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Preface

Urban stormwater management is a growing challenge in many cities across the United
States. Climate change is expected to add to this challenge by increasing the intensity or volume
of rainfall from storms. In addition, there is a growing acknowledgment that these vulnerabilities
are also environmental justice and equity challenges, as stormwater flooding and other negative
outcomes can disproportionately affect low-income or majority-minority neighborhoods. This
study applies simulation modeling and economic valuation to estimate the potential benefits
and costs from the implementation of a large-scale green stormwater infrastructure system in
Pittsburgh’s Negley Run watershed. This volume presents Appendixes B–F of the main report,
which is intended to inform local utilities, policymakers, and stakeholders engaged in stormwater
and green space planning in Pittsburgh. The report adds to a growing body of literature regarding
policy responses to urban flooding, sewer overflows, and environmental justice challenges in a
changing climate, and it should be of interest to the national and international audience of
practitioners and researchers working to address these significant challenges in cities across
the globe.
This research was funded with grant support from the Henry L. Hillman Foundation, the
Heinz Endowments, and 3 Rivers Wet Weather.

Community Health and Environmental Policy Program
RAND Social and Economic Well-Being is a division of the RAND Corporation that seeks to
actively improve the health and social and economic well-being of populations and communities
throughout the world. This research was conducted in the Community Health and Environmental
Policy Program within RAND Social and Economic Well-Being. The program focuses on such
topics as infrastructure, science and technology, community design, community health promotion,
migration and population dynamics, transportation, energy, and climate and the environment, as
well as other policy concerns that are influenced by the natural and built environment, technology,
and community organizations and institutions that affect well-being. For more information, email
chep@rand.org.
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Appendix B. Upper Allegheny‒Negley Run Model Setup,
Additional Validation, and Experimental Design

Overview
As described in Appendix A, Arcadis built a redeveloped, detailed model of the Negley Run
(A-42) sewershed in the EPA Storm Water Management Model (SWMM) to support this study.
A-42 interconnects with the Allegheny County Sanitary Authority (ALCOSAN) regional system
and conveys dry weather flows to the ALCOSAN treatment plant but produces among the
highest volumes of combined sewer overflow (CSO) in the Pittsburgh region during wet weather
conditions. To appropriately represent the hydraulic constraints introduced at the ALCOSAN
interconnection (Metcalf & Eddy Baker / Wade-Trim, 2008), we integrated the detailed A-42
model into the regional Upper Allegheny model provided by ALCOSAN that was previously
used to estimate sewer overflows in Fischbach et al., 2017. We refer to the resulting model as
the combined Upper Allegheny–Negley Run (UA-NR) model (Figure B.1). The resulting
Figure B.1. Perspective View of the Upper Allegheny‒Negley Run Model Within the Greater Upper
Allegheny Basin

NOTE: Yellow lines indicate SWMM modeled conduit elements in the UA-NR model.
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SWMM model integrated (by replacement) the updated Negley Run model elements into the
existing regional model.1
In this appendix, we provide additional description of the model setup and data inputs used
for our experiments, present a summary of the additional validation analysis conducted with the
UA-NR model, and describe the final design of experiments applied for the future without action
(FWOA) and with-strategy analysis.

Additional Model Setup and Data Inputs
Rainfall Input Mapping
Within the updated A-42 Negley Run model, subcatchments were associated directly with
NEXRAD radar data via a pixel grid (1 km by 1 km cells) defined for calibrated radar rainfall
data from the NEXRAD system, as publicly available from 3 Rivers Wet Weather (3 Rivers Wet
Weather, undated). For comparison with 2003 Typical Year (TY) equivalent rainfall, an updated
model was implemented to link rainfall inputs to ALCOSAN’s Adjusted Precipitation Grid
(May 2009). This approach to mapping to ALCOSAN grid elements allowed validation of the
new model against prior results.
External Inflows and River Stage
Similar to Fischbach et al., 2017, external inflows were assumed to be the same as for the 2003
actual year for modeled historical years (2003‒2018 and 2003TY) and future years (2038‒2047).
As available, river stage data were obtained from the U.S. Army Corps of Engineers (USACE)2
for the Sharpsburg Lock and Dam #2 and applied in the SWMM model as shown in Table B.1.
For modeled years from 2011 through 2018, actual river stage values were available and
included directly for use with simulations. For each modeled historical year ranging from 2004
through 2010 and the modeled future years 2038‒2047, the river stage values were equal to stage
values for the 2003TY.

1

A fully developed simulation of the regional stormwater infrastructure would reintegrate this combined model into
neighboring watershed planning basins for a broader evaluation of regional impacts by strategy. The additional
basins modeled by ALCOSAN to inform wet weather planning include Upper Monongahela, Turtle Creek /
Thompson Run, Saw Mill Run, Main Rivers, Lower Ohio / Girty’s Run, and Chartiers Creek. Development of the
UA-NR model required the identification and removal of all SWMM elements within the boundaries of the A-42
sewershed originating from the pilot study’s Upper Allegheny Basin model as well as sources of external inflows.
2

Represented as feet above the NGVD29 vertical datum from USACE. A datum elevation of 694.2 feet was used.
USACE, personal communication, February 28, 2019.
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Table B.1. River Stage by Modeled Year
Year(s)

Description

2003/2003TY

River stage values were identical to pilot study

2004–2010

Applied 2003 values as the default source year for river stage values

2011–2018

Actual river stage values were applied, as sourced from USACE

2038–2047

Applied 2003 values as the default source year for river stage values

Evapotranspiration
Climate change effects on precipitation are likely to be the primary driver of increased
flooding due to stormwater runoff in the future. However, evapotranspiration can have a
significant impact on overall moisture within a watershed that may influence overarching metrics
like annual sewer overflows from an entire watershed. To ensure consistency with future climate
projections of rainfall, we incorporated evapotranspiration within the SWMM model similar to
Fischbach et al., 2017, using the Hargreaves-Samani evapotranspiration equation, which relies
on temperature and solar radiation parameter inputs.
Several meteorological factors contribute to estimating the evapotranspiration for a region (a
specific area of land): incident solar radiation, air temperature, air humidity, and wind speed.
Hargreaves and Samani developed an equation to estimate the evapotranspiration rate (ETo) from
extraterrestrial solar radiation and minimum (Tmin), maximum (Tmax), and mean (Tmean) daily air
temperature values (Allen et al., 1998).
Evapotranspiration estimation based on temperature and extraterrestrial solar radiation is
given by the following equation:
ETo = 0.0023(Tmean + 17.8)(Tmax ‒ Tmin)0.5 Ra,
where Ra is the extraterrestrial solar radiation varying in time.
For the SWMM model used in this study, evapotranspiration rates were estimated based on
extraterrestrial solar radiation by year for historical and projected climate data as available or by
using 2003TY data as a default condition when climate inputs were not otherwise available.
Additional Climate Data Sources
Additional sources for climate-related inputs defined for SWMM simulations are noted in
Table B.2.
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Table B.2. Additional Sources for Climate-Related Inputs for SWMM Simulations

Variable

Time
Step

Dates

Units

Location

Source

Date
Accessed

Historical
minimum
temperature

Daily

1/1/2003‒
12/31/2018

Deg. F

Pittsburgh International
Airport (USW00094823)

National Oceanic
and Atmospheric
Administration,
National Climatic
Data Center
(NOAA NCDC)

2/7/19

Historical
maximum
temperature

Daily

1/1/2003‒
12/31/2018

Deg. F

Pittsburgh International
Airport (USW00094823)

NOAA NCDC

2/7/19

Historical
average
temperature

Daily

1/1/2003‒
12/31/2018

Deg. F

Pittsburgh International
Airport (USW00094823)

NOAA NCDC

2/7/19

Historical
average
windspeed

Daily

1/1/2003‒
12/31/2018

Miles per
hour

Pittsburgh International
Airport (USW00094823)

NOAA NCDC

2/7/19

Extraterrestrial
solar radiation

Hourly

Pittsburgh International
Airport, Gauge # 725200

National Solar
Radiation Database

3/11/19

Projected
windspeed

Daily

1/1/2038‒
12/31/2047

m/s and
ft/s

Nearest grid cell

North American
Regional Climate
Change Assessment
Program (NARCCAP)

3/20/2019

Projected
temperature

Daily

1/1/2038‒
12/31/2048

Deg. F

Nearest grid cell

NARCCAP

3/20/2019

—

SOURCES: National Oceanic and Atmospheric Administration, National Centers for Environmental Information,
2020a; 2020b; 2020c; 2020d; National Renewable Energy Laboratory, 2020; Mearns, 2007.

Upper Allegheny‒Negley Run Model Validation
Given the degree of change to the modeled elements (e.g., increased number of subcatchments,
activation of the groundwater module) and changes introduced with SWMM version 5.1.013 for
green infrastructure modeling capabilities, we conducted several additional model validation
steps after integrating the UA-NR model.
1. Monitored flow data: compared modeled UA-NR flow volume results to the original
monitored flow data that was collected to inform ALCOSAN wet weather planning
in 2008.
2. Modeled CSO volumes from prior efforts: compared modeled UA-NR 2003TY
overflow volume to ALCOSAN and Pittsburgh Water and Sewer Authority (PWSA)
estimates.
These steps were intended to help verify the Arcadis calibration results (see Appendix A)
and validate CSO estimates against prior published results.
Monitored Flow Comparisons
Arcadis used 2008 monitored flow data at key locations in the system to develop and calibrate
the revised Negley Run model. We developed additional visualizations to help compare the
model results against this monitored data and inform technical discussions with PWSA.
4

Figures B.2 and B.3 show example comparison plots for flowmeter locations L-01 and L-02,
located along the two large sewer mains running below Washington Boulevard (see Appendix A,
Figure 6.5), from February 1 through December 31, 2008.
Figure B.2. Modeled vs. Monitored Daily Flow Volumes, Flowmeter L-01
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Figure B.3. Modeled vs. Monitored Daily Flow Volumes, Flowmeter L-02
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Our overall observations can be summarized as follows:
•
•

•

In general, validation results suggest reasonable agreement with 2008 monitored flow
results. However, we observe that the UA-NR model may not fully capture peak wet
weather flows, either on a 15-minute or daily time step.
The incorporation of the groundwater module to track groundwater and rainfall-driven
inflow and infiltration (RDII) flows, along with the more realistic spatial representation
of the Negley Run basin, could shift the pattern and timing of wet weather flows relative
to the original ALCOSAN Upper Allegheny model. Generally, this could mean rainfall
arriving in the system as RDII with more delay in the UA-NR model than in previous
modeling efforts.
Arcadis’s model calibration was limited by data availability, both temporal (2008 only)
and spatial (relatively small number of flow meters, located in centralized pipe locations
only). Further investigations using this model would benefit from recalibration using
additional flow metering at a broader range of locations.

Modeled Combined Sewer-Overflow Volume Comparisons
We also compared UA-NR model results against ALCOSAN and PWSA estimates of
CSOs from Negley Run. In particular, we compared results for the 2003TY rainfall year under
existing infrastructure conditions (Strategy 0, FWOA) to earlier estimates.
ALCOSAN estimated 777 million gallons per year (MGY) of overflow from outfall
MH122E001-OF for 2003TY rainfall with existing infrastructure, while PWSA’s estimate
was slightly higher (783 MGY) (Pittsburgh Water and Sewer Authority, 2016, Table 2-1;
ALCOSAN, 2019b). Our estimate of 865 MGY for these same conditions is 10‒11 percent
higher than the ALCOSAN and PWSA estimates. Given the number of changes implemented
in this model relative to the regional models, the difference in estimates is to be expected and
generally falls within a reasonable tolerance to pass a face validity check.
It is important, however, to highlight key differences between the models used to generate
these estimates that might lead to differences:
•
•

•
•

This model has been rebuilt and recalibrated for the Negley Run watershed and uses
SWMM functionality not included in previous efforts (e.g., groundwater module).
The UA-NR model was run using SWMM 5.1.013, while ALCOSAN’s estimate was
generated with SWMM 5.0.013 and PWSA’s with SWMM 5.1.009, respectively.
Different versions of SWMM can generate different results using the same rainfall
inputs, as discussed in Fischbach et al., 2017.
Both the ALCOSAN and PWSA estimates take into account interactions with the
regional system and treatment plant hydraulic grade line, while UA-NR estimates are
focused on this basin alone.
As described below in Appendix D, we estimated overflow volumes at pipe locations
upstream from the outfall itself to help avoid interactions with Allegheny River stage.
This could lead to different overflow estimates relative to those taken directly from
the modeled outfall node, though we would generally expect our results to be lower in
this case.
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Of these factors, we believe that the rebuilt and recalibrated model and the lack of dynamic
interaction with the regional system are likely to be the most important factors driving differences
in overflow estimates. Nevertheless, after making these comparisons, we determined that UA-NR
would be suitable to use in support of this planning-level exploratory analysis and estimate CSO
reductions from the strategies considered. We note, however, that further work is needed to align
UA-NR results with utility estimates and real-world conditions, ideally through recalibration
using new flow metering.

Final Design of Experiments and High-Performance Computing
For simulation, the developed models were implemented and executed in parallel using
resources at the Pittsburgh Supercomputing Center and RAND’s internal Amazon Web Services
infrastructure. A series of programs and scripts were prepared to queue, schedule, and launch
jobs (simulations), to extract node and link time series data from SWMM 5.1.013 generated
binary output files, and for postprocessing of extracted node and link time series and SWMM
summary reports by strategy, hydrologic uncertainty, and uncertainty due to initial moisture
conditions or green stormwater infrastructure (GSI). Supporting scripts were also developed to
enable the shuttling of resulting files (several terabytes of data) into long-term storage. To reduce
the overall computing effort for the final strategy analysis, a subset of strategies, years, and
uncertainty conditions were selected.
Further, to automate the generation process for SWMM model files, a series of related
programs were developed to construct SWMM model input files based on templates for
stormwater infrastructure strategies, all climate-related inputs, all rainfall years, discrete storm
events, and conditions for GSI or initial soil moisture uncertainty.
Future Without Action Experiments
For FWOA experiments, the modeled years included 2003TY, 2003‒2018, and 2038‒2047.
Two climate models, representing Higher Intensity Rainfall (HRM3-GFDL) and Higher Total
Rainfall (MM51-HadCM3) were also simulated for future years (2038‒2047), drawn directly
from the pilot study. This resulted in 37 year-long simulations for the FWOA.
With-Strategy Experiments
For the annual simulations with strategy, the modeled years included 2003TY, 2009, 2011,
2013, 2018, 2043, 2045, and 2047. These years were selected to span the range of CSO volume
results observed in the FWOA analysis, yielding a similar overall average. For years 2043, 2045,
and 2047, two climate models were simulated. In combination, the total number of modeled
strategies involved 187 year-long with-strategy simulations.3
3

Prior to choosing a subset, a full set of simulations were run for all years, and uncertainty conditions were
completed for Strategies 0 and 9C. This informed the selection of the specific year and uncertainty conditions to
be investigated within the full range of strategies.
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Although the discrete storm events did not vary by year, two classes of design storms
(historical analog and synthetic hyteograph), each representing 720 discrete storm events, were
prepared (1,440 in total). A full set of discrete storm event simulations would have involved
89,280 distinct simulations over 18 strategies, each of which included four uncertainty
conditions. To reduce the size of the with-strategy simulation set, 8 historical analog storms
representing 1- and 24-hour events with 25-year return intervals over three rainfall scenarios
(Historical, NOAA Atlas 14, and Average Future) were selected along with all 720 rescaled
synthetic storms for simulation, yielding 45,136 discrete SWMM model runs and resulting sets
of simulation data.
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Appendix C. Historical and Projected Rainfall Data

Summary of Data Sources
This appendix describes the data, methods, and analytic approach used to produce rainfall
data suitable to support an analysis with the SWMM model. A primary focus of this analysis was
generating a wide range of rainfall scenarios, which were used to (1) evaluate vulnerabilities in
the existing stormwater and wastewater infrastructure and (2) stress-test strategies for improving
the system. The analysis utilizes scenarios of annual rainfall time series to evaluate system flow
and CSOs and scenarios of discrete storm events to evaluate metrics like street flooding, house
flooding, and subcatchment-scale stormwater runoff. We generated these scenarios for use in
simulations using SWMM modeling by adapting observed and climate-adjusted rainfall data and
other rainfall inputs.
The following are the rainfall inputs that we used for annual time series and adapted for
discrete storm events.
Table C.1. Summary of Rainfall Data Inputs
Rainfall Input

Used for

2003TY

Annual time series

Recent Historical (2003‒2018)

Annual time series,
discrete storm events

Climate-adjusted downscaled rainfall

Annual time series,
discrete storm events

Soil Conservation Service (SCS)
Type II rainfall distribution

Discrete storm events

We explored multiple sources of uncertainty for analysis of annual time series rainfall data
and discrete storm events to generate this range of scenarios. Some sources are deeply uncertain,
like climate change, while other sources of uncertainty reflect naturally varying conditions of
rainfall in the real world that we attempted to scan across in our simulations. Table C.2 details
these sources.

Annual Time Series Rainfall Inputs
We used annual rainfall time series inputs to the SWMM model to simulate how the existing
combined sewer system and potential green and gray infrastructure levers perform regarding
volumetric sewer overflows.
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Table C.2. Summary of Uncertainty Sources Incorporated
Uncertainty
Climate change

Used For
Annual time series,
discrete storm events

Method of Incorporation
Annual time series: same downscaled rainfall projections applied
in Fischbach et al., 2017.
Discrete storm events: three different climate-adjusted projections
of rainfall and an average of the climate futures, each recently
developed for the Pittsburgh region by Cook, McGinnis, and
Samaras, 2020.

Depth, duration, and
frequency of storm
events

Discrete storm events

Rainfall depth estimates across five durations (1, 3, 5, 12, and
24 hours) and eight return intervals (2, 5, 10, 25, 50, 100, 500,
and 1,000 years), each considered at the median, tenth, and
ninetieth percentiles of the statistical distributions of the depths.

Hyetograph shape and
spatial variation of
rainfall

Discrete storm events

Historical storms: adapted storms from the historical record with
unique hyetographs and spatial variation of rainfall intensity
across the watershed, reflecting real-world storm events.
Synthetic storms: created ideal hyetograph storms reflecting the
SCS Type II rainfall distribution with uniform rainfall intensity
across the watershed.

Initial soil moisture
deficit

Discrete storm events

Scenarios with default SWMM input parameters (unsaturated
conditions without an initial soil moisture deficit) and modified
input parameters (saturated soil) to determine how prior wetting
events can affect the performance of the stormwater system.

Evapotranspiration

Annual time series,
discrete storm events

Incorporation of historical and climate-adjusted evapotranspiration
rates to ensure consistency with future climates.

Historical
To represent historical rainfall conditions in the Negley Run watershed, we utilized historical
rainfall data and ALCOSAN’s adjusted historical record for 2003 that represents a TY of rainfall
in the watershed (2003TY). Similar to Fischbach et al., 2017, calibrated radar rainfall data for
Allegheny County were obtained from 3 Rivers Wet Weather (3 Rivers Wet Weather, undated).
These data provide radar estimates for rainfall for each square kilometer within Allegheny
County and are calibrated with a series of 33 physical rain gauges located throughout the county
to provide highly accurate rainfall estimates with higher granularity. Accordingly, the modeled
gauge system is not a system of physical gauges but rather a system of virtual gauges set within a
grid of pixels across the watershed that have been modeled from physical gauge data and radar
systems, as shown by Figure C.1. Gauge data are reported on a 15-minute time step and a 1-km2
spatial resolution, across the combined UA-NR model. We utilized 16 years of historical gaugelevel rainfall data from 2003 through 2018 for the watershed that composes the study area; this
period captures several extreme events, including Hurricane Ivan in 2004, a 2011 storm that led
to fatal flash floods in the region, and the entire rainfall period of 2018, the wettest year on
record in this region as of 2020. Gauge data are aligned on the calendar year system, not the
water year accounting system, which runs from October 1 to September 30.
The 2003TY rainfall time series was also incorporated from the prior pilot study (Fischbach
et al., 2017), as developed by ALCOSAN to represent a long-term average of annual rainfall
10

around the Pittsburgh area (ALCOSAN, 2019b). High-resolution rainfall data were in some
cases adjusted so that event statistics better matched historical data in the area. Local planners
regularly use the 2003TY to characterize the regional hydrology and evaluate proposed stormand wastewater interventions.
Figure C.1. Upper Allegheny / Pine Creek Planning Basin NEXRAD Pixel Grid Showing Physical
Rain Gauge vs. Pixel Locations

SOURCE: 3 Rivers Wet Weather, undated; used with permission.

Climate Projected
For projected future conditions, we adopted the same downscaled rainfall projections applied
in Fischbach et al., 2017, representing a decade of rainfall conditions approximately 20‒30 years
into the future (2038‒2047). These sequences represent the same local rainfall patterns from
2004 through 2013 used in the historical time series, but with the rainfall intensity modified to
match two different downscaled climate model projections.
Both sets of projections—termed “Higher Intensity Rainfall” and “Higher Total Rainfall,”
respectively, in Fischbach et al., 2017—represent plausible futures where precipitation volumes
increase, on average and at the extremes, compared with recent history. These projections
represent only two of many plausible climate futures for the region, with much of the uncertainty
depending on future global carbon emissions. However, they were chosen in part because the
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underlying models performed well for the Western Pennsylvania region when estimating
historical precipitation.1

Discrete Storm Events Rainfall Inputs
Most facets of urban stormwater design depend on the hydrological dynamics of storm
events. The duration, intensity, and spatial distribution of rainfall affect how stormwater flows
through the system and whether infrastructure can meet its designed performance thresholds.
Instead of simply looking at how simulations of the SWMM model performed under known
storm events in the historical and climate-adjusted annual time series, we extended our analysis
to look at a much wider variety of discrete storms under a range of uncertainties. Specifically,
we used discrete storm events as inputs to the SWMM model to assess simulations under the
performance metrics of street flooding and house flooding across Negley Run and volumetric
stormwater runoff of microwatersheds (subcatchments) within the larger watershed.
Historical vs. Synthetic Storms: Varying Hyetograph Shapes and Spatial Intensity
Short, intense bursts of rainfall can quickly overwhelm portions of stormwater infrastructure
systems, while more gradual soaking events can saturate the entire system to the point that sewer
overflows and other flooding hazards occur. Larger storm events can lead to both hazards. Storm
intensities and durations come in many different hyetograph2 forms as storm cells move across
the physical landscape. Additionally, Pittsburgh’s hilly geography and humid summer climate
can also interact with storm cells to produce widely varying rainfall intensities in different
portions of an overall watershed (ALCOSAN, 2019b). The result is that in any given storm
within the historical record, it is highly possible that both the rainfall depth and the distribution
of that rainfall depth across time can vary widely between rain gauges.
Such variation provides certain benefits for assessing performance of stormwater
infrastructure, especially seeing how it performs under real-world conditions. However, it
can also make comparison of storm events of differing depth and duration difficult to assess
and draw definitive conclusions for research purposes. For this reason, hydrologists and
infrastructure design engineers often use standardized rainfall distributions for event comparison
and research purposes (Natural Resources Conservation Service [NRCS], 1986). To incorporate
the benefits of both approaches, we decided to utilize both storms from the historical record that
vary in hyetograph shape at each gauge location across the watershed and synthetic storms that

1

See Fischbach et al., 2017, and Cook, Anderson, and Samaras, 2017, for further details and climate model
hindcasting comparisons.
2

A hyetograph plots rainfall depth across time at given time intervals, effectively serving as a graphical
representation of rainfall intensity over time.
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have the same shape of hyetograph at every gauge, reflecting uniform rainfall intensity rates at
all times within the watershed.
To incorporate these varying aspects of rainfall during storm events, we generated discrete
storm events for analysis in the SWMM model, relying on three main inputs: target depthduration-frequency (DDF) rainfall amounts, historical hyetographs for these target intensities,
and synthetic storm hyetographs.
Rainfall Volume Targets
In addition to hyetograph shape, the hydrological dynamics of storm events are chiefly
affected by the intensity and duration of rainfall. DDF curves are statistical functions that relate
varying degrees of rainfall depth3 with its duration and frequency of occurrence (expressed as an
annual exceedance probability or return period). Rather than picking one or a handful of rainfall
depth-duration events to analyze, we chose a wide range of target rainfall amounts based on
DDF curves derived from NOAA Atlas 14 (Bonnin et al., 2006) as well as recent estimates of
historical and climate-projected extreme rainfall in Pittsburgh (Cook, McGinnis, and Samaras,
2020). NOAA Atlas 14 precipitation estimates for Pennsylvania are based on an extreme value
analysis of observed data through December 2000 from several hundred gauges across the state,
with regional groupings of gauges used to estimate extreme rainfall frequency at any given site.
The historical and climate-adjusted DDF estimates from Cook, McGinnis, and Samaras, by
contrast, are based on observations at a single gauge located in Pittsburgh’s Highland Park
neighborhood. In addition, we are reliant on their choice of climate models to represent a subset
of potential climate futures for the region, but we note that these are likely not fully representative
of the entire range of future precipitation uncertainty.
For each of these sources, we used rainfall depth estimates across five durations (1, 3, 5,
12, and 24 hours) and eight return intervals (2, 5, 10, 25, 50, 100, 500, and 1,000 years), each
considered at the median, tenth, and ninetieth percentiles of the statistical distributions of the
depths. This results in a total of 120 storms for each input source, or 720 storms in total. Rainfall
events at the 100-year, 500-year, and 1,000-year intervals are especially unlikely to occur within
the recent historical record but can nevertheless provide a basis for assessing how stormwater
systems perform in rare events of extreme intensity. Tables C.3 and C.4 show specified rainfall
depths for Pittsburgh at all return intervals for 1-hour and 24-hour storms, respectively, from
these DDF sources.

3

Intensity over a specified duration generates an overall rainfall depth.
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Table C.3. Depth-Duration-Frequency Input Sources Summary, One-Hour Event
Climate Data Source
Historical
Return Period (Yr) (Highland Park)

NOAA Atlas 14

Average Future
(2020-2099)

GFDL-ESM2M
WRF

MPI-ESM-LR
WRF

MPI-ESM-LR
RegCM4

2

1.0 (0.9, 1.1)

1.2 (1.1, 1.3)

1.2 (1.1, 1.3)

1.1 (1.0, 1.3)

1.2 (1.0, 1.3)

1.2 (1.1, 1.3)

5

1.3 (1.1, 1.6)

1.5 (1.4, 1.7)

1.6 (1.4, 1.9)

1.6 (1.4, 1.9)

1.6 (1.4, 1.9)

1.7 (1.5, 2.0)

10

1.5 (1.3, 1.9)

1.7 (1.6, 1.9)

2.0 (1.6, 2.4)

1.9 (1.5, 2.4)

2.0 (1.6, 2.4)

2.0 (1.7, 2.5)

25

1.8 (1.4, 2.5)

2.1 (1.9, 2.3)

2.4 (1.9, 3.2)

2.3 (1.8, 3.1)

2.4 (1.9, 3.1)

2.5 (2.0, 3.3)

50

2.0 (1.5, 2.9)

2.3 (2.1, 2.5)

2.7 (2.0, 3.8)

2.6 (1.9, 3.7)

2.7 (2.1, 3.6)

2.9 (2.2, 4.0)

100

2.2 (1.6, 3.5)

2.6 (2.3, 2.8)

3.1 (2.2, 4.5)

2.9 (2.0, 4.3)

3.1 (2.3, 4.2)

3.3 (2.4, 4.9)

500

2.7 (1.7, 4.8)

3.2 (2.8, 3.5)

3.9 (2.6, 6.4)

3.6 (2.3, 6.2)

3.8 (2.6, 5.6)

4.4 (2.8, 7.3)

1000

2.9 (1.8, 5.5)

3.5 (3.1, 3.8)

4.3 (2.8, 7.4)

3.9 (2.4, 7.2)

4.1 (2.8, 6.3)

4.9 (3.1, 8.7)

Primary Primary
value is median
(inches).
values The
in parentheses
represent the represent
10th and 90th
NOTE:
value isdepth
median
depthThe
(inches).
values in parentheses
the percentile
tenth- anddistribution
ninetiethestimates, respectively.
percentile distribution estimates, respectively.

Table C.4. Depth-Duration-Frequency Input Sources Summary, 24-Hour Event
Climate Data Source
Historical
Return Period (Yr) (Highland Park)

NOAA Atlas 14

Average Future
(2020-2099)

GFDL-ESM2M
WRF

MPI-ESM-LR
WRF

MPI-ESM-LR
RegCM4

2

2.1 (2.0, 2.3)

2.3 (2.2, 2.5)

2.5 (2.3, 2.7)

2.5 (2.3, 2.7)

2.4 (2.2, 2.5)

2.5 (2.4, 2.7)

5

2.7 (2.4, 3.1)

2.9 (2.7, 3.1)

3.3 (2.9, 3.8)

3.3 (2.9, 3.8)

3.2 (2.8, 3.7)

3.3 (3.0, 3.8)

10

3.2 (2.7, 3.8)

3.3 (3.1, 3.5)

3.9 (3.3, 4.8)

3.9 (3.2, 4.8)

3.8 (3.2, 4.7)

3.9 (3.3, 4.7)

25

3.8 (3.0, 4.9)

3.9 (3.6, 4.2)

4.8 (3.7, 6.4)

4.7 (3.7, 6.5)

4.8 (3.7, 6.6)

4.8 (3.8, 6.3)

50

4.3 (3.3, 6.0)

4.4 (4.1, 4.7)

5.6 (4.1, 8.1)

5.4 (4.0, 8.0)

5.7 (4.1, 8.5)

5.5 (4.2, 7.7)

100

4.9 (3.5, 7.2)

4.9 (4.5, 5.2)

6.4 (4.5, 10.1)

6.2 (4.3, 9.9)

6.7 (4.5, 10.8)

6.3 (4.6, 9.5)

500

6.3 (4.1, 10.9)

6.2 (5.7, 6.6)

8.7 (5.3, 16.5)

8.0 (4.9, 15.5)

9.5 (5.5, 19.1)

8.4 (5.4, 15.0)

1000

7.0 (4.3, 13.1)

6.8 (6.2, 7.2)

9.8 (5.6, 20.6)

9.0 (5.2, 19.0)

11.0 (5.9, 24.5)

9.5 (5.7, 18.4)

Primary value is median depth (inches). The values in parentheses represent the 10th and 90th percentile distribution

NOTE:
Primary
value is median depth (inches). The values in parentheses represent the tenth- and ninetiethestimates,
respectively.
percentile distribution estimates, respectively.
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Description of Storm Creation
For all 720 storms, we generated a set of both historical and synthetic storms, totaling
1,440 total storms for a given set of infrastructure and initial soil moisture conditions, the latter
of which is discussed later in this appendix.
Historical

To use storms from the historical record for either direct input to SWMM or modification to
match a target rainfall depth, we developed an algorithmic script. For each DDF target rainfall,
the script searched the historical record of rainfall (2003‒2018) of a single master gauge located
closest to the center of the watershed to generate a list of storms that most closely matched the
target depth at a given duration. Since many shorter duration storms are often the upswing or
downswing of a longer storm, we removed any storms for which the maximum 15-minute depth
occurred at the beginning or end of the storm duration. The remaining storm with the closest
depth to the target depth was selected. For intensities that exceeded any storm in the historical
record (as many storms at higher return intervals and wetter future climates did), the remaining
storm with the highest amount of rainfall at the specified duration was selected. For target storm
depths that exceeded the intensity of any storm in the historical record, a uniform shift was
applied for each 15-minute rainfall depth at a scaling factor (target depth/historical storm depth)
so that the new overall storm depth matched the target depth. The overall list of selected storms
for each DDF target rainfall depth constituted the list of selected storms for the master gauge.
For each selected storm in the list, the same time series of 15-minute reported depths from
all other gauges in the watershed were pulled out and applied the same scaling factor for the
respective storm such that each gauge in the watershed reflected a similar magnitude of storm as
the master gauge. Each selected storm using all gauges in the watershed became a SWMM input
file for the simulation model.
Synthetic

As previously mentioned, hydrologists often use standardized or synthetic hyetographs in
lieu of actual storm events to more easily compare events by eliminating the impacts of
irregularly or randomly shaped hyetographs that often occur in nature. Infrastructure design
engineers also often use such hyetographs to ensure that they have designed for the impacts of
the maximum short-term intensity of a given storm DDF total or other design standard (NRCS,
1986). Many types of synthetic rainfall distributions exist; however, perhaps the most widely
cited distributions in most engineering design literature are those developed by NRCS,4 a
federal agency within the U.S. Department of Agriculture. NRCS curves are split into four
different 24-hour rainfall distributions (Type I, IA, II, and III) that cover all geographical
4

The NRCS is formerly known as SCS, thus these rainfall distributions are often titled SCS curves and are
synonymous with NRCS curves.
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climates within the United States as shown in Figure C.2. The Pittsburgh region is represented by
Type II, the most intense of the four curves (Figure C.2).
Figure C.2. Natural Resources Conservation Service Rainfall Distribution Curve Shapes

SOURCE: NRCS, 2015.

NRCS distributions contain intensity information for all storms with durations less than
24 hours. The peak 1-hour storm, for example, is the maximum 1-hour period of rainfall in the
24-hour storm, and so on for all other durations up to 24 hours.
To develop synthetic storms from the NRCS curves, we adapted a spreadsheet developed by
NRCS that contains rainfall information for Type II curves at 6-minute intervals to storms with
15-minute intervals, using linear interpolation as needed (NRCS, undated). The respective curves
for each storm duration under consideration were then used to generate storms by scaling up
each storm to the same target DDF totals previously detailed. The rainfall distributions were then
replicated for each gauge in the watershed, generating storms of uniform intensity across the
watershed, and formatted as SWMM input files.
Initial Moisture Deficit
An additional uncertainty that was considered in our storm events analysis is the initial
moisture deficit of the soil. SWMM generally assumes that the soil is dry at the beginning of a
simulation (Rossman, 2015),5 but soils saturated with water from earlier rainfall events—which
5

To account for different soil moisture conditions, a SWMM model can be primed by running it prior to a period of
interest, including an appropriate/suitable mixture of wet and dry periods.
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reduces the capacity to adsorb additional water into the soil—can increase surface stormwater
runoff in the early stages of a heavy rainfall event (Rossman and Huber, 2016).
To account for this, we evaluated multiple ways to simulate the conditions of a saturated
soil within the model, including (1) testing various iterations of a prior wetting event before a
two-inch, 12-hour storm and (2) varying the level of soil saturation using SWMM’s initial soil
moisture deficit parameter. The duration of the wetting period and dry interval prior to the
12-hour storm were varied from 6 hours to 10 days. We determined that both methods effectively
simulated saturated soils and thus chose to modify the initial soil moisture parameter because it
was more computationally efficient. Specifically, we limited the uncertainty in initial moisture
conditions to the two edge cases of “unsaturated” and “fully saturated” soil conditions, for the
soil types included in the revised UA-NR model.
Incorporating initial soil moisture uncertainty into our discrete storm events analysis
effectively doubled the total possible number of storms evaluated for a given combination of
levers, totaling 2,440 storms for each strategy.
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Appendix D. Sewer-Overflow and Flood-Risk Estimation Methods

Frequency and Volume of Sewer Overflows
The frequency and volume of CSOs were calculated based on the combined flow to the main
outfall into the Allegheny River. To avoid counting interaction with the river at the outfall as
potential overflow, we instead extracted volumetric flow rates from two nodes above the outfall
located at the weirs ADC171PA42-WEIR and ADC171PA42A-WEIR. These weirs are located
immediately north of the interconnection with the ALCOSAN regional system in the two parallel
pipes running in parallel under Washington Boulevard toward outfall MH122E001-OF and
provide a good proxy to track overflows that would arrive at the river.
Distinct overflow events were identified by applying an interevent interval (interval of
time between recognized events) of 24 hours and a flow rate of 0.1 cubic feet per second per
ALCOSAN’s method (ALCOSAN, 2019b). Overflow event durations and annual frequencies (as
number of events) were then calculated using these thresholds for each strategy and uncertainty
condition selected for simulation.
Note that, unlike Fischbach et al., 2017, and recent investigations by ALCOSAN and PWSA,
the overflow volume estimates for the A-42 watershed estimated here do not take into account
potential interactions with the remainder of the ALCOSAN regional system (i.e., Main Rivers
basin), instead relying on UA-NR model estimates alone. This may lead to bias relative to
comparable overflow estimates for A-42, though in practice these effects could be small
compared with the changes introduced by the new UA-NR model itself as noted in Appendix B.

Basement Flooding
Within our discrete storm analysis, we utilized SWMM simulation outputs to assess
residential basement and street flooding. Residential basement flooding is caused either by
water flowing from the surface or adjacent groundwater into the basement (wet basement) or
from water backing up in the sewer line and overflowing a home’s sewer stack due to an
elevated hydraulic pressure in the adjacent sewer main (sewer backup) from stormwater inflow
to the combined system. We specifically adapted a spreadsheet tool created by Arcadis for a
single storm scenario into a script that generates basement flooding results for all storm scenarios
under consideration. The spreadsheet tool was previously described in Appendix A.
This analysis does not include all single-family homes in the watershed but, as noted in the
main report, is instead limited to homes located along streets modeled as open channels in the
UA-NR model. The houses evaluated for wet basements and sewer backups are a combination
of houses provided by Arcadis for which data information was available and additional houses
added from ArcGIS for which information was available. Overall, from the Arcadis sample,
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there were 931 houses evaluated for wet basements and 346 houses evaluated for sewer backups,
282 of which were present in both samples. From the additional houses sample, 1,373 houses
were evaluated for wet basements. Each house had data on the associated DEM (first floor
grade), geographical coordinates, and the presence of a basement. Basement elevations were
assumed to be seven feet below ground elevation for all houses.
For the sewer backup analysis, the maximum hydraulic grade line (HGL) at each house was
calculated by linearly interpolating from the SWMM-reported maximum water depths at the inlet
and outlet nodes for the sewer conduit along which the house is located. It was assumed that the
maximum depths at each node occurred simultaneously or within a negligible time difference.
Houses were determined to be at risk of sewer backups if the HGL at the connection of the house
lateral and sewer conduit exceeded the elevation of the basement. Sewer backups can also occur
if the sewer lateral connected to the house is broken, collapsed, or blocked (e.g., tree root) or due
to a clog in the house sewer line. These types of backups are out of the scope of this analysis.
For the wet basement analysis, the same method was followed, except that the HGL at each
house was calculated along the street channel from the surface inlet and outlet nodes of the street
channel. Houses were determined to be at risk of wet basements from surface flooding if the
HGL at the house exceeded the home’s grade elevation. This conservative assumption maintains
that water would only seep into the basement along the house foundation or from first floor
flooding when flood waters exceed the house’s grade, although it is also possible that elevated
groundwater at a lower HGL could cause similar wet basement damage. We also did not
incorporate the potential for rainfall or downspout runoff to pool next to house external walls and
seep into the foundation. This level of detail was not possible and thus could not be included in
the scope of analysis.

Basement Damage
The purpose of evaluating house flooding was both to determine the extent to which houses
are vulnerable to flooding, in what locations in various storm scenarios, and to calculate
associated with economic damage from such flooding. We utilized parcel-level information from
the Allegheny County Assessment office (Western Pennsylvania Regional Data Center, undated)
on the assessed value and story height of each house to determine damage using depth-damage
functions derived from FEMA’s Hazus Flood Model (Federal Emergency Management Agency,
2007). Hazus prescribes a percentage damage of building value based on the occupancy type,
flood depth, and the story height of the building. For all homes determined at risk of flooding
from the wet basement and sewer backup analyses, assumed damage percentages ranged from
3 percent for three-story buildings to 7 percent for one-story buildings, multiplied by an
additional 50 percent for home contents per Hazus guidance.
Using this approach, we estimated damage from residential basement flooding for various
durations of storms (1, 3, 6, 12, and 24 hours) and return intervals (2, 5, 10, 25, 50, 100, 500, and
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1,000 years) across all infrastructure levers and other uncertainties under consideration. We also
estimated the long-term average damage expected to occur each year, or expected annual damage
(EAD), by aggregating across these results using a standard method similar to those applied in
Johnson, Fischbach, and Ortiz, 2013, and Fischbach, Johnson and Groves, 2019. This is effectively
a summation of a cumulative distribution function based on the discrete probabilities of storms
occurring at different frequencies within a given year. It follows the following formula:
Order the storm damage as 𝑥𝑥" , ranging from highest frequency to lowest frequency (i.e., 𝑥𝑥# is
the two-year exceedance value, 𝑥𝑥$ is the five-year, etc., such that 𝑥𝑥"%# ≥ 𝑥𝑥" ). If the underlying
mean frequency of storms is 𝛼𝛼, the probability for 𝑥𝑥# occurring 𝑛𝑛 times in a given year is
𝑃𝑃+,# = 𝐹𝐹 𝑥𝑥#

+
/

where 𝐹𝐹 𝑥𝑥" = 1 − 1/𝑚𝑚" , supposing that 𝑥𝑥" is the 𝑚𝑚" -year exceedance. In our analysis, we did
not evaluate the possibility of receiving a higher or lower rate of storms in a given year than the
return interval suggests. Thus, 𝑛𝑛 = 𝛼𝛼 and 𝐹𝐹 𝑥𝑥#
𝑃𝑃+,"%# = 𝐹𝐹
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Therefore, if 𝐷𝐷: represents the damage exceedance associated with a 𝑚𝑚-year return period,
the EAD becomes:
𝐸𝐸𝐸𝐸𝐸𝐸 =
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This represents the EAD metric calculated in each year.

Street Flooding
There are varying methods of simulating overland flow or street flooding through modeling,
including both 1-dimensional (1D), 2-dimensional (2D), and coupled 1D-2D approaches. A
1D modeling method is useful when attempting to model flow in a confined channel, such as a
well-defined riverbed or an underground pipe network (Teng et al., 2017). In 1D flood analysis,
a 1D sewer system could be connected to an additional 1D network representing surface flow
channels. Separately, a 2D approach can be used to represent flow over a 2D area, often through
the use of a mesh or grid. 2D models are often employed to map floodplain extents and risk areas
(Teng et al., 2017). While 2D models have been found to simulate flows with a higher degree of
accuracy, they tend to be more computationally expensive than a 1D model. Model types can
also be employed in a coupled 1D-2D approach, for example a 1D sewer network representing
pipe flows connected to a 2D surface network to more accurately represent overland flows.
There are benefits to each type of analysis, depending on the goals of the analysis, the level of
accuracy required, and the computational limitations to be considered.
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For this exploratory analysis, we extended the same 1D methodology used for house flooding
to estimate the frequency of street flooding at different locations within Negley Run. As noted in
Chapter 2, these street flooding estimates only consider a subset of streets within the watershed—
those with 18-inch diameter or greater sewer mains running underneath—due to current limitations
in available data describing the pipe system and stormwater inlets. This analysis relies on a
simplified representation of streets as 1D open channels in SWMM.
For this portion of the analysis, we generated a set of street points at 100-foot intervals along
each street under consideration and generated flooding heights at each point for every storm
scenario. Similar to the house flooding analysis, we use SWMM-reported output for all nodes to
calculate both the elevation of each street point as well as the HGL at each point to determine a
flood height. This method implies an assumption that streets slope at a perfectly linear rate
between nodes, which likely holds true for most street segments over short distances.
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Appendix E. Green Stormwater Infrastructure Modeling and
Strategy Cost Estimation Methods

This appendix further details methodologies developed for the analysis described in
Chapter 4—in particular, the choices and assumptions made to enable GSI modeling in
SWMM and conduct strategy cost estimation. Appendix A describes in detail how Arcadis
adapted an existing SWMM model to improve the spatial resolution of subcatchments and better
characterize the routing of runoff over permeable and impervious surfaces. In addition, the
model introduced street-level conveyance as a middle step between runoff from the terminal
impervious subcatchments and entering the combined system. This offered us the opportunity
to not only develop Low Impact Development (LID) modules in SWMM to represent GSI in
impervious subcatchments but also reroute separated stormwater flows to other conveyance
structures iteratively, based on our strategies developed in Chapter 4.

U.S. Army Corps of Engineers Conceptual Design Alternative Report
Separated System Design
As a part of model coordination with the USACE design development team, the RAND team
shared the Negley Run model with Tetra Tech, who then converted their existing HEC-RAS
2D model into a 1D XPSWMM model. Tetra Tech’s work provided the proposed separated
conveyance system for USACE’s Conceptual Design Alternative Report (CDAR) Concepts 1,
2, and 3—in turn corresponding to our Strategies 1, 2, and 3. Technical consultation with
PWSA resolved several translation errors and routing ambiguities, especially in the regenerative
stormwater conveyance (RSC) system. The RAND team then integrated this model with the
FWOA UA-NR SWMM model.
As the Tetra Tech model just included conveyance, the RAND team linked the Arcadisgenerated subcatchments to inlets that corresponded to the most recent DDR phase structure (see
Figure E.1). This was done visually in ArcGIS selecting polygon shapefiles prefixed RC_ that
cross-referenced a series of nested SWMM subcatchments. For example, terminal subcatchments
in Larimer enter into the RSC system (RSC_1 storage node) for Strategy 3 or those along
Highland Drive into the corresponding basin (HB storage node) for Strategy 2. At this stage,
neither CDAR nor DDR identify methods of conveyance from the subcatchments into its
separated system, so these are direct linkages of the terminal subcatchment (typically prefixed
SAimp_) in the model irrespective of distance or routing pathway. We also converted the
subcatchments that represent proposed basins to being entirely pervious (for example, RC_346
and RC_775). As a note, we found there to be several subcatchments that were not routed into
the Negley Run drainage system by either ALCOSAN, PWSA, or Arcadis with suffix _N/A. In
our strategies, we followed the guidance of the DDR fully separated area and connected their
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terminal subcatchments to the proposed USACE system. Given these areas are typically
permeable, undeveloped areas, this added a negligible amount of additional runoff flows.
Figure E.1. Visual Overview of SWMM Model Combination Process and Subcatchment Rerouting

Arcadis FWOA Model

+

Tetra Tech Model

=

UA-NR Combined Model

Each of the Strategies 1 through 3 therefore developed alternative modules for the SWMM
code that routed the terminal subcatchments into the separated system. Though separation along
Paulson Avenue is not yet part of CDAR or DDR, PWSA requested that we route its runoff into
the separated system in a similar way, without accounting for conveyance. In keeping with our
strategies, these changes were cumulative so that Strategy 4 represented the last set of alterations,
and this formed the Central Daylight strategy basis for strategy increments 5 through 9.

Participatory Planning in the Upper Negley Run Watershed
Chapter 4 described the literature review component of our lever and strategy identification
process. In addition to the USACE and Negley Run Implementation Plan (NRIP) processes, the
Homewood neighborhood deserves mention as having had a similarly extensive recent history of
advocacy and planning, ranging from the resident-driven elicitation described in the Grounded
Strategies GSI report in 2016‒2018 (Ford et al., 2018) to the city’s Homewood Comprehensive
Community Plan in April 2019 (Homewood Community Development Collaborative, Pittsburgh
Department of City Planning and Urban Redevelopment Authority of Pittsburgh, 2019). Various
project concepts emerging from these community planning processes are shown in a summary
map produced for PWSA by MS Consultants as of January 2020, reproduced in Figure E.2.
While our modeled strategies do not specify these individual projects, we do include increments
of GSI beyond Homewood’s immediate boundaries as represented here, including the LincolnLemington-Belmar area around Chadwick Park, Point Breeze-North in the medians of Thomas
and McPherson Boulevards, and up into the East Hills.
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Figure E.2. Proposed Negley Run Green Stormwater Infrastructure Opportunities in and Around
Homewood

SOURCE: PWSA, personal communication with authors, February 2020.

We discussed many of these existing and proposed projects in the two participatory planning
workshops described in Chapter 4. To provide additional context, the goals of the three-hour
November 2018 workshop were to
•
•
•
•
•

review existing design and policy strategies
characterize proposed design strategies
discuss potential policy strategies
map design and policy strategies back to model assumptions
understand key decisionmaking criteria.

After defining decisionmaking under deep uncertainty (DMDU) concepts and SWMM modeling
methodologies, the first portion of the discussion focused on existing, underway, and proposed
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projects as well as future opportunities. The second portion weighed the potential importance of
design and policy levers, as well as possible focus areas for strategy development, especially
from the perspective of potential cobenefits. These included
•
•
•

flood protection from loss (basements) and disruption (traffic)
values of open space from recreation (new spaces, education, etc.), health through
environment (air quality, physical and mental health), energy/urban temperature
reduction, and additional access benefits (transportation alternatives)
community cohesion and other aggregated benefits.

The key outputs were an understanding of how policy levers mapped to design strategies, the
range of direct and indirect benefits, as well as how concepts in the lower and upper watershed
could work together to achieve partial separation over time.
The following November, we updated stakeholders on modeling progress, shared preliminary
strategy definitions based on prior USACE CDAR/DDR and NRIP work, and verified GSI design
parameters based on recent visioning and planning. Suggested policy levers included naturalized
storage areas and linear water features; complete streets, bike/pedestrian infrastructure, and other
right-of-way (ROW) improvements; and active open spaces, passive use areas, and recreational
trails. Attendees emphasized the need to coordinate the CDAR/DDR improvements with a
Washington Boulevard redesign, potential connection to Highland Park, and various planning
and design efforts in the upper watershed. In addition, workshop participants helped identify
preliminary metrics for assessing cobenefits and other opportunities that connect with regional
plans. These potentially included decreased impervious cover (to mitigate urban heat island
effects), increased vegetated cover (to improve air quality), and reduced basement backup
and street-flooding reduction (to improve safety and reduce damage or mold exposure).
As part of the 2019 workshop, we also focused the discussion on one key policy lever
proposed in NRIP: the potential creation of a renaturalized Silver Lake as a lynchpin project
connecting surface flows from the upper to lower watershed. Specifically, we discussed the
design and operation of Silver Lake as a naturalized detention node collecting stormwater from a
partially separated upstream GSI system that would then be conveyed to the USACE-designed
lower system. This discussion touched on a variety of precedent projects with similar functions
and cobenefits, including small connecting culverts such as the Nebelbach and Wolfgrimbach in
Zurich (Conradin and Buchli, 2008) and larger daylighted surface features like Porter Brook in
Sheffield (Cox, 2017) or the Saw Mill River in Yonkers (Groundwork USA, undated). The
approximate scale comparison to a recently constructed detention pond, the Shelby White and
Leon Levy Water Garden at Brooklyn Botanic Gardens (Brooklyn Botanic Garden, 2016) (see
Figure E.3.) or Panther Hollow Lake in Pittsburgh’s Schenley Park. This discussion generated a
range of ideas on how to actively manage the stormwater system to ensure ecological and
community functions as well as minimize any negative externalities.
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Figure E.3. Differential Stormwater Detention Volumes Within a Performative Regional Feature
Precedent: Shelby White and Leon Levy Water Garden at Brooklyn Botantic Gardens, New York

SOURCE: Michael Van Valkenburgh Associates, Inc., 2016.

Storm Water Management Model Green Stormwater Infrastructure Module
Development
We used the LID module in SWMM 5.1.013 to distribute GSI cells in accordance with our
strategies in Chapter 4 throughout subcatchments including impervious cover. We drew our
SWMM modeling parameters from PWSA’s Green First Plan (Pittsburgh Water and Sewer
Authority, 2016, Chapter 3 and Appendix B). For example, the document developed a standard
infiltration trench cell of 4’ × 4’ × 200’. For our modeling purposes, and given the smaller size of
subcatchments, we assumed that performance scaled linearly with length and reduced this to only
10’. At build-out (strategy increment 9), there would be approximately 3,434 infiltration trench
cells for 25 percent impervious area control (Option A), or 6,929 cells for 50 percent (Option B
or C, rounding threshold on individual subcatchment basis accounts for potential undercount of
units in the 25-percent strategy variants). Note that we also tested infiltration trenches as a
possible performance uncertainty but determined that performance was similar in both cases
and ultimately used bioretention cells to conduct our strategy analysis.
Bioretention Cells
The parameters for our bioretention cells were drawn from PWSA infiltration cell
assumptions, technical consultations with PWSA, and published guidance from the city of
Seattle (see Table E.1). We used bioretention cells in our strategy analysis as it had a higher
potential community cobenefit value and an ability to handle high-flow site at typically
25:1 loading ratios, skewed higher by some very small subcatchments. In addition, we also
made the conservative assumption to not include approximately two inches of water storage
per foot of soil (Ball, 2001).
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Table E.1. Storm Water Management Model Low Impact Development Parameters
Parameter

Value

Source

Berm height

6 inches

Technical consultation

Bioretention unit soil depth

12 inches

Seattle

Bioretention unit storage depth

30 inches

Seattle

Infiltration trench
storage depth

42 inches

PWSA

Void ratio

0.67

PWSA

Underdrain coefficient

0.082 (72-hour drain down)

PWSA

Underdrain height

0 inches

Technical consultation

Infiltration rate

0.1 inches/hour

PWSA

Surface roughness

0.21 (Mannings n)

Seattle

Surface slope

1.0 percent

Seattle

Vegetation fraction (of media)

0

Technical consultation

Clogging rate

0 (perfect maintenance)

Technical consultation

NOTE: Technical consultations drew from regular progress updates with PWSA and Mott MacDonald
experts. PWSA values were drawn from Green First Plan (Pittsburgh Water and Sewer Authority, 2016).
Seattle source was King County Wastewater Treatment Division and Seattle Public Utilities, 2018.

There were several test iterations to match anticipated performance. For example, we
increased the berm height as larger storms ran off into the next cell or subcatchment rather than
being captured and infiltrated or passed into the separated system. We applied bioretention cells
to all impervious subcatchments, which had prefixes Parking_, HStreet_, and SAimp_. This
resulted in 4,354 cells with 25 percent impervious coverage and 8,774 cells with 50 percent
impervious coverage.
Silver Lake Renaturalization
To implement a detention basin at Silver Lake, we use SWMM’s rain barrel LID function
to hold volumes until 6 hours after the end of rainfall and up to the 72 hours for drain
down time afterward. This was placed in a single, approximately two-acre subcatchment
(SAimp_MH125C012-5) near the proposed Silver Lake location, and all separated drainage
from upstream LIDs was routed to it. With a two-acre storage area (10,890 square feet and
width 117.75 feet), the 12 acre-feet (ac-ft) standard version has depth of 576 inches, whereas
the climate resilient version is 768 inches deep. As such, the 0.5 drain exponent yields drain
coefficients of 0.667 and 0.770, respectively. As outlined in Chapter 4, the drain is routed to the
USACE Wetland Basin, whereas the overflow is conveyed to A42_DUMMY_1, a node at the
head of the dual-pipe Washington Boulevard combined system.

Strategy Cost Estimation
Given the substantial uncertainty associated with the potential implementation of our
strategies, we took two approaches to generate preliminary cost estimates: a bottom-up unit27

based construction assessment—following the USACE CDAR and applying it to the Silver Lake
detention node—and a top-down area-based approach. In addition, we offer a preliminary estimate
of the potential compensation for private landowners.
Bottom-Up Construction Cost Overview
Our bottom-up construction cost estimate drew on assemblies and unit take-offs from the
USACE CDAR (Stantec / Tetra Tech JV, 2018). Figure E.4., for example, shows the Highland
Detention Basin from Concept 3 in Phase 2.
Figure E.4. Typical Plan Detail and Longitudinal Section of Highland Detention Basin from
Conceptual Design Alternative Report

SOURCE: Stantec / Tetra Tech JV, 2018, Appendix G, p. C-104.

The Stantech / Tetra Tech Joint Venture estimated $8.7 million for Phase 1 up to $13.4 million
for all three phases, with a ‒30- to +50-percent uncertainty range. The subsequent Tetra Tech
estimate for the 35-percent Negley Run Section 219 Environmental Infrastructure Pittsburgh,
Pennsylvania Design Documentation Report: Draft 35% Submittal (DDR) submission was
somewhat lower for Phase 1; however, we were advised and chose not to use it given potential
project scope changes. Table E.2 consolidates the strategy costs for Strategies 1 through 3.
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Table E.2. U.S. Army Corps of Engineers Conceptual Design Alternative Report Strategy
Cost Estimates
Strategy and
CDAR Phase

Low

Nominal

High

1

$6.1

$8.7

$13.1

2

$1.4

$2.0

$2.9

3

$1.9

$2.7

$4.0

NOTE: Costs displayed are in millions of 2019 dollars. Adjustments of ‒30 percent to +50
percent based on PWSA recommendation for AACE Class 4 estimate.

For the neighborhood greening and GSI strategies in the upper watershed, we relied on
the Pittsburgh Park Conservancy’s work for the Meadow Street microshed (Pittsburgh Parks
Conservancy and Larimer Consensus Group, 2019). The costing assumption included excavation,
materials, and planting for a three-foot-wide bioretention planter per linear foot (LF). We
increased this cost by 25 percent to account for our standard four-foot-wide unit (Table E.3).
Table E.3. Cost Assumption: Bioretention Planter Cost per Linear Foot
Description

Unit

Unit Cost

Excavation

yd

3

$55.27

Shrubs
Perennials
6" underdrain
Mulch
Planting soil

ea.
ea.
LF
3
yd
3
yd

$68.52
$14.85
$16.38
$87.47
$109.79

Concrete deep curb
Curb cut
River rock stone apron
Assuming equivalent 3'-wide bioretention area

LF
ea.
ea.
LF

$40.51
$850.00
$541.13
$277.62

Assuming equivalent 4'-wide bioretention area

LF

$369.23

NOTE: Unit costs derived from Meadow Street microshed estimated construction costs
(Pittsburgh Parks Conservancy and Larimer Consensus Group, 2019).

Using both the USACE CDAR estimates and the Meadow Street microshed concept, we
were able to generate a spreadsheet to estimate the cost of a potential PWSA future connection
to the Paulson Avenue area for Strategy 4 (Table E.4). We applied an additional 52.5-percent
construction cost contingency (from the CDAR) to the structure and conveyance capital cost
subtotal.
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Table E.4. Strategy 4 Cost Estimate
Description

Notes

Qty

Unit

Unit Cost

Total

Structures and Other Infrastructure
36" reinforced concrete pipe (RCP)

400

LF

$195

$78,000

Catch basin modifications

1

ea.

$10,000

$10,000

Manhole structure

2

ea.

$3,800

$7,600

Inlet / outlet structure

2

ea.

$2,500

$5,000
$965,580

Conveyance (from Meadow Street Microshed)
Tree trench
Tree

3,000

LF

$322

140

ea.

$150
Total

$21,000
$1,087,180

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost
shown is additive and contingent on prior phase conveyance construction.

We followed a similar methodology for the build-out of Silver Lake, associated conveyance
structures, and GSI units in the upper watershed strategy areas. These are detailed in the
following sections.
Silver Lake Renaturalization Project
Strategy increments 5 through 9 are dependent on a separated runoff detention facility near
the former location of Silver Lake (see Figure E.5). This would be a complicated and expensive
project subject to substantial uncertainty. We have broken this down into three subprojects: the
Washington Boulevard Connector (either surface or piped conveyance), a surface water feature
with parkland (either storing a maximum of 12 ac-ft or 16 ac-ft), and compensation for existing
landowners at the proposed Silver Lake site (either based on past sale value or net rental income
capitalization). All strategies in our subsequent analysis envision a surface Washington
Boulevard Connector. Strategies ending in either Option A or B use the 12 ac-ft capacity
version, whereas strategies ending in Option C use the 16 ac-ft climate resilient alternative.
We leave the question of compensation—an important cost uncertainty driver—separate for
analytic exploration.
Construction Cost Estimates

The feasibility of a connection between the Silver Lake site in Homewood to the USACE
Wetland Basin on Washington Boulevard has not be assessed in detail, though we took our
inspiration from NRIP. Our default assumption is for surface conveyance given its additional
amenity value (Table E.5), but even if it were to be piped subsurface, the complexity of working
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Figure E.5. Living Waters of Larimer Walking Tour Historic Maps

SOURCE: Living Waters of Larimer is a project of the Kingsley Association, Larimer Green Team, and Larimer
Consensus Group, supported by the Heinz Endowments. The above is an excerpt from a flyer produced by
evolveEA (Living Waters of Larimer, undated).

with existing landowners and their operations would likely have costs on the higher side. Indeed,
the piped alternative is essentially equivalent in cost (Table E.6). The surface connection is
similar in construction typology to that of the USACE RSC and vegetated swale. We do not
anticipate the need for substantial land acquisition, simply access to rear portions of parcels and
infrastructural crossings.
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Table E.5. Surface Washington Boulevard Connector Cost Subestimate
Description

Note

Qty

Unit

Unit Cost

Total

Connector Site Preparation
Clearing and grubbing

Assume 20'
ROW along
3,600 LF

2

acre

$8,750

$14,438

1

ea.

$10,000

$10,000

Remove existing pavement

Assume 10'
along ROW

8,000

yd

2

$6

$48,000

Building demolition

Assume
approx. 4
outbuildings

1,000

yd

2

$50

$50,000

Relocate existing utility

Larimer
Ave. Cross
and Silver
Lake Int.

2

ea.

$20,000

$40,000

2,000

LF

$6

$12,800

Clearing and grubbing contingency

Temporary construction fence
Excavation

Assume 4’
depth in
ROW

3,200

bank cubic
yards (BCY)

$20

$64,000

Backfill

Assume 2’
depth in
ROW

1,600

embankment
cubic yards
(ECY)

$6

$9,600

6,000

loose cubic
yards (LCY)

$16

$96,000

$340

$30,600

Hauling (within 10 miles)

Washington Blvd. Connector
Mulching

Equal to
RSC total

90

Cobble (5"‒10" bulk river rock)

Equal to
RSC total

100

tons

$95

$9,500

Riprap (>18" thickness)

Equal to
RSC total

150

tons

$160

$24,000

Boulders (>24" thickness)

Equal to
RSC total

1,500

tons

$280

$420,000

Stone armoring contingency

Equal to
RSC total

1

ea.

$10,000

$10,000

yd

2

$3

$11,200

yd

3

$51

$51,000

$10

$80,000

Fine grading

4,000

Topsoil preparation

1,000

million
square feet
(MSF)

Turf reinforcement mat

Equal to
swale
density

8,000

yd

2

Temporary seeding

Equal to
swale
density

8,000

yd

2

$1

$4,000

Permanent seeding

Equal to
swale
density

4000

yd

2

$1

$3,000
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Description

Note

Qty

Permanent wetland seeding

Equal to
swale
density

2

Wetland planting

Equal to
swale
density

36,000

Herbaceous groundcover

Equal to
RSC
density

2,000

Shrubs

Equal to
RSC
density

Additional planting cost

Equal to
RSC
density

Vegetation contingency

Equal to
RSC total

Unit

Unit Cost

acre

Total

$5,000

$8,000

$3

$90,000

ea.

$20

$39,800

1,000

ea.

$69

$68,500

2,400

ea.

$11

$26,400

1

ea.

$15,000

$15,000

$450

$450,000

$30

$120,000

ft

2

Connector Structures and Other Infrastructure
72" RCP

Road and
bridge
crossings

1,000

LF

Replace pavement

Road and
parking
repairs/bike
trail

4,000

yd

1,000

LF

$35

$35,000

Catch basin modifications

3

ea.

$10,000

$30,000

Manhole structure

6

ea.

$3,800

$22,800

Inlet/outlet structure

3

ea.

$2,500

$7,500

Replace curb and gutter

2

Total

$1,901,138

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Table E.6. Piped Alternative Washington Boulevard Connector Cost Subestimate
Description

Note

Qty

Unit

Unit Cost

Total

Connector Site Preparation
Remove existing pavement
Relocate existing utility

2

$6

$6,000

2

ea.

$20,000

$40,000

1,000

LF

$6

$6,400

$16

$4,800

$450

$1,620,000

1,000
Larimer Ave.
Cross and Silver
Lake Int.

Temporary construction fence
Hauling (within 10 miles)

300

yd

LCY

Connector Structures and Other Infrastructure
72" RCP

Road and bridge
crossings
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3,600

LF

Description
Replace pavement

Note

Qty

Road and parking
repairs/bike trail

Unit

Unit Cost

Total

$30

$120,000

LF

$35

$35,000

12

ea.

$3,800

$45,600

1

ea.

$30,000

$30,000

4,000

yd

1,000

Manhole structure
Diversion structure

Replace curb and gutter

2

Total

$1,907,800

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Silver Lake Retention Basin cost estimates are shown in Table E.7. The expanded climateresilient Silver Lake renaturalization (Table E.8) is 25 percent larger than the minimum volume
and has an additional two acres of park area. Both alternatives include an allowance for park
improvements similar to the nonstormwater unit cost of Liberty Green of $45.91 per square foot
(equivalent to $6.5 million across 3.25 acres).
Table E.7. Silver Lake Retention Basin (12 Acre-Feet Capacity) Cost Subestimate
Description

Note

Qty

Unit

Unit Cost

Total

Silver Lake Expansion Site Preparation
10 acre

$8,750

$87,500

1 ea.

$10,000

$10,000

28,000 yd

2

$6

$168,000

12,000 yd

2

$50

$600,000

5 ea.

$20,000

$100,000

4,000 LF

$6

$25,600

Clearing and grubbing
Clearing and grubbing contingency
Remove existing pavement
Building demolition
Relocate existing utility
Temporary construction fence
Excavation

Assume
6’ average
depth

42,500 BCY

$20

$850,000

Backfill

Assume
2’ average
depth

15,000 ECY

$6

$90,000

65,000 LCY

$16

$1,040,000

3,600 LCY

$35

$126,000

90 MSF

$340

$30,600

3,600 ECY

$5

$19,260

$2

$19,000

80 tons

$95

$7,600

120 tons

$160

$19,200

1,200 tons

$280

$336,000

Hauling (within 10 miles)

Silver Lake Expansion
Sand layer fill
Mulching
Sand layer compaction
Filter fabric

10,000 yd

Cobble (5"‒10" bulk river rock)
Riprap (>18" thickness)
Boulders (>24" thickness)
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2

Description

Note

Qty

Unit

Unit Cost

Total

1 ea.

$10,000

$10,000

12,000 yd

2

$3

$33,600

8,000 yd

3

$51

$408,000

Turf reinforcement mat

1,000 yd

2

$10

$10,000

Temporary seeding

4,000

$1

$2,000

$1

$3,000

$5,000

$5,000

$3

$125,000

Stone armoring contingency
Fine grading
Topsoil preparation

Permanent seeding

yd

4,000 yd

Permanent wetland seeding

2

2

1 acre

Wetland planting

50,000 ft

2

Herbaceous groundcover

2,000 ea.

$20

$39,800

Shrubs

1,000 ea.

$69

$68,500

200 ea.

$150

$30,000

Additional planting cost

2,400 ea.

$11

$26,400

Vegetation contingency

1 ea.

$15,000

$15,000

Trees

Silver Lake Expansion Structures and Other Infrastructure
$450

$360,000

$30

$90,000

500 LF

$35

$17,500

Catch basin modifications

3 ea.

$10,000

$30,000

Manhole structure

4 ea.

$3,800

$15,200

Diversion structure

3 ea.

$30,000

$90,000

Inlet/outlet structure

3 ea.

$2,500

$7,500

72" RCP

800 LF

Replace pavement

Paths,
access,
and trails

3,000 yd

Replace curb and gutter

2

Total

$4,915,260

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Table E.8. Silver Lake Expansion (16 Acre-Feet Capacity) Cost Subestimate
Description

Note

Qty

Unit

Unit Cost

Total

Silver Lake Expansion Site Preparation
Clearing and grubbing
Clearing and grubbing contingency
Remove existing pavement
Building demolition

12

acre

$8,750

$105,000

1

ea.

$10,000

$10,000

28,000

yd

2

$6

$168,000

yd

2

$50

$600,000

5

ea.

$20,000

$100,000

4,000

LF

$6

$25,600

12,000

Relocate existing utility
Temporary construction fence
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Description

Note

Qty

Unit

Unit Cost

Total

Excavation

Assume 6’
average depth

50,000

BCY

$20

$1,000,000

Backfill

Assume 2’
average depth

16,750

ECY

$6

$100,500

75,000

LCY

$16

$1,200,000

4,000

LCY

$35

$140,000

90

MSF

$340

$30,600

4,000

ECY

$5

$21,400

$2

$22,800

Hauling (within 10 miles)

Silver Lake Expansion
Sand layer fill
Mulching
Sand Layer compaction
Filter fabric

12,000

yd

2

Cobble (5"‒10" bulk river rock)

100

tons

$95

$9,500

Riprap (>18" thickness)

150

tons

$160

$24,000

1,500

tons

$280

$420,000

1

ea.

$10,000

$10,000

12,000

yd

2

$3

$33,600

yd

3

$51

$408,000

yd

2

$10

$10,000

yd

2

$1

$2,000

yd

2

$1

$3,000

$5,000

$5,000

$3

$150,000

Boulders (>24" thickness)
Stone armoring contingency
Fine grading
Topsoil preparation

8,000

Turf reinforcement mat

1,000

Temporary seeding

4,000

Permanent seeding

4,000

Permanent wetland seeding

1

Wetland planting

acre
2

60,000

ft

Herbaceous groundcover

2,000

ea.

$20

$39,800

Shrubs

1,000

ea.

$69

$68,500

200

ea.

$150

$30,000

Additional planting cost

2,400

ea.

$11

$26,400

Vegetation contingency

1

ea.

$15,000

$15,000

2

acre

$2,000,000

$4,000,000

Trees

Park improvement allowance

Based on
Liberty Green

Silver Lake Expansion Structures and Other Infrastructure
800

LF

$450

$360,000

3,000

yd

2

$30

$90,000

500

LF

$35

$17,500

Catch basin modifications

3

ea.

$10,000

$30,000

Manhole structure

4

ea.

$3,800

$15,200

Diversion structure

3

ea.

$30,000

$90,000

Inlet/outlet structure

3

ea.

$2,500

$7,500

72" RCP
Replace pavement

Paths, access,
and trails

Replace curb and gutter

Total

$9,388,900

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.
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Though Strategies 5A and 5B include Silver Lake, we have broken out the Frankstown
Avenue portion of contributing bioretention for clarity and consistency with subsequent
strategies (Table E.9). We assume surface conveyance for a conservative cost as well as its
additional amenity value.
Table E.9. Strategy 5A or 5B Conveyance from Frankstown Avenue to Silver Lake
Description

Notes

Qty

Unit

Unit Cost

Total

Structures and Other Infrastructure
36" RCP

6,469

LF

$195

$1,261,455

24" RCP

3,178

LF

$150

$476,700

18" RCP

545

LF

$125

$68,125

Excavation

6,795

BCY

$20

$135,893

Backfill

6,795

ECY

$6

$40,768

Hauling (within 10 miles)

3,397

LCY

$16

$54,357

Total

$2,037,299

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

We draw our GSI subestimate (Table E.10) from the Meadow Street microshed concept
plan, which includes all-in construction costs. For all subsequent strategies, we include estimates
for those ending in 2, indicating 50-percent impervious area control with bioretention. The
25-percent management strategies have approximately half the bioretention area but the same
amount of conveyance (though in the latter case, the reduced flow rates might require a less
robust or extensive system).
Table E.10. Strategy 5B Frankstown Avenue for 50-Percent Impervious Area Control with
Bioretention
Description

Note

Qty

Unit

Unit Cost

Total

Conveyance (from Meadow Street Microshed)
Green alley

545

LF

$238

$129,748

Bioretention

6,469

LF

$370

$2,391,848

Tree trench

3,178

LF

$322

$1,022,871

911

ea.

$150

$136,650

LF

$369

$5,549,527

Tree

Bioretention Planter
4'-wide bioretention area

15,030

Subtotal

$9,230,644

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on construction of Silver Lake, Washington Boulevard Connector, and prior phase
conveyance.
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Strategies 6A and 6B in the Kedron and Hermitage Streets area include a subestimate for
improvements at Westinghouse Field, in accordance with the Homewood Comprehensive Plan
and long-standing neighborhood priorities (Table E.11). We draw some of our cost information
from NRIP. The upper watershed GSI implementation follows a similar logic for Strategies 7B,
8B, and 9B (Tables E.12‒E.14).
Table E.11. Strategy 6B Cost Including Westinghouse Field and Kedron/Hermitage Streets for
50-Percent Impervious Area Control with Bioretention
Description

Note

Qty

Unit

Unit Cost

Total

Westinghouse Field Site Preparation
Clearing and grubbing

1

acre

$8,750

$8,750

Clearing and grubbing contingency

1

ea.

$5,000

$5,000

Relocate existing utility

2

ea.

$20,000

$40,000

2,000

LF

$6

$12,800

Temporary construction fence
Excavation

Assume 3’
average depth

9,000

BCY

$20

$180,000

Backfill

Assume 2’
average depth

3,000

ECY

$6

$18,000

9,000

LCY

$16

$144,000

1

ea.

$770,000

$770,000

7,000

yd

2

$3

$19,600

yd

3

$51

$51,000

yd

2

$1

$3,500

yd

2

$1

$5,250

ea.

$20

$15,920

200

ea.

$69

$13,700

40

ea.

$150

$6,000

Additional planting cost

800

ea.

$11

$8,800

Vegetation contingency

1

ea.

$10,000

$10,000

Hauling (within 10 miles)

Westinghouse Field
Artificial turf field with base
Fine grading
Topsoil preparation

1,000

Temporary seeding

7,000

Permanent seeding

7,000

Herbaceous groundcover

800

Shrubs
Trees

Structures and Other Infrastructure
1,000

LF

$195

$195,000

1,200

yd

2

$30

$36,000

500

LF

$35

$17,500

Catch basin modifications

1

ea.

$10,000

$10,000

Manhole structure

4

ea.

$3,800

$15,200

Inlet/outlet structure

4

ea.

$2,500

$10,000

36" RCP
Replace pavement
Replace curb and gutter

Conveyance (from Meadow Street Microshed)
Green alley

6,175

LF

$238

$1,470,082

Bioretention

2,909

LF

$370

$1,075,574

Tree trench

2,252

LF

$322

$724,829
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Description

Note

Qty

Tree

482

Unit

Unit Cost

Total

ea.

$150

$72,300

LF

$369

$3,489,224

Bioretention Planter
4'-wide bioretention area

9,450

Total

$8,428,028

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Table E.12. Strategy 7B Cost—Kelly Street for 50-Percent Impervious Area Control with
Bioretention
Description

Note

Qty

Unit

Unit Cost

Total

Silver Lake Access Site Preparation
Clearing and grubbing

2

acre

$8,750

$13,125

Clearing and grubbing contingency

1

ea.

$5,000

$5,000

Relocate existing utility

1

ea.

$20,000

$20,000

Temporary construction fence

1,500

LF

$6

$9,600

Excavation

2,000

BCY

$20

$40,000

Backfill

1,000

ECY

$6

$6,000

Hauling (within 10 miles)

2,000

LCY

$16

$32,000

Silver Lake Access Point
Fine grading

8,000

Topsoil preparation

1,000

Temporary seeding

8,000

yd

2

$3

$22,400

yd

3

$51

$51,000

yd

2

$1

$4,000

2

$1

$6,000

Permanent seeding

8,000

yd

Herbaceous groundcover

1,000

ea.

$20

$19,900

200

ea.

$69

$13,700

20

ea.

$150

$3,000

Additional planting cost

400

ea.

$11

$4,400

Vegetation contingency

1

ea.

$10,000

$10,000

Shrubs
Trees

Structures and Other Infrastructure
1,000

LF

$195

$195,000

Replace pavement

800

yd

2

$30

$24,000

Replace curb and gutter

500

LF

$35

$17,500

Catch basin modifications

1

ea.

$10,000

$10,000

Manhole structure

3

ea.

$3,800

$11,400

Inlet/outlet structure

1

ea.

$2,500

$2,500

36" RCP

Conveyance (from Meadow Street Microshed)
Green alley

6,314

LF

$238

$1,503,174

Bioretention

10,778

LF

$370

$3,985,058
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Description

Note

Qty

Tree trench
Tree

Unit

Unit Cost

Total

1,726

LF

$322

$555,530

822

ea.

$150

$123,300

LF

$369

$14,300,278

Bioretention Planter
4'-wide bioretention area

38,730

Total

$20,987,865

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Table E.13. Strategy 8B Cost—Lincoln Avenue for 50-Percent Impervious Area Control with
Bioretention
Description

Note

Qty

Unit

Unit Cost

Total

Conveyance (from Meadow Street Microshed)
Green alley

4,644

LF

$238

$1,105,597

Tree trench

4,854

LF

$322

$1,562,308

804

ea.

$150

$120,600

LF

$369

$5,283,681

Total

$8,072,187

Tree

Bioretention Planter
4'-wide bioretention area

14,310

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Table E.14. Strategy 9B Cost—East Hills Extension for 50-Percent Impervious Area Control with
Bioretention
Description

Note

Qty

Unit

Unit Cost

Total

Conveyance (from Meadow Street Microshed)
Green alley

3,126

LF

$238

$744,207

Tree trench

4,725

LF

$322

$1,520,789

880

ea.

$150

$132,000

LF

$369

$3,773,531

Tree

Bioretention Planter
4'-wide bioretention area

10,220

Total

$6,170,526

NOTE: Cost were modeled with range of ‒30 percent to +50 percent of subtotal shown. Strategy cost shown is
additive and contingent on prior phase conveyance construction.

Impervious Area Management Top-Down Estimates
Though our nominal cost estimate uses the Meadow Street microshed construction costs to
build a bottom-up estimate, we also compared their approximate cost of $220,000 per impervious
acre managed to other estimates in the region. Both ALCOSAN and PWSA have issued guidance
for treatment and conveyance per impervious acre controlled, ranging from ALCOSAN
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assuming a retrofit cost of $260,000 per impervious acre controlled up to a range between
$324,000 and $432,000 per impervious acre controlled for PWSA. We anticipate that there
would be both operational and cost efficiencies associated with such a large-scale deployment
of GSI and investment in separated conveyance, which might suggest costs at the lower end of
this range. Table E.15 shows these results on a cumulative basis.
Table E.15. Comparison of Strategy Cost Estimate Ranges Based on
Impervious Acres Controlled

Strategy

Meadow
Street
Estimate

ALCOSAN
Retrofit
Estimate

Green First
Low Estimate

Green First
High Estimate

5A

$4.1

$4.8

$5.9

$7.9

5B

$8.1

$9.5

$11.9

$15.8

6A

$7.2

$8.4

$10.5

$14.0

6B

$14.4

$16.9

$21.0

$28.0

7A

$16.7

$19.5

$24.3

$32.5

7B

$33.4

$39.1

$48.7

$64.9

8A

$21.0

$24.6

$30.7

$40.9

8B

$42.1

$49.3

$61.4

$81.8

9A

$23.7

$27.8

$34.6

$46.1

9B

$47.4

$55.5

$69.2

$92.3

NOTE: Costs displayed are in millions of 2019 dollars.

Compensation Cost Estimates
The purchase or eminent domain of the self-storage businesses at Silver Lake is an additional
source of uncertainty. NRIP estimated this as $3.8 million (envirosocialcapital, evolveEA, and
eDesign Dynamics, 2017); we developed two bounding methodologies. The first approach
extrapolates the $2.75 million 2016 sale value of the U-Haul parcels by their percentage of the
Allegheny County assessed land and building value ($2.45 million) for the three parcels and
additional abutter (owned by the same party that conducted the recent sale), augmented by an
approximately 30-percent increase in Zillow’s residential property market value for the East
Liberty/Larimer neighborhood,1 resulting in a low estimate of $4.4 million.
Our second approach assumes a reluctant seller holding an assembled, buildable site
that could support reasonably dense development. In that case, a market analysis based on
rental capitalization suggests that the four warehouses, assuming two floors each, have
1

We used the Zillow Home Value Index for all homes in zip code 15206 (East Liberty, Larimer, and Highland
Park) for a multiyear market overview. This showed a 31-percent increase in average residential value from
$161,000 with the sale in March 2016 to our assumed baseline in January 2019 of $211,000 (Zillow, undated).
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190,000 square feet with 75 percent leasable area at a typical net income of $11.69 per square
feet. Comparable self-storage properties for sale are in Greentree, as well as an industrial parcel
on Liberty Avenue. At a 10-percent capitalization rate common to these land uses in the area,
we estimate a high compensatory value of up to $16.6 million (Gay, 2000; Wright, 2019;
MJ Partners Real Estate Services, undated).
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Appendix F. Methods for Benefit and Cobenefit Estimation

Sewer-Overflow Reduction
This analysis considers both CSO reduction and other cobenefits in economic terms. As with
earlier efforts, CSO reduction is compared with capital costs directly in order to estimate costeffectiveness in terms of cost per gallon of overflow reduced ($/gal.). In addition, to estimate the
dollar value of CSO reduction, we flip this around and instead use the cost-effectiveness estimated
for regionwide CSO mitigation to estimate avoided costs in Negley Run. This approach assumes
that the capital investment planned for other local CSO mitigation projects is a reasonable proxy
for the social value of CSO reduction and improved water quality and that each dollar spent on
the Negley Run strategies evaluated here would help to avoid a dollar spent on CSO reduction
elsewhere in the system (Champ, Boyle, and Brown, 2017).
To implement this approach, we used the average cost-effectiveness ($/gal.) from the updated
ALCOSAN Clean Water Plan (CWP). The full CWP is estimated at $0.38/gal. (2019 dollars)
(ALCOSAN, 2019a), while the Interim Measures Wet Weather Plan (IWWP) to be implemented
first is estimated at $0.34/gal. (ALCOSAN, 2019c). This latter value also matches the high end
of the cost-effectiveness estimated in PWSA’s Green First Plan (updated to 2019 dollars)
(Pittsburgh Water and Sewer Authority, 2016, Table ES-5). As a result, we estimated the
economic benefit from the Negley Run strategies as a one-time avoided cost of $0.34/gal. to
$0.38/gal. multiplied by the estimated gallons of overflow reduction from each strategy or
strategy increment.

Benefits from Less Road Flooding
Storm events that cause flooding and closure of Washington Boulevard increase travel times
to commuters due to congestion and detours. As with mobility benefits, this time is valuable and
may cause additional user costs due to increased vehicle expenses (e.g., fuel and depreciation).
Ideally, a transportation model that assigns individual trips based on lowest cost or travel time
could be used to model the closure of Washington Boulevard (or other major roads) to understand
the behavioral changes in commuting patterns when flooding occurs. Unfortunately, the study
team did not have access to such a model.1 Furthermore, modeling results showed only marginal
changes in flooding along Washington Boulevard, so the study team made the determination to
1

Another potential solution was using data from Uber Movement to extract travel times from census tract to census
tract on days with recorded flooding / road closures and comparing with a nonflood day average. However, the data
were not readily available in a useful downloadable form, and Uber Movement was not responsive to requests for a
custom data pull.
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exclude any monetized road flooding benefits in the final analysis. Below, however, we
document the approach developed over the course of the project. As an alternative to transportation
modeling, we planned to use information on commuting flows by census tract (using the Census
Transportation Planning Products Census Tract Flows database from 2006‒2010, the latest
available) and average commuting times in the Pittsburgh region from the American Community
Survey. Allegheny County workflow trips in the data totaled 676,464. Consistent with our
calculations in mobility benefits, average commuting time was about 24 minutes, and we
assume average speed of approximately 30 miles per hour. We assume commuting time is
valued at approximately the average wage, which is $24.07 per hour.
The estimated benefits of less road flooding per flooding event depends on these values,
the assumed share of affected trips, and the average increase in commuting time for that event.
Benefits are calculated as avoided costs for each event as a result of reduced flooding
outcomes. In particular, the estimated cost per event occurring during a commuting period
can be calculated as
𝐹𝐹𝐹𝐹A = 676464𝛾𝛾A

24𝑡𝑡A
60

24.07 ,

where 𝐹𝐹𝐹𝐹A are flood costs for event f (measured in dollars), 𝛾𝛾A is the share of affected worktrips,

and 𝑡𝑡A is the average percentage increase in commuting time for those affected.
Based on examination of trip shares, we assume that about 20 percent of workflow would be
affected by flooding that affected a rush-hour commute on a weekday. Using this value for 𝛾𝛾A ,

the range of costs per event during rush-hour commuting window ranges from about $65,000 for
a 5-percent increase in average travel time (1.2 minutes) to about $1.3 million for an increase of
100 percent (which would extend average commuting time from 24 to 48 minutes).
Table F.1 shows estimated costs per flooding event by commuting time change based on
these assumptions.
Table F.1. Approximate Estimated Cost per Washington Boulevard Flooding Event by Commuting
Time Change ($ Thousands per One-Way Rush-Hour Trip)
Average Percent Increase
in Commute Time

Average Gain in
Commute Time (m)

5

1.2

$65

10

2.4

$130

15

3.6

$195

20

4.8

$261

25

6

$326

30

7.2

$391

35

8.4

$456

40

9.6

$521
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Estimated Cost
per Event

Average Percent Increase
in Commute Time

Average Gain in
Commute Time (m)

Estimated Cost
per Event

45

10.8

$586

50
55
60
65

12
13.2
14.4
15.6

$651
$716
$782
$847

70
75
80
85
90

16.8
18
19.2
20.4
21.6

$912
$977
$1,042
$1,107
$1,172

95
100

22.8
24

$1,237
$1,303

NOTE: Assumes 20 percent of total Allegheny County workflow trips affected
by flooding event. Time valued at $24.07 per hour (average wage). Baseline
trip assumed as 24 minutes per one-way trip at 30 miles per hour. Does not
include incurred costs from increased driving distance due to rerouting.

Recreation Benefits and Benefits to Bicycle Commuters
We generally follow the methodology outlined in National Cooperative Highway Research
Program (NCHRP), 2006, to estimate the number of bicycle commuters and new recreational
cyclists and use a conservative 1:1 ratio of pedestrians to new cyclists as in Intertwine Partner
Agency and Alta Planning and Design, 2011, to estimate the number of pedestrians.2 The two
main assumptions of the cycling models are as follows: (a) existing bicyclists will substitute to
the new trail facilities; and (b) the new facility will induce new bicyclists at a rate that depends
on proximity to the facilities. Except where noted, all equations come from the NCHRP report.
We choose this method (known as a sketch planning methodology) because we need a
flexible, feasible mean of estimating new cycling (and pedestrian) demand across strategies that
vary in terms of the recreational amenity (in this case, a new trail). There is clearly no direct
empirical evidence that can be brought to bear on an unbuilt trail, and transferring average use
statistics across similar facilities in the region could confound new and existing recreational
activity.

2

According to a study by the Outdoor Foundation (2017), 18 percent of Americans engaged in running, jogging,
and trail running, 15 percent engaged in cycling, and 14 percent engaged in hiking. On average, there were
82 outings per runner, 53 outings per cyclist, and 14 outings per hiker. 45 percent of all outdoor participants
also walked for fitness. Furthermore, McKenzie, (2014) reports that just over 11 percent of Pittsburgh workers
commute via walking or biking. While these are averages and not specific to newly induced activity, we believe
on the basis of this information that a 1:1 ratio will likely underestimate non-cycling behavior.
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Bicycle Demand
Demand forecasts were calculated as follows. First, daily existing bicycle commuters were
calculated using the bicycle transportation share (𝜋𝜋K = 0.026) reported in the 2016 U.S. census’s
American Community Survey and a count of houses within 0.25-, 0.5-, and 1-mile buffers
around the proposed trail, assuming 2.06 persons per household from the American Community
Survey and assuming 80 percent of residents are adults and 50 percent commute (NCHRP,
2006). For the 1-mile buffer, we assumed that all houses in our data set were in the buffer for the
longest trail realization (8,371 properties), though geographic information systems show this is
likely an undercount.
Using research presented in NCHRP, 2006, showing that the total cycling rate (including
both commuters and recreators) is an increasing function of the bicycle commute share 𝜋𝜋K , a
range of potential total cycling rates can be calculated as:
𝑇𝑇MNO = 𝜋𝜋K
𝑇𝑇:PQ = 0. 004 + 1.2𝜋𝜋K
𝑇𝑇S"TS = 0.006 + 3𝜋𝜋K

For this study, the range of potential total cycling rates in the region is thus 2.6 percent to
8.4 percent.
Induced (new) demand as a result of the new facility is estimated via empirical multipliers
developed in the NCHRP report. In particular, the number of new commuters is
𝐶𝐶+PO =

Z
Y7#

𝐶𝐶PV"WX,Y 𝑚𝑚Y − 1 ,

𝑇𝑇+PO =

Z
Y7#

𝑇𝑇PV"WX,Y 𝑚𝑚Y − 1 ,

where Cnew is the estimate of new commuters Cexist,b is the estimate of existing commuters in
buffer b calculated using the population in each buffer times (0.5 × 0.8 = 0.4) times 𝜋𝜋K , and mb
is the multiplier for each buffer (2.93 for the quarter-mile buffer, 2.11 for the half-mile buffer,
and 1.39 for the mile buffer). The corresponding equation for new adult cyclists is
where Tnew is total new adult cyclists and 𝑇𝑇PV"WX,Y is existing adult cyclists using the low, medium,
and high estimates in the equations above.
For this study, the range of potential new bicycle commuters is 4 to 203 depending on the
scenario, and the range of new adult cyclists is 8 to 1,314 depending on the scenario and the
estimated potential cycling rate. While these ranges are based on empirical evidence from
the NCHRP study, it is possible that the true range is considerably wider.
Pedestrian Demand
The NCHRP report did not include estimates for pedestrian or other nonbicycle demand for
trail use. As such, to be conservative, we assume a 1:1 ratio of new adults engaging in nonbicycle
recreation to new adult bicyclists in the absence of additional information. We consider this
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conservative in that we expect the most likely distribution of trail users would have more
noncyclists than cyclists. Furthermore, to the extent that a new facility may induce new
pedestrian demand for commuting that may be valued positively relative to automobile
commuting, we underestimate benefits.
Commuting Benefits
The NCHRP report included a stated preference choice experience that estimated that bicycle
commuters are willing to spend 20.38 minutes more per trip to travel on an off-street bicycle
path relative to riding on a street with parked cars. Using an average hourly wage for employees
in Pittsburgh of $24.07 per hour (U.S. Bureau of Labor, 2019) , this suggests an average benefit
from each trip of 20.38 / 60 × $24.07 = $8.18. Total commuting benefits are calculated by
multiplying this per-trip benefit by the sum of all commuters, and assuming (as in NCHRP,
2006) that all bicycle commuters work 50 weeks per year, 5 days per week, and bike both legs
of the commuting trip. Note that the range presented in estimation of total cycling rates can also
be interpreted as varying the commuting assumptions.
Recreation Benefits
The NCHRP report found that a “typical” recreational bicycling day lasted approximately
one hour, including preparation and clean-up time. We assume a conservative value of $10 per
hour, which was used in the NCHRP study.3 Recreation benefits accrue to new recreational
bicyclists only and are calculated as 𝐵𝐵 \PK = 10 365 𝑇𝑇 +PO − 𝐹𝐹 +PO . While this is consistent
with NCHRP calculations, we note that this assumes that benefits for new recreational bikers
accrue every day of the year (or, equivalently, they take fewer but longer trips). If this is not the
case, or if the $10-per-hour estimate is biased upward, then the benefits reported herein will be
overestimates.
Other Bicycling Benefits
The NCHRP report cites two additional categories of potential benefits from cycling
behavior. First, it reports per-capita health savings from physical activity of $128 per year (2006
dollars) based on a review of ten published studies and applies this value to the population of
new cyclists. However, this assumes that new cycling activity is new physical activity and does
not substitute for alternative forms of exercise. As such, we choose not to include health benefits
here; however, using the values in the NCHRP report would result in annual health benefit
estimates in the range of $1,500‒$194,000, depending on the scenario and the estimated potential
cycling rate.
3

The value $10 per hour was used in the NCHRP study, published in 2006, and was not adjusted for inflation here.
Note that this figure is 42 percent of the average wage in the region used to calculate commuting benefits and is
approximately equivalent to a recreation experience with point totals 60‒70 using USACE, 2020.
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The other category of cycling benefit in the NCHRP report came from the reduction of
automobile use by commuters—specifically, benefits from reduced congestion, reduced
pollution, and user cost savings. The report suggests values of 13 cents savings per mile for
urban areas but notes that this is dependent on the level of congestion, the preexisting level of
pollution, and the alternatives available to and alternative behavior of new bike commuters with
respect to transportation. In the current study, we assume that there is likely some level of benefit
from reduced automobile use, but calculating such benefits would require strong behavioral
assumptions. As such, we do not include them in our formal estimate of overall recreational
benefits. If, however, one were to use a 13-cents-per-mile benefit estimate and an average
commute time of 24 minutes at 30 miles per hour (BestPlaces, undated; Zip Atlas, 2020), autorelated benefits from new bicycle commuters would range from $3,000 to $158,000 per year.
Pedestrian Benefits
We use a value of $8.95 per person and a 1:1 ratio of new noncyclist recreators to new cyclist
recreators to estimate additional recreational benefits. The value per person is from the unit day
values for recreation (FY 2020) from USACE General Recreation values for a site with a point
value of 50 (in the middle of all general recreation values, which range from $4.21 to $12.64).
Point values depend on the overall recreational experience (including the number and quality
of available activities), the number of substitute sites, the carrying capacity of the site, the
accessibility of the site, and the overall aesthetic and environmental quality of the site.
There is considerable uncertainty over both the ratio of noncyclist to cyclist recreators and
the value of the trip. If one were to expect a ratio greater than 1 for the quantity measure, the
benefits reported herein would be underestimated. Similarly, all else equal, if the average value
of a noncyclist use was less than the approximate $9 assumed here, the benefits reported would
be overestimates.

Benefits from Tree Planting
An increased number of trees in an urban environment can lead to benefits from average
temperature reduction due to increased canopy (typically termed the urban heat island effect),
which results in less energy (and thus costs) used in cooling buildings. It can also provide local
air-quality effects from removal of CO, NO2, O3, particulate matter, and SO2, as well as global
effects from carbon sequestration and storage.
A 2015 study (Davey Resource Group, 2015)4 documented the benefits of Pittsburgh street
trees using the program i-Tree, which is a tree valuation software package based on research

4

The study also used i-Tree to estimate stormwater benefits and aesthetic/property value benefits, but they were not
used in this report because we estimate such benefits separately.
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from the U.S. Forest Service. In that study, the authors found the following benefits for
Pittsburgh’s urban forest (all in 2015 dollars):
•
•
•

air pollution benefits of $12.48 per tree per year
energy use (urban heat island) benefits of $2.88 per tree per year
carbon benefits of $1.14 per tree per year.

We used the consumer price index to inflate these values to 2020, resulting in a per-tree
benefit of $17.73.

Amenity Values
In addition to the benefits already discussed, residents of Pittsburgh may be willing to pay
for perceived aesthetic improvements, or amenity values, as a result of the installation of green
infrastructure (assuming they view greening as a good). One means of measuring this value is
through the hedonic property method, which assumes that aesthetic services, along with other
“use” values are capitalized into the value of properties affected by those services. As such,
while any statistical increase in property values attributable to proximity to green infrastructure
will include amenity benefits, it will also include the capitalized values of all other ecosystem
services that accrue to the owner. As such, there is a risk of double counting the value of the
other services discussed in this appendix.
Furthermore, economic theory and empirical evidence suggests that amenity values are
likely to be higher the closer a property is to open space. Finally, hedonic values do not capture
amenity (or other) benefits that might accrue to nonresidents of a property or neighborhood,
focusing only on appropriable benefits for the property owner. As such, we provide a range of
potential values for amenity benefits based on average Pittsburgh property values and proximity
to the greened open space provided by the scenarios.
A meta-analysis of 52 hedonic studies that examined how property values changed with
distance to open space (including urban parks) by Brander and Koetse (2011) provides a good
summary of average relationships, controlling for a number of study characteristics. At the
means of the data (a property located about 180 meters from the open space), moving 10 meters
closer to open space increases property values by 0.1 percent, with increasing marginal returns
the closer to the open space. This translates to about 8 percent for a property that is immediately
adjacent to open space, declining to zero at a decreasing rate at about 200 meters.
The city of Philadelphia, in their Combined Sewer Overflow Long Term Control Plan Update
(Philadelphia Water Department, 2011), reports that the range of property value benefits found in
the literature was 0‒7 percent for a number of green infrastructure options, including clustered
greenways, trees, and on-site water retention. The plan tightened the range to 2‒5 percent and
further accounted for double counting by halving the estimates for properties in the studied
watershed.
Most other studies reviewed during the course of this research generally agreed with these
general results, suggesting mostly single-digit percent increases in property values for properties
49

located close to open space /green infrastructure. However, Irwin, Klaiber, and Irwin, 2017, finds
negative effects (13‒14 percent) for nonrecreational stormwater retention basins, suggesting that
design, maintenance, aesthetic quality, and other characteristics specific to a given solution likely
affect property values.5
Given these findings, the potential for double counting, and the uncertainty involved, plus
noting that the scenarios herein do consider recreational amenities, we bound the aesthetic effects
from below at no change, focus on houses within the quarter-mile buffer around the trail, and
report scenario values for an assumed 1 percent and 2.5 percent of the average property value in
the watershed.

Other Ecosystem Services Not Valued
The categories in the previous subsection cover many of the main regulating and cultural
services expected to be provided by the scenarios. However, due to a general lack of information,
some ecosystem service may be excluded from the analysis. Using the framework in De Groot et
al., 2012, missing services could include the following:
•
•
•
•

provisioning services: food, water, raw materials, genetic resources, medicinal resources,
and ornamental resources for use by humans
regulating services: erosion prevention, soil fertility maintenance, pollination, and
biological control that support life processes
habitat services: nursery and gene pool protection services that support life processes
cultural services: information, inspiration, spiritual experiences, and cognitive
development in humans.

While we expect these values to be small relative to the included values, they are most likely
not zero. As such, the potential valuation of (co)benefits reported herein should be considered a
relatively conservative estimate of the full set of services expected to be provided by the
scenarios.

5

The negative effect is associated with the age of the basin, with older basins decreasing values more than newer.
The authors “suspect” that negative capitalization was caused by poor appearance or lack of functionality of the
basins (Irwin, Klaiber, and Irwin, 2017, p. 204). The authors provided no description of the specifics of the basins
and did not control for aesthetic quality or functionality.
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