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Abstract

Stormwater management, like many other real-life problems, is always
characterized with competing and sometimes conflicting objectives. Decision-makers
have a great need to identify and choose the most cost-effective measures when
managing stormwater runoff, and this has become particularly important in today’s
economic downturn. The last decade has witnessed a transformation of stormwater
management concepts from the traditional centralized approach to the low impact
development (LID) approach. The LID approach, while potentially having hydrologic
benefits over the traditional approach and quickly gaining popularity among the
stormwater community, lags behind in consistent hydrologic assessment methods due to
its relatively recent emergence. The lack of methods to quantify the LID scenario
hydrologic benefits, in turn, prevents the development of optimization algorithms that can
help identify cost-effective LID implementation scenarios at the watershed level.

In this study a generic LID scenario optimization framework was developed to
provide a consistent approach for identifying cost-effective LID implementation
alternatives in post-development watersheds. The developed LID scenario optimization
framework consisted of three major components: a U.S. Environment Protection Agency
(USEPA) stormwater management model (SWMM) for hydrologic simulations, a
representation scheme for simulating LID scenarios in SWMM, and an integration
algorithm that links the LID-SWMM representation to the optimizer of ε-non-dominated
sorting genetic algorithm II (ε-NSGAII). The objective of the optimization framework
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was to minimize the total cost and the total runoff volume from the post-development
watershed, while using the pre-development peak runoff rate as a constraint. The
optimization framework was then tested for applicability for the Fox Hollow Watershed
(FHW) in central Pennsylvania.

The U. S. Environmental Protection Agency (USEPA) Stormwater Management
Model (SWMM) was used for simulating hydrologic runoff conditions from the predevelopment, post-development, and LID scenarios of the case study watershed. The
SWMM model was parameterized for the FHW and then calibrated and verified against
two monitoring stations within the watershed. Representation schemes for the integrated
management practices (IMPs) of green roof, bio-retention, and porous pavement were
developed within SWMM, using existing components of flow divider, storage unit, weir,
and orifice. The representation schemes for bio-retention and porous pavement were
tested against the long-term monitoring data from the University of New Hampshire
Stormwater Center (UNHSC). The results showed that the average peak flow reduction
percentages of the SWMM representation schemes were within 10% of the UNHSC
observed peak flow reduction percentages for bio-retention and porous pavement.

The case study watershed of FHW in this study is a small watershed in central
Pennsylvania. Averaged verification results of the SWMM model in FHW showed that
the calibrated model over-predicted peak flow by 33% at Station #1 and under-predicted
peak flow by 19% at Station #2. Post-development scenarios were assumed for the
Mitchell Tract and Flower Garden areas within the watershed. The IMPs of green roof,
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bio-retention, and porous pavement were used to create an assumed LID scenario in the
post-development watershed. Runoff conditions from the LID scenario were compared to
those from the pre-development watershed. The results indicated that the assumed LID
scenario was capable of maintaining the pre-development peak flow rate from the
watershed for 1-, 2-, 10-, and 100-year 24-hour design events.

The LID optimization framework was created by building the SWMM model as a
subroutine into the optimizer of ε-NSGAII. The optimization framework was capable of
searching through various IMP combinations and identifying the tradeoff front between
total runoff volume and the total LID scenario cost. The pre-development peak flow rate
was built into the optimization framework as a constraint to be in accordance with local
stormwater ordinances. When implemented to the case study watershed of FHW, the
developed LID optimization framework was ran for 10,000 scenario evaluations for 1-, 2-,
10-, and 100-year 24-hour design events. A total number of 27, 20, 23, and 23 nearoptimal LID scenarios were identified for the four design events, respectively.

The developed LID optimization framework could help stormwater associates to
evaluate, compare, and optimize various LID scenarios. The LID representation scheme
in the optimization framework accounted for physical processes such as infiltration,
percolation, ponding, and underdrains in a LID scenario. The SWMM based
representation schemes for bio-retention and porous pavement were compared to the
long-term monitored data at the University of New Hampshire Stormwater Center
(UNHSC), and both representations had a difference of less than 10% as compared to the
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observed average peak flow reduction percentages. The distributed SWMM model took
into account the spatial-variability of the LID implementations (and thus the timing of the
convoluted hydrographs) within a watershed. The ε-NSGAII optimizer could efficiently
search through potential LID scenario designs and identify the tradeoff between total LID
scenario cost and total runoff volume. The generic structure of the developed
optimization framework also allowed for the accommodation of other stormwater control
targets.
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Chapter 1 Introduction

1.1 Background and Justification
Urbanization is often associated with increases in stormwater runoff and
deterioration in water quality. When natural lands are developed, the newly introduced
impervious areas reduce infiltration, and thus result in increased runoff during rainfall
events (Debo and Reese, 2003). Besides the increase in water quantity, stormwater runoff
carries nutrients, sediment, oil and grease, heavy metals, pesticides, and many other
pollutants during rainfall events (FISRWG, 1998). The stormwater runoff has long been a
problem in polluting the nation’s water bodies and has been identified as one of the major
sources of water pollution in the nation’s water quality reports (USEPA, 2002a; 2007;
2009).

The last decade has witnessed a reformation in the concepts of stormwater
management (Debo and Reese, 2003). Traditionally, urban stormwater infrastructures are
designed under the principle of fast drainage. Connected impervious areas, such as
parking lots, roadways, curbs, gutters, etc. are used to discharge the runoff as soon as
possible to a centralized detention facility (PADEP, 2005). While providing safe drainage
and preventing local flooding, this method may cause problems of decreased local ground
water recharge, high downstream discharges, and deteriorated water quality in receiving
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waters (Ahlman, 2006). In the 1990s, Prince George’s County, Maryland, proposed the
concept of low impact development (LID), which emphasizes controlling stormwater at
the source (Prince George’s County, 1999a). The LID technique uses distributed, smallscale integrated management practices (IMPs) to reach on-site control. Common IMPs
include green roof, bio-retention area, rain barrel, porous pavement, etc. The LID method
gained popularity in the stormwater community soon after emergence, and the method
has been embraced by many states and institutions (Prince George’s County, 1999b;
DOD, 2004; PSAT, 2005; PADEP, 2006; MassDEP, 2008; Clary et al. 2009).

Despite the wide adoption of the LID practices, evaluations of LID scenarios are
still relatively empirical and are often based on expert suggestions. For example, the
Natural Resources Conservation Service Curve Number (NRCS-CN) method has been
suggested to simulate the hydrologic benefits from the implementation of LIDs (Prince
George’s County, 1999a; PSAT, 2005). In another attempt to represent LID effects,
Huber et al. (2004) used the U.S. Environmental Protection Agency (USEPA)
Stormwater Management Model (SWMM) to simulate bio-retention areas, by artificially
assigning high infiltration rates to pervious surfaces that are designated as pseudo-bioretention areas. Presently few studies are available in the literature to adequately
represent the physical processes within IMPs. Algorithms that account for physical
processes in IMPs, as opposed to the simplified methods such as curve number or
artificial infiltration rates, are expected to have a more comprehensive representation of
the hydrologic processes (i.e. infiltration, storage, ponding, etc.).
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Management of stormwater runoff from a post-development watershed, like many
other real-life problems, is always a tradeoff between competing and sometimes
conflicting objectives. For example, decision-makers may be interested in learning the
maximum level of control that can be reached within a given budget, or conversely, the
least costly management option for reaching a certain level of stormwater control.
Because the LID concept is relatively new, most of the stormwater optimization studies
have thus far focused on optimizing a single type of traditional IMP, such as detention
pond, wet pond, or grass swale (Harrell and Ranjithan, 2003; Zhen et al., 2004; Chang et
al., 2007). There appears to be very limited literature that focuses on optimizing LID
scenarios involving several types of IMPs at the watershed level.

1.2 Goal, Objectives and Research Hypotheses
The overall goal of this research is to develop an optimization framework for
identifying the tradeoff between the hydrologic benefits of LID scenarios and the total
cost at the watershed level. The developed optimization framework may assist the
stormwater engineers to come up with cost-effective designs for post-development
watersheds. The tradeoff curves between total cost and hydrologic benefits can help the
decision-makers make informed choices among various management alternatives.

The LID optimization framework is composed of three major components: a
hydrologic model for assessing runoff conditions from pre- and post-development
watersheds, a representation scheme that simulates the physical processes within IMPs,
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and an optimization algorithm that can search through various LID scenarios and identify
the cost-effective scenario(s) for reaching a certain level of stormwater control. In this
study, the U.S. EPA SWMM is used for hydrologic predictions, and the IMP
representation schemes are also developed in SWMM. The genetic algorithm (GA) is
used to carry out the optimization process. The Fox Hollow Watershed located in central
Pennsylvania is selected as the case study watershed. Specific objectives of this research
are to:

1. set up the SWMM hydrologic model for the Fox Hollow Watershed, and
calibrate the watershed model with reasonable accuracy (presented in Chapter
4),
2. perform hydrologic analysis for both the pre-development and postdevelopment Fox Hollow Watershed conditions (Chapters 4 and 5),
3. develop algorithms for representing IMPs in the SWMM model, and perform
hydrologic analysis for the LID scenarios on the post-development Fox
Hollow Watershed (Chapter 6),
4. develop the LID optimization framework by integrating the SWMM model
with LID representation scheme to GA (Chapter 7), and
5. apply the LID optimization framework to the post-development Fox Hollow
Watershed, and identify the tradeoff between total runoff volume and total
LID scenario cost (Chapter 7).
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1.3 Thesis Format
The body of this thesis contains three introductory chapters and four principal
technical studies. A general introduction to the thesis and an overall literature review are
provided in Chapters 1 and 2, respectively. A description of the Fox Hollow Watershed is
given in Chapter 3. Chapter 4, entitled “Development of the FHW-SWMM Hydrologic
Model for the Fox Hollow Watershed,” presents the parameterization of the hydrologic
components of the USEPA SWMM for the Fox Hollow Watershed. Chapter 5,
“Hydrologic Analysis of Post-development Fox Hollow Watershed,” presents the
prediction and comparison of the post-development runoff conditions to those from the
pre-development watershed. A development scenario is arbitrarily assumed for a portion
of the Fox Hollow Watershed, and the increase of peak flow and total runoff volume are
quantified for several design events. Chapter 6, “Representation of LID scenarios in the
Fox Hollow Watershed,” presents and discusses the algorithms for representing various
IMPs in a LID scenario. Physical processes in bio-retention areas, green roofs, and
porous pavements are simulated using the SWMM model, and an assumed LID scenario
was incorporated in the post-development Fox Hollow Watershed for hydrologic benefit
evaluations. Chapter 7, “Development of the Multi-Objective Optimization Framework
for LID Implementations in the Fox Hollow Watershed,” documents the development of
the generic LID optimization framework. The optimization framework is then applied to
the post-development Fox Hollow Watershed. The LID scenarios are optimized for the
objectives of total cost (measured by construction cost and maintenance cost) and total
runoff volume, using the pre-development peak flow rate as the constraint.
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An overall summary and conclusions related to this research are included in
Chapter 8. Chapter 9 provides suggestions for future research. References cited are
provided after the main body of this dissertation. Data used in the project, including the
watershed landuse, soils data, weather data, and optimization results, are provided in
Appendix A. The calibrated FHW-SWMM hydrologic model is provided in Appendix B.
The LID optimization framework for the Fox Hollow Watershed is also provided in
Appendix B.
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Chapter 2 Literature Review

2.1 Introduction
This chapter gives an overview of the many aspects of stormwater management,
including urban sprawl and stormwater runoff, government regulations, modeling
practices, and optimization of stormwater management. At the end of this chapter, the
state-of-the-art research needs in low impact development optimization are identified.

2.2 Urban Stormwater Management

2.2.1 The Natural Hydrologic Cycle
The natural hydrologic cycle consists of the pathway of water movement through
the atmosphere, to the earth, over and through the land, to the ocean, and back to the
atmosphere in its various phases (National Research Council, 1991). This is a cycle
involving the processes of precipitation, interception, runoff, infiltration, percolation,
groundwater recharge, evapotranspiration, interflow, etc. When precipitation falls onto
land surfaces, it is partially intercepted by vegetation, partially stored in surface
depressions, partially infiltrated into the ground, and partially discharged over land to
rivers that eventually lead back to the oceans. Precipitation held by vegetation eventually
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evaporates into the atmosphere; water held by depression storages either evaporates into
the atmosphere or infiltrates into the ground; and the infiltrated water becomes recharge
to the subsurface, where it can be utilized by plants, return to streams as interflow or
base flow, or serve to recharge ground water aquifers (Chin, 2000). It is estimated that
about 40% of the precipitation is intercepted by vegetation and depression storages in a
natural landscape, and the intercepted precipitation eventually goes back to the
atmosphere through evapotranspiration (FIRSWG, 1998). About 25% of the precipitation
infiltrates into the ground and becomes interflow/base flow back to the stream, and
another 25% of the precipitation percolates into the ground and becomes ground water.
The other 10% of precipitation becomes surface runoff (FIRSWG, 1998).

2.2.2 Urban Sprawl and the Effects on Stormwater
Urban sprawl refers to the process of converting natural land into developed areas
that can support a desired urban life (Dion, 1993). It is one of the most characteristic
global changes of today and the decades to come (Varis and Somlyody, 1997). In the
U.S., about 0.14 million km2 (34 million acres) of land (the size of Illinois) were
developed between 1982 and 2001 (NRI, 2003). Of the 0.04 million km2 (9 million acres)
of land developed during 1997-2001, 46% was from forest land, 20% from cropland, and
16% from pastureland (NRI, 2003). In Pennsylvania, about 5,000 km2 (1.14 million acres)
of fields, open space, and natural land were developed between 1982 and 1997, and this
was the sixth-largest conversion of natural lands of all the states (Brookings Institute,
2003). During the same period of 1982-1997, Pennsylvania developed about 16,187 m2
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(4 acres) land for every new resident, as compared to the national average of 2,428 m2
(0.6 acres). It was the highest only next to Wyoming, and the rate of land consumption
has been increasing over the years (Brookings Institute, 2003).

2.2.2.1 Water Quantity as Effected by Urban Sprawl
As the urban area expands, the natural hydrologic cycle is typically disturbed in
the following ways: 1. infiltration is reduced and the volume of runoff is increased due to
the increase of impervious areas and the compaction/disturbance of the soils; 2. the
amount of depression storage is decreased because of re-grading; 3. evapotranspiration is
reduced as a result of the removal of trees and vegetative cover; 4. the travel time of
surface runoff is shortened due to connected impervious areas and efficient stormwater
systems; 5. groundwater recharge is reduced due to the increased impervious area and
smaller amounts of infiltration; 6. dry weather flow declines due to the lack of base flow;
and 7. downstream channels are enlarged as a result of prolonged flow (WEF and ASCE,
1998; USEPA, 2002b). It is estimated that in a highly developed urban setting (75% to
100% impervious surface), about 30% of the precipitation is returned to the atmosphere
through evapotranspiration; 10% of the precipitation infiltrates to the ground; 5%
becomes percolation, and about 55% becomes direct surface runoff (FIRSWG, 1998).
EPA also found that the ratio of runoff volume to the rainfall volume (which is defined as
runoff coefficient) is, in general, directly proportional to the degree of imperviousness
(USEPA, 1983).
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Figure 2.1 illustrates the impacts of urbanization on the magnitude and
recurrences of peak flows. The figure, showing the peak flow rates at various recurrence
intervals as the land surface is developed, was generated from a case study of a 36.7 km2
(14.2 mi2) watershed in central Wisconsin. The watershed was a mix of agricultural and
forest land in 1960, and the watershed became 20 to 25% urbanized in 1985, and in 1998
the watershed was 40% impervious and dominated with residential land use.

Figure 2.1: Effects of urbanization on flood frequency (from Novotny et al., 2001).

As illustrated by the arrow in Figure 2.1, the 100-year peak runoff rate under predevelopment conditions is equal to a 10-year return period runoff peak rate at the 1985
development situation. When the watershed becomes fully developed, the same 100-year
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pre-development peak runoff rate would be equal to only about one and half year return
period post-development runoff rate.

2.2.2.2 Water Quality Effects of Urban Sprawl
Besides increasing the peak runoff rates and the runoff volumes, urban runoff
may also lead to deterioration of water quality by transporting pollutants downstream.
Developments reduce impervious areas in urban areas, and at the same time increase
erosion and sediment yield (USEPA, 2002a). The most often found pollutants from urban
runoff include sediment, bacteria, nutrients, toxic chemicals and other pollutants (Adams
and Papa, 2000). The National Urban Runoff Program (NURP) monitored toxicant
discharges from 28 cities in the United States during the period of 1978 to 1983, and the
urban runoff was characterized with high sediment yield, bacteria content, and heavy
metal content (Field et al., 1993). Combined sewer overflows (CSOs) become another
source of pollutants delivered to streams and rivers during wet seasons (USEPA, 2002a).
In the biannual National Water Quality Inventory reports prepared by EPA, the urban
runoff/storm sewer has been continuously assessed as the third or fourth leading pollution
source for the nation’s rivers and streams (USEPA, 2000a; 2002a; 2007; 2009).

Pennsylvania has experienced serious and sometimes devastating flooding
problems in the past century (PADEP, 2006). In the water quality aspect, stormwater
related pollution contributes to a third to a half of the 5,273 miles of impaired streams in
the state (USEPA, 2001).
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2.2.3 Government Regulations on Stormwater Control
The 1972 Amendments to the Federal Water Pollution Control Act (also referred
as the Clean Water Act) prohibit the discharge of any pollutants from point sources to
waters in the United States. Point discharges must be authorized under a National
Pollution Discharge Elimination System (NPDES) permit (USEPA, 1999). Congress
amended the Clean Water Act in 1987 to require the Environmental Protection Agency
(EPA) to develop phased NPDES regulations for stormwater discharges, and the Phase I
permit application requirements were published on November 16, 1990 (55, FR 47900).
Stormwater discharges from municipal separate storm sewer systems (MS4) located in
municipalities with a population of 100,000 or more are regulated under Phase I.
Dischargers are responsible for collecting existing information of receiving waters,
management programs, fiscal resources, etc. Best management practices (BMPs) are
required to be implemented to improve the post-development water quality at least to the
pre-development level of water quality. Under the most recent rule for stormwater
regulations, Phase II of the NPDES program was finalized on October 29, 1999 (64 FR
68722). The NPDES II program extends the regulation to communities larger than 10,000
persons and to municipalities with a population density larger than 1,000 persons per
square mile. The rule also regulates construction activities that disturb land areas equal to
or less than 5 acres.

The Pennsylvania Stormwater Management Act of 1978 (P.L. 864, No. 167) is the
legislative basis for stormwater management in PA. This Act requires each county to

13
prepare and adopt a stormwater management plan for each watershed located in the
county. The management plan should be developed in consultation with the
municipalities in the watershed and needs to be reviewed and revised at least every five
years. The Act requires that each watershed stormwater plan should include, but not be
limited to: 1. a survey of existing runoff characteristics of the watershed during small and
large storms, including the impacts of soils, slopes, vegetation, and existing
developments; 2. an assessment of projected development patterns in the watershed, and
the consequent impacts on runoff quantity, velocity, and quality; 3. a review of existing
and projected stormwater systems in the watershed, and 4. an assessment of alternative
stormwater management practices and their effectiveness in the watershed. The NPDES
II program implementation requires the 923 municipalities and numerous institutions to
obtain stormwater discharge permits. Each permit holder is required to develop and
maintain a stormwater management program that reduces the pollutant discharge to a
level as practical as possible (PADEP, 2006).

The Borough of State College, Centre County, Pennsylvania, regulates that best
management practices (BMPs) have to be designed, implemented, and maintained as
regulated earth disturbance activities occur (Ordinance 1741, Section 110, Borough of
State College). The BMPs are required to provide a replication of the pre-development
stormwater infiltration and runoff conditions, so that the post-development stormwater
runoff does not degrade the physical, chemical, and biological integrity of the receiving
waters. Section 112 of this ordinance regulates that the post-development peak flow rates
should not exceed those from the pre-development watershed for design storms specified.
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The design storms that are required for conducting the peak flow analysis include the 1-,
2-, 10-, and 100-year 24-hour design events (Ordinance 1741, Section 112, Borough of
State College).

2.3 The Evolution of Stormwater Management Concepts
During the pre-World War II era, the sanitary and stormwater systems were often
combined in a single system. This approach was later found to be detrimental to the
downstream residents. In the 1960s, treatment plants for sewerage were built, and for new
and renovated systems stormwater and sewer flows were conveyed in separate pipes
(Debo and Reese, 2003). The separate stormwater pipes efficiently discharged water to
the nearest stream and eliminated the local flooding problems. The Clean Water Act
came into effect in the early 1970s, and stormwater detention ordinances were
promulgated. Centralized, municipal stormwater basins were built to realize control for
peak flows. Although the peak flow may be successfully reduced to the pre-development
level directly below a retention or detention pond, this approach may become ineffective
in reducing flooding beyond some point downstream (where the total drainage area is ten
times the area detained) due to the aggregated increase in volume (PADEP, 2006). In the
following sections, this centralized, traditional stormwater management method is
discussed in greater detail along with the low impact development (LID) concept.
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2.3.1 Traditional Stormwater Management Strategies
Traditional stormwater control measures treat stormwater as a waste and “common
enemy” that causes nuisance and major flooding (USEPA, 2004b). Efficient stormwater
systems are used for the quick delivery of runoff from rooftops, gutters, pavements,
underground pipes, etc. Attenuation of the peak runoff is generally carried out at a large
centralized stormwater basin, which is very often close to the watershed outlet (DOD,
2004).

The traditional stormwater control methods can effectively reduce the peak flow
rates of design storm events using various stages of outflow controls. However, the
control of peak flows from storms less severe than the design events is not as effective as
with the severe events, and the runoff during these less severe events is discharged to
downstream channels with limited treatment (Prince George’s County, 1999b).
Traditional stormwater control methods are also limited in controlling stormwater quality,
since the only way to remove pollutants in this strategy is through settling or treatment
mechanisms (DOD, 2004). Remediation of the failed stormwater systems can be very
expensive. For example, the cost of retrofitting water quality controls for the Atlanta
Metropolitan Area (343 km2) alone has been estimated to be about 1.5 billion dollars
(Sample et al., 2003).

16
2.3.2 The Low Impact Development (LID) Concept
Compared with the traditional stormwater management methods, the low impact
development (LID) method views the stormwater as a resource to be more effectively
utilized (USEPA, 2004b). First proposed by the Prince George’s County, Maryland, the
LID technique focuses on “maintaining or restoring the natural hydrologic functions of a
site to achieve natural resource protection objectives and fulfill environmental regulatory
requirements” (Prince George’s County, 1999a). In order to realize this, the LID method
utilizes a combination of several management elements (NCHRP, 2006), which include:

1. Conservation design. The overall site design integrates the conservation goals to
protect wetlands, preserve habitat, and improve aesthetics.
2. Minimize development impacts. Sensitive areas such as woods and soils with high
infiltration rates or prone to erosion are preserved.
3. Maintain the time of concentration. The preservation of runoff patterns and predevelopment time of concentration is part of the design goals.
4. Use integrated management practices (IMPs). IMPs are small-scale, distributed,
source control and stormwater treatment practices that can be directly
integrated into the infrastructure or landscape.
5. Prevent pollution. Onsite management practices are used to filter or eliminate
pollution at its source.
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Instead of delivering stormwater runoff quickly offsite, the LID methods emphasize
detaining, infiltrating, evaporating, and treating stormwater runoff on-site, where it
originates. In achieving this, the LID methods utilize many onsite IMPs to reach the
source control. IMPs can be integrated into site design, preferably on, or close to, the
source or site lot. Typical management practices that are suitable for being integrated into
a LID site layout include bio-retention areas, grass swales, green roofs, dry wells, porous
pavements, rain barrels, infiltration trenches, etc.

2.3.2.1 Porous Pavement as an LID
Porous pavement (Figure 2.2) usually consists of open-graded asphaltic aggregate
pavement, pervious pavement, or concrete/plastic grid paving blocks that are filled with
soil and vegetated (Debo and Reese, 2003).

The porous pavement is usually underlain with a highly permeable layer of opengraded gravel and crushed stone. Void spaces in the aggregated stones serve as a
reservoir for the water infiltrated through the porous pavement. A filter fabric is placed
surrounding the gravel and stone layer to prevent clogging caused by soil particles
(USEPA, 1999).
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Figure 2.2: The installation of a typical porous pavement (from USEPA, 1999).

It is estimated that in porous concrete pavement the void space ranges from 15 to
22%, as compared to 3 to 5% for conventional pavement (Debo and Reese, 2003). By
encouraging the rainfall to infiltrate into underlying soils, the porous pavement promotes
ground water recharge and pollutant removal (USEPA, 2000a). A field study carried out
at a Florida aquarium parking lot showed that, for rainfall events less than 2 cm, basins
with permeable pavement and swales had 60-80% less runoff than basins with
conventional cement/asphalt pavements and swales (USEPA, 2000a). Meanwhile the
study also showed high mass removal rates for metals, with copper removal at 81%, iron
at 92%, lead at 85%, manganese at 92%, and zinc at 75% (USEPA, 2000a). A porous
pavement built at the Centre County/Penn State Visitor’s Center yielded no runoff for ten
monitored storms (depths varied from 1.2 to 6.0 cm), and the infiltration rates remained
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constant at 0.012 cm/s (17 in/hr) (Swisher, 2002). From the same study, in the reservoir
beneath the pavement low concentrations of Cu (<0.02 mg/L), Pb (0.020 mg/L), and Zn
(0.191 mg/L) were also observed (Swisher, 2002). This pavement system has since failed
and Penn State University now prohibits the use of porous asphalt pavement at University
Park (Penn State University, 2008).

2.3.2.2 Bio-retention Area as an LID
The bio-retention area (Figure 2.3) is a structural stormwater control practice that
collects and temporarily detains the stormwater runoff and reduces the pollutant
discharge using soil and vegetation treatment in the basin area (Debo and Reese, 2003).
Possible processes that may occur in a bio-retention area include: sedimentation,
absorption, infiltration, ion exchange, volatilization, decomposition, and bioremediation
(Prince George’s County, 2001).

Figure 2.3: Schematic drawing of a bio-retention area (from EPA, 2000a).
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According to The Bio-retention Manual (Prince George’s County, 2001), the
ponded area in a bio-retention area should have a maximum depth of 0.15 m (6 inches).
Depth for the planting soil is 0.76 m (2.5 feet) minimum, and the depth should be
increased to 1.2 m to 1.5 m (4 to 5 feet) when trees and shrubs are planted. Planting
medium consists of 20 to 30% topsoil, 20 to 30% leaf compost, and 50% construction
sand, and the total porosity is about 0.40.

USEPA (2000a) reported on the results of three field studies, and the bio-retention
areas were found to be able to remove 70 to 97% of lead, 43 to 97% percent of copper,
and 64 to 98% of zinc. The removal rates for nutrients, which were relatively more
variable, ranged from 0 to 87% for phosphorus, 37 to 80% for total Kjeldahl Nitrogen, <0
to 92% for ammonium and <0 to 26% for nitrate (USEPA, 2000a). Later modifications to
the design introduced aerobic and anaerobic zones in the treatment area, and the
anaerobic zone was believed to encourage denitrification (Debo and Reese, 2003). Based
on laboratory column experiments, Hunt (2003) found that the removal efficiencies for
total nitrogen (TN) were from 70 to 85%, and for NO3-N was over 90%. Hunt also found
that the presence of an anaerobic zone and the thickness of the zone did not impact the
nutrient removal abilities of the microcosm.
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2.3.2.3 Green Roof as an LID
Green roof (Figure 2.4) technology reduces the impervious areas in the urban
areas by growing plants on the rooftop. This technology is very effective in older urban
areas with chronic combined sewer overflow problems, which are due to a high
percentage of impervious areas (USEPA, 2000a; Akan and Houghtalen, 2003).

Figure 2.4: Illustration of the profile of a green roof (from USEPA, 1999).

In general there are two types of green roofs, namely extensive green roofs and
intensive green roofs. The soil depth for an extensive green roof varies from 0.03 m to
0.13 m (one to five inches), and the roof loading varies from 49 kg/m2 to 244 kg/m2 (10
to 50 pounds per square foot) (USEPA, 2000b). The vegetation for extensive green roofs
consists of small, slow-growing, and spreading plants that are capable of retaining water
and of thriving in shallow soils. An extensive green roof requires minimal maintenance,
usually once in a year. The soil depth for an intensive green roof is usually 0.3 m (12
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inches) or more, and the loading ranges from 391 kg/m2 to 732 kg/m2 (80 to 150 pounds
per square foot). Intensive green roofs are usually designed for public use areas and serve
as parks or terraces, and larger plants such as shrubs and trees can be supported on the
intensive green roofs. Unlike the extensive green roof, the intensive green roof requires
irrigation and intensive maintenance (USEPA, 2000a).

It is estimated that by using approximately 0.08 m (3 inches) of substrate a green
roof can reduce more than 50% of annual runoff in normal climates (USEPA, 2000a).
DeNardo et al. (2003) also found an average 40% reduction of runoff volume from the
small-scale green roof buildings located at the Agricultural Research Center of Penn State
University. Other benefits of green roofs include extended roof life, reduced energy cost,
as well as conservation of lands that could otherwise be required for traditional
stormwater control structures (USEPA, 2000b).

2.3.3 Effectiveness of the LID Technology
According to Debo and Reese (2003), the LID technology is able to: 1. approximate
acceptable hydrology; 2. improve natural diversity and beauty; 3. balance the economic
growth and development with ecological preservation; 4. result in sustainable and
maintainable systems; 5. work at small scales while achieving accumulated results; and 6.
treat stormwater as a valuable resource. Lai et al. (2003) also pointed out that the LID
technology is capable of replicating the pre-development hydrology through on-site
control and sometimes eliminates the need for large scale, centralized BMPs such as
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retention ponds. In the financial aspect, the LID method can help reduce the development
costs and associated maintenance costs through site planning, such as reducing sidewalks
from two to one, sharing drive-ways, eliminating gutters, etc. (USEPA, 2004b).

The LID technology has been embraced by government agencies, municipalities, and
stormwater engineers, as evidenced by U.S. EPA (2000a) and DOD (2004) released LID
manuals, respectively. States including Maryland, Minnesota, Washington, and Texas
(Prince George’s County, 1999a; PSAT, 2005) developed their guidelines for
implementing the LID technology.

The LID method was applied to a small watershed within the Chesapeake Bay
Watershed in a federal agency LID demonstration project (Bullock and Merkel, 2005).
The project consisted of two bio-retention areas at Fort Meade, Maryland, and was
installed to meet the regulations for nutrient and toxic reductions. Based on field surveys
of structural BMPs for stream ecosystems in the Pacific Northwest, May and Horner
(2002) suggested that the LID technology could provide a better alternative for
maintaining high aquatic ecosystem integrity. As an effort to model the hydrologic
effects of the bio-retention area, Heasom (2005) developed a representation algorithm in
HEC-HMS to simulate the water infiltration in the bio-retention area. The model
representation was tested on a bio-retention area located at Villanova University,
Quakertown, PA. The model-predicted weir flow at the exit of the bio-retention area had
a high correlation (R2=0.96) with the observed flow for 21 events.
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Despite the advantages over the traditional stormwater management methods and the
increasing popularity, the LID technology is still in its infancy compared to traditional
stormwater management BMPs (USEPA, 2004b). Difficulties in implementing the LID
technology include conflicts with established building codes, scarce public support for
new techniques, and the perception by some that the LID technology promotes urban
sprawl (Clar et al., 2003).

2.3.4 Cost of LID Scenarios
The cost of a LID scenario is the sum of costs of all IMPs in the scenario. The
total cost of each IMP includes the initial capital costs and the operation and maintenance
(O&M) costs through the life-cycle of the facility (Sample et al., 2003). The capital costs
consist of the land cost, engineering planning and design costs, construction costs, and
the costs for environmental mitigation. Because the land cost, engineering costs, and the
costs for environmental mitigation are site specific, the construction cost is typically used
to represent the capital cost for analysis purposes (Sample et al., 2003).

The construction cost and O&M cost data for various IMPs are available through
different sources (USEPA, 1993; Heaney et al., 2002; Sample et al., 2003; Wossink and
Hunt, 2003; USEPA, 2004a). In a more recent study by the LID Center (2005), the
construction cost and O&M cost for various IMPs were summarized (Table 2.1). The cost
estimations assumed a 25-year life span of the IMPs and included the replacement costs
of IMPs at the 25th year. The cost estimation also assumed no value depreciation for
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simplification purposes. As shown in Table 2.1, the cost for each IMP is a function of the
IMP surface area, and the annual O&M costs are about five to eight percent of the IMP
construction costs.
Table 2.1: Costs for bio-retention, porous pavement, and green roof utilized in the
optimization analyses (based on 2005 $ as noted in LID Center, 2005).
IMPs
Bio-retention
Porous pavement
Green roof
¶
ξ

Construction cost, $
179.37*Aξ
59.29*A
123.52*A

Annual O&M cost¶, $
13.45*A
4.73*A
5.70*A

The annualized O&M cost includes the costs for replacement of IMP at year 25.
A is the surface area of an IMP, in m2.

2.4 Hydrologic Models for Stormwater Management
Computer models became an integral part of stormwater management in the mid1970s, and they include sets of equations and/or algorithms representing the physical
system (Debo and Reese, 2003; USEPA, 2005). In addition, to simulate the
hydrologic/hydraulic and water quality processes, computer models can help quantify and
evaluate the effects of alternative controls before expensive field implementation
(USEPA, 2005). After a model is calibrated and verified to a gaged watershed, the model
may be used to simulate conditions in a similar but ungaged watershed, thus saving
money and efforts. Models are also frequently used for design optimization and real-time
control (Debo and Reese, 2003).

Computer models are developed at various levels of complexity, which range
from simple empirical functions to complex, physically-based models. The simplest
models make predictions based on a limited set of environmental or physical input
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parameters. Complex models focus on describing the fundamental processes such as
water movement, soil erosion, sediment transport, transformation, and delivery (USEPA,
2005). As the model complexity varies, the user interface for computer models also
ranges from the primitive DOS environment to the user-friendly graphic user interface
(GUI).

The selection of the most appropriate computer model to use in urban stormwater
management depends on a number of factors. These factors include the answers being
sought, watershed physical characteristics, special consideration (i.e. pressurized flow in
pipes), data available, budget, model acceptance by engineers and regulators, model
flexibility, and capabilities of the modeler and of the final user (Akan and Houghtalen,
2003; Debo and Reese, 2003). The level of model complexity needs to be decided
beforehand by analysts based on specific application goals. As the model becomes more
complex, physical processes are simulated at greater details and higher spatial and
temporal resolutions, which subsequently require more time, data, resources, and
experience to implement (USEPA, 2005). A brief discussion of several stormwater
quantity/quality models commonly used in urban stormwater management are presented
in the following sections.

2.4.1 The TR-20 Model
The TR-20 model is a physically-based, single-event model first developed by
USDA-Natural Resources Conservation Service (NRCS, formerly SCS) in 1964.
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Numerous modifications were made to the model over the years by the Natural Resources
Conservation Service (NRCS) Engineering Division, and a PC version of the model was
developed with a draft user’s manual in 1982. The most recent version of the TR-20
model (WinTR-20) is available through the NRCS website
(http://www.wsi.nrcs.usda.gov/products/W2Q/H&H/Tools_Models/WinTR20.html).

Major processes in the TR-20 model include rainfall-runoff calculation, flood
hydrograph generation, and routing of hydrograph through reaches and reservoirs. The
volume of runoff from rainfall is estimated using the NRCS Curve Number method. A
runoff hydrograph is then generated for each subbasin using the dimensionless unit
hydrograph, and the hydrographs are combined at subbasin boundaries (Akan, 1993). The
model generates hydrographs from runoff and routes the flow through stream channels
and reservoirs (NRCS, 1992). The routing of hydrograph in reaches and streams follows
the Modified Attenuation-Kinematic method, and the peak flow is attenuated during the
routing procedure to account for the channel storage. Surface runoff hydrographs are
routed through reservoirs using the storage indication method, resulting in attenuated
peak flows (Akan, 1993).

Inputs to the TR-20 hydrologic simulations include the drainage area, time of
concentration, and curve number for sub-basins. Input parameters for hydraulic
simulations in reaches and reservoirs include cross-section rating table, reach length, and
the stage-storage-discharge relationship for reservoirs. Outputs from a TR-20 simulation
include peak discharges, water surface elevations, as well as the duration of flows at any
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cross section or structure within a watershed (NRCS, 1992). The TR-20 model can
analyze up to nine different rainstorm distributions over a watershed, and in any analysis
the model allows up to 200 sub-basins or reaches and 99 structures (NRCS, 1992).

After the introduction of the TR-20 model in 1964, the model became the most
commonly used method for hydrologic analysis and stormwater management
computations in the U.S. (Trommer et al., 1996). The model has been used to simulate
runoff from complex watersheds with multiple sub-basins, channel reaches, and
reservoirs, and it has been the tool in water resources projects for determining the level of
flood protection and prevention for small watersheds (Pereira Fo and Crawford, 1999).

2.4.2 The HEC-HMS Model
Developed by the Hydrological Engineering Center (HEC) of the U.S. Army Corp
of Engineers, the Hydrologic Modeling System (HEC-HMS) is a distributed hydrologic
model that succeeds the previous HEC-1 model (HEC, 1998). The HEC-HMS model
retains many of the HEC-1 watershed runoff and routing computation methods. But,
HEC-HMS also includes additional capabilities such as continuous hydrograph
simulation over longer duration, distributed runoff computation using a grid cell
representation of the watershed, a graphic user interface (GUI), integrated hydrograph
analysis tools, data management and storage tools, and graphics and reporting modules
(USEPA, 2005). Although the model program files, executables, and documentations are
free to download at the Army Corps of Engineers website
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(http://www.hec.usace.army.mil/software/hec-hms/hechms-hechms.html), no technical
support is provided to non-Corp users and the distribution of the model source code is
generally discouraged by HEC (USEPA, 2005).

The HEC-HMS model has a wide array of options available for simulating the
physical processes in the watershed, which include infiltration and evapotranspiration
losses, rainfall-runoff simulation, runoff transformation, open-channel routing, analysis
of meteorological data, and parameter simulation (HEC, 2001; Akan and Houghtalen,
2003). Methods for loss estimation include initial and constant rates, the SCS Curve
Number method, and the Green-Ampt method. The Clark, Snyder, and SCS unit
hydrograph methods, as well as the user-specified unit hydrograph are available for
runoff transformation. Open-channel routing techniques include the lag method, the
modified Puls method, the kinematic wave method, the Muskingum method, and the
Muskingum-Cunge method. The HEC-HMS model can also perform meteorological data
analysis for precipitation and evapotranspiration using various historical and synthetic
methods (HEC, 2001). Major components for representing watershed features include
subbasins, reaches, junctions, reservoirs, diversions, sources, and sinks.

Input to the HEC-HMS hydrologic model may vary with the specific algorithm
chosen for the simulation. In general, the input parameters include the area, slope,
imperviousness, saturated hydraulic conductivity, and land use. Physical coefficients are
required for the hydraulic routing in reaches and reservoirs, and the coefficients may
include the cross-section shape, length, slope, Manning’s n, pipe diameter, and the
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elevation-storage-discharge relationship (HEC, 2001). Time series of meteorological and
evapotranspiration conditions are needed in the meteorological model of HEC-HMS as a
driving force for predictions. The HEC-HMS output is the runoff hydrograph at any node
within the watershed.

The program can be applied in a wide range of problems including “large river
basin water supply and flood hydrology and small urban and natural watershed runoff”
(HEC, 2001). Hydrographs generated by the program have been used for studies of
“water availability, urban drainage, flow forecasting, future urbanization impact,
reservoir spillway design, flood damage reduction, floodplain regulation, and system
operation” (HEC, 2001).

2.4.3 The SWMM Model
The EPA storm water management model (EPA-SWMM) is a powerful model that is
capable of simulating urban storm runoff and routing processes, and is the model of
choice for analyzing the performance of complete storm sewer systems (Huber and
Dickinson, 1988; Urbonas and Stahre, 1993). The latest version of SWMM is Version 5.0,
which has a graphic user interface (GUI) that allows users to edit study area input data, to
run hydrologic, hydraulic, and water quality simulations, and to view the results in
various formats (PADEP, 2005). The SWMM model program files, executables, source
code (in C++), and documentations are accessible through the U.S. EPA website
(http://www.epa.gov/ednnrmrl/swmm/index.html).
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2.4.3.1 Watershed Processes in SWMM

2.4.3.1.1 Runoff Simulation
In SWMM each subcatchment is treated as a nonlinear reservoir with a single
inflow (Figure 2.5), which is precipitation (Nix, 1994). Losses from the reservoir include
infiltration, evaporation, and surface runoff. The storage capacity of the “reservoir” is
determined by the maximum depression storage provided by ponding, surface wetting,
and interception. No runoff will be generated until the depression storage and infiltration
is exceeded by water depth. Water losses through infiltration are calculated using the
Green and Ampt Equation, Horton’s Equation, or the NRCS-Curve Number method
(newly added in Version 5.0). In continuous simulations, the SWMM model uses
monthly average evaporation rates to calculate water evaporation from the surface.

Figure 2.5: The non-linear reservoir representation of a subcatchment in SWMM (from
Rossman, 2004).
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The reservoir approximation is applied to all the subcatchments in a watershed,
and two governing equations are used to calculate the runoff hydrograph. The first
equation is the continuity equation, which depicts the change of volume or depth of water
on the subcatchment for a time interval. The second equation is the Manning’s equation,
which calculates the rate of surface runoff as a function of the depth of flow above the
maximum depression storage depth (Huber and Dickinson, 1988).

2.4.3.1.2 Flow Routing
Flow routing is carried out in SWMM after the flow network and channel system
is delineated and parameterized for the model. The whole system is viewed as a series of
“elements,” which are either conduits, manholes, or other non-conduit structures. Inflows
entering manholes or other non-conduit structures can be provided by runoff as simulated
from subcatchments or by hydrographs entered by the user (Nix, 1994). Two partial
differential equations are used to represent the flow process in the drainage system: the
continuity equation and the momentum equation.

The continuity equation and a simplified form of the momentum equation lead to
the kinematic wave routing method offered by SWMM. In kinematic wave routing,
downstream conduits have no effect on upstream conduits, and the flow is allowed to
propagate only in the downstream direction (Huber and Dickinson, 1988; Nix, 1994). The
dynamic wave routing method uses the continuity equation and a complete form of the
momentum equation, and flows can propagate in both downstream and upstream
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directions (Nix, 1994). The SWMM model also offers a steady flow routing method, in
which a hydrograph is routed through the drainage system without change in shape and
only accounts for the lagging effects.

2.4.3.2 Input Parameters for SWMM
Input parameters required by the SWMM model to simulate stormwater runoff
include rainfall and climatology data (for continuous modeling), parameters for
hydrologic components (subcatchments, pipes, storage units, etc.), and run time controls
(time step, starting and ending time, etc.). A more detailed introduction regarding the
model and user inputs can be found in the USEPA SWMM User’s Manual (Rossman,
2004).

2.4.3.2.1 Rainfall and Climatology Data
Rainfall is the driving force for SWMM simulations. Rainfall data intervals can
vary from one minute to twenty-four hours, and the data can be in the format of intensity
or cumulative amount. The SWMM model accepts rainfall data stored in external files in
the National Weather Service (NWS) data format (DSI-3240 and DSI-3260). Userspecified rainfall hyetographs can also be entered in SWMM (Rossman, 2004).

Weather data are used in continuous simulations to account for evaporation
effects. Required climatology data include daily average air temperature, evaporation,
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and wind speed. External climate data files in the form of NWS DSI-3200 or DSI-3210
are accepted by the SWMM model, and the model provides an interface for userspecified data. When only monthly average evaporation and wind speed data are
available, SWMM uses an internal interpolation algorithm to estimate daily values.

2.4.3.2.2 Parameters for Hydrologic Components

2.4.3.2.2.1 Subcatchment Parameter Settings
Input parameters for subcatchments in SWMM include the area, average land
slope, percentage of impervious area, width of flow path (calculated as the subcatchment
area divided by the longest flow path), Manning’s n for impervious area and pervious
area, depths of depression storage on impervious and pervious areas, and the method to
calculate infiltration losses. The three methods available for calculating infiltration losses
in SWMM are: Green and Ampt, Horton, and NRCS-Curve Number method.

When using the Green and Ampt equation to simulate the infiltration process,
input parameters required by SWMM are soil capillary suction head (cm), soil saturated
hydraulic conductivity (cm/hr), and the initial soil water deficit (a fraction value between
0 and 1). Horton’s equation needs input for the maximum and minimum infiltration rates
on Horton’s infiltration curve (cm/hr), the decay constant for the Horton’s infiltration
curve (hr-1), time for a saturated soil to completely dry (days), and the maximum
infiltration volume possible (cm). Input parameters for the NRCS-Curve Number method
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for calculating infiltration include the curve number, saturated hydraulic conductivity
(cm/hr), and the time for a fully saturated soil to dry (days).

2.4.3.2.2.2 Stormwater System Parameter Settings
Common stormwater system components include conduits (pipes) and nonconduit structures such as open channels, junctions, storage units, flow dividers, orifices,
weirs, etc.

Conduits (pipes): Input parameters for conduits include the inlet and outlet nonconduit structure numbers, shape of the conduit, maximum depth of the conduit crosssection (m), length of conduit (m), and the Manning’s n for the conduit. The SWMM
model has 23 different conduit shapes to choose from, including common shapes of
circular, rectangular, parabolic, trapezoidal, and horseshoe.

Open channels: The SWMM model does not provide a separate element type for
open channels. Instead, open channels are represented using the same set of parameters as
are used with conduits. Usually open channels use the trapezoidal shape (or other
appropriate shape) and different Manning’s n values according to different lining
materials.

Junctions: Input parameters for junctions include the invert elevation (m),
maximum water depth at the junction (m), initial water depth (m), depth in excess of the
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maximum water depth before flooding occurs (m), area of ponding water when flooded
(m2), and the external inflow hydrograph received by the junction.

Storage units: Input parameters for storage units include the invert elevation of the
storage unit (m), the maximum depth of water within the storage unit (m), initial water
depth (m), area of ponding water when flooded (m2), fraction of evaporation realized
(between 0 and 1), and the stage-storage relationship for the storage unit. The storage unit
also allows the input of an external inflow hydrograph to the storage unit.

Flow dividers: Input parameters for flow dividers include the invert elevation (m),
maximum water depth (m), initial water depth (m), depth in excess of maximum depth
before flooding (m), area of ponding water when flooded (m2), name of conduit that
receives the diverted flow, and the type of flow divider, which can either be cutoff,
tabular, weir, or overflow. An optional input to a flow divider is the external flow
hydrograph. For the cutoff divider, only the cutoff flow value is needed as input. The
cutoff flow value specifies the threshold flow units (m3/s) that a cutoff divider uses to
divert the inflow. Flow below the threshold flow is diverted to one downstream hydraulic
structure specified by the user, and flow above the threshold flow is diverted to another
downstream hydraulic structure.

Weirs: Since a weir is usually used as discharge structures from a storage unit, the
storage unit and the downstream structure that receives the flow need to be specified for a
weir. Inputs for weir structures also include the vertical height of weir opening (m),
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horizontal length of weir opening (m), height of bottom of weir opening from invert
elevation of inlet (m), discharge coefficient for central portion of weir (m3/s), and the
type of weir, which includes transverse, sideflow, V-notch, and trapezoidal. For V-notch
and trapezoidal types of weirs, a side slope (width-to-height) for the weir side walls is
also required.

Orifices: Similar to weirs, orifices are also used to discharge flow from storage
units; thus the storage unit and the downstream structure need to be specified for orifices.
Other inputs include height of orifice when fully open (m), width of orifice when fully
open (m), height of bottom of orifice above the invert elevation of inlet (m), discharge
coefficient, and the shape and type of the orifice.

There are two types of orifices in SWMM according to the orifice location: side
and bottom orifices. For each type of orifice there are also two shapes of orifices to select,
circular and rectangular-closed.

2.4.3.2.2.3 Run Time Controls
Time step is the time increment during a SWMM simulation, and SWMM allows
the time step to be as small as one second. Similar to the discretization of a watershed, a
smaller time step yields a more detailed hydrograph but causes a longer time for
simulation. Large time steps require less run time but may fail to accurately generate
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complete hydrographs. A compromise needs to be reached by the users between analysis
time and desirable level of details for the outflow hydrograph (Nix, 1994).

Users can conveniently specify the starting and ending time of a simulation
through a run time control window in SWMM. Users can also choose reporting periods
of interest during an event by specifying a second starting and ending time setting for
reporting.

2.4.3.3 Spatial Representation in SWMM
In delineating the subcatchments in SWMM, each subcatchment should be
relatively homogeneous, which means that the physical characteristics and land use
should be consistent (Nix, 1994). A more finely delineated subcatchment representation
means better homogeneity within, and, thus, a better approximation to the real watershed
conditions. At the same time, a more detailed subcatchment representation requires more
time and energy to discretize and analyze. Thus, an appropriate degree of discretization
should be maintained according to specific stormwater analysis purposes (Nix, 1994).

For the representation of a stormwater system, the system must be discretized as a
network of conduit lengths that are joined by manholes or other non-conduit structures
(Huber and Dickinson, 1988). Either synthetic or real manholes are required at places
where significant changes occur in conduit geometry, dimension, slope, or roughness.
Simulations of inflows to the system are allowed only by manhole or other non-conduit
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structure representations (dividers, weirs, storage units, etc.) (Huber and Dickinson,
1988).

2.4.3.4 Applications of the SWMM Model
The SWMM model has been used in numerous studies involving water quantity
and quality problems in many U.S. cities, as well as in Canada, Europe, and Australia
(Huber and Dickinson, 1992). The model has been applied to complex hydraulic analysis
for combined sewer overflow mitigation, stormwater management planning studies, and
pollution abatement projects (Huber and Dickinson, 1988; Urbonas and Stahre, 1993;
Tsihrintzis and Hamid, 1998). Warwick and Tadepalli (1991) calibrated and verified the
SWMM model on a 10 square mile urban watershed in Dallas, Texas. Tsihrintzis et al.
(1995) described an application of the SWMM model in South Florida which involved
four watersheds with high- and low-density residential, commercial, and highway land
uses. Chen et al. (2004) applied the SWMM model to the Castro Valley Creek Watershed,
California, to simulate the application, decay, washoff, and transport of diazinon. Heier
and Starrett (2005) applied the SWMM model on a 416 hectare golf course in Kansas,
and predictions for total suspended solids, total nitrogen, and total phosphorous were
made during the golf course construction and operation. The SWMM model was applied
in four planned development areas in Korea to evaluate and compare the pre- and postdevelopment runoff conditions (Jang et al., 2007). Barco et al. (2008) conducted an autocalibration to the SWMM model in a large urban watershed in Southern California. A
geographical information system (GIS) was used to process input data and to generate the
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spatial distribution of precipitation. Wu et al. (2008) applied the SWMM model to a
spring catchment in Chongqing, China, and obtained satisfactory calibration and
validation results.

2.4.4 The Hydrologic Simulation Program-Fortran (HSPF) Model
The Hydrologic Simulation Program Fortran (HSPF) model was developed by
U.S. EPA for simulating watershed hydrology and water quality for both conventional
and toxic organic pollutants (USEPA, 2005). HSPF is the combinatorial evolution of the
Stanford Watershed Model (SWM), watershed-scale Agricultural Runoff Model (ARM),
and Nonpoint Source Loading Model (NPS) into an integrated basin-scale model, and it
links watershed processes to in-stream fate and transport in 1-D stream channels (USEPA,
2005). The latest release of the model is Version 12, and it is distributed as part of the
U.S. EPA Better Assessment Science Integrating Point and Nonpoint Sources (BASINS)
model.

The HSPF model uses a physically-based approach to simulate the processes on a
watershed. In a HSPF simulation, the watershed is represented as land segments and
reaches. An area with similar hydrologic characteristics is defined as a land segment, and
the segment can either be pervious or impervious. The HSPF model accounts for the
water balances in various soil layers, and the processes of interception, infiltration,
surface runoff, evapotranspiration, and interflow are represented by empirical equations
(USEPA, 2006). Sediment yield is estimated based on the detachment and transport of
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soil particles from pervious surfaces. Solid pollutants from impervious surfaces are
simulated using buildup and washoff functions. Land-based nutrient and pesticide
simulations are available for agricultural sub-basins, and the HSPF model is also capable
of simulating management activities. In-stream fate and transport simulations are
available for pollutants such as nutrients, sediments, dissolved oxygen, biochemical
oxygen demand, temperature, and bacteria (USEPA, 2006).

Input parameters to the HSPF model include rainfall, temperature, solar radiation,
land surface characteristics, such as land-use patterns and land management practices.
The model simulation results are the runoff quantity and quality from urban and/or
agricultural watersheds, and the output includes flow rates, sediment loads, and nutrient
and pesticide concentrations.

The HSPF model is one of the models that are capable of simulating the
continuous, dynamic event or the steady-state of both hydrologic/hydraulic and water
quality processes in a watershed (USEPA, 2005). With the model’s ability to represent
the hydrologic regimes of a wide variety of streams and rivers with reasonable accuracy,
HSPF has been widely applied to studies such as flood mapping, urban drainage studies,
river basin planning, and sedimentation and in-stream water quality planning (Hicks,
1985; Ross et al., 1997; and Tsihrintzis et al., 1996). The HSPF model was applied to the
Chesapeake Bay Watershed as part of the EPA’s Chesapeake Bay Program’s
management initiative, which was one of the largest applications of the model (Donigian
et al., 1990).
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2.4.5 Common Measures for Assessing Model Performances
Three different goodness-of-fit methods are often used for measuring the accuracy
of the predicted stormwater runoff against the observed values. One method is the
deviation volume coefficient (DV), which can be used for the total runoff volume
comparison. A second approach is the root mean square error (RMSE), which can be
used for comparing the predicted and observed hydrographs. A third technique is the
relative absolute error (RAE) that can be used for assessing the goodness of peak flow
estimations.

2.4.5.1 The Deviation Volume Coefficient (DV) for Total Runoff Volume
The deviation volume coefficient (DV) is defined by Yen (1993) to compare the
predicted discharge volume against the observed discharge volume for a particular period
of analysis. The DV coefficient represents the fraction by which the predicted total
volume over- or under-estimates the total observed volume (Eq. 2.1).

DV =

Vo − Vm
*100%
Vo

where:
DV = Deviation volume coefficient,
Vo = Observed total runoff volume (m3), and
Vm = Modeled total runoff volume (m3).

(2.1)
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A value of DV closer to zero indicates a better match of the predicted total runoff
volume to the observed total runoff volume. If the value of DV is positive, the total runoff
volume is under-estimated by the model. A negative DV value indicates that the total
runoff volume is over-estimated by the model (Yen, 1993). In their study conducted at
the Upper Bukit Timah watershed in Singapore, Liong et al. (1991) used the DV
parameter to compare the stormwater runoff volumes predicted by the SWMM model to
the observed volumes. A similar use of the DV parameter was found in several other
studies involving the comparison between predicted and observed values of total runoff
volume (Zaghloul, 1983; Selvalingam et al., 1987; Warwick and Tadepalli, 1991).

2.4.5.2 The Root Mean Square Error (RMSE) for Hydrograph Comparisons
The root mean square error (RMSE) (Willmott, 1984) is a measure of difference
between paired predicted and observed values. The RMSE index (Eq. 2.2) is defined as:

RMSE = [

1
N

N

∑ (P − O )
i =1

i

i

2

]0.5

(2.2)

where Pi and Oi are paired predicted and observed flows at time step i, and N is
the total number of time steps during the flow period.

The value of the RMSE index ranges from 0 to ∞ , and the match between the
predicted value and the observed value gets better when RMSE is closer to zero. A
RMSE equal to 0 indicates a perfect match between the predicted and observed flow.
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Smith and Wheater (2004) used the RMSE as a measurement of the agreement between
the observed and simulated flow hydrographs when conducting a study in the Welland
Watershed, UK.

2.4.5.3 Relative Absolute Error (RAE) for Peak Flow Comparisons
The relative absolute error (RAE) (Eq. 2.3) is the fraction of the absolute
difference between the predicted and observed peak flow to the observed peak flow, and
RAE is a measure of the magnitude of difference of the predicted peak flow to the
observed peak flow (Yue and Hashino, 2000) and is expressed as:

RAE =

Q pobs − Q pcal
Q pobs

*100%

(2.3)

where Qpobs is the observed peak flow, Qpcal is the predicted peak flow.

A value of zero for RAE indicates a perfect match between the predicted and
observed peak flow values. The RAE value increases as the difference between the
predicted and observed flows increase. The RAE parameter was used by Liong et al.
(1991) for comparing the SWMM model predictions in stormwater peak flow rate to the
observed values.
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2.4.6 Hydrologic Modeling of LID Scenarios
Modeling tools provide economical alternatives for evaluating the hydrologic and
water quality benefits of LID scenarios. Various studies aimed at modeling the effects of
various IMPs are reviewed in the following sections, and they provide insights for LID
representations in the SWMM model.

2.4.6.1 The Prince George’s County Method
In the technical manual of Low Impact Development Hydrologic Analysis (Prince
George’s County, 1999b), the computational procedures for analyzing various LID
scenarios are discussed.

The hydrologic analysis of LID scenarios is based on the TR-55 model, and each
LID scenario is analyzed at the site-level for its curve number and time of concentration.
As is specified in TR-55, the curve number calculation needs to be adjusted according to
the percentage of unconnected impervious areas when the impervious areas are less than
30% of the site (USDA-NRCS, 1986). With disconnecting impervious areas a main goal
of LID practices, a smaller curve number is used for the post-development watershed
with the LID implementation as opposed to a non-LID implementation. The time of
concentration calculation is the same as in the TR-55. An arbitrary surface area and depth
is then assigned to detention types of IMPs in order to calculate the total storage volume.
An iterative, ad-hoc analysis procedure is then carried out to modify the LID layout until
a pre-development level runoff condition is reached.
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2.4.6.2 The Puget Sound County Method
Approaches for modeling various types of IMPs are proposed in the Puget Sound
County LID Manual, which is the stormwater management guidance for Puget Sound
County, Washington (PSAT, 2005). The bio-retention area is modeled as a pond with a
steady-state infiltration rate. The infiltration rate is the smaller of the long-term
infiltration rate of planting soils and the initial infiltration rate of the underlying native
soil. The pond volume is calculated as the above ground storage plus the volume
available in the planting soil. The green roof is modeled as grassland as the soil/growth
medium ranges from 7.6 cm to 20.3 cm (3 to 8 inches). The modeling representation of
porous pavement changes for different designs. When the porous pavement is constructed
with porous asphalt or concrete, it is modeled as 50% grassland over the underlying soil
type and 50% impervious area. When a grid/lattice system is used, it is modeled as
grassland area over the underlying soil type (PSAT, 2005).

2.4.6.3 T.E. Scott and Associates (TSA) Tools Method
The TSA Tool Method refers to a LID module developed by T.E. Scott and
Associates, Inc (http://www.mdswm.com). The software is developed on the basis of TR55 and is capable of representing and assessing the LID site and stormwater management
designs relative to hydrologic performances.

In the TSA LID module, a green roof is represented with open grass area. Porous
pavement with no underlying storage facilities are modeled as impervious areas for
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conservative estimations. A bio-retention area is represented as a pervious area, with the
curve number of the pervious area adjusted to reflect the infiltration effects. The
adjustment of curve number follows a formula originally developed by the Maryland
Department of Environment (MDE) for modeling infiltration practices.

2.4.6.4 The Villanova Method for Bio-retention Area
A bio-retention area was built as an effort of retrofitting a previous traffic island
at the Villanova University, Villanova, PA. The bio-retention area was designed to
infiltrate 70% to 80% of the annual rainfall from a 5260 m2 (1.3 acre) drainage area, half
of which is impervious parking and roadway areas (Heasom and Traver, 2003).

When runoff first reaches the bio-retention area, the infiltration is conceptualized
as a wetting front progressing through the soil profile. The wetting front moves from the
top layer of soil into the sand-soil planting soil, and then into the underlying native soil.
The initial high soil suction head results in a high infiltration rate in the bio-retention area
at the beginning of runoff. Once the void spaces in the planting soil are filled up, the
infiltration reaches equilibrium and is dependent upon the conductivity of the surface
layer. Excess flow contributing to the bio-retention area then becomes weir flow to
downstream (Heasom and Traver, 2003).

Two HEC-HMS components are used to represent the physical processes above: a
diversion element for the initial rapid infiltration, and a reservoir element for the pond
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storage, infiltration, and weir flow. The diversion element subtracts a seasonally
dependent amount of inflow at each time increment, until the total storage volume in the
planting soil is reached. The reservoir element represents the storage, infiltration, and the
weir flow through a stage-storage-discharge relationship (Heasom and Traver, 2003).

2.5 Multi-Objective Optimization in Stormwater Management
Many real life problems are characterized with competing and sometimes
conflicting objectives, and this has led to a long history of system analysis and economic
optimization applications during the decision-making process (Zitzler and Thiele, 1998).

When it comes to stormwater management, a watershed level approach and the
optimization procedure can help identify the most cost-effective management alternatives
(USEPA, 2006). The U.S. EPA has encouraged municipalities to develop and implement
stormwater management on a watershed basis over the past ten years (USEPA, 2004a). A
watershed level approach seeks the tradeoff between peak flow and total runoff control,
total cost, and pollution prevention. The location and sizes of the stormwater
management facilities can be optimized simultaneously against objectives of pollution,
flood, and erosion-sedimentation control (USEPA, 2004a). In recent years, the USEPA
has been working in collaboration with states and municipalities to develop strategies for
addressing stormwater, combined sewer overflow, and sanitary sewer overflows (USEPA,
2000a). One critical part of this task is to justify and gain the maximum efficiency from
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the $23 billion municipal spending each year on treatment plants, drinking water
treatment, and stormwater pollution control (USEPA, 2000a).

2.5.1 Multi-objective Optimization
Practical problems are often characterized with several non-commensurable
objectives competing for performance (Zitzler and Thiele, 1998). Mathematically, a
multi-objective optimization problem with m parameters (decision variables) and n
objectives can be stated as:

Minimize y = f(x) = (f1(x), f2(x), f3(x), …., fn(x))

(2.4)

where x = (x1, x2, x3,….,xm) ∈ X and y = (y1, y2, y3, …., yn) ∈ Y.

A decision vector a ∈ X is said to dominate a decision vector b ∈ X if and only if a
is partially less than b:

∀i ∈ {1,2,..., n} : f i (a ) ≤ f i (b)

∧ ∃j ∈ {1,2,...., n} : f j (a) < f j (b)

(2.5)

Usually there is no single optimal solution to Eq. 2.4, but rather a set of
alternative solutions known as the Pareto-optimal set. These solutions are optimal in the
sense that no other solutions in the search space dominate them when all objectives are
considered. The Pareto-optimal solutions are also called the non-dominated solution set,
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or the trade-off surface, for a multi-objective optimization problem (Zitzler and Thiele,
1998).

Multi-objective optimization problems are often too complex for classical
optimization methods. Traditional optimization techniques, such as hill climbing and
gradient search, would suggest converting a multi-objective optimization problem to
several single-objective optimization problems by emphasizing one particular objective at
a time (Deb et al., 2002) This strategy has to be applied many times to hopefully identify
the Pareto-optimal solution set. The restrictive requirements set by traditional
optimization methods in problem formulation also prevent their wider application
(USEPA, 2006). As was pointed out by Fogel (1997) and Dias and Vasconcelos (2002),
the traditional methods gave unsatisfactory results for non-linear optimization problems,
especially for problems with stochastic, temporal, or chaotic components.

Four common forms of modern optimization techniques are genetic algorithm
(GA), tabu search (TS), simulated annealing (SA), and scatter search (SS). Of the four
techniques, GA is the most common one (USEPA, 2006). The GA method mimics the
process of natural selection, where positive traits of the solution set are carried forward
along with newly-added random solutions. TS uses adaptive and short-term memory to
move from one solution to another. SA uses a physical metaphor of the metal
crystallization process, during which a low-energy molecular structure is formed. SS is a
constrained random search technique in which a reference solution set is updated
regularly based on solution performances (USEPA, 2006).
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2.5.1.1 Genetic Algorithm (GAs)
Genetic algorithms (GAs) are stochastic, global search techniques inspired by the
principles of natural selection and genetics. The GAs are especially suitable for largescale optimization problems because they process a set of solutions in parallel, and the
similarity of solutions are exploited in the optimization through crossover (Zitzler and
Thiele, 1998). At each generation, a new set of solutions are acquired by selecting
individuals according to their fitness, and then the crossover and mutation operators
(discussed in the following paragraph) are used to create a child generation of solutions.
As this process repeats itself, the population of individuals evolves and their level of
fitness to the problem domain increases, which is similar to natural adaptation (Eshelman,
1997). The GAs require no derivative or gradient information about the problem, and
only the performance evaluation functions are used to assess the performance of a
solution (Harrell and Ranjithan, 2003). It has been suggested that in the area of multiobjective optimization, the GAs perform better than other exact search strategies, such as
linear programming and gradient search (Fonseca and Fleming, 1995).

2.5.1.1.1 The Population
In the genetic algorithm, each possible solution (individual) is an encoded string
of binary values (0s and 1s) or real numbers, and the string length is decided by the
number of variables to be optimized. A set of such strings forms the population, and the
number of strings in a population is called the population size.
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2.5.1.1.2 Selection
Selection refers to the process of choosing individuals in proportion to their
fitness for the production of the child population, and the fitness is a quantified
measurement of the performance of an individual. The selection operator serves to force a
population to converge towards the best individual(s).

Goldberg (1985) proposed the Roulette Wheel Selection method, in which the
probability of each individual being selected is equal to its normalized fitness. A different
selection method known as the Tournament Selection method is proposed by Hancock
(1994). In Tournament Selection a subset of individuals is randomly drawn from the
population and the individuals are compared to one another, and the winner of the subset
is selected.

2.5.1.1.3 Mutation
Mutation is comparable to the natural evolution process where one allele of a
gene is replaced by another to produce a new gene. In a genetic algorithm, the mutation
process is mainly to introduce variations to the current population and prevent the
searching process to be trapped at a local optimum. The mutation process may also help
recover good genetic material that may be lost in the selection and crossover processes.
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2.5.1.1.4 Crossover (Recombination)
Crossover is a reproduction operator that involves random information change. A
commonly used crossover scheme is the single-point crossover, in which two individuals
exchange a portion of their binary strings to produce offspring (Figure 2.6). The
crossover point is selected at random in a binary string. Other forms of crossover include
two-points, n-points, and uniform crossover. In all forms of crossover schemes, a basic
parameter named crossover probability decides how often a crossover will be performed.

Original strings

Crossover

New strings

String a
String b

Figure 2.6: Single point crossover in the genetic algorithm.

The GAs have been successfully applied to a wide variety of problems, such as
function optimization, adaptive control, game playing, and fuzzy control (DeJong, 1975;
Goldberg, 1985; Linkens and Nyongesa, 1992). A parallel GA was used to solve a
thermal unit commitment problem (Yang et al., 1997). Srivastava (1999) linked GA to a
continuous simulation model for modeling and assessing NPS pollution from an
agricultural watershed. The GA algorithm helped to identify the BMP schemes in
situations where either the sediment reduction was a top priority or the net return was a
top priority (Srivastava, 1999).
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The GA method is also one of the most commonly used methods in current
stormwater management planning (Zhen et al., 2004). Harrell and Ranjithan (2003) used
a GA-based method for designing wet detention ponds in a system-wide manner. In the
study, optimization was carried out to each individual detention pond, and the general
goal was to reach a target removal level of pollutant loadings at the least cost. Tradeoff
curves between cost and the removal level of each pollutant was generated through an
iterative process (Harrell and Ranjithan, 2003). In a study by Pedini et al. (2005), a GA
was linked to a Curve Number (CN) based hydrologic model for optimizing the number
and locations of best management practices (BMPs) in an urban watershed. The BMPs
were conceptualized as elements that changed the CN of the hydrologic response units
(HRUs) in the watershed, and the results suggested that more than 20% of the peak flow
could be reached by installing less than 200 BMPs in the watershed (Pedini et al., 2005).

2.5.1.2 ε-NSGAII
The Non-dominated Sorted Genetic Algorithm-II (NSGAII) developed by Deb et
al. (2002) is a revision from the original Non-dominated Sorted Genetic Algorithm
(NSGA) (Deb and Agrawal, 1995). Compared to the original version, NSGAII reduced
the computational complexity, incorporated the explicit elitism, and eliminated the need
for specifying the sharing parameter of σshare (Coello Coello et al., 2002). In NSGAII, a
solution is ranked according to the number of solutions that dominate it. Two-step
crowded binary tournament selection is then carried out based on the fitness value of each
solution. During the process, the solution with a lower rank is always preferred. When
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two solutions have the same rank, the one with a larger crowding distance is selected. By
doing this, NSGAII ensures a more distributed set of solutions along the final Pareto front
(Kollat and Reed, 2005).

As a further revision to NSGAII, ε-NSGAII adds ε-dominance archiving, adaptive
population sizing, and automatic termination to the original NSGAII algorithm (Kollat
and Reed, 2005). The ε-dominance is a user-specified factor that determines how precise
the solution to each objective will be. A large ε value means a coarser grid of the solution
space (which means less ultimate solutions) and vice versa. After a user-specified number
of generations within each run, the ε-NSGAII automatically adapts its population size
according to the “archived” best solutions found (Figure 2.7). Using an injection scheme,
the adapted population consists of 25% of the ε-non-dominated archive solutions and
75% of new, randomly-generated solutions. The search for the Pareto front can be
automatically terminated by ε-NSGAII if the number and quality of the solutions have
not increased within two successive runs (Kollat and Reed, 2005).
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Figure 2.7: Schematic diagram of the ε-NSGAII algorithm (from Kollat and Reed, 2005).

When using the ε-NSGAII algorithm, the user needs to specify an initial starting
population size for the algorithm. Other required parameters include the maximum
number of function evaluations and the maximum generations per run.

The ε-NSGAII algorithm has been successfully applied to long-term groundwater
monitoring problems to find the Pareto front between sampling cost and sampling errors
(Kollat and Reed, 2005). Various tests also showed that the ε-NSGAII algorithm
outperforms the NSGAII and other evolutionary algorithms (EAs) in aspects of

57
distribution and diversity of solutions found, number of function evaluations, and
robustness (Kollat and Reed, 2005).

2.6 State-of-the-art of LID Scenario Optimizations
Low impact development (LID) stormwater management is a relatively new
concept in stormwater management. Compared with the traditional stormwater
management practices, the LID method uses distributed, on-site integrated management
practices (IMPs) to control the runoff at the source. By encouraging on-site infiltration
and treating the surface runoff through IMPs, the LID technique has the potential to bring
the post-development runoff conditions to the pre-development level.

Watershed models are very helpful for evaluating runoff conditions from both
future development schemes and possible stormwater management practices. The
USEPA SWMM model can be used for making water quantity and quality predictions.
The model is available in C++ code. Numerous modeling efforts have been made to
model the hydrologic processes in IMPs, which are the components of LID scenarios.
However, most of the studies use the NRCS curve number method and represent an IMP
through the change of curve number, and the physical processes such as infiltration and
ponding in the IMPs are over-simplified.

Optimization techniques such as genetic algorithm (GA) can help identify the
tradeoff between hydrologic and/or water quality benefits and the total cost of stormwater
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management options. Compared to traditional optimization techniques, the GA method is
flexible with problem formulation and much more powerful in the search of optimal
solutions. With IMP representation algorithms represented in the USEPA SWMM model,
the SWMM model can be linked with GA to search for optimal LID scenario
configurations in a post-development watershed. Depending on the research needs,
optimal solutions can be found between total cost and specific water quantity/quality
parameters.

This research will contribute to the body of knowledge in representing LID
techniques in the SWMM model, and it also contributes to the body of knowledge in
optimizing LID scenarios for cost-effective stormwater management in post-development
watersheds.
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Chapter 3
Fox Hollow Watershed Description

The Fox Hollow Watershed (FHW) in central Pennsylvania is the case study
watershed for the development of LID optimization framework discussed in Chapters 4, 5,
6, and 7. A general description of the FHW is provided in this chapter.

3.1 Location and Land Cover
The FHW is located in Centre County, PA (Figure 3.1), and is a subwatershed of
the Spring Creek Watershed. With an area of 183 hectares (452.5 acres), the FHW
stretches across both College Township and the State College Borough municipalities.
The watershed outlet is located near the overpass of I-99 and Fox Hollow Road. Surface
runoff from the FHW contributes to an adjacent downstream groundwater recharge field,
which serves as a major water source for the University. The FHW is located within an
EPA Phase II MS4 area.

The FHW is divided by Park Avenue into two major land use areas. A highly
developed Penn State University Campus portion is located on the southern side of Park
Avenue, a low-density residential area (College Heights) and a meadow/pasture land
portion is located on the northern side. The University Campus portion consists of high-
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density buildings, roadways, and parking lots. Currently the University campus portion is
undergoing continued high-density building development. Future building developments
on the meadow/pasture portion of the FHW are also proposed in the University Master
Plan (Penn State University, 2004), and since initiation of this research developments (the
Law School Building and the Arboretum Center) have occurred. However, since 2001 the
University has removed approximately five acres of imperviousness from the FHW (Penn
State University, 2008).

Station#2

Station #3
Station #1

Station #4

Figure 3.1: The location of the Fox Hollow Watershed in Centre County, PA, the
watershed land use, and the locations of flow monitoring stations.
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3.2 Geology and Soils
Centre County is located in the Ridge and Valley Physiographic Province in
central PA. More than 80% of the urban areas in Centre County and 100% of the FHW
are underlain by carbonate bedrock. Because the carbonate rocks weather more quickly
than other rocks, the dissolving of carbonate bedrock over a long period of time results in
a special landscape called karst topography, which is characterized by sinkholes, surface
depressions, and caves (PADEP, 2005).

Karst features pose a substantial threat to public safety and are a concern relative
to stormwater runoff and water quality. Public structures, utilities, and roadways may
suffer severe damage when gradual subsidence or the sudden collapse of the land surface
occurs (Kochanov and Reese, 2003). When surface runoff flows to an enclosed location
in karst topography, water is encouraged to infiltrate through the fractures within
carbonate bedrock, thus greatly increasing the potential for the occurrence of additional
sinkholes (PADEP, 2005). These closed-depression areas often serve as ground water
recharge areas and can represent a substantial portion of karst watersheds. Figure 3.2
shows the various depression storage areas within the FHW, and fully 45 hectares of
surface area drain to these recharge areas, and thereby do not directly contribute to
surface runoff to the stormwater system. The largest recharge area in the FHW is the
critical pasture shown on Figure 3.2, which is downstream of this study area.
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Water quality can be another public safety concern since the karst features serve
as direct recharge zones for local and regional aquifers. Stormwater entering these
features could greatly increase the potential for untreated pollutants, such as nitrate,
phosphorous, and heavy metals, to cause severe groundwater contamination (PADEP,
2005; Kochanov and Reese, 2003). In response to this concern, the Pennsylvania
Stormwater BMP Manual suggests that stormwater management measures maintain a
broad and even distribution of stormwater flow in karst areas, avoiding flow
concentration (PADEP, 2005).

Recharge areas
Outlet

Figure 3.2: Major closed-depression storage areas within the Fox Hollow Watershed.

More than 90% of the FHW was mapped as a Hagerstown soil, which is
characterized with a deep soil profile and moderate permeability (USDA-NRCS, 1996).
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Although the Hagerstown soil is classified in the USDA scheme as a hydrologic soil
group (HSG) C soil, previous studies on the FHW suggest that the soil behaves more like
a HSG B type soil (Penn State University, 2002). Soils as originally mapped in the FHW
are shown in (Figure 3.3). Much of the watershed is now developed and soils are
classified as urban areas.

Figure 3.3: Soils as originally mapped in the Fox Hollow Watershed (based on USDA,
1996).
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3.3 Climate
The FHW lies in the Nittany Valley, which is almost the exact geographical
center of Pennsylvania (Penn State University, 2005). Being surrounded by the Bald
Eagle Ridge and Tussey Mountain, the climate of the Nittany Valley is different from
that of higher elevations and is greatly affected by the mountain and valley influence. For
example, lower minimum temperature extremes are observed in the valley than
surrounding higher elevations due to the effects of cold air drainage, and the differences
can be several degrees (Penn State University, 2005).

Summer days in the FHW are characterized by a combination of high
temperatures, high relative humidity, and light winds, but the temperature generally cools
down to comfortable levels at night (Penn State University, 2005). Freezing temperatures
have been observed during all months expect June and July. Precipitation in lower
elevations like the FHW is about 20% below that of the surrounding higher elevations,
and the precipitation is fairly evenly distributed during the year. The difference between
the average precipitation in the wettest month (June) and the driest month (February) is
only 3.73 cm (1.47 in), although individual months may deviate considerably from these
means. More details about the climate of the FHW are available through the Meteorology
Department at the Penn State University (Penn State University, 2005).
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3.4 Daily Weather
Daily weather data applicable to the Fox Hollow Watershed are collected at the
University Weather Station located at the Walker Building on the Penn State campus,
University Park, PA. This station is located less than 304 m (1000 ft) from the watershed
boundary. Detailed information about the weather station is listed in Table 3.1. The
weather station is part of a national weather station network. The weather station data
used for this study is from a Davis Monitor II observing system that recorded barometric
pressure, temperature, precipitation, humidity, and winds at a 5-minute interval.

Table 3.1: Site features of the Walker Building Weather Station, University Park, PA.
Station COOP_ID
Location
Elevation
Data in archive

36-8449
40.79N 77.86W
1181 ft (360 m)
1882 to present

3.5 Stormwater Control Concerns and Monitoring Efforts
Flooding occurrences have been observed in the past at several locations in the
FHW, including the intersection of Park Avenue and Fox Hollow Road and the section of
Park Avenue between Shortlidge Road and Bigler Road (Penn State University, 2002).
The flooding was mainly caused by limited existing stormwater drainage capacity.
Improvements to the underground stormwater pipes were made to alleviate this flooding
situation (Penn State University, 2002). As the Penn State University campus continues
to grow, future development is proposed on the meadow/pasture portion of the FHW.
Concerns have been raised regarding the future post-development stormwater runoff
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quantity and quality and the potential loss of groundwater recharge resulting from the
urbanization process. Inappropriate stormwater designs for the post-development
watershed may also endanger the drinking water safety of water withdrawn from the
Penn State University well field.

In order to better understand the hydrologic responses of the FHW and to monitor
the change in watershed runoff conditions, the Office of Physical Plant (OPP) at the Penn
State University has installed flow monitoring stations within the watershed. As of the
end of this study period (2006) four flow stations were installed within the watershed.
Stations #1 and #2 are located along the Fox Hollow Road and have been in operation
since May, 2004. The two flow stations, both having Sigma 910 (Hach Company,
Colorado) flow monitoring devices, were set to collect flow depth and flow velocity data
at 15-minute intervals during the May, 2004 through June, 2005 period. In May, 2005, a
third Sigma 910 was installed at Station #3, and the sampling interval was set at 15
minutes. Starting in June, 2005, the sampling intervals of all three stations were changed
to 5 minutes in order to capture more of the details of the runoff hydrographs. A fourth
flow-monitoring station (Station #4) was installed in April, 2006, with a sampling
interval of 5 minutes. Locations of the four flow stations in the FHW are shown in Figure
3.4. As shown, flows passing through Stations #1, #2, and #3 are represented with
different lines and arrows. No separate representation was used for the Station #4 flow
since Station #4 is part of the Station #1 system. The University also has a USDA-NRCS
type V-Notch weir located at the watershed outlet, which has continuously collected 5minute data since May 2003.
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Outlet

Station #2

Station #3
Station #1

Station #4

Temporary storage areas

Recharge areas

Station #1 flow system

Station #2 flow system

Flow contributing to Station #1

Flow contributing to Station #2

Station#3 flow system

Flow contributing to recharge areas

Flow contributing to Station #3

Figure 3.4: Schematic drawing of drainage network in the Fox Hollow Watershed and the
locations of flow monitoring stations.

Information about the four monitoring stations, including the site ID, location,
diameter of the pipe in which the flow station is installed, and the data availability at each
station, is listed in Table 3.2.
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Table 3.2: Site characteristics and data availability at the FHW flow stations.
Station ID
Location

Pipe diameter
(meter)
Data availability
and interval
(minutes)

Station #1
54698500
Crop field along
Fox Hollow Rd.

Station#2
53698500
Right side of
Fox Hollow Rd.

Station#3
00000003
Close to Horse
Barn Pasture

1.07 (42 in.)

1.07 (42 in.)

0.292 (11 in.)

05/29/0409/02/04
(15 min)
05/13/0506/07/05
(15 min)
06/10/05-present
(5 min)

05/29/0409/30/04
(15 min)
05/13/0506/08/05
(15 min)
06/10/05-present
(5 min)

05/05/0506/07/05
(15 min)
06/10/05-present
(5 min)

Station#4
00000004
Softball field,
close to Student
Halls
1.07 (42 in.)
04/25/06-present
(5 min)

3.6 Previous Modeling Work and Current Research Needs
Modeling activities in the FHW started more than seven years ago. Dr. Larry
Fennessey (formerly with Sweetland Engineering Inc., State College, PA, and presently
with PSU-OPP) developed a Fox Hollow Drainage Basin Hydrologic Model (FHDBHM)
for the watershed (Penn State University, 2002). The FHDBHM model was based on the
USDA-NRCS TR-20 model and consisted of two modules: a High Intensity Rainfall
Model (HIRM) and an Extreme Runoff Model (ERM). An assumption underlying the
two-module FHDBHM model was that only the impervious areas within the watershed
generate runoff during a high intensity rainfall event, which was simulated by the HIRM
module. The ERM module simulated runoff from extreme events in which all areas of the
watershed generate runoff (Penn State University, 2002). Watershed flow monitoring of
the FHDBHM did not include the observed flow data listed in Table 3.2.
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The TR-20 model, as originally used by Fennessey, is not a very user-friendly
model for stormwater management in FHW. As a DOS environment model, TR-20 has a
rigid model structure for coding the rainfall, subcatchment information, flow paths, and
hydraulic structure information into one single input data file (Cronshey and Woodward,
2000). Fixed array sizes and abstract variable names are used in the TR-20 model, and
only up to seven flood hydrographs can be stored at any one time (NRCS, 1992). All
these make the TR-20 model code hard to decipher and difficult to maintain, and it is
difficult to modify the model to reflect developments and/or management practices
(Cronshey and Woodward, 2000). The University in 2005 converted the FHDBHM into
HEC-HMS, which is still used at the current time.

Modern watershed models provide alternatives for more flexible and efficient
hydrologic simulations. Models such as HEC-HMS, SWMM, and HSPF all have a
graphic user interface (GUI), through which users can conveniently represent and edit the
watershed without any knowledge of coding. Common urban hydrologic and hydraulic
structures (i.e. pipe, storage unit, diversion, weir, and orifice) are also available in these
models, and the tedious efforts of describing the cross-sections all the way through the
flow path in TR-20 can be minimized. Some models in the public-domain (i.e. SWMM)
are even available with source codes, which make it possible to build the models as
subroutines into a larger optimization algorithm, which can then be used to help identify
optimal designs.
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In addition to model functionality and ease of use, the development of stormwater
management concepts in recent years also necessitates an update to the HEC-HMS model
in FHW. As a recent renovation in stormwater management practices, the low impact
development (LID) practices are quickly gaining popularity and have been adopted in the
stormwater regulations of many states and municipalities (Prince George’s County,
1999a; PSAT, 2005; PADEP, 2006; MassDEP, 2008). The LID practices focus on smallscale and distributed control of runoff, and the overall goal is to mimic the predevelopment site conditions. As the FHW continues to be developed, the LID practices
are expected to become possible options for stormwater management. In such cases, a
watershed model that has the capability to evaluate the LID scenario benefits would be
desirable.

In general, TR-20 and HEC-HMS models were previously developed for the
FHW. As modern models become available, the models need to be updated with regard to
functionality and ease of use, and also to better represent the watershed physical
properties. With the modern models, newer practices in stormwater management, such as
LIDs, could also be evaluated.

71

Chapter 4
Development of the FHW-SWMM Hydrologic Model

4.1 Abstract
The U.S. EPA stormwater management model (SWMM) hydrologic model was
parameterized for the Fox Hollow Watershed, Centre County, Pennsylvania. The model
used 140 subcatchments to provide a detailed representation of the 183-hectare watershed.
The hydrologic model, FHW-SWMM, was calibrated with eight historical events, which
were selected to cover a variety of rainfall durations, depths, and average intensities.
Calibration was not conducted at the watershed outlet as part of this study. Four SWMM
model parameters (depression storage, curve number, Manning’s n, and %zero) that most
influence surface runoff were selected for model calibration. The model predictions for
peak flow and total runoff volume were calibrated at two flow stations within the
watershed; each station monitors flow from a substantial percentage of the watershed.
Calibrated parameters from the eight events were arithmetically averaged to obtain the
calibrated model parameters. The calibrated model was then verified on four independent
rainfall events. Verification results averaged for the four events indicate that the model
over-predicts peak flow rate (RE=33%) and total runoff volume (DV=46%) at Station #1,
and under-predicts peak flow rate (RE= -19%) and total runoff volume (DV= -28%) at
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Station #2. Further calibrations, wherein parameters for separate subcatchments relating
to Station #1 and #2 are modified individually, were not attempted herein. However, it is
speculated that such additional adjustments could further improve the model performance.
Overall the calibrated model as presented here provides an assessment tool for exploring
hydrologic impacts of future developments within the watershed. The FHW-SWMM
model provided a reasonably accurate hydrologic model for evaluating development
scenarios and management practices within the watershed.

4.2 Introduction
The Fox Hollow Watershed in Centre County, Pennsylvania, is a relatively small
watershed (183 hectares) that is undergoing continuous urban development. Surface
runoff from the watershed flows to a nearby well field recharge area, which serves as a
primary drinking water source for the Penn State University. Due to this importance,
changes in stormwater runoff conditions as development occurs pose a concern to the
University (Penn State University, 2002).

A Fox Hollow Drainage Basin Hydrologic Model (FHDBHM) (Penn State
University, 2001) was previously developed for evaluating potential development
scenarios within the watershed. The FHDBHM model is based on the TR-20 model,
which operates in a DOS environment and requires extensive coding experiences to run.
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The USEPA SWMM model (Version 5.0) has several characteristics that make it
suitable for replacing the current TR-20 model in the Fox Hollow Watershed. First, the
SWMM has a graphic user interface (GUI), which allows for convenient watershed
representation and modification in a windows environment. Second, the SWMM model
has built-in hydrologic/hydraulic structures such as pipes, storage units, weirs, and
orifices for representing watershed features; whereas in TR-20 the representations of
these structures have to be in the very basic cross-section and stage-storage-discharge
relationship tables. Third, the SWMM model is capable of predicting both runoff quantity
and quality and can be used for continuous simulations, whereas many other watershed
models can only make hydrologic predictions. Lastly, the SWMM model is available in
C++ code, and this allows the possibility of easily incorporating the SWMM model as a
sub-routine in a larger optimization process for evaluating various management practices.

The SWMM model has been applied to complex hydraulic analysis for combined
sewer overflow mitigation, stormwater management planning studies, and pollution
abatement projects (i.e., Urbonas and Stahre, 1993; Huber and Dickinson, 1988;
Tsihrintzis and Hamid, 1998; Heier and Starrett, 2005; Jang et al., 2007; Barco et al.,
2008; Wu et al., 2008).

4.3 Goals and Objectives for SWMM Development for the FHW
The goal of this portion of the study is to structure and parameterize a SWMM
hydrologic model for the Fox Hollow Watershed. Specific objectives are to:
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1. Set up a SWMM-based hydrologic model (FHW-SWMM) for the Fox Hollow
Watershed,
2. Calibrate the FHW-SWMM hydrologic model against eight observed rainfall
events with reasonable accuracy, and
3. Verify the SWMM hydrologic model performance against four independent
observed events.

4.4 Methodology

4.4.1 Watershed Representation in the FHW-SWMM Model
Representing the FHW into the FHW-SWMM model is a process of representing
watershed features (i.e. buildings, paved roads, underground stormwater pipes, temporary
storage basins, etc.) as SWMM model components, which consist of subcatchments,
pipes, junctions, storage units, weirs, orifices, etc. The FHW data for buildings, roadways,
stormwater pipes, and one-foot contours are available in AutoCAD drawing files and
obtained from the University Office of Physical Plant (OPP). A survey of the
underground stormwater pipes in the FHW was conducted in 2004. Survey results
include the diameters, slopes, roughness coefficients, and invert elevations of all
underground pipes within the watershed. The AutoCAD drawing maps of the FHW and
the pipe survey results are included in Appendix A.
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4.4.1.1 Delineation of Drainage Areas in the Fox Hollow Watershed
During the process of developing a detailed representation of the FHW in the
SWMM model, the watershed was first delineated into twelve major drainage areas
(Figure 4.1). Of the twelve drainage areas, the University Campus Area is highlydeveloped with buildings and paved roadways, and the imperviousness is about 70% of
the area. This area consists of about 50% of the total impervious area in the watershed
and generates most of the stormwater runoff during a rainfall event.

The Student Halls/Softball Field Area consists of the student halls area along the
eastern side of the Park Avenue, a softball field, and several intramural grassed fields.
Stormwater runoff from this area joins the runoff from the University Campus Area, and
then flows to the culvert under University Drive.

There are three major portions in the Stadium Parking Area, an open-lawn
parking area, an impervious parking area, and the neighboring Visitor’s Center. Runoff
from the open-lawn parking area joins runoff from the neighboring soccer and baseball
field (formerly), and then discharges to a Park Avenue inlet that leads to Station #2.
Runoff from the impervious parking area joins flow from the Student Halls/Softball Field
Area and enters the underground storage facility adjacent to Beaver Stadium. Outflow
from the underground storage passes Station #1 through underground pipes, and then
discharges to the constructed treatment facility located within the northern part of the Ag
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Arena Meadow Area. Runoff from the Visitor’s Center Area enters an inlet on Park
Avenue and contributes to Station #2 flow.

University Campus Area

Student Hall/Softball Field Area

Stadium Parking Area

Residential Area

Mitchell Tract Area

Student Parking/Flower Garden Area

Playfield Area

Pasture (OPP) Area

Dairy Barns Area

OPP Buildings Area

Ag Arena Meadow Area

Pasture/Meadow Land Area

Figure 4.1: Delineation of major land uses within the Fox Hollow Watershed (as of June
2006).

A majority of one-family residential households make up the Residential Area,
which is located at the western side of the Park Avenue. Stormwater runoff from the
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Residential Area enters into the depression storage areas in the Mitchell Tract Area and
does not contribute to the overall surface stormwater flow from the Fox Hollow
Watershed, but rather infiltrates within the depression areas.

The Mitchell Tract Area is characterized by an open meadow area with a mild
average slope. Natural depression areas are present within this Mitchell Tract. One is
located at the eastern side of the Residential Area and the other one is located at the
northern side of the intersection between Park Avenue and Bigler Road. Both the runoff
from this Mitchell Tract area and the overflow from the neighboring Residential Area
infiltrate through the depression areas.

The upper section (about 50% of the area) of the Student Parking/Flower Garden
Area is an impervious student parking lot. Runoff from the parking lot enters into the
depression storage in the lower section of Flower Garden and infiltrates. This area has
since been converted to the Dickinson Law School and lawn area for which the
depression storage was maintained.

The Playfield Area is an open grassland area that mainly serves as a recreational
field for student use. Runoff from this area enters the inlets located on Park Avenue and
flows to the OPP Buildings Area.

The Pasture (OPP) Area is an enclosed pasture land area. Flow from this area
enters the inlets located on Park Avenue and flows to the OPP Buildings Area.
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The Dairy Barns Area consists of dairy barns, the impervious pavements between
the barns, and nearby experimental turf grass plots. Flow from this area enters a nearby
depression storage area, and does not contribute to the watershed surface outflow.

The OPP Buildings Area consists of the OPP buildings and the fleet service area.
Stormwater runoff from the OPP Buildings Area combines with flow from the Ag Arena
Meadow Area before reaching to the watershed outlet. Runoff from the fleet services area
flows to the Pasture/Meadow Land Area and then to the watershed outlet. Due to high
risks of oil dripping and spills at the fleet service area, the stormwater runoff quality from
this area is of great concern to the University. An oil-water separator was installed at the
downstream horse pasture, and water quality treatment by the oil-water separator is
carried out before the fleet services runoff discharges to the Pasture/Meadow Land Area.

The Ag Arena Meadow Area consists of the meadow area that is located on the
eastern side of Fox Hollow Road and adjacent to the Ag Arena. A constructed treatment
facility is located at the northern part of the area. Runoff from the Playfield Area, Pasture
(OPP) Area, OPP Buildings Area, and the open-lawn portion of the Stadium Parking
Area combines with runoff from the Ag Arena Meadow Area and passes Station #2. Flow
from Station #2 joins flow from Station #1 before discharging to the treatment facility.
Outflow from the treatment facility flows under Fox Hollow Road and then drains to two
downstream low-head weirs and infiltration fields, which are located west of the Fox
Hollow Road and within the Pasture/Meadow Land Area.
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The Pasture/Meadow Land Area consists of a large area of open pasture and
meadow area. The average land slope for this area is 4.5%. Two low-head weirs in series
are located along the western side of the Fox Hollow Road, and overflow from the
constructed treatment facility flows through the two weirs before discharging at the
watershed outlet. The two weirs serve as critical infiltration beds for the contributing flow
from the upstream constructed treatment facility, and outflow can reach to the watershed
outlet only during major events. Fennessey et al. (2009) provide a more detailed
description of the low-head weirs and their functions. A schematic drawing of the major
drainage areas in the Fox Hollow Watershed is shown in Figure 4.2.

4.4.1.2 Delineation and Representation of Subcatchments
Delineations of subcatchments within each drainage area were carried out after
the major drainage areas were outlined. The subcatchment delineation was based on the
one-foot contour map, the land use, and the underground pipe system. Depending on the
natural subcatchment boundaries and the man-made drainage systems, a different number
of subcatchments were delineated within each major drainage area. For example, the
University Campus Area had a total number of 69 subcatchments, including individual
rooftops, parking lots, etc. The open meadow Mitchell Tract Area, in comparison,
consisted of only one subcatchment as a result of the natural boundary and the lack of
development. A total number of 140 subcatchments were delineated in the Fox Hollow
Watershed. With a detailed delineation in the highly urbanized drainage areas, future
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stormwater management practices such as green roof and porous pavement could be
conveniently incorporated into the model representation for evaluation.

Figure 4.2: Schematic drawing of major drainage areas in the Fox Hollow Watershed (not
to scale).

The delineated subcatchments in the FHW were then represented into the SWMM
model. The relative locations of the subcatchments to one another on the ground were
retained in the SWMM model. The resulting subcatchment layout is similar to the major
drainage areas layout in Figure 4.2, but with greater detail. A copy of the delineated
subcatchments within the FHW is included in Appendix B.
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4.4.1.3 Stormwater System Representation
AutoCAD maps of the FHW underground pipe systems were used as a reference
when representing the stormwater system in the FHW-SWMM model. Pipe inlets and
manholes were represented as junction components in the model, and a total number of
88 junctions were created. The junction locations within the subcatchments, as
represented in the FHW-SWMM model, matched the locations of inlets and manholes as
located on the maps/data files. The junctions were connected with SWMM pipe
components, which corresponded to the underground pipe sections in the watershed.

Pipe inlets to the conveyance system served as outlets for subcatchments within
the FHW, and thus the completion of the pipe system representation resulted in a
connected flow path from the Nittany Lion Inn to the watershed outlet. However, the
Mitchell Tract area, Flower Garden area, and the Dairy Barn area subcatchments all
drained to enclosed depression storage areas. Thus, runoff from these areas did not
contribute to the surface runoff of the FHW. In the FHW-SWMM model representation,
runoff from each of these three subcatchments was routed to a storage unit that had no
outflow structure.

4.4.1.4 Default Parameter Values for the FHW-SWMM Model
The FHW-SWMM model consisted of four SWMM model components, which
were the junctions, pipes, storage units, and subcatchments. The processes of setting the
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default parameter values for these model components are discussed below. A copy of the
default model parameter values is provided in Appendix B.

Input parameters for junctions in the FHW-SWMM model include the invert
elevations and maximum water depths. The invert elevations and maximum water depths
for corresponding pipe inlets and manholes from the 2004 FHW stormwater system
survey (Fennessey, 2005) were entered for the junction components.

Input parameters for pipes include the pipe diameter, slope, and Manning’s
roughness coefficient. Similar to the junction components, the pipe components in the
FHW-SWMM model were configured using the 2004 FHW stormwater system survey
results.

Input parameters for the storage units include the invert elevations and the stagestorage-discharge relationships. The invert elevation information and the established
stage-storage-discharge curves were obtained from the 2004 FHW stormwater system
survey results and the previous studies in the watershed (Penn State University, 2002).

Input parameters for subcatchments include the area, slope, flow width,
percentage of imperviousness, curve number, depression storage for pervious and
impervious surfaces, Manning’s roughness coefficient for pervious and impervious
surfaces, and the percentage of impervious surfaces that have no depression storage. The
total area and the impervious area within each subcatchment were obtained from the
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AutoCAD maps for the FHW, and thus the percentage of imperviousness for each
subcatchment was calculated. The subcatchment slope was calculated as the elevation
difference along the flow path divided by the length of flow path, both of which were
measured from the one foot contour map of the watershed. The flow width was calculated
as dividing the subcatchment area by the length of the flow path, as specified in the
SWMM4 User’s Manual (Huber and Dickinson, 1988). Initial subcatchment input
parameters of curve number, depression storage, Manning’s roughness coefficient, and
the percentage of impervious areas with zero depression storage were based on the land
use types, which are described below.

The land uses within the FHW were divided into three groups: impervious
surfaces, un-compacted pervious surfaces, and compacted pervious surfaces. The
impervious surfaces included the paved roadways, sidewalks, rooftops, and parking lots
within the FHW. The un-compacted pervious surfaces included the open lawn/grass areas
within Mitchell Tract, Flower Garden, OPP Pasture, and the Pasture/Meadow Land areas.
The compacted pervious surfaces included the grass/lawn areas that were compacted due
to foot traffic, intramural sports activities, and parking. The compacted pervious surfaces
within the FHW included the grass/lawn areas on the University campus, the Softball
Field area, the Playfield area, the Soccer and Baseball Field area, and the pervious
Stadium Parking area. For each group of land use, initial parameter values were assumed
for curve number, depression storage, Manning’s roughness coefficient, and the
percentage of impervious areas with zero depression storage (%zero) based on previous

84
SWMM studies. The initial parameter values are listed against the range of literature
values in Table 4.1.

Table 4.1: Typical SWMM parameter settings and the default parameter settings used in
the FHW-SWMM model.
Parameters

Impervious surfaces

Typical
Used
Curve number
98€
98
¶ξ
Manning’s n
0.01-0.015
0.015
Depression
¶£
1.30
0.3-2.3
storage (mm)
%zero
1%-30% * & $
25%
€
USDA-NRCS (1986)
¶
Huber and Dickinson (1988)
ξ
Chow (1988)
£
Tsihrintzis and Hamid (1998)
*
Selvalingam et al. (1987)
&
Liong et al. (1991)
$
Balascio and Gao (1998)

Compacted pervious
surfaces
Typical
Used
79€
79
¶
0.10-0.20
0.15
2.5-5.1¶

£

Un-compacted pervious
surfaces
Typical
Used
74€
74
¶
0.10-0.20
0.20

2.54

2.5-5.1¶

--

N/A

N/A

£

5.10
--

Default parameter values in Table 4.1 were assigned to applicable land use groups
within the 140 FHW subcatchments. The SWMM model uses one curve number for each
subcatchment. Thus, an area weighted curve number value was calculated for
subcatchments consisting of more than one type of land use.

In setting up the time control of the FHW-SWMM model, the run time-step was
set as one minute, which allowed for the generation of a detailed hydrograph for a storm
event. The starting and ending times of analysis were set to capture the complete
hydrograph for a specific event. The kinematic wave routing method was used to carry
out the flow routing procedure.
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4.4.2 Calibration of the FHW-SWMM Model

4.4.2.1 Ad-hoc Sensitivity Analysis of the FHW-SWMM Calibration Parameters
Calibration of the FHW-SWMM model was conducted for the four groups of
subcatchment parameters (curve number, Manning’s n, depression storage, and %zero)
listed in Table 4.1. The effects of the parameters on final runoff predictions can be traced
back to the SWMM modeling mechanism, in which each subcatchment is treated as a
non-linear reservoir. Two equations, the continuity equation and the Manning’s equation,
are used to simulate the rainfall-runoff generation and the peak flow rate from each
subcatchment, respectively. The continuity equation keeps track of the volume of water
in the subcatchment, and is stated as:

dV d ( A * d )
=
= ( A * ie ) − Q
dt
dt
where V = A*d = volume of water on the subcatchment (m3),
A = area of the subcatchment (m2),
d = depth of water on the subcatchment (m),
t = time step (s),
ie = rainfall excess (m/s), calculated using the curve number, and
Q = runoff flow rate from the subcatchment (m3/s).

The Manning’s equation simulates the rate of surface runoff from the
subcatchment, and is stated as:

(4.1)
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1
Q = Ac * R 2 / 3 S 1 / 2
n

(4.2)

where Q = runoff flow rate from the subcatchment (m3/s),

Ac = cross-sectional area of flow over the subcatchment (m2),
n = Manning’s roughness coefficient,
R = hydraulic radius of flow over the subcatchment (m), and
S = slope of the subcatchment (m/m).

The cross-sectional area in Equation 4.2, Ac, is calculated as W*(d-dp), with W
being the flow width and dp being the depth of maximum depression storage. The
hydraulic radius in Equation 4.2, R, is calculated as the cross-sectional area divided by
the wetted perimeter (W+2d). Since the depth of flow (d) is relatively small compared to
the flow width (W), the wetted perimeter can be approximated by W. Thus, the hydraulic
radius is approximated as d-dp, and Equation 4.2 becomes:

1
Q = W * (d − d p ) 5 / 3 S 1 / 2
n

(4.3)

The combination of the continuity equation (Eq. 4.1) and the Manning’s equation
(Eq. 4.3) leads to:

dd
1
= ie −
(d − d p ) 5 / 3 S 1 / 2
dt
A* n

(4.4)
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The left-hand differential term in Equation 4.4 is then approximated with the
average of the right-hand terms at the beginning and the end of ∆t, which leads to:

d n +1 − d n
1
= ie −
(d − d p ) 5 / 3 S 1 / 2
∆t
A* n

(4.5)

With d equal to (dn + dn+1)/2 in Equation 4.5, there is only one unknown at any
time, dn+1. Solving the equation with the Newton-Raphson technique (Nix, 1994) yields

dn+1, which is then used in Equation 4.3 to calculate Q at the end of time step n+1. By
calculating the runoff flow rate (Q) for all time steps during an event, the completed
runoff hydrograph is generated. The area under the generated hydrograph is the total
runoff volume from a subcatchment.

The impacts of watershed parameters on the predicted hydrographs can be derived
from equations above. As shown in Equation 4.3, the depression storage (dp), which
represents the depth of water that has to be exceeded in the “reservoir” before any runoff
occurs, has a direct impact on the runoff flow rate at any time step and subsequently on
the total runoff volume. A larger dp delays the occurrence of flow, reduces the peak flow
rate, and also reduces the total runoff volume. This applies to both pervious and
impervious surfaces. The percentage of impervious surfaces with no depression storage,

%zero, is a measurement of impervious surfaces with a dp of zero. Thus, a larger %zero
means that less runoff will be retained on the impervious surfaces, which results in earlier
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occurrence of flow, larger peak flow rate, and larger total runoff volume from impervious
surfaces. The Manning’s n in Equation 4.3 represents the resistance to the overland flow.
As indicated in the equation, a larger Manning’s n value results in a lower runoff flow
rate, which prolongs the flow duration. The curve number dictates the rainfall excess
calculation; in that a larger curve number (representing a more compacted/paved surface)
results in more rainfall excess. This is reflected in Equation 4.1 with a higher depth of
overflow (larger runoff volume), which is then translated to a larger peak flow rate as
dictated in Equation 4.3.

Parameters similar to those listed in Table 4.1 were used to calibrate the
hydrologic component of the SWMM model in several other studies. Zaghloul (1983)
identified the key input parameters to the SWMM model based on sensitivity analysis.
Zaghloul’s calibration parameters included depression storage depth (pervious and
impervious), flow slope, initial infiltration rate and constant infiltration rate for Horton’s
Equation, the infiltration decay rate, Manning’s n for roughness coefficient, percent of
imperviousness, pipe slope, pipe length, and pipe roughness. When applying the SWMM
model to the Upper Bukit Timah watershed in Singapore, Liong et al. (1991) identified
the parameters for calibration based on a sensitivity analysis. The calibration parameters
included the Manning’s n for pervious and impervious areas, the Horton’s Equation
parameters, the depression storage for pervious and impervious surfaces, subcatchment
slope, subcatchment width, the percentage of imperviousness, the percentage of
impervious area that has no depression storage, and the Manning’s n for pipes. In an
application of the SWMM model to South Florida, Tsihrintzis and Hamid (1998)
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identified the sensitive parameters of the SWMM model in the order of impervious
depression storage, pervious depression storage, the Green-Ampt infiltration parameters,
Manning’s n for pipes and Manning’s n for both pervious and impervious surfaces.
Balascio and Gao (1998) calibrated the SWMM parameters of percentage of zero
depression storage in the impervious areas, subcatchment slope, and Manning’s n for
pervious and impervious areas, depression storage for both pervious and impervious areas,
and the Horton’s Equation infiltration parameters.

4.4.2.2 Model Calibration and Selection of Calibration Events
The SWMM model calibration procedure proposed by Liong et al. (1991) and
Sangal and Bonema (1994) was adopted for calibrating the FHW-SWMM model. During
the calibration process, the FHW-SWMM model was first calibrated for the runoff
volume. Parameters of curve number, depression storage, and %zero were adjusted
through a trial-and-error process to match the SWMM-predicted runoff volumes to the
observed volumes, as closely as possible. Then a similar calibration process was carried
out for peak flow rates by adjusting the Manning’s roughness coefficient. The difference
between the predicted and observed runoff volumes was measured by the deviation
volume coefficient (DV), and the difference between the predicted and observed peak
flow rates was measured by relative error (RE). This procedure was repeated individually
for all calibration events. The calibrated parameter settings from all events were then
averaged, and the averaged parameter settings became the calibrated FHW-SWMM
parameters. This approach of taking the average of the calibrated parameters was used in
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several studies involving SWMM as well as other model calibrations (Williams, 1980;
Liong et al., 1991; Tsihrintzis and Hamid, 1998).

The FHW-SWMM model predictions were calibrated against the observed data at
Station #1 and Station #2 within the watershed. Eight historical events (Table 4.2) were
selected for calibrating the FHW-SWMM model. As shown in Table 4.2, the calibration
events covered a variety of rainfall durations, total depths, and average intensities.

Table 4.2: Rainfall events used for calibration and verification of the FHW-SWMM
model.
Event

Duration
(minutes)

Duration
(hours)

Total depth
(mm)

06/01/2004
07/27/2004
07/30/2004
07/31/2004
08/04/2004
08/19/2005
10/17/2006
10/19/2006
07/04/2004
08/30/2005
10/07/2005
09/30/2006

30
655
240
40
120
220
550
455
150
560
910
70

0.50
10.92
4.00
0.67
2.00
3.67
9.17
7.58
2.50
9.33
15.17
1.17

3.56
30.73
10.67
12.95
28.45
14.48
26.16
64.26
19.30
32.26
70.61
7.62

Ave. intensity*
for storm
(mm/hr)
7.12
2.82
2.67
19.33
14.22
3.95
2.85
8.48
7.72
3.46
4.47
6.51

Purpose

Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Verification
Verification
Verification
Verification

* The average intensity is calculated as the total rainfall depth divided by the
duration of rainfall event.

4.4.3 Verification of the FHW-SWMM Model
After the FHW-SWMM model was calibrated using the eight historical events,
the model was verified using four independent historical events (Table 4.2). Similar to
the selection of calibration events, the verification events were also selected to cover a
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variety of rainfall durations, total depths, and average intensities. The FHW-SWMM
model performance was again measured by assessing the differences between the
predicted and observed total runoff volume (DV) and peak flow rates (RE).

4.5 Results and Discussions
Results from the calibration and verification of the FHW-SWMM model are
presented below. Model performances with default parameter settings and the subsequent
steps for parameter adjustments during the calibration process are discussed. The
calibrated FHW-SWMM model parameters are also compared with other SWMM
calibration results found in the literature.

4.5.1 Calibration of the FHW-SWMM Model

4.5.1.1 Calibration for the 06/01/2004 Event
Default parameter values listed in Table 4.1 were set for the FHW-SWMM model
subcatchments, along with other input parameters discussed in Section 4.4.1.4. The
FHW-SWMM model with default parameter settings was then used to predict the runoff
from the 06/01/2004 event. Model predictions at both Station #1 and Station #2 were
compared to the observed flow hydrographs. Figure 4.3 illustrates the comparison
between the default FHW-SWMM model predictions at Station #1 against the observed
data, with the overlay of rainfall hyetograph from the 06/01/2004 event. The differences
between the predicted and observed peak flow rates (measured by RE) and total runoff
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volumes (measured by DV) are also shown in Figure 4.3. As shown, the FHW-SWMM
model with default parameter settings over-predicts the peak flow rate (RE = 291%) and
total runoff volume (DV = 366%) at Station #1. In addition, the predicted runoff occurs
earlier than the observed runoff, and the falling limb of the predicted hydrograph extends
further than that of the observed hydrograph.
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Figure 4.3: Comparison of the FHW-SWMM model predictions using default parameters
against the observed flow at Station #1 for the 06/01/2004 event.

Several reasons may have contributed to the discrepancies between the predicted
and observed hydrographs at Station #1. As discussed in Section 4.4.2.1 regarding the
impacts of subcatchment parameters on total volume and peak flow rate predictions, a
relatively small value of depression storage (for both pervious and impervious surfaces)
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would reduce the amount of rainfall to be retained in a subcatchment. This subsequently
leads to more runoff, higher peak flow rate, and earlier occurrence of runoff, which are
observed in Figure 4.3. Another reason that may have caused the over-prediction of peak
flow at Station #1 was a low Manning’s n value. As shown in Equation 4.3, the reduction
of Manning’s n would increase the peak flow rate from a subcatchment. Other reasons
that might contribute to the over-prediction include a relatively high value of curve
number for the pervious surfaces, which results in more predicted runoff. As for Station
#1, impervious surfaces consist of 61% of the contributing area to the station. Increase of
depression storage for impervious surfaces and the decrease of %zero would reduce the
total runoff volume and peak flow rate, and an increase of Manning’s n for impervious
surfaces would also reduce the peak flow rate.

The predicted hydrograph at Station #2 is plotted against the observed flow
hydrograph in Figure 4.4. Rainfall hyetograph and the difference between predicted and
observed peak flow rate (RE) and total runoff volume (DV) are also included in the figure.
As shown in Figure 4.4, both peak flow and total runoff volume at Station #2 are overpredicted by the FHW-SWMM model, with a 157% over-prediction of peak flow rate and
a 208% over-prediction of total runoff volume. Causes of over-prediction at Station #2
may include low depression storage depths, high curve number, and small Manning’s n
values. High curve number values result in more rainfall excess from pervious surfaces,
which results in increased total runoff volume and peak flow rate according to Equation
4.3. As compared to Station #1, pervious surfaces consist of 68% of the contributing area
to Station #2. Of the pervious surface, 57% is compacted and 43% is un-compacted.
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Increase of depression storage and decrease of curve number for both compacted and uncompacted pervious surfaces would reduce the total runoff volume and peak flow at
Station #2, and the increase of Manning’s n would also reduce the peak flow rate
prediction.
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Figure 4.4: Comparison of the FHW-SWMM model predictions using default parameters
against the observed flow at Station #2 for the 06/01/2004 event.

During the calibration process, the parameters influencing the total runoff volume
(and subsequently peak runoff rate) were first adjusted, in order to reduce the overprediction of volume at both Stations. The depression storage for impervious surfaces
was increased from 1.30 mm to 2.79 mm to reduce the total runoff volume and also the
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peak flow rate. The %zero for impervious surfaces was changed from 25% to 8%, in
order to create more retention on impervious surfaces. The curve number for compacted
pervious surfaces was changed from 79 to 70, and the curve number for un-compacted
pervious surfaces was changed from 74 to 60. The depression storage for compacted
pervious surfaces was changed from 2.54 mm to 3.81 mm, and the depression storage for
un-compacted pervious surfaces was changed from 5.10 mm to 5.59 mm. After the above
adjustments were implemented, a run of the model resulted in an under-predicted peak
flow rate. Thus, the Manning’s n values for both pervious and impervious surfaces were
adjusted in order to increase the peak flow estimation. The Manning’s n for the
impervious surfaces was changed from 0.015 to 0.007, compacted pervious surface from
0.15 to 0.08, and un-compacted pervious surface from 0.20 to 0.12. The adjusted
parameters are summarized in Table 4.3.

Table 4.3: Calibrated parameters for the FHW-SWMM model for the 06/01/2004 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.007
2.79
8%

Compacted pervious
surfaces
70
0.08
3.81
--

Un-compacted
pervious surfaces
60
0.12
5.59
--

The calibrated FHW-SWMM model predictions at Station #1 and #2 are plotted
against the observed data in Figures 4.5 and 4.6, respectively. The differences between
the calibrated FHW-SWMM predictions and the observed flow for peak flow rate (RE)
and the total runoff volume (DV) are also included in the figures.
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Figure 4.5: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 06/01/2004 event.

As shown in Figure 4.5, the calibrated FHW-SWMM model for Station #1 underpredicts the peak flow rate by 7% and over-predicts the total runoff volume by 77%.
Although the calibrated flow hydrograph does not match the two-peak observed flow
hydrograph at Station #1, the over-prediction of runoff that occurred before model
calibration is reduced with the calibrated parameters. Similarly the over-prediction at
Station #2 is also reduced (Figure 4.6), but with the calibrated peak flow rate being
delayed 15 minutes after the observed peak flow. As shown in Figure 4.6, the calibrated
peak flow rate closely matches the observed value (RE= -4%), and the calibrated total
runoff volume is 16% more than the observed value.
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Figure 4.6: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 06/01/2004 event.

4.5.1.2 Calibration for the 07/27/2004 Event
The FHW-SWMM model with initial parameters (see Table 4.1) was used to
predict runoff from the 07/27/2004 event. The predicted hydrographs were compared
with observed flows at both Station #1 and #2. Figure 4.7 illustrates the comparison
between the FHW-SWMM predictions with default parameters and the observed flow at
Station #1. As shown in the figure, although in general the predicted hydrograph follows
the shape of the observed hydrograph, the model over-estimates both the peak flow rate
(RE=16%) and the total runoff volume (DV=46%). The predicted peak flow rate also
occurs 15 minutes ahead of the observed peak flow rate.
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Figure 4.7: Comparison of the FHW-SWMM model predictions using default parameters
against the observed flow at Station #1 for the 07/27/2004 event.

Using the default model parameters, a similar pattern of model prediction is
observed at Station #2 as seen at Station #1. As shown in Figure 4.8, the predicted
hydrograph also follows the shape of the observed flow hydrograph, and overall the
model over-predicts both the peak flow rate (RE=24%) and total runoff volume
(DV=77%). The occurrence of model-predicted peak flow is also 15 minutes earlier than
that of the observed peak flow.
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Figure 4.8: Comparison of the FHW-SWMM model predictions using default parameters
against the observed flow at Station #2 for the 07/27/2004 event.

Factors contributing to the over-prediction at both stations are similar to those
previously discussed for the 06/01/2004 event, which include low depression storage
depths, high values of curve numbers, and low values of Manning’s n. Similar to the
calibration process in the 06/01/2004 event, parameters primarily related to runoff
volume predictions were first adjusted. The depression storage for impervious surfaces,
un-compacted pervious surfaces, and compacted pervious surfaces were increased to 6.10
mm (0.24 in), 8.64 mm (0.34 in), and 7.37 mm (0.29 in), respectively. Curve number for
un-compacted pervious surfaces was reduced to 55, and the curve number for compacted
pervious surfaces was reduced to 60. Initial run of the model indicated that these changes
resulted in under-predicted peak flow rates at both Stations. Thus, the Manning’s n values
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were adjusted as a second step in the calibration process, so as to increase the peak flow
predictions. During the adjustment, the Manning’s n for impervious surfaces, uncompacted pervious surfaces, and compacted pervious surfaces were reduced to 0.008,
0.12, and 0.08, respectively. A summary of the calibrated parameters is listed in Table 4.4.
The predicted hydrograph from the calibrated FHW-SWMM model at Station #1 is
plotted against the observed flow hydrograph, as shown in Figure 4.9.

Table 4.4: Calibrated parameters for the FHW-SWMM model for the 07/27/2004 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.008
6.10
4%

Compacted pervious
surfaces
60
0.08
7.37
--
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Figure 4.9: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 07/27/2004 event.
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As shown, the over-prediction of peak flow remains the same (RE=16%) for
Station #1, but the over-prediction of total runoff volume is reduced by 28% (from 46%
to 18%). Compared to the pre-calibration predictions, the calibrated hydrograph has a
better match with the observed at the hydrograph peaks.

The calibrated model flow prediction at Station #2 is plotted against the observed
flow in Figure 4.10. As shown, the calibration process improved both the peak flow
(RE=6%) and total runoff volume (DV=28%) predictions. Closer match of the hydrograph
peaks with those from the observed hydrograph is also observed at Station #2 for the
calibrated flow.
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Figure 4.10: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 07/27/2004 event.
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4.5.1.3 Calibration for the 07/30/2004 Event
The FHW-SWMM model with initial parameter settings (Table 4.1) was used to
simulate runoff from the 07/30/2004 event. Model predictions were compared with the
observed flow at both Stations #1 and #2. Figure 4.11 illustrates the comparison of
default model prediction and the observed flow at Station #1. As shown, the model overpredicts both the peak flow rate (RE=71%) and the total runoff volume (DV=81%). It is
also shown that the predicted peak flow occurs 30 minutes earlier than the observed peak
flow.
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Figure 4.11: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 07/30/2004 event.
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The predicted hydrograph at Station #2 is plotted against the observed flow in
Figure 4.12. As shown in the figure, the model over-predicts both the peak flow rate
(RE=46%) and the total runoff volume (DV=181%). The timing of the predicted peak
flow, however, approximates that of the observed peak flow.
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Figure 4.12: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 07/30/2004 event.

During the calibration process, input parameters primarily related to the total
runoff volume were first adjusted, and the goal was to reduce the total runoff volume at
both stations. Depression storages for the impervious surfaces, un-compacted pervious
surfaces, and compacted pervious surfaces were increased from initial default values
(Table 4.1) to 5.84 mm (0.23 in), 8.64 mm (0.34 in), and 7.11 mm (0.28 in), respectively.
The zero% for impervious surfaces was reduced to 2%. The curve number for un-
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compacted pervious surfaces was reduced to 58, and the curve number for compacted
pervious surfaces was reduced to 64. After the calibrations were carried out, the
Manning’s n was further adjusted for matching the predicted and observed peak flow
rates. As a result of the adjustment, the Manning’s n for un-compacted pervious surfaces
was increased to 0.22, and the Manning’s n for compacted pervious surfaces was reduced
to 0.14. The calibrated model parameters are listed in Table 4.5.

Table 4.5: Calibrated parameters for the FHW-SWMM model for the 07/30/2004 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.015
5.84
2%

Compacted pervious
surfaces
64
0.14
7.11
--

Un-compacted
pervious surfaces
58
0.22
8.64
--

The calibrated flow hydrograph at Station #1 is plotted against the observed flow
in Figure 4.13. As shown, the predictions of peak flow and total runoff volume are
improved to within 5% of the observed values as a result of the calibration process. The
predicted peak flow, however, is still 15 minutes earlier than the observed peak flow.
Figure 4.14 compares the calibrated flow hydrograph at Station #2 to the observed
hydrograph. As compared to the un-calibrated predictions, the calibrated peak flow
prediction is reduced by 43% and the total runoff volume by 159%. The calibrated
hydrograph in general follows the shape of the observed hydrograph.
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Figure 4.13: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 07/30/2004 event.
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Figure 4.14: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 07/30/2004 event.
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4.5.1.4 Calibration for the 07/31/2004 Event
Model predictions using default parameters at both Station #1 and #2 were
compared to the observed flows for the 7/31/04 event. Figure 4.15 illustrates the
comparison between the model predictions and the observed flow at Station #1. As
shown, the un-calibrated model over-predicts the peak flow (RE=41%) and the total
runoff volume (DV=59%) at Station #1. In addition, the occurrence of flow at the
predicted hydrograph is 30 minute earlier than the observed flow.
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Figure 4.15: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 07/31/2004 event.

The un-calibrated model predictions at Station #2 are plotted against the observed
flow in Figure 4.16. As shown in the figure, a similar pattern of over-prediction is
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observed at Station #2, where both the peak flow (RE=93%) and total runoff volume
(DV=44%) are over-predicted. The occurrence of predicted flow starts 15 minutes earlier
than the observed flow.
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Figure 4.16: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 07/31/2004 event.

One reason that may contribute to the early occurrence of predicted flow at both
stations is a low depression storage value. With low depression storage values for both
pervious and impervious surfaces, less retention is provided on the ground and thus the
rainfall is transformed to runoff sooner. Small depression storage values also result in
increased total runoff volume.
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During the calibration process, the depression storages for both pervious and
impervious surfaces were first adjusted, in order to reduce the total runoff volume (and
subsequently the peak flow). The zero% parameter for impervious surfaces was reduced
to create more retention on the impervious surfaces. Curve numbers for both the uncompacted and compacted pervious surfaces were also reduced to improve the overprediction situation. The Manning’s n was then further adjusted for the peak flow match.
The resulting calibrated model parameters are listed in Table 4.6.

Table 4.6: Calibrated parameters for the FHW-SWMM model for the 07/31/2004 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.017
4.57
4%

Compacted pervious
surfaces
65
0.15
5.84
--

Un-compacted
pervious surfaces
52
0.22
7.87
--

The calibrated FHW-SWMM model predictions at Station #1 are plotted against
the observed hydrograph in Figure 4.17. As shown in the figure, the calibrated flow
closely (RE=5%) matches the observed peak flow rate. The prediction of total runoff
volume is improved by 47% as compared to the un-calibrated model predictions.
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Figure 4.17: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 07/31/2004 event.

Figure 4.18 illustrates the calibrated flow at Station #2 along with to the observed
hydrograph. As shown, the calibrated peak flow is still over-predicted (RE=49%), and the
calibrated total runoff volume closely matches (DV=4%) the observed total volume.
Occurrence of flow in the predicted hydrograph is 15 minutes later than that of the
observed hydrograph.
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Figure 4.18: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 07/31/2004 event.

4.5.1.5 Calibration for the 08/04/2004 Event
With the default parameter settings, the FHW-SWMM model was used to
simulate runoff from the 08/04/2004 event. Model predictions at both Station #1 and #2
were compared against the observed flow, and the predictive errors were calculated for
both peak flow and total runoff volume estimations. Figure 4.19 shows the comparison
between the default model prediction and the observed flow hydrograph at Station #1. As
shown in the figure, both peak flow (RE=85%) and total runoff volume (DV=61%) are
over-predicted.
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Figure 4.19: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 08/04/2004 event.

The predicted hydrograph at Station #2 is plotted against the observed flow
hydrograph in Figure 4.20. The figure shows that both peak flow and total runoff volume
at Station #2 are over-predicted by the FHW-SWMM model.
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Figure 4.20: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 08/04/2004 event.

During the calibration process, the parameters influencing the total runoff volume
(and subsequently peak runoff rate) were first adjusted, in order to reduce the overprediction of volume at both stations. The depression storage for impervious surfaces was
increased to 9.91 mm (0.39 in) to reduce the total runoff volume and also the peak flow
rate. The %zero for impervious surfaces was changed to 2%, in order to create more
retention on impervious surfaces. The curve number for compacted pervious surfaces was
changed to 62, and the curve number for un-compacted pervious surfaces was changed to
50. The depression storage for compacted pervious surfaces was changed to 12.7 mm (0.5
in), and the depression storage for un-compacted pervious surfaces was changed to 15.24
mm (0.6 in). The adjusted parameters are summarized in Table 4.7.
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Table 4.7: Calibrated parameters for the FHW-SWMM model for the 08/04/2004 event.
Parameter

Impervious
surfaces
98
0.013
9.91
2%

Curve number
Manning’s n
Depression storage (mm)
%zero

Compacted pervious
surfaces
62
0.15
12.7
--

Un-compacted
pervious surfaces
50
0.2
15.2
--

The calibrated FHW-SWMM model predictions at Station #1 and #2 are plotted
against the observed data in Figures 4.21 and 4.22, respectively. The differences between
the calibrated FHW-SWMM predictions and the observed flow for peak flow rate (RE)
and the total runoff volume (DV) are also included in the figures.
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Figure 4.21: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 08/04/2004 event.
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As shown in Figure 4.21, the calibration process brings both the peak flow and
total runoff volume predictions at Station #1 to within 20% of the observed values. The
calibrated peak flow occurs 15 minutes later than the observed peak flow. Figure 4.22
shows that the calibrated hydrograph at Station #2 follows the shape of the observed
hydrograph. The calibration process improved the peak flow prediction by 128% and the
total runoff volume by 112%.
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Figure 4.22: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 08/04/2004 event.
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4.5.1.6 Calibration for the 08/19/2005 Event
The FHW-SWMM model with default parameter settings were used to predict
flow from the 08/19/2005 event. Predicted flow for Station #1 is plotted against the
observed flow in Figure 4.23. For a multi-peak event like 08/19/2005, the largest peak is
used for evaluating the model performance for peak flow. As shown in the figure, the uncalibrated model over-predicts both the peak flow rate (RE = 107%) and the total runoff
volume (DV = 175%). In addition, the occurrence of the predicted flow is 15 minutes
earlier than that of the observed flow.
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Figure 4.23: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 08/19/2005 event.

The reason that has lead to the early occurrence of runoff and the increased runoff
volume and peak flow at Station #1 may be low depression storage and large %zero value.
A low depression storage depth causes less rainfall to be retained and thus results in an
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earlier occurrence of runoff. In addition, a small Manning’s n value could also contribute
to the over-prediction of peak flow rate according to Equation 4.3.

The FHW-SWMM flow with default parameters at Station #2 is plotted against
the observed flow in Figure 4.24. The differences between the observed and predicted
peak flow rate and total runoff volume are also included in the figure. As shown in Figure
4.24, the FHW-SWMM model with default parameter settings over-predicts the peak
flow rate (RE = 46%) and under-predicts (DV = -14%) the total runoff volume at Station
#2.
0

0.2

Rainfall
Observed flow at Station2

2

Predicted flow with default parameters

4

Flow (m3/s)

RE = 46%
Dv = - 14%
0.15

6
8
10

0.1

12

Rainfall (mm)

0.25

14
0.05

16
18
20
3:00
3:20
3:40
4:00
4:20
4:40
5:00
5:20
5:40
6:00
6:20
6:40
7:00
7:20
7:40
8:00
8:20
8:40
9:00
9:20
9:40
10:00
10:20
10:40
11:00
11:20
11:40
12:00
12:20
12:40
13:00

0

Time

Figure 4.24: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 08/19/2005 event.

The under-prediction of total runoff volume at Station #2 could be explained due
to low curve number values and high depression storage values for pervious surfaces in
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the contributing area. Pervious surfaces consist of 74% of the contributing area to Station
#2. The smaller the curve number values, the higher amount of rainfall excess is retained
on the pervious surfaces and thus less runoff is generated. The increase of depression
storage for pervious surfaces also has the same result. The over-prediction of peak flow
could be due to a small Manning’s n value, which would increase the peak flow
prediction according to Equation 4.3.

During the calibration process, the depression storage values were first increased
to reduce total runoff volume from Station #1. The Manning’s n was increased to further
decrease the peak flow prediction. Since the increase of depression storage values would
reduce total runoff volume further at Station #2, the curve number values for pervious
surfaces were increased to create more runoff from the pervious surfaces. A summary of
the calibrated parameters for the event is summarized in Table 4.8.

Table 4.8: Calibrated parameters for the FHW-SWMM model for the 08/19/2005 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.03
2.54
13%

Compacted pervious
surfaces
70
0.15
4.32
--

Un-compacted
pervious surfaces
60
0.2
6.10
--

The calibrated FHW-SWMM model predictions are plotted against the observed
flow for Stations #1 and #2 in Figure 4.25 and Figure 4.26, respectively. The model
performances in peak flow (measured as RE) and total runoff volume (measured as DV)
are also included in the figures.
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Figure 4.25: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 08/19/2005 event.

As shown in Figure 4.25, the calibration process improved the peak flow
prediction at Station #1 by 61% and the total runoff volume by 171%. The calibrated
hydrograph in general follows the shape of the observed hydrograph.
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Figure 4.26: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 08/19/2005 event.

Figure 4.26 shows that the calibration process worsens the total runoff volume
prediction (DV=33%) at Station #2, and the peak flow is under-predicted by 17%. As
discussed earlier, this is a result of making a balance between the two stations during the
calibration process.

4.5.1.7 Calibration for the 10/17/2006 Event
The FHW-SWMM model with default parameter settings was used to predict
flow from the 10/17/2006 event. Predictions of runoff at both Station #1 and Station #2
are plotted against the observed flow in Figures 4.27 and 4.28, respectively. The model
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performances in peak flow rate (measured as RE) and total runoff volume (measured as
DV) are also included in the Figures.
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Figure 4.27: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 10/17/2006 event.

As shown in Figure 4.27, the model under-predicts peak flow (RE= -11%) but
over-predicts the total runoff volume (DV=101%) at Station #1. At Station #2, both the
peak flow and the total runoff volume are under-predicted (Figure 4.28), but both
predictions are within 20% of the observed values. Based on the predictive errors at both
stations, the goal of the calibration was set to reduce the total runoff volume prediction at
Station #1, but at the same time to minimize the worsening of Station #1 peak flow and
Station #2 peak flow and total runoff volume predictions. In order to do so, the strategy
for calibration was to first increase the depression storage for impervious surfaces, which
consist of 61% of the Station #1 contributing area. This was to reduce the total runoff
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volume at Station #1. The second step was to reduce the depression storages for pervious
surfaces, which consist of 74% of the Station #2 contributing area. This was to counter
the effects of the increased impervious surface depression storage at Station #2. The
Manning’s n was then further adjusted based on the results from the first two steps.
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Figure 4.28: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 10/17/2006 event.

During the calibration process, the depression storage for impervious surfaces was
increased to 1.52 mm (0.06 in) and the %zero was reduced to 12%. The depression
storage for compacted pervious surfaces was changed to 2.54 mm (0.1 in) and the curve
number was changed to 75. The depression storage for un-compacted pervious surfaces
was changed to 3.05 mm (0.12 in), and the curve number was changed to 61. The
Manning’s n for impervious surfaces was reduced to 0.008. The Manning’s n for

122
compacted and un-compacted pervious surfaces were changed to 0.09 and 0.10,
respectively. A summary of the adjusted parameter values are summarized in Table 4.9.

Table 4.9: Calibrated parameters for the FHW-SWMM model for the 10/17/2006 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.008
1.52
12%

Compacted pervious
surfaces
75
0.09
2.54
--

Un-compacted
pervious surfaces
61
0.10
3.05
--

The calibrated parameters were set for the FHW-SWMM model, and the model
predictions at Station #1 and #2 are plotted against the observed flow in Figure 4.29 and
Figure 4.30, respectively. The calibrated model performances in peak rate (measured by
RE) and total runoff volume (measured by DV) are also included in the figures.
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Figure 4.29: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 10/17/2006 event.
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Figure 4.30: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 10/17/2006 event.

As shown in Figures 4.29 and 4.30, the total runoff volume is still over-predicted
at Station #1 after calibration, but the magnitude of over-prediction was reduced by 40%.
The increase of depression storage for impervious surfaces caused a decrease of peak
flow rate at Station #1, even with the adjustment of Manning’s n for impervious surfaces.
The depression storage increase also affected the total runoff volume prediction at Station
#2, reducing the original total runoff volume prediction (by 11%) with the curve number
change. The increase in impervious depression storage also results in delayed occurrence
of predicted hydrographs at both stations.
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4.5.1.8 Calibration for the 10/19/2006 Event
The default FHW-SWMM model was used to predict runoff at Stations #1 and #2
for the 10/19/2006 event. The runoff hydrographs are compared against the observed
flow in Figures 4.31 and 4.32, respectively. The model performances in peak runoff rate
(measured as RE) and total runoff volume (measured as DV) are also included in the
figures.

As shown in Figure 4.31 and Figure 4.32, the FHW-SWMM model under-predicts
peak flow and total runoff volume at both stations. The magnitude of under-prediction
for both peak flow and total runoff volume at Station #2 is larger than those at Station #1.
Possible reasons for under-prediction include high depression storage values, high
Manning’s n values, and low curve numbers for pervious surfaces.

Since the magnitude of model under-prediction is different at the two stations, the
calibration strategy is to have a higher increase of peak flow and total runoff volume
predictions at Station #2 as compared to that at Station #1. In order to do so, the primary
focus is to decrease the depression storages for pervious surfaces, which consist of 74%
of the Station #2 contributing area. Meanwhile, the depression storage for impervious
surfaces also needs to be decreased. The curve numbers and the Manning’s n values can
be further adjusted based on the calibration results from the depression storage depth
change.
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Figure 4.31: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #1 for the 10/19/2006 event.
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Figure 4.32: Comparison of the FHW-SWMM model predictions using default
parameters against the observed flow at Station #2 for the 10/19/2006 event.
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During the calibration process, the depression storage for impervious surfaces was
decreased to 1.02 mm (0.04 in) and the %zero was reduced to 5%. The depression storage
for compacted pervious surfaces was reduced to 2.03 mm (0.08 in) and the curve number
was reduced to 75. The depression storage for un-compacted pervious surfaces was
decreased to 2.54 mm (0.1 in) and the curve number was decreased to 70. In addition, the
Manning’s n for impervious, compacted pervious, and un-compacted pervious surfaces
were changed to 0.007, 0.05, and 0.09, respectively. A summary of the calibrated
parameters is provided in Table 4.10.

Table 4.10: Calibrated parameters for the FHW-SWMM model for the 10/19/2006 event.
Parameter
Curve number
Manning’s n
Depression storage (mm)
%zero

Impervious
surfaces
98
0.007
1.02
5%

Compacted pervious
surfaces
75
0.05
2.03
--

Un-compacted
pervious surfaces
70
0.09
2.54
--

The FHW-SWMM model with calibrated parameters was used to predict the flow
at Station #1 and #2, and the calibrated flows are compared to the observed flows in
Figures 4.33 and 4.34 for the two stations. Model performances in peak flow rate and
total runoff volume are also included in the figures.
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Figure 4.33: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 10/19/2006 event.
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Figure 4.34: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 10/19/2006 event.
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As shown in the figures, the calibration process increased the peak flow and total
runoff volume predictions at both stations, with a higher magnitude of increase at Station
#2 as compared to that at Station #1. The under-prediction of total runoff volume (DV=
-6%) at Station #1 was changed to over-prediction (DV=7%) through the calibration
process. The peak flow and total runoff volume predictions at Station #2 were increased
by 11% and 9%, respectively.

4.5.1.9 The Calibrated FHW-SWMM Model
After calibrations to the FHW-SWMM were completed using the eight historical
events, the value of each calibration parameter was averaged across the eight events. The
averaged parameters then became the calibrated FHW-SWMM model parameters, which
are summarized in Table 4.11. A copy of the calibrated FHW-SWMM model input file is
included in Appendix B.

Table 4.11: Calibrated parameters for the FHW-SWMM model as compared to the
typical parameter values.
Parameters
Curve number
Manning’s n
Depression
storage (mm)
%zero

Impervious surfaces

Compacted pervious
surfaces
Typical
Calibrated
79
66
0.10-0.20
0.119

Un-compacted pervious
surfaces
Typical
Calibrated
74
57
0.10-0.20
0.17

Typical
98
0.01-0.015

Calibrated
98
0.014

0.3-2.3

4.37

2.5-5.1

5.79

2.5-5.1

7.34

1%-30%

6%

N/A

--

N/A

--

The calibrated FHW curve numbers for pervious surfaces, the Manning’s n for
impervious surfaces, and the Manning’s n for pervious surfaces approximate the
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parameter values found in the literature, as shown in Table 4.11. The calibrated %zero
value is also comparable to previous SWMM calibration results. In their study conducted
in New Castle County, Delaware, Balascio and Gao (1998) reported a %zero value of
6.37%. The calibrated depression storage for impervious surfaces herein is 4.374 mm
(0.172 in), which is higher than the 1.30 mm (0.05 in) suggested by Tsihrintzis and
Hamid (1998) and the 1.02 mm (0.04 in) suggested by Warwick and Tadepalli (1991).
This is understandable because in both of those studies the area of impervious surfaces
was multiplied with a ratio between 0 and 1 to represent the effective impervious area, or
directly connected impervious areas (DCIA). To generate the same amount of total runoff
from the impervious surfaces, the depression storage for DCIAs need to be reduced since
the DCIAs represent only a portion of the pre-adjustment impervious surfaces. However,
this is not applicable to the FHW because the detailed representation of the watershed (i.e.
individual rooftops and parking lots) eliminates the need for DCIA adjustment. The
calibrated depression storage values for pervious surfaces are also higher than the values
found in literature (Warwick and Tadepalli, 1991; Tsihrintzis and Hamid, 1998). This
could be explained by the karst features within the FHW, which are characterized by
closed depressions, sinkholes, and subterranean drainage (USEPA, 2002c). The karst
features allow the pervious surface to retain a relatively larger amount of rainfall as
compared to non-karst surfaces, and this is also reflected in the previous TR-20 modeling
for the Fox Hollow Watershed (Penn State University, 2002).
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4.5.2 Verification of the FHW-SWMM Model
The calibrated FHW-SWMM model was verified on four independent runoff
events. The runoff hydrographs from these verification events are compared to the
observed hydrographs, and the summary of the verification results are included in this
section.

4.5.2.1 Verification of the 07/04/2004 event
The calibrated FHW-SWMM model was used to predict the runoff from the
07/04/2004 event, and predicted runoff hydrographs at the Stations #1 and #2 are plotted
against the observed flow in Figures 4.35 and 4.36, respectively. The performances of the
calibrated model for predictions of peak runoff rate (measured by RE) and total runoff
volume (DV) are also included in the figures.
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Figure 4.35: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 07/04/2004 event.

0.8

Rainfall
Observed flow at Station2
Predicted flow at Station2

0.7

2
4
6

0.6
Flow (m3/s)

0

RE = 3%
Dv = - 3%

0.5

8
10

0.4
12
0.3

Rainfall (mm)

0.9

14

0.2

16
18

0

20
19:45
20:15
20:45
21:15
21:45
22:15
22:45
23:15
23:45
0:15
0:45
1:15
1:45
2:15
2:45
3:15
3:45
4:15
4:45
5:15
5:45
6:15
6:45
7:15
7:45
8:15
8:45
9:15
9:45
10:15
10:45
11:15
11:45

0.1

Time

Figure 4.36: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 07/04/2004 event.
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As shown in Figures 4.35 and 4.36, the calibrated FHW-SWMM model
predictions for peak flow and total runoff are within 5% of the observed values at Station
#2. At Station #1, however, both the peak flow (RE=42%) and the total runoff volume
(DV=28%) are over-predicted to a greater magnitude.

4.5.2.2 Verification on the 08/30/2005 event
The calibrated FHW-SWMM model was verified on the 08/30/2005 event, and
the model predictions at Stations #1 and #2 are plotted against the observed flows in
Figures 4.37 and 4.38, respectively. The model performances for peak flow rate and total
runoff volume are also calculated and included in the figures.
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Figure 4.37: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 08/30/2005 event.
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Figure 4.38: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 08/30/2005 event.

As shown in the figures, the calibrated model over-predicts both peak flow
(RE=43%) and total runoff volume (DV=69%) at Station #1, and under-predicts peak
flow (RE= -12%) and total runoff volume (DV= -20%) at Station #2.

4.5.2.3 Verification on the 10/07/2005 event
The FHW-SWMM model was verified using the 10/07/2005 event based on the
calibrated parameters. The model predictions at both stations are plotted against the
observed flows in Figures 4.39 and 4.40, in which the model performances are also
included.
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Figure 4.39: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 10/07/2005 event.
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Figure 4.40: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 10/07/2005 event.
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As shown in the figures, the calibrated model over-predicts both peak flow rate
(RE=30%) and total runoff volume (DV=43%) at Station #1, and under-predicts the peak
flow (RE= -19%) and total runoff volume (DV= -23%) at Station #2. At Station #2, the
timing of the predicted peak flow is 50 minutes behind the observed peak flow.

4.5.2.4 Verification on the 09/30/2006 event
The FHW-SWMM model was verified with the 09/30/2006 event, and the results
are shown in Figures 4.41 and 4.42 below with the calculated model performances
regarding peak flow rate and total runoff volume.
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Figure 4.41: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #1 for the 09/30/2006 event.
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Figure 4.42: Comparison of calibrated FHW-SWMM model predictions and the observed
flow at Station #2 for the 09/30/2006 event.

As shown in the figures, the calibrated model over-predicts both the peak flow
rate (RE=19%) and the total runoff volume (DV=43%) at Station #1, and under-predicts
peak flow rate (RE= -45%) and total runoff volume (DV=-65%) at Station #2.

4.5.2.5 Summary of the Verification Results
The verification results for the four events at Stations #1 and #2 are summarized
in Table 4.12 and 4.13, respectively. The duration and rainfall depths are included for
each event, and the predicted peak flow rates and total runoff volume are compared
against the observed values. The predictive errors in both peak flow rate (RE) and total
runoff (DV) are also included for each event, as well as the averaged predicted errors for
all events. As shown in the Tables, in general the model tends to over-predict both peak
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flow and total runoff volume at Station #1, and under-predicts peak flow and total runoff
volume at Station #2. The magnitude of over-prediction at Station #1 is higher than that
of under-prediction at Station #2. The results suggest that separate calibrations for the
two stations in the FHW might be one possible way to further improve the model
calibration. If such separate calibrations were carried out in the future, the calibrated
SWMM model in this study can be used as a starting point. The model parameters can
then be adjusted further separately for subcatchments that drain to the two stations.

Table 4.12. Verification results of the FHW-SWMM hydrologic model at Station #1.
Events
07/04/2004
08/30/2005
10/07/2005
09/30/2006
Average

Duration Depth Intensity
Peak flow (m3/s)
(minutes) (mm) (mm/hr) observed predicted
7.72
0.74
1.05
150
19.30
3.46
560
32.26
0.86
1.24
4.47
910
70.61
0.49
0.63
6.51
70
7.62
0.24
0.29
------

RE
42%
43%
30%
19%
33%

Total volume (m3)
observed predicted DV
2385
1935
28%
3234
5465
69%
6431
9203
43%
533
763
43%
--46%

Table 4.13. Verification results of the FHW-SWMM hydrologic model at Station #2.
Events
07/04/2004
08/30/2005
10/07/2005
09/30/2006
Average

Duration Depth Intensity
Peak flow (m3/s)
(minutes) (mm) (mm/hr) observed predicted RE
7.72
0.45
0.46
3%
150
19.30
3.46
0.88
0.77
-13%
560
32.26
4.47
0.58
0.47
-19%
910
70.61
6.51
0.20
0.11
-45%
70
7.62
----19%
---

Total volume (m3)
observed predicted
DV
695
667
-3%
1949
1550
-20%
8586
6646
-23%
505
172
-65%
---28%

The tables indicate that Station #1 has higher or equal peak flow and total runoff
volume than Station #2 in all events except for the 10/07/2005 event. During the
10/07/2005 event, the observed peak flow at Station #2 is 18% higher than that at Station
#1, and the total runoff volume is 25% higher. When comparing the 10/07/2005 event to
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other events, the 10/07/2005 event has a longer duration and greater rainfall depth. With a
relatively low average intensity of 4.47 mm/hr (0.18 in/hr) compared to other events, the
event causes pervious surfaces that contribute to Station #2 (i.e. playfield area,
soccer/baseball field area, Stadium lawn parking area) to saturate and generate runoff
similar to impervious surfaces. In previous TR-20 modeling for the FHW (Penn State
University, 2002), Fennessey developed a separate model setup to simulate the runoff
from such low intensity and long duration events.

The sensitivity of model calibration results with regard to the selection of rainfall
events is not part of this study, but calibration to the FHW-SWMM model is expected to
be improved if a greater variety of rainfall events are included. This means that the
calibration process could include more events that cause under-predictions at both
stations with the un-calibrated model. Ongoing flow monitoring activities (still being
conducted by others) in the Fox Hollow Watershed ensure the availability of additional
events for future model calibrations.

Although the calibrated FHW-SWMM model does not have a relatively high
predictive accuracy (i.e. RE and DV within ±15%) at both flow stations for all events, the
calibrated model provides a useful tool for evaluating possible development and
stormwater management practices within the watershed. The model can assess the
relative change in peak flow and total runoff volume due to potential development and/or
stormwater management practices, and this will help the stormwater engineers with
evaluations and comparisons of various management alternatives.
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4.6 Summary and Conclusions
A USEPA SWMM hydrologic model was parameterized for the Fox Hollow
Watershed, Centre County, Pennsylvania. The parameterized hydrologic model, FHWSWMM, had a detailed representation of watershed features and was developed to serve
future watershed management planning needs. The model was calibrated on eight
historical events at both flow Station #1 and Station #2 within the watershed, and was
then verified on four independent events. Both the calibration and verification events
were selected to cover a variety of rainfall depths, durations, and intensities.

Four model parameters (depression storage, curve number, Manning’s n, and
%zero) were selected for calibration of the FHW-SWMM model based on previous
SWMM calibration studies. In each calibration event, the calibration parameters were
first adjusted to reach a close approximation between the observed and predicted total
runoff volume at both stations, and then the peak flow rate was calibrated. After the
calibrations were completed, the values of the calibration parameters were averaged
across the eight events to obtain the final calibrated parameter values for the model.

The verification results of the calibrated FHW-SWMM model indicate that the
calibrated model tends to over-predict peak flow (RE=33%) and total runoff volume
(DV=46%) at Station #1 and under-predict peak flow (RE= -19%) and total runoff
volume (DV= -28%) at Station #2. The verification results suggest that if further
calibrations to the FHW-SWMM are needed, a separate calibration of parameters for
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subcatchments contributing to each station in the watershed could be promising. As to the
overall goal of developing a LID optimization framework in this study, the calibrated
FHW-SWMM model predictions are reasonably accurate. The calibrated model can serve
as the basis for evaluating hydrologic impacts of possible developments and management
practices in the watershed.
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Chapter 5
Hydrologic Analysis of a Post-Development Scenario in Fox Hollow Watershed

5.1 Abstract

The parameterized FHW-SWMM hydrologic model was used to evaluate the
hydrologic impacts of an assumed development scenario for the Fox Hollow Watershed.
Post-development site layout was proposed for the presently undeveloped (in 2007)
Mitchell Tract and Flower Garden areas, which comprise 11% of the watershed area.
Both the pre- and post-development watershed runoff conditions were assessed using 1year, 2-year, 10-year, and 100-year 24-hour design rainfall events. For the predevelopment Mitchell Tract and Flower Garden, the depression storage areas located
within these two subcatchments retained and infiltrated the runoff from the neighboring
Residential Area and the Student Parking area. As compared to the pre-development
runoff conditions, the post-development peak flow rate at Node C was increased from 3.0
m3/s to 5.1 m3/s (68%) and the total runoff volume was increased from 1.85×104 m3 to
3.08×104 m3 (66%) for the 1-year 24-hour design rainfall. The post-development peak
flow rate for the 100-year 24-hour design rainfall increased from 10.0 m3/s to 12.9 m3/s
(29%), and the total runoff volume increased from 6.26×104 m3 to 9.50×104 m3 (58%).
The results of this portion of research demonstrated the hydrologic impacts from the
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assumed development of the Mitchell Tract and the Flower Garden areas, and also
showed that appropriate stormwater management practices would be required to meet
existing stormwater control regulations.

The assumed developments in the Mitchell Tract and Flower Garden Areas did
not imply or suggest any development plans within these two areas. In fact, the enclosed
depression storage at Mitchell Tract and Flower Garden Areas serve as critical recharge
areas within the FHW, and have been identified as areas to be kept intact as protected
natural recharge areas by the University (Penn State University, 2002).

5.2 Introduction

The conversion of natural lands into developed areas changes the local hydrologic
conditions in many ways. Firstly, the urbanization causes an increase in the magnitudes
and occurrences of flooding (Novotny et al., 2001). It was reported that in a highly
developed urban setting (75%-100% impervious surface), about 55% of the total rainfall
becomes surface runoff (FISRWG, 1998). The reason for this is that infiltration is
reduced due to the increased proportion of impervious surfaces, and thus the surface
runoff volume is increased. Meanwhile, the time of concentration is reduced because
water flows faster on the impervious surfaces than on grass or woodland surfaces.
Secondly, pollutant loads from post-development land surfaces are also increased by at
least one order of magnitude as compared to the natural land conditions (Tsihrintzis and
Hamid, 1998). The hydrologic and water quality effects of urban development need to be
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assessed before they are implemented, so that desirable stormwater management
measures can be identified and planned for installation (Overton and Meadows, 1976).

Stormwater runoff from the FHW watershed contributes to a downstream well
field, which serves as a drinking water source for the University community. There are
several critical recharge areas in the Fox Hollow Watershed, which include the Mitchell
Tract, Flower Garden, Dairy Barns, and the low-head weir areas. The Mitchell Tract
includes a closed depression storage area with undisturbed and stable soils (Penn State
University, 2002). Runoff from the College Heights Residential Area discharges to the
Mitchell Tract area and drains to the depression storage areas located within and
eventually infiltrates into the soil. The Flower Garden area is a closed area between Park
Avenue and a parking lot. Surface runoff from the parking lot flows to the Flower Garden
area and infiltrates in the closed depression area for almost all rainfall events. Water is
ponded at the lower part of the Flower Garden area during large snowmelt events and
may spill back to the Park Avenue through a curb cut (Penn State University, 2001).
Therefore, the Mitchell Tract and the Flower Gardens rarely, if ever, contribute surface
runoff to the outlet of the FHW in their current configuration. The Dairy Barns Area also
confines a closed area that receives and infiltrates surface runoff from the nearby Dairy
Barns. The recharge areas are included in the University master plan for 2025, and OPP
is concerned about the effects of future developments that may take place above and at
these locations (Penn State University, 2004).
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A SWMM model was previously parameterized for the Fox Hollow Watershed
(Chapter 4). The model was calibrated and verified using independent observed events.
That calibrated FHW-SWMM model provides a platform for evaluating the hydrologic
impacts of potential future development scenarios within the watershed.

5.3 Goals and Objectives

The goal of this portion of the research was to assess the hydrologic impacts that
might result from an assumed development scenario of the Mitchell Tract and Flower
Garden areas within the Fox Hollow Watershed. Specific objectives were:

1. To represent the post-development watershed land use for these areas into the
FHW-SWMM hydrologic model, and to assess the post-development
watershed runoff conditions for the 1-year, 2-year, 10-year, and 100-year 24hour design events, respectively, for these locations, and
2. To compare the post-development watershed runoff conditions (peak flow and
total runoff volume) with those from the pre-development watershed.

5.4 Methodology

A post-development Fox Hollow Watershed land use development scenario was
first generated and represented in the previously parameterized FHW-SWMM model.

145
The 1-year, 2-year, 10-year, and 100-year 24-hour design rainfall events were then
simulated in the model to assess both the pre- and the post-development watershed runoff
conditions. The post-development watershed runoff was compared against the predevelopment runoff for the four design events. The quantified comparisons between the
pre-development and post-development flow were then summarized for all design events.

5.4.1 Post-Development Land Use in the Fox Hollow Watershed

Several urban growth models were reviewed for the possible application of
projecting future land uses in the Fox Hollow Watershed. Models reviewed included the
METROPolitan Integrated Land Use System (METROPILUS) developed by the
University of Pennsylvania (Putman, 1983); the California Urban Futures (CUF-1) model
(Landis, 1995); and the SLEUTH (slope, landcover, excluded, urban extent,
transportation, hillshade) model. These models use a historical land use layer as a seed,
and evolve future land use based on information about transportation pattern, road, slope,
population growth, digital elevation model (DEM), etc. (Lee et al., 1999). The urban
growth models have been successfully applied in various studies for aiding the planning
activities in large regions (Lee et al., 1999; Allen and Lu, 2003; Swenson and Dock,
2003). However, applications of the urban growth models to local planning are restricted
by the substantial computational time associated with fine grid input data (Jantz et al.,
2003). For example, the SLEUTH model was found to be computational demanding in a
Baltimore-Washington Metropolitan Area study even at the 6 km2 grid level (Jantz et al.,
2003). Due to the lack of high resolution raster data for land use, DEM, and the data for
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population growth and transportation patterns, the urban growth models were not used for
projecting future land uses in the Fox Hollow Watershed in this study.

A post-development land use layout was created for the Mitchell Tract and
Flower Garden areas, assuming that the development of these two areas was consistent
with the neighboring University Campus area. Major land uses in the post-development
Mitchell Tract and Flower Garden are assumed to include buildings, parking lots, paved
roadways, and meadow/lawn areas, as shown in Figure 5.1. These assumed development
conditions mimic the current landuse conditions in the University Campus area. Total
areas of each land use are summarized in Table 5.1. The percentage of impervious areas
in the projected post-development Mitchell Tract and Flower Garden areas is 70%, which
is the same as that in the University Campus area. The calibrated SWMM parameters in
Chapter 4 are used for the post-development Mitchell Tract and Flower Garden areas.

5.4.2 The Post-Development Watershed Stormwater Network

Existing stormwater system in the Fox Hollow Watershed was also updated to
accommodate discharge from the post-development Mitchell Tract and Flower Garden
areas. Since the assumed development in the areas eliminated the depression storages,
surface runoff from the post-development areas was routed to the existing stormwater
system. Surface runoff from the Mitchell Tract Area was routed to Station #1 system at
an inlet located at the intersection of Bigler Road and Park Avenue (hereafter referred to
as Node A). A 1.07-m (42-in) diameter underground pipe was used to link the post-
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development Mitchell Tract area to the Station #1 system (Figure 5.2). A 0.91-m (36-in)
diameter underground pipe was used to link the post-development Flower Garden area to
the Station #2 system (referred to as Node B). Surface runoff from the student parking lot
was routed to the Station #2 system through a downstream inlet along Park Avenue
(Figure 5.2).

Sidewalks

Rooftops

Parking lots

Figure 5.1: Assumed post-development land uses within the Mitchell Tract and Flower
Garden Areas.
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Table 5.1: Assumed post-development land uses and areas for the Mitchell Tract and
Flower Garden areas.
Land uses
Rooftops
Parking areas
Sidewalks
Meadow/lawn areas
Total

Mitchell Tract area (ha)
3.87
2.40
1.73
3.42
11.42

Flower Garden area (ha)
2.34
2.11
1.55
2.57
8.57

Figure 5.2: Schematic drawing for the assumed post-development watershed stormwater
system (not to scale).

Three locations in the post-development stormwater system were selected for
evaluating the hydrologic impacts from the development of the Mitchell Tract and Flower
Garden areas. The first location, Node A, was selected at the inlet of the underground
pipe connecting the post-development Mitchell Tract area to the Station #1 system
(Figure 5.2). The runoff change due to the development that occurred in the Mitchell
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Tract area could be evaluated at Node A. The second location (Node B) was selected at
the inlet of the underground pipe connecting the post-development Flower Garden area to
the Station #2 system (Figure 5.2), where the change of post-development Flower Garden
runoff could be best observed. The third location was where the flow from Station #1 and
Station #2 systems joined with each other (Node C) (Figure 5.2). Flow changes at Node
C reflect the impacts of development of the Mitchell Tract and Flower Garden areas at
the watershed level.

Node C, instead of the watershed outlet, was selected for evaluating the impacts
of development at the watershed level for better comparisons. A constructed treatment
facility and two low-head weirs are located immediately downstream of Node C. These
facilities mainly serve the purpose of detaining and infiltrating the surface runoff from
the watershed. Changes in runoff due to development would be less significant after
going through the treatment facility and low-head weirs, and the watershed outlet would
be less effective in illustrating the runoff differences between the pre- and postdevelopment site conditions. The locations of Node A, B, and C on a background map of
the watershed are illustrated in Figure 5.3.
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Station #1

Shortlidge Road

University Drive

Temporary storage areas

Recharge areas

Station #1 flow system

Station #2 flow system

Flow contributing to Station #1

Flow contributing to Station #2

Figure 5.3: Locations of Node A, B, and C used to evaluate runoff in the postdevelopment Fox Hollow Watershed.

5.4.3 Evaluation of the Post-Development Watershed Runoff

The post-development land use conditions were represented in the FHW-SWMM
model, and the stormwater system was updated using the underground pipe connections
as previously shown in Figure 5.2. Post-development stormwater runoff conditions in the
Fox Hollow Watershed were then evaluated according to the Borough of State College
stormwater management ordinances (Ordinance 1741, Section 112). The 1-year, 2-year,
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10-year, and 100-year 24-hour design rainfall events were used to evaluate the postdevelopment watershed runoff in the FHW-SWMM model. Post-development watershed
runoff was compared against the pre-development runoff conditions at Nodes A, B, and
C.

5.5 Results and Discussion

5.5.1 Pre- and Post-Development Runoff for 1-year 24-hour Design Event

The rainfall data for a type II 1-year 24-hour design event were generated based
on the storm intensity-duration-frequency (IDF) curve for State College (PennDOT,
1986). Total depth of the design event is 53.34 mm (2.1 in). The VTPSUHM program
(Seybert and Kibler, 1997) was then used to generate the rainfall hyetograph from the
total depth. A copy of the rainfall data is included in Appendix A.

The 1-year 24-hour design event was used to simulate both the pre- and postdevelopment watershed conditions using the FHW-SWMM model. In the predevelopment watershed, both the Mitchell Tract and Flower Garden areas contained
depression storage areas at the most downstream location of these tracts, and thus there
was no discharge of flow from the two areas to the storm drain system. In the postdevelopment Mitchell Tract area, runoff from the developed Mitchell Tract was joined
with runoff from the Residential Area and flowed to Node A. In the post-development
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Flower Garden area, runoff from the developed Flower Garden was joined with runoff
from the Student Parking area and flowed to Node B. The post-development hydrographs
at Node A and Node B are shown in Figure 5.4 and Figure 5.5, respectively.
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Figure 5.4: Post-development flow at Node A from the 1-year 24-hour design event.
As shown in Figure 5.4, the post-development peak flow at Node A is 2.2 m3/s
(78.0 cfs). The total runoff volume discharged to Node A is 9.71×103 m3 (3.43×105 ft3).
The post-development flow at Node A is a combined flow from the Residential Area and
the post-development Mitchell Tract area. In the pre-development watershed, runoff from
the Residential Area and the Mitchell Tract flows to enclosed depression areas within the
Mitchell Tract and infiltrates.
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Figure 5.5: Post-development flow at Node B from the 1-year 24-hour design event.
As shown in Figure 5.5, the post-development peak flow at Node B is 0.8 m3/s
(28.4 cfs). The total runoff volume at Node B is 2.56×103 m3 (9.05×104 ft3). The flow at
Node B is a combined flow from the Student Parking area and the developed Flower
Garden area. In the pre-development watershed, runoff from the Student Parking area and
Flower Garden flows into the depression storages within the Flower Garden area and
infiltrates.

The watershed-level hydrologic impacts of the development in Mitchell Tract and
Flower Garden areas are best observed at Node C, where flow from the Station #1 and
Station #2 systems combine. The pre-development watershed runoff is plotted against the
post-development runoff in Figure 5.6.
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Figure 5.6: Comparison of pre- and post-development flow at Node C from the 1-year
24-hour design event.

As shown in Figure 5.6, the post-development peak flow at Node C is 5.1 m3/s
(1.79×102 cfs), which is a 68% increase from the pre-development peak flow rate of 3.0
m3/s (1.07×102 cfs). The pre-development total runoff volume at Node C is 1.85×104 m3
(6.53×105 ft3). The runoff volume increases to 3.08×104 m3 (1.09×106 ft3) in the postdevelopment watershed, and the increase is 66%.
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5.5.2 Pre- and Post-Development Runoff for 2-, 10-, and 100-year 24-hour Design
Events

Similar to the analysis for the 1-year 24-hour design event, the post-development
FHW-SWMM model was also evaluated for the 2-, 10-, and 100-year 24-hour design
events. The post-development runoff hydrographs at Node A and Node B are plotted in
Figure 5.7 and 5.8, respectively. The 1-year 24-hour flow post-development hydrograph
is also included in the figures. As shown in the figures, the peak flow rates increase as the
design storm interval increases.
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Figure 5.7: The post-development runoff at Node A for the 1-, 2-, 10-, and 100-year
design storms.
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Figure 5.8: The post-development runoff at Node B for the 1-, 2-, 10-, and 100-year
design storms.

The post-development flow hydrograph at Node C for the 2-, 10-, and 100-year
24-hour design events are plotted against the pre-development hydrograph at Figures 5.9
to 5.11. The flow hydrographs also indicate that the post-development peak flow
increases as the design storm interval increases.
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Figure 5.9: Comparison of pre- and post-development flow at Node C from the 2-year
24-hour design event.
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Figure 5.10: Comparison of pre- and post-development flow at Node C from the 10-year
24-hour design event.
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Figure 5.11: Comparison of pre- and post-development flow at Node C from the 100-year
24-hour design event.

5.5.3 Comparisons of Pre- and Post-Development Runoff Conditions for All Design
Events
The pre- and post-development runoff conditions at Nodes A, B, and C are
summarized for all four design events in Tables 5.2 to 5.4. Total runoff volume and peak
flow rates are compared between the pre- and post-development runoff conditions. As for
Node C, the relative increase in peak flow rate and total runoff volume as a result of the
development in Mitchell Tract and Flower Garden areas are calculated for all four design
events.
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Table 5.2: Summary of pre- and post-development runoff conditions at Node A.
24-hr design
event
1-year
2-year
10-year
100-year

Rainfall
depth
(mm)
53.34
63.50
91.44
134.62

Peak
intensity
(mm/hr)
96.47
114.83
165.35
243.43

Peak flow (m3/s)
Pre-dev.
Post-dev.
0
0
0
0

Total volume (m3)
Pre-dev. Post-dev.

2.2
2.6
4.5
6.1

0
0
0
0

9.71×103
1.24×104
1.95×104
2.97×104

Table 5.3: Summary of pre- and post-development runoff conditions at Node B.
24-hr design
event
1-year
2-year
10-year
100-year

Rainfall
depth
(mm)
53.34
63.50
91.44
134.62

Peak
intensity
(mm/hr)
96.47
114.83
165.35
243.43

Peak flow (m3/s)
Pre-dev.
Post-dev.
0
0
0
0

Total volume (m3)
Pre-dev. Post-dev.

0.8
1.0
1.7
2.8

0
0
0
0

2.56×103
3.31×103
5.46×103
9.00×103

Table 5.4: Summary of pre- and post-development runoff conditions at Node C.
24-hr
design
event
1-year
2-year
10-year
100-year

Rainfall
depth
(mm)
53.34
63.50
91.44
134.62

Peak
intensity
(mm/hr)
96.47
114.83
165.35
243.43

Peak flow (m3/s)
PrePostIncrease
dev.
dev.
3.0
5.1
68%
3.8
6.0
55%
6.3
8.7
38%
10.0
12.9
29%

Total volume (m3)
Pre-dev. Post-dev. Increase
1.85×104
2.38×104
3.89×104
7.38×104

3.08×104
3.91×104
6.36×104
9.50×104

66%
64%
63%
58%

As shown in Table 5.2 through Table 5.4, the peak flow and total runoff volume
increase at Nodes A, B, and C as the magnitudes of the design event increase. While
there is no runoff at Node A in pre-development conditions due to depression storage at
the Mitchell Tract, the development in the Mitchell Tract increases the post-development
peak flow to 2.2 m3/s (75.6 cfs) and runoff volume to 9.71×103 m3 (3.43×105 ft3) for the
1-year design event. The post-development peak flow rate increases to 6.1 m3/s (2.17×102
cfs) for the 100-year design event and the total runoff volume increases to 2.97×104 m3
(1.05×106 ft3), as compared to the zero runoff conditions from the pre-development
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watershed. A similar runoff situation is observed at Node B, where no surface discharge
is generated from the pre-development watershed, and the post-development runoff
increases as the magnitude of the design event increases. In general, the total runoff
volume and peak flow rate at Node B is smaller than that at Node A for the same design
event. This is because even though the post-development Flower Garden area (Node B)
has the same imperviousness percentage (70%) as the Mitchell Tract area (Node A), the
Flower Garden area is 33% smaller than the Mitchell Tract area, and the existing runoff
from the Residential Area also contributes to Node A.

At Node C, where the watershed-level impacts of the development in Mitchell
Tract and Flower Garden areas are observed, the differences between the pre- and postdevelopment runoff conditions decrease as the magnitude of the design events increases.
For example, during the 1-year 24-hour design event, the post-development peak flow
rate is 68% more than the pre-development peak rate, and the post-development total
runoff volume is 66% more than the pre-development runoff volume. When the design
rainfall magnitude is increased to the 100-year 24-hour conditions, the post-development
peak flow becomes 29% more than the pre-development peak flow, and the postdevelopment total runoff volume becomes 58% more than the pre-development runoff
volume. This can be explained by the fact that the meadow/lawn areas have a larger depth
of depression storage than the impervious surfaces, and no runoff could be generated
before the depression storage was filled. During events with smaller return periods, and
thus with smaller rainfall depths, a relatively larger percentage of the rainfall would be
used to fill the depression storage on the meadow/lawn areas than on the impervious
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surfaces. Thus, a larger difference (i.e. 68% increase of peak flow rate for 1-year 24-hour
design rainfall) between the pre- and post-development watershed runoff is observed. As
the return periods of design events increased (with consistent increase in total rainfall
depths), the percentage of rainfall held by the meadow/lawn surfaces would become
relatively smaller compared to those events with smaller return periods. With a larger
percentage of rainfall becoming runoff on the pre-development land surfaces, the
difference between the pre- and post-development peak flow and total runoff volume
decreases for the design events with higher return periods.

5.6 Summary and Conclusions

The hydrologic impacts of the development of two critical recharge areas in the
Fox Hollow Watershed were investigated in this portion of the research. Postdevelopment site layouts with 70% of the area with impervious surfaces were assumed
for the Mitchell Tract and Flower Garden areas, and the post-development runoff
conditions were evaluated using a previously parameterized FHW-SWMM model. The 1year, 2-year, 10-year, and 100-year 24-hour design events were used to assess the impacts
of the development. Comparisons of the pre-development and post-development runoff
conditions were carried out both at the site level and the watershed level.

Results showed that the development of the Mitchell Tract and Flower Garden
areas caused increases of both peak flow and total runoff volume in the watershed for all
four design events. As observed at Node A, where the runoff from Residential Area

162
joined the runoff from the developed Mitchell Tract, the post-development peak flow rate
varied from 2.2 m3/s for the 1-year 24-hour design event to 6.1 m3/s for the 100-year 24hour design event. As for the post-development Flower Garden area, the peak flow rate at
Node B varied from 0.8 m3/s for the 1-year 24-hour design event to 2.8 m3/s for the 100year 24-hour design event. At the watershed level, the development of the Mitchell Tract
and Flower Garden areas increased the peak flow rate by 68% and the total runoff
volume by 66% at Node C for the 1-year 24-hour design rainfall. The increase of peak
flow rated changed to 29% and the increase of total runoff volume changed to 58% for
the 100-year 24-hour design event. When averaged over the four design events, the
development of Mitchell Tract and Flower Garden areas caused an average peak flow
rate increase of 50% and an averaged total runoff volume increase of 63%.

The results from this portion of the research suggest that the closed depression
areas in the pre-developed Mitchell Tract and Flower Garden areas serve as important
recharge areas in the FHW, eliminating surface runoff discharge from the Residential
Area and Student Parking Area to the storm drainage system. If the Mitchell Tract and
Flower Garden areas were to be developed and these recharge areas eliminated, the FHW
would experience increases in both peak flow rate and total runoff volume. Because
surface runoff from the watershed is already a concern to the University, appropriate
stormwater management practices to be incorporated into any development in the areas
must be planned so as to infiltrate or detain the increased surface runoff from any postdevelopment scenarios. In addition to the hydrologic concerns, there would also be
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significant cost for increasing downstream stormwater drains in order to accommodate
the increase in peak flow rate and total runoff volume.
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Chapter 6
Hydrologic Analysis of Low Impact Development Scenario in the Post-Development
Fox Hollow Watershed

6.1 Abstract

The main focus for this part of the study was to develop IMP representation
schemes in the SWMM model. Representation schemes reflecting physical processes (i.e.
infiltration, percolation, and ponding) in IMPs of bio-retention, porous pavement, and
green roof were developed. The IMP representation schemes for bio-retention and porous
pavement were tested against long-term monitored data from the University of New
Hampshire Stormwater Center, and the predicted average peak flow reductions were
within 10% of the monitored data. An assumed LID scenario consisting of the IMPs was
then applied to the post-development FHW-SWMM model to assess the corresponding
hydrologic benefits. The LID scenario was evaluated using the 1-year, 2-year, 10-year,
and 100-year 24-hour design events. Simulation results showed that the LID scenario
results in peak flow rates that are at or below pre-development peak flow rates for all four
design events. The LID scenario total runoff volume for the 1-year 24-hour design
rainfall was a 9% increase to the pre-development runoff volume, and the total volume
increase rose to 26% for the 100-year 24-hour design rainfall.
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6.2 Introduction

A USEPA SWMM-based FHW-SWMM model was previously parameterized for
the Fox Hollow Watershed (Chapter 4). A post-development site layout involving the
development of the Mitchell Tract and Flower Garden areas was evaluated using the
FHW-SWMM model (Chapter 5). Simulation results suggested that surface runoff from
the watershed would increase in both peak flow rate and the total runoff volume as
developments occurred, provided that no controls were used.

The LID technique is a relatively new alternative approach for managing postdevelopment watershed runoff. With the use of small-scale, distributed integrated
management practices (IMPs), the LID technique focuses toward trying to achieve on-site
runoff control and to limit the post-development watershed runoff to the pre-development
level (USEPA, 1999). Modeling efforts have been used to simulate the hydrologic and/or
water quality impacts of LID scenarios (Prince George’s County, 1999a; PSAT, 2005).
However, many of these modeling algorithms rely on changing curve numbers or
modifying infiltration rates to represent IMPs, and fail to account for physical processes
in IMPs such as infiltration and ponding. As for the simulation models, there is a need to
develop algorithms that are capable of simulating physical processes in IMPs.
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6.2.1 IMPs in the Fox Hollow Watershed

6.2.1.1 Green Roof

Several small-scale experimental green roofs are set up at the Penn State
University Agricultural Research Center (DeNardo et al., 2003), which is located 16.1 km
(10 miles) southwest of the Fox Hollow Watershed. The components for the green roof
system include: a conventional flat roof covering, a 13 mm (0.5 in) thick Enka-drainage
layer, 114 mm (4.5 in) of porous medium (with a porosity of 0.35), 25.4 mm (1 inch) of
Porous Expanded Polypropylene (PEPP), and sedum sperium planted at a spacing of 76
mm (3 in) on center.

6.2.1.2 Porous Pavement

Porous bituminous pavement was used to build the porous parking areas in the
Penn State University Visitor’s Center, which is located within the Fox Hollow
Watershed. The porous pavement is 64 mm (2.5 in) thick, and is underlain by stone-filled
storage/recharge beds with a depth of 0.91 m (3 ft). The infiltration rate for the porous
pavement is 0.12 mm/s (17 in/hour) (Swisher, 2002). Asphalt mix used for the porous
pavement is the standard bituminous asphalt with exclusion of the last four grades of
fines, and the asphalt contained 5.75% to 6% bituminous material by weight. The
underlain storage reservoir was filled with aggregates of 38 to 64 mm (1.5 to 2.5 in) in
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diameter, and the total porosity was 0.4. A Typar geotextile filter fabric was used to
separate the storage reservoir from the surrounding soils (Swisher, 2002).

6.2.1.3 Bio-retention Area

Small bio-retention areas have been implemented in the parking lot of the new
SALA building within the Fox Hollow Watershed, and the facility is lined and
underdrained. The bio-retention areas are very small as compared to the bio-retention
area implementation in the Mitchell Tract and Flower Garden areas. Thus, the design
recommendations specified in The Bio-retention Manual (Prince George’s County, 2001)
were followed in the modeling scenarios for the bio-retention areas used in this
simulation study.

Planting soil used for the bio-retention areas is assumed to be 55% sand, 25%
topsoil, and 20% leaf compost. Depth of the planting soil is set as 1.2 m (4 ft), and the
total porosity for the planting soil is 0.40. The pH of the planting soil should be 5.5-6.5
and organic content 1.5-3.0%. Three species each of both trees and shrubs are assumed to
be planted in the bio-retention areas at a density of 2500 trees and shrubs per hectare
(1000 per acre), and the shrub to tree ratio is set at 2:1 to 3:1. The average distance
between trees is specified as 3.7 m (12 ft) and 2.4 m (8 ft) for the shrubs (USEPA, 1999).
The maximum depth of surface ponding water in the bio-retention area is 0.15 m (6 in).
Overflow and the underdrain flows from the bio-retention area are discharged
downstream.
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6.3 Goals and Objectives

The goal of this portion of the research was to develop IMP representation
schemes in SWMM, and then to evaluate the potential runoff effects of implementing
LID scenarios in the post-development Fox Hollow Watershed. Specific objectives
include:

1. To develop algorithms for representing bio-retention area, green roof, and
porous pavement in the SWMM model,
2. To design a LID scenario for the post-development Fox Hollow Watershed,
and to evaluate the LID hydrologic effects using FHW-SWMM, and
3. To compare the runoff conditions (peak flow and total runoff) from LID
implementation to those from both the pre-development and post-development
(without LID) runoff conditions in the FHW.

6.4 Methodology

Algorithms for representing bio-retention areas, green roofs, and porous pavement
in the SWMM model relative to physical processes of the IMPs were first developed
based on information available from references. One LID scenario consisting of bioretention area, green roof, and porous pavement was represented in the post-development
Fox Hollow Watershed. The FHW-SWMM model was used to simulate the hydrologic
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impacts of the LID scenario, and the runoff from the LID scenario was then compared to
the pre- and post-development site runoff, as simulated using the calibrated FHWSWMM.

6.4.1 Representation of Bio-retention Areas in SWMM

6.4.1.1 Physical Processes in a Bio-retention Area

A simplified representation of the physical processes in a bio-retention area is
shown in Figure 6.1. As shown in the figure, the major hydrologic processes in a bioretention area consist of infiltration into the planting soil, percolation to the natural soil,
underdrain discharge, ponding on top of the bio-retention area basin, and overflow as the
ponding volume is exceeded. The underdrain discharge and the percolation process stop
when the planting soil water content becomes equal to or less than the field capacity.
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Figure 6.1: The simplified physical processes in a bio-retention area (after Tetra Tech,
2005).

The major hydrologic processes in a bio-retention area can be represented with
two modules: a planting soil mix module and a ponding area module. As runoff enters the
planting soil mix module the inflow is directed to either infiltration or ponding, by
comparing the inflow rate to the infiltration rate of the planting soil mix. If the inflow rate
is less than the planting soil infiltration rate, water will infiltrate into the planting soil and
all the inflow is routed to the planting soil mix module. When the inflow rate exceeds the
planting soil infiltration rate, excess inflow will be ponded. The planting soil mix module
also accounts for the underdrain discharge and percolation processes, which occur only
when the planting soil mix field capacity is exceeded. The ponding area module receives
the runoff that is in excess of infiltration capacity of the planting soil mix. Water
exceeding the ponding capacity becomes overflow from the bio-retention, and the ponded
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water also infiltrates back into the planting soil as water leaves the planting soil mix
through percolation and underdrain discharge.

6.4.1.2 Representing Bio-Retention Areas in SWMM

A representation scheme for bio-retention in SWMM is illustrated in Figure 6.2.
As shown in the figure, the representation consists of existing SWMM components
including storage unit, flow divider, outlet, orifice, and outfall. The planting soil mix
module representation includes a storage unit (Storage Unit 1), an overflow orifice
(Overflow 1), a percolation outlet (Percolation 1), and an underdrain orifice (Underdrain
1). The ponding area module representation is composed of a storage unit (Storage Unit
2), an overflow orifice (Overflow 2), an orifice that represents ponding water infiltration
to the planting soil mix (Infiltration 1), and a flow divider (Divider 2). Divider 2
separates the infiltrated ponding water between percolation (Percolation 2) and
underdrain (Underdrain 2). Percolation to the natural soil from the planting soil mix is
routed to outfall components (Outfalls 1 and 2), which do not contribute to surface runoff.
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Figure 6.2: The representation of a bio-retention area in the SWMM model.

In the representation scheme, inflow to the bio-retention is routed to Divider 1
first. A threshold cutoff flow rate (m3/s or cfs) is set for Divider 1 to separate the inflow
for infiltration (planting soil mix module) and ponding (ponding area module). The cutoff
flow rate is calculated as the bio-retention cell surface area (m2 or ft2) multiplied by the
planting soil mix infiltration rate (m/hr or in/hr), which is assumed to be constant over
time in this representation. Flow to the planting soil mix module is routed to Storage
Unit 1, the area of which is the same as the bio-retention surface area. The depth of
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Storage Unit 1 is the effective storage depth (heff) of the planting soil mix, which is
calculated as the planting soil mix depth multiplied by the porosity. Overflow from
Storage Unit 1 is routed to the ponding area module (Overflow 1). Percolation to the
natural soil and the underlain drainage occur only after the planting soil mix field
capacity is exceeded. A constant percolation rate is assumed, and the rate is calculated as
the surface of the bio-retention multiplied by the natural soil infiltration rate (m/hr or
in/hr), again assumed to be constant with time in this representation. The underdrain from
the bio-retention is represented as an orifice (Underdrain 1).

Runoff that is in excess of the rate of infiltration into the soil mix module is
routed to the ponding area module (Storage Unit 2), and the storage unit has an area that
is the same as the bio-retention area. As a common design, the depth of Storage Unit 2, or
the ponding depth of a bio-retention area, is 15.2 cm (6 in). Overflow from the bioretention is routed downstream (Overflow 2). Ponded water infiltrates into the planting
soil mix at the planting soil mix infiltration rate as soon as water leaves the planting soil
mix through percolation or underdrain. The infiltrated water is routed to a flow divider
(Divider 2), which separates the water for percolation (Percolation 2) and underdrain. The
water percolation rate is the same as that for Percolation 1, and as in the representation
for Storage Unit 1, any excess water goes through the underdrain (Underdrain 2).

The infiltration of water from the ponding area into the planting soil mix is
represented by an orifice (Infiltration 1). The diameter of the orifice to be used is
calculated using the following equations:
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d=

4a

π

(6.1)

where
d = diameter for the orifice that represents ponding area infiltration (m or

ft), and
a = cross-sectional area of the orifice (m2 or ft2).

The cross-sectional area a in Equation 6.1 is calculated as:
a=

Q
C 2 ghavg

(6.2)

where
Q = infiltration rate from the ponding area into the planting soil mix (m3/s
or cfs),
C = orifice discharge coefficient, assumed to be 0.6,
g = constant of gravity, 9.81 m/s2 (32.2 ft/s2), and
havg = average hydraulic head (m or ft).

In Equation 6.2, the infiltration rate Q (m3/s) is calculated as the surface area (m2
or ft2) of the bio-retention multiplied with the planting soil infiltration rate at saturation
(m/s or in/hr). As a simplification, the average hydraulic head, havg, is calculated as half
of the ponding area depth, which is usually 7.6 cm (3 in). Since infiltration to planting
soil mix from the ponding area should occur only after the field capacity is exceeded (the
condition that initiates the percolation and underdrain discharge processes), a control rule
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is specified in SWMM to operate the Infiltration 1 orifice. The control rule is specified as
the following:

RULE InfilOrifice1
IF NODE (Storage Unit 1) DEPTH >= (hfc)
THEN (Infiltration 1) SETTING = 1
RULE InfilOrifice2
IF NODE (Storage Unit 1) DEPTH < (hfc)
THEN (Infiltration 1) SETTING = 0

As the control rule indicates, Infiltration 1 is turned on only when the depth of
water in Storage Unit 1 exceeds the equivalent depth of planting soil mix field capacity
(hfc) (the condition that initiates the percolation and underdrain processes), and the orifice
is turned off once the depth of water in Storage Unit 1 is below hfc as a result of
percolation and underlain drainage.

The bio-retention is assumed to have a 0.15 m (6 in) depth of ponding area and a
0.76 m (30 in) depth of planting soil mix, underlain with 0.30 m (12 in) of gravel layer.
Porosity for both the planting soil mix and the gravel layer are assumed to be 40%. The
infiltration rate for the planting soil is assumed to be 0.10 m/hr (4 in/hr), and the
infiltration rate for the gravel layer is assumed to be 0.36 m/hr (14 in/hr).
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6.4.2 Representation of Green Roof in SWMM

6.4.2.1 Physical Processes on a Green Roof

As rain falls onto a green roof, water first infiltrates into the growth medium of
the green roof. Only when rainfall intensity exceeds the infiltration rate of the growth
medium, will surface runoff occur on the green roof. The infiltrated water first fills up the
porosity of the growth medium, and then the excess water moves through the growth
medium and is collected through the drainage layer of the green roof. A simplified green
roof system is shown in Figure 6.3.

Rainfall

Overflow

Storage
Discharge

Figure 6.3: The schematic drawing of a simplified green roof system (after Tetra Tech,
2005).
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6.4.2.2 Representing Green Roof in the SWMM Model

The SWMM representation for the hydrologic processes in a green roof is
illustrated in Figure 6.4. As shown, the representation consists of a flow divider
(Diversion 1) and a storage unit (Storage Unit 1). At Diversion 1, the rainfall intensity
(m/hr or in/hr) is compared to the growth medium infiltration rate, which is approximated
as the green roof surface area (m2 or ft2) multiplied by the hydraulic conductivity of the
growth medium (m/hr or in/hr). When rainfall intensity exceeds the growth medium
infiltration rate, the excess rainfall becomes runoff and is directly routed downstream.
When the rainfall rate is less than the infiltration rate of the green roof, water is routed to
Storage Unit 1, which has a surface area that is the same as the green roof area and an
effective depth that is calculated as the growth medium depth multiplied by the porosity.
If the infiltrated water exceeds the volume of Storage Unit 1, the excess water discharges
downstream through the underlain drainage system of the green roof.
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Figure 6.4: A simplified representation of a green roof system for use with the SWMM
model.

The depth of growth medium for the green roof is assumed to be 114 mm (4.5 in)
and the total porosity of the growth medium (35%, assuming all of the pore space is
available for storage at the time of the start of precipitation). The infiltration rate of the
growth medium is assumed to be of 0.52 m/hr (20.31 in/hr) (VanWoert et al., 2005).

6.4.3 Representing Porous Pavement in the SWMM Model

6.4.3.1 Physical Processes on a Porous Pavement

When rain falls onto a porous pavement, the water infiltrates into the porous
pavement and then enters the underground stone reservoir. As the pore spaces in the
underground stone reservoir are filled, water percolates into the natural soil. During this
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process, runoff occurs if rainfall intensity exceeds the infiltration rate of the porous
pavement. A schematic drawing of the physical processes on a porous pavement is shown
in Figure 6.5.

Rainfall

Overflow

infiltration

Underdrain

Percolation
Figure 6.5: A schematic drawing of a simplified porous pavement system (after Tetra
Tech, 2005).

6.4.3.2 Representing Porous Pavement in the SWMM Model

The SWMM representation for porous pavement consists of two dividers and two
storage units, which are illustrated in Figure 6.6. As shown in the figure, rain falling onto
the porous pavement is first routed to Divider 1, where the rainfall intensity is compared
to the infiltration rate of the porous pavement. If the infiltration rate of the porous
pavement is exceeded, the excess rainfall is routed downstream. The rain that infiltrates
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into the porous pavement is routed to Storage Unit 1, which has a surface area that is the
same as the porous pavement area and a maximum depth that is equal to the stone
reservoir depth multiplied by the porosity.

Figure 6.6: The representation of porous pavement in SWMM model.

After the total capacity of Storage Unit 1 is filled, the excess flow is routed to
Divider 2. Incoming flow rate to Divider 2 is compared to the saturated hydraulic
conductivity of the natural soil. Inflow equal to or below the infiltration rate to the natural
soil is routed to Storage Unit 2, which represents the storage of the natural soil (and is
assumed to be unlimited for the duration of any rain event considered herein). Inflow to
Divider 2 that exceeds the percolation rate to the natural soil is routed downstream into
the storm drainage system.
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The porous pavement is assumed to be 1.01 m (40 in) in depth, with a porosity of
26% and an infiltration rate of 0.39 m/hr (15.52 in/hr).

6.4.4 Testing of the IMP representation schemes
The fidelity of the SWMM representation schemes for bio-retention and porous
pavement was tested against monitoring data from the University of New Hampshire
Stormwater Center annual report (UNHSC, 2007). Long-term (2004 to 2006) average
peak flow reduction performances for selected BMPs are documented in the annual report.
The green roof representation scheme was not tested due to a lack of monitoring data at
UNHSC.

The hourly rainfall data for the three year duration (01/01/2004–12/31/2006) that
matches the UNHSC monitoring period were acquired from the nearby (24 kilometers, or
15 miles) Rochester Airport, New Hampshire (COOP ID: 277253). The SWMM
representations for bio-retention and porous pavement were run for the duration and the
inflow and outflow hydrographs from each event were compiled for the bio-retention and
the porous pavement. The peak flow reduction percentage was then calculated for each
event and then averaged across the three-year period. The average peak flow reductions
for bio-retention and porous pavement were then compared to the UNHSC report values.
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As for the 73 events that occurred during 01/01/2004 to 12/31/2006, the SWMM
bio-retention representation predicted outflow for 55 events (with 18 events being fully
captured by the bio-retention basin). The SWMM porous pavement representation
predicted outflow for 50 events (with 23 events being fully captured). A comparison of
the average peak flow reductions from the SWMM representations to the UNHSC
observed values is summarized in Table 6.1. As shown in the table, the SWMM
representations for bio-retention and porous pavement have a satisfactory match of
performances to the UNHSC report values, thereby indicating that these representations
have some credibility, even if they are simplifications of reality.

Table 6.1: Comparison of the long-term SWMM representation predictions and
monitored data for IMPs of bio-retention and porous pavement.
Bio-retention
Porous pavement

Average peak flow reduction percentages
UNH report
SWMM representation
82%
77%
68%
77%

Difference
-5%
9%

6.4.5 Hydrologic Impacts of LID Implementation in the Post-Development Fox
Hollow Watershed

6.4.5.1 The LID Scenario Layout

A LID scenario consisting of green roofs, porous pavement areas, and bioretention areas was assumed for the post-development Mitchell Tract and Flower Garden
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areas (Figure 6.7). In the LID scenario, porous pavement was assumed to be implemented
on 100% of the parking lot areas. Green roof was implemented on all building rooftops.
A 90% upper limit was set for the green roof coverage on a rooftop (with 10% of the
rooftop being allocated for possible ventilation installations). Four bio-retention areas
were also used in the LID scenario. A surface area was assumed for the bio-retention area
at each of the four sites on the basis of available pervious spaces. The total areas of each
IMP in the LID scenario are summarized in Table 6.2. The stormwater systems in the
LID scenario are illustrated in the next section.

Bio-retention area

Green roof

Porous Pavement

Figure 6.7: The assumed LID scenario for the post-development Mitchell Tract and
Flower Garden Areas.
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Table 6.2: Total areas of IMPs in the LID scenario.
IMP
Green roofs
Porous pavement areas
Bio-retention areas

Area (hectares)
6.21
4.51
1.78

6.4.5.2 Stormwater Systems in the Post-Development FHW with LID

The stormwater system layout for the post-development watershed with LID
implementation is shown in Figure 6.8. Flow arrows are used to represent the flow
directions in the post-development watershed with LID implementation. As shown, flow
from the Residential Area (located adjacent to and upstream from the Mitchell Tract) is
routed to a bio-retention area (BA#1) located in the Mitchell Tract area. Runoff from two
nearby building rooftops (GR#1 and #2) is also routed to BA#1. Overflow from BA#1, if
any, is routed to a bio-retention area (BA#3) that receives runoff from a nearby building
(GR#4) and a parking lot alongside Park Avenue (PP#2). Another bio-retention area
(BA#2) receives flow from one nearby building (GR#3) and parking lot (PP#1), and the
overflow is discharged to BA#3. The overflow from BA#3 is routed to Node A, which is
the same Node A as specified in Figures 5.2 and 5.3. Node A is connected to the Station
#1 stormwater system, as shown in Figure 5.2. In the Flower Garden area, runoff from
the Student Parking area (PP#3) is routed to a bio-retention area (BA#4), along with
runoff from two nearby buildings (GR#5 and #6). Overflow from BA#4 is routed to Node
B, which is the same Node B as previously shown in Figures 5.2 and 5.3. Node B is then
connected to the Station #2 system as shown in Figure 5.2.

185

GR#1

PP#1
BA#2
PP#3

BA#1

GR#3
GR#4

GR#2

GR#6

BA#3

BA#4
GR#5

PP#2

Figure 6.8: Schematic drawing of drainage system in the post-development Mitchell
Tract and Flower Garden Areas with the implementation of the assumed LID scenario.

6.4.6 Hydrologic Impacts of the LID Scenario

The LID scenario illustrated in Figure 6.8 was represented in the postdevelopment FHW-SWMM model, hereafter referred to as FHW-SWMM-LID. The
representations of green roof, porous pavement, and bio-retention area in the FHWSWMM-LID model followed the algorithms proposed in Section 6.4.1 through 6.4.3. A
copy of the FHW-SWMM-LID model is included in Appendix B.

The same design events (1-year, 2-year, 10-year, and 100-year 24-hour design
rainfall) used for evaluating pre- and post-development watershed runoff conditions were
used to assess the hydrologic impacts from the LID scenario implementation. The LID
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scenario runoff conditions at Nodes A, B, and C were compared to those from the preand post-development runoff for all design events.

6.5 Results and Discussion

The FHW-SWMM-LID model was used to evaluate the LID runoff for the 1-year,
2-year, 10-year, and 100-year 24-hour design events. Runoff conditions from the LID
scenario were then compared to those from the pre- and post-development watershed
conditions at locations of Nodes A, B, and C. Hydrographs comparing the predevelopment, post-development, and the LID scenario runoff for each design event are
presented below. Quantified comparisons and discussions of the pre-development, postdevelopment, and the LID flow for all the design events are summarized later in this
section.

6.5.1 Runoff from the LID Scenario for the 1-year 24-hour Design Event

The 1-year 24-hour design rainfall was used to run the FHW-SWMM-LID model.
Total depth of the design event is 53.34 mm (2.1 in), and the peak rainfall intensity of the
design event is 0.027 mm/s (3.79 in/hr). A copy of the design rainfall data is included in
Appendix A. The LID scenario flow at Node A, where flow from the Mitchell Tract area
is observed, is plotted against the post-development flow in Figure 6.9. There is no flow
that enters the stormwater system from the pre-development Mitchell Tract area due to

187
the depression storage areas present prior to any development. For purposes of this
discussion, under the developed condition, it is assumed that the closed depression
recharge areas have been removed from the system and hence surface runoff would enter
the stormwater drainage system.

As shown in Figure 6.9, the LID scenario peak flow rate at Node A is 0.2 m3/s
(8.3 cfs), which is an 89% decrease from the post-development peak flow rate of 2.2 m3/s
(75.6 cfs). The timing of the peak flow from the LID scenario is also 65 minutes later
than that from the post-development Mitchell Tract runoff. The total runoff volume from
the LID scenario is 1.67×103 m3 (5.90×104 ft3), which is an 83% decrease from the postdevelopment total runoff volume of 9.71×103 m3 (3.43×105 ft3).
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Figure 6.9: Comparison between the post-development flow and the LID scenario flow at
Node A for the 1-year 24-hour design event.
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At Node B, where the LID scenario flow from the Flower Garden area is observed,
the LID scenario retains all the runoff from the Flower Garden area, and thus no runoff
enters the stormwater system.

The LID scenario flow at Node C is shown in Figure 6.10, where the LID
scenario flow hydrograph is plotted against the pre-development and post-development
flow hydrographs. As shown in the figure, the LID scenario peak flow rate is 3.0 m3/s
(1.07×102 cfs), which is a 40% decrease from the post-development peak flow rate of 5.1
m3/s (1.79×102 cfs) and is essentially the same as the pre-development scenario peak flow.
The LID scenario total runoff volume at Node C is 2.02×104 m3 (7.12×105 ft3), which is a
34% decrease from the post-development total runoff volume of 3.08×104 m3 (1.09×106
ft3) and is a 10% increase from the pre-development total runoff volume of 1.85×104 m3
(6.53×105 ft3).

When comparing the post-development with LID scenario to the pre-development
flow conditions, the LID scenario flow has the same peak flow rate as the predevelopment flow, and the total runoff volume of the LID scenario is 9% more than that
from the pre-development runoff. The LID scenario flow in Figure 6.10 has two peaks,
and the second peak reflects the flow from Node A. As previously shown in Figure 6.10,
the timing of the LID scenario peak flow is 65 minutes after that of the post-development
peak flow at Node A. Thus, when the LID scenario flow from Node A is connected to the
Station #1 flow system, a two-peak hydrograph is created by combining the Node A flow
with the flow from the remaining University Area watershed. The two-peak hydrograph
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is then routed downstream to Station #1 and then to Node C, resulting in the hydrograph
shown in Figure 6.10.
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Figure 6.10: Comparison between the pre-development, post-development, and the LID
scenario flow at Node C for the 1-year 24-hour design event.

6.5.2 Runoff from the LID Scenario for the 2-year 24-hour Design Event

Total depth of the 2-year 24-hour design event is 63.50 mm (2.5 in), and the peak
rainfall intensity of the design event is 0.032 mm/s (4.52 in/hr). The LID scenario runoff
at Nodes A, B, and C were predicted.
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The LID scenario flow at Node A is plotted against the post-development flow in
Figure 6.11. As shown, the LID scenario peak flow rate at Node A is 0.5 m3/s (17.7 cfs),
which is an 80% decrease from the post-development peak flow rate of 2.6 m3/s (90.4
cfs). The LID scenario total runoff volume is 3.07×103 m3 (1.09×105 ft3), which is a 75%
decrease from the post-development runoff volume of 1.24×104 m3 (4.37×105 ft3). Figure
6.11 also shows that the timing of the LID scenario peak flow is 45 minutes later than
that of the post-development peak flow, which results from detention of runoff in green
roofs and bio-retention areas.
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Figure 6.11: Comparison between the post-development flow and the LID scenario flow
at Node A for the 2-year 24-hour design event.
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The FHW-SWMM-LID model simulation indicates that there is no runoff at Node
B, which means that the LID layout in the Flower Garden area retains and infiltrates all
the runoff from the 2-year 24-hour design event. There is no runoff from the predevelopment Flower Garden area due to depression storage and infiltration in the critical
recharge areas (as previously discussed in Chapter 4), and thus the LID scenario
maintains the pre-development runoff conditions at Node B.

The FHW-SWMM-LID model simulation of flow at Node C is shown in Figure
6.12, in which the pre- and post-development flow hydrographs are also plotted. As
shown in Figure 6.12, the LID scenario peak flow rate at Node C is 3.8 m3/s (1.36×102
cfs), which is the same as the pre-development peak flow rate and is a 35% decrease from
the post-development peak flow rate of 6.0 m3/s (2.10×102 cfs). The LID scenario total
runoff volume at Node C is 2.69×104 m3 (9.49×105 ft3), and that is a 31% decrease from
the post-development total runoff volume of 3.91×104 m3 (1.38×106 ft3). When compared
to the pre-development total runoff volume of 2.38×104 m3 (8.41×105 ft3), the LID
scenario total runoff volume increased by 13%. Figure 6.12 also shows that the LID
scenario flow at Node C has two peaks, similar to the flow hydrograph resulting from the
1 year design event (and for the same reasons).
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Figure 6.12: Comparison between the pre-development, post-development, and the LID
scenario flow at Node C for the 2-year 24-hour design event.

6.5.3 Runoff from the LID Scenario for the 10-year 24-hour Design Event

Total depth of the 10-year 24-hour design event is 91.44 mm (3.6 in), and the
peak rainfall intensity of the design event is 0.046 mm/s (6.51 in/hr). Flow conditions at
Nodes A, B, and C were predicted by the FHW-SWMM-LID model.

As shown in Figure 6.13, the LID scenario peak flow rate at Node A is 1.5 m3/s
(51.8 cfs), which is a 67% decrease from the post-development peak flow rate of 4.45
m3/s (1.57×102 cfs). The timing of the LID scenario peak flow is 25 minutes after that of
the post-development peak flow. The LID scenario total runoff volume at Node A is

193
7.66×103 m3 (2.71×105 ft3), which is a 61% decrease from the post-development total
runoff volume of 1.95×104 m3 (6.87×105 ft3).
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Figure 6.13: Comparison between the post-development flow and the LID scenario flow
at Node A for the 10-year 24-hour design event.

The FHW-SWMM-LID model simulation results indicate that there is no runoff
at Node B, which means that the Flower Garden LID scenario layout retains all the
surface runoff from the Flower Garden area. Since there is no runoff from the predevelopment Flower Garden areas due to depression storages, the LID scenario results in
a runoff condition that matches the pre-development runoff at Node B for the 10-year 24hour design event.

The LID scenario flow at Node C is shown in Figure 6.14, in which the predevelopment and post-development flow hydrographs are also plotted.
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Figure 6.14: Comparison between the pre-development, post-development, and the LID
scenario flow at Node C for the 10-year 24-hour design event.
As shown, the LID scenario peak flow rate at Node C is 6.3 m3/s (2.23×102 cfs),
which is equal to the pre-development peak flow rate. The LID scenario total runoff
volume is 4.66×104 m3 (1.65×106 ft3) which is 20% more than the pre-development total
runoff volume of 3.89×104 m3 (1.38×106 ft3). When compared to the post-development
runoff conditions, the LID scenario peak flow rate is 27% less than the post-development
peak flow rate of 8.7 m3/s (3.07×102 cfs), and the LID total runoff volume is 27% less
than the post-development total runoff volume of 6.36×104 m3 (2.25×106 ft3). The LID
scenario flow at Node C also has a second peak, which reflects the detention effects
provided by the Mitchell Tract LID layout.
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6.5.4 Runoff from the LID Scenario for the 100-year 24-hour Design Event

Total depth of precipitation for the 100-year 24-hour design event is 134.62 mm
(5.3 in), and the peak rainfall intensity of the design event is 0.068 mm/s (9.58 in/hr). The
LID scenario flow hydrographs were predicted for Nodes A, B, and C.

As shown in Figure 6.15, the LID scenario peak flow rate at Node A is 3.3 m3/s
(1.18×102 cfs), which is a 46% decrease from the post-development peak flow rate of 6.1
m3/s (2.17×102 cfs). The timing of the LID scenario peak flow is 15 minutes after that of
the post-development peak flow. The LID scenario total runoff volume at Node A is
1.60×104 m3 (5.65×105 ft3), which is a 46% decrease from the post-development total
runoff volume of 2.97×104 m3 (1.05×106 ft3).
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Figure 6.15: Comparison between the post-development flow and the LID scenario flow
at Node A for the 100-year 24-hour design event.
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The FHW-SWMM-LID predicted flow plotted against the post-development flow
at Node B is shown in Figure 6.16. As seen, the LID scenario peak flow at Node B is 0.2
m3/s (5.2 cfs), which is a 95% decrease from the post-development peak flow rate of 2.8
m3/s (99.1 cfs). The timing of the LID scenario peak flow is 65 minutes after that of the
post-development peak flow. The LID scenario total runoff volume at Node B is
1.46×103 m3 (5.16×104 ft3), which is a 84% decrease from the post-development total
runoff volume of 9.00×103 m3 (3.18×105 ft3).
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Figure 6.16: Comparison between the post-development flow and the LID scenario flow
at Node B for the 100-year 24-hour design event.

The LID scenario for the 100-year 24-hour design flow at Node C plotted against
the pre-development and post-development flow is shown in Figure 6.17. As seen, the
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LID scenario flow at Node C is 10.0 m3/s (3.53×102 cfs), which is a 22% decrease from
the post-development peak flow rate of 12.9 m3/s (4.55×102 cfs). The LID scenario total
runoff volume is 7.87×104 m3 (2.78×106 ft3), which is a 17% decrease from the postdevelopment total runoff volume of 9.50×104 m3 (3.36×106 ft3). Compared to the predevelopment runoff conditions, the LID scenario peak flow rate is the same as the predevelopment peak flow, and the LID total runoff volume is a 26% increase from the predevelopment total runoff volume of 6.26×104 m3 (2.21×106 ft3).
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Figure 6.17: Comparison between the pre-development, post-development, and the LID
scenario flow at Node C for the 100-year 24-hour design event.
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6.5.5 Hydrologic Impacts of the LID Scenario for All Design Events

The LID scenario peak rate and volume of runoff conditions at Node A for the 1year, 2-year, 10-year, and 100-year 24-hour design events are summarized in Table 6.3
and Table 6.4, respectively. The LID scenario flows are also compared to the flow
conditions from the pre- and post-development watershed conditions.

As shown in Table 6.3, the LID scenario is capable of reducing the peak flow
rates and of delaying the timing of peak flows from the post-development Mitchell Tract
area. As the magnitude of the design rainfall increases, the extent of the reduction of
post-development peak flow rate by the LID scenario decreases. The lag between the
timing of the LID scenario peak flow and that of the post-development peak flow also
decreases as the design rainfall magnitude increases. As shown in Table 6.4, the LID
scenario is capable of reducing the post-development total runoff volume, and the
reduction of the post-development total runoff volume decreases as the magnitude of
design rainfall increases.

Table 6.3: Comparison of LID scenario peak flow rates to those from the pre- and postdevelopment runoff conditions at Node A.
24-hr design
events
1-year
2-year
10-year
100-year

Pre-dev.*
0
0
0
0

Peak flow (m3/s)
Post-dev.
2.2
2.6
4.5
6.1

LID
0.2
0.5
1.5
3.3

LID-post
% change
Delay of peak
-89%
65 minutes
-80%
45 minutes
-67%
25 minutes
-46%
15 minutes

*All surface runoff drains to closed depression area where infiltration occurs.
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Table 6.4: Comparison of LID scenario total runoff volumes to that from the pre- and
post-development runoff conditions at Node A.
24-hr design
events
1-year
2-year
10-year
100-year

Pre-dev.
0
0
0
0

Total volume (m3)
Post-dev.
9.71×103
1.24×104
1.95×104
2.97×104

LID
1.67×103
3.07×103
7.66×103
1.60×104

%change
(LID-post)
-83%
-75%
-61%
-46%

The reductions of post-development peak flow rate and total runoff volume with
the implementation of the selected LID scenario can be explained by the functionalities
of IMPs in the LID scenario. For example, in the post-development watershed, all of the
rainfall falling onto a 100% impervious building rooftop is converted to runoff. In the
LID scenario with green roof being implemented on the same rooftop, the rainfall
infiltrates into the green roof and fills the porous spaces in the green roof growth medium.
Only when the rainfall intensity is larger than the green roof infiltration rate (which never
happens for the four design events) or the growth medium porous spaces are filled, will
runoff be generated from the green roof. With time rainfall captured by the green roof
growth medium returns to the atmosphere through evapotranspiration and does not
contribute to surface runoff. Thus, the total runoff volume and peak flow rate from the
green roof decreases when compared to the runoff from the post-development rooftop.
Since rainfall needs to fill the green roof growth medium porous spaces before runoff is
generated, the runoff from a green roof is delayed when compared to the postdevelopment rooftop runoff.

Similar peak flow and total runoff volume reduction effects are also provided by
porous pavement and bio-retention areas, through the pore spaces and/or ponding volume
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in the two IMPs. In an LID scenario layout consisting of green roof, porous pavement,
and bio-retention area, the composite hydrologic effects result in a hydrograph that has
lower peak flow rate, smaller total runoff volume, and delayed timing of peak flow as
compared to the post-development runoff hydrograph. When the LID scenario flow with
delayed timing at Node A is combined with flow from the University Campus area, a
two-peak hydrograph is created and then routed downstream.

Table 6.3 and Table 6.4 show that the reduction in peak flow rate and total runoff
decreases as the magnitude of design storm increases. The reason for this is that as the
rainfall magnitude increases, more runoff is generated from the Residential Area and the
Mitchell Tract area. But at the same time the storage volume (i.e. porous spaces in the
green roof growth medium, the porous pavement storage space, and the bio-retention area
planting soil) and detaining capabilities (i.e. the storage volume on top of the bioretention area) of the LID scenario are fixed. Thus, the relative percentage of runoff being
held in the IMPs is less as the total runoff volume increases, and this is reflected with the
declining percentage reduction to the post-development total runoff volume and peak
flow rate as shown in Table 6.3 and Table 6.4.

Table 6.3 shows that the delay in the timing of LID scenario peak flow (as
compared to the post-development runoff) decreases as the rainfall magnitude increases.
This can also be explained with the fixed storage volume provided by the LID scenario
relative to increased runoff from the adjacent areas. During each time step of a design
storm, the runoff from the 1-year 24-hour design storm is less than that from the 100-year
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24-hour design storm event due to the larger rainfall amount in the 100-year 24-hour
design event. Thus, the time to fill up the LID scenario storage volume in the 1-year 24hour design event is longer than that in the 100-year 24-hour design event. Since the peak
flow at Node A occurs only after the LID scenario storage volume is filled, the delay in
the timing of peak flow decreases as the rainfall magnitude increases.

The LID scenario peak flow rates and total runoff volumes at Node B for the four
design events is shown in Table 6.5 and Table 6.6, respectively. The pre- and postdevelopment runoff conditions at Node B are also compared to the LID scenario flow in
the two tables. As shown, the LID scenario is capable of retaining 100% of the postdevelopment runoff from the Flower Garden area for all the design events except for the
100-year 24-hour rainfall. During the 100-year 24-hour design event, the LID scenario
reduces the post-development peak flow rate and total runoff volume by 95% and 84%,
respectively. The timing of LID scenario peak flow is 65 minutes after that of the postdevelopment peak flow during the 100-year 24-hour design event.

Table 6.5: Comparison of LID scenario peak flow rates to those from the pre- and postdevelopment runoff conditions at Node B.
24-hr design
events
1-year
2-year
10-year
100-year

Pre-dev.
0
0
0
0

Peak flow (m3/s)
Post-dev.
0.8
1.0
1.7
2.8

LID
0
0
0
0.2

LID-post
% change
Delay of peak
-100%
--100%
--100%
--95%
65 minutes
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Table 6.6: Comparison of LID scenario total runoff volumes to that from the pre- and
post-development runoff conditions at Node B.
24-hr design
events
1-year
2-year
10-year
100-year

Pre-dev.
0
0
0
0

Total volume (m3)
Post-dev.
2.56×103
3.31×103
5.46×103
9.00×103

LID
0
0
0
1.46×103

%change
(LID-post)
-100%
-100%
-100%
-84%

Table 6.5 and Table 6.6 indicate that the proposed LID scenario provides a
storage volume that is larger than the total runoff during the 1-year, 2-year, and 10-year
design events. There is no runoff from these three events because the runoff either
infiltrates into the IMP porous spaces (i.e. green roof growth medium) or is retained in
the IMP ponding storages (i.e. storage volume on top of the bio-retention area). In the
100-year 24-hour design event, however, the runoff volume exceeds the storage volumes
provided by the LID scenario and thus overflow is predicted. But the timing of LID
scenario peak flow is delayed by 65 minutes, as compared to the timing of the postdevelopment peak flow, mainly due to porous spaces as well as ponding volume provided
in various IMPs.

The watershed level hydrologic impacts from the implementation of the LID
scenario are summarized in Table 6.7 and Table 6.8, in which the LID scenario flow at
Node C is compared to the pre-development flow and post-development flow for all four
design events.
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Table 6.7: Comparison of LID scenario peak flow rates to those from the pre- and postdevelopment runoff conditions at Node C.
24-hr design
events
1-year
2-year
10-year
100-year

Peak flow rate (m3/s)
Pre-dev.
Post-dev.
3.0
5.1
3.8
6.0
6.3
8.7
10.0
12.9

LID
3.0
3.8
6.3
10.0

% change
LID-pre
LID-post
0%
-40%
0%
-35%
0%
-27%
0%
-22%

Table 6.8: Comparison of LID scenario total runoff volumes to that from the pre- and
post-development runoff conditions at Node C.
24-hr design
events
1-year
2-year
10-year
100-year

Runoff volume (m3)
Pre-dev.
Post-dev.
LID
1.85×104
3.08×104
2.02×104
2.38×104
3.91×104
2.69×104
3.89×104
6.36×104
4.66×104
4
4
6.26×10
9.50×10
7.87×104

% change
LID-pre
LID-post
9%
-34%
13%
-31%
20%
-27%
26%
-17%

As shown in Table 6.7, the LID scenario is capable of reducing the postdevelopment peak flow to the pre-development level for all four design events. The
percentage of reduction of peak flow for the LID scenario compared to the postdevelopment decreases as the design rainfall magnitude increases. Table 6.8 shows that
the LID scenario is capable of reducing the post-development total runoff volume for all
four design events, but the reduced total runoff volume is still greater than the
corresponding pre-development watershed runoff volume. As the rainfall magnitude
increases, the percentage of reduction of the LID scenario compared to the postdevelopment total runoff volume decreases. The LID scenario total runoff volume
increases as compared to the pre-development total runoff volume as the rainfall
magnitude rises with lower frequency design events.
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The runoff conditions observed at Node C reflect the composite LID scenario
effects on runoff conditions at Nodes A and B. As observed at Nodes A and B, the LID
scenario reduces the post-development peak flow rate and total runoff volume as
compared to the post-development conditions, and the percentage of reduction decreases
as the design rainfall magnitude increases. A similar trend is observed at Node C, where
peak flow rate and total runoff volume for the LID scenario are less than for the postdevelopment peak flow rate and total runoff volume. When compared to the predevelopment watershed conditions, the LID scenario peak flow rates at Node C remain
the same as the pre-development peak flow rates for all four design events. This is jointly
caused by the IMP effects in delaying runoff and by the fact that the University Campus
area (upstream of Node A) consists of about 50% of the total impervious areas in the
FHW watershed. Runoff from the University Campus area accounts for a majority of the
total runoff, and the conditions of this area remains unchanged between the pre- and postdevelopment conditions (i.e. this portion of the watershed has already been developed).
Thus, when the LID scenario runoff hydrograph (reflecting the delay effects) from Node
A is added to the runoff hydrograph from the University Campus area, a two-peak
hydrograph is created. The higher peak of the two-peak hydrograph represents the flow
from the University Campus area, and the secondary peak represents contribution from
Node A, which is delayed in time. The addition of the flow hydrograph from Node B
(receiving runoff from the Flower Garden area), if any, does not change the first peak
either due to the delay effects of IMPs. Therefore, the LID scenario peak flow rates from
Node A and Node B are not reflected in the convoluted hydrograph at Node C, and thus
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the peak flow rates at Node C from the LID scenario are the same as those from the predevelopment conditions.

The LID scenario proposed for the post-development FHW meets the Borough of
State College ordinance on stormwater management, which requires that the postdevelopment peak flow rates should not exceed those from the pre-development
watershed for 1-year, 2-year, 10-year, and 100-year, 24 hour design events (Ordinance
1741, Section 112, Borough of State College).

6.6 Summary and Conclusions

A LID scenario was assumed and applied to the post-development FHW in this
portion of research. Relatively simple, physically-based algorithms for representing
integrated management practices (IMPs) in the SWMM model were developed. A model
with LID representation in the post-development FHW-SWMM model, FHW-SWMMLID, was developed to represent the designed LID scenario. One-year, 2-year, 10-year,
and 100-year 24-hour design events were used to evaluate the runoff conditions from the
LID scenario, and the LID scenario runoff conditions were compared to the pre- and
post-development runoff conditions at Nodes A, B, and C of the FHW.

Simulation results from the FHW-SWMM-LID model showed that the LID
scenario was capable of reducing the peak flow rates and the total runoff volumes for all
four design events as compared to the post-development watershed condition with no
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control whatsoever. At the outlet of the Mitchell Tract (Node A), the LID scenario
reduction of peak flow rate, as compared to post-development conditions, ranged from
89% for 1-year, 24-hour design rainfall to 46% for 100-year, 24-hour design rainfall. The
total runoff volume reduction ranged from 83% for 1-year, 24-hour design rainfall to
46% for 100-year, 24-hour design rainfall. At Node B, the LID scenario completely
retained runoff from three of the four design events, with only the 100-year, 24-hour
design event producing runoff from the site. At a larger watershed level (as indicated by
flows at Node C), the LID scenario peak flow rates were equal to the pre-development
peak flow rates for all four design events. The increase of total runoff volume from the
pre-development total runoff rose from 9% for the 1-year, 24-hour design rainfall to 26%
for 100-year, 24-hour design rainfall.

As previously shown in Chapter 5, the post-development watershed runoff
(without incorporation of any stormwater IMPs) had a significant increase in both peak
flow rate and total runoff volume. The simulation results in this chapter showed that
implementation of an LID scenario can help manage the post-development watershed
runoff to meet existing State College Borough stormwater ordinances, which prescribe
that post-development runoff peak rates to be equal to or less than pre-development peak
flow rates. The simulation results also showed that even though the LID scenario could
help maintain the pre-development peak flow rate in the post-development watershed, the
total runoff volume still increased from the pre-development runoff conditions due to the
loss of infiltration and recharge areas in Mitchell Tract and Flower Garden areas.
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Chapter 7
Multi-Objective Optimization of Low Impact Development Scenarios in the PostDevelopment Fox Hollow Watershed

7.1 Abstract
A multi-objective optimization framework was developed for choosing the most
cost-effective LID scenarios in post-development watersheds. A generic form of the
optimization framework was designed by embedding the previously developed SWMM
representations of LIDs as a subroutine into the ε-NSGAII algorithm. The developed
optimization framework was capable of identifying the tradeoff curve between the total
cost and the total runoff volume for post-development watersheds, using the predevelopment peak flow rate at Node C as a constraint. Total cost of the LID scenarios
consisted of the initial construction cost and the operation and maintenance (O&M) cost
of the various IMPs over a 25-year life cycle. The optimization framework was applied to
the post-development Fox Hollow Watershed, and optimal LID scenarios were identified
for 1-year, 2-year, 10-year, and 100-year 24-hour design rainfall events. The number of
optimal LID scenarios identified was 27, 20, 23, and 23 for the 1- to 100-year 24-hour
design events, respectively. As the design event magnitudes increase, the sizes of IMPs in
the optimal LID scenarios and the associated costs also increase. Within each design
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event, the marginal return in total runoff reduction decreases as the total cost increases.
The bio-retention area was the preferred IMP used to form optimal LID scenarios during
the optimization process. This was mainly due to the fact that the bio-retention area
receives and treats runoff from surrounding areas. The results demonstrated that the
optimization framework accounted for the spatial distribution of IMPs. The optimization
framework is a powerful tool to assist decision-makers and stormwater engineers in
identifying the most cost-effective stormwater management practices for an area based on
prescribed constraints. The generic format of the framework also allows for easy transfer
of the application to other watersheds.

7.2 Introduction

7.2.1 Multi-Objective Optimization in Urban Stormwater Management
Urban stormwater management is often characterized with competing and
sometimes conflicting objectives. For example, a municipality might need to look for the
most effective stormwater management practices (maximum reduction in peak flow rate
and total runoff volume) within a certain budget. The peak flow rate, total runoff volume,
and the total cost are non-combinatorial objectives in such cases, and they may be, and
often are, equally important to the decision-makers. Usually there are no single solutions
to these multi-objective optimization problems, but rather a set of solutions that consist of
the tradeoff surface between the several objectives (Zitzler and Thiele, 1998). Traditional
optimization algorithms, such as hill-climbing and linear programming, are found to be
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not as efficient as modern heuristics when solving the multi-objective optimization
problems (Fonseca and Fleming, 1995). Modern optimization algorithms including
genetic algorithm, scatter search, tabu search, and simulated annealing require no
derivative or gradient information about the problem and are capable of handling
problems with stochastic, temporal, or chaotic components (Dias and Vasconcelos, 2002;
Harrell and Ranjithan, 2003).

Genetic algorithm is one of the most commonly used techniques for optimizing
stormwater management practices (Zhen et al., 2004). For example, a GA-based method
was used to optimize the layout of wet detention ponds at the watershed level (Harrell
and Ranjithan, 2003). Pedini et al. (2005) linked a GA to a Curve Number (CN) based
hydrologic model, and the number and locations of best management practices (BMPs) in
an urban watershed were optimized. Tospornsampan et al. (2005) used a combination of
a GA and dynamic programming to optimize the operation of a multi-reservoir system for
the Mae Klong River, Thailand. Maringanti et al. (2008) linked GA to the Soil and Water
Assessment Tool (SWAT) model to identify the cost-effective buffer strip
implementation strategies to reach optimal pesticide level control in Wildcat Watershed,
Indiana.

Previous studies in urban stormwater management were mainly focused on
optimizing a single type of IMP, rather than optimizing several types of IMPs used
simultaneously at the watershed level. Optimization of detention pond and land use
planning was carried out by Harrell and Ranjithan (2003), who used a simple genetic
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algorithm (GA) to generate a cost-effective detention pond configuration within
subcatchments of a watershed in order to reach target water quality control. Zhen et al.
(2004) investigated the optimization of location and sizing of stormwater basins at the
watershed scale. The scatter search method was used to build the optimization model, and
a trade-off curve between the total cost and the reduction in pollutants was identified in
the study (Zhen et al., 2004). Each of these approaches focused on optimizing a single
type of detention or infiltration integrated management practice (IMP) in a watershed.
Few studies were located in the literature to optimize LID scenarios, which consist of
small-scale and distributed IMPs of both detention and infiltration types, at the watershed
level. Hipp et al. (2006) optimized the placement of filtration practices in Santa Ana
Watershed, California in order to accommodate the TMDLs. The study demonstrated that
the optimized filtration practices locations could help meet TMDL targets for Total
Suspend Solids (TSS), Cadmium (Cd), and Copper (Cu) simultaneously. Blass (2007)
used linear programming to optimize generic BMPs in Maryland, using literature values
for BMP pollutant percentage removal.

7.2.2 Cost of LID Scenarios
The total cost of a LID scenario includes the initial capital costs and the operation
and maintenance (O&M) costs for IMPs in the scenario. The capital costs typically
include the land costs, engineering planning and design costs, construction costs, and the
costs for environmental mitigation. Only the construction costs are used herein to
represent the capital costs for analysis purposes in that the land costs, engineering costs,
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and the costs for environmental mitigation are highly site specific (Sample et al., 2003)
and can vary substantially.

Typical construction costs for a green roof consist of the waterproof membrane,
protection layer, coarse-grained drainage media, pre-cultivated vegetation mat, and the
overflow structure (USEPA, 1999). Maintenance costs for a green roof include irrigation
as needed during plant establishment; weeding, fertilization, and in-filling of plants when
necessary; and two annual inspections after the plants are established (PADEP, 2006).
For a green roof all of these are additional costs to a conventional roof, and only these
additional aspects are considered as part of the green roof costs.

The construction costs of a bio-retention area are composed of excavation of the
basin, preparation of the planting soil mix, purchase of geotextile, mulch, trees, and
shrubs, and the construction of the hydraulic structure (USEPA, 1999). Maintenance
costs for a bio-retention area include annual inspections for sediment buildup, erosion,
and vegetative conditions; replacement of mulch when erosion is evident; and removal of
weeds and dead plants when necessary (PADEP, 2006).

Typical construction costs of porous pavement consist of the excavation of the
underground reservoir, geotextile, ground sand layer and the gravel layer (AASHTO No.
3), porous asphalt, and the overflow hydraulic structure (USEPA, 1999). Maintenance
costs for the porous pavement include vacuuming the pavement (typically twice a year);
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maintaining planted areas close to the pavement; and immediate cleaning of soil
deposited on the pavement (PADEP, 2006).

The construction cost and O&M cost data for various IMPs are available through
different sources (USEPA, 1993; Heaney et al., 2002; Sample et al., 2003; Wossink and
Hunt, 2003; USEPA, 2004a). A more recent study by the LID Center summarizes the
construction cost and O&M cost for various IMPs (Table 7.1). The cost estimation
assumes a 25-year life span of the IMPs and includes the replacement cost of IMPs at the
25th year. For simplification purposes, the cost estimation also assumes no value
depreciation for simplification purposes.

Table 7.1: Costs for bio-retention, porous pavement, and green roof utilized in the
optimization analyses (based on 2005 $ as noted in LID Center, 2005).
IMPs
Bio-retention
Porous pavement
Green roof
¶
ξ

Construction cost, $
179.37*Aξ
59.29*A
123.52*A

Annual O&M cost¶, $
13.45*A
4.73*A
5.70*A

The annualized O&M cost includes the costs for replacement of IMP at year 25.
A is the surface area of an IMP, in m2.

7.2.3 Optimization of LID in the Fox Hollow Watershed
Previous modeling work in the Fox Hollow Watershed provides the basis for the
development of an LID optimization framework. A FHW-SWMM-LID model was
developed to assess the hydrologic impacts of LID scenario implementation in the postdevelopment FHW (Chapter 6). Three types of IMPs, including green roof, porous
pavement, and bio-retention area, were used to form the LID scenario. The IMPs were
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implemented up to the maximum area allowed at thirteen locations in the postdevelopment Mitchell Tract and Flower Garden areas. Evaluation of flow conditions at
the watershed level showed that an optimized LID scenario was capable of maintaining
the pre-development peak flow rate during all four design events. Source code for the
FHW-SWMM-LID model is available in Visual C++, in which the IMP areas can be
defined through a string of values, each of which represents the areal size of each IMP.
The IMP area string can be modified through an external dimension, with each string in
the dimension representing a LID scenario. In essence, the FHW-SWMM-LID model can
be built as a subroutine within the optimization framework to be called for evaluating
various LID scenarios.

Local stormwater management regulations need to be followed when evaluating
possible LID scenarios in post-development watersheds. As specified in Ordinance 1741
(Section 110) of the Borough of State College, the post-development watershed peak
flow rate should not exceed that of pre-development watershed peak flow rate for design
events of 1-year, 2-year, 10-year, and 100-year 24-hour design events. Thus, if a LID
optimization framework were developed, the pre-development watershed peak flow rate
should be set as a constraint. The LID scenarios that result in a peak flow rate larger than
the pre-development watershed peak flow rate should be penalized and eliminated from
the optimization process.
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7.3 Goal and Objectives

The goal of this portion of the study was to develop a multi-objective
optimization framework for identifying cost-effective LID scenarios in the postdevelopment watersheds. Specific objectives were to:

1. Develop the objective equations constituting the optimization problem,
2. Develop the linkage between the FHW-SWMM-LID model and the ε-NSGAII
algorithm, and
3. Identify the tradeoff curve between the total cost and total runoff volume from
the LID scenario for the FHW, while maintaining the pre-development
watershed peak flow rate.

The hypothesis of this study was that the tradeoff between the total costs and the
post-development watershed total runoff volume could be identified through a multiobjective optimization framework, using the pre-development peak flow rate as a
constraint.

7.4 Methodology

Equations defining the LID optimization problem were first developed in this part
of the study. A generic LID optimization framework was outlined and the pseudo-code
for the optimization process was developed. In the optimization framework, the FHW-
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SWMM-LID model was set as a subroutine to the ε-NSGAII algorithm. Following the
pseudo-code, the optimization framework was developed in the Visual C++ environment,
linking the source codes of FHW-SWMM-LID and ε-NSGAII. The optimization
framework was applied to optimizing LID scenarios in the post-development FHW. The
objective was to minimize both the LID scenario total cost and total runoff volume from
the watershed, using the pre-development peak flow rate as a constraint. The design
events of 1-year, 2-year, 10-year, and 100-year 24-hour rainfall were used to carry out the
optimization.

7.4.1 The Generic Problem Formulation

Given a watershed with m possible locations for IMP implementations and n IMP
types to select for building LID scenarios, the optimization of various LID scenarios can
be stated as:

Objectives:
m

min

n

∑∑ C
i =1 j =1

min

i

j

( sij ) * yij

(7.1)

VLID

(7.2)

Subject to:
Qp LID ≤ Qp pre

yij = {0,1} and

(7.3)
n

∑y
j =1

i

j

= {0,1}

∀i, j

(7.4)
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sij ∈ Si

∀i, j

(7.5)

where Ci j =cost of IMP type j at location i, sij =the size of IMP type j at location i,

y ij =binary variable that indicates whether IMP type j will be selected or not at location i,
VLID=total runoff volume from the LID scenario, QpLID=peak flow rate from the LID
scenario, Qppre=pre-development watershed peak flow rate, Si =feasible range of IMP
sizes at location i, m=total number of possible locations to apply IMP techniques, and

n=total number of available IMP techniques.

7.4.2 The LID Optimization Framework

An overview of the LID optimization framework is shown in Figure 7.1, in which
the FHW-SWMM-LID model is added as a subroutine to the ε-NSGAII algorithm. The
shaded block in Figure 7.1 is the FHW-SWMM-LID model, and the rest of the blocks are
the ε-NSGAII algorithm.

At the beginning of the optimization process, the ε-NSGAII algorithm generates a
population of LID scenarios and sends these to the FHW-SWMM-LID model for
simulation. The FHW-SWMM-LID predicts the peak flow rate and total runoff volume
of each LID scenario, and the results are sent back to the ε-NSGAII algorithm for
evaluation and selection. Best solutions found are stored in an offline archive. The
mutation and crossover operators are then applied to the current LID scenarios, and a
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child population of LID scenarios is created. The loop continues until the maximum
number of function evaluations is reached. The LID scenario population size is adjusted
through a population injection scheme during the process.

Figure 7.1: The LID optimization framework incorporating FHW-SWMM-LID into the
ε-NSGAII algorithm.
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Pseudo-code for the LID optimization framework is shown in Figure 7.2. As
shown, the ε-NSGAII algorithm reads in the FHW-SWMM-LID model input in the
beginning, and then uses a two-tier loop structure to carry out the optimization process.
The outside loop uses the maximum number of function evaluations (nfe) supplied by the
user as the stopping criteria. At the beginning of the outside loop, an initial population (N)
of LID scenarios is randomly generated. Each individual in the population is a string of
real numbers that represent a coded LID scenario. Each number in the string corresponds
to the size of a specific IMP in the LID scenario. After the first generation of LID
scenarios is generated, the FHW-SWMM-LID model sub-routine is called to estimate the
peak flow rate and total runoff volume from each LID scenario in the population.
Meanwhile, the total cost of each LID scenario is calculated using the cost function for
each IMP in the scenario. The peak flow rate from each LID is compared to the predevelopment watershed peak flow. If the LID scenario peak flow rate is larger than the
pre-development peak flow, then the LID scenario is penalized by adding 1012 to both the
total runoff volume and total cost. The LID scenarios are then ranked in the ε-NSGAII
algorithm using a fast ε-non-dominant sorting strategy (Deb et al., 2002). Since the
optimization process is to minimize the total cost and total runoff volume from the
watershed, the penalized LID scenarios are ranked at the last during the sorting. The
mutation and crossover operators are then applied to the LID individuals to create a child
population.
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Figure 7.2: Pseudo-code of the LID scenario optimization framework.

The number of iterations of the inside loop is decided by another user-supplied
parameter, the maximum number of generations per run. At the beginning of the inside
loop, the parent and child populations from the outside loop are combined. The combined
population (2N) of LID scenarios is sent to the FHW-SWMM-LID model for peak flow
and total runoff volume estimations. Meanwhile, the cost of each LID scenario is
calculated by summing the cost of each IMP in the LID scenario. The peak flow from
each LID scenario is compared to the pre-development watershed peak flow. The LID
scenarios with a peak flow larger than the pre-development watershed peak flow are
penalized by adding 1012 to the total cost and total runoff volume, respectively. The εnon-dominant sorting is then applied to the combined population of LID individuals, and
the best solutions are stored in an offline archive. The first N LID scenarios in the sorted
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2N population then become the updated parent population. Tournament selection,
simulated binary crossover and polynomial mutation are then applied to the updated
parent population, and a new child population (N) is created. The child and parent
populations are then combined and a new loop begins. After the maximum number of
generations per run is reached, the inside loop stops and the population size (N) is
updated with reference to the size of best solutions archive. If M best LID scenarios are
kept in the archive, then 3M more LID scenarios are generated randomly and combined
with the M existing solutions. Thus, a new population size of 4M is used to replace the
former population size of N. This population injection approach is used by the ε-NSGAII
algorithm not only to preserve the best solutions ever found but also to introduce
diversity into the solution population (Deb et al., 2002).

The LID optimization process finishes when the maximum number of function
evaluations (nfe), as specified by the user, is reached. At the end of the optimization
process, the solutions retained in the archive of best solutions are the non-dominated
Pareto-front of LID scenarios.

7.4.3 Application of the LID Optimization Framework

7.4.3.1 Formulation of LID Scenarios
The LID scenario layout (Figure 7.3) in the FHW-SWMM-LID model was used
for the optimization process. As shown in Figure 7.3, three types of IMPs, namely the
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green roof, porous pavement, and the bio-retention area, are used to form LID scenarios
in the post-development Mitchell Tract and Flower Garden areas. The stormwater flow
system in the LID scenario is as previously shown in Figure 6.8. The change of IMP
aerial sizes results in different LID scenarios, and the optimization process is to identify
the optimal combinations of IMP sizes (note that some IMPs could have a size of zero,
indicating they are not selected at a given location).

The percentages of IMP areas to the corresponding site areas are used to represent
IMP sizes, instead of using the real IMP area values. This is because when generating
random LID scenarios in the ε-NSGAII algorithm, the use of area ratio between 0 and 1
saves computation time. The areas of the six green roofs vary from zero to 90% of the six
corresponding rooftop areas. The remaining 10% of rooftops are reserved for the
ventilation installations and are not utilized for green roof plantings. The areas of the
three porous pavements vary from zero to 100% of the corresponding parking lot area.
The areas of the four bio-retention areas vary from zero to 100% of the maximum area
allowed at the four corresponding site locations. Area changes of all IMPs are set at a
10% interval (i.e. 0%, 10%, 20%, etc.). A total number of thirteen IMPs are used in the
development representation, as shown in Figure 7.3. The maximum areas of these IMPs
are shown in Table 7.2.
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GR#1

PP#1
BA #3

BA #1

PP #3

GR#3
GR#6

GR#4

GR#2

BA #2
PP#2

Bioretention area

Green roof

GR#5
BA #4

Porous Pavement

Figure 7.3: Potential locations of IMPs in the post-development Mitchell Tract and
Flower Garden areas.

Table 7.2. Maximum areas of individual IMPs in the LID scenario.
IMP*
Maximum area (hectare)
IMP
Maximum area (hectare)
PP#1
1.48
GR#5
0.99
PP#2
0.92
GR#6
1.35
PP#3
2.11
BA#1
0.51
GR#1
1.36
BA#2
0.34
GR#2
1.16
BA#3
0.33
GR#3
0.80
BA#4
0.60
GR#4
0.55
* PP represents porous pavement, GR represents green roof, and BA represents bioretention area.

With IMP areas being represented with ratios of the maximum areas allowed, a
string of thirteen real numbers between 0 and 1 characterizes a LID scenario (Figure 7.4).
A one-to-one projection is established between the numbers in the string and the IMPs on
the ground. As shown in Figure 7.4, each LID scenario string is divided into three
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sections for representing the IMPs in the order of porous pavement, green roof, and the
bio-retention area. The first three entries in the string represent the percentages of porous
pavement implementations on parking lots #1, #2, and #3, respectively. The next six
entries are the percentages of green roof implementations on rooftops #1 to #6, and the
last four entries are the percentages of bio-retention surface areas to the maximum areas
allowed at the locations BA#1 to BA#4. As for the LID scenario in Figure 7.4, the
percentages of porous pavement implementations are 10% and 70% on parking lots #1
and #2, respectively. A 0% is specified for parking lot #3, and thus no porous pavement
is implemented on parking lot #3. Similarly, green roof is implemented on rooftops #1 to
#5 with the percentages of 40%, 60%, 80%, 20%, 60%, and 90% of total roof areas
available, respectively. The bio-retention surface areas are at 20%, 40%, 50%, and 80%,
respectively, to the maximum area allowed at the four locations of BA#1 to BA#4.

0.1

0.7
0.0
0.4
0.6
0.8
0.2
0.6
0.9
0.2
0.4
0.5
0.8
Figure 7.4: Sample individual with information of IMP types and sizes in an LID
scenario.

7.4.3.2 Objectives for the Optimization Process
The objective of the LID optimization framework is to minimize the total runoff
volume and the total cost for the LID scenario, while maintaining the pre-development
peak flow rate. The total cost for a LID scenario is calculated by adding the cost of all
IMPs in the LID. With the current generic optimization framework setup, various life
span years for IMPs can be evaluated. In this study, a 25-year life span is assumed for all
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three IMPs when calculating the O&M costs. The total runoff volume and peak flow rate
at Node C in Figure 7.5 is used to represent the composite runoff from the watershed
during the optimization process. This is consistent with a practical case where a large
portion of a watershed has already been developed, but one is interested in determining
an optimal LID scenario for some additional area for which urban development is
planned.

Outlet

Node C
Station #2

Node A

Node B

Station #1

University Drive

Figure 7.5: Locations of Node A, B, and C in the post-development Fox Hollow
Watershed.

7.4.3.3 Parameter Settings for the Optimization Process
Parameters required for running the optimization framework include the initial
population size, maximum population size, maximum generations per run, maximum
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number of function evaluations, probability for crossover, and probability for mutation.
The parameter settings for the optimization framework in this study are shown in Table
7.3.

Table 7.3: Parameter settings for the LID optimization framework in the Mitchell Tract
and Flower Garden sub-areas of the Fox Hollow Watershed.
Parameters
Initial population size
Maximum population size
Maximum generations per run
Maximum number of function evaluations
Probability for crossover
Probability for mutation

Value
40
300
20
10,000
1.0
0.0333

7.5 Results and Discussion

The LID optimization framework was applied to the FHW to identify the
tradeoffs between the total LID scenario cost and the total runoff volume, using the predevelopment peak flow rate at Node C as a constraint. The optimization process was
conducted using the 1-year, 2-year, 10-year, and 100-year, 24 hour design events.
Tradeoff curves between the total LID scenario cost and the total runoff volume were
generated. Optimal LID scenarios identified through the optimization process were listed,
and the IMP components in selected LID scenarios were illustrated. The evaluation of a
single LID scenario took 6 seconds on an AMD Athlon 2.00 GHz desktop computer, and
an optimization process of 10,000 function evaluations took 14.2 hours to finish.
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7.5.1 Optimal LID Scenarios for the 1-year 24-hour Design Event

The 1-year 24-hour design rainfall event was used to run the LID optimization
framework. The pre-development peak flow rate of 3.0 m3/s (106.7 cfs) was used as the
constraint during the optimization process, and LID scenarios with a peak flow rate larger
than 3.0 m3/s were penalized. At the end of the optimization process, a total number of 27
LID scenarios were identified as the tradeoff between the total runoff volume and the
total cost. The 27 optimal LID scenarios are plotted against the rest of the LID scenarios
in Figure 7.6.

26000
All LID scenarios evaluated
Near-optimal LID scenarios identified

25500

Total runoff (m3)

25000
24500
24000
23500
23000
22500
22000
21500
0
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20

25
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Total cost (million $)

Figure 7.6: The tradeoff between the LID scenario total cost and total runoff volume for
the 1-year 24-hour design event in the FHW (Pre-development total runoff volume was
18,500 m3).
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As shown in Figure 7.6, the optimal LID scenarios form a tradeoff curve between
the total LID scenario cost and the total runoff volume. The tradeoff curve shows that as
the total cost increases, the total runoff volume from the watershed decreases, and
becomes closer to the runoff volume from the pre-development conditions. This is
consistent with how the LIDs function in a post-development watershed. As the sizes of
IMPs in a LID scenario increases, a higher percentage of surface runoff is detained and
infiltrated in the IMPs, and thus less total runoff volume discharges to Node C. The
increase in sizes of IMPs means the increase of IMP costs, and thus the increase in total
LID scenario cost. The tradeoff front in Figure 7.6 also shows that as the total cost
increases, the marginal return in total runoff volume decreases.

Figure 7.6 also underscores the necessity of using optimization algorithms when
evaluating stormwater management alternatives. As shown in the figure, when the total
watershed runoff is 22,500 m3, the corresponding LID scenario cost varies from about $7
million to about $28 million. The optimization process can help identify the least costly
scenario and thus save money. The total runoff volume and total cost of the 27 optimal
scenarios are shown in Table 7.4. The area percentages of IMPs in the optimal LID
scenarios are shown in Table 7.5, in which the LID scenarios are ranked in the ascending
order of total cost.

As shown in Table 7.5, the IMP area percentages in the lowest-cost LID scenario
(LID #1) are relatively low when compared to other LID scenarios. As the LID scenario
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cost increases (and thus the decrease of total runoff volume), the area percentage of at
least one IMP in the LID scenario increases. The area percentages of IMPs in the highestcost LID scenario (LID #27) are overall higher than or equal to those of the
corresponding IMPs in the lowest-cost LID scenario (LID #1).

Table 7.4: The total cost and total runoff volume for optimal LID scenarios in the 1-year
24-hour design event.
LID scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26
#27

Total cost (million $)
4.57
4.83
4.97
5.11
5.28
5.45
5.54
5.63
5.81
5.99
6.07
6.25
6.34
6.41
6.50
6.60
6.77
6.85
6.95
7.03
7.12
7.21
7.38
8.21
8.89
9.52
11.26

Total runoff volume (m3)
24998
24762
24320
24225
23978
23822
23757
23677
23530
23405
23343
23217
23158
23104
23048
22977
22867
22825
22760
22710
22648
22604
22494
22160
22139
22107
22083
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Table 7.5: Optimal LID scenarios identified for the 1-year 24-hour design event.
LID
scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26
#27

Porous pavement
#1
#2
#3
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.1 0.1
0.1 0.2 0.2
0.1 0.3 0.2
0.1 0.2 0.2
0.5 0.4 0.3

#1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

#2
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Green roof
#3
#4
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.0
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1

#5
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.2

#6
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Bio-retention area
#1
#2
#3
#4
0.6 0.4 0.0 0.0
0.7 0.4 0.0 0.0
0.5 0.6 0.0 0.1
0.6 0.4 0.0 0.1
0.6 0.4 0.0 0.1
0.6 0.5 0.0 0.1
0.7 0.4 0.0 0.1
0.6 0.6 0.0 0.1
0.6 0.7 0.0 0.1
0.6 0.8 0.0 0.1
0.7 0.7 0.0 0.1
0.7 0.8 0.0 0.1
0.6 1.0 0.0 0.1
0.9 0.6 0.0 0.1
1.0 0.5 0.0 0.1
0.7 1.0 0.0 0.1
0.9 0.9 0.0 0.1
1.0 0.7 0.0 0.1
0.9 0.9 0.0 0.1
1.0 0.8 0.0 0.1
0.9 1.0 0.0 0.1
1.0 0.9 0.0 0.1
1.0 1.0 0.0 0.1
1.0 1.0 0.0 0.1
1.0 1.0 0.3 0.1
1.0 1.0 0.4 0.3
1.0 1.0 0.4 0.3

The IMP size ratios for the LID scenarios #1, #10, #20, and #27 are illustrated in
Figure 7.7. Each category of IMP, namely porous pavement, green roof, and bio-retention
area, is shown in the same color. The IMP number (i.e. PP#1, PP#2, and PP#3) increases
from left to right in each group. For example, in LID scenario 27 of Figure 7.7, the first
three columns represent porous pavements #1, #2, and #3, respectively; the next six
columns represent green roofs #1 through #6; and the last four columns represent bioretention areas #1 through #4.
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Figure 7.7: IMP components in selected optimal LID scenarios for the 1-year 24-hour
design event.

As shown in Figure 7.7, the area percentages of bio-retention area BA#1 and
BA#2 are often higher than those of other IMPs in the four selected LID scenarios. The
relatively higher percentages of the bio-retention area can be explained by the locations
of the bio-retention areas. All the four bio-retention areas are designed to detain and
infiltrate the surface runoff from surrounding areas, whereas the green roof and porous
pavement are designed to reduce surface runoff from a particular site (i.e. rooftop or
parking lot). When comparing the effects on runoff conditions, the effects of the bioretention area are more “regional” and the effects of green roof and the porous pavement
are more “local.” The optimization process is to search for the cost-effective stormwater
management practices, and that is the reason that the bio-retention area IMP is preferred
during the optimization. Among the four bio-retention areas, bio-retention #1 treats
runoff from College Heights and bio-retention #2 treats runoff from the whole Mitchell
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Tract Area. In comparison, bio-retention areas #3 and #4 are more “localized” and treat
smaller areas as compared to bio-retention areas #1 and #2. This explains why bioretention areas #1 and #2 are always selected with higher percentages than bio-retention
areas #3 and #4, since the implementation of bio-retention areas at locations #1 and #2 is
relatively more cost-effective.

Figure 7.7 also shows that the area percentages for porous pavement become
higher than those for green roof as the total cost increases among the four selected LID
scenarios. This is mainly due to the fact that the unit cost for porous pavement is lower
than that of the green roof, as previously shown in Table 7.1.

7.5.2 Optimal LID Scenarios for the 2-year, 10-year, and 100-year 24-hour Design
Events

Similar to the analysis for the 1-year 24-hour design event, the LID optimization
framework was run for the 2-, 10-, and 100-year 24-hour design events as well. The
results are presented in the following sections. The final number of identified optimal
LID scenarios is different for each design event in that the offline archive of optimal
solutions (Figure 7.1) is subject to the optimization process and does not have a fixed size.
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7.5.2.1 Optimization Results for the 2-year 24-hour Design Event
The optimization process for the 2-year 24-hour used the pre-development peak
flow rate of 3.8 m3/s (135.9 cfs) at Node C as the constraint. A total number of 20
optimal solutions were identified at the end of the optimization process. The 20 LID
scenarios are plotted against the rest of LID scenario individuals in Figure 7.8. The 20
optimal LID scenarios identified are shown in Table 7.6, in which the LID scenarios are
ranked in the ascending order of the total cost. The IMP compositions of the 20 LIDs are
shown in Table 7.7.
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Figure 7.8: The tradeoff between the LID scenario total cost and total runoff volume for
the 2-year 24-hour design event in the FHW (Pre-development total runoff volume was
23,800 m3).
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Table 7.6: The total cost and total runoff volume for optimal LID scenarios in the 2-year
24-hour design event.
LID scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20

Total cost (million $)
5.89
6.07
6.35
6.37
6.49
6.84
6.93
7.19
7.33
7.50
7.76
7.94
8.29
8.45
8.66
9.20
9.37
10.14
11.12
12.57

Total runoff volume (m3)
31892
31561
30712
30663
30327
30210
30024
29964
29866
29686
29579
29456
29336
29323
29290
29264
29255
29236
29225
29208

The IMP compositions in four selected LID scenarios, LID #1, #10, #20, and #20,
are illustrated in Figure 7.9.
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Table 7.7: Optimal LID scenarios identified for the 2-year 24-hour design event.
LID
scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20

Porous pavement
#1
#2
#3
0.2 0.2 0.2
0.1 0.1 0.2
0.1 0.2 0.1
0.2 0.2 0.1
0.1 0.2 0.1
0.1 0.2 0.1
0.1 0.2 0.1
0.2 0.2 0.1
0.1 0.2 0.1
0.1 0.2 0.1
0.2 0.2 0.1
0.2 0.2 0.1
0.2 0.2 0.1
0.2 0.2 0.1
0.2 0.2 0.2
0.2 0.2 0.2
0.2 0.2 0.2
0.2 0.4 0.2
0.2 0.3 0.2
0.3 0.3 0.2

#1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.3
0.3

#2
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Green roof
#3
#4
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.1
0.1 0.2
0.1 0.1
0.2 0.1
0.2 0.2
0.1 0.3
0.1 0.2
0.3 0.2

#5
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.3
0.3

#6
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2

Bio-retention area
#1
#2
#3
#4
0.6 0.7 0.0 0.0
0.7 0.5 0.0 0.0
0.9 0.2 0.1 0.2
0.4 0.9 0.0 0.2
0.8 0.7 0.0 0.1
0.8 0.8 0.1 0.1
0.9 0.9 0.0 0.1
0.9 0.8 0.0 0.1
0.8 0.9 0.1 0.2
0.8 1.0 0.1 0.2
1.0 0.8 0.0 0.2
1.0 0.9 0.0 0.2
1.0 1.0 0.1 0.2
1.0 1.0 0.1 0.2
1.0 1.0 0.1 0.2
1.0 1.0 0.1 0.3
1.0 1.0 0.1 0.3
1.0 1.0 0.0 0.3
1.0 1.0 0.0 0.5
1.0 1.0 0.0 0.6
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Figure 7.9: IMP components in selected optimal LID scenarios for the 2-year 24-hour
design event.
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7.5.2.2 Optimization Results for the 10-year 24-hour Design Event
The LID scenario optimization framework was run using the 10-year 24-hour
design event. The pre-development watershed peak flow rate of 6.3 m3/s (222.8 cfs) at
Node C was used as the constraint. The optimization process identified 23 optimal
solutions at the end of the optimization process. The 23 solutions are plotted against the
rest of LID scenarios in Figure 7.10.
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Figure 7.10: The tradeoff between the LID scenario total cost and total runoff volume for
the 10-year 24-hour design event in the FHW (Pre-development total runoff volume was
38,900 m3).
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The 23 optimal LID scenarios identified are shown in Table 7.8, in which the LID
scenarios are ranked in the ascending order of the total cost. The IMP compositions of
the 23 LIDs are shown in Table 7.9.

Table 7.8: The total cost and total runoff volume for optimal LID scenarios in the 10-year
24-hour design event.
LID scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23

Total cost (million $)
7.93
8.29
8.75
8.84
9.28
9.39
9.82
10.05
10.22
10.40
10.60
10.74
11.21
11.39
11.66
12.03
12.11
12.35
12.61
12.98
13.60
15.56
23.56

Total runoff volume (m3)
53276
52705
52388
52219
52085
51908
51800
51578
51515
51469
51369
51245
51106
51068
51005
50938
50903
50854
50787
50746
50405
49935
49789
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Table 7.9: Optimal LID scenarios identified for the 10-year 24-hour design event.
LID
scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23

Porous pavement
#1
#2
#3
0.0 0.2 0.2
0.1 0.1 0.2
0.1 0.4 0.2
0.1 0.4 0.2
0.1 0.3 0.1
0.1 0.1 0.3
0.1 0.3 0.2
0.1 0.4 0.1
0.1 0.4 0.1
0.2 0.3 0.1
0.2 0.3 0.2
0.2 0.3 0.2
0.2 0.3 0.2
0.3 0.2 0.2
0.2 0.4 0.2
0.3 0.2 0.2
0.2 0.3 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.3
0.1 0.1 0.5
0.5 0.2 0.5
0.8 0.8 0.7

#1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.2
0.2
0.2
0.1
0.1
0.2

#2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.3
0.2
0.6

Green roof
#3
#4
0.1 0.1
0.2 0.2
0.1 0.2
0.1 0.1
0.0 0.2
0.1 0.1
0.1 0.1
0.1 0.2
0.1 0.2
0.1 0.2
0.1 0.2
0.1 0.1
0.1 0.2
0.2 0.1
0.1 0.2
0.2 0.5
0.2 0.5
0.3 0.3
0.2 0.5
0.2 0.5
0.2 0.3
0.2 0.5
0.7 0.4

#5
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.7

#6
0.2
0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.4
0.4
0.7

Bio-retention area
#1
#2
#3
#4
0.4 0.9 0.4 0.4
0.5 0.7 0.2 0.5
0.8 0.6 0.2 0.5
0.9 0.6 0.2 0.5
0.8 1.0 0.2 0.6
1.0 0.6 0.2 0.5
0.9 0.7 0.4 0.7
1.0 1.0 0.1 0.7
1.0 1.0 0.2 0.7
1.0 1.0 0.2 0.5
1.0 1.0 0.1 0.5
1.0 1.0 0.1 0.6
1.0 1.0 0.1 0.7
1.0 1.0 0.1 0.7
1.0 1.0 0.2 0.7
1.0 1.0 0.1 0.7
1.0 1.0 0.2 0.7
1.0 1.0 0.1 0.7
1.0 1.0 0.2 0.7
1.0 1.0 0.2 0.7
1.0 1.0 0.2 0.5
1.0 1.0 0.5 0.6
1.0 1.0 0.2 0.8

The IMP compositions in LID scenarios #1, #10, #20, and #23 are illustrated in
Figure 7.11.
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Figure 7.11: IMP components in selected optimal LID scenarios for the 10-year 24-hour
design event.

7.5.2.3 Optimization Results for the 100-year 24-hour Design Event
The LID scenario optimization framework was run using the 100-year 24-hour
design rainfall event. The pre-development watershed peak flow rate of 10.0 m3/s (352.9
cfs) at Node C was used as the constraint. The optimization process identified 23 optimal
solutions after evaluating 10,000 possible LID scenarios. The 23 solutions are plotted
against the rest of the LID scenarios in Figure 7.12.
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Figure 7.12: The tradeoff between the LID scenario total cost and total runoff volume for
the 100-year 24-hour design event in the FHW (Pre-development total runoff volume was
62,600 m3).

The 23 optimal LID scenarios identified are shown in Table 7.10, in which the
LID scenarios are ranked in the ascending order of the total cost. The IMP compositions
of the 23 LIDs are shown in Table 7.11.
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Table 7.10: The total cost and total runoff volume for optimal LID scenarios in the 100year 24-hour design event.
LID scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23

Total cost (million $)
6.82
7.08
7.42
7.55
7.72
8.19
8.25
8.43
8.66
8.83
8.88
9.05
9.40
9.56
9.97
10.37
10.73
11.13
11.34
12.05
12.68
18.31
20.47

Total runoff volume (m3)
87128
86763
86586
86290
86112
85949
85805
85667
85575
85400
85307
85071
84939
84819
84614
84499
84349
84199
84123
83972
83889
83775
83428

The IMP compositions in four selected LID scenarios, LID #1, LID #10, LID#20,
and LID#23, are illustrated in Figure 7.13.
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Table 7.11: Optimal LID scenarios identified for the 100-year 24-hour design event.
LID
scenario
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23

Porous pavement
#1
#2
#3
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.1
0.4 0.3 0.2
0.3 0.1 0.2
0.3 0.2 0.3
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.2
0.3 0.2 0.4
0.3 0.5 0.4
0.3 0.5 0.4
0.3 0.7 0.4
0.4 0.7 0.6

#1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.3

#2
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.3
0.3

Green roof
#3
#4
0.0 0.2
0.0 0.2
0.0 0.3
0.0 0.3
0.0 0.3
0.0 0.2
0.0 0.3
0.0 0.3
0.0 0.3
0.0 0.3
0.0 0.3
0.0 0.1
0.0 0.3
0.0 0.2
0.0 0.3
0.0 0.3
0.0 0.2
0.0 0.2
0.0 0.2
0.0 0.2
0.0 0.4
0.6 0.3
0.1 0.5

#5
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.4
0.8

#6
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.1
0.2
0.2
0.3
0.7

Bio-retention area
#1
#2
#3
#4
0.9 0.9 0.0 0.0
1.0 0.9 0.0 0.0
1.0 1.0 0.0 0.0
1.0 0.9 0.0 0.1
1.0 1.0 0.0 0.1
1.0 0.9 0.0 0.1
1.0 0.9 0.0 0.2
1.0 1.0 0.0 0.2
1.0 0.9 0.0 0.2
1.0 1.0 0.0 0.2
1.0 1.0 0.0 0.6
1.0 1.0 0.0 0.5
1.0 1.0 0.0 0.7
1.0 1.0 0.0 0.5
1.0 1.0 0.0 0.7
1.0 1.0 0.0 0.7
1.0 1.0 0.0 1.0
1.0 1.0 0.0 1.0
1.0 1.0 0.1 0.9
1.0 1.0 0.0 0.9
1.0 1.0 0.0 1.0
1.0 1.0 0.5 0.7
1.0 1.0 0.0 1.0
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Figure 7.13: IMP components in selected optimal LID scenarios for the 100-year 24-hour
design event.
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Overall, the optimization results for the 2-, 10-, and 100-year 24-hour design
events show a similar trend observed in the optimization results for the 1-year 24-hour
design event. That is, the area ratios for the IMPs and the total LID scenario costs
increase as the runoff volume decreases. As the total cost increases, the marginal return
of the total runoff volume reduction decreases. Among the IMPs, the bio-retention #1 and
#2 are always selected with higher area ratios, mainly due to the “regional” treatments
that they provide.

The optimization results demonstrated that cost-effective LID scenarios can be
identified for design rainfall events of different magnitudes using the optimization
framework. In general higher IMP size ratios were required for larger design rainfall
events. The identified near-optimal LID scenarios presented a suite of management
options to stormwater decision-makers and engineers. The near-optimal scenarios can
then be used as the basis for defendable stormwater management decisions with regard to
budget and benefits.

As a quick double-checking of the cost calculations during the optimization
process, the maximum possible total cost for the LID scenario in the FHW is calculated.
Tables 7.1 and 7.2 have the unit costs and maximum surface areas for the three IMPs of
bio-retention, green roof, and porous pavement, respectively. By multiplying the two
together, the maximum total costs for bio-retention, porous pavement, and green roof
(implemented onto 90% of rooftops) are 9.2 million, 8 million, and 14.9 million,
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respectively. The total cost for this maximum implementation of LIDs is $32.1 million.
For the 100-year 24-hour optimization results shown in Figure 7.12, the total costs of the
various LID scenarios are all less than the maximum cost of $32.1 million.

7.6 Summary and Conclusions

A LID optimization framework was developed to help identify the most costeffective LID scenario(s) for post-development watersheds. The optimization framework
linked the USEPA SWMM model to the GA optimizer of ε-NSGAII. Hydrologic impacts
(peak runoff rate and total runoff volume at a specific location) of each LID scenario
were evaluated using previously developed IMP representation schemes. The ε-NSGAII
algorithm internally generated new LID scenarios and intelligently searched through
possible LID scenario designs. The optimization framework was applied to the postdevelopment Fox Hollow Watershed for 1-, 2-, 10-, and 100-year 24 hour design rainfall
events.

The optimization framework was capable of identifying the tradeoff curve
between the total cost and the total runoff volume, while using the pre-development peak
flow rate as the constraint. A total number of 10,000 LID scenarios were evaluated for
each design event. A total number of 27 optimal LID scenarios were identified for the 1year 24-hour design rainfall. The number of optimal LID scenarios identified for 2-, 10-,
and 100-year design events was 20, 23, and 23, respectively. Bio-retention #1 and #2
were preferred over other IMPs to form the optimal LID scenarios, evidenced by the fact
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that the two bio-retentions always had higher area percentages than other IMPs. The
preferential selection of bio-retention was because the bio-retention areas treated runoff
from surrounding areas and thus had a relatively more “regional” effect in reducing the
total runoff volume.

The use of SWMM model for hydrologic simulations for watershed and IMPs
allows for the optimization framework to account for the spatial distribution of IMPs. The
placement and sizing of IMPs influences the watershed hydrograph due to convolution,
and the SWMM model accommodates both in the developed optimization framework. As
concluded in previous studies (Lee et al., 1999; Zhen et al., 2004; Muleta and Nicklow,
2005; Perez-Pedini et al., 2005), a distributed watershed representation is necessary when
describing the complicated spatial and temporal relationships between land simulation
and watershed peak flow reduction.

The developed optimization framework simplifies the decision-making process by
building the pre-development peak flow rates as a constraint into the optimization
problem. This ensures that the final tradeoff front contains scenarios that already meet the
stormwater ordinances. The search process is also expected to be more efficient through
the penalization of solutions that have peak flows higher than the pre-development peak
flow rates. Overall the developed optimization framework is expected to search through
more feasible solutions and result in a more efficient convergence.
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The LID optimization framework developed in this part of the study provides a
powerful and efficient tool for stormwater engineers and decision-makers to evaluate and
compare various LID scenarios. The generic format of the optimization framework
allows for easy transfer of the model to other watersheds.
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Chapter 8
Summary and Conclusions

A generic multi-objective optimization framework was developed in this study to
help identify cost-effective LID scenarios in post-development watersheds. The USEPA
SWMM Model was linked to the GA optimizer of ε-NSGAII in setting up the
optimization framework. The framework was tested in a post-development watershed in
central Pennsylvania, and demonstrated the capabilities of identifying the tradeoff front
between the total LID scenario cost and total watershed runoff volume, using the predevelopment peak flow rate as the constraint.

As one of the major components of the LID optimization framework, SWMM
representation schemes for IMPs of bio-retention, green roof, and porous pavement were
developed in this study. The representation schemes used existing SWMM components
and mimicked the physical processes such as ponding, infiltration, and percolation in
IMPs. The bio-retention and porous pavement representations were tested against longterm monitoring data from the University of New Hampshire Stormwater Center
(UNHSC, 2007). Comparisons showed that the bio-retention representation has a -5%
difference in average peak flow reductions and the porous pavement a 9% difference
against the monitored data.
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The Fox Hollow Watershed in Centre County, Pennsylvania was selected as the
case study watershed. A SWMM hydrologic model was set up for the watershed, and the
model was then parameterized through calibration for eight storm events and verified
using four independent events. The final parameterized model was deemed adequate for
further application for the optimization study. The calibrated hydrologic model provided
a basis for evaluating the watershed hydrologic responses from various development
scenarios and management practices. In an assumed post-development site layout, the
development of Mitchell Tract and Flower Garden areas in the Fox Hollow watershed
resulted in peak flow rate increases of 68%, 55%, 38%, and 29% at the watershed level
compared to pre-development conditions for 1-, 2-, 10-, and 100-year 24-hour design
events, respectively. A LID site layout was then assumed for the Mitchell and Flower
Garden subcatchments for the post-development Fox Hollow Watershed. The LID
scenario was able to reduce the post-development peak flow rate to the pre-development
level for all four design storms.

The developed LID optimization framework was run to identify the tradeoff
between total runoff volume and total LID scenario cost for 1-, 2-, 10-, and 100-year 24hour design events after 10,000 scenario evaluations. A total number of 27, 20, 23, and
23 near-optimal scenarios were identified for the four design events, respectively. The
number of near-optimal scenarios was different for the four events in that the ε-NSGAII
maintained an offline archive of optimal scenarios identified, and the archive size was
dynamic and subject to change according to the problem under optimization. The design
of setting the pre-development peak flow rate as a constraint in the optimization
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framework helps to make the search more efficient. The generic optimization framework
is also flexible and can be expanded to other optimization targets as well as be transferred
to other watersheds.

The developed LID optimization framework could be easily transferred to other
watersheds as well as other combinations of IMPs for the LID scenario compositions.
Since the SWMM model was built as a subroutine to the ε-NSGAII algorithm, watershed
models for other watersheds can be independently parameterized in SWMM and linked to
ε-NSGAII for optimization runs. With the developed IMP representation schemes in the
optimization framework, stormwater engineers as well as regulators could optimize on
appropriate combinations of IMPs and then choose the cost-effective management
practices for meeting specific stormwater ordinances.

In conclusion, this research demonstrated that the LID technology is capable of
managing post-development watershed peak flows to meet stormwater ordinances.
Within the SWMM model, simplified representations of individual IMPs can be
developed using the common features of flow divider, orifice, and storage units. The
representations can be reasonably configured and applied. The SWMM model can then
be used to represent the hydrologic benefits resulting from the LID scenario
implementations comprised of various IMPs. When linked to an efficient optimizer such
as ε-NSGAII, the SWMM-based LID representations can be utilized to evaluate and
search for the most cost-effective stormwater management alternatives. The tradeoff front
identified by the optimization framework can help with informational decision-making in
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stormwater management, such that more cost-effective combinations of IMPs (areal size
and spatial locations) can be selected for development. Even though only three IMPs
were used in this case study, additional IMPs such as wet pond, dry pond, grass swale, etc.
can also be represented in SWMM and, with appropriate aerial cost functions, then be
incorporated into the optimization framework.
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Chapter 9
Recommendations for Future Research

This study covered a range of inquiries that vary from SWMM model setup and
calibration, to IMP representation in SWMM, and to multi-objective optimization of LID
scenarios (combinations of IMP sizes and locations) for stormwater management. While
extensive efforts were made to investigate each subject as permitted by available
resources, some areas are expected to result in additional findings as future research
efforts evolve.

One area that deserves further attention is the representation schemes for IMPs,
and there are four immediate potential research needs in this area. As noted in Chapter 6,
the IMP representation schemes assumed a constant infiltration rate through the planting
soil mix of bio-retention, the growth medium of green roof, and the stone reservoir of
porous pavement. But in reality, the infiltration rate is more likely to follow the Horton or
Green-Ampt Equation and thus be a dynamic rate. The first improvement to the existing
representation scheme would then be to use the Horton or Green-Ampt Equation to
replace the current constant infiltration rate. Another assumption for the IMP
representations is that the percolation rate to the natural soil is constant. When counting
the pressure head of the water column above, the actual percolation rate should be a
varying rate based on the pressure head above the medium. This could be the second
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improvement to the representation schemes. Thirdly, current representation schemes
cover only three IMPs, and representation schemes for other BMPs can be explored. By
mimicking the hydrologic processes in respective IMPs, similar SWMM representation
schemes can be designed. Fourthly, the IMP representation schemes need to be tested
with other observed data as well. Other IMP studies are available through the
International BMP Database (Clary et al., 2009). Further modifications and
improvements to the current representation schemes might result from such testing.

Calibrations to the FHW-SWMM model could be further improved and expanded
to include water quality simulations. Though the current FHW-SWMM model was
calibrated with reasonable accuracy, the results for this case study indicate that the model
tends to under-predict peak flow and total runoff volume at Station #1 and over-predict at
Station #2. Thus, one future possible improvement to the calibration process would be to
separate the two stations and independently calibrate them from each other. The current
model setup has only the hydrologic representation, and that could be expanded to
include water quality simulations as well. The water quality simulations will also be
critical to help evaluate how different development scenarios will impact pollutant
loadings in runoff, which drains to down gradient well fields in this case study.

Another immediate research area is the expansion of the LID optimization
framework applications. The developed LID optimization framework was used to
identify the tradeoff between the total runoff volume and the total cost, using the predevelopment peak flow rate as constraint. The optimization framework can be expanded
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to evaluate different LID scenario site layouts (by adding or removing IMPs) and to
optimize towards other targets such as pollutant loadings (as the water quality
components are included and calibrated). Since the SWMM model is relatively
independent from the ε-NSGAII optimizer, the application of the optimization framework
can also be easily expanded to other post-development watersheds.

The costs for IMPs are a critical component of the optimization framework. In
this study the cost functions for IMPs were assumed to have no depreciation during the
25-year life cycle. One possible area for future research is to incorporate value
depreciations in the current cost functions. Since the cost functions for IMPs tend to
change according to the market and vary from place to place, a sensitivity analysis of the
tradeoff front with regard to the cost functions of IMPs will also be an interesting
research topic.
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Appendix A. The Fox Hollow Watershed Data
The AutoCAD contour and land use maps, pipe survey data, soils data, and design
rainfall data for the Fox Hollow Watershed are included in the :\Data\ folder in the CD
enclosed.
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Appendix B. The Fox Hollow Watershed Hydrologic Models
The calibrated Fox Hollow SWMM model (FHW-SWMM), the Fox Hollow
SWMM model with LID representations (FHW-SWMM-LID) are in
the :\Models\HydrologicModels\ folder in the CD enclosed.

The LID optimization framework for the Fox Hollow Watershed is
in :\Models\OptimizationFramework\ folder in the CD enclosed.
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