clean Water Act. Different
Phases of the National Pollutant Discharge Elimination System (NPDES) pertain to what legal
bodies need to obtain stormwater permits. These include Phase I permits, which apply to
medium to large-sized municipal separate stormwater systems, and Phase II permits, which
apply to smaller systems and construction sites (USEPA, 2002). Cities will implement a tailored
stormwater management plan in order to meet their required nutrient allocations as allowable
through the NPDES regulations. Alteration of seasonal weather patterns are bringing weather
systems through areas which are experiencing unfamiliar patterns of precipitation, leaving in
doubt the ability of some cities to be able to continue to meet their waste load and stormwater
quantity allocations. Cities have met these challenges through a suite of structural and nonstructural approaches.

Green Infrastructure, Low Impact Development, and Stormwater Management Goals
Non-structural stormwater management approaches have changed over time from originally
utilizing reactive approaches (implementing limits on pollutant and nutrient input) to proactive
urban planning initiatives that incorporate open, vegetated space as a major design feature, a
concept known as Low Impact Development (LID) (Horner et al., 2001). Within a regulatory
context, LID refers to cases in which a land-disturbing activity within a parcel (i.e. construction)
does not lead to an increase in stormwater runoff. Green infrastructure (GI) was been born out
of this idea of decreasing developmental footprints across the landscape.
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American Rivers defines GI as “an approach to water management that protects, restores, or
mimics the natural water cycle” (AmericanRivers). This mimicry is accomplished through
construction and maintenance of different structures promoting detention and infiltration of
stormwater, including green roofs, bioretention ponds, permeable pavements, as well as open
space conservation. Proponents of these alternative measures insist it is more cost effective to
prevent stormwater runoff with on site treatment than it would be to collect and treat it within
large regional features. There is still extensive work being done to evaluate the exact
effectiveness of GI at providing water quality benefits (i.e. pollutant load reduction), as its
implementation as a stormwater management strategy can still be viewed by some as
contentious (Pataki et al., 2011). However, GI is broadly accepted as being a viable alternative
for cities wanting to provide general improvements in local water quality and increased
stormwater detention and infiltration (Garrison et al., 2011).

Green Infrastructure Retrofits
Stormwater retrofit practices are ideal stormwater management solutions within areas where
current management structures were either insufficient or ineffective. They are often times the
only feasible alternative in highly developed areas due to spatial and development constraints,
which serve as barriers to new development or construction of new practices.
The Center for Watershed Protection (CWP) Manual for Urban Stormwater Retrofit Practices
(Schueler et al., 2007) describes two categories of stormwater retrofits: storage retrofits (SR)
and on-site retrofits (OS). The former serves much larger areas and typically rely on detention to
meet stormwater management goals, flood and sedimentation reduction, while the latter
incorporate infiltration over smaller drainage areas, and are usually required in much higher
volume to achieve management goals (Schueler et al., 2007). Examples of the different retrofit
options within an urbanized watershed can be found in Appendix B (Diagrams B1 – B6).
Although the retrofitting is often the most feasible option for highly developed areas, there are
still some difficulties to account for when addressing retrofit scoping and construction, including
construction costs 1.5-4 times more expensive (compared to new practices), integration with
surrounding infrastructure, and coordination with the requirements from surrounding landowners
(Schueler et al., 2007). In order to properly design all of these proposed retrofits, someone with
knowledge of stormwater design principles must first visit the site locations of interest. There is
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a well-defined set of steps involved with this process, defined as the Retrofit Reconnaissance
Investigation (RRI), within the CWP manual.
The Ellerbe Creek Green Infrastructure Partnership (ECGIP) advocates for implementation of
dispersed GI throughout highly developed areas of Durham, NC in order to meet stormwater
management recommendations as stated within the city’s watershed management improvement
plan. The Ellerbe Creek Green Infrastructure Partnership Technical Report (Report) (Dreps et
al., 2014), a recent culmination of ECGIP’s efforts, served as the framework for this study. By
following a modified strategy as set forth within the third CWP manual: (1) identification of
potential retrofit locations through a desktop GIS analysis, (2) site evaluation to determine
feasibility and treatment extent of proposed retrofits, according to RRI methodology, and (3)
modeling of proposed retrofits to identify potential storm flow and pollutant reductions.
The Report identified and scoped treatment extent for nearly 1700 retrofits over 1,260 acres
within the Ellerbe Creek Watershed. Pollutant and stormwater reduction benefits were then
modeled using the Jordan and Falls Lake Stormwater Load Accounting Tool (JFLSAT)
(NCDENR, 2011). This tool’s intended use is within a stormwater-permitting context where
landowners could evaluate whether new or existing development would be in compliance with
the Jordan and/or Falls Lake Nutrient Management Strategies. The tool produces estimates in
pollutant load reduction through simple method calculations (explained later in this report), and
then utilizes a BMP median effluent concentration for calculation of differences in pollutant loads
before and after site development (NCDENR, 2014a). Modeled retrofit locations (displayed in
Figure 1) were estimated to provide to 7.5 million ft3/yr in stormwater volume retention, 793.6
lbs/yr in Total Nitrogen (TN) reduction, and 208 lbs/yr in Total Phosphorous (TP) reduction.

The Report served as a useful starting point for this study by providing a framework for
geospatial analysis of a highly developed area to best identify GI retrofit opportunities, as well as
baseline numbers of which to compare modeling efforts.
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Figure	
  1:	
  Retrofit	
  locations	
  identified	
  within	
  ECGIP	
  Technical	
  Report.

	
  

Objectives
With the public health benefits of GI being reiterated throughout the literature and sustainable
water management practices gaining traction within larger cities, governing bodies are
considering what GI implementation entails for them when considering specific geographic,
economic, and social factors. This is the case within the City of Raleigh, North Carolina, where
formal processes are underway in evaluating the feasibility of GI. For many municipalities in the
Research Triangle area, GI innovation and implementation is driven by a need for compliance
with the state regulatory mechanisms such as relevant Water Supply Watershed laws. Raleigh
stands to benefit from targeted GI implementation throughout the city, although these benefits
have not yet been extensively quantified. This project aims to identify the extent of potential GI
implementation within highly developed portions of the City of Raleigh, as well as to estimate the
potential benefits GI would provide for the Neuse River in terms of restoring natural flows and
improving water quality, while using the ECGIP Report as a framework for geospatial analysis
and watershed-wide modeling procedures.
This study produced two deliverables: a GIS tool to identify potential locations for the
construction of GI retrofits, and a summary of water quality impacts resulting from retrofits
identified within a highly developed area within the City of Raleigh, NC. The Green Infrastructure
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Retrofit Scoping Tool (GI Tool) aimed to expedite the time-intensive field work component
involved with retrofit scoping as originally incorporated by ECGIP, and then provide an output of
retrofit locations and treatment areas that could be input into a stormwater model. Impacts were
assessed through the analysis of land use within Pigeon House Branch, a stormwater drainage
basin within Raleigh, and the modeling of proposed retrofits within PLOAD, a GIS-based
pollutant load modeling application for watershed-scale management areas (USEPA, 2001).
Further hydrologic modeling applications from the GI Tool’s output will be discussed later in this
report.

Study Area
The Neuse River is one of North Carolina’s most important hydrologic systems. Over a quarter
of North Carolina’s population resides within the Neuse River Basin (Figure A1), the Neuse
provides drinking water to 64 communities and municipalities (NCDENR, 2008). However, this
critically important waterway has recently been under duress, having been designated as one of
American Rivers’ “Most Endangered Rivers” in the years spanning from 1995-1997, and again
in 2007. Policymakers and planners within the state have adopted two different approaches:
addressing pollution sources (e.g. aging water treatment plants, urban stormwater runoff, and
over-application of fertilizer) and decreasing water supply demand.
Raleigh is one of the most influential municipalities within the basin with respect to impact on the
Neuse system, as it relies on consistent flows to sustain the city’s water supply, as well as
discharging considerable amounts of treated stormwater and wastewater into the downstream
reaches each year.
Crabtree Creek is one of the most impaired waterways within the City of Raleigh (Figures A2 &
A3). It contains some drainage branches that have received considerable attention from the
Stormwater Management district in order to offset stormwater pollution effects. Addressing
water quality and quantity issues within Crabtree Creek would lead to vastly improved conditions
for the City of Raleigh and within the Neuse River Basin overall. Pigeon House Branch, one of
the most-developed stormwater drainage basins within the Crabtree Creek sub-watershed
(mean impervious surface cover of 32%), was selected as the primary area of study in an effort
to scale-down some of the geospatial and modeling analysis required for this project (Figure
A4).
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The city has been interested in stormwater management within Pigeon House Branch for over
20 years. Concerns expressed within a report compiled by Camp Dresser & McKee Inc.
extended to the need for conveyance improvement and implementation of non-structural
stormwater best management practices (BMP). BMPs are either management techniques or
physical structures designed to reduce negative impacts associated with excessive stormwater
runoff. They are typically characterized as anything ranging from redirection of rooftop runoff to
infiltrations, to community outreach to curb rate fertilizer application) (CDM, 1994). Considering
this history within drainage basin, it seemed an ideal location to assess potential benefits gained
from GI implementation.

Analysis Methodology
This study was based around a previous report prepared by the ECGIP which utilized a desktop
analysis to guide field survey teams to identify and recommend GI retrofits within a highlydeveloped area of Durham, NC (Dreps et al., 2014). The modeling tool used to evaluate the
benefits provided by GI retrofits, JFLSAT, is based around a common technique used to
calculate stormwater volume: the simple method. The simple method provides estimates of
stormwater runoff based upon estimated drainage areas, impervious surface coverage, initial
pollutant concentrations, and annual precipitation estimates for an urban area. Since the
compilation of this report, a new tool, Storm-EZ, has emerged for estimating the benefits of
GI/LID within new and existing development within the state (NCDENR, 2014a). Although
effective in its scope and communication of potential benefits to the city of Durham, this was
also a time-intensive project for those involved, and required the participation of trained
stormwater professionals to assess the recommended retrofits. As mentioned within the
Objectives section of this report, this study sought to expedite this process, while being able to
identify GI implementation opportunities and their proposed benefits on a citywide scale. This
also required the incorporation of a different stormwater modeling application using PLOAD, a
watershed scale stormwater modeling application that provided estimates of TN, TP and Total
Suspended Sediments (TSS), three common constituents of concern within stormwater
management plans.

Green Infrastructure Retrofit Scoping Tool
One of the main deliverables provided by this project is a GIS tool that automates a desktop
retrofit analysis similar to what was incorporated by ECWA, though applicable to the Raleigh
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Stormwater Inventory schema. This tool was developed using ESRI’s ArcGIS suite of geospatial
analysis tools.
The following table outlines the process incorporated in the selection of GI retrofits within the
Pigeon House Branch. The spatial extent of each retrofit was then estimated using polygon area
calculations. The model mechanics for each component of the tool are described in greater
depth within Appendix B.
Table	
  1:	
  Guidelines	
  for	
  GI	
  retrofit	
  selection	
  incorporated	
  within	
  the	
  Green	
  Infrastructure	
  Retrofit	
  Scoping	
  Tool	
  

The mechanics of the GI Tool are straightforward: an automated selection process entirely
dependent upon the available spatial data for the study of interest, as well as the spatial scale at
which the user is performing a green retrofit scoping evaluation. CWP manuals and the Report
provided suggested data layers to incorporate within the analysis, which served as good starting
points for the tool. A series of automated selection processes are then run on the spatial data to
identify what can be considered ‘feasible’ retrofit locations (generalized criteria provided in Table
1). Typical outputs for the tool are displayed in Figure A5, and provide the user with a look at the
multitude of options available for GI retrofits throughout a desired treatment area.
Non point-source pollutant load modeling
PLOAD was run utilizing the simple method for stormwater runoff and pollutant load contribution
(Equation 1) for hand-delineated subcatchments within Pigeon House Branch (Figure A6),
incorporating land coverage, utilizing an annual rainfall of 40.55 inches (estimated from
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precipitation recorded at USGS Gage no. 0208732534; Pigeon House Cr. at Cameron Village)
and a 0.9 proportion of storms producing runoff.

Equation 1: Simple method for NPS pollutant loading from a watershed as calculated in PLOAD. Available
model inputs for the most current version (packaged within BASINS 4.1), allows for user input of
precipitation, ratio of storms producing runoff, and event mean concentration for each land use type.

The utility of the simple method is that one can predict the impact of changes in system-wide
inputs, such as precipitation and runoff, with relative ease. The results of a sensitivity analysis
examining system-wide response to changes in annual rainfall reflect this (Table C1).
Stormwater pollutant loads were characterized for different land coverages (years 2001, 2006 in
addition to 2011) to note any potential shifts in accordance with changes in development
patterns (Table 2, with complete results for each subcatchment listed in Figure C3), and to
compare with another NPS modeling study performed by CH2M Hill for the town of Cary, NC
(Event Mean Concentration values listed in Figure C1) (CH2MHill, 2003).
Table	
  2:	
  Changes in total pollutant loads due to land use change within Pigeon House Branch. The area had
already been undergoing significant development in the mid-1990s, and thus has not experienced much
change in the last 15 years.	
  

The next step in the modeling analysis involved multiple calculations in order to estimate loading
reductions from GI implementations. First, average treatment areas for each retrofit were
estimated (Table 3) and multiplied by the number of retrofits located within each subcatchment.
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Table	
  3:	
  Rationale for estimation of treatment area for each BMP retrofit. Asterisk indicates that specific
areas were incorporated into estimations on an individual subcatchment basis.	
  

Then, the treatment area is multiplied by the effective removal percentage for each BMP as
determined by North Carolina Department of Environment and Natural Resources’ BMP manual
(NCDENR, 2014b) (Tables C2 & C3). This ultimately provided an ‘effective treatment area’ for
each subcatchemnt within Pigeon House Branch, or the total area that would be altered by GI
retrofitting activities. This concept is illustrated in Figure 2 below.

	
  
Figure 2: A simplified concept of how nutrient load reductions resulting from GI retrofits within a
subcatchemnt were estimated. The white rectangle is representative of an untreated subcatchment, while
the lighter green shade represents the cumulative treatment area provided by all of the projected retrofits
(as provided by the GI Tool). The darker green area is representative of the ‘effective treatment area’, which
is proportional to the weighted effectiveness of total calculated treatment area.
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Results & Discussion
Green Infrastructure Retrofit Scoping Tool Evaluation
Addressing the two arms of the project, one must consider first the performance of the Green
Infrastructure Retrofit Scoping Tool (Tool), and how those outputs influence water quality
models within Pigeon House Branch. American Rivers is interested in developing the GIS
Analysis methodologies utilized by the GI Tool to apply similar desktop retrofit analyses in other
regions considering implementing GI. Thus, the evaluation of the tool’s operation outside of the
study area in which it was developed was imperative.
Turkey Creek was chosen as a sample site for a locally relevant evaluation, since it was also
within Crabtree Creek watershed and its geospatial data was also maintained by the city of
Raleigh. GI retrofit locations identified by the GI Tool within Pigeon House Branch and Turkey
Creek can be seen in Figures A5 & A7. Table 4 lists and compares the outputs of the initial tool
development area, Pigeon House Branch, and the test-area, Turkey Creek. The GI Tool
identified 584 acres in total to be treated by GI retrofits within Pigeon House Branch, while 450
acres were estimated to be treated within Turkey Creek. It is important to note that Turkey
Creek, while similar in size to Pigeon House Branch, is not as developed and contains a greater
proportion of residential areas.
Table	
  4: Comparison of tool outputs between Pigeon House Branch and Turkey Creek - two stormwater
drainage basins within the Raleigh metro area.
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PLOAD estimations and model validation
The estimated total pollutant loads for each subcatchment within the Pigeon House Branch
stormwater drainage basin are listed in Figure C4. The 2011 NLCD coverage results served as
the standard conditions for comparing pollutant loads and resulting estimates of load reductions.
PLOAD produces estimates of annual loading, mean areal loading (i.e. mass loading per acre),
and Event Mean Concentration (resulting from the subcatchment-specific proportionality of
different land coverage). These results are summarized in Table 5:
Table	
  5:	
  Results	
  of	
  PLOAD	
  Modeling,	
  displaying	
  estimated	
  mean	
  values	
  for	
  total	
  annual	
  load,	
  mean	
  areal	
  loading	
  
rate,	
  and	
  Event	
  Mean	
  Concentration.	
  Values	
  were	
  calculated	
  by	
  averaging	
  each	
  output	
  for	
  the	
  11	
  subcatchments.	
  

These results are also illustrated within Figure A10, where the spatial variability in annual
pollutant loads are displayed for all three constituents of concern for this study. While the scale
at which PLOAD is meant to operate is slightly larger than the study area for this report, it is still
necessary to evaluate the feasibility of these numbers.

When compared with values compiled by the EPA as a part of a nationwide report summarizing
average pollutant loading rates (Strassler et al., 1999) (Table 6), the areal loading values seem
to be concurrent with TP. When calculating the difference between Pigeon House Branch model
results and measured nationwide values for TSS and TN, however, annual subcatchment loads
within this study were found to be underestimated by as much as 22,000 lbs and 774 lbs for
TSS and TN, respectively. Average EMC values estimated from PLOAD runs are consistent
with nationwide reported values (Table 6).
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Table	
  6:	
  Measured	
  pollutant	
  loading	
  rates	
  and	
  event	
  mean	
  concentrations	
  for	
  nationwide	
  stormwater	
  data	
  
compiled	
  by	
  the	
  EPA	
  taken	
  from	
  Strassler	
  et	
  al.	
  (1999).	
  For	
  mass	
  loading	
  rate	
  comparisons,	
  the	
  ‘MDR’	
  land	
  use	
  
(medium	
  density	
  residential)	
  was	
  utilized	
  as	
  the	
  comparison	
  category	
  for	
  evaluation	
  of	
  PLOAD	
  model	
  results.	
  

These results were also compared with studies focusing on similar efforts of stormwater
pollutant load characterization within urbanized subwatersheds. The first study, conducted in the
Republic of Korea, included nine watersheds ranging from 3.6 – 1350 acres in size, with
pollutant loads characterized for ‘residential’ or ‘industrial’ zones within each (Lee and Bang,
2000), the results of which can be seen below in Table 7:
Table	
  7:	
  Average	
  loading	
  rates	
  taken	
  from	
  Lee	
  and	
  Bang	
  (2000).	
  Note that Total Kjeldahl Nitrogen (TKN) was
monitored in Lee and Bang, 2000, although it was not modeled within this study. TKN is the sum of Nitrogen
within a water sample derived from organic compounds as well as ammonia (NH3). TN (modeled within this
study) is the sum of TKN and nitrate-nitrogen (NO3) and nitrate-nitrogen (NO2).	
  

Similar concerns over the validity of Pigeon House Branch estimates arise when compared with
these results. Annual loads were found to be underestimated by as much as 1200 and ~18,000
pounds for TP and TSS, while overestimated by as many as 481 pounds for TKN. Given the
apparently wide range in land usage amongst a small number of watersheds within Lee and
Bang (2000), it is possible that measured nutrient loads between these two study sites may not
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be as different as the data suggests, although further study of the Korean watershed would be
necessary to determine this.

Another study compiled the characteristics of multiple pollutant loads for urbanized watersheds
within the Minneapolis/St. Paul metropolitan area in Minnesota (Brezonik and Stadelmann,
2002). While the authors were interested in a strict statistical analysis searching for correlation
amongst a number of watershed variables, they also compiled a helpful set of data for nearly 50
subcatchments of known land use, ranging in size from 17 – 531 acres. Although average area
loading rates were not calculated in this case, calculated pollutant loads per each storm event
were provided. These measurements were used to calculate the average number of runoffproducing events that would be necessary to yield the estimated annual pollutant loads for
Pigeon House Branch (assuming that these subcatchments were similar in land cover
distribution and EMC for each land cover type between the two studies). Only 29 runoffproducing events would need to occurr within a single hydrologic year to yield the reported TSS
loads for Pigeon House Branch, while 63 and 130 events would need to occur to yield modeled
TP and TN loads, respectively. While one might not expect there to be 130 runoff producing
events within a year, it is reasonable to expect the calculated number of events for TP and TSS,
especially within a highly developed area such as Pigeon House Branch. These results are
more encouraging than those from Lee and Bang (2000).

Because PLOAD requires a relatively modest set of user parameter input, it was even more
important to compare the model results with a similar study undertaken by CH2M Hill as a part
of urban planning for Cary, North Carolina (CH2MHill, 2003). The Cary study examined planned
development for the city’s Northwestern region, incorporating both on-site BMP techniques and
riparian buffers to reduce pollutant discharge. Results of this study can be seen in Figure C2.
Pigeon House Branch was calculated to encompass about 33% of the calculated area in the
“NW Planning Area Watersheds”, and possessed a similar level of impervious surface cover
corresponding with similar land use composition (29% for Cary NW versus 32% for Pigeon
House mean impervious cover). While the model results were similar to outputs produced in the
Cary study (within the same order of magnitude for all pollutants, after pollutant loads were
multiplied by 0.66 to account for areal difference), the values differed by 47%, 12%, and 42% for
TP, TN, and TSS respectively.
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As a final measure of model validation, calculated flow within the same subcatchment which
contained the USGS precipitation gage was compared to recorded flow at that same station.
The hand-delineated subcatchment (CameronVillage) had an area of ~295 acres, while the
drainage area listed for the Cameron Village USGS gage was ~185 acres, or > 33% smaller.
The model estimated a flow rate within the CameronVillage subcatchment of 0.31 cfs, while the
USGS data revealed an average flow of .39 cfs over the last 10 years.
Pollutant Load Reductions resulting from GI Retrofits
The results of calculations outlined in the methods section revealed total pollutant load reduction
estimates for each subcatchment within Pigeon House Branch (Table 8 & Figure 2 below).
Since the Cary study did not incorporate similar BMP techniques into their model, one cannot
get an accurate sense as to the model results’ relevance in this case. After incorporating GI into
Pigeon House Branch, new annual projected pollutant loads are 1344 (20% reduction), 19839
(10% reduction), and 33632 (13% reduction) pounds for TP, TN, and TSS, respectively.
Adjustments for different implementation plans for the Pigeon House Branch drainage basin
could easily be accounted into these calculations by multiplying the amount of treated area by a
percentage of the originally projected area. This would be useful in future planning scenarios
when budget may be a limiting factor. It is worth noting that these estimations will be
conservative in nature, in that they do not incorporate any sort of treatment-train approach, nor
do they accurately depict the distribution of these proposed retrofits across the landscape.
These pollutant load reductions are calculated as if there were to be one large centralized
treatment cell (illustrated in Figure 2), which is not the common practice when implementing GI
retrofits throughout an urbanized watershed.
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Table	
  8:	
  Estimated	
  pollutant	
  removal	
  per	
  acre	
  for	
  each	
  subcatchment	
  within	
  Pigeon	
  House	
  Branch.	
  

	
  

	
  

Figure	
  3:	
  Subcatchments	
  arranged	
  in	
  increasing	
  size	
  (R	
  to	
  L).	
  

	
  

Model limitations
PLOAD homogenizes drainage areas by calculating the total coverage of different land use
types within each delineation, creating a uniform land type that produces a calculated amount of
runoff based on the weighted contributions of land use types in accordance with their
prominence in the landscape. Pollutant loading is calculated in a similar manner, with each of
these specific land use types assigned a specific event-mean concentration (EMC). Thus, the
limitations of a coarse scale model should be thoroughly considered before carrying forward
with major decisions.
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Another point of contention with these results is the usage of 30mx30m land use cells from the
NLCD coverage (Figure A8). While useful in estimating watershed coverage, they are indeed
coarse and not able to provide estimates from each individual land parcel within the study area.
This is due to the limited resolution precision available from the NLCD coverages. While they
are useful in that they provide estimated land cover across the entire country, this breadth of
projection results in a lack of precision when looking at subwatershed scale areas such as
Pigeon House Branch.
However, this process can be further improved upon by implementing the next step in the Green
Infrastructure Retrofitting Process as stated within the CWP manual. Potential locations could
be further scoped and analyzed to provide more accurate predictions of percent
coverage/treatment on a lot-by-lot basis, but that was outside of the scope of this project. Mixed
land use can change with great variability in relatively small ranges of space, and the model
does not account for this. This is further evidenced again in Figure A8 where we see multiple
parcels being classified according to a single cell, while certain cell boundaries being completely
misaligned with parcel coverages.
The purpose of this study was to identify the scope at which GI could be implemented (high
density, in some areas), and then being able to utilize those outputs secondarily in a stormwater
model to provide decision makers with preliminary benefits estimated to come from these
retrofits. These objectives were accomplished, and while total pollutant load reductions may not
be able to be incorporated into policy recommendations, the extent of treatment is still a useful
Figure that could be utilized in future modeling exercises for the downtown Raleigh area.

Future project direction: High Resolution Stormwater Modeling with SWMM
EPA’s Storm Water Management Model (SWMM) incorporates both hydrologic and hydraulic
principles to provide an estimate of stormwater loading into, and conveyance through, an urban
stormwater system. It would be ideally suited to provide pollutant load reduction estimates on a
more precise scale for this study area, looking at changes in land coverage for smaller
subcatchments before and after implementation of GI retrofits (Figure 3).
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A typical SWMM model has four components:
atmospheric, land surface, groundwater, and
stormwater conveyance (pipes/channels).
Precipitation is contributed from the atmospheric
portion, where it lands upon the land surface
(represented as a set of subcatchments,
characterized with relevant hydrologic attributes
such as land usage, slope, percent impervious,
and infiltration capacity), and is then either

Figure	
  4:	
  Conceptualization	
  of	
  stormwater	
  runoff	
  
routing	
  as	
  modeled	
  in	
  EPA	
  SWMM,	
  b efore	
  and	
  after	
  
LID	
  control	
  alteration	
  to	
  a	
  subcatchment.

infiltrated or exported to the stormwater
conveyance system, where it moves through a series of pipes, pumps, and basins, ultimately to
be discharged at an outfall point. The system can be used for both single and continuous
events.
PCSWMM (developed by Computational Hydraulics International) can serve as an interface
between the geospatial data outputs of the GI Retrofit Selection Tool and SWMM (Figure 5). It
utilizes all of the necessary components of SWMM, while providing the ability to import
geospatial data (GIS or CAD) into a SWMM
simulation.
SWMM can be an effective tool to describe
stormwater flow within a stormwater management
system (when compared with other models such as
PLOAD) because it identifies the contribution of
overland flow processes, as well as describing the
ability of the system to accommodate that flow.
Another benefit available from the most recent
version of SWMM is the ability to incorporate
different LID measures, such as permeable
pavement or vegetative bioswales. These LID

Figure	
  5:	
  Visualization	
  of	
  the	
  different	
  
components	
  represented	
  within	
  an	
  LID	
  control	
  in	
  
EPA	
  SWMM.	
  The	
  different	
  ‘compartments’	
  within	
  
the	
  control	
  would	
  need	
  to	
  be	
  specified	
  for	
  
different	
  retrofits.

controls can be implemented within a model on a
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larger scale with the development of a generalized set of parameters for each BMP type
(illustrated in Figure 4).

One of the original aims of this project was to explore the possibility of creating universal retrofit
standards to be applied to GI Retrofit Scoping Tool outputs, which could then be implemented
into SWMM as LID controls. This next step promises to improve upon the spatial resolution that
the original methods employed within this study lacked, although additional work is needed to
develop calibrated, accurate models to provide more precise calculations of the benefits Raleigh
would gain from targeted GI retrofit implementation throughout relatively impervious areas. This
would begin with the modeling of finer-scale areas (Figure A9) which could lead to the
development of a city-wide SWMM project, allowing for estimations of nutrient reduction benefits
from different GI implementation scenarios.

Conclusions & Recommendations
The aim of this study was twofold: develop a technique to expedite the GI retrofit scoping
process that provides information that can be incorporated into a stormwater model to estimate
potential benefits those retrofits would provide. While the GI Tool development was successful,
unfortunately PLOAD is not an adequate outlet for the specificity of spatial data it provides.
Modeled nutrient loads were not precise enough to suggest that any nutrient reduction benefits
would be accurate, in some cases differing by an order of magnitude compared with field
measurements from analogous studies. This is likely due to the fact that PLOAD is meant to be
utilized as a watershed-planning tool, and not to provide stormwater modeling services on a
subcatchment scale that this study ultimately demanded. Thus, American Rivers should pursue
other modeling activities to explore potential water quality and quantity benefits for the City of
Raleigh before attempting to further leverage interest in investing in GI.

However, a framework is in place that would allow for finer scale modeling utilizing the GI Tool
outputs and incorporating them into EPA Stormwater Management Model. This process
(conceptualized in Figure 5) could provide a link between advocates, scientists, and policy
makers by allowing for informed modeling scenarios on a large scale, reducing some of the
time-intensive work involved with GI retrofit scoping and bringing people to talk about the
“when”, not the “if” of GI implementation in Raleigh.
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Pigeon House Branch is a relatively small portion of the Crabtree Creek subwatershed (~5%
total area), yet it encompasses one of the most highly developed areas within the City of
Raleigh. Considering this, pollutant load reductions resulting from any proposed retrofits outside
of these highly developed areas surrounding downtown Raleigh will prove to be less significant
(especially with respect to stormwater volume reductions), as evidenced by the differences in
retrofit scoping results for Pigeon House Branch and the less-developed Turkey Creek
stormwater drainage basins.

While the pollutant load reduction estimates leave much to still be explored, one must consider
that studies such as this and the ECGIP report will provide conservative reduction estimates, as
the modeling techniques utilized to estimate these GI benefits are still being refined.
Furthermore, with the incorporation of dispersed GI throughout an urban landscape, runoff may
be captured at its source, reducing annual runoff volume and the pollutants that it carries with it.

The ability to provide finer-scale estimates of stormwawter management benefits from GI within
Raleigh will help the city move towards a future of integrated stormwater management
(Stephens et al., 2002). Ideally, the city will identify the areas where retrofits would have
greatest impact on pollutant load reductions, as well as improve overall aesthetic value within
the city through the creation of a greener Raleigh.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

Figure	
  6:	
  Conceptualization	
  of	
  future	
  modeling	
  work,	
  incorporating	
  
outputs	
  from	
  the	
  GI	
  Tool	
  and	
  incorporating	
  retrofit	
  projections	
  as	
  
LID	
  	
  controls	
  within	
  EPA	
  SWMM.
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APPENDIX	
  A:	
  Map	
  Figures	
  

	
  	
  
	
  
	
  
	
  

Figure	
  A1:	
  The	
  Neuse	
  River	
  Basin.	
  The	
  City	
  of	
  Raleigh	
  (and	
  Wake	
  County)	
  lie	
  within	
  the	
  NW	
  reches	
  of	
  
the	
  basin	
  (see	
  following	
  Figure).
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Figure	
  A2:	
  Major	
  waterbodies	
  within	
  Crabtree	
  Creek	
  watershed.	
  Note	
  Pigeon	
  House	
  Branch	
  within	
  the	
  
southeastern	
  downstream	
  region.
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Figure	
  A3:	
  Major	
  boundaries	
  and	
  roadways	
  surrounding	
  Crabtree	
  Creek.

	
  

26	
  

	
  

Figure	
  A4:	
  Estimated	
  impervious	
  surface	
  cover	
  for	
  study	
  areas:	
  Crabtree	
  Creek	
  (upper	
  frame)	
  and	
  Pigeon	
  House	
  
Branch	
  stormwater	
  drainage	
  basin	
  (lower	
  frame).	
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Figure	
  A5:	
  GI	
  retrofit	
  opportunities	
  within	
  Pigeon	
  House	
  Branch:	
  output	
  of	
  GI	
  Tool.
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Pollutant Load Modeling Subcatchment Units
Figure A6: Pollutant Load Modeling Subcatchments. Subcatchments were hand-delineated according to 2ft
topographic contours, as well as following the general flow of stormwater throughout the drainage basin, observing
pipe patterns as a proxy for major drainage patterns.
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Figure	
  A7:	
  GI	
  retrofit	
  opportunities	
  within	
  Turkey	
  Creek	
  Stormwater	
  Drainage	
  Basin;	
  output	
  of	
  GI	
  Tool.
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Figure	
  A8:	
  Analysis	
  of	
  limitations	
  presented	
  b y	
  coarseness	
   of	
  data	
  within	
  NLCD	
  coverages.
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Figure	
  A9:	
  Fine-‐scale	
  SWMM	
  model	
  conceptualization.
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Figure	
  A10:	
  PLOAD	
  modeling	
  results,	
  utilizing	
  2011	
  NLCD	
  data	
  for	
  Pigeon	
  H ouse	
  Branch.
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APPENDIX B: Green Infrastructure Retrofit Scoping Tool
The following Appendix contains a description of the requirements and basic functions of the GI
Retrofit Scoping Tool. Each of the tool components were developed under recommendations
provided within the Center for Watershed Protection (CWP) Manual #3: Urban Stormwater
Retrofit Practices (Schueler et al., 2007). Two retrofit types are identified within the manual:
storage retrofits (SR) and on-site retrofits (OS). The distinctions between these two are further
explained within the main body of this report. Each section of this Appendix will provide a
description of the function of each tool component, what user inputs and parameters are
required, as well as providing visual representation of retrofit examples as shown in Schueler et
al. 2007.
Essentially, the tool automates the selection of features within the drainage basin of interest,
and then stores them in a geodatabase for user distribution or map development. Some retrofit
locations were either too subjective to implement within the tool or did not have sufficient data to
provide for a corresponding tool component. These are incorporated through user-selection.
While the tool output yields point, polyline, and polygon features, it may be in the interest of the
user to convert final outputs to point features depending on how they desire to display their data.
Effectiveness of the tool is entirely dependent upon the scale at which retrofit scoping is
intended, and pre-processing of certain data features is necessary. Since most GI retrofits are
implemented on publicly-owned land (Schueler et al.), the user will be required to input ‘Public
Area’ features for certain components of the tool to aid in the selection process. Land parcels,
zoning areas, park locations, or any combination therein could be compiled to produce these
certain areas.

A similar organizational structure will be useful in the data-gathering phase prior to tool utilization.

NOTE: All diagrams and photos are incorporated from Schueler, et al. 2007, the original
guiding document for this work.
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SR – 1: Pond Storage Modification
Original method incorporated within ECGIP report:
“Evaluate stormwater layer to find existing stormwater ponds with a contributing drainage area
greater than 5 acres. Superimpose topography, drainage layers and aerial photos to identify low
points in the drainage network where dry ponds may exist.”
Modified selection method:
Existing stormwater ponds identified from the City of Raleigh dataset. Point features were
placed at the perceived low lying areas on the landscape. The user may want to combine pond
features in order to integrate multiple pond features into retrofit plans.
*A model was not created for this particular retrofit opportunity, as the available data was
insufficient to provide opportunities for multiple selection operations within ArcMap models.

Diagram 1: Different strategies for increasing pond storage area.
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SR – 2: Culvert Storage Modification
Input Data: Conduit inlets/outlets, culverts, property
User Parameters: None
Original method incorporated within ECGIP report:
“Superimpose topography and headwater stream layers (zero, first and second order) over the
local and state road network to identify road crossings.”
Modified selection method:
The output of this component combined the culvert inlet, connecting conduit, and surrounding
property feature data for evaluation of retrofit feasibility. This provided easily accessible
information on the headwall structure, conduit size, and property owners (public/private).

Diagram 2: Typical strategy to increase upstream storage/treatment area from roadway culverts.
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SR – 3: Below Outfall
Input Data: Conduits, conduit inlets/outlets, parks, open spaces (if different than parks)
User Parameters: Open space acreage (limited project area can confound treatment efforts)
Original method incorporated within ECGIP report:
“Superimpose publicly-owned stream corridor land parcels at least two acres in area with storm
drain outfalls with a diameter greater than 12 inches and less than 60 inches.”
Modified selection method:
This component selects publicly owned space that serves as a drainage area for significant
outfall flow during storm events. The extra steps within the model account for the fact that the
original schema did not provide outfall diameters. Thus, this information was calculated from the
adjoining conduit diameter.

Diagram 3: Strategy for re-routing flow to pretreatment cell. Requires construction of new outfall.
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SR – 4: Conveyance Systems
Input Data: NHD Flowline features, park / open space
User Parameters: None
Original method incorporated within ECGIP report:
“Superimpose ditch lines, zero-order streams, conveyance easements or open channels with
open land adjacent to the drainage network”
Modified selection method:
The National Hydrography Dataset classes for the area were selected for intermittent streams,
since any great flow regime would result in construction difficulties. Those reaches were then
selected based upon their proximity/adjacency to open land.

Diagram 4: Off-channel treatment strategy. Flow regime will be the most significant indicator of retrofit
feasibility.
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SR-5: “Green Streets” (ROW Bioretention, Permeable Pavement, & Curb Setback)
Input Data: Grates, Roadways
User Parameters: Maximum speed limits for streets upon which implementation of each
practice could occur.
Original method incorporated within ECGIP report:
While this retrofit originally referred to stretches of highway, the selection criteria were adapted
to reflect residential-centric projects. “Screen for streets that meet street retrofit feasibility
criteria, such as slope, right-of-way width, open section drainage, presence/absence of
sidewalks and parking lanes”
Modified selection method:
The specificity required for these retrofit scoping recommendations were not available when
working in a desktop setting. Thus, streets were selected based upon the user’s desired
maximum speed limit for roads upon which they would like to implement three separate
features: permeable pavement within parking lanes, in-street bioretention, and curb setbacks.
The permeable pavement component creates a roadway buffer clipped within the width of a
parking lane on both sides of a street of standard measure in Raleigh, NC. Curb setbacks also
perform a buffer, but it is limited to the corners which fit the speed limit criteria. Finally
bioretention looks to identify drainage grates so that swales and other infiltration devices could
be designed with available drainage to decrease the likelihood of retrofit failure.

Figure B1: Green Street site in Pittsburgh, PA. Courtesy of Project 15206

	
  

(http://www.project15206.org/greeninfrastructure/)
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SR-6: Large Parking Lot
Input Data: Parking lot areas, public open spaces/parks.
User Parameters: Minimum acreage of parking lot to identify.
Original method incorporated within ECGIP report:
“Match large contiguous parking areas/rooftops greater than 5 acres in size with adjacent open
land in public or institutional ownership, or owned by the same landowner.”
Modified selection method:
Used ‘Parking’ layer, selected from features that were >5ac and were within 50m of public open
space, which would allow for reasonable construction conveyance to offsite detention/infiltration
practices.
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OS-8: Small Parking Lot
Input Data: Parking lot areas, public open spaces/parks.
User Parameters: Maximum acreage of parking lot to identify.
Original method incorporated within ECGIP report:
“Search for parking lots less than five acres in size that are municipally or institutionally owned.”
Modified selection method:
Similar to what was employed for SR – 6: Large Parking Lot.

	
  

Diagram 5: Note the variety in OS practices incorporated in smaller lots, including permeable pavement (
see right).
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OS-10: Individual Rooftop (Green Roof)
Input Data: Building footprints (planimetric data)
User Parameters: Property description (residential, commercial), minimum roof area
Original method incorporated within ECGIP report:
“Superimpose property ownership layers with aerial photos or impervious land cover data to
locate large (>0.25 acres) municipal, institutional, commercial or industrial buildings that may be
assessed for demonstration rooftop retrofits or look for clusters of building permit data that
indicates areas experiencing active redevelopment.”
Modified selection method:
There were no modifications incorporated within this component.

	
  

Diagram 6: Commercial rooftop drainage strategy, although there are no typical designs. Retrofit feasibility
would largely depend upon age of building and available area surrounding the building to treat any rooftop
runoff.
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APPENDIX C: Nutrient Modeling Process & Results

Figure	
  C1:	
  Input	
  EMC	
  values	
  within	
  PLOAD;	
  originally	
  incorporated	
  from	
  Cary	
  Study.	
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Table C1: Estimated pollutant loads in response to 5% changes in annual precipitation. Resulting pollutant
loads directly reflect this change.

Table C2: Percent effectiveness assigned for stormwater management credits by NCDENR. The 'labels' were
used to clearly indicate which of these treatment options' effectivenss were assigned to each retrofit in
figure 5.

Table	
  C3:	
  Application of the different treatment techniques assessed by NCDENR to provide an 'effective
treatment area' within each subcatchment.	
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Figure C2: Results from CH2M Hill Study on Cary developing watersheds. Taken from CH2MHill (2003).
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Figure C3: Results from PLOAD model runs incorporating three different NLCD coverages, with event mean concentration,
lbs per acre, and total load listed for each column. Total loads for the entire Pigeon House Branch drainage basin are
highlighted in orange.
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