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What are key questions
motivating this
Green Stormwater
Infrastucture (GSI)
analysis for the LivermoreAmador Valley?

To build a regional planning
perspective for GSI with the
goal of achieving watershedscale benefits...
To support collaborative
planning and GSI project
development...

For the highly urbanized
Dublin-Pleasanton region,
what are the cumulative impacts
of GSI on stormwater runoff and
contaminant load reduction?
What is the relative impact of placing
GSI in different parts of the urbanized
landscape?
Where might be the best places to
start looking for on-the-ground
evaluations of GSI suitability?
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What tools and methods are available
for identifying and quantifying
GSI locations and benefits?
GreenPlan-IT is a GSI planning toolkit to support the cost-effective selection and
placement of GSI in urban watersheds through a combination of GIS analysis,
watershed modeling, and optimization techniques.
The GreenPlan-IT Site Locator Tool (SLT) is a flexible user-defined GIS-based tool that
can be adjusted easily and re-run with new information or different priorities. A map
of potential GSI installation sites and their suitability is generated by selecting and
ranking relevant available regional and local data layers.
The GreenPlan-IT Modeling Tool uses the U.S. Environmental Protection Agency Storm
Water Management Model (SWMM5) to quantify runoff and contaminant load for
baseline and GSI scenarios.
The GreenPlan-IT Optimization Tool uses cost-benefit analysis to determine optimal
GSI types and numbers depending on contaminant load and runoff reduction targets.

•

select areas for on the on-the-ground
assessments within priority subwatersheds
identified by the Optimization Tool, and

•

identify potential GSI locations supporting
overlapping benefits and priorities of Zone 7
Water Agency and other municipalities.

A substantial portion of the urbanized Dublin-Pleasanton area is considered to be available
for potential GSI installation with a range of suitability ranks after applying the SLT.
Optimization results show that the location of GSI affects contaminant (PCBs) reduction
more than flow volume reduction due to larger spatial variation of contaminant loadings.
High priority subcatchments were identified for GSI placement to reduce runoff and
contaminant loads within the Dublin-Pleasanton region by the Optimization Tool.
Optimization can be used to evaluate the cost-effectiveness of different types of GSI with
different designs.
The efficiency of GSI differs across storm events. More extreme storm events with
climate change suggests greater need for GSI in conjunction with other flood risk
reduction measures.

Explore report and download analysis results (tables and maps):

Are you:

How
can this
analysis
and report
be used?

What are the
take-home
messages?

The GSI suitability mapping output represents a
planning-level analysis that can be used to

• Expanding city or regional GSI Planning?
• Looking for information about an identified
potential GSI location?
• Wanting to understand how the number and type
of GSI may affect PCBs load and stormwater
runoff reduction?
• Interested in customizing potential GSI maps?

Consider highly ranked GSI locations in high priority subwatersheds. Enhance
multi-jurisdictional coordination for landscape-scale GSI planning and informing
site-scale actions.
Is it located within a high priority subwatershed and is the location ranked relaively
high compared to other locations? If yes, this is likely a good location for GSI, but
local assessment is necessry. Otherwise, consider other more highly ranked locations.
Explore plots and read interpretation text in the Optimization section. For further
information, explore additional scenarios in results files.
Download GreenPlan-IT SLT (greenplanit.sfei.org) and acquire input files
(webfeedback@sfei.org).
www.sfei.org/projects/preparing-storm
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1. INTRODUCTION

2. GREENPLAN-IT

The dual challenges of urban development and climate change present a mounting imperative for

GreenPlan-IT is a GSI planning toolkit that was developed over the past eight years with strong Bay

coordinated and comprehensive planning and implementation that address flooding, water quality,

Area stakeholder involvement and funding support from the US EPA (Wu et al., 2018a). GreenPlan-

and ecosystem concerns. This need motivated the “Preparing for the Storm” project, funded by the

IT was designed to support the cost-effective selection and placement of GSI in urban watersheds

US Environmental Protection Agency (EPA), which aims to support watershed health and resilience

through a combination of GIS analysis, watershed modeling, and optimization techniques. GreenPlan-

to change at the site- and landscape-scale through studies and implementation projects in the

IT comprises four distinct tools: (a) a GIS-based Site Locator Tool (SLT) that combines the physical

Livermore-Amador Valley (hereafter “Valley”). As part of this project, this technical report provides

properties of different GSI types with local and regional GIS information to identify and rank potential

planning-level guidance for placement of green stormwater infrastructure (GSI). Facilitating

GSI locations; (b) a hydrologic Modeling Tool that is built on the EPA’s SWMM5 (Rossman, 2010)

stormwater planning at a multi-jurisdictional scale that helps meet regional challenges requires

to establish baseline conditions and quantify anticipated runoff and contaminant load reductions

common sources of information that help identify potential areas for high-priority, multi-benefit

from GSI implementation; (c) an Optimization Tool that uses an evolutionary algorithm to identify

stormwater projects.

the best combinations of GSI types and numbers of sites within a study area for achieving flow and
The goal of this effort is to support landscape-scale
urban greening visioning for the highly developed areas
of the Valley through identifying potential GSI locations

This technical report
provides planning-level
guidance for placement
of green stormwater
infrastructure.

and quantifying load and stormwater runoff reduction

load reduction (or other) goals; and (d) a Tracker Tool that tracks GSI implementation and reports
the cumulative programmatic outcomes for regulatory compliance and other communication needs
(Figure 1). The GreenPlan-IT package, consisting of the software, companion user manuals, and
demonstration reports, is available on the GreenPlan-IT website (greenplanit.sfei.org).

benefits. It is intended to improve communication and
coordination between the Alameda County Flood Control
and Water Conservation District, Zone 7 (hereafter “Zone
7 Water Agency” or “Zone 7”) and the cities of Dublin and
Pleasanton within the Valley with overlapping jurisdiction,
for the development of GSI that improves water quality and
reduces negative impacts of flooding in ways that efficiently
use resources to derive the most benefit. This effort
used GreenPlan-IT, a planning tool developed by the San
Francisco Estuary Institute (SFEI) and regional partners, to

identify suitable and cost-effective GSI locations within both Dublin and Pleasanton’s city boundaries.
It provides a scientific approach for feasibility analysis, quantification of GSI benefits, and cost-benefit
analysis for systematic GSI planning.
Priorities of both cities and Zone 7 are reflected in the analysis. Via the San Francisco Bay Municipal
Regional Stormwater Permit (MRP), cities are required to develop and implement long-term
Green Stormwater Infrastructure Plans to reduce stormwater runoff due to urbanization as well
as reduce PCB and mercury loads entering creeks that flow into the San Francisco Bay. This work
is complementary to existing municipal GSI plans, could be used to support future updates, and is
intended to inform Zone 7’s Flood Master Plan. Uses of the results from this application of GreenPlanIT include: 1) identifying priority subcatchments and suitable locations for GSI at a multi-jurisdictional
scale; 2) supporting Zone 7 and city communication and collaboration to leverage funding for multibenefit projects; and 3) informing future planning efforts, including GSI plans and the Zone 7 Flood
Figure 1. Diagram of the GreenPlan-IT toolkit (GSI Site Locator Tool, Modeling Tool, Optimization Tool, and Tracker Tool)
and how they relate to one another and local and regional planning. The Tracker Tool was not used in this analysis.

Master Plan.
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3. STUDY AREA
Within the Bay Area, the service area of the Zone 7 Water Agency encompasses approximately 425
square miles of the eastern portion of Alameda County, including the Livermore-Amador Valley, Sunol
Valley, and portions of the Diablo Range. Zone 7 supplies treated drinking water to retailers serving
over 260,000 people in Dublin, Livermore, Pleasanton, and parts of Dougherty Valley, supplies
untreated water for irrigation of 3,500 acres (primarily South Livermore Valley vineyards), provides
flood protection services, and manages groundwater (zone7water.com).
Lying in the rain shadow of the East Bay hills, the Valley receives less rainfall than many other Bay
Area locations. The average annual precipitation of Zone 7’s service area is approximately 17.2
inches. Average monthly temperatures vary from 47 to 70 degrees Fahrenheit throughout the year.
Characteristic of Mediterranean-type climates with cold wet winters and warm dry summers, nearly
all precipitation occurs between the months of October and May, often arriving in just a few major
storm events that can cause substantial flooding throughout the Valley (Zone 7 Water Agency, 2021).
Precipitation is also highly variable from year to year. With climate change, increasing precipitation
extremes as well as prolonged dry seasons and more frequent and extreme droughts are expected
(Ackerly, 2018; Luković J et al., 2021; Swain et al., 2018).
Zone 7 owns and maintains 37 miles of local flood-protection channels, about a third of all the
Valley’s channels and creeks. A core component of the Valley’s flood-protection system is the cityowned storm drain network along local streets, and it is for this part of the system that GSI can be
designed or retrofitted to slow, spread, or infiltrate a portion of the runoff. Storm water flows through
underground pipelines into creeks or man-made channels feeding into main waterways. These larger
channels converge with Arroyo de la Laguna, which ultimately drains into San Francisco Bay through
Alameda Creek. In addition to flood protection and water supply, the channels and their riparian
corridors provide habitat for native species.
The analysis encompasses the highly urbanized areas draining to the Arroyo de la Laguna and its
tributaries, with the analysis focused on the City of Dublin and the City of Pleasanton (a total of
25,476 acres; Figure 2). In addition to the high imperviousness, these are areas where localized
runoff reduction through GSI could help address bank erosion that tends to occur along Zone 7
channels during large storm events, particularly in the region of the historical Pleasanton Marsh
complex (Stanford et al., 2013). The stormwater modeling domain also includes ungaged upstream
watersheds (Alamo Creek and Tassajara Creek) of Arroyo de la Laguna. Stream gages near the eastern
city boundary of Pleasanton were used to provide upstream boundary conditions of Arroyo Mocho

2.5 miles

n

and Arroyo Valle.
Figure 2. Green stormwater infrastructure analysis extent. The GreenPlan-IT Site Locator Tool
analysis extent covers the Dublin and Pleasanton footprints. The hydrologic model domain also
covers a portion of the Alameda Creek Watershed that drains to Dublin and Pleasanton, while
excluding areas upstream that are addressed via stream gage data as boundary conditions (see
Section 5, Hydrologic Modeling).

Zone 7 Jurisdiction
Dublin
Pleasanton
Outside Model Domain
Alameda Creek Watershed
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4. SITE LOCATOR TOOL APPLICATION
Application of GreenPlan-IT usually begins with the GSI Site Locator Tool (SLT) to identify and rank
potential GSI locations based on physical characteristics of GSI feature types and the landscape.

Table 1. GIS layers used in the GreenPlan-IT Site Locator Tool (SLT) for the Dublin-Pleasanton evaluation, and their associated SLT analyses.

Layer

Locations

Local
Opportunities
& Constraints

Parking Lots (Open Street Maps)

√

Zone 7, Dublin, and Pleasanton Custom Additional
Areas (e.g., areas planned for future development)

√

work (see Section 5.1). These standard sized GSI can be regarded as “units” of a given GSI type

Open/Undeveloped Parcels

√

because actual GSI installations may be sized much larger and therefore count as multiple “units” of

Parks*

√

GSI in terms of how they are counted in the tool.

On-street Parking Buffer

√

Public Parcels

√

√

Pleasanton and Dublin GSI Plan Locations

√

√

Through discussions with Zone 7 and City staff, four GSI feature types were selected for this
GreenPlan-IT application based on local preferences: bioretention, permeable pavement, tree well,
and flow-through planter. A standard size of each feature type was specified for use based on prior

The SLT is composed of four analyses: Locations, Opportunities and Constraints, Ownership, and
Knockout. For the Location analysis, GIS layers are used to identify potential GSI installation areas

Ownership

Knockout

√
√
√

Priority Development Areas

√

ranking for each location based on factors that are weighted according to Zone 7 and the cities’

Industrial

√

priorities. The Ownership analysis differentiates between public and privately owned locations. Lastly,

Old Industrial

√

the Knockout analysis removes areas that are deemed inappropriate for GSI installations and should

Geotracker Sites

√

not be considered.

Toxic Sites (points)

√

4.1 Spatial Data Layers

Toxic Sites (polygons)

√

Underground Storage Tank Permits

√

priorities to locate and rank potential GSI locations. The SLT can accommodate a wide range of spatial

Flooded Areas

√

data and information. Decisions about which data to include were primarily driven by the planning

Depth to Groundwater**

√

needs of Zone 7, the City of Dublin, and the City of Pleasanton, as well as data availability. Consistent

Recharge Streams

√

data availability across the study area is important for developing relative ranking of potential GSI

Percent Impervious

√

sites. Without this, some areas may be ranked higher simply because there is more data coverage

Storm Inlets

√

used in the ranking compared to lower ranked areas. Table 1 shows the regional and local GIS data

Schools

√

SFEI Regional GSI Suitability Layer (GSI specific)***

√

Storm Drain Network

√

√

Landslide Risk

√

√

4.2 Opportunities and Constraints Custom Ranking

California Protected Areas Database

√

√

The custom ranking, used in the Opportunities and Constraints analysis of the SLT, was determined by

Dublin-owned Parcels****

a nested, weighted overlay of the GIS layers grouped by six factors that were identified as important:

Building Footprints

√

Camp Park Buildings

√

Zone 7, Dublin, and Pleasanton Custom Areas to

√

for each type of GSI. The Opportunities and Constraints analysis is used to apply a custom weighted

The GSI SLT integrates regional and local GIS data and uses these data along with city and other

layers included in the SLT and for which analyses each layer was used. For more in-depth information
on the different analyses that are built into the SLT, see the GreenPlan-IT online documentation
(greenplanit.sfei.org/books/green-plan-it-siting-tool-technical-documentation).

Political Feasibility, Pollutants, Infiltration/Recharge, Conservation, Physical Characteristics, and
Community Visibility. Weighting was established with Zone 7, Dublin, and Pleasanton staff through an
iterative process to reflect local priorities and management goals of the three entities (Table 2). Each
data layer was given a weight within a factor (“layer weight”), and each factor was also given its own
weight (“factor weight”). Within each factor, layer weights add up to 1, and the factor weights also
add up to 1. Each layer was identified as either positively (1) or negatively (-1) impacting the rank. This
allows for a maximum possible rank value of 1 under the condition where all ranking layers overlap
a location and positively impact the rank. Lastly, some layers were buffered by an amount specified
under “Buffer (ft)”. Buffering allows the user to capture positive and negative impacts of being within
a certain distance of areas represented by the GIS layers (e.g., being within 100 ft of an old industrial
10 • Green Stormwater Infrastructure • SFEI

√

Exclude
* Parks are primarily drawn from Open Street Maps, with some augmentation for Dublin, based on conversations with Dublin and
Pleasanton representatives.
** Depth to groundwater was set as the maximum area of <10 ft depth to groundwater using mapped contours for 2015 and 2017 from
Zone 7.
*** The SFEI Regional GSI Suitability Layer combines the following five Bay Area regional layers together in a nested weighted overlay to
identify areas that are suitable for each GSI type: Depth to Groundwater, Slope, Land Use, Risk of Liquefaction, and Soil Hydrologic Type.
**** These represent additional parcels that were not represented in the existing public parcels layer, which was otherwise considered
sufficient for representing Zone 7 and Pleasanton-owned parcels.
11 • Planning-level Analysis for Livermore-Amador Valley • SFEI

land use area), as well as to account for uncertainty in accuracy of the data. Table 2 lists the GIS layers

Table 2. Relative factor and layer weights and buffer information for GIS layers applied to the Opportunities and Constraints analysis of the SLT.

and how they were used in the custom ranking. The factors that were weighted the highest were
Layer Name

Layer Weight

Buffer Type

Buffer (ft)

Positive or
Negative Impact

Public Parcels

1/3

No

0

1

Pleasanton and
Dublin GSI Plan
Locations

1/3

No

0

1

Priority
Development
Areas

1/3

No

0

1

Industrial

1/5

Yes

100

1

Old Industrial

2/5

Yes

100

1

Geotracker Sites

1/10

Yes

200

-1

Toxic Sites (points)

1/10

Yes

300

-1

Toxic Sites
(polygons)

1/10

Yes

200

-1

the City of Dublin, Dublin does not have jurisdiction there to implement GSI.

Underground
Storage Tank
Permits

1/10

Yes

300

-1

A key consideration when interpreting the SLT output is that it is affected by availability, coverage,

Flooded Areas

1/7

Yes

300

1

Depth to
Groundwater

3/7

No

0

-1

Recharge Streams

1/7

Yes

1000

1

Percent
Impervious

2/7

No

0

1

California
Protected Areas
Database

1

Yes

400

1

Landslide Risk

1/9

No

0

-1

Storm Drain
Network

2/9

Yes

60

1

Storm Inlets

2/9

Yes

100

1

SFEI Regional GSI
Suitability Layer

4/9

No

0

1

Parks

1/2

Yes

200

1

Schools

1/2

Yes

200

1

Political Feasibility, Infiltration/Recharge, and Physical Characteristics.

Factor

Factor Weight

The ranking table can easily be adjusted if more information or different priorities emerge. This allows
users to add new data, change rankings, and adjust buffers quickly for reprocessing.

4.3 Site Locator Tool Outputs

Political Feasibility

1/4

Running the SLT identified potential locations and ranks for
each GSI feature type, generating a map for each. These

The SLT generated
maps of potential
locations and ranks for
each GSI feature type.

potential locations provide a starting point for GSI planning
and implementation efforts. The summary and outputs
discussed in this section use the example of bioretention
because it is associated with more locations than the other
GSI types considered, and rankings were applied similarly
across the types (for all SLT output files, including maps,
see sfei.org/projects/preparing-storm). Figure 3 shows

Pollutants

1/12

potentially suitable areas for bioretention, which accounts
for ~26% (6,557 acres) of the study area. This includes some
large areas such as portions of U.S Army Camp Parks and
other areas that are considered for development. Note, however, that while Camp Parks falls within

resolution, and accuracy of the underlying GIS data, and different resolution data can be used to
answer management questions at different scales. Due to the limitations of available data, the
outputs of the SLT should be regarded as useful for planning-level guidance and local/site-scale

Infiltration/
Recharge

1/4

considerations need to be assessed to determine feasibility of any given GSI installation.
For this analysis the highest rank for a potential location for bioretention is 0.62 and the lowest
rank is -0.13. These rankings relate to this particular run of the SLT and cannot be compared to SLT
output from other studies. For this particular set of layers and weights (see Table 2), there are not
many negatively ranked locations (15% of the total potential location area). This occurs because there

Conservation

1/12

are more layers included in the weighting that have a positive impact on the overall rank. In the SLT
outputs map (see Figure 3), a standardized symbology is used to capture the possible maximum range
of ranking values.
Based on the data inputs, weighting, and ranking, the SLT identified thousands of GSI locations for

Physical
Characteristics

1/4

potential implementation (~26% of the study area or 6,557 acres). Higher ranked areas accounted
for a relatively small portion. For example, as shown in Table 3, potentially suitable locations for
bioretention with ranking greater than 0.3 accounted for nearly 9% of the area of potential GSI
locations (with a breakdown of approximately 78% on public land and 22% on private land). Table 3
offers further summary of the ranking distribution of potential locations for bioretention. Summary
ranking distribution tables for the other GSI types are available with the rest of the output files from
this analysis, which can be found on the project website (sfei.org/projects/preparing-storm).
12 • Green Stormwater Infrastructure • SFEI

Community
Visibility

1/12
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Different rank thresholds can be used depending on
priorities and the number of sites needed to meet
programmatic goals. While most sites could be
considered feasible from an engineering perspective,
the ranking reflects the priorities and preferences
applied to the individual data layers and should
thus be associated with greater benefits and lower
barriers to implementation. It is recommended that
the highest ranked sites in a given area of interest
should be considered first when users are looking for

When looking for GSI
implementation locations,
consider the highest
ranked sites in a given area
of interest first.

implementation locations. These locations provide a
starting point for GSI planning. Further analysis can
be conducted to determine which of these may fall in
optimal areas by using the Modeling and Optimization
tools, as described in next sections.

Table 3. Summary table of ranked area for potential bioretention locations.

Bioretention
Rank Bin

n

Figure 3. Bioretention GreenPlan-IT Site Locator Tool output for the full study
area (Dublin and Pleasanton combined). Note that potential locations identified
for one GSI type may overlap with potential locations for another GSI. To
download other GSI type maps, see sfei.org/projects/preparing-storm.

GreenPlan-IT
Site Locator Tool Output
1: Higher Ranked Location
0.5
0: Neutrally Ranked Location
-0.5
-1: Lower Ranked Location
Unranked Location

14 • Green Stormwater Infrastructure • SFEI

City
Dublin
Pleasanton

Area (% of total)

0.701 - 1.000

0.0

0.0

0.601 - 0.700

0.1

0.0

0.501 - 0.600

4.4

0.1

0.401 - 0.500

64.7

1.0

0.301 - 0.400

225.6

3.4

0.201 - 0.300

1177.9

18.0

0.101 - 0.200

2345.2

35.8

0.001 - 0.100

1913.2

29.2

0.2

0.0

-0.001 - -0.100

513.7

7.8

-0.101 - -0.200

6.9

0.0

-0.201 - -1.000

0.0

0.0

9999 (Unranked)

304.7

4.6

Total

6556.6

100.0

0.000

2 miles

Area (acre)
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5. HYDROLOGICAL MODELING
The application of the GreenPlan-IT Modeling Tool (SWMM5) involved watershed delineation,
collection and compilation of input data to set up the hydrologic model, and model calibration. This
established the baseline condition for use in the Optimization Tool to compare against different GSI
configurations.

5.1 Watershed Delineation
The first step in setting up the Modeling Tool was to delineate smaller subcatchments (model units)
within the modeling domain, as shown in Figure 2. Subcatchment delineation from the HEC-HMS
model provided by Zone 7 were used for the initial delineation of subcatchments based on their
connections and flow direction. Storm drain network GIS data for both Dublin and Pleasanton were
used to further delineate and split subcatchments within the study area, using the pipe diameter
size, flow direction, and network connections, for a final count of 216 subcatchments (Figure 4). The
subcatchments in more urbanized areas within the city boundaries ranged from 6 to 299 acres. For
rural areas and areas outside the city boundaries, the subcatchments were kept large to minimize
model complexity. This is justified by the fact that these areas were not targeted for GSI placement,
but are presented in the model to provide boundary conditions for downstream stations.

5.2 Input Data
A large amount of available data was collected to support the application of the Modeling Tool. The
input data that were used for establishing the SWMM5 are described below.

Precipitation Data
Within the study area, there are a number of rain gages that are operated and maintained by Zone
7 and Alameda County (see Figure 4). Based on available precipitation and flow data as well as
location, Water Year (WY) 2016 to 2018 was set as the model calibration period, and precipitation
data (15-minute intervals) from three gages, CM_TAS, CM_DBF, and CM_CIMIS, were used for model
calibration (see Figure 4). Annual rainfall for these stations for each WY are summarized in Table 4.
The three year period generally covers dry, average, and wet conditions (average annual rainfall is 17.2
inches), which allows model calibration across a range of hydrologic conditions. Each subcatchment
was assigned rain gage data based on the Thiessen polygon footprints of the three selected rain
gauges.
Table 4. Annual rainfall at three rain gages used for SWMM5 calibration.

Rain Gage

WY2016

WY2017

WY2018

CM_TAS

20.4

33.7

14.8

CM_DBF

17.4

27.6

15.7

CM_CIMIS

20.0

33.5

12.5

16 • Green Stormwater Infrastructure • SFEI

2 miles

n

Figure 4. Delineated subcatchments for SWMM5 with precipitation and streamflow gages used for
model establishment and calibration.

Rain Gages
Stream Gages
Subwatersheds
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Evaporation Data
Hourly evaporation data for WY 2016-2018 at the CIMIS station (CIMIS 191; see Figure 4) were
obtained from California Irrigation Management Information System (CIMIS, cimis.water.ca.gov).
These data were directly fed into SWMM5 as input.
Imperviousness
Land surface of each subcatchment was classified into two groups, pervious and impervious land.
The GIS layer for determining percent imperviousness was from the National Land Cover Dataset
(NLCD) 2016 at a spatial resolution of 30m x 30m (www.mrlc.gov/data/nlcd-2016-percentdeveloped-imperviousness-conus). This layer was intersected with the subcatchment boundary layer
to determine the percent imperviousness for each subcatchment. The percentage of imperviousness
is an important input dataset and typically the most sensitive parameter, strongly influencing both
the total volume of runoff and the peak flows. The percent imperviousness was found to be less than
40% for the majority (~70%) of subcatchments.
Soil Data
Soil data were obtained from the State Soil Geographic Database (STATSGO) (www.nrcs.usda.
gov/wps/portal/nrcs/detail/soils/survey/geo/?cid=nrcs142p2_053629) and intersected with
the subcatchment boundary layer to determine the percent area of each soil group for each
subcatchment. The distribution of soil groups within each subcatchment was used as a reference to
set the infiltration parameter values.
Land Use
Land use types were added in the SWMM5 model to distinguish processes associated with PCBs
build up and wash off for different land uses. Land use data were obtained from the ABAG (2005) land
use layer and intersected with the subcatchment boundary layer to determine the percent area of

each land use type for each subcatchment. The build up and wash off parameters were adopted from
the SWMM5 model established for Sunnyvale (Wu et al., 2018b), which were based on the land use
yield from a previous study of the Bay Area (Wu et al., 2017).

Groundwater
Aquifer and groundwater parameters were added in the SWMM5 model to better simulate
the baseflow. The groundwater depth and percolation rate were treated as primary calibration
parameters for baseflow simulation.
Channel Network and Flow Data
Channel network information, such as cross sectional area and transacts, were extracted from the
HEC-RAS model provided by Zone 7. Flow data from three flow gages maintained by USGS (AVNL)
and Zone 7 (ALP_ELCH and AM_KB) at the boundary of the modeling domain were used as upstream
flow boundary conditions for downstream channels.

5.3 Model Calibration
In general, the SWMM5 is well calibrated for the rainfall-runoff
processes and performs well for all quantitative evaluation
indices at all three selected calibration sites. The three sites
selected for calibration are representative gages at both city and
whole modeling domain scales. Plots of modeled and monitored
flow data show visual evidence of the good performance of the
model. The well-calibrated SWMM5 provides confidence in
the runoff estimation with design storms in the optimization

The hydrologic model
is well-calibrated,
performing well for all
evalutation indices.

process.
The SWMM5 calibration was an iterative process of adjusting
key model parameters to match model simulations with observed data. Model calibration is necessary
to ensure that the resulting model accurately represents important aspects of the actual system
so that a representative baseline condition can be established to form the basis for comparative
assessment of various GSI scenarios.
The hydrologic calibration was done at three flow gages (ACNP, ADVP, ADLLV; see Figure 4) where
monitored flow data were available from WY2016 to 2018. The calibration followed a sequence,
starting at the most upstream station (ACNP) and working downstream. The calibration at
downstream stations did not begin until after the calibration at the upstream station(s) was deemed
reasonable.
SWMM5 is associated with a number of spatially variable parameters that describe the
characteristics of individual subcatchments. Model simulations are particularly sensitive to a
subset of model parameters associated with frequent storm events (impervious percentage,
subcatchment width, Manning’s roughness, depression storage, and soil infiltration parameters),
which are typically used as hydrologic model calibration parameters. The calibration effort was
focused on adjusting these parameters until modeled flow rates sufficiently matched the timing,
magnitude, and total volume of the observed data. Model parameters of depression storage,

CULVERT IN DOWNTOWN PLEASANTON. PHOTO COURTESY OF CC BY-SA 3.0
18 • Green Stormwater Infrastructure • SFEI

19 • Planning-level Analysis for Livermore-Amador Valley • SFEI

infiltration and roughness were adjusted within the range of established values in the literature.
The subcatchment width is an abstract basin parameter computed by dividing the subcatchment
area by the travel length. Groundwater related parameters, such as groundwater table elevation
and deep seepage rate, are calibrated for the modeled streamflow to match the monitored flow
during the dry period.

Calibration Performance Metrics
To evaluate the model’s performance from the three aforementioned aspects (flow volumes, baseflow
volumes and recession curves, and peak and timing of storm events), three indices were selected.
Error indices are commonly used in model evaluation, including percent bias (PBIAS), mean absolute
error (MAE), mean square error (MSE), and root mean square error (RMSE). For PBIAS, RMSE, MAE,
and MSE, a value of zero indicates a perfect fit. Percent of bias (PBIAS) was selected to evaluate the
runoff volume model error.
The Nash-Sutcliffe efficiency (NSE) is a widely used and reliable statistic for assessing the goodness
of fit of hydrologic models (Nash and Sutcliffe, 1970). It is a normalized statistic that determines the

Hydrologic Calibration Results
According to the selected performance metrics, the model performs very well at all three calibration
sites (Table 6). The ACNP calibration site, at the boundary between the cities of Dublin and
Pleasanton, is a good representative site for the model performance within Dublin. Calibration site
ADVP is located near the center of Pleasanton and is a representative site for a major tributary (Arroyo
Valle) of the Arroyo de la Laguna. ADLLV is the very downstream gage at the southern boundary of
Pleasanton and is a representative site for the whole modeling domain. In addition to the quantitative
indices, the quantity and time series of observed and modeled stream flows reasonably match each
other. The comparison of daily observed and modeled flow for the calibration sites are provided in
Figure 5. The timing and the peaks of the rainfall-runoff events were captured and well represented
by the model.
The scatter plots comparing daily observed and modeled flow for the calibration sites are provided
in Figure 6. The best-fit linear equation and the coefficient of determination are shown for each.
Relatively high correlation (R2 > 0.75) between the modeled and observed flow is found for each site.

relative magnitude of the residual variance compared to the measured data variance and reflects
the overall fit of a hydrograph. Values may vary from -∞ to 1.0. A value of one indicates a perfect fit
between modeled and observed data, while values less than zero indicate the model’s predictions of

Table 6. Summary of calibration results. Light green color represents Very Good model fit.

temporal variability in observed flows are worse than using the average of observed data.

Calibration Site

Gage Name

PBIAS

NSE (Daily)

R

Scatter plots were generated to assess the correlation between model results and observed data

ACNP

USGS 11174600

6.4%

0.76

0.89

ADVP

ZONE 7 STATION - ADVP

-2.4%

0.98

0.99

ADLLV

USGS 11176900

-5.6%

0.88

0.94

using a correlation coefficient (R) and the slope and intercept of the linear regression line. For
hydrologic modeling, R > 0.7 generally indicates good agreement.

Table 5. General acceptable targets for SWMM5 hydrology calibration

Statistic

Very Good

Good

Fair

Poor

< 10

10 - 15

15 - 25

> 25

NSE

> 0.75

0.65 - 0.75

0.5 - 0.65

< 0.5

R

> 0.8

0.7 - 0.8

0.6 - 0.7

< 0.6

PBIAS

Given the approximate nature of models and inherent uncertainty and errors associated with input
and observed data, it is recommended that acceptable ranges, rather than absolute criteria, should be
used as general targets or goals for model calibration and validation. Table 5 lists general calibration/
validation acceptable ranges that are reported in literature for the three key statistics used in this
analysis (Donigian, 2002; Moriasi, et al., 2007; Duda, et al., 2012).
Besides the three quantitative indices, visual comparison between simulated and modeled time series
of the stream flow are also conducted during the calibration process. Plotted daily hydrographs for

Water Quality Modeling
For water quality modeling, SWMM5 allows for input of the contaminant wash off coefficients for
different land uses. The water quality calibration proceeds through iterative adjustments of these
coefficients until modeled concentrations of PCBs match the observed data at the monitoring station
as well as possible. Limited by the PCB monitoring availability at the Dublin and Pleasanton region,
model parameters of yield rates of PCBs specific to land use was based on a previous project for
the City of Sunnyvale (Wu et al., 2018b), where monitored flow and PCBs concentration data from
2012 to 2014 were available (Gilbreath et al., 2015). The yield ratios reported by Mangarella et al.
(2010) were used as general guidance to differentiate the wash off coefficients between land uses,
and transportation land use was assumed to have the same coefficients as commercial land use.
The calibrated PCBs model at Sunnyvale matches the magnitude of monitoring data of PCBs. The
calibrated land use specific PCBs parameters were applied here to the Dublin-Pleasanton model for
the PCBs load estimation.

each calibration site allow for examination of the timing and magnitude of stream flow during and
after storm events.
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(a)

(a)

y = 0.80x
R2 = 0.75

(b)
(b)

y = 0.94x
R2 = 0.98

(c)
(c)

y = 0.82x
R2 = 0.88

Figure 5. Modeled (purple circles) and observed daily flow (blue lines) at ACNP (a), ADVP (b), and ADLLV (c).
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Figure 6. Scatter plots of modeled and observed daily flow at ACNP (a), ADVP (b), and ADLLV (c). The solid line depicts the linear trendline
and the dashed line shows the 1:1 line.
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6. OPTIMIZATION

6.1 Optimization Inputs

The Optimization process of GreenPlan-IT allows users to examine the relationship between

and PCBs loads at the subcatchment level; 2) design specifications of each GSI type; 3) GSI costs; and

the number and type of GSI units, contaminant and flow volume reduction, and potential cost.
Results also indicate within which subcatchments GSI may have the greatest effect on reducing
contaminants and flow volume. For this study, the objectives of the optimization were to: 1) minimize
the total relative cost of GSI projects; and 2) maximize the total stormwater runoff reduction and
PCBs load reduction at the multi-city scale.
In the optimization, the tool begins with random
generation of initial potential GSI scenarios. These

Optimization determines
the number and type of
GSI for each subcatchment
based on performance and
relative cost

are run in the Model Tool (SWMM5), and the
performance of each GSI scenario is evaluated based
on the objectives. For the objectives in this analysis,
the contaminant load and flow volume reduction
was evaluated compared to baseline conditions (the
2-year design storm, described below). This step
is followed by applying an optimization algorithm
for the next generation of GSI scenarios. The
SWMM5 is run with these new GSI scenarios and
the performance is evaluated again. The process
is repeated until a stop criteria is reached (e.g., no

improvement can be found for any objectives or the maximum number of runs has been reached).
After thousands of optimization runs, the optimal (most cost-effective) GSI scenarios are those that
perform best for given costs. Here, they represent the set of GSI scenarios with the most PCBs load
or runoff reduction for given costs among all optimization runs. Additional information about the

Four types of information are required as inputs to run the Optimization Tool. They are 1) baseline flow
4) constraints on GSI locations.

Baseline Flow and PCBs Loads
The baseline flow and PCBs loads serve as the basis for the comparison of various GSI solutions.
The time series of runoff and PCBs loads for a 2-year 24-hour design storm for each of 216
subcatchments were generated as a reference point from which the effectiveness of the GSI scenarios
were estimated (see Section 5.2).
GSI Types and Design Specifications
Four GSI types (bioretention, permeable pavement, tree well, and flow-through planter) were included
in the optimization. Each GSI type was assigned typical size and design configurations that were
reviewed and approved by the Technical Advisory Committee of GreenPlan-IT toolkit development
(see Table 7). These design specifications remained unchanged during the optimization process.
Thus, the decision variable was the number of each GSI type within each subcatchment. As such,
the configuration of each GSI type affected their performance and utilization during the optimization
process. If a user is interested in larger GSI features, this can be accomplished by effectively
increasing the number of features implemented (e.g., implementing two would be equivalent to
implementing one twice the size).
GSI Costs
The optimization strongly depends on the available GSI cost information, and uncertainties in
local cost data can greatly influence the management conclusions. Interpretation and application
Table 7. GSI types and specifications used in the GreenPlan-IT Optimization Tool.

Optimization Tool is provided in the GreenPlan-IT User Guide (SFEI 2018).
The decision variables for the optimization were the number of units of each of the GSI types in each
of the subcatchments within each of the watersheds. For each applicable GSI type, the decision

GSI
Specification

Surface
area
(sf)

Bioretention

500
(25x20)

Permeable
pavement

5000
(100x50)

Tree well

60 (10x6)

Flowthrough
planter

300 (60x5)

Surface
depth
(in)

Soil media
depth
(in)

Storage
depth
(in)

Infiltration
rate
Underdrain
(in/hr)

variable values range from zero to a maximum number of potential GSI sites as specified by the
boundary conditions identified by the SLT. The decision variables were also constrained by the total
impervious area that can be treated by GSI within each subcatchment. The sizing factor (defined

(Table 7). During the optimization process, the number of GSI units were adjusted when their

Area
treated
(ac)

Estimated
cost/unit
($)

4%

0.29

52,000

18

12

5

Yes:
Underdrain
at drainage
layer

0

24

100

Yes:
8 inch for
underdrain

50%

12

21

6

50

Yes:
Underdrain
at bottom

0.4%

0.34

78,720

9

18

12

5

Yes:
Underdrain
at bottom

4%

0.17

44,700

9

as the ratio between GSI surface area and its drainage area) for each GSI type was specified and
used to calculate the drainage area for each GSI and also the total treated area for each scenario

Sizing
factor*

0.23

170,000

combined treatment areas exceeded the available area for treatment within each subcatchment.
Both runoff reduction and PCBs load reduction were selected as objective functions to run two
iterations of the Optimization Tool. The results were then intersected to find the common locations
and subcatchments where both runoff reduction and PCB reduction could be cost-effective by
implementing a set of common GSI types.

* In relation to the drainage management area of the unit (the ratio between the GSI surface area and its drainage area).
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of the optimization results should take this into account. However, while it is important to have
accurate cost information for each GSI type, it is the relative cost difference between GSI types
that determines the optimal GSI types and combinations. It is therefore important to have reliable
estimates on relative cost differences of various GSI types and interpret the overall costs associated
with each GSI scenario as indications of the relative merits of one scenario versus another.
For this project, the costs considered were construction, design and engineering, and maintenance
and operation (with a 20-year lifecycle). In general, only limited cost information was available,
and these costs vary greatly from site to site due to varying characteristics, varying designs and
configurations, and other local conditions and constraints. The cost assigned to each GSI type was
reviewed and approved by the Technical Advisory Committee of the GreenPlan-IT toolkit development
(see Table 7). A unit cost approach was used to calculate the total cost associated with each GSI
scenario. Cost per square foot of surface area of the GSI feature type was specified for each GSI type
and the total cost of any GSI scenario was calculated as the sum of the number of each GSI type
multiplied by the cost of that GSI type (surface area times unit cost). These cost estimates were used
to form the cost function in the Optimization Tool, which were evaluated through the optimization
process at each iteration.

Figure 7. Rainfall pattern of the 2-year 24-hour design storm.

(a)

(b)

Constraints on GSI Locations
For each GSI type, the number of possible sites was constrained by the maximum number of
suitable sites identified through the Site Locator Tool. This constraint confines the possible selection
of GSI types and numbers within each subcatchment in the optimization process. Within each
subcatchment, the number of possible GSI sites is limited by the treatable impervious area, and the
optimization process will determine which GSI type to pick based on performance and relative costs.

6.2 Baseline Conditions
The hydrologic model baseline is the foundation upon which all subsequent analyses depend and is
crucial for meaningful results. Using the calibrated model, the baseline flow was calculated to serve
as the basis for the comparison of various GSI solutions in the optimization. A 2-year design storm
(2.05 inches) was derived using the methods recommended by Alameda Hydraulics Manual (2017).
The pattern of the 2-year 24-hour design storm is shown in Figure 7.

Figure 8. Boundary condition flow rates near USGS gage AVNL (a) and AMP (b) for the 2-year 24-hour design storm.

as depth per unit area, was 0.385 inch for the whole modeling domain, with a range from 0.002 inch
to 1.6 inch per subcatchment, and from 0.5 inch to 1.6 inch for subcatchments with > 25% impervious

Three USGS gages were used to provide inflows at the boundary of the modeling domain for the

surface. Similarly, the estimated average PCBs yields were 0.003 g/acre for the modeling domain

stream flow estimation. Flow records from the AM_KB and ALP_ELCH gages were combined to

with a range from 0 to 0.013 g/acre. The distribution of baseline stormwater runoff and PCBs yields is

provide the upstream boundary condition for the AMP gage. Flow records from the AVNL gage were

shown in Figure 9 and 10, respectively.

used to provide the upstream boundary condition for tributary Arroyo Valle. The design storm flow

6.3 Optimization Results

records at the three USGS gages were not available. Thus, the Zone 7 HEC-HMS model, which has
a larger spatial extent than the SWMM5 model, was used to simulate the flow of a 2-year 24-hour
design storm. The modeled flows from the HEC-HMS model at the boundaries were summarized to
provide the boundary conditions for the SWMM5 model. Figure 8 shows the flow time series at two
boundary locations.

The Optimization Tool was used to determine the optimal combinations of GSI within the modeling
boundary to achieve various flow and PCBs load reduction goals with minimal cost. The optimization
tool was run twice – once to determine the most cost-effective flow reduction, and the other for
PCBs load reduction. The optimization results for flow reduction and PCBs load reduction are shown
in Figure 11 and Figure 12, respectively.

Baseline Results
The total estimated runoff volume and PCBs baseline load of the 2-year 24-hour design storm event
for the 216 subcatchments were 2,437 ac-ft and 176 g, respectively. The generated runoff, expressed
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Each point on the two scatter plots (Figure 11 and Figure 12) represents one GSI scenario (a unique
combination of numbers of different types of GSI units across the study area). The upper left edge or
front of the plotted cloud of points indicates the optimal GSI solutions associated with different costs.
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3 miles

n

3 miles

Figure 9. Baseline stormwater runoff depth (in) for each subcatchment for a
2-year 24-hour storm event (2.05 in total). Runoff depth indicates how much
precipitation runs off the land surface as opposed to infiltrating. It does not
necessarily correlate with areas where flooding occurs.

Baseline Runoff (in)
0

City
Dublin

n

Figure 10. Baseline PCBs load (g/ac) for each subcatchment for a 2-year 24-hour
storm event.

Baseline Loading (g/ac)
>0

Pleasanton

Dublin
Pleasanton

2
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City

0.014
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The ‘width’ of the point cloud represents the variation of the cost-effectiveness among different GSI
scenarios. The XY-ratio of each point represents the cost-effectiveness, and the shape of optimal
upper front of the point cloud represents how cost-effectiveness changes with increases in the
reduction target.
Figure 11 shows the optimization results with flow reduction as the objective of the optimization.
The point cloud forms a linear shape. This implies that the cost-effectiveness would not change
much as cost increases (e.g., the amount of flow reduction is similar if placing the first or 1,000th
ont
l fr

a
ptim

O

GSI unit in the watershed). Also, for a given flow reduction target, there is just a small variation
(narrow width) in GSI scenario costs, implying that a GSI unit placed in one part of the watershed
will have a similar effect on runoff reduction than the same unit placed in another location. On the
other hand, the optimization results with PCBs load reduction as the objective (Figure 12) show a
very different point cloud shape with curvature and larger width. The curvature of the optimal upper
front of the PCBs load reduction optimization suggests that achieving greater PCBs load reduction
becomes increasingly more expensive per percentage reduction (i.e., the first GSI unit placed in the
watershed will achieve more PCBs load reduction than the 1,000th). For a given PCBs load reduction

5.82% 5.28%

target, there is also a wide range in GSI scenario costs, which suggests that where GSI units are

4.13%

located in the watershed can substantially affect the cost effectiveness. This is because contaminant
concentrations are highly spatially variable. For contrast, the model baseline results shows that

Figure 11. Flow optimization results for the 2-year 24-hour design storm. Each blue point represents a separate scenario of GSI type, number
and location.
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5.14%

spatial variability in runoff production is about 3-fold across urban subcatchments (defined as
impervious area > 25% of total area) and over a hundred fold for PCBs load.

Selected Scenario Optimization Results
After comparing two optimization settings (for flow and PCBs load reductions), a GSI scenario along
the optimal set of solutions based on PCBs load reduction was selected to demonstrate the spatial
distribution of GSI footprints and the benefits of PCBs load as well as runoff volume reductions. The
relative costs of optimal GSI scenarios near 5% PCBs load reduction ranges from $242 to $244.
Within this cost range, the flow volume reduction percentages of all GSI scenarios range from 4.13%
to 5.82% and the PCBs load reduction percentages range from 2.31% to 5.14%. From the PCBs load
reduction optimization run, one GSI scenario with 5.14% PCBs load reduction (highest within the
given cost range) and 5.28% flow reduction (90% of the highest flow reduction percentage within the
given cost range) was selected. This example scenario is just one of many scenarios, but it represents
an optimal multi-objective solution with meaningful PCBs load and flow reductions (~5%) at the
lower end of the evaluated cost range. It was therefore considered useful for illustrative purposes for
understanding and interpreting the optimization results. The general information for this selected
scenario is shown in Table 8.
GSI utilization results can be mapped by subcatchment to gain insight into the optimal spatial
placement of these features given the defined objective and constraints (Figures 13-16). Figure 13
shows the number of GSI units placed by the optimization in each subcatchment to achieve the example

2.31%

scenario (~5% PCBs load and runoff reduction) for the modeling domain. In general, the optimization
process identified more GSI units in the areas with high PCB loads, where GSI could be most cost-

$243
Figure 12. Load (PCBs) reduction optimization results for the 2-year 24-hour design storm. Each orange point represents a separate scenario
of GSI type, number and location.
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effective. The pie chart on top of each subcatchment shows the composition of different GSI types.
Dark gray represents bioretention and light gray represents permeable pavement. The other two types
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Figure 13. Spatial
distribution and
types of proposed
GSI (‘BIOR’:
bioretention;
‘PMPV’: permeable
pavement) for
subcatchments
from the example
scenario (~5%
PCBs load and ~5%
flow reduction for
the whole model
domain) based
on the 2-yr design
storm.

Figure 14. Treated
impervious area
(as percent of total
impervious area
per subcatchment
and including both
impervious area
displaced by GSI as
well as impervious
area draining to GSI)
for the example
scenario (~5%
PCBs load and ~5%
flow reduction for
the whole model
domain) based
on the 2-yr design
storm.

City
Dublin
Pleasanton
GSI Type

City

BIORn

Dublin

PMPVn

Pleasanton
Runoff reduction (in)

GSI (#)

0

1

n

n

211

0.5

1 mile

City

1 mile

City
Dublin

Dublin

Pleasanton

Pleasanton

Treated Impervious (%)

Load reduction (g)

0

0.45
n

75

1 mile
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Figure 15. Runoff
reduction for the
example scenario
(~5% PCBs load and
~5% flow reduction
for the whole model
domain) based
on the 2-yr design
storm.

Figure 16. PCBs load
reduction for the
example scenario
(~5% PCBs load and
~5% flow reduction
for the whole model
domain) based
on the 2-yr design
storm.

6.4 Long Term and Future Storm Events

Table 8. The summary of the selected ~5% PCBs load reduction scenario. One of many evaluated, this scenario illustrates the
optimization results and represents meaningful PCBs and flow reductions at the lower end of the evaluated cost range.

2-year event
precipitation

2.05 in

Baseline
runoff

0.385 in

Scenario
runoff
reduction*

0.020 in
(5.28%,
1–43.9%)

Baseline
load (PCB)

Scenario

Impervious

load (PCB)

area

reduction*

treated*

8.9 grams
165.6 grams (5.14%,
0–50%)

765 ac
(5.5%,
0–74.9%)

The runoff reduction generated for the selected example optimization scenario was compared against other storm
events and WY 2016 and 2017 (Table 9). The runoff reduction percentage was found to decrease as the storm event

Number of GSI Cost

becomes more extreme. For example, the selected scenario can reduce 5.14% of runoff from the 2-year 24-hour
storm, but only 2% of runoff from the 100-year 24-hour storm. More extreme storm events result in a larger portion
of stormwater bypassing GSI units, essentially reducing the efficiency of GSI. The WY 2016 was a year with roughly

1819 (1008
bioretention,
811 permeable
pavement)

average rainfall (19.5 inches). The runoff reduction by the example scenario at an average year is slightly larger than the
$243
million

runoff reduction percentage of the 2-year 24-hour storm. This is because GSI units are designed to capture stormwater
for events below a certain threshold, usually 85th percentile of 24-hour events. The 2-year 24-hour storm event is
more extreme than most of the rainfall events within a year. Thus, a greater runoff reduction benefit is expected at the
annual scale as opposed to the 2-year 24-hour design storm. The WY 2017 was a wet year, with annual rainfall about

* numbers in parentheses are the average and range of percentage reduction across the subcatchments

1.5 times the long term average. The runoff reduction percentage is less than 5%. An extreme wet year usually includes
more extreme storm events than the 2-year 24-hour design storm. Thus, the runoff reduction percentage is decreased

of GSI were not chosen by the optimization in the selected scenario. Three factors are related to the
selection of GSI types, the cost-effectiveness of PCBs load reduction, the treatable impervious area, and
the available space for GSI installation. It can therefore be assumed that for the GSI types with given
designs, bioretention and permeable pavement performed better in this regard than tree wells and flowthrough planter boxes. However, the selection of GSI types for the implementation should be based on
the real design and other limiting factors. Figure 14 shows the impervious area (as a percent relative to
total impervious area) treated (totaling 479 acres) by proposed GSI at the subcatchment level. While
bioretention accounted for 55% of the total GSI units identified, it treated 61% of impervious area. It is
therefore considered to treat more area per unit than permeable pavement.

due to the lower efficiency of GSI in treating more extreme storm events. Research on future precipitation suggests
increases in hourly maximum precipitation intensity in the future (Huang et. al., 2020). The design and implementation
of GSI should leave more capacity to achieve proposed contaminant load/runoff targets given more extreme future
storm events, as suggested in the San Mateo Countywide Sustainable Streets Master Plan (C/CAG, 2021). Evaluating
GSI performance for different extreme events can be used to plan for GSI that accounts for the future climate.
Table 9. Runoff and associated reduction percentages of different storm events and water years for the example scenario (~5% PCBs load and
~5% flow reduction for the whole model domain).

Modeled storm event or water year

Baseline (in)

Percent runoff

Scenario (in)

reduction (%)

Figure 15 shows the runoff reduction of each subcatchment. The maximum runoff reduction at the
subcatchment scale is 0.51 inch (25% of total rainfall). Five subcatchments reduced more than 0.3
inch runoff, four of them were within Dublin. The GSI also reduced peak flow rate. For example, the
modeled scenario results show that the maximum instantaneous peak flow rate during the 2-year
24-hour design storm at the ADLLV gage reduced from
8,579 cfs to 8,368 cfs (3% reduction of peak flow rate at
the ADLLV gage (whole modeling domain), with the local

2-year 24-hour (2.05 in)

0.385

0.365

5.1

100-year 24-hour (5.16 in)

1.962

1.919

2.0

WY2016 (19.5 in)

3.483

3.298

5.3

WY2017 (32.1 in)

6.642

6.339

4.6

(subcatchment) peak flow rate reduction ranging from

Runoff and PCBs load
reduction maps give
insights into priority
subcatchments for GSI.

0% to 58%). Similarly, Figure 16 shows the PCBs load
reduction at the subcatchment level. The subcatchments
with large PCBs reductions also tended to be the
subcatchments with large runoff reductions. These may be
a good starting places for the cities and Zone 7 to discuss
cooperative opportunities to address both their objectives.
The maps of runoff and PCBs load reduction give insights
into the priority subcatchments for GSI placement, given
the defined objectives and constraints.

RAIN FALLS ON A PARKING LOT IN DUBLIN. PHOTO COURTESY OF FASTILY, CC BY-SA 4.0
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7. CONSIDERATIONS FOR APPLICATION
Alongside GSI and climate change adaptation planning processes ongoing at the municipality level, resources providing
regional landscape perspectives can support and inform local planning and collaboration between entities with
overlapping priorities and jurisdiction. Application of the multi-city analysis presented in this document is intended to
occur in conjunction with existing planning processes. The additional planning-level information can support urban
greening efforts within the Valley to improve water quality as well as reduce runoff generation that causes flooding and
damage to flood control infrastructure. It can therefore be used in discussions around multi-benefit projects to address
concerns of municipalities as well as the Zone 7 Water Agency. This section highlights interpretation consideration,
potential applications, and future directions.

7.1 Interpretation Considerations
Understanding site-specific conditions and analysis limitations are essential in
the process of using GreenPlan-IT and interpreting its output for GSI planning
and implementation. Here we provide several considerations for interpreting
GreenPlan-IT results.

Interpreting the optimal scenario outputs
GreenPlan-IT provides a quantification of the number, type, and cost of GSI
associated with different levels of contaminant load and runoff reduction,
which can be used to set expectations of relative benefits and costs. The
selected optimal scenario provides information about the proposed numbers
and types of GSI across the study area subcatchments, given the objectives of
the optimization. These numbers should be viewed as relative weightings
(especially given that actual sizes of GSI footprints can vary substantially from
the standard size applied in the analysis). For example, in this analysis, a 5%
PCBs load reduction optimal scenario was associated with an approximately
5% runoff reduction (for a 2-year 24-hour storm), over 5% (~765 acres) of the
impervious area treated, and over 1,800 GSI units (~100 acres of GSI surface
area) at a cost of approximately $243 million. Further, the optimization results
suggest that the cost-effectiveness of load reductions declines with higher
reduction targets. The optimization analysis reveals the relative importance
of GSI locations at each subcatchment in terms of the most cost-effective
load reduction and the changes of cost-effectiveness as the increase of treated
impervious area. This can help set realistic expectations of cumulative
benefits of investments. However, as a regional analysis, it should be
emphasized that while the scale of GSI effects can be evaluated, actual load
and runoff reduction depends highly on site-specific conditions and
as-built performance. The optimization tool performs iterative searches
to identify cost-effective solutions. The search process is dependent on the
problem formulation, model assumptions, GSI cost, and GSI performance.
Therefore, the cost-effective solutions from the optimization process depend
on the user-defined goals and assumptions and should be interpreted within
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the context that defines each specific application. If one or more of the above
factors are changed, the optimization may result in a different set of solutions in
terms of GSI selection, distribution, and cost.
It also should be noted that because of the large variation and uncertainty
associated with GSI cost, the estimated total costs associated with various
reduction goals do not necessarily represent the true cost of an optimal
solution. The interpretation and application of the optimization results should
take this limitation into account. As more GSI features are built in the region
over time, more reliable and localized cost data can be collected to inform and
refine the optimization results. The investments needed are large, but they will
be spread over time and funding sources. In addition, cost savings will likely be
realized during implementation associated with standardized designs, batch
implementation, and implementation during other maintenance and upgrade
activities. Therefore, the costs should be interpreted as a common basis to
evaluate and compare the relative performance of different GSI scenarios
during planning and are likely much greater than would be incurred during
implementation.

Interpreting priority GSI location alignment with site-specific needs
and local knowledge
As a planning-level tool, resulting outputs should be considered within the
context of site-specific needs and local knowledge. Results for specific
locations that are in apparent conflict with site-scale evaluation or local
knowledge are likely due to the coarse level of analysis and quality of input
datasets as opposed to suggesting that the local understanding is invalid.
Outputs from the SLT analysis allow users to investigate reasons behind the
ranking of particular locations. That is, users can spatially query the layers
and weights applied in specific locations. For example, a known problem area
for runoff and erosion along a Zone 7 flood control channel was found to be
covered partially but not fully by higher ranked suitability by the SLT. However,
further examination revealed that the input layers, particularly the parcel and
right of way mapping did not cover the gap area. Therefore, the absence of
ranking was a result of absence of data and therefore should not be interpreted
as an area unsuitable for GSI, if site-level evaluations suggest otherwise.

Interpretation of the relative performance of different GSI types
Using standard design specifications and estimated costs, the GreenPlanIT Optimization Tool output provides information on the relative
effectiveness of different GSI types. For this analysis, of the four types of
GSI considered, the Optimization analysis resulted in exclusively selecting
bioretention and permeable pavement as the most effective types. However,
GSI installations in practice do not necessarily follow these specifications, may
be more or less expensive to construct than regional cost estimates, and are
engineered with a size and characteristics that fit a given location, so local
conditions and design specifications are the ultimate drivers of the
performance of a given GSI type.
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7.2 Potential Applications and Future Directions
Using the GreenPlan-IT outputs for regional and local GSI planning
The GreenPlan-IT Optimization Tool analysis provides information about
the relative impact of GSI across the study area subcatchments, given the
objectives of the optimization. In this case, where both Dublin and Pleasanton
were analyzed together, subcatchments in one city can be compared against
those in the other, potentially supporting multi-jurisdictional collaborations. As
shown in the optimization results, priority subcatchments for load reduction
occur across the study area, with the City of Dublin containing the top
four subcatchments. Of these, two also have the highest runoff reduction
benefits, which can help further focus the priority watersheds. Once priority
subcatchments have been identified, the Site Locator Tool (SLT) ranking map
can indicate where GSI may be of higher priority within those subcatchments
The process of using the SLT and Optimization output together is illustrated
in Figures 17 and 18. The SLT output can be seen as a screening tool to
either avoid areas with negative ranking or to focus on those with high relative
rankings. As the spatial datasets evaluated and ranks and weights applied
are defined by the user, the SLT offers a way to visualize the outcome
of overlaying multiple priorities (limited, of course, to those that can be
evaluated from available spatial data). After the initial prioritization by the
SLT, further site-level suitability assessment, local knowledge, and other
considerations (e.g., city constraints, infrastructure development plans) are
necessary prior to selecting specific project locations and design specifications.

As priorities shift for locating GSI or new information becomes available (e.g.,
opportunities for achieving multiple benefits such as urban heat mitigation,
proximity to parks or schools, equity-based measures), spatial layers and
ranking/weighting can be adjusted within the SLT by the user and
the analysis quickly re-run to adjust the identification and ranking of
suitable GSI locations. This flexibility allows the SLT to be applied and
reapplied across a range of applications and planning processes. For example,
as Zone 7 develops its new Flood Master Plan, additional information and
priorities may be useful to include.

Considering performance under a changing climate
More frequent extreme precipitation is expected under a warming climate
(Swain et al., 2018). As discussed earlier, additional (or marginal) runoff
reduction benefits of GSI diminish with increasing magnitude of storm
events, because GSI is better able to handle low intensity storms (where
the magnitude of runoff is less likely to overwhelm GSI capacity and cause
bypass). This suggests that more GSI or GSI together with other flood
risk reduction measures (nature-based and perhaps other more engineered
infrastructure) will be necessary in the future to achieve current percentages
of runoff reduction. Because even 2-year storm events are expected to become
more extreme, GSI may play an important role in mitigating potentially
worsening flood impacts from these relatively frequent events. In addition
to flood extremes, GSI may interact with other factors affecting resilience to
climate change, such as groundwater recharge, extreme heat mitigation, and
reduced irrigation demands. These considerations and potential benefits would
require further analysis to better quantify impacts and support planning.

Using outputs for future planning in conjunction with existing
municipal GSI plans

Considering potential for multiple benefits of GSI

This analysis incorporated existing GSI planning (e.g., city GSI plans for the
MRP) into the evaluation so that areas already deemed suitable and planned
were reflected in the results. However, because of the larger scale analysis and
different inputs and priorities set in the SLT, priority areas from the SLT may
be different and/or cover a larger spatial extent compared to those established
in existing city GSI plans. That is, this analysis shows priority areas for GSI
across the highly urbanized portion of the lower Valley to facilitate planning
that is beneficial at a large scale. The SLT output can therefore be used to
help identify additional potential GSI locations beyond those already
identified by existing planning efforts. This might inform, for example, the
process of developing and implementing Zone 7’s new Flood Master Plan and
planning under the new MRP 3.0. Additionally, it may support coordination
between cities and Zone 7 as it relates to alternate compliance, where one
city can contribute funds to support actions taken across city boundaries to
achieve benefits more efficiently. In summary, the analysis results presented
here can be used in GSI project proposal development by one or more Valley
resource management entities to help expand existing or identify new
projects that may be eligible for a range of funding sources.

Regional planning analysis and the flexible user-based prioritization presented
here can be applied within a multi-benefit framework. There is increasing
emphasis on achieving multiple benefits from urban greening that generally
require substantial investments of time, money, and land. The regional-scale
results from this study can be applied within other planning efforts to
achieve multi-benefit projects (e.g., climate change adaptation, biodiversity
support). And, importantly, incorporating additional or different targets (e.g.,
heat reduction) could produce different results. At the planning level, the SLT
analysis can be modified to include suitability analysis or existing planning
for mitigating heat, enhancing groundwater recharge, minimizing water
use, sequestering carbon, enhancing biodiversity, and/or improving human
health. The “Trees and Hydrology in Urban Landscapes” report (Zi et al., 2021)
provided an example of incorporating the benefit from other urban greening
activities (planting trees) to receive maximum runoff reduction by advancing
quantification approaches and tools. New information and tools for multibenefit urban greening are currently being developed through the US EPAfunded Next Generation Urban Greening project (US EPA San Francisco Bay
Water Quality Improvement Fund, sfei.org/projects/next-generation-urbangreening-integrating-water-quality-biodiversity-and-resilience).
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