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ABSTRACT
The purpose of this research project is to develop a straightforward and cost-effective
methodology that local governments and nonprofit organizations can use to identify sites
that have the greatest potential for Limited Impact Design (LID) stormwater management
projects. The methodology is applied to watersheds in Western Contra Costa County,
California. A review of LID manuals guided the selection of site suitability criteria and
professional opinions from two stormwater managers guided the ranking of the criteria.
The Analytical Hierarchy Process (AHP) was used to convert these rankings into
coefficients which were then applied to the chosen criteria. A geographic information
system (GIS) was used to develop site suitability rankings of the study area. Maps
depicting suitable sites for LID placement were generated using this methodology. These
maps act as a guide that the aforementioned groups can use for LID project planning. The
top ranked sites, suitable for LID, identified by the methodology were primarily areas
with large parking lots and building footprints. These sites should be targeted for LID
projects because they are often the largest contributors to hydrograph modification and
have most significantly altered the site hydrology.
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CHAPTER 1: INTRODUCTION
According to the State Water Resource Control Board (SWRCB), “Nonpoint source
(NPS) pollution, also known as polluted runoff, is the leading cause of water quality
impairments in California and in the nation. NPS pollution, including natural sources, is
the major contributor of pollution to impacted streams, lakes, wetlands, estuaries, marine
waters, and ground water in California and is a significant contributor of pollution to
harbors and bays” (SWRCB 2000, iii).

A water pollutant is any constituent that may cause harm to a particular end use of the
affected waterbody and is a product of anthropogenic activity. A contaminant is any
constituent that may cause harm to a particular end use that originated with either human
activity or through natural occurrence. Pollutants, like other contaminants, are
transported by rainfall, snowmelt, and irrigation water over and through the land surface.
As water moves within an urban area, it mobilizes and transports contaminants,
depositing them in receiving waterbodies (SWRCB 2000). The accumulation of
contaminants in these bodies of water leads to adverse environmental effects that not only
impact wildlife and vegetation, but also indirectly affect humans that depend on the
resources (Paul and Meyer 2001; Goonetilleke et al. 2005; Roy et al. 2008).

In the United States (U.S.), over 75% of the population lives in urban areas. The dramatic
population shift from rural to urban areas in the early twentieth century increased
impervious cover, which has in turn increased surface runoff in these areas. This increase
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has led to geomorphological and ecological changes within and around the urban stream
systems. In addition, increased pollutant loading, a direct result of increased economic
activity, combined with greater imperviousness has led to a decline in ecosystem function
and biological richness of the urban riparian ecosystems (Paul and Meyer 2001; Dietz
2007; Roy et al. 2008). The declining state of U.S. water quality as a result of increased
NPS pollution means that city planners and stormwater managers must implement
alternatives to the existing stormwater infrastructure and stormwater management
concepts. This has resulted in a growing field of research, design, and implementation of
techniques aimed at improving the water quality of stormwater by returning or mimicking
the hydrologic regime that existed prior to urbanization. These alternative approaches are
called LIDs or Sustainable Urban Drainage Systems (SUDS) (Goonetilleke et al. 2005).

CHAPTER 2: LITERATURE REVIEW
2.1 History
Urban drainage systems were first documented around 6500 BC in El-Kown, Syria,
where gutters were used to transport waste out of buildings. Complex urban drainage
systems existed in Mesopotamia dating back to the 4th century BC. Throughout the
Roman Empire, below-ground drainage networks were employed as stormwater and
wastewater conveyances. One example from 600 BC is the Cloaca Maxima, the
centralized drainage system of Rome, which transported household waste and stormwater
runoff out of the vast urban area (Delleur 2003).
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Eighteen hundred years later, another urban drainage system was developed in Paris,
France and utilized throughout the middle ages which conveyed waste from the city and
discharged it downstream into the River Seine. The technique of using a combined sewer
system to discharge untreated sewage and urban stormwater downstream into
waterbodies achieved the goals of the society at that time: to protect public health and
prevent transportation disruptions and property damage as a result of internal flooding
(Delleur 2003; Roy et al. 2008).

Practices in the United States copied those of the large centralized systems used in
European cities. As with the Parisian system, “the construction and operation of
municipal drainage systems [in the U.S.] has been driven by the objectives to 1) maintain
public hygiene and 2) prevent flooding” (Rauch et al. 2005, 397). Stormwater
management at the local level has traditionally concentrated on the prevention of
excessive volumes and rates of stormwater runoff. Flooding and the associated erosion
and sediment deposition have been targeted and mitigated by using a combination of
gutters, drains, sewage infrastructure, and existing waterways (Shamsi 1996).

Stormwater system design in the U.S. was largely a product of the rational method. This
method served as a guide for many city engineers during the construction of municipal
stormwater systems in the 19th century. The rational method evaluated the capacity of a
system based on the peak rate of runoff; the goal being to develop a network of collection
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drains and conduits that could transport all expected stormwater flows from an urban area
and discharge them into the nearest waterbody. These systems did not try to employ
methods for filtering, slowing, or reducing the volume of stormwater (Marsalek 2005). In
fact, until the Clean Water Act (CWA) of 1972 was enacted, raw sewage was often
disposed of in the same manner through a combined system of interconnected storm
drains and sewer laterals. It is only in the last several decades that the need was
recognized to separate stormwater and sewage from each other in urban water systems.
Even today in many cities, stormwater flows into porous or poorly sited systems that
cause combined sewer overflows (CSOs) (Rauch et al. 2005).

CSOs occur when high volumes of stormwater enter the sewer system resulting in an
increase in liquid volume which, given a large enough influx of stormwater, may surpass
the maximum capacity of the wastewater treatment or conveyance system. This results in
a contaminated discharge of sewage and stormwater that flows out of the sewer
infrastructure overland onto roads, into streams, and eventually into lakes, bays, and
oceans. In some cases, the increased, diluted sewers inflow to municipal treatment works
forces system operators to bypass the plant and deliberately discharge the CSO to the
receiving body without adequate treatment. The growth of urban areas and the rapid
growth of impervious surfaces as a result of urbanization have increased stormwater peak
flows because much of the stormwater that was previously stored or infiltrated into the
vegetated soil prior to urbanization is now free to flow over the concrete, asphalt, and
rooftops that comprise the urban area (Marsalek 2005). This has exacerbated the problem
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of CSO in vulnerable urban areas. Realization of these problems means that urban
drainage system design that has been largely unchanged for thousands of years has been
called into question. Approaches such as LID mark the evolution in stormwater
management.

Changes in U.S. watershed managers’ visions of what a stormwater system should look
like and how it should function began in the 1970’s with the enactment of the CWA. The
Federal Water Pollution Control Act (FWPCA) of 1948, which was the foundation on
which the CWA was constructed, was the first notable national statute to address water
quality. Specifically, the FWPCA was aimed at providing an avenue for allowing federal
assistance to state water quality programs for development of wastewater treatment
plants. The primary objective of this Act was the protection of human health rather than
environmental health (http://www.epa.gov/npdes/pubs/101pape.pdf). Many amendments
to the FWPCA took place between 1948 and 1972, most notably the 1969 National
Environmental Policy Act (NEPA) which “required federal agencies to integrate
environmental values into their decision making process” and created a Council on
Environmental Quality within the executive office and the 1970 Reorganization Plan No.
3 of 1970 that created the U.S. Environmental Protection Agency (U.S.EPA) in 1970
(U.S. EPA 2012b). The creation of the U.S. EPA made the implementation of the
FWPCA Amendments of 1972 (renamed the CWA) and the National Pollutant Discharge
Elimination System (NPDES) sec. 404 of the CWA possible because power over the
FWPCA was given to the newly created U.S. EPA. The CWA addressed water quality
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problems by establishing regulatory requirements. The primary result of this Act was that
the U.S. EPA was given the authority to issue permits for the regulation of point source
discharges of effluent into waterbodies. The CWA also initiated the development of
water quality standards designed to bring impaired waterbodies back into compliance
with their designated use (Roy et al. 2008). The U.S. EPA’s CWA website
(http://www.epa.gov/oecaagct/lcwa.html) cites the main objectives of the CWA as being:
“To restore and maintain the chemical, physical, and biological integrity of the
nation's waters by preventing point and nonpoint pollution sources, providing
assistance to publicly owned treatment works for the improvement of wastewater
treatment, and maintaining the integrity of wetlands.”
This change was further advanced with the introduction of sustainable development
concepts, management techniques that utilize an ecosystem type approach, and the
advancement of knowledge with respect to how urban stormwater drainage patterns
impact waterbodies (Delleur 2003; Marsalek 2005; Rauch et al. 2005). The shift in
stormwater vision and practice continued into the early 1990’s with the expansion of the
NPDES and with further development of Total Maximum Daily Loads (TMDLs) for
waterbodies across the nation. These regulations were originally designed to minimize
and regulate point source pollution such as discharges into waterways from sewage
treatment works or industrial complexes. They were expanded to address pollution from
CSOs and municipal stormwater and it is this that has spurred interest in distributed
approaches to non-point source pollution reduction through techniques such as LIDs
(Marsalek 2005; Parrott 2007; Freni, Mannina, and Viviani 2010).
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TMDLs are intended to identify the total pollutant loading that a waterbody can receive
and still meet the water quality standards required by the CWA. Common TMDLs
established for waters affected by stormwater contaminants include loads for sediment,
pathogens, nutrients, and metals. The enforceable regulation aspect of the NPDES is
referred to as MS4 Permitting. The language within sec. 404 states that “all facilities
which discharge pollutants from any point source into waters of the United States are
required to obtain an NPDES permit.” MS4 permitting utilizes established TMDLs to
prevent contaminant levels exceeding healthy levels, setting limits and requiring
compliance testing (http://cfpub.epa.gov/npdes/).

MS4 permitting was instituted in two phases. The first phase of the MS4 pertains to
cities, towns, or other publicly owned areas (military bases, national parks, state highway
systems) serving > 100,000 people that discharge stormwater directly into a natural
waterway. The MS4 regulations state that responsible parties for the aforementioned
areas must apply for permits if discharge from their area, including stormwater, enters
into public waterways untreated. The second phase of the permit process addresses areas
that serve less than 100,000 people and discharge stormwater directly into natural
waterways. In California, the Porter-Cologne Act, California’s equivalent of the CWA,
gives the nine Regional Water Quality Control Boards (RWQCB) development and
enforcement responsibilities related to the NPDES and water quality in general. Thus, in
California, the regulating authority for the given area uses the established TMDLs
respective for the receiving body as the standard when issuing a permit. In other words,
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the permittee must implement measures to ensure that TMDLs are not exceeded as a
result of their stormwater practices and any new development project. This is achieved by
implementing approved Best Management Practices (BMPs), which include using
preventative LIDs as well as traditional wastewater treatment facilities
(http://www.waterboards.ca.gov/water_issues/programs/npdes/).

To meet the goals of the RWQB NPDES permit, each local stormwater program and each
co-permittee within a program establishes a Stormwater Management Plan (SWMP).
These SWMPs set specific local requirements targeted to meet the environmental needs
of each watershed and reflect the political consensus of each community. Because of the
differences in each watershed’s environmental context, as well as each permitees’ attitude
towards balancing environmental protection with economic growth, regional SWMPs
may have different goals, methods, or targets. These management differences are the
reason that dispersed and highly adaptable stormwater infrastructure like LID is critical in
the battle for urban areas to comply with the NPDES (U.S. EPA 2004).

In the San Francisco Bay Area, the authority in charge of permitting discharges on behalf
of the U.S. EPA’s NPDES program is the San Francisco Regional Water Quality Control
Board (SFRWQB). The SFRWQB’s Basin Plan outlines water quality standards (WQS)
for the region’s surface waters that in turn affect stormwater policy by limiting the
amount of specific contaminants based on protection of a designated use (SFRWQB
2010). Therefore, stormwater that contains contaminant loads that exceed the WQS must

9

be treated before discharge into the receiving waters occurs. To avoid this treatment
requirement, permit holders may implement preventive measures within their
jurisdictions. The Basin Plan gives guidance to stormwater managers within the San
Francisco Bay with respect to beneficial use, water quality objectives, and
implementation plans and policy. Cost reduction can also be achieved by utilizing a
watershed-wide implementation of upstream LID projects instead of traditional,
centralized systems like expanded wastewater treatment facilities at downstream
locations. Distributed, upstream source control storm water systems such as LID are
cheaper and easier to maintain than large, centralized, end-of-system water treatment
facilities.

The primary goal outlined in the Basin Plan, a reduction of stormwater runoff, will
benefit the ecosystems receiving the water by helping to comply with the CWA NPDES
regulations. Being in federal compliance releases federal funding for stormwater
infrastructure projects and in turn avoids costs associated with the levying of fines due to
discharges of pollutants into public waterways (SWRCB 2007). Some of the savings
come in the form of avoided costs such as legal fees associated with dealing with lawsuits
filed by watchdog groups and fines associated with sewage releases into public
waterways. For example, the San Francisco Baykeeper filed a lawsuit against the [Menlo
Park based] West Bay Sanitary District for its non-permitted sewage releases which
resulted from a CSO during storm events and the district was found liable. A fine of
$975,000 was imposed and the judgment required that the sewer system be repaired to
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prevent future releases (Fimrite 2011). A similar case occurred a few years earlier in the
East Bay, specifically in Western Contra Costa County in which “the San Francisco
Baykeeper sued the city [Richmond] for releasing hundreds of thousands of gallons of
raw sewage into the bay via storm drains and the Santa Fe Channel” (Esch 2011).

Treating sewage is energy intensive and expensive. Moreover, CSOs are considered by
the U.S. EPA as the leading cause of pollution in U.S. waterways with an estimated
abatement cost of $44.7 billion (U.S. EPA 2002). Cost reduction can be achieved by
reducing the volume of stormwater during runoff events, thus reducing the volume that
enters the sewage infrastructure causing it to become overwhelmed. This reduction can
be realized through the use of LID techniques. Utilization of LID can lessen the stress
placed on sewage treatment plants, lower incidences of CSOs, and thus lead to cost
savings (Montalto et al. 2007). In 2011, the U.S. EPA released the latest of five memos
since 2007 that specifically identify green infrastructure, including LIDs, as a necessary
management tool for improving water quality nation-wide
(http://water.epa.gov/infrastructure/greeninfrastructure/gi_regulatory.cfm). It strongly
urged municipalities to integrate such green infrastructure into their stormwater
management plans.

Facilitating the transition from traditional stormwater systems to LID systems requires
the redrawing of stormwater management boundaries; they should be based on natural
catchment areas rather than political boundaries. Decentralized systems are site specific
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and thus smaller, physical management units are ideal for maintaining these systems (van
Roon 2007; Walsh and Kunapo 2009). Changes in sociopolitical ideas and policy, such as
re-delineating management boundaries and institutionalizing stormwater best
management practices and LID techniques, have been slow to take hold. However,
several key policy changes have enabled the transition to begin.

In 2005, California’s State Water Resources Control Board and Regional Water Quality
Control Boards recognized “sustainability” as a core value for future guidelines, policies,
and actions. With this recognition and the creation of the MS4 permitting process came
the push for integrating LID into stormwater management plans and policy in
California’s urban areas (SWRCB 2007). In the San Francisco Bay Area a consortium of
stormwater agencies was created comprised of eight municipal stormwater programs. The
Bay Area Stormwater Management Agencies Association (BASMAA) includes:
•

Alameda Countywide Clean Water Program

•

Contra Costa Clean Water Program

•

Fairfield-Suisun Urban Runoff Pollution Prevention Program

•

Marin County Stormwater Pollution Prevention Program

•

San Mateo Countywide Water Pollution Prevention Program

•

Santa Clara Valley Urban Runoff Pollution Prevention Program

•

Sonoma County Water Agency

•

Vallejo Sanitation and Flood Control District
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According to BASMAA (2012), the consortium was started in an effort to promote
regional consistency and to facilitate efficient use of public resources.

2.2 Low Impact Development
LID has the potential to bring California communities closer to a more sustainable urban
environment, one in which watershed management is more closely integrated into
development and where adverse impacts to biodiversity in both aquatic and terrestrial
ecosystems are avoided along with those to society (van Roon 2007; Roy et al. 2008).
LID encompasses various planned designs to minimize stormwater runoff, decrease
pollutant transport, and increase rainwater infiltration. “Traditional” stormwater systems
were designed with one goal in mind: to move as much water as quickly as possible from
the surface through a drainage system. This is accomplished by moving water through
manmade culverts and open channels, sometimes connected to existing urban stream
segments, to discharge it into a receiving body. While the engineered systems are
successful at moving water quickly, there are numerous negative impacts on the
environment as a consequence of this management strategy.

Roughly 40 percent of total stream miles in the U. S. are classified as “impaired” under
the CWA assessment guidelines (U.S. EPA 2012a). The impairment designation means
that swimming and fishing are inhibited and ecosystem function is diminished. Loss of
ecosystem function means less dynamic ability of the system to respond to sudden drastic
fluctuations such as flooding or large pollutant loads. This may leave communities
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vulnerable to flooding and more exposed to pollutants. The loss also results in diminished
recreational and educational opportunities associated with urban streams (Platt 2006).

LID provides economic as well as environmental benefits. LID practices result in less
disturbance of the development area, conservation of natural features, and lower costs
than traditional stormwater controls. The cost savings apply not only to construction
costs, but also to long-term maintenance and lifecycle costs. LID provides multiple
opportunities to retrofit existing highly-urbanized areas and can be applied to a range of
lot sizes (Williams and Wise 2009; SWRCB 2011).

Riverine hydrology is impacted in several ways as a result of the implementation of
traditional stormwater systems. These impacts include: impediments to fish movement,
increased erosion and sediment transport, less/no groundwater recharge, decreased
baseflows of creeks, higher levels of contaminants at discharge points, reduced aesthetic
value, and flooding and CSOs due to system overload (Paul and Meyer 2001; Roy et al.
2008; Rolls 2011). Aquatic ecosystems and specifically anadromous fish such as
Oncorhynchus spp. are particularly sensitive to hydrologic changes because they depend
on specific flow rates and water quality conditions to successfully spawn (Sandahl et al.
2007). Using a multi-metric index of biological integrity, Paul and Meyer (2001) found
that fish species diversity decreases inversely to increases in urbanization as measured by
imperviousness. Rolls (2011) found that the presence of dams and fragmented
waterways, a result of stormwater infrastructure, significantly altered the species richness
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found within the streams. Barriers within the streams prevented anadromous fish from
migrating up and down the stream, resulting in smaller numbers of species dominated by
non-migrating species.

LID techniques are increasingly replacing traditional systems in order to mitigate or
eradicate entirely these negative impacts. LID projects are designed to better mimic predevelopment hydrologic conditions by addressing the water quality, water quantity, and
ecological integrity of the watershed and its waterways (van Roon 2007). LID has three
primary objectives.
•

Reduction of the total volume of stormwater runoff through the restoration of
deep baseflow and evapotranspiration by providing higher levels of detention and
storage.

•

Reduction of peak flow as a result of increased infiltration and slower surface
flow from urban surfaces.

•

Improved water quality due to the retention and assimilation of pollutants on the
landscape.

Several techniques are utilized to accomplish these objectives. These include the use of
volume reduction or retention systems such as lagoons, ponds, and rain barrels, flow
restriction features such as bioswales, greenways, and vegetation/tree planters, and
pervious surfaces and engineered soils designed to increase infiltration (Dietz 2007;
Elliot and Trowsdale 2007). LID projects have additional indirect benefits, such as
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improving property values in poverty-stricken neighborhoods, increasing community
involvement in riparian area management, and raising community awareness and
education regarding the stream and watershed ecology, while still achieving the goals of
the traditional drainage systems (Dunn 2010).

2.3 Stormwater Models
To facilitate the transition from traditional stormwater management to LID, several
models that allow managers to view hydrograph changes prior to the installation of LID
infrastructure have been created (Elliot and Trowsdale 2007). These models are designed
for both the expert hydrologist and non-expert uses. They all utilize a graphical interface
and many have a built-in Geographic Information System (GIS) platform that allows
users to model alternative proposed infrastructure and incorporate designs and results in
real digitized terrain models (Delleur 2003; Washington State Department of Ecology,
Water Quality Program. 2005; Elliot and Trowsdale 2007; Clear Creek Solutions 2007;
U.S. EPA 2009a, 2009b).

The Bay Area Hydrology Model (BAHM) developed by Clear Creek Solutions (2007)
and based on the Western Washington Continuous Hydrological Model (WWHM) offers
the most promise for San Francisco Bay Area stormwater managers (Washington State
Department of Ecology, Water Quality Program (WSDE) 2012). The BAHM has been
pre-calibrated to the Bay Area’s specific geomorphology. Alameda and Santa Clara
county watersheds have been used for the BAHM meteorological and stream flow pre-
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sets. The pre-calibration takes much of the processing out of the user’s hand, allowing
non experts to more easily use the model. However, this simplification may introduce
error when used in watersheds outside of the intended geographical region (Bicknell,
Beyerlein, and Feng 2006).

In general, the BAHM seems to work well for individual watersheds, primarily those
watersheds most similar to the Castro Valley Creek and upper Alameda Creek, because
those sites were used for model calibration For example, the built in parameters such as
precipitation are taken from observations at Castro Valley Creek and Upper Alameda
Creek which may not be appropriate for other watersheds. The model’s user-friendly
interface and graphical display are positive attributes (Figure 1). The drawback is that the
model’s geographic scope is too narrow for regional watershed analysis (Bicknell,
Beyerlein, and Feng 2006).

Besides the BAHM, three models released by the U.S. EPA, the System for Urban
Stormwater Treatment and Analysis Integration Model (SUSTAIN), the Storm Water
Management Model (SWMM), and the Better Assessment Science Integrating Point and
Nonpoint Sources (BASINS) Model, have grown in popularity due to their user-friendly
interfaces (Figures 2 and 3) and the increasing number of available add-ons (Elliot and
Trowsdale 2007).
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Figure 1: BAHM Graphical Interface (Bicknell, Beyerlein, and Feng 2006, 9

SUSTAIN is the most versatile of the three EPA models due to its integration with ESRI’s
ArcGIS platform. The model uses SWMM’s algorithms and is, for the most part, an
enhanced version of SWMM. What distinguishes it from SWMM is its LID cost and
sizing analysis module. SUSTAIN allows for placement of several LID techniques into
the watershed to analyze the changes in hydrology. It allows the user to look at the impact
of LID projects on the existing hydrology at the design stage. The main drawback to this
model is its complexity. SUSTAIN requires a significant amount of data preprocessing)
which limits the size of geographic area that can be effectively modeled (U.S. EPA.
2009b). SWMM is specifically designed as a continuous rainfall-runoff model to allow
for stormwater routing through existing infrastructure and proposed infrastructure.
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Figure 2: SWMM Graphical Interface (U.S. EPA 2009a)
The most recent version (v5) contains a limited LID toolset to allow for modeling of
subcatchment areas with LID projects in place. SWMM focuses on smaller catchment
areas and, although extremely detailed and useful for small subcatchment modeling,
becomes burdensome when larger regional and watershed-scale modeling is required
(areas greater than 10 km2) (U.S. EPA 2010; Elliot and Trowsdale 2007). SWMM
requires a significant amount of data collection and therefore can be very costly. If the
many required parameters are not precisely measured during data collection, errors
compound and can lead to inaccurate predictions (Ha and Stenstrom 2008). The
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complexity of the SWMM model limits the types of operators and is not ideal for general
use by the public (Elliot and Trowsdale 2007).

The U.S. EPA’s BASINS model is also a graphically driven model that has the additional
capability of assessing subcatchment water quality. This model was designed to aid water
quality managers in drafting TMDLs, but it does not adequately address the impacts on
water quality as a result of planned installation of LIDs (Figure 3) (U.S. EPA 2005;
Whittemore and Beebe 2000).

Figure 3: BASINS Graphical Interface (U.S. EPA 2007b)
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These four models represent only a fraction of the range of stormwater models that, given
the necessary data and skilled operator, can be used to effectively place LID projects
within subcatchment for optimal performance. Though the most widely adapted each are
narrowly focused in their geographic scope. Another limitation of SUSTAIN and SWMM
is that although they have the capabilities to simulate placement of LID projects within a
watershed, their primary goal is not optimization of placement per se but rather
determining how the use of LID verses traditional systems alter the present hydrology. In
other words, the models are focused on looking at the effects of infrastructure once
placed, not on determining where to best place them.

Due to these drawbacks, a purpose-built preliminary assessment tool to evaluate LID
siting and designed for use by a broader audience is needed. An assessment tool that can
be used by users with public open source datasets would be extremely beneficial to
governments and nonprofits that wish to identify areas within large watersheds that are
the most suitable for LID projects.

2.4 Analytical Hierarchy Process (AHP)
Development of a site selection tool requires a technique for ranking variables based on
their relative importance that can be adapted to a plethora of geographic locations and
users. AHP has been proven an effective method for ranking both qualitative and
quantitative data. It has been used for many site selection studies such as the selection
and design of stormwater BMPs (Young et al. 2009). Chen, Yeh, and Yu (2011) utilized

21

the AHP method to identify subcatchments that were at risk for flooding. In 2010,
Moeinaddini et al. used AHP to perform a site selection of solid waste disposal sites in
Iran and Sener, Sener, and Karaguzel (2011) utilized AHP for a very similar task in
Turkey. The AHP method was also utilized by Silva et al. (2011) to select shellfish
aquaculture sites in a geographic area that was devoid of high resolution spatial data.
AHP’s flexibility is one of the major reasons why it is used in such different applications.
This method, coupled with a GIS, makes it possible for rudimentary users of GIS to
assess and narrow down sites suitable for LIDs within a large geographic area.

CHAPTER 3: RESEARCH OBJECTIVE
LID has the potential to lower the quantity of stormwater discharge, reduce the peak flow
volume, and minimize the amount of pollutants transported in stormwater. Evaluations of
flow and volume reductions using various LID systems can be performed using computer
models. Existing models are too data intensive and lack convenient mechanisms to easily
assess optimum LID site selection. Site identification, as well as choice of the appropriate
LID system, is critical to project success. Criteria exist for LID and site evaluation but
they are quite broad and are often inadequate for specific local situations (Elliot and
Trowsdale 2007). Conversely, in the BAHM which was specifically designed for
Alameda, Santa Clara, and San Mateo counties, the model is too geographically focused
and thus lacks the necessary flexibility (Bicknell, Beyerlein, and Feng 2006; Clear Creek
Solutions 2007).
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Many LIDs have been sited manually without the benefit of site optimization modeling
mostly as pilot and showcase projects. Thus, there is merit in the development of a model
that can evaluate existing projects relative to those that might have been selected with
optimization modeling to consolidate and further promote LID in the stormwater
management field going forward. LIDs are expensive and time consuming to install and
manage; therefore, if they are to be implemented, it should be based on a systematic
assessment that can demonstrate their worth and justify the capital expense. Site
identification and appropriate system evaluation are crucial. Matching LID systems on
the basis of highest performance and least cost will lead to greater success and thus to
more widespread use (Mitchell 2005; Rauch et al. 2005; Roy et al. 2008). This, therefore,
provides the principal research question for the thesis; can a cost effective and convenient
methodology be developed by combining a GIS with the analytical hierarchy process
(AHP) to identify suitable locations for LIDs in order to design a watershed-wide,
sustainable urban drainage system that meets the goals of the NPDES for a region by
reducing hydromodifications as a result of urbanization better than would have been
achieved through traditional stormwater practices and infrastructure?

CHAPTER 4: METHODOLOGY
4.1 Overview
In this thesis, a site suitability model (SSM) that systematically identifies potential LID
sites is developed. The SSM methodology used for this thesis is derived from other
models which utilized a GIS to rank sub-catchment areas based on pollution contributions

23

to a watercourse (Mitchell 2005; Nordeidet et al. 2004; Gazendam 2009). Furthermore, it
was informed by study of LID siting criteria within a watershed (Keeley 2007) and on a
site suitability study that utilized a GIS and AHP to locate potential solid waste sites
(Sener, Sener, and Karaguzel 2011). The SSM identifies the geographical areas ranked
as “most suitable for LID” which are based on siting criteria derived from multiple
studies (Young et al. 2009; Chen, Yeh, and Yu 2011; Sener, Sener, and Karaguzel 2011).

This particular SSM methodology requires two primary tasks to be performed:
identification of the criteria needed for LID and identification of the influence that each
criteria will have on the site selection.

Identification of criteria is dictated by the site suitability objectives for LID and is often
performed using a review of current literature and the advice of professionals in the field
(Mitchell 2005). The importance of each criterion for siting LID is evaluated using AHP.
AHP is a decision-making tool that enables complex questions to be solved using a
mathematically simple methodology (Triantaphyllou and Mann 1995). It has the ability to
examine a plethora of criteria, which may all have different units or no units, and to
create a relative importance hierarchy to establish coefficients for the criteria using a set
of eigenvector computation methods as is done for input into the SSM.

The criteria, which are broken up into physical criteria and social criteria, are the building
blocks for the variables within the SSM. Criteria are comprised of subcriteria which act
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as constraints within each criterion that allow further sensitivity of the model. Figure 4
illustrates the criteria used in the SSM and the ranking of the subcriteria. The primary
criteria, followed by the highest ranked subcriteria prioritized within the SSM, are at the
top of the chart. The subcriteria are placed in descending order of importance such that
the least important, lowest ranked subcriteria are at the bottom of the chart.

Figure 4: Criteria and Subcriteria of the SSM
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The SSM ranks areas based on the strictest criteria for LID, meaning that the physical
characteristics required for wet-infiltration ponds which are the most exacting of all LIDs
are used to establish the subcriteria divisions. By using the narrowest constraints, the
assumption is that the “most suitable sites for LID” are able to handle all forms of LID
since all other LID types require less constrained physical criteria to work effectively.

Next, each dataset is transformed into a standard raster format that both preserves the
highest spatial resolution possible and allows for consistency of geographical projection
between all variables. Projections are standardized so that each dataset is identical. All
datasets are transformed into raster format and adjusted so that each dataset has identical
raster cell sizes (spatial resolution). Raster format is a matrix of cells organized by rows
and columns in which each cell contains one value. These cells correspond to real world
locations so a particular cell within one raster should line up and represent the same
geographical location as a cell within another raster. In addition, each criterion’s raster is
changed so that the cell data type is the same. For example, cell values in one raster may
use decimal points (continuous data) and cell values in another raster may use integer
values (whole numbers) so they are standardized into a common data type: integer values.
Integer values are used because this is the only data format that works for overlay
analysis performed by the GIS.

The final step is to input the transformed rasters into the SSM. This is performed within
the GIS using the Overlay Analysis tool. This tool automates the SSM by adding the
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weighted datasets together. The result of an overlay analysis is a new raster dataset. Each
cell within the new raster dataset contains a summation value. This value is the sum of
the raster cells located at the same position in each dataset. The summation value is the
site suitability (SI) score (Figure 5: Overlay Analysis Example).

Figure 5: Overlay Analysis Example

The SI score is then used to identify the parcels that have the highest scores per area, the
subcatchments with the highest scores per area, and the groupings of high or low scoring
areas. The sites that were found to be the most suitable for LID placement are then
visually inspected to confirm the suitability ranking as displayed on a final Site
Suitability Map. This allows the user to judge whether the coefficients that are assigned
to the SSM are appropriate. This can be further explored by a sensitivity analysis of the
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coefficients which is recommended for all GIS-based site suitability models (Chen et al.
2009).

All locations identified by the SSM as being suitable for LID installation can be
compared to sites that have been proposed for LID installation by various agencies and
nonprofit organizations to see if they concur as well as to current LID sites that were
established using the ad hoc method to see if they would have been prioritized as part of a
modeling approach to LID siting and selection.

Figure 6: Basic Workflow of Methodology
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4.2 Data
The study area where this SSM approach is applied in this thesis is a section of Western
Contra Costa County, specifically the area around the city of Richmond located within
the San Pablo Basin Hydrologic unit (SFRWQB 2010). The waterways within the area
drain to San Pablo Bay which is part of the greater San Francisco Bay, North America’s
largest Pacific estuarine system. The five urban watersheds that comprise the study area
are: the Baxter / Richmond-Cerrito watershed, the Garrity Creek watershed, the Rheem
Creek watershed, the San Pablo Creek watershed, and the Wildcat Creek watershed (Map
1).

There is a growing concern for the health of the watersheds in this area of Western
Contra Costa County and of the San Francisco Bay in general. This concern has inspired
numerous community groups and nonprofit organizations seeking to address stormwater
problems (Appendix IV). Increased interest in stormwater is also visible through city
(Richmond) and county (Contra Costa County) initiatives and projects aimed at
watershed health, city greening, and amenity enhancement through riparian area debris
removal. These trends make Western Contra Costa County an ideal location for testing a
LID siting methodology. The interest taken in LID by the City of Richmond and local
nonprofit organizations means that data acquisition and survey participation is relatively
straight forward and effective.

A significant amount of data is required for a LID site suitability study. Required data
includes: watershed boundaries, soil distribution, surface impermeability, elevation [in
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the form of a digital elevation model (DEM)], infrastructure (roads, existing storm
drains), land-use, parcel boundaries, waterbodies (creeks, rivers, reservoirs, lakes), and
identity/presence of active watershed groups. Such data is available from the City of
Richmond’s GIS/Engineering Department database and online through sources such as
the USGS, Contra Costa County, the U.S. EPA, the California Data Clearinghouse, the
CWQCB, BASMAA, and others (Appendix III).

Map 1: Study Area

Map 1: Study Area (Gesch 2007; Contra Costa County 2012a; ESRI 2012)
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4.3 Physical Criteria
a. Land Cover
Land cover is the most important physical characteristic to consider when siting LIDs.
Land cover directly affects the hydrologic characteristics of a watershed by increasing the
volume and rate of runoff and decreasing infiltration and groundwater recharge
(Goonetilleke et al. 2005; Guo 2008; Roy and Schuster 2009). Liu et al. (2004) found that
densely developed urban areas contribute the majority of the surface runoff volume
during large events. Densely developed urban area land cover type was followed by
croplands and grasslands in contributing the most to surface runoff. Other land use
classes (forest and woodlands) were not found to be significant contributors to runoff,
rather they increase overall depression storage capacity which tends to decrease runoff
volume.

The presence of a particular land cover can dictate the type of LID used at a site and
whether LID techniques should be used at all. For example, densely developed urban
areas may only have enough open area to support the installation of certain types of LIDs
and will, for example, preclude the use of wet and dry ponds and artificial wetlands
which require large areal extents (U.S. EPA 2004).

High density urban areas cause the most altered hydrologic characteristics (Liu et al.
2004) and, as such, are the areas that should be targeted for LID installation. Therefore,
the SSM methodology ranks the land cover classes accordingly. Table 1: Land Cover
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Classification and Rank of Importance displays the land cover classes for the study area
and their order of importance as determined from the literature. In the table, land cover
classifications with identical rankings indicate equal importance. The most important
class, Developed High Intensity (24), receives the largest coefficient. Ranking of the land
cover classes utilizes recommendations found in the literature review and converts
importance, as implied in the literature, into coefficients using AHP.

Table 1: Land Cover Classification and Rank of Importance
Land use classification
Developed, High Intensity
Developed, Medium

Rank of
Importance
1
2

Intensity
Developed, Low Intensity

3

Developed, Open Space

4

Barren Land

5

Cultivated Crops

6

Grassland/Herbaceous

7

Shrub/Scrub

7

Evergreen Forest

8

Deciduous Forest

9

Woody Wetlands

10

Emergent Herbaceous

10

Open Water

10
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b. Imperviousness
The most important component of land cover when siting LID is imperviousness.
Impervious land coverage is a fundamental characteristic of urban and suburban areas.
Impervious surfaces can be defined as any surface cover that prevents or significantly
reduces the infiltration of water into the soil. Increased urban development alters the
natural landscape, thus increasing imperviousness. The rooftops, roadways, parking
areas, and other surfaces that make up the urban environment often cover soils that,
before development, allowed rainwater and runoff to infiltrate into the soils, recharging
aquifers, and providing base flow for surface waters (BASMAA 1999; Yang et al. 2000).

The increase in volume of runoff associated with directly connected impervious areas
(DCIA) has been shown to accelerate erosion which destabilizes stream channels, collects
and transports pollution to outfalls, and increases ambient air and water temperatures
along waterways, negatively impacting aquatic biota and water chemistry (U.S. EPA
2004; Goonetilleke et al. 2005; Liu et al. 2004; Shuster and Roy 2009; Guo et al. 2010).
Furthermore, Shuster and Roy (2009) found that impervious areas such as residential
neighborhoods that were directly connected to each other and then to streams or
waterways by urban stormwater infrastructure had a larger negative impact on streams
than the measured total amount of impervious surface. Prince George’s County
Maryland’s Department of Environmental Resources Programs and Planning Division’s
(DERPPD) Low-impact Development Design Strategies manual (1999), which was the
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basis for the U.S. EPA LID guidelines, encourages LID in areas where continuous
impervious areas exist as a way to interrupt the connectivity of these areas.

The SFRWQB regulates hydromodification resulting from increased imperviousness
under provision C.3.f of its regional NPDES permit. As a result, municipalities in the
region are required to develop a Hydromodification Management Plan (HMP) that must
“describe how they plan to manage increases in the magnitude, volume, and duration of
runoff from new development and significant redevelopment projects in order to protect
streams from increased potential for erosion or other adverse impacts” (Bicknell,
Beyerlein, and Feng 2006, 2).

Contra Costa developed an HMP that was adopted by the Water Board on July 12, 2006.
This plan outlines the techniques that can be used to manage increases in peak runoff
flow and runoff volume from development that creates impervious surfaces that are
greater than one acre. It outlines the HMP objectives and provides a watershed-wide
perspective on managing hydromodification with LID (Contra Costa County 2004).

Imperviousness data was acquired from the USGS (2011). The data is part of the
National Land Cover Database 2006 Impervious Surface dataset. This particular dataset
was used because of its fine temporal and spatial resolution. Processed images from this
source are released every five years, allowing for comparison studies and evaluation of
land cover change (Gesch 2007). Furthermore, because of its continual release cycle, data
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structure continuity is ensured. Imperviousness and land cover data from the National
Land Cover Dataset 2006 was used to identify, on the subcatchment level, the areas that
were of higher priority for installation of LID due to high levels of development and
imperviousness (Fry et al. 2011).

c. Slope Gradient
Slope considerations are crucial for sizing and placing LID projects. Slope gradient is
needed to calculate runoff volumes which are necessary for LID sizing, and is used in
terrain preprocessing models to identify flow paths which are necessary for LID
placement. Slope gradient can be accurately derived from a DEM, which are readily
available for the entire United States from the USGS Data Warehouse (Gesch 2007).
Several DEM resolutions are available. The entire conterminous U.S. is covered by 1/3
arc second DEMs. Finer resolution, 1/9 arc second DEMs are also available for many
areas. The higher resolution, however, is not necessary for LID siting at a watershed scale
and since 1/9 arc DEMs are not available for all areas of the U.S. at present, they were
not used. Moreover, the finer resolution of these models would necessitate additional
preprocessing steps. For example, structures like highway overpasses will appear as damlike impediments in 1/9 arc second DEMs, altering flow path calculations. While, this can
be resolved by using a stream vector layer during terrain preprocessing, the modeling
process is slowed and rendered more costly due to the need for additional manipulation.
Thus, the 1/9 arc second model is not recommended for use because the benefit of a finer
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resolution DEM is not judged to be greater than the cost, the time, and the processor
demands associated with using it (Moore, Grayson, and Ladson 1991).

The average slope gradient of an area is an important variable to consider because it is a
key determinant of the overland-flow rate. This rate coupled with precipitation intensity
and the soil hydraulic characteristics dictate the stormwater runoff volume and erosion
potential of a particular site. Appropriate LID siting must, therefore, take slope gradient
into account since the primary purpose of LID is to mitigate for altered runoff volumes
(Liu et al. 2004). Many of the existing hydrologic models and federal guidelines for LID
development utilize slope gradient for calculations (WSDE 2005; Bicknell, Beyerlein,
and Feng 2006; Lai et al. 2007; U. S. EPA 2010). An example of this is the guidelines
built into the SUSTAIN and SWMM. These guidelines suggest that slopes over 15% are
inappropriate for LID siting (Table 2) (U. S. EPA 2009b). Ha and Stenstrom (2008),
however, utilize a slightly different slope gradient-suitability scale that employs three
categories of percent slope from a DEM. These classes are 0-2%, 2-6%, and >6% slope.
The BAHM, on the other hand, uses four classes of slope which are 0-5%, 5-10%, 1020%, and greater than 20%.

A three-tiered slope classification that is similar to the BAHM was utilized in the SSM
(BASMAA 1999). It was selected because it allowed for finer resolution ranking during
the site suitability calculations and it provided a threshold that is consistent with the
SUSTAIN model (Lai et al. 2007). The slope classification used in this methodology was
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0-5%, 5-15%, and greater than 15%. Table 2: Slope Gradient Classifications shows a
comparison of the classifications used in other models and studies and compares them
with the classification system used in the SSM (outlined in red). Each tier was assigned a
coefficient using AHP. The slope classification that was used in this model attempts to
prioritize areas that possess a low slope gradient. Several types of LIDs require a strict
slope gradient to perform. An example of this is the slope gradient needed for infiltration
trenches to work as designed; the U.S. EPA (2004) recommends the slope gradient to be
less than 15% for these types of LIDs. The U.S. EPA also recommends a gradient of less
than 10% for filter-strips and a gradient of less than 4% for bioswales.

Table 2: Slope Gradient Classifications
Ha and
Stenstrom
(2008)
Flat to
Low Slope
Gradient
Moderate
Slope
Gradient
Steep
Slope
Gradient
Very Steep
Slope
Gradient

SUSTAIN/
SWMM

Storm
Water
Management
Manual 2012

0-2%

BAHM

U.S.
EPA
2004

SSM

0-5%

0-4%

0-5%

5-10%

4-10%

515%

10-20%

10-15%

0-15%
2-6%

0-15%

>15%
> 6%

>15%
>15%

>25%

>20%

>15%
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d. Soil
Soil type plays an important role in determining the LID technique to be utilized and
installation locations. For example, Dietz (2007) explains that soils with low infiltration
rates or low hydraulic conductivity may not be appropriate for LID measures that include
the use of porous pavements, infiltration trenches, and infiltration basins. These LID
measures are usually limited to soils with high hydraulic conductivity because they rely
on infiltration of water into the soil substrate. Without adequate infiltration, these
aforementioned techniques cannot work effectively. At the other extreme, soils that have
rapid infiltration rates and a shallow depth to water table may also be inappropriate
(Winogradoff 2002). This is due to the possibility of polluted runoff entering into the
groundwater without first being filtered by the slow percolation through the soil so as to
which trap pollutants through cation/anion exchange (U.S. EPA 2000, 2004, 2009b).
Highly porous soils that sit over a shallow water table may not adequately filter pollutants
prior to the water entering the aquifer. Thus the use of porous pavements, infiltration
trenches, and infiltration basins may be inappropriate on soils with high hydraulic
conductivity ratings (U.S. EPA 2000).

Soil plays a major part in determining the hydrologic response of a watershed. Soil types
possess different properties that help determine the volume of overland flow that occurs
within a watershed, the amount of interflow, and the amount of groundwater recharge. In
addition, soils dictate surface erosion susceptibility rates and thus determine sediment
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availability. Soil data is thus the foundation of most hydrologic models (Whittemore and
Beebe 2000; WSDE 2005; Bicknell, Beyerlein, and Feng 2006; U.S. EPA 2009b, 2010).
The existing models discussed previously all utilize soil maps to represent variation in
infiltration rates. Knowing infiltration rates or hydraulic conductivity is crucial to LID
placement. The infiltration rate is the rate at which the soil can take in the available water
as determined by the soil’s pore geometry and continuity within the soil (USDA 2012).
Different types of LID projects demand different physical characteristics of the site. In
the past, stormwater BMPs focused on detention ponds, infiltration trenches, and
bioswales which were designed to allow for captured stormwater to percolate into and
through the soils. Such measures recharge groundwater and at the same time clean it by
trapping the larger sediment sizes within the LID installation. However, additional
techniques have been developed such as hydrodynamic storage devices, green roofs, bioretention features, and rain barrels that do not depend on soils. Nevertheless, since many
LID techniques involve water/soil interaction, soil data is a necessary and key component
to any LID siting methodology (Lai et al. 2007).
The soil property of most concern for LID design and siting is the infiltration rate. The
Natural Resource and Conservation Service (NRCS) provides soil maps for the United
States. The publicly available maps delineate soil groups and provide generalized
characteristics for each soil type. Because soil survey maps exist for nearly all of the U.S.
they are a universal data which can be easily retrieved and used in analysis. The NRCS
classifies the soil’s hydraulic conductivity on a scale from A through D for each soil.
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These classes are based on the standard SCS (Soil Conservation Service) classification
procedure and reflect the conductivity rates of saturated soils (USDA 2007) (Table 3).
Class A soil is primarily sand and aggregated silts with high saturated infiltration rates
(>0.45 inches per hour) and class D corresponds to soils that swell significantly when
wet, primarily clays. These have low saturated infiltration rates of 0.0 to 0.05 inches per
hour (USDA 2007). The soils data layer used in this study was attained from the U.S.
Department of Agriculture, NRCS’s Soil Data Mart (NRCS 2012).

Table 3: NRCS Hydrologic Soil Group Definitions (NRCS 2004)
Soil
Definition
Group
Low runoff potential. Soil having high infiltration rates even when thoroughly
A
wetted and consisting chiefly of moderately deep, well excessively drained
sands or gravels.
Soils having moderate infiltration rates when thoroughly wetted and consisting
B
chiefly of moderately deep to deep, moderately well to well-drained soils with
moderately fine to moderately coarse textures. Examples of soils include,
shallow loess, sandy loam.
Soils having slow infiltration rated when thoroughly wetted and consisting
C
chiefly of soils with a layer that impedes downward movement of water, or soils
with moderately fine to fine textures. Examples of soils include, clay loams,
shallow sandy loam.
High runoff potential. Soils having very slow infiltration rates when thoroughly
D
wetted and consisting chiefly of clay soils with a high swelling potential, soils
with a permanent high water table, soils with a clay-pan or clay layer at or near
the surface, and shallow soils over nearly impervious material.
e. Elevation within the Watershed
The elevation of LID within a watershed is an important consideration. This is because
the basic purpose for using LID is greater source control of stormwater. If LID is placed
at higher elevations within the watershed, more of the stormwater can be intercepted and
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infiltrated into the soil, used, and/or stored for vegetation and personal irrigation use
before it has the opportunity to carry pollutants to the receiving waterbody or cause
flooding and erosion in the lower reaches (Paul and Meyer 2001; Bledsoe 2002; Freni,
Mannina, and Viviani 2010). By placing LID at higher elevations within the watershed,
the volume of runoff, which is a primary concern of urban stormwater managers, can be
decreased. To better understand this principle, Figure 7 outlines how the hydrological
cycle works in a “natural” setting and in an urbanized environment. The figure shows that
if LIDs had been placed at higher elevations where the precipitation fell, much of the
polluted urban runoff could have been minimized (U.S. EPA 2000, 2004; Conradin,
Kropac, and Spuhler 2010).

Figure 7: Natural vs. Urban Hydrological Cycle (Conradin, Kropac, and Spuhler
2010)
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For example, in a highly urbanized watershed, like the study area, much of the
precipitation that falls eventually flows over impervious surfaces. As the water moves
through the watershed to lower elevations, more pollutants are mobilized and transported
along the way to the receiving body. Therefore, intercepting and infiltrating the
precipitation before it has a chance to mobilize pollutants and before the water runs over
the impervious surfaces that contain these pollutants will result in less of a negative
impact on water quality in the receiving waterbody.

The elevation within a watershed can influence the amount of precipitation it receives.
Elevation and precipitation depth positively correlate within the study area. As the
elevation rises, the mean annual precipitation average also increases (Map 2). For this
methodology, only elevation within the watersheds is considered because of the
redundancy that precipitation data would produce within the model. Map 2: Elevation
and Precipitation shows the similarity of these two criteria within the study area. Notice
in Map 2 that as the elevation increases in the eastern side of the study area so does the
precipitation amounts. Having two criteria that display the same or very similar values
does not increase model sensitivity; therefore, only one criterion was chosen for the SSM
for source control of precipitation. Elevation was used because precipitation data is often
not as readily available as elevation data. Therefore, elevation data, which is nationally
available, is a proxy for precipitation data for siting LIDs in this methodology. However,
it is recognized that precipitation plays a major role in LID selection and sizing and may
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not always correlate to elevation. Thus the influence of precipitation on LID design may
not be accounted for if this methodology is used elsewhere.

Three elevation classes were determined from the DEM. These classes (upper, middle,
and lower watershed) were defined by the GIS using 3 natural break intervals from the
minimum and maximum elevation of the study area. Natural Breaks is a method of
automated data classification that seeks to partition data into classes based on natural
groupings inherent in the data. The GIS identifies break points by picking the class
breaks that optimally organize similar values and maximize the differences between
classes. Figure 8 is a screen capture of the GIS computing 3 natural breaks within the
DEM to create an elevation zone dataset for use in the SSM. The break values in meters
can be seen on the right side of the figure.

The three elevation zones derived from the natural breaks function within the GIS are the
lowest zone from zero meters to 109 meters, the middle elevation zone from greater than
109 to 258 meters, and the upper elevation from greater than 258 meters to 579 meters.
The minimum elevation is zero meters and the maximum elevation within the study area
is approximately 579 meters.
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Map 2: Elevation and Precipitation (Gesch 2007; Boucher 2009)
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Figure 8: Elevation Breaks

4.4 Social Criteria
a. Public Interest/Watershed Groups
Public participation and education play a major role in LID project development,
construction, and maintenance (Piper 2005). The social component is often overlooked,
but is necessary for the success of LID projects. Watershed groups are often the primary
source of funding, field work support, and routine maintenance for community-based
projects such as LID. Therefore, having a LID project site located within an active
group’s service area can greatly improve the success of the project (Taylor and Fletcher
2007; Dunn 2010). Active watershed groups were used as an indicator of public
participation and involvement. The watershed groups list was compiled from several
sources and contains a wide array of groups from large and very organized to small and
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less structured groups (Contra Costa County 2012b). This data allowed a social
component to be added to the analysis. A list of active watershed groups was acquired
from various local sources. These watershed groups, which identify themselves by the
watersheds in which they work, were then joined to the watersheds layer in the GIS. For
example, San Pablo Watershed Neighbors Education and Restoration Society
(SPAWNERS) work within the San Pablo Creek Watershed. So, SPAWNERS was
joined, using the Join Table function within the GIS, to the watershed layer from Contra
Costa County.
b. Proximity of LID Project Site from Public Transportation
Proximity can be addressed in many ways. The need for a simple, easily reproducible
methodology for finding potential sites dictates that each step, including evaluating
proximity to a site, is done in a manner that meets these goals. Because this methodology
is primarily intended for use by nonprofits and municipalities, proximity needs to be
addressed in a very specific manner. Installations of LIDs by nonprofit organizations
primarily utilize volunteer labor from the surrounding area. Thus, proximity to LID sites
via common urban transportation methods, such as buses, trains, and/or bike/pedestrian
paths, is considered to be crucial for recruiting for volunteers. This methodology,
therefore, considers proximity of a project site to be the distance to that site from a public
transportation stop. This is because willingness to travel to a site will be negatively
correlated to this distance – the willingness to participate will decrease with an increase
in the distance from a given location to nearest transit stop. For example, Saelens, Sallis,
and Frank (2003) found that the use of public transportation negatively correlates to the
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distance between public transportation stops and a final destination. A related factor is the
actual time spent on public transportation. In a study performed using public
transportation systems in, Contra Costa County, Murray (2003) concluded that the
willingness to use public transportation was largely dependent on distance from bus stop
and residence, distance from bus stop and destination, and total time from starting point
to destination.

In the San Francisco Bay Area, there is a positive correlation between the proximity of a
destination to a Bay Area Rapid Transit (BART) system stop to the use of the system
(Figure 9). In addition, a positive correlation between urban density and public
transportation use was also found (Kitamura, Mokhtarian, and Laidet 1997).

Similar studies have shown correlations between land use, population density and public
transit use (Saelens, Sallis, and Frank 2003; Ferdman and Shefer 2008; Senbil, Kitamura,
and Mohamed 2009). These studies suggest that cities with medium to high-density
residential areas are most likely the cities in which the residents rely on a public transit
system for transportation. Murray (2003) found that the use of public transit was largely
dependent on distance from bus stop and residence, bus stop and destination, and total
time from starting point to destination. Thus, proximity will be defined, in this
methodology, as distance to a proposed LID site from a bus or light rail (BART) station.
Accepted tolerated walking distances will be used for this variable. The distance that is
generally accepted as tolerable is 400 meters in high to medium density developed areas
and 800 meters in low density residential areas (Murray 2003; Alshalalfah and Shalaby
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2007). Land cover designations will be used as a proxy for population density. The land
cover classes, high density development and medium density development, are used for
the 800 meter proximity class and the low density development land cover class is used
for the 400 meter proximity class.

Figure 9: Tolerable Walking Distance from Public Transportation

4.5 Methods
The following methodology is designed in a step by step fashion to facilitate
reproducibility of the SSM. This methodology uses metric scale for calculations but U.S.
standard units can easily be used. Since the SSM methodology utilizes ESRI’s ArcGIS
software package all datasets used to generate the SSM are converted to ESRI’s
proprietary formats. This requires the use of shapefiles (vector format, including point,
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line, and polygon) and grids (raster format, including integer and floating point) to
ensures that all GIS functions can be utilized.
a. Primary Criteria Ranking and Coefficient Assignment Using AHP
The first step in the methodology entails identifying the criteria that will be used to
generate a suitability score. As mentioned in the previous section, this thesis uses a
literature review to compile a list of relevant criteria which is then narrowed down and
ranked by two stormwater managers (Table 4). These criteria were then assigned a
coefficient using AHP.

Table 4: Ranking of Primary Criteria
Criteria

Rank

Land cover

1

Imperviousness

2

Elevation with the Watershed

3

Soil Hydrologic Type

4

Slope Gradient

5

Proximity of Site to Public Transit

6

The scale used for the evaluation of the importance of one criteria over another is a scale
of 1 to 5 with 1 being not more or less important, 3 being more important, and 5 being
much more important (Table 5) that is adapted from Saaty (1980). The even values in the
scale represent intermediate steps in importance.
In the first step of the AHP process, a pair-wise chart is constructed to begin the
coefficient assignment for the primary criteria. This enables pair-wise comparisons to be
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made for each of the criteria. Table 6 represents the pair-wise matrix used in this thesis
for the Western Contra Costa County study area. To complete the matrix, the inverses of
the recorded comparison values are transposed to the remaining cells (Table 7).

Table 5: AHP Scale
Numerical Value Used in the Pair-

Meaning of the Numerical

wise Comparison

Value

1

Equal importance

2
3

More important

4
5

Much more important

Step two of the AHP process involves eigenvector computation to assign coefficients to
the criteria. Eigenvector computation is a method within AHP that turns the importance
ranking values into coefficients or weights and then normalizes the values based on a
zero to one scale (Saaty 2008). Eigenvector values are computed by squaring the pairwise matrix (purple circle) and then summing the rows of the pair-wise matrix (red box).
Next, the sums are added together (green box) (Table 8). The total summation value (blue
box) is used to divide each row total (red box) resulting in an eigenvector value (yellow
box) for each criteria (Table 9).
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Table 6: Pair-Wise Comparison Matrix

Proximity

Slope Gradient

Soil
Hydrological
Group

Imperviousness

Elevation
within
Watershed

1.000
0

Imperviousness

Land Cover

Land Cover

1.0000

3.0000

5.0000

5.0000

5.0000

1.0000

4.0000

4.0000

4.0000

4.0000

1.0000

5.0000

3.0000

4.0000

1.0000

2.0000

3.0000

1.0000

2.0000
1.0000

Elevation
within
Watershed
Soil
Hydrological
Group
Slope Gradient
Proximity

Table 7: Pair-Wise Matrix Transposition

Imperviousness

Elevation
within
Watershed

Soil
Hydrological
Group

Slope
Gradient

Proximity

1.0000

1.0000

3.0000

5.0000

5.0000

5.0000

Imperviousness 1.0000

1.0000

4.0000

4.0000

4.0000

4.0000

Elevation
within
Watershed

0.3333

0.2500

1.0000

5.0000

3.0000

4.0000

Soil
Hydrological
Group

0.2000

0.2500

0.2000

1.0000

2.0000

3.0000

Slope Gradient
Proximity

0.2000
0.2000

0.2500
0.2500

0.3333
0.2500

0.5000
0.3333

1.0000
0.5000

2.0000
1.0000

Land
Cover

Land Cover
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Table 8: Addition across Rows within the Squared Matrix
Squared matrix

sum
146.0829
Land Cover

5.9999

6.5000

13.9165 33.1665

35.5

51

14.1332 36.3332

35

49

Imperviousness

5.7332

6

Elevation
within
Watershed

3.3166

3.8333

5.9998

15.4997 20.6665 31.6665

1.71666

2

3.4166

5.9999

8.1

12.8

34.03316

2.8666

5.3331

5.9999

8.8332

25.70221

35.5
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18.78722

Soil
Hydrological
Group
Slope Gradient

1.261089 1.408325

Accessibility

5.9999

6.5000

13.9165 33.1665

146.1996
80.9824

451.7875

Table 9: Row divided by Total Summation Equals Eigenvector
Row Sum

Total Summation

Eigenvector

Land Cover

146.0829

451.7875

0.323344

Imperviousness

146.1996

451.7875

0.323603

80.9824

451.7875

0.179249

34.0331

451.7875

0.07533

Slope Gradient

25.7022

451.7875

0.05689

Proximity

18.7872

451.7875

0.041584

Elevation within
Watershed
Soil Hydrological
Group
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The third step of the AHP process entails squaring the matrix again and again until the
resulting eigenvector values are similar to the eigenvector values of the matrix that was
squared before the last iteration of the squared matrix. For example, eigenvector values of
the second root are much different than the eigenvector values of the third root so it is
necessary to square the values once again. Eigenvector values derived from the third root
of the matrix are similar to the eigenvector values of the fourth root. Therefore, the
squaring process can stop and the eigenvector values of the forth root are used as the
coefficients of the criteria. This process is repeated for every criterion and subcriterion
(Saaty 1980; Haas and Meixner 2012). It was necessary to square the values four times
for this particular dataset. If this process is done with other datasets, it may be necessary
to square the values more times or fewer times to reach the goal of subsequent values
from one root to the next being very similar.
Table 10: Matrix Squaring
Third matrix squaring

Fourth Matrix Squaring

Land Cover

0.322998

0.322129

Imperviousness

0.323854

0.320118

Elevation within Watershed

0.170105

0.172312

Soil Hydrological Group

0.077895

0.07969

Slope Gradient

0.060242

0.060817

Proximity

0.044905

0.044934

After the primary criteria have received coefficients, each criterion is broken into
subcriteria that are determined by the literature review. The AHP is then applied to the
subcriteria to compute coefficients. The eigenvector computation for the subcriteria is the
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same as outlined previously except that the criteria are replaced by the subcriteria for
ranking and in the pair-wise matrix (Figure 10).

Figure 10: Subcriteria Breakdown

The coefficients that are created will be applied to each criteria and subcriteria dataset.
Assignment of these coefficients will occur during the overlay analysis step. However,
before the overlay analysis step can be completed, some simple data preparation steps
need to be taken.
b. Terrain Preprocessing
Terrain preprocessing is comprised of several technical modifications to the base DEM.
These modifications are necessary for functionality of the SSM as well as enabling
compatibility of the layers with the existing hydrological models. Without these
modifications, subcatchments could not be delineated, slope gradient calculations would
be far less accurate, and streams and river shapefiles could not be created.
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To allow this methodology to be easily applied in different, pre-existing, open source
datasets were utilized wherever possible. The DEM acts as the foundation, providing the
surface that all other data is laid over. The DEM generates other key variables including
the slope gradient, elevation, streams and subcatchment boundaries. The terrain
preprocessing steps are outlined in Figure 11.

The first step in the terrain preprocessing phase after acquiring the 1/3 arc grid layer
(raster) is to transform the projection to one that preserves the spatial accuracy. The
California State Plane Zone III coordinate system which uses the Lambert conformal
conic projection was used because of the need to minimize area distortion within the
study area and to achieve more accurate spatial analysis results. ArcCatalog performs the
necessary projection transformations using the Define Projection tool.

After the DEM’s projection has been transformed it is imported into ArcMap. All
remaining steps are performed within the ArcMap environment. The following terrain
preprocessing steps are performed on the DEM. Several layers will be created from this
process and include: a smoothed DEM (sink free), a flow accumulation grid, a flow
direction grid, a lake flow direction grid, a stream grid, and a subcatchment grid. The
sequence presented ensures an accurate delineation of subcatchments and creation of the
drainages/streams layer. These layers will be used throughout the methodology to
determine the most suitable sites for placing LID.
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Figure 11: Work Flow for the Terrain Preprocessing Steps
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Sink filling is a common technique used to remove local depressions found within the
DEM caused by errors associated with digitizing terrain from existing topographic maps.
Sink filling allows for more accurate flow calculations (flow accumulation is a function
used within the GIS). The Sink filling function allows for a full accounting of where
precipitation within the modeled area flows (Djokic 2008). Sink filling should not be
applied to all geographic locations because depressions can naturally occur in specific
geologic landforms such as karst topography. If karst topography is present and
depressions occur within an area, sink filling may need to be preceded by detailed ground
truthing to see whether the DEM depressions is indeed an actual physical feature
(Wechsler 2007). Thus users of the SSM methodology should take into account local
conditions when preparing datasets. Should natural or manmade depression exist in the
study area shapefiles delineating depressions can be introduced into the terrain
preprocessing stage at this time, to prevent the unwanted filling of these sinks and thus
enhancing the accuracy of the SSM permitting accurate flow direction and flow
accumulation calculations to be performed. Figure 12 displays the DEM after the sink
filling operation has been performed. Also present in the figure is existing vector data of
streams and waterbodies that were utilized for the reconditioning step (Figure 12). The
Sink Fill function window is also shown within the figure.
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Figure 12: HydroDEM1

The grid layer (HydroDEM1) that is generated by these steps is reconditioned using an
existing stream/river shapefile. The reconditioning function manipulates the DEM by
either raising or lowering the elevation of a cell based on an existing vector layer. This is
useful when working with fine resolution data because it aids in preserving the natural
terrain. This is especially important when working in areas that have a high density of
man-made or artificial obstructions. The use of an existing stream/river shapefile enables
the GIS to create more accurate flow direction and accumulation grids and to determine
flow direction within lakes which aides in its ability to create drainages (ESRI 2012a).

59

Reconditioning, which is completely automated in ArcGIS, compares elevation point
values of a vector layer with the corresponding point values in the DEM layer. If the
vector layer is derived from ground surveys, it is likely to be more accurate than a stream
layer that is derived from modeling of digitized topographic data. A vector layer derived
from ground surveys in the study area was available so it is utilized in the SSM to raise or
lower the DEM along its course to correct the inaccuracies within the DEM data. This
ensures more accurate flow direction and flow accumulation accounting.

The Sink Fill function is performed again after the introduction of the streams/river
shapefile by using the Reconditioning function. The resulting grid is then used to create a
Flow Direction grid (HydroDEM2) which is a raster integer layer that contains
information about the location of the steepest drop on each pixel, essentially which
direction water flows out of each pixel. This grid, coupled with a preexisting waterbody
layer, is then used to adjust the flow direction within lakes which allows for the creation
of the final flow direction grid. Without the addition of a waterbody layer, the Flow
Direction grid would depict zero flow out of these areas because they appear as flat
terrain in the DEM. Lakes and streams data, digitized from topographic maps, for the
entire U.S. is available through the USGS. This study uses stream and lake shapefiles
which were acquired from Contra Costa County’s data repository site, but which are also
available through the national atlas website (Contra Costa County 2012a; National Atlas
2012). Figure 13: HydroDEM2 displays the DEM after the preexisting waterbodies layer
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was used for reconditioning. Also present in the HydroDEM2 is the reconditioning
toolset window.

Figure 13: HydroDEM2

The next step performed in the terrain preprocessing stage involves creating a drainage
grid which is essentially a layer that depicts a stream network. To enable the GIS to
perform specific calculations related to subcatchment delineation in later steps, drainages
must be delineated. Development of a Drainage grid involves creating a Flow
Accumulation grid which utilizes the Flow Direction grid that was created in a previous
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step (Figure 14). The Flow Accumulation grid indicates how many cells are upstream of
the current cell. In other words, the Flow Accumulation grid shows the total area that is
contributing to water flow to each cell. The Flow Direction grid is used in conjunction
with lakes and streams shapefiles to create a corrected Flow Direction grid which again
shows the drainages and the direction water is flowing through the lakes.

Figure 14: Flow Direction Grid Creation Using Adjusted Flow in
Lakes Grid
To create the Flow Accumulation grid, the user must input an approximate accumulation
area that is required for a stream to be created. This area value is manually entered into
the Area box of the Stream Definition window (Figure 15).The area estimate determines
the volume of water that flows through a particular cell based on the number of upstream
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cells and the location of that cell from the outflow (the area used in the study area is
1.0862 km2) (Figure 15: Amount of Area Needed to Initiate a Stream).

Figure 15: Amount of Area Needed to Initiate a Stream
To test whether the amount of area that was manually entered is acceptable or accurately
depicts the stream length within the area, an existing stream shapefile is overlayed and
visually matched with the GIS-generated stream length (Flow Accumulation grid). The
area value is adjusted until the GIS drainage and stream layer have identical lengths. The
result is a new Drainage grid which is used to create a Stream Segment grid (Figure 16).
Figure 16: Amount of Area Test Grid shows the visual test for the accuracy of the
accumulation area that was manually entered. The yellow lines represent the estimated
accumulation area while the green lines depict an existing stream layer.
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Figure 16: Amount of Area Test Grid
The final step in the terrain preprocessing is to delineate subcatchments within the study
area. The Catchment Grid Delineation tool is used to perform this operation. This step
uses the Stream Segment grid to determine the boundaries of each subcatchment unit by
dividing the study area into smaller catchments that drain into only one stream segment.
The process is completely automated within the GIS and only requires the Stream
Segment grid as input. From the Stream Segment grid, a Stream feature class (vector
layer) and Subcatchment feature class (vector layer) are created. The Subcatchment
feature class acts as the primary boundary for the remainder of this site suitability study.
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Map 3: Subcatchment map provides an example of the type of subcatchment map
produced as a result of terrain preprocessing.

Map 3: Subcatchment Map
The subcatchments are overlayed onto the Hillshade layer. Map 4: Subcatchments and
DEM (Hillshade) was created using the refined DEM for the Hillshade and
subcatchments layers from the terrain preprocessing steps outlined above. The
subcatchments are used later in the methodology to produce a chlorepleth map which
depicts the subcatchments according to the highest SSM scores per area. A hillshade is a
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shaded relief raster that is created from the DEM and is used for display purposes rather
than for analysis.

Map 4: Subcatchments and DEM (Hillshade) (Fry et al. 2011)

Data Preparation for Overlay Analysis
The following procedures are broken down by variable because each variable requires
slightly different procedures. However, a general preparation of each spatial dataset is
performed prior to the specific procedures. This procedure is shown in Figure 17: General
Work Flow of Variable Preparation. Figure 17 demonstrates that the assignment of

66

coefficients to the primary criteria is identical across all of the variables, as outlined
previously, but does differ for subcriteria found within each variable. The following
procedures will outline these differences.

Figure 17: General Work Flow of Variable Preparation

c. Land Cover Data
Land Cover data can be acquired online from the USGS Data Warehouse (Fry et al.
2011). This data, which is in raster format, displays the land cover classes within the
study area and are from the National Land Cover Dataset (NLCD) of 2006. In the case of
the study area these categories include: open water (11), developed open space (21),
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developed low intensity (22), developed medium intensity (23), developed high intensity
(24), barren land (31), deciduous forest (41), evergreen forest (42), mixed forest (43),
shrub/scrub (52), grassland/herbaceous (71), sedge/herbaceous (72), pasture/hay (81),
cultivated crops (82), woody wetlands (90), and emergent herbaceous wetlands (95) (Fry
et al. 2011) (Map 5: Land Cover Raster).

The first step in formatting the Land Cover dataset for use in the SSM includes
appending the written description of the land cover classifications to the corresponding
land cover numerical values (e.g. Grassland/Herbaceous = 71). This enables more userfriendly display and interpretation of the data (e.g. Table 5: Eigenvector Values for Land
Cover). The next step is to convert the raster data into vector data to allow for coefficient
assignment to the subcriteria. This conversion can be done in the GIS using the
Conversion toolset (Figure 18).

Figure 18: Raster to Polygon Tool
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Map 5: Land Cover Raster (Frey et al. 2011)

The AHP technique assigns coefficients to each land cover class. This is performed to
give preference within the model to areas that are highly developed (Table 11:
Eigenvector Values for Land). Rankings of the land cover classes are derived, the
rankings are given values using pair-wise comparisons, and through eigenvector
computation these values are turned into coefficients. The process to derive the
coefficient values is the same as outlined previously except that in this case, the
coefficient is not applied to each subcriteria pixel like it is to the primary criteria. Instead,
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the value is applied to the continuous area (km2) of one land cover type within a
subcatchment (polygon layer created in Terrain Preprocessing) and then the value with
the coefficient is assigned back to the Land Cover raster (Figure 19). This method was
adapted from Roy and Schuster’s (2009) study that compared total impervious areas with
directly connected impervious areas. Hence, areas with large continuous high density
development (24) scores higher than areas with small amounts of continuous high density
development (24). This is performed by calculating the amount of area a continuous land
cover class occupies within a subcatchment.

Large continues areas of High Intensity Development receive a higher coefficient than
small continuous areas of High Intensity Development. Thus, the higher ranking is giving
preference within the model to large continuous areas of High Intensity Development.
Note that open water (11) and wetlands (90 and 95) were initially assigned values in the
AHP ranking but were ultimately excluded from the final SSM Map because LIDs are not
applicable i.e. cannot be sited there. A waterbody vector layer containing these features is
used to eliminate these land cover classes for the overlay analysis. The vector layer is
overlayed onto the final SSM and the areas where the vector layer overlapped were
subtracted from the SSM raster. Figure 19: Land Cover Preparation describes the steps
necessary to prepare the Land Cover layer for use in the SSM. The Field Calculator, a
tool within the GIS that allows dataset attribute tables to be manipulated by simple SQL
commands, was used to perform the steps described in Figure 19. This involves
calculating the area of each continuous land cover type polygon and the area of the
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subcatchment. The calculator is then used to divide the area of the continuous land cover
type polygon by the total subcatchment area. The result is then multiplied by the AHP
coefficient and used to create the final land cover raster that is used in the SSM (ESRI
2012a). Appendix V displays the initial pair-wise comparison matrix for Land Cover. R,
an open source language with a vast statistical analysis library, is used to perform the
matrix squaring process. R was selected because it is easy to use and publically available
at no cost. Instructions for matrix manipulation can be found on the R website (R-core
Team 2012).

Table 11: Eigenvector Values for Land Cover (Fry et al. 2011)
Land Cover Classification

Numerical
Code

Developed, High Intensity

24

Importance
Ranking from
Table 1
1

Eigenvector
Values

Developed, Medium Intensity

23

2

0.118564

Developed, Low Intensity

22

3

0.148621

Developed, Open Space

21

4

0.191508

Barren Land

31

5

0.254303

Cultivated Crops

82

6

0.039849

Grassland/Herbaceous

71

7

0.025986

Shrub/Scrub

52

8

0.035525

Evergreen Forest

42

8

0.035525

Deciduous Forest

41

8

0.035525

Woody Wetlands

90

8

0.035525

Emergent Herbaceous

95

8

0.035525

Open Water

11

19

0.008019

(coefficients)

0.008019
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Figure 19: Land Cover Preparation
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Land cover type per subcatchment values, which are used to calculate runoff volumes,
are used extensively in the various aforementioned models as a primary criterion for
modeling stormwater (U.S. EPA 2009a, 2009b; Bicknell, Beyerlein, and Feng 2006). The
Land Cover dataset is also used in creating the proximity to public transportation variable
that will be presented in the Social Criteria section.

d. Imperviousness
Although closely related to land cover, imperviousness is used as a separate variable
within the SSM (refer to Data section). The NLCD 2006 Imperviousness dataset from the
USGS is used to create this variable (Fry et al. 2011). The imperviousness raster, from
USGS, is imported into the GIS and then using the Properties Window, the data displayed
is reclassified to show three category breaks of imperviousness throughout the study area.
The three category breaks create four levels of classifications which are refined from
previously defined levels of concern in stormwater management. Each classification
break represents a dramatic increase in imperviousness which directly relates to runoff
volumes and pollution loading (Mitchell 2005; Guo 2008; Roy and Shuster 2009; Liu et
al. 2004). The levels are areas with 0% to 10% imperviousness, areas with greater than
10% to 50% imperviousness, areas greater than 50% to 85% imperviousness, and areas
with greater than 85% imperviousness (Map 6: Imperviousness Classification).
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Map 6: Imperviousness Classification (Fry et al. 2011)

In particular, roads and large highways in particular are major contributors to declining
water quality. Thus, highways are an important consideration in stormwater management
(Ellis et al. 2004). However, four major roadways within the study area (I-580, I-80, San
Pablo Dam road and the Lincoln Highway) must be excluded from the imperviousness
layer because of the disproportionate influence on the imperviousness score that they give
to the areas they bisect. In other words, the highest ranked areas within the
imperviousness layer are the highway surfaces. Further justification for removal of
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highways from the imperviousness layer is that highway surfaces are not appropriate for
LID placement.

Since the California Department of Transportation (Caltrans) has separate and unique
authority along these roadways, they are not candidates for LID siting and are effectively
isolated from the rest of the subcatchments, both physically by being elevated and as
management units (Low Impact Development Center Inc. 2006; California Department of
Transportation 2010). Although these surfaces contribute to stormwater runoff and
pollutant loading, they are excluded from the model analysis because LIDs cannot be
sited in the middle of highways, which is what would be predicted as a high priority if
left in the analysis, and regardless, in this particular study area Caltrans has unique
authority on these spaces and thus are not the target audience for the analysis.

Exclusion of the two major roadways requires adjustment to the imperviousness raster
within the GIS. First, a 30 meter buffer s created around the highway vector layer. This
vector buffer layer is then transformed into a raster layer. Using the raster calculator, the
roads raster layer is removed using a subtraction function from the Imperviousness raster
layer. The result is a layer depicting the impervious areas in the study area which exclude
the pixels that contain the highways I-80 and I-580 (Map 7: Imperviousness Raster).

Following the removal of the highways influence on the dataset, the imperviousness
classification levels are assigned coefficients that represent their relative importance and
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aid in site selection by giving preference to sites with high imperviousness. Coefficients
are derived using AHP (Table 12: Eigenvectors Assigned to the Imperviousness Classes).

Map 7: Imperviousness Raster (Fry et al. 2011)
Table 12: Eigenvectors Assigned to the Imperiousness Classes
Imperviousness
Classification

Eigenvectors (Coefficients)

Very high (> 85%)

0.5356

High (> 50 – 85)

0.2493

Moderate (> 10 – 50)

0.1363

Low (<= 10)

0.0787
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Assignment of coefficients to the imperviousness raster layer is performed using the
Raster Calculator tool (Figure 20: Raster Calculator). The attribute table of the
imperviousness raster layer looks like Figure 21: Attribute Table of Imperviousness
Raster after Coefficient Assignment, a screen capture of the attribute table of the
imperviousness layer after coefficient assignment. The highlighted column contains the
data that the overlay analysis uses to create the LID Suitability Index (SI).

Figure 20: Raster Calculator

The resulting new impervious raster layer, with the weighted four classification levels, is
then used in the final SSM to score potential LID sites.
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Figure 21: Attribute Table of Imperviousness Raster

e. Soil Suitability Scores
Digital Soil maps from the NRCS are used to create a soil suitability index (Natural
Resources Conservation Service Soil Survey Geographic (SSURGO) Database for Contra
Costa County 2012). The hydraulic conductivity class of each soil type is manually added
to the attributes table for each soil type using the Join Table tool. The soil raster layer is
then converted to a vector layer, to allow for coefficient assignment, using the cell values
from the hydraulic conductivity class; this process uses the same tool that was used for
the land cover data (Map 8: Soils with Hydraulic Conductivity Rating). Each hydrologic
soil class (A, B, C, and D) is then given a coefficient derived using the AHP technique.
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Table 7: Eigenvector Values for Hydrologic Soil Type displays the resulting eigenvector
values derived from the AHP (Young et al. 2009; Sener, Sener, and Karaguzel 2010;
Chen, Yeh, and Yu 2011). Soil hydrologic type importance ranking was based on the
literature review and existing LID manuals (BASMMA 1999; DERPPD 1999; U.S. EPA
2000, 2004, 2009a; 2009b; U.S. Department of Housing and Development 2003;
Winogradoff 2002; Bicknell, Beyerlein, and Feng 2006; Lai et al. 2007; Reichold et al.
2009; WSDE 2012). Hydrologic soil type A is assigned the highest coefficient which
gives preference within the model to areas with this soil type.

Table 13: Eigenvector Values for Hydrologic Soil Type
Soil Types

Eigenvectors (Coefficients)

A

0.5241

B

0.2625

C

0.1524

D/Fill

0.0609

After coefficient assignment, the vector data layer is then converted back into a raster
layer to allow input into the Overlay Analysis tool. Each new raster cell’s value is now
the eigenvector value from table 13 (Map 8: Hydrologic Soil Type).
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Map 8: Hydrologic Soil Type (USDA 2004)

Map 9: Hydrologic Soil Type Raster (USDA 2004)
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f. Elevation within the Watershed
The HydroDEM3 (refer to Terrain Preprocessing section) is used to define the watershed
elevation classes using three natural break interval classes (refer to Data section,
Elevation within the Watershed, Figure 9). The elevation classes are then used to assign
coefficients to the raster cells. Each pixel within the DEM is multiplied by the coefficient
that corresponds to the elevation range in which it belongs. The Raster Calculator within
the GIS is used to perform this function; the result is a new raster layer with three distinct
elevation classes with assigned coefficients (Map 10: Elevation within Watershed).
The values assigned to each elevation class are: lower watershed = 0.106, middle
watershed = 0.260, and upper watershed = 0.633 (Table 8: Eigenvector Values for
Elevation within Watershed). These coefficient values are derived from AHP using the
same importance value scores as outlined in Table 1: Importance Scale. In this study, the
eigenvector values are taken from the fifth iteration of the squares of the scores. This
weighted raster layer is used in the final SSM.
Table 14: Eigenvector Values for Elevation within Watershed
Elevation Within Watershed

Eigenvectors (Coefficients)

Lower

0.1062

Middle

0.2605

Upper

0.6333
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Map 10: Elevation within Watershed (Gesch 2007)

g. Slope Gradient
The HydroDEM3 (refer to Terrain Preprocessing section) was used to calculate slope
gradient. The Slope tool within the GIS is used for the calculation. The unit used is
percent slope. Three slope classes are defined: 0-5 (ideal or flat), >5-15 (acceptable or
moderate), and >15 (less than ideal, steep) (refer to Digital Elevation Models section for
an explanation of class creation). The AHP technique is used to create coefficients for
each slope class using the importance ranking system of Table 1 (Table 15). These
coefficient values are used to adjust the value of each slope-raster pixel. The Raster
Calculator is used to perform this function by multiplying the slope (within classes) by
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the coefficient (Table 15: Eigenvector Values for Percent Slope Gradient). The weighted
raster gives preference to sites that have smaller slope gradient values because areas with
less severe slope can accommodate more LID project types. The result of this operation is
a Slope raster with weighted pixels which is used within the final SSM (Map 11: Slope
Gradient Raster).
Table 15: Eigenvector Values for Percent Slope Gradient
Slope
Percentage

0-5 %

>5-15 %

>15 %

Eigenvector Values
(coefficients)

0-5 %

0.6896

0.7273

0.6250

0.6806

>5-15 %

0.1724

0.1818

0.2500

0.2014

>15 %

0.1379

0.0909

0.1250

0.1179

Map 11: Slope Gradient Raster (Gesch 2007)
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h. Stream Buffering
Stream buffers are created for all streams found within the study area. Although stream
buffers are not a variable within the SSM they are created because streams, like open
water areas (11) (reservoirs, lakes and wetlands), are not suitable for LID placement
(refer back to Map 4: Land Cover).

Use of riparian buffers is a LID/BMP technique that can and should be employed within
and around streams. The rationale for the use of buffers around these features is to
preserve native vegetation that acts as a sponge and filter to prevent contaminated water
from entering the waterbody. However, this methodology excludes riparian areas that are
within roughly 30 meters of a waterway because this methodology uses the strictest LID
siting criteria to evaluate site suitability: wet retention pond siting limitations. Lai et al.
(2007) recommend a buffer distance of 30.48 meters between wet detention ponds and
streams. This is because of the potential for overflow events from the ponds which may
result in the release of highly contaminated water directly into the stream and the likely
mixing of the pond water with the stream water in the hyporheic zone which may also
lead to contamination of the stream water.

The SSM attempts to take all LID project types into account. Therefore, the most
stringent site suitability measures are used. As a result, a recommended buffer of 30
meters (100 feet) is placed around all streams. This buffer is used to create a raster layer
called Stream and Creek Buffers. Areas outside of the buffer layer, which are the priority
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sites, are assigned a coefficient value of 0.69 and areas within the buffer layer are
assigned a coefficient value of 0.31 (Table 16: Buffer Layer Eigenvectors). The areas
outside of the buffer layer were viewed as more important than areas within the buffer;
thus, during the pair-wise stage of AHP, the areas outside of the buffer received a value
of three and areas inside the buffer received an initial value of 1/3 (see Importance
Ranking Scale in Methods Section 4.5 Table 5).

Table 16: Buffer Layer Eigenvectors
Areas in Stream and Creek
Buffer Layer
Within 30 Meter Buffer

Importance
Ranking
2

Eigenvector Values
(coefficients)
0.3077

Outside of 30 Meter Buffer

1

0.6923

These two classes are used because areas outside of the buffer are able to accommodate
more LID project types, like ponds and lagoons, than areas within the buffer (Map 12).
The coefficients that were used are derived from the AHP process using the eigenvector
computation procedure.
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Map 12: Stream and Creek Buffers (Contra Costa County 2012a)

i. Proximity to Public Transportation
A Proximity to Public Transportation layer is created using transit nodes (in the case of
the study area, Contra Costa County, BART stations and AC Transit bus stops were used)
and the previously mentioned Land Cover layer. Three classes are created within the
layer based on a fixed radial distance to public transportation and the land cover type:
400 meters for high/medium density development, 800 meters for low density
development, and all remaining areas greater than 800 meters. This is accomplished by
creating two buffers (400 meters and 800 meters). The nodes within developed areas
considered to be of “high and medium density” are assigned a 400 meter buffer and the
nodes located in “low density development” areas are assigned an 800 meter buffer (Map
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13: Proximity Raster). These designations give preference to areas located within high
and medium density developments within 800 meters of a node. These buffer layers are
then converted to a raster grid format, with coefficients derived from AHP for use in the
final SSM (Table 17: Eigenvector Values for Proximity).
Table 17: Eigenvector Values for Proximity
Location
400 m

Eigenvector Values (coefficients)
0.567873303

800 m

0.333936652

Outside

0.098190045

Map 13: Proximity Raster (California Department of Transportation 2012; Contra
Costa County 2012a; Fry et al. 2011)
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j. Public Interest/Watershed Groups
A list of active watershed groups within the study area must be compiled. In the case of
Contra Costa County, this was developed from a review of the internet, a discussion with
professionals, and a review of existing watershed studies focused on the study area. The
list is organized according to the watershed in which the group/organization works. The
list is created in Microsoft Excel and then imported into the GIS and joined to the
existing Watershed shapefile based on watershed name. For example, Map 14: Watershed
Groups depicts the watersheds within the study area and the advocacy groups that operate
within each watershed.

A new column is created in the Watersheds attribute table to allow for scoring of each
watershed based on the presence of a watershed advocacy group. Watersheds that have at
least one active group are given a score of 0.6923 while watersheds lacking a group were
assigned a score of 0.3077, thus giving preference within the model to watersheds that
possess watershed groups. The final assigned value to each cell is defined by multiplying
the number of groups present in the watershed by the coefficient. Map 15: Watershed
Group raster shows the raster grid that was created from this process.

Map 15: Watershed Groups (Gesch 2007; Contra Costa County 2012b)

Map 14: Watershed Groups (Gesch 2007; Contra Costa County 2012b)
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Map 16: Watershed Group Raster (Contra Costa County 2012b)

k. LID Site Suitability Model
Using the Raster Calculator and Overlay Analysis tools within the GIS, a final Site
Suitability Score map is created. The raster grid layers that are used in the creation of the
Site Suitability Score map include: Map 5: Land Cover Raster, Map 7: Imperviousness
Raster, Map 9: Hydrologic Soil Type Raster, Map 10: Elevation in Watershed Raster,
Map 11: Slope Gradient Raster, Map 12: Stream and Creek Buffer Raster, Map 13:

90

Proximity Raster, and Map 15: Watershed Group Raster (Figure 22). These raster grid
layers are the products of the previously mentioned steps that prepare the rasters for
subcriteria assignment.

Figure 22: Variables Included in the LID Site Suitability Index

The weighted rasters are summed using the Overlay Analysis tool which simultaneously
multiplies each variable by its assigned coefficient to produce an overall Suitability Index
score (SI) (ESRI 2012b). A requirement of the Overlay Analysis tool is that all raster
cells are in integer format. Rasters that were created using continuous data, such as the
Land Cover raster, Imperviousness raster, Elevation in Watershed raster, and the Slope
Gradient raster, need to be converted using the Raster Reclassification tool to integer
rasters (ESRI 2012b). The conversion from continuous to integer type raster does have a
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major drawback: data resolution can be lost when decimal places are truncated or
rounded. However, this can be avoided to a large degree by multiplying all rasters by a
multiple of ten. In this case, all of the datasets were multiplied using the raster calculator
by 10,000 prior to conversion to preserve the values from four decimal places.

Two of the rasters that are used in the SSM are not assigned primary criteria coefficients.
These raster are the Buffers layer and the Watershed Group raster layer. This is because
these layers are applied after the overlay analysis. These particular variables are
expressed in the SSM as exclusionary layers which are not based on preference to a
variable (derived through AHP) and they do not have a primary criteria coefficient, but
rather only have weighted cells based on the subcriteria. The raster calculator found
within the GIS is used to multiply the SSM raster (the result of the overlay analysis) by
the buffer layer raster and the watershed group raster. The result of this calculation is the
Site Suitability Map (18) that shows suitability scores for each pixel (cell) for the entire
study area.

The equation below describes the linear model equation that is used in the overlay
analysis. The β values are the variable coefficients from Table 13: Eigenvector Table
from the AHP Matrix. These define the relative importance given to each variable. The
values are the product values of the subcriteria and its coefficient. For example, the
very high imperviousness (>85%) category has a coefficient of 0.5356 (Table 6:
Coefficients Assigned to the Imperiousness Classes) so an individual pixel (raster cell)
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with an imperviousness rating of 95% has a

of 0.95(0.5356) = 0.50882. The

is

0.323603 for this variable and so the compound variable is
( ( )) (0.323603(0.50882)). The weighting of the subcriteria and criteria is designed
to assign each raster cell in the SSM a unique value based on a preference for a certain
characteristic. For example, within the imperviousness criterion, it was determined that
areas with high imperviousness were priority sites and that overall imperviousness was
very important in siting LID. Primary and subcriteria coefficients are both based on AHP
and therefore, are subjective; these values change depending on importance to the user.

( ( )) (

( )) (

( )) ( ( )) (

( )) (

( ))

Where
SI

LID suitability index

β1

Weight index of imperviousness

V1

Weight index of sub variable imperviousness

β2

Weight index of location within watershed

V2

Weight index of sub variable location within watershed

β3

Weight index of slope

V3

Weight index of sub variable slope

β4

Weight index of proximity to public transportation

V4

Weight index of sub variable proximity to public transportation

β5

Weight index of soil type

V5

Weight index of sub variable soil type

β6

Weight index of land use

V6

Weight index of sub variable land cover
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l. Existing LID
The analysis process includes an assessment of existing LIDs within the study area that
were placed using an ad hoc approach to see how they rank given the criteria weighting
system developed in the model. The locations of the existing sites can be retrieved, in the
U.S., from a national LID database called NEMO (Dickson, Arnold, and Chadwick
2011). The addresses of the LIDs are reverse geocoded, which entails taking an address
of a location and producing a point location on a map, and displayed as point locations
within the GIS (Map 16: Existing LID Projects). The existing LID installations are: the
Richmond Greenway Bioswale, created by The Watershed Project; The Green Street
Rain Garden, constructed by the city of El Cerrito and The San Francisco Estuary
Partnership; and the Windrush Green Roof, constructed by the Windrush School
(Appendix VI). These locations are then overlayed onto the Map18: Site Suitability Score
to see where they fall on the map. This visual overlay comparison allows for a general
statement to be made regarding the placement of these ad hoc sites and to suggest more
optimal placements.
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Map 17: Existing LID Projects (Gesch 2007; U.S. Census Bureau 2012; Dickson,
Arnold, and Chadwick 2011)

m. Geostatistics: Cluster Analysis
Analysis of hot and cold spots is performed using cluster analysis within the GIS. This
test is used to quickly and effectively display the areas that have received high SSM
scores (hot spots) and to easily see the dispersion of these SSM scores throughout the
study area (Map 16: Hot Spot). This methodology applies the Getis-Ord GI* equation to
locate and display areas of grouped high SSM scores (hot spots) and grouped areas of
low SSM scores (cold spots).
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Figure 23: Geti-Ord Equation (ESRI 2012a)
The Getis-Ord equation analyzes the location of the SSM scores using a nearest neighbor
approach. A high score is analyzed to see if the surrounding cells (raster pixels) are also
high. Next, this patch of high scoring cells (never a set number of cells as it is dependent
on the specific data) is summed and compared proportionally to the entire raster. If the
sum of the hot spot is statistically different than the expected value, it is too large to be
considered random. In other words, cluster analysis finds the presence of clustered highvalue cells and the presence of clustered low-value cells and tests whether the size of the
clusters is statistically significant (Figure 24: Hot spot Example) (ESRI 2012a).
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Figure 24: Hot Spot Example
Several decisions must be made before performing a Getis-Ord analysis. The first of
which is how the GIS determines the spatial relationships. This methodology is
concerned with the areal distribution of suitable LID sites so the Inverse Distance
relationship is used which says that features closer have more of an influence than
features that are further away (circled in red in Figure 25). Next, a distance band is
calculated to determine how many cells or neighbors are taken into account for the
calculation. The distance band tells the GIS how many cells, defined by area surrounding
the cell, to take into account when performing the Getis-Ord analysis (circled in green in
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Figure 25). The default within ArcGIS is that every cell evaluated has at least one
neighboring cell. However, for a more accurate calculation it is recommended that a
Moran’s I calculation be performed prior to the Getis-Ord to determine the threshold
distance band. More information on Getis-Ord and Moran’s I can be found in ESRI’s
ArcGIS Help (ESRI 2012a). In the case of the study area, the distance band was
determined to be 2600 meters. An appropriate distance band is found by computing
Moran’s I at fixed distance intervals and looking for distance values in which the z-score
declines. The first distance value that exhibits a trough or a declining z-score is the score
that is used for the distance-band value in the hot spot analysis (Figure 26).

Figure 25: Hot Spot Analysis
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Figure 26: Moran's I to Determine Distance Band

Cluster mapping is important when siting LID because one main objective in LID is to
have dispersed decentralized source control installations. Dispersed source control, as
discussed previously, allows for more effective control of stormwater. It enables
stormwater to be intercepted and infiltrated before it has a chance to mobilize and
transport pollutants to waterbodies.

The application of the model to the study area illustrates the use of this technique and
shows that the most highly ranked LID sites are in fact clustered in the western half of the
study area and, in particular, within the City of Richmond (Map 17: Hot Spot). The
clustering seems to indicate that the City of Richmond should be a prime area to begin
implementation of LID. The hot spot analysis also provides a mechanism to narrow the
areal extent of a study area, which essentially reduces the total area that is considered
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suitable for LID placement, in order to perform analysis needed for determining the
optimal type and size of an LID using existing hydrologic models such as BAHM.

Map 18: Hot Spot

Map 17: Hot Spot (Gesch 2007; Fry et al. 2011; Contra Costa County 2012a)
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CHAPTER 5: RESULTS
The SSM methodology generated five final maps. The first, Map 18: Site Suitability
Score map depicts the site SI score based on the SSM score for each cell (pixel). This
map is generated using the Overlay Analysis tool in combination with the Raster
Calculator tool. Reclassification of the SSM scores is performed using five natural breaks
for display purposes. For the study area, five classes are used: dark red being the highest
scoring areas and no color being the areas with the lowest scores. The dark red, highest
scoring areas, seem to be clustered around the major roadways. This is likely caused by
the overlapping of two or more high scoring raster cells such as the “high density
development” land cover class (24) and the “very high imperviousness” class (> 85).
Both of these classes have high scoring primary criteria coefficients and high scoring
subcriteria coefficients which would result in a high SSM score (Figure 27: High Scoring
Imperviousness Cell Over High Scoring Land Cover Cell).

Map 19: Site Suitability Score

Map 18: Site Suitability Score (Gesch 2007; Fry et al. 2011; Contra Costa County 2012a)
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Figure 27: High Scoring Imperviousness Cell over High Scoring Land Cover Cell

The second map generated by the SSM methodology, Map 19: Existing LID Suitability,
overlays existing LID sites onto the Site Suitability Score map (18). This map shows
whether the existing LID projects, placed ad hoc, are located in areas that are considered,
according to the SSM, highly suitable for LID. In the case of the Contra Costa watershed,
the four existing sites all fell within the moderately suitable areas: orange coloration on
the map. The third map (Map 20: Subcatchment Ranking) generated by the SSM
methodology displays the subcatchments ranked according to the count of high-scoring
cells per area (subcatchment).

Map 19: Existing LID Suitability (Gesch 2007; Dickson, Arnold, and Chadwick 2011; Fry et al. 2011; Contra Costa
County 2012a)
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Map 20: Existing LID Suitability

Map 21: Subcatchment Ranking

Map 20: Subcatchment Ranking (U.S. Census Bureau 2012, Gesch 2007)
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Map 20: Subcatchment Ranking displays the subcatchment areas that are the most
suitable for LID placement (dark green). This map can act as a guide for deciding which
subcatchments may be the logical place, due to the high SSM scores, to consider siting
LID installations. Map 20 narrows the focus to a smaller geographic area, similar to the
Hot Spot map; one that can be effectively modeled using the preexisting hydrologic
models such as BAHM and SWMM to size and precisely site LIDs (i.e. the planner can
consider only that subcatchment and perform the more expensive, data intensive
modeling needed to identify the specific locations and the types of LIDs suited to them
based on hydrological simulation).

The (SSM) scores are classified back into unique values in the SSM raster properties
menu which displays each cell’s true value (derived from the SSM) rather than a value
within a category. Unique values are needed to generate Map 21: Parcel Rankings.
Several additional steps are performed to generate this map. The raster layer of the
Suitability Scores map (18) is converted into a shapefile for the Parcel Rankings map (21)
to allow the GIS to perform a spatial join. This creates a map with individual polygons
for each pixel score these polygons are then Spatially Joined to a Parcel boundary layer
and normalized according to parcel area (i.e. the scores are divided by the area of the
parcel). This generates a map that displays which individual parcels exhibit the highest
SSM scores (Map 21: Parcel Rankings).
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The highest ranking SSM scores are displayed as green polygons in Map 21: Parcel
Rankings. The Parcel Rankings map shows the parcels with the highest SI scores per area
as black and the parcels with the lowest SI scores per parcel area as light grey. An inset
City Boundaries map is provided for referencing where the cities are located within the
study area and to aid in interpreting the Parcel Rankings map (Map 21). Some notable
areas with high SSM scores per parcel area are parcels near East Richmond, the northern
edge of the study area, Bayview / Montalvin City Limits, and the southern end of the
study area near the junction of San Pablo Dam road and State Road 24 (these areas are
denoted with a red circle in Map 21).

The names of the highest scoring sites are listed in Table 18: Top 15 Most Suitable Sites
for LID for the study area. These sites were used in the fifth map produced from the
SSM, Map 23: Top Ranked Sites, which displays the highest ranked sites for the study
area using point locations rather than parcels. This type of graphical display is useful in
identifying the exact site identified by the model. As there could be many sites within a
parcel, it is more precise to display the model results as the exact locations of the high
scores and the corresponding locations in the real world. Geocoding, which turns X, Y
coordinates of point locations into physical addresses, was performed using U.S. Census
Bureau Tiger files.

Map 22: Parcel Ranking

Map 21: Parcel Rankings (U.S. Census Bureau 2012)
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Table 18: Top 15 Most Suitable Sites for LID
Rank According to Raw SI

Place Name

Score
1

Hilltop Mall

2

A Better Chance School

3

Fire Station no. 67

4

Verde Elementary School

5

Nystrom Elementary School

6

Ford Elementary School

7

Fairmont Elementary School

8

Gompers Continuation School

9

Montalvin Elementary School

10

Richmond High School

11

Fire Station no. 68

12

Edward M Downer Elementary School

13

Middle College High School

14

Peres Elementary School

15

Bayview Elementary School

Basic zonal statistics are used to review the model output. Total area is easily calculated
within the GIS. In the Contra Costa County study area, the highest scoring pixels (red
raster cells), most suitable locations for LID, make up 0.07 % of the study area which is
roughly 141,611m2. The next highest scoring category of pixels (orange raster cells)
comprises 0.89% of the study area which is roughly 1,888,674m2. The third highest
scoring category of pixels (yellow raster cells) is roughly 0.06% of the study area or
approximately 131,425m2. The fourth highest scoring category of pixels (green raster
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cells) comprise 11.36% of the study area which is roughly 24,071,952m2 and about
12.31% of the study area is made up of the remaining suitable LID sites, which is
approximately 26,104,301m2. The remaining areas (pixels) were not considered because
the low scores assigned to the pixels indicate that these areas are not suitable based on a
subjective decision.

Map 23: Top Ranked Sites

Map 23: Top Ranked Sites (Gesch 2007; Fry et al. 2011; Contra Costa County 2012a)
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CHAPTER 6: DISCUSSION AND CONCLUSION
LID represents a decentralized approach to stormwater management. It is an approach
that strives for greater source control in an attempt to restore predevelopment
hydrographs. For LID to succeed, a network of LIDs must be employed within a
watershed. However, identifying suitable sites for LID is a time consuming and,
therefore, expensive process. Currently, within the study area, LIDs have been installed
in an ad hoc fashion, while such an approach might result in effective site selection, the
hypothesis adapted in this research is that a more systematic, holistic assessment system
would be more beneficial and likely to lead to optimum siting.
The methodology presented in this thesis responds to the recognition by environmental
managers that there is a need for a cost effective, rapid, and reliable approach to
evaluating a large geographic area for the purpose of LID site selection. Thus, a relatively
straightforward model has been created and tested using the Baxter / Richmond-Cerrito,
Garrity Creek, Rheem Creek, San Pablo Creek, and Wildcat Creek watersheds to
illustrate how it may be used to identify suitable potential LID sites.

Eight different criteria, selected based on a review of the current literature, were used to
evaluate suitable sites within the study area. These criteria were land cover classes,
imperviousness percentage, hydraulic conductivity of soil groups, elevation within the
watershed, slope gradient, proximity to public transportation, presence of active
watershed groups, and distance from streams and highways. The opinions of two
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stormwater professionals were used to rank the variables. These rankings were then used,
through AHP, to assign coefficients to the criteria.

Using standard GIS data manipulation techniques, the model produces a series of maps
that permit the user to identify suitable LID sites and evaluate existing installations
relative to the predicted suitability score (i.e. does the model classify their actual location
as being in the highest category). The maps include a Suitability Score (18), a Suitability
Score with Existing LIDs (19), a Subcatchment Ranking (20), a Parcel Ranking (22), and
a Top Ranked Sites map (23). The most important of these from a practical standpoint are
the Parcel Ranking (22), Top Ranked Sites (23), and the Subcatchment Ranking (20)
maps which permit the user to zero in on the locations where LIDs are judged to be the
most feasible and hence worthy of further analysis. The Parcel Ranking chloropleth map
(21) shows the user which broad geographic areas are prime targets for LIDs and the Top
Ranked Sites map (23) zooms in further to identify the top 15 sites that are within the
parcels. The Subcatchment Ranking map (20) is also important in that it draws the user’s
attention to the subcatchments that presumably will generate the most runoff or perhaps
the most pollution and which can be addressed through LID because the physical
conditions are appropriate for further use.

The Suitability Score with Existing LIDs map (19) displays the existing LID projects
overlayed onto the Raw Suitability Score map (18). This map clearly shows that the ad
hoc site locations are different from the optimal SSM sites, given that the ad hoc sites are
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not located in the areas selected by the SSM as highest ranking or optimal for LID, and
that perhaps the criteria used for siting these sites was different from what the SSM used.
The SSM rated the ad hoc site locations as moderately suitable. The conclusion is that
these ad hoc projects would not have been implemented if the type of systematic a priori
approach represented by the methodology developed in this thesis had been applied.

Optimal site selection for LID as judged by the SSM combines physical criteria (Physical
Criteria section) and social criteria (Social Criteria section): i.e. they represent parcels
that meet the strictest LID biophysical requirements (mentioned previously) and those
that are most likely to be feasible because of public participation (as measured by the
presence of watershed groups and proximity to public transit). These two sets of criteria,
both physical and social, are necessary for community-based projects like LID to succeed
(Dunn 2010).

The literature, as well as the rankings provided by two local professionals, indicates that
land cover and imperviousness are the most important physical criteria to consider. Thus,
the coefficients assigned to these criteria were the highest among all of the criteria and
seem to have weighted the SSM to locations/parcels near highly impervious areas within
high density development such as major roadway corridors. The importance of
imperviousness can also be seen by examining the sites (Figure 28) that are included
within the Top 15 Ranked Sites (Table 14).
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The top 15 ranked sites identified by the SSM are parcels with schools, commercial
buildings, or public buildings with large impervious footprints. These sites often have
large parking lots or large buildings associated with them. It is not surprising that these
sites are on the top scoring list because the imperviousness layer prioritizes these large
areas due to the larger coefficient assigned to these criteria. An example of this is the top
ranking site in the Contra Costa County watersheds: Hilltop Mall. Figure 28: Hilltop
Mall, illustrates the power of the imperviousness criteria. The large impervious surfaces
(parking lot) are clearly visible. Although this model does not recommend type or size of
LID projects, Figure 28 shows how by using this model, one could move from the
planning to the conceptual and implementation phases of placing LIDs. Curb cuts and a
rain garden, shown hypothetically in Figure 28, are examples of the type of LID that
could be used at this site identified by the SSM based on a site inspection. The actual
choice of LID would require more detailed site analysis but the SSM has shown that such
a site assessment is warranted based on the criteria selected as priorities by the
stormwater manager.

Figure 28: Hilltop Mall (Google 2012)
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The Hot Spot map (12) shows the areas with the highest-scoring sites to be in North
Richmond, San Pablo Census-Designated Place (CDP), Bayview / Montalvin (CDP), and
Tara Heights (CDP). According to the SSM, these areas should be examined
preferentially for LID installation. The Subcatchment Ranking map (15) supports the
same conclusion. Subcatchment areas within the western San Pablo, western Rheem, and
western Wildcat Creek watersheds are judged by the model to have the greatest potential
for LID installation. The overlap of high scoring between the Hot Spot map (17) and the
Subcatchment Ranking map (20) indicates that these areas not only have the highest SI
scores, but they also contain the highest density of high SI scores (i.e. these are the areas
to concentrate on for further hydrological analysis). The delineation and scoring of highranking subcatchments narrows the focus to areas that are most suitable for LIDs. Once
identified, the data processing used to generate the maps can be utilized by a range of
hydrologic models such as SWMM and BAHM that can simulate the stormwater
response at this subcatchment scale and thus further inform the LID planning and design
process. Since such analysis is expensive, the purpose of the SSM is to ensure that
resources are used to examine sites that physical and social criteria suggest are most
suitable for LIDs, thus making the best use of available resources all things being equal.

6.1 Specific Site Comparison
Several of the top 15 ranked sites were used to visually check the efficacy of the SSM.
This was done by looking for the physical criteria that was determined preferable for LID
(i.e. to check whether the coefficient assignments led to optimal site selection as outlined
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by the physical criteria). Map 24: Top Sites for Visual Inspection displays the elevation
of the study area, the bus and light rail stop locations, and a satellite image of the site (to
evaluate imperviousness). This map permits a better sense to be gained of why these sites
were prioritized by the model. Notice that both A Better Chance School (ranked 2) and
Fire Station 68 (ranked 3) have vast amounts of pavement around them and large
impervious footprints (evident from the large roof size) and both sites are in close
proximity to public transportation. Looking at Map 24, it is clear that these sites are at
slightly higher elevations than the other top sites. All things being equal, higher elevation
areas are weighted more heavily, giving them priority over sites with the same physical
criteria but that occur in lower elevations. This may have been the reason that they rose to
the number two and three ranked sites. Two other top ranking sites that were viewed in
more detail, Nystrom Elementary School (ranked 5) and Bayview Elementary (ranked
15), are found in lower elevation zones compared to the 2 and 3 ranked sites. Bayview
Elementary is located on class B hydrological soil types whereas the other sites are on
class D hydrological soil types. Class B hydrological soil types are ranked higher than
class D so we would expect to see Bayview ranked above the other sites located on class
D hydrological soil types. This is not the case, however. The reason why Bayview
Elementary is not ranked higher is because the land cover class (in this case, Medium
Density Development) influences the SSM more than soil type. The other sites are in
High Density Development areas which have a higher coefficient than Medium Density
Development areas (where Bayview Elementary is located).
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Table 19: Criteria of the Visually Inspected Sites
Site

A Better
Chance
School
Fire Station
# 68
Nystrom
Elementary
School
Bayview
Elementary
School

Land
Cover
(0.3333)

Imperviousness
(0.3236)

Elevation
Soil
(0.1792) (0.07533)

Slope
(0.0569)

Number
of
Watershed
Groups
(0.0416)

24

85

43.59

0.0609
(D)

0.0

2

24

87

70.23

0.0609
(D)

1.61

2

24

84

6.9

0.0609
(D)

0.33

2

23

93

9.8

0.2625
(B)

0.98

2

Map 24: Top Sites for Ground Truthing (Gesch 2007; Contra Costa County 2012a; Google 2012)
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Map 24: Top Sites for Ground Truthing
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6.2 Questions for Future Research
One question for future research with respect to this methodology includes: how and to
what extent can existing stormwater infrastructure be taken into account in the
subcatchment delineation? The lack of this type of data is problematic for several
reasons. Diversions, such as underground culverts and pipes and above ground, concrete
lined ditches and canals, greatly affect the path of stormwater as it moves within the
urban environment. Excluding these elements creates a misleading representation of the
subcatchment hydrology since water flow is not governed per se by the topography as
provided by the DEM and leads to assumptions regarding flow paths and connectivity
that may be incorrect and, therefore, could influence the delineation of subcatchments
and thus change the Subcatchment Ranking Map (20). Although this would not affect the
SSM output, it would affect which subcatchments would be chosen or in what sequence
they would be chosen for further hydrological modeling. With more accurate
subcatchment delineation, the stronger this methodology becomes in that it can be used
with greater confidence in the further steps of choosing a particular LID and sizing it.

6.3 Additional Variables to Consider, SSM Flexibility, and Data Resolution
Water table depth is a variable that is widely discussed within LID literature and could be
introduced into the SSM. It was not considered because of the lack of adequate
geographical coverage of water table depth data for the study area and other such areas.
Water table depth could aid in refining the SI scores (i.e. providing another variable that
can break ties between sites when sites receive the same scores in the SSM). Another
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potential variable to include is average annual precipitation data. This data was available
for the study area but was not used in this model because the Elevation within Watershed
variable was viewed as an adequate substitution for the Contra Costa County watersheds
(see section Elevation within Watershed section for more detail). Average annual
precipitation would give preference to sites in which precipitation amounts are the
greatest and this, coupled with land cover classification, could be a good indicator of
runoff amounts. This is important in siting LID because its goal is to promote source
control of precipitation by intercepting and infiltrating before it can cause erosion issues
or mobilize and transport pollutants.

6.4 Next Steps
A sensitivity analysis of the model is needed to determine how well the model responds
to subtle changes in variable values and coefficients. A common approach to sensitivity
analysis for a GIS site suitability study involves a series of systematic changes in
coefficient assignment to one variable at a time. Changes in the output are observed,
recorded, and then used to identify the most sensitive variables and variables that resist
sensitivity in order to refine the coefficients within the model (Chen et al. 2009). If a
variable is found to disproportionately affect the results, the user can adjust the
coefficient value until sensitivity results display a more accurate change in SSM results.
The two primary objectives of the SSM were simplicity and reproducibility. These
objectives guided decisions concerning which variables were used within the SSM and
how these variables were weighted. The variables were derived first from the literature on
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LID and then ranked by two professionals which led to the creation of coefficients using
AHP. The weights assigned to each subcriterion for this study area are therefore not
necessarily the weights that would be assigned to another study area. This is an important
aspect of this methodology and what allows it to be useful in many geographic locations.
The coefficients are based on local knowledge and expertise which includes certain
biases for specific physical and social criteria based on who is ranking the variables.
Thus, the SSM can reflect different preferences in social and physical criteria in a variety
of locations. It is likely that involving more stormwater professionals would provide
more robust coefficients. In other words, the more opinions used in variable construction,
the greater the likelihood that the coefficients will reflect that actual importance of each
criterion (Saaty 2008).

A general concern with all GIS model like the SSM is the issue of changing data formats
from raster to polygons and polygons to raster. An attempt was made to limit the data
format conversions to avoid introducing inaccuracies associated with changes to data
resolution. Despite this effort, some conversions were necessary as detailed in the
methodology. An example of conversion and data loss is seen in the soil raster where
raster data was changed to vector data and then back to raster data. This conversion is
required to identify and label the hydrological conductivity rating by soil type but does
introduce error. The boundaries of the soil classes in raster data are made up of cells that
are 10 meters by 10 meters. Conversion to vector data effectively smooths this boundary
by connecting the center of the boundary cells by a line that becomes the new boundary.
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This alters the total area of that particular soil class. Therefore, when the vector data is
changed back to raster data the area of the same soil class is slightly different than the
original raster data (Congalton 1997). These changes were so minimal because the raster
cell size was relatively small (high resolution) that the error was minimized, but it should
be taken into account in future studies because with a different dataset (one that has
larger cells, lower resolution), the error could be larger.

The SSM is able to identify sites that appear suitable for LIDs using a relatively
straightforward and convenient process. The goal of the SSM was to be able to quickly
and conveniently analyze a large geographic area with readily available secondary
datasets in order to identify sites that are suitable for LIDs and, at the same time, produce
maps that could be used as a screening tool when considering a watershed-wide LID
implementation plan. The methodology has met these goals. For example, the visual
inspection of the results indicate that the coefficients utilized in the model identified sites
that were located in highly developed land cover classes, in higher elevation zones, on
low gradient slopes, and within close proximity to public transit and have a high
percentage of imperviousness. These criteria are listed in the current literature and by two
stormwater managers as recommended for optimal LID sites so it can be inferred that the
SSM has selected sites that are suitable for LID placement as it was designed to do.

In addition, it was demonstrated that LIDs sited not using the SSM were sited in locations
not considered optimal by the SSM. This can be interpreted in different ways. Either the
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LIDs were not optimally sited or that the criteria and or the prioritization of the criteria
used for siting the LIDs was different than used in the SSM. Whichever the case may be,
the limited scope of this analysis does not allow for an answer to this question and is a
question that should be asked in future research.

125

REFERENCES

Alshalalfah, B., A. Shalaby. 2007. Case Study: Relationship of Walk Access
Distance to Transit with Service, Travel, and Personal Characteristics. Journal of
Urban Planning and Development 133: 114-118.

Bay Area Stormwater Management Agencies Association (BASMAA) 1999. Start
at the Source. Design Guidance Manual for Stormwater Quality Protection. URL:
http://www.cleanwaterprogram.org/uploads/SAS_Manual_index.pdf (last
accessed on 7 August 2012).

. 2012. URL: www.basmaa.org (last accessed 27 July 2012).

Bicknell, J., D. Beyerlein, A. Feng. 2006. The Bay Area Hydrology Model – A
Tool for Analyzing Hydromodification Effects of Development Projects and
Sizing Solutions. CASQA Conference 26 September 2006. URL:
http://www.scvurppp-w2k.com/permit_c3_docs/Bicknell-BeyerleinFeng_CASQA_Paper_9-26-06.pdf (last accessed 9 August 2012).

Bledsoe, B. P. 2002. Stream Erosion Potential and Stormwater Management
Strategies. Journal of Water Resources Planning and Management 128: 452-455.

126

Boucher, M. 2009. Mean Seasonal Precipitation Raster from Drawing B-166.
Contra Costa County Flood Control and Water Conservation District URL:
http://www.cccounty.us/DocumentView.aspx?DID=3914 (last accessed on 12
August 2012).

California Department of Transportation. 2010. Green Technologies for Reducing
Slope Erosion. Division of Research and Innovation URL:
http://www.dot.ca.gov/research (last accessed 24 March 2012).

_____. 2012. Division of TSI Data Library. URL:
http://www.dot.ca.gov/hq/tsip/data.php (last accessed July 30, 2012).

California State Water Resource Control Board (SWRCB). 2000. Nonpoint
Source Program Strategy and Implementation Plan, 1998-2013 (PROSIP). URL:
http://www.coastal.ca.gov/nps/prosipv1.pdf (last accessed 12 March 2012).

_____. 2007. A Review of Low Impact Development Policies: Removing
Institutional Barriers to Adoption. URL:
www.waterboards.ca.gov/water_issues/programs/low_impact _development (last
accessed 21 February 2012).

127

_____. 2011. Home Page. URL: http://www.swrcb.ca.gov (last accessed on 18
March 2012).

Chen Y., J. Yeh, K. Shahbaz, and E. Xevi. 2009. A GIS-Based Sensitivity
Analysis of Multi-Criteria Weights. 18th World IMACS / MODSIM Congress,
Cairns, Australia July 2009 URL: http://mssanz.org.au/modsim09 (last accessed
on 23 September 2012).

Chen, Y., C. Yeh, and B. Yu. 2011. Integrated application of the analytic
hierarchy process and the geographic information system for flood risk
assessment and flood plain management in Taiwan. Natural Hazards 59: 12611276.

Clear Creek Solutions. 2007. Bay Area Hydrology Model, User’s Manual. URL:
www.bayareahydrologymodel.org (last accessed 6 March 2012).

Congalton, R. 1997. Exploring and Evaluating the Consequences of Vector-Raster
and Raster-Vector Conversion. American Society for Photogrammetry
and Remote Sensing 63: 425-434.

128

Conradin, K., Kropac, M., Spuhler, D. 2010. The Sustainable Sanitation and
Water Management (SSWM) Toolbox. Basel: seecon international gmbh. URL:
http://www.sswm.info (last accessed 12 August 2012).

Contra Costa County. 2004. Work Plan and Literature Review for the
Hydrograph Modification Plan. Contra Costa Clean Water Program URL:
www.cccleanwater.org/Publications/HMP_WorkPlan_d6.pdf (last accessed 7
August 2012).

_____. 2012a Mapping Information Center. URL: www.ccmap.us (last accessed
30 July 2012).

_____. 2012b. Watershed Forum. URL:
http://cocowaterweb.org/about-us (last accessed 12 February 2012).

Delleur, J. 2003. The Evolution of Urban Hydrology: Past, Present, and Future.
Journal of Hydraulic Engineering August: 563-573.

Department of Environmental Resources, Programs and Planning Division
(DERPPD) Prince George’s County Maryland 1999. Low-Impact Development
Design Strategies, An Integrated Design Approach.URL: http://www.co.pg.md.us
(last accessed 23 December 2012).

129

Dickson, D., C. Arnold, and C. Chadwick. 2011. National LID Atlas: A
Collaborative Online Database of Innovative Stormwater Management Practices.
Marine Technology Society Journal. April 45: 59-64.

Dietz, M. E. 2007. Low Impact Development Practices: A Review of Current
Research and Recommendations for Future Directions. Water, Air, and Soil
Pollution 186: 351-363.

Djokic, D. 2008. Comprehensive Terrain Preprocessing Using Arc Hydro Tools.
ESRI website URL: www.esri.com (last accessed 10 May 2012).

Dunn, A. 2010. Siting Green Infrastructure: Legal and Policy Solutions to
Alleviate Urban Poverty and Promote Healthy Communities. Environmental
Affairs 37: 41-66.

Elliott, A., and S. Trowsdale. 2007. A Review of Models for Low Impact Urban
Stormwater Drainage. Environmental Modeling & Software 22: 394-405.

130

Ellis, J. B., J.C. Deutsch, J.M. Mouchel, L. Scholes, and M.D. Revitt. 2004.
Multicriteria Decision Approaches to Support Sustainable Drainage Options for
the Treatment of Highway and Urban Runoff. Science of the Total Environment
334-335: 251-60.

Environmental Systems Research Institute (ESRI). 2012a. ArcGIS Resource
Center ArcHydro URL: http://resources.arcgis.com/content/hydro/ (last accessed
13 February 2012).

Environmental Systems Research Institute (ESRI). 2012b. How Weighted overlay
Works. ArcGIS Resource Center. URL:
http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html#//009z000000s1000
000.htm (last accessed 2 February 2012).

Esch, C. 2011. The Richmond Bioswale Project. East Bay Express March 2, 2011.
URL: www.eastbayexpress.com/ebx/the-richmond-bioswaleproject/Content?oid=2491929.

Fimrite, P. 2011. West Bay Sanitary District liable in sewage spills. San Francisco
Chronicle Wednesday May 25. URL: http://www.sfgate.com/green/article/WestBay-Sanitary-District-liable-in-sewage-spills-2370725.php (last accessed 20
August 2012).

131

Freni, G., G. Mannina, G. Viviani. 2010. Urban Storm-Water Quality
Management: Centralized versus Source Control. Journal of Water Resources
Planning and Management March/April: 268-278.

Friends of Five Creeks. 2012. Blue Green Building, Building Cities that Protect
Streams, Bay, and Ocean. URL: http://bluegreenbldg.org (last accessed 27 July
2012).

Fry, J., G. Xian, S. Jin, J. Dewitz, C. Homer, L. Yang, C. Barnes, N. Herold, and
J. Wickham. 2011. Completion of the 2006 National Land Cover Database for the
Conterminous United States. Photogrammetric Engineering and Remote Sensing
77(9): 858-864.

Gazendam, E. 2009. Ranking of Waterways Susceptible to Adverse Stormwater
Effects. The Canadian Water Resources Journal 34: 205-27.

Gesch, D.B. 2007. The National Elevation Dataset, in Maune, D., ed., Digital
Elevation Model Technologies and Applications: The DEM Users Manual, 2nd
Edition: Bethesda, Maryland. American Society for Photogrammetry and Remote
Sensing. 99-118.

132

Google. 2012 Google images. URL: www.google.maps.com (last accessed 20
August 2012).

Goonetilleke, A., E. Thomas, S. Ginn, D. Gilbert. 2005. Understanding the Role
of Land Use in Urban Stormwater Quality Management. Journal of
Environmental Management. 74: 31–42.

Gumbo, B., N. Munyamba, G. Sithole, H. Savenije. 2002. Coupling of Digital
Elevation Model and Rainfall- Runoff Model in Storm Drainage Network Design
Physics and Chemistry of the Earth 27: 755-764.

Guo, J. 2008. Volume Based Imperviousness for Stormwater Designs. Journal of
Irrigation and Drainage Engineering 134:193-196.

Guo, J., G. E. Blackler, T. A. Earles, and K. MacKenzie. 2010. Incentive Index
Developed to Evaluate Storm-Water Low-Impact Designs. Journal of
Environmental Engineering 136: 1341-1346.

Ha, S. and M. Stenstrom, 2008. Predictive Modeling of Storm-Water Runoff
Quantity and Quality for a Large Urban Watershed. Journal of Environmental
Engineering 134:703-711.

133

Haas, R., O., Meixner. 2012. An Illustrated Guide to the Analytic Hierarchy
Process - Power Point. University of Natural Resources and Applied Life
Sciences, Vienna
URL: http://www.boku.ac.at/mi/ (last accessed 19 August 2012).

Keeley, M. 2007. Using Individual Parcel Assessments to Improve Stormwater
Management. Journal of the American Planning Association 73: 149-160.

Kitamura, R., P. Mohtarian, L. Laidet. 1997. A Micro-Analysis of Land Use and
Travel in Five Neighborhoods in the San Francisco Bay Area. Transportation 24:
125-158.

Lai, F., T. Dai, J. Zhen, J. Riverson, K. Alvi, and L. Shoemaker. 2007. SUSTAIN
- An EPA BMP Process and Placement Tool for Urban Watersheds. TMDL: 946968.

Liu, Y., S. Gebremeskel, F. De Smedt, L. Hoffmann, and L. Pfister. 2004.
Predicting storm runoff from different land-use classes using a geographical
information system-based distributed model. Hydrological Processes 20: 533548.

134

Low Impact Development Center Inc. 2006. Evaluation of Best Management
Practices and Low Impact Development for Highway Runoff Control URL:
htttp://www.dot.ca.gov/hq/LandArch/ec/references/nchrp/Guidelinesmanual.pdf.
(last accessed 12 February 2012).

Mannina, G., and G. Viviani. 2009. An Urban Drainage Stormwater Quality
Model: Model Development and Uncertainty Quantification. Journal of
Hydrology 381: 248-65.

Marsalek, J. 2005. Evolution of Urban Drainage: From Cloaca Maxima to
Environmental Sustainability ACQUA E CITTÀ . I CONVEGNO NAZIONALE DI
IDRAULICA URBANA. Sant’Agnello (NA) 28-30: 1-20.

Mitchell, G. 2005. Mapping Hazard from Urban Non-point Pollution: A
Screening Model to Support Sustainable Urban Drainage Planning. Journal of
Environmental Management 74:1-9.

Moeinaddini, M., N. Khorasani, A. Danehkar, A. Darvishsefat, M. Zienalyan.
2010. Siting MSW Landfill Using Weighted Linear Combination and Analytical
Hierarchy Process (AHP) Methodology in GIS Environment (case study: Karaj).
Waste Management 30: 912-920.

135

Montalto, F., C. Behr, K. Alfredo, M. Wolf, M. Arye, M. Walsh. 2007. Rapid
assessment of the cost-effectiveness of low impact development for CSO control.
Landscape and Urban Planning 82: 117-131.

Moore, D., R.B. Grayson, and A.R. Ladson. 1991. Digital Terrain Modeling: A
Review of Hydrological, Geomorphological, and Biological Applications.
Hydrological Processes 5: 3-30.

Murray, A. 2003. A Coverage Model for Improving Public Transit System
Accessibility and Expanding Access. Annals of Operations Research 123:143156.

National Atlas of the United States. 2012 National Atlas Data Download.
URL:www.nationalatlas.gov (last accessed 13, August 2012).

Nordeidet, B., T. Nordeide, S. O. ÅstebØl, T. Hvitved-Jacobsen. 2004.
Prioritising and Planning of Urban Stormwater Treatment in the Alna
Watercourse in Oslo. Science of the Total Environment 334-335: 231-238

Parrott, J. 2007. The Ins and Outs of Stormwater Management. American
Planning Association November: 27-31.

136

Paul, M. J., and J. L. Meyer. 2001. Streams in the Urban Landscape. Annual
Review of Ecology and Systematics 32: 333-65.

Piper, J. 2005. Partnership and Participation in Planning and Management of
River Corridors. Planning, Practice & Research 20: 1-22.

Platt, Rutherford H. 2006. “Urban Watershed Management: Sustainability, one
stream at a time.” Environment 48: 26-42.

Rauch, W., K. Seggelke, R. Brown, and P. Krebs. 2005. Integrated Approaches in
Urban Storm Drainage: Where Do We Stand? Environmental Management 35:
396-409.

R-core team. 2012. R: A Language and Environment for Statistical Computing. RFoundation for Statistical Computing, Vienna, Austria URL: http:www.Rproject.org (last accessed 13 August 2012).

Reichold, L., E. M. Zechman, E. D. Brill, and H. Holmes. 2009. A SimulationOptimization Framework to Support Sustainable Watershed Development by
Mimicking the Predevelopment Flow Regime. Journal of Water Resources
Planning and Management May/June: 366-375.

137

Rolls, R. J. 2011. The Role of Life-History and Location of Barriers to Migration
in the Spatial Distribution and Conservation of Fish assemblages in a Coastal
River System. Biological Conservation 144: 339-349.

Roy, A. H., S.J. Wenger, T.D. Fletcher, C.J. Walsh, A.R. Ladson, W.D. Shuster,
H.W. Thurston, and R.R Brown. 2008. Impediments and Solutions to Sustainable,
Watershed-Scale Urban Stormwater Management: Lessons from Australia and the
United States. Environmental Management 42: 344-59.

Roy, A. H. and W. Shuster. 2009. Assessing Impervious Surface Connectivity and
Applications for Watershed Management. Journal of the American Water
Resources Association 45: 198-209.

Saelens, B., J. Sallis, and L. Frank. 2003. Environmental Correlates of Walking
and Cycling: Findings From the Transportation, Urban Design, and Planning
Literatures. The Society of Behavioral Medicine 25: 80-91.

Saaty, T. L. 1980. The Analytic Hierarchy Process. New York: McGraw Hill.
(1996, 2000), Pittsburgh: RWS Publications.

Saaty, T. L. 2008. Decision Making with the Analytical Hierarchy Process.
International Journal of Services Sciences 1: 83-98.

138

Sandahl, J., D. Baldwin, J. Jenkins, N, Scholz. 2007. A Sensory System at the
Interface between Urban Stormwater Runoff and Salmon Survival. Environmental
Science Technology 41: 2998-3004.

San Francisco Regional Water Quality Control Board (SFRWQB). 2010. San
Francisco Bay Basin Region 2 Water Quality Control Plan (Basin Plan). URL:
www.waterboards.ca.gov (last accessed 2 April 2012).

Sener, S., E. Sener, and R. Karaguzel. 2011. Solid Waste Disposal Site Selection
with GIS and AHP Methodology: A Case Study in Senirkent–Uluborlu (Isparta)
Basin, Turkey. Environmental Monitoring Assessment 173: 533-554.

Silva, C., J.G. Ferreira, S.B. Bricker, T.A. Del Valls, M.L. Martín-Díaz, E. Yáñez,
2011. Site Selection for Shellfish Aquaculture by Means of GIS and Farm-scale
Models, with an Emphasis on Data-poor Environments. Aquaculture 318: 444457.

Senbil M., R. Kitamura, J. Mohamad. 2009. Residential location, Vehicle
Ownership and Travel in Asia: a Comparative Analysis of Kei-Han-Shin and
Kuala Lumpur Metropolitan Areas. Transportation 36: 325-350.

139

Shamsi, U. M. 1996. Storm-Water Management Implementation through
Modeling and GIS. Journal of Water Resources Planning and Management
March/April 1996: 114-127

Sharifi, S., A. Massoudieh, and M. Kayhanian. 2011. A Stochastic Stormwater
Quality Volume-Sizing Method with First Flush Emphasis. Water Environment
Research 83: 2025-035.

Taylor, A. C., and T.D. Fletcher. 2007. Nonstructural Urban Stormwater Quality
Measures: Building a Knowledge Base to Improve Their Use. Environmental
Management 39: 663-77.

Triantaphyllou, E., and S. H. Mann. 1995. Using the Analytical Hierarchy Process
for Decision Making in Engineering Applications: Some Challenges.
International Journal of Industrial Engineering: Applications and Practice 2: 3544.

U. S. Census Bureau. 2010. Tiger/Line Shape files. Washington, DC: U.S
Department of Commerce Bureau of the Census. Retrieved from
http://www.cemsus.gov/cgi-bin/geo/shapefiles2010/main (last accessed 12
February 2012).

140

U. S. Department of Agriculture (USDA) Natural Resources Conservation
Service Soil Survey Geographic (SSURGO) Database for Contra Costa County,
Ca. URL: http://soildatamart.nrcs.usda.gov (last accessed 14 January 2012).

U. S. Department of Agriculture (USDA) Natural Resources Conservation
Service. 2007. Part 630 Hydrology National Engineering Handbook, Chapter 7
Hydrologic Soil Groups May 2007.

_____. 2012. Technical Note #6 URL:
http://soils.usda.gov/technical/technotes/note6.html (last accessed 11 August
2012).

U. S. Environmental Protection Agency (U.S. EPA). 2000. Low Impact
Development (LID) a Literature Review. EPA/841-B-00-005. URL:
www.epa.gov (last accessed 27 July 2012).

_____. 2002. Wastewater Management Controlling and Abating Combined Sewer
Overflows. Report number 2002-P-00012 URL: http://nepis.epa.gov (last
accessed 8 August 2012).

_____. 2004. Stormwater Best Management Practice Design Guide. EPA/600/R04/121; September. URL: www.epa.gov (last accessed 27 July 2012).

141

_____. 2005. TMDL Evaluation and Research Needs. EPA/600/R-05/149
November. URL: www.epa.gov (last accessed 27 July 2012).

_____. 2007. NPDES facts. URL: http://cfpub.epa.gov/npdes/faqs.cfm (last
accessed 18 March 2012).

_____. 2007b. Better Assessment Science Integrating point & Non-point Sources
Basins. URL: http://water.epa.gov/scitech/datait/models/basins/index.cfm (last
accessed 17 August 2012).

_____. 2009a. Stormwater Management Model Applications Manual. (SWMM)
EPA/600/R-09/077. URL: www.epa.gov (last accessed 27 July 2012).

_____. 2009b. SUSTAIN a Framework for Placement of Best Management
Practices in Urban Watersheds to Protect Water Quality. EPA/600/R-09/095.
URL: www.epa.gov (last accessed 27 July 2012).

_____. 2010. Stormwater Management Model User’s Manual Version 5.0.
(SWMM) EPA/600/R-05/040 URL: www.epa.gov (last accessed 27 July 2012).

142

_____. 2012a. Impaired Waters. (last accessed on 18 March 2012). URL:
http://www.epa.gov/region9/mediacenter/impaired-waters/

_____. 2012b EPA History. (last accessed on 17 September 2012). URL:
http://www.epa.gov/history

U. S. Department of Agriculture (NRCS). 2004. Estimation of Direct Runoff from
Storm Rainfall. Part 630 Hydrology National Engineering Handbook. Chapter 10.
URL: http://directives.sc.egov.usda.gov (last accessed on 18 March 2012).

U. S. Geological Survey. 2011. Seamless Data Warehouse. Washington, DC:
United States Geological Survey. URL: htttp://seamless.usgs.gov (last accessed
20 July 2012).

U. S. Department of Housing and Urban Development, Office of Policy
Development and Research. 2003. The Practice of Low Impact Development.
URL: www.huduser.gov (last accessed 18 March 2012).

van Roon, M. 2007. Water Localisation and Reclamation: Steps towards Low
Impact Urban Design and Development. Journal of Environmental Management
83: 437-47.

143

Walsh, C. J. and J. Kunapo. 2009. The Importance of Upland Flow Paths in
Determining Urban Effects on Stream Ecosystems. Journal of the North
American Benthological Society. 28(4): 977-990.

Washington State Department of Ecology, Water Quality Program (WSDE).
2005. Stormwater Management Manual for Western Washington. March 2012.
URL: http://www.ecy.wa.gov (last accessed 7 August 2012).

_____. 2012. Stormwater Management Manual for Western Washington. August
2012. URL: http://www.ecy.wa.gov (last accessed 11 August 2012).

Wechsler. 2007. Uncertainties associated with Digital Elevation Models for
Hydrologic Applications: a Review. Hydrology and Earth System Sciences
11:1481-1500.

Whittemore, R. and J. Beebe. 2000. EPA’s Basin Model: Good Science or
Serendipitous Modeling? Journal of the American Water Resources Association
36: 493-499.

Williams, E. S. and W. R. Wise. 2009. Economic Impacts of
Alternative Approaches to Stormwater Management and Land Development.
Journal of Water Resources Planning and Management. November 537-546.

144

Winogradoff, D. 2002. The Bioretention Manual. Prince George’s County, MD
Department of Environmental Resources, Watershed Protection Branch, MD
Department of Environmental Protection, Landover, MD. URL:
http://www.co.pg.md.us/Government/AgencyIndex/DER/ESG/Bioretention/pdf/B
ioretention%20Manual_2009%20Version.pdf (last accessed 11 August 2012).

Yang, L., C. Huang, C. Homer, B. Wylie, and M. Coan. 2000. An approach for
mapping large-area impervious surfaces: Synergistic use of Landsat 7 ETM+ and
high spatial resolution imagery. USGS 1434-CR-97-CN-40274. URL:
http://landcover.usgs.gov/pdf/imppaperfinalwithall.pdf (last accessed 11 August
2012).

Young, K. D., D. F. Kibler, B. L, Benham, G. V. Loganathan. 2009. Application
of the Analytical Hierarchical Process for Improved Selection of Storm-Water
BMPs. Journal of Water Resource Planning and Management 135: 264-275.

145

APPENDIX I: Questionnaire Results

Imperviousness

Elevation
within
watershed

Slope
Gradient

Proximity

Soil
Hydrologic
type

Land Cover

Imperviousness

1.0000

4.0000

4.0000

4.0000

4.0000

1.0000

Elevation
within
watershed

0.2667

1.0000

3.0000

4.0000

5.0000

0.3333

Slope

0.2667

0.3333

1.0000

1.6667

1.6667

0.2000

Proximity

0.2667

0.2667

0.3333

1.0000

0.3333

0.2000

Soil
Hydrologic
Type

0.2667

0.2000

1.6667

3.0000

1.0000

0.2000

Land Cover

1.0000

3.0000

5.0000

5.0000

5.0000

1.0000

land Cover is ______important than imperviousness.
Land Cover is ______ important than location within the
Land Cover is_______ important than soils.
Land Cover is _______important than accessability.
Imperviousness is________ important than location within the
Imperviousness is________ important than soils?
Imperviousness is________important than accessability.
Location within the watershed _______ important than soils.
Location within the watershed _______important than
accessability.
Soil type is _______ important than accessability.

x

x

x

x
x

x

x

x

x

x

land Cover is ______important than imperviousness.
x
Land Cover is ______ important than location within the
x
Land Cover is_______ important than soils.
x
Land Cover is _______important than accessability.
x
Imperviousness is________ important than location within the
x
Imperviousness is________ important than soils?
x
Imperviousness is________important than accessability.
x
Location within the watershed _______ important than soils.
x
Location within the watershed _______important than
x
Soil type is _______ important than accessability.
x
Comparing variables to create coefficents using AHP Analytical Hiearchy Process- Matt Freiberg
Place an 'X" inside the box that best describes the
Ranking
relationship
Terms
much more
more
equal
much less less
Questions

Comparing variables to create coefficents using AHP Analytical Hiearchy Process- Juliana Gonzales
Ranking
Place an 'X" inside the box that best describes the
Terms
relationship
Questions
much less less
equal
more
much more
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APPENDIX II: Literature Review Matrix

X

X

Elevation within
watershed

public
acceptance/parti
cipation

X

X

X

X
X

X

X

X

X
X
X
X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Dietz 2007

X

X

X

X

X

EPA SWMM
model v5.0

X

X

X

X

X

EPA
SUSTAIN
model

Drainage area

Proximity

X

X

X

X

BAHM,
Bicknell,
Beyerlein,
and Feng
2006
Mannina and
Viviani 2009

X

Existing
Vegetation

X

X

X

Gumbo et al.
2002

Water Table
Depth

Hydrology

X

X

X

X

Nordeidet et
al. 2004

Dunn 2010

X

Sensitive
Natural Areas
(NWI)

X

X

X

X

Land use

X

X

X

Elis et al.
2004

X

Imperviousness

X

X

Penn State
model,
Shamsi 1996

X

Hydrologic soil
groups

X

BASMAA
1999

X

Slope %

EPA 2004
Storm Water
Best
Management
Design Guide

X

CRITERIA
HUD , The
practice of
low impact
development
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Existing
Vegetation

Proximity

Water Table
Depth

Drainage area

public
acceptance/partic
ipation

Elevation within
watershed

X

X

X

X

X

X

X

5

6

5

4

Hydrology
X

X

X

X

X

X

12

13

14

SWRCB
2007 A
Review of
Low Impact
Development
Policies

Schroll,
Lambrinos
and
Sandrock
2011

15
X

X

X

Total

3

14

10

6

Sensitive Natural
Areas (NWI)
X

X

Land use
X

X

X

Imperviousness
X

Parrot 2007
The Ins and
Outs of
Stormwater
Management

X

Hydrologic soil
groups
X

X

Slope %

Low Impact
Development
: an
integrated
design
approach
Prince
George
Maryland
1999

X

CRITERIA
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APPENDIX III: Meta Data
Land Cover
Format
Datum
Projection
Spatial Resolution
Source
Year

GeoTiff
NAD 1983
Albers Conical Equal Area
1 arc second
www.usgs.seamless.gov
2006

Digital Elevation Model
Format
Datum
Vertical Datum
Vertical Units
Projection
Spatial Resolution
Source
Year

DEM-Arcgrid
NAD 1983
NAVD88
Meter
Geographic
1/3 arc second
www.usgs.seamless.gov
unknown

Imperviousness
Format
Datum
Projection
Spatial Resolution
Source
Year

GeoTiff
NAD 1983
Albers Conical Equal Area
1 arc second
www.usgs.seamless.gov
2006

Soils
Format
Datum
Projection
Spatial Resolution
Source
Year

ESRI-shapefile
NAD 1983
none
vector
http://soildatamart.nrcs.usda.gov/
SSURGO 2.2
unknown
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Bus Stops
Format
Datum
Projection
Source
Year

ESRI-shapfile
NAD 1983
Spheroid: GRS_1980
California Department of Transportation
GIS data management branch
2011

Passenger Light Rail
Format
Datum
Projection
Source
Year

ESRI-shapfile
NAD 1983
Spheroid: GRS_1980
California Department of Transportation
GIS data management branch
2011

Waterbodies
Format
Datum
Projection
Source
Year

ESRI-shapefile
NAD 1983
California State Plan, Zone III
cc.map.us
May 2005

Creeks and Drainage
Format
Datum
Projection
Source
Year

ESRI-shapefile
NAD 1983
California State Plan, Zone III
cc.map.us
October 2002
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County Boundaries
Format
Datum
Projection
Source
Year

ESRI-shapefile
NAD 1983
California State Plan, Zone III
cc.map.us
November 2004

Roads
Format
Datum
Projection
Source
Year

Tiger line/shapefile
NAD 1983
Spheroid:GRS_1980
U.S. Census Bureau
2010

City Boundaries
Format
Datum
Projection
Source
Year

ESRI-shapefile
NAD 1983
California State Plan, Zone III
U.S Census Bureau
2010
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APPENDIX IV: Watershed Groups within Contra Costa County
Watershed
Alhambre creek
Alhambre creek
Alhambre creek
Alhambre creek
Alhambre creek
Baxter Creek
Bolinger Creek
Carquinez Watershed
Castro Creek
Cerrito Creek
countywide
countywide
Galindo Creek
Garrity Creek
Garrity Creek
Grayson Creek
Green Valley Creek
Grizzly Creek
Happy Valley
Hoffman Channel
Kennsington
Kirker Creek
Kirker Creek
Lafayette Creek
Lafayette Creek
Las Trampas Creek
Marsh Creek
Meeker Slough
Mount Diablo Creek
Orinda Creeks
Parchester
Pine Creek
Pinole Creek
Pleasant Hill Creeks
Point Richmond
Peninsula
Rheem Creek
Rheem Creek
Rheem West
Rodeo

Group

Website

Contra Costa Resource Conservation District
www.ccrcd.org
Alhambre Valley Creek Coalition
Friendsofac@California.com
Alhambre Creek Environmental Education Collaborative
Alhambre Creek Watershed Council
www.ccrcd.org
Friends of Alhambre Creek
Friendsofac@California.com
Friends of Baxter Creek
www.creativedifferences.com/baxter
creek/index.html
Friends of the Creeks
pmromo@sbcglobal.net
Friends of the Rodeo and Carquinez Watersheds
friendofhercules@aol.com
www.friendsofhercules.org
none
Friends of Five Creeks
www.fivecreeks.org
The Watershed Project
www.thewatershedproject.rog
Contra Costa Watershed Forum
www.cocowaterweb.org
Friends of the Creeks
pmromo@sbcglobal.net
Friends of Garrity Creek
Hilltop Lake Business Association
Friends of the Creeks
pmromo@sbcglobal.net
Friends of the Creeks
pmromo@sbcglobal.net
Friends of the Creeks
pmromo@sbcglobal.net
Friends of the Creeks
pmromo@sbcglobal.net
none
Friends of Five Creeks (Kennsington)
www.fivecreeks.org
Partners for the Kirker Creek Watershed
mschweickert@losmedanos.edu
Kirker Creek Watershed Advisory Group
lwright@ci.pittsburg.ca.us
Friends of Lafayette Creeks
Dfeehan@lovelafayette.org
City of Lafayette Creeks Council
www.ci.lafayette.ca.us
Friends of the Creeks
pmromo@sbcglobal.net
Friends of Marsh Creek Watershed
www.fomcw.org
The Richmond Shoreline Citizens Response
www.richmondshoreline.org/
Friends of Mount Diablo Creek Watershed
www.ccrcd.org
Friends of Orinda Creeks
www.orindacreeks.org
none
Friends of the Creeks
pmromo@sbcglobal.net
Friends of Pinole Creek Watershed
Friends of Pleasant Hill Creeks
www.fophcreeks.land4urbanwildlife
.org
none
Wildcat, San Pablo, Rheem Creek Wateshed
Council
The Watershed Project
none
Partners for Rodeo Creek

juliana@thewatershedproject.org
www.ccrcd.org/Rodeo/Rodeo_main.
htm
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Watershed
San Calanio Creek
San Pablo Creek
San Ramon Creek
Sante Fe
Sycamore Creek
Tice Creek
Walnut creek
Wildcat Creek
Wildcat Creek
Not specified
Not specified

Group
Friends of the Creeks
Spawners
Friends of the Creeks
The Watershed Project
Friends of the Creeks
Friends of the Creeks
Friends of the Creeks
Wildcat, San Pablo and Rheem Creeks Watershed
Council
The Watershed Project
Carquinez Regional Environmental Education Ctr.
East Bay Municipal Utility District

Website
pmromo@sbcglobal.net
www.spawners.org
pmromo@sbcglobal.net
juliana@thewatershedproject.org
pmromo@sbcglobal.net
pmromo@sbcglobal.net
www.friendsofthecreeks.org

juliana@thewatershedproject.org
www.creecyouth.org/blog
www.ebmud.org
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APPENDIX V: Land Cover Matrix

Developed
Low Intensity

Developed
Medium
Intensity

Developed
High
Intensity

Deciduous
Forest

Evergreen
Forest

Shrub/Scrub

Grassland
/Herbaceous

Cultivated
Crop

Woody
Wetlands

Emergent
Herbaceous

Barren Land

Developed
Open Space

Open Water

Open Water

Land Cover
Type

1.00

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

9.00

1.00

0.20

0.20

0.17

6.00

7.00

7.00

7.00

7.00

7.00

7.00

7.00

9.00

5.00

1.00

0.33

0.20

8.00

8.00

8.00

8.00

8.00

8.00

8.00

8.00

9.00

5.00

3.00

1.00

0.33

9.00

9.00

9.00

9.00

9.00

9.00

9.00

9.00

9.00

6.00

5.00

3.00

1.00

9.00

9.00

9.00

9.00

9.00

9.00

9.00

9.00

9.00

0.17

0.13

0.11

0.11

1.00

2.00

2.00

2.00

2.00

2.00

2.00

2.00

9.00

0.14

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

9.00

9.00

0.13

0.11

0.11

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Developed
Open Space
Developed
Low
Intensity
Developed
Medium
Intensity
Developed
High
Intensity
Barren
Land
Deciduous
Forest
Evergreen
Forest
Shrub/
Scrub
Grassland/
Herbaceous
Cultivated
Crop
Woody
Wetlands
Emergent
Herbaceous
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APPENDIX VI: Existing LID Sites

Picture 1: El Cerrito "Green Streets" Curb Cuts and Rain Gardens (Friends of Five Creeks 2012)

Picture 2: El Cerrito "Green Streets" Curb Cuts and Rain Gardens (Friends of Five Creeks)
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Picture 3: Richmond Greenway Bioswale (Andrew Jack)

Picture 4: Windrush School Green Roof (source: www.bluegreenbldg.org)
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