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Issues

Introduction

This document provides an update to the Sustainable Stormwater Management
Plan2013-2016,and defines strategies formanaging stormwater oncampus. Italso
achievesinitial fulfillment of the Stormwaterand Water Management goalin the Yale
Sustainability Plan 2025.

Moving forward, the University intends to incorporate stormwater management

progress and planning into the Campus Resilience Plan, High Performance Design
Standards, Sustainability Progress Reports, and supporting documents. Collectively,
these plans invite generative work and collaboration between the academic and
operationalsides of the University. The significance of operational commitmentsis
expanded beyond Yale's campus with related applied research, teaching, and service.

Vision for Stormwater Management

YaleUniversity’s1,155-acrecampusincludesacademic, residential, and administra-
tion buildings, laboratories, green spaces, sports fields, and a golf course. Within its
boundaries are more than 500 buildings with over five million square feet of roof area
that, along with other paved surfaces on campus, coverapproximately 55% of Yale
University’s total property.1

Whenrain falls onto theseroofs, roads, walkways, and parking lots, the surfaces cre-
ateanimpervious barrier that preventsrainfall frominfiltrating into the ground and
instead transforms it into stormwater runoff that flows off these surfaces and into
city sewer systems. A number of issues are associated with stormwater:

Pollution

Campusstormwater runoff drainsinto two differentsewer systems. Someportions
of New Haven's sewer system contain areas where the sanitary and stormwater flow
draininto one pipe, known as acombined system. Other areas within the city drain
into asewer system where stormwater flows into a dedicated pipe thatis separate
from the sanitary drainage, known as a separate storm sewer system (Figure 1).

Stormwater runoff draining to the combined sewer system in New Haven will gen-
erally drain tothe Greater New Haven Water Pollution Control Authority (GNHWP-
CA)’s East Shore Water Pollution Abatement Facility for treatment and eventual
dischargeinto LongIsland Sound. However, whenstormeventscreate greaterstorm-
water volumes, therunoff will overload the treatmentsystem, causing the combined
sewage to overflow without treatment intonearby receiving waters, with eventual
discharge into LongIsland Sound through structures called combined sewer over-
flows (CSOs).

Between May 2016 and April 2017, there were 27 CSO events in New Haven. Due to
these events, approximately 31 million gallons of combined sewage were discharged
into Long Island Sound.2
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Stormwater thatflows directly into theseparatesewersystemalsocontributestolocal
water-body pollution. Stormwater runoff that enters separate storm sewers from
campus propertiesin New Haven, Orange, and WestHaven discharges directly into
the New Haven Harbor, Mill River, and West River, untreated. These water bodies
sufferimpairments due to the pollutants carried in the runoff such as fertilizer, pesti-
cides, and litter.3

Figure 1. New Haven sewer system (City of New Haven)



Principles

Flooding

In addition to pollution, stormwater runoff contributes to inland flooding. Imper-
vioussurfaces on campus preventnaturalinfiltration of stormwater runoff into the
soil, leading to flash flooding events. Storm sewers canalso back up, leading to flood
damageinbasements of buildings and contributing to C5Os.4 Flooding canimpact
the University’scritical operations responsible for thelife, health, safety,and security
of staff, students, and patients, and lead to long-term building and infrastructure
damage, such as mold damage. Italso creates concern for the University’s critical
research, safety, and culturalassets.

Resilience

Stormwater management falls under the Stewardship Ambition of the Yale Sus-
tainability Plan 2025 —to plan and preserve resilient and sustainable infrastructure.5
Proactive stormwater management can help prepare Yale for the effects of climate
change and related environmental challenges of the 21st century. Stronger storms are
one of the most severe climate stresses predicted to impact the Northeast, with the
situation worsened in coastal urban centers due to concentrated stormwater runoff
and sea levelrise.6

Yale’scapacity torespond tochronicstresses (e.g., pollution and aging infrastructure)
and acuteshocks (e.g., severe weather events and floods) canhavea directimpact on
human and ecological health, safety, social equity, and economic well-being. In this
regard, stormwater management also connects to the other nine ambitions of the
Plan, particularly Leadership, Climate Action, and Built Environment.

Futureefforts in stormwater management planning shallbe guided by aset of shared
principles. Like the Sustainability Planning Principles,7 these principlesleverage the
strength of near-term activities, provide direction for future development, and should
be taken collectively to motivate and focus work:

Recognize stormwater as a resource. Stormwater has greatimpact on the health and
economicvitality of thecampus, theregion, and theenvironment. Yaleshallmanage
stormwater as a resource to enhance its positive effects on theenvironmentand to
reduce associated risks to Yale assets and infrastructure.

Prioritizerestoration ofwatershed function. Watershed functionisrestored with low-im-
pact stormwater management strategies, including natural features, landscapes, and
greeninfrastructuresystems. Yaleshallimplementstormwater managementstrate-
giesfollowing afundamental order of priority: (1) infiltration of stormwater whereit
falls, (2) storage for infiltration or reuse, (3) temporary detention and gradual release
of stormwater to the storm sewer, and (4) temporary detention and gradual release of
stormwater to the combined storm and sewer system.

Promote stormwater research. Sustainable stormwater management offers and neces-
sitatesrobustresearchand educational opportunities forstudentsand faculty. Yale
shall encourage University-wide participation and stewardship of stormwater man-
agement strategies using the campus as a living laboratory.

Yale University StOrmWAter mANAGemeNt PIAN Update February 2018 4



Alignment

Incorporate adaptive management. Datagathered by surveying campusinfrastructure,
monitoring stormwater discharge, and modeling campus performance provide a
foundation for future goalsetting. Yale shall commit to collecting data, sharing data,
and using an iterative decision-making process for ongoing stormwater management.

Yale also aligns with local and regional stormwater priorities — pollution prevention,
flood prevention, and sustainability planning —and should consider these drivers
whenever stormwater management is involved.

Pollution Prevention

GNHWPCA manages New Haven’scombined sewer system and separatesanitary
sewers.Oneof the goals of GNHWPCA istoreduce thevolumeof CSOs. Toward this
goal, for new construction projects to be permitted within areas serviced by a com-
bined system, GNHWPCA requires that “the post-development stormwater runoff for
a 2-year, 6-hour storm frequency (rainfall = 2.05 inches) shall be detained by under-
ground infiltration/ detention systems designed by a professional engineer licensed in
the state of Connecticut.”8

GNHWPCA is also working on a project entitled “CSO Reduction Utilizing Green
GNHWPCA inthe WestRiver Watershed.” The goal of the projectis toinstallatleast
75 right-of-way green infrastructure projects like bioswales and green infrastructure
curbbump-outs. The design is mostly complete and awaiting approvals from the
Connecticut Department of Energy & Environmental Protection (Ct DeeP).

The City of New Haven, the City of West Haven, and the Town of Orange regulate
Yale’sseparatestormsewers. Whileseparate stormsewers donotcontribute to CSOs,
thereareissuesassociated withaging infrastructure, capacity, and pumping. Reduc-
tion of total stormwater volume and rate ease stress on this infrastructure.

Inaddition, each municipality hasaStormwater ManagementPlan, in fulfillmentof
DeeP’s Municipal Separate Storm Sewer System (MS4) General Permit. Required
through the federal Clean Water Act, Ct DeeP established the MS4 General Permit
toprotectwater quality and reducethedischargeof pollutantsfromamunicipality’s
storm sewer system.9 These plans were updated in July 2017.

TheMS4General Permitrequires thatallnew developmentorredevelopment
projects with greater than one acre of soil disturbance retain the volume of runoff
generated by oneinch of rainfall on thesite.10Section 60 of New Haven’s Zoning
Ordinance goes beyond theone-acrerequirementby including sites that disturb one-
half or more acres of total land area on site.11 Further details on retention require-
ments can be found in each municipality’s Stormwater ManagementPlan, and are
summarized in Table 1.



Table 1: Local Stormwater Entities, Drivers, and Strategies

GNHWPCA Limit CSOs
(sanitary sewers &
combined sewers)

CityofNewHaven Meet MS4 requirements
(storm sewers) Aging infrastructure
Flooding (high-risk areas)

CityofWestHaven'2 Meet MS4 requirements
Town of Orange'3
(storm sewers)

Flood Prevention

Permitting: Require projects to
retain 2.05” in combined sewer
systems

Projects: 75-100 bioswales and
ongoing separation efforts

Permitting: Require projects
> 0.5 acres in storm sewer to
retain 1” of rainfall onsite
Projects: 200 bioswales, model-
ing, and system upgrades

Permitting: Require projects >
1acretoretain 1”of rainfallon
the site

InJanuary 2017, the City of New Haven developed a Natural Hazard Mitigation Plan
to protectpeopleand propertiesatrisk fromnatural disasterssuchasinland flooding.
The City is required by the Disaster Mitigation Act of 2000 to update this plan every
fiveyearsandhaveitapproved by theFederal Emergency Management Agency tobe
eligible to receive specific disaster and mitigation funding.14

Toaddresslocal flooding issues, the City of New Haven is currently working ona
series of projects called “Hill Neighborhood and Union Avenue Drainage Improve-
ments” funded by federal Housing and Urban Development (HUD) Community
Development Block Grant Disaster Recovery (CDBG-Dr) grants. Initial activity
included the completion of a Storm Water Management Model (SWmm) of the
downtown storm sewer system (Figure 2). The City has sited and will be installing
overthenext18 months200bioswalesintherightofway (Figure3). Additional
strategies tomitigate flooding during high-intensity rainfall events will be further

evaluated.
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Figure 2. Downtown sewershed map.




Figure 3. Proposed locations for downtown bioswales (City of New Haven).
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Sage Hall
205 Prospect Street

Wright Laboratory
272Whitney Avenue

Sustainability Planning

InJanuary 2018, the City of New Haven published theNew Haven Climateand
Sustainability Framework (NHCSF), which proposes goalsand actions toadvance
climateand sustainability objectives and limit temperaturerise to two degrees Cel-
sius. NHCSFis organized intosix strategies. The Land Use and Green Infrastructure
strategy recognizes the opportunity to interweave natureand society to promotea
sustainable New Haven, and presents the following goals thatshall influence future
stormwater efforts at Yale: increase stormwater infiltration on private and public
property; improve quality of soil and water bodies within and surrounding the city.15
Specifically, the City of New Haven plans to update the stormwater section of the
Zoning Ordinance toincrease theretention volume capture and incentivize vegeta-
tion-based infiltration systems, where possible.

Progress to Date

Since the release of the Sustainable Stormwater ManagementPlan 2013-2016, Yale
has integrated stormwater management into its projects, planning, and scholarship.
The following sections provide examples of stormwater practices thathave been
implemented at Yale since2013.

Projects

Since 2013, Yalehas completed anumber of stormwater management projects that
include green roofs, downspout disconnection, bioretention, and subsurface infiltra-
tion/ detention systems.

TheSageRainGardenwas developed bytwo
students fromthe YaleSchool of Forestry &
EnvironmentalStudies to collect rainwater
fromtheroofofSageHallinfall2014.The
downspouton Sage Hallwas disconnected,
andYaleFacilitiescompleted bermsthat
wouldkeepupto1.5feetofstormwater
fromrunningontoProspectStreet.Thegar-
deniscomposed oflocal plant species and
diverts an estimated 300to 500 gallons of
stormwater fromthe sewersystemsduring
heavy storms.'¢

Wright Laboratorywas builtin 1996 and
includes a green roof. More recently, in
conjunction with 2016 renovation, Yale
Facilities added nativevegetationtothe roof
toenhanceboththearea’s biodiversityand
stormwaterretention capacity. Theproject
usedapollinatormix thatincluded perenni-
aland annual plantings.



Baker Hall
100 TowerParkway

Pauli Murray and
Benjamin Franklin
Residential Colleges
90-130 Prospect Street

BakerHallisexpectedtoopeninAugust
2018.Stormwaterrunofffromthesitewas
not managed previously. The newsystem
willinclude fourunderground infiltration
areasholding 11,455 cubicfeet(~86,000
gallons)totreatand retainstormwater
froma one-inchrainfall. During two-, 10-,
25-,and 100-yearrainfall design events, the
overall peak runoffflowrates and volume
are reduced. Rendering by Pirie Associates
Architects.

Pauli Murray and Benjamin Franklin Residen-
tial Colleges openedin fall 2017.To mitigate
stormwater runoff, infiltration systems were
installed belowthelarge courtyards ofeach
college.Adetentionsystemwasinstalled
alongProspect Street,and meadow plant-
ings were located along the Farmington
Canal Greenway. Additionally, water-quality
structures beneaththecourtyards contrib-
ute to the management of stormwater
runoff.'”

Planning
Several planning efforts have been implemented since 2013 or are currently in process
relating to stormwater management on campus.

SustainableWater Feasibility Study. YaleFacilities has completed feasibility studiesand
preliminary permitting reviews to develop acampus-levelreclaimed water system
to supply nonpotable water to the Sterling power plant. A system of this scale could
remove approximately 100M gallons from the sewer system annually, while offering
new teaching and research opportunities associated with urban water infrastructure.

Science Hill Landscape Master Plan. A landscape master plan is being developed by
Reed Hilderbrand for the Science Hill area of Yale’scampus. Home to Yale’s world-
classresearchinstitutions, thisareaof campusis fragmented and suffersfromunclear
circulationand diminished canopy and vegetation. This master planforeseesa
10-yearcampaign torebuild Science Hill,emphasizingits drumlincharacter, cap-
italizing on the University gardens,and pursuinganurban forestry management
approach to a notable tree population.18
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Standards for Bioswale Maintenance. The Urban Resources Initiative developed a
Bioswale Maintenance Guide that provides standards for maintaining the new
bioswales in the City of New Haven. Approximately 50 bioswales will border Yale

property.

LEED v4.Yaleisstillcommitted to Leadership in Energy and Environmental Design
(leeD) certification. Each project assesses leeD v4 for applicability.

Environmental Health & Safety (EH&S) Standards. eH&S has developed anumber
ofinformational and instructional standards covering stormwater management
best practices, including construction pollution prevention, wastewater discharge
types, and operational best practices. A training seminar was developed in 2015 for
wastewater discharge typesand permitting thateH&S maintainsonthebehalf of the
University.

Scholarship

Awiderange of research interestsis related to stormwater management on campus.
Thefollowinghighlightthebreadth of scholarship at Yalearound campusstormwa-
ter management.

Downspout Disconnection Feasibility Assessment and User Guide. In spring 2014, two
graduatestudentsattheYaleSchool of Forestry & Environmental Studies conducted
aresearch projectondownspouts on Yalebuildings. Over 1,800 downspouts across
more than 500 campus buildings were identified, mapped, and assessed for their
disconnection potential. The assessmenthelped to create priorities for downspout
disconnection, and stored datain a spreadsheetand in ArcGIS databases.

Yale Experimental Watershed (YEW) Assessment. The YeW is a5.5-acre wetland in the
Science Hill portion of Yale’scampus. Anassessmentof the YeW wasreleased in 2014
providing detailed information on research conducted in 2013-2014 by the Hixon
Centerfor Urban Ecology. New monitoring deviceswereinstalled torefineand
streamlinehydrologicdatacollection, including upgrades to the discharge monitor-
ing system, which can help improve stormwater flow calculations.19

Technical Skills Modules (MODs). In fall 2015, incoming students at the Yale School

of Forestry & Environmental Studies helped assess locations for the placement of
New Haven’sbioswales aspartof their UrbanmODs programming. The City of New
Haven used this information for final placements of bioswale installations in the
downtown area.

New Haven Bioswale Monitoring. Since 2015, the Urban Resources Initiative and the
Yale Hixon Center for Urban Ecology have collaborated with the City of New Haven
on constructing and monitoring eight bioswales on West Park Avenue, and seven
more on Daisy Street in the Newhallville neighborhood of New Haven. Academic
research conducted by Professor Gaboury Benoitand graduatestudentsatthe Yale
School of Forestry & Environmental Studies helped to inform design standards for
thebioswales thatwillbeinstalled indowntown New Haventoaddressfloodingand
water quality issues.
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Strategy 1

Citiesin HotWater. Inspring 2016, this capstone course was co-taughtat the Yale
School of Forestry & Environmental Studies by Professor Xuhui Leeand Associate
DeanBrad Gentry. Students worked in groups to assess the biophysical threats and
social impacts of climate change, including flooding in New Haven, providing policy
recommendations for the city’s new Hazard Mitigation Plan.

Moving Forward

The following section describes strategies toward the University’s immediate storm-
water management goals and longer-term vision for active and adaptive stormwater
stewardship. These strategies build on the progress and analyses made since the
Sustainable Stormwater Management Plan 2013-2016 and provideacoherentand
flexible framework for futureactivities.

ImPrOve DAtA qUALItY relAteD tO CAmPUS StOrmWAter mANAGemeNt
Consolidate campusinformation that relates to therisks and opportunities presented by
stormwater on campus. Conduct testing and analysis toimprove our understanding of storm-
water impact on campus andbeyond.

During the past three years, various research projects at Yale have expanded our
understanding of stormwater management issues and techniques on campus. We are
planning to continue efforts to improve our understanding of stormwater challenges
and opportunities through the following tactics:

Index stormwater management practices and impacts on both capital and operational
projects completed at Yale beginning in 2012 through 2020.

Consolidate existing information within operations about priority flooding locations
on campus into one accessible document.

Createand implementastormwater quality testing program forcampus thatis man-
aged by eH&S.

Create a comprehensive master plan that provides a detailed view of stormwater
management challenges and opportunities on campus.

Toincrease our understanding of currentstormwatermanagementoncampus, Yale
should begin indexing stormwater management practices on capital projects at Yale.
The 2012 timeline is chosen to align with local efforts. Under the 2017 MS4 General
Permit, municipalities are required to annually track the total acreage of Directly
Connected Impervious Areas (DCIA) thatis disconnected from theMS4 as aresult
of redevelopment or retrofit projects within their municipality. Impervious surfaces
areconsidered disconnected when the required portion of stormwateris retained
through infiltration or reused for other purposes withouta surface or storm sewer
discharge.20 Starting on July 1,2021, municipalities shall reduce 1% of their total
DCIAacreageperyeartothemaximumextentpossible,incorporatingall DCIA dis-
connections thatoccurred in the city since July 1,2012. Tracking stormwater projects
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Strategy 2

will provide a comprehensive view of stormwater practices implemented at Yale on
aproject-by-projectbasis, providing datato considerholisticimpactsofindividual
projects over time.

Currently, flooding at Yale is managed in anticipation of and in response to acute
weather events. Information regarding flooding sites and strategies on campus is
generally shared across multiple operational teams. Toadvise future planning efforts
and choose priority locations for flood mitigation, the information needs to be con-
solidated into one document thatcan beaccessed by necessary University personnel
and used to inform master planning efforts.

Tobetter understand the impact of stormwater runoff from Yale’s campus, a storm-
water quality testing program willneed tobeinitiated. eH&S willchooseseveral test-
ing sites each year. The information will better guide our understanding of priority
areas to mitigate stormwater and pollutants to target.

Finally, the University willtake thenecessary stepstoengagea third-party consultant
to comprehensively assess and prioritize issues and opportunities for proactivestorm-
water management. This would provide a capital and operational road map with
cost/benefitanalysis perstrategy and list of sites thatmay beimplemented over time.

StrAteGY 2: AIIGN DeSIGN StANDArDS AND PIANNING DOCUmeNtS
Update existing design standards and planning documents specifying preference for low-
impact development (LID) and green infrastructure.

Yaleshallimplementstormwater managementstrategies following afundamental
order of priority: (1) infiltration of stormwater whereitfalls, (2) storageforinfil-
tration or reuse, (3) temporary detention and gradual release of stormwater to the
storm sewer, and (4) temporary detentionand gradualrelease of stormwater to the
combined storm and sewer system. In doing so, Yale will take a holisticapproach in
meeting the specified regulations by developing multi-project strategies, considering
the best possible options to reduce stormwater runoff.

Yale will continue its commitment to leeD v4 requirements, specifically following
therecommendations of credit SSc4 Rainwater Management. Toachieve Option1,
Path1, of SSc4 (2 points), runoff from the developed site for the 95th percentile (~1.4
inches)of regional orlocalrainfall events hastobemanaged using1ID and green
infrastructure. Toachieve Option1, Path2, of SSc4 (3 points), runoff from the 98th
percentile (~2.16inches) of regional orlocalrainfallevents needs tobemanaged
usinglID or greeninfrastructure. Toachieve Option1, Path3, of SSc4 for zerolot
line projects only (3 points), runoff from the 85th percentile (~0.76”) would need
to be managed using 1ID or green infrastructure. Option 2 of SSc4 (3 points) can be
achieved by managing onsite theannual increase in runoff volumefrom the natural
land cover condition to the post developed condition.

Future projects, including those designated as Comprehensive Scope, Limited Scope,
and SmallScope, willbeexecuted inaccordance with designstandardsand planning
documents updated with stormwater management goals. Sections of Division 15 of the
Yale Design Standards for Capital Projects were updated inspring 2016 and will con-
tinuetobeupdated toreflectrequirements forstormwatermanagementasitevolves.
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Strategy 3

Strategy 4

Yaleintendstoincorporatealllessonslearned to date, standards, and guidelinesin
the update and adoption of High Performance Design Standards by 2019 inaccor-
dance with the Yale Sustainability Plan 2025.

ImPlemeNt StOrmWAter mANAGemeNt PrOjeCtS ON CAmPUS
Implement stormwater management techniques on campuswith apreference for LID and
green infrastructure projects to reduce impervious surface on campus.

Yaleseekstomanagetherunoff fromitsimperviousareas oncampus toreduce
stormwater pollution and local flooding. Impervious surfaces increase the amount of
stormwaterrunofffromasite, decreaseinfiltrationand groundwaterrecharge, alter
natural drainage patterns, and reduce the ability of natural pollutant removal mecha-
nisms.21 Yale should reduce its impervious cover through the following tactics:

Beyond meeting retention requirements, major capital projects shall explicitly con-
sider and assess opportunities for innovative stormwater management.

Implement green infrastructure projects outside of capital projects that reduce imper-
vious surface on campus by 45,000 square feet by fiscal year 2020.

Yalehas significant opportunities to design, install,and demonstrateimpactof green
infrastructureforstormwater managementacrossits capital program.Major capital
projects with applicable retention requirements can go beyond those requirements by
installinginnovative technology, monitoring impacts, orretaining greater volumes
of water. Eachmajor capital projectwillformally assesssuch opportunitiesmoving
forward.

Moreover, oneof the goals outlined in NHCSF is an update to the stormwater section
of New Haven's Zoning Ordinance. Formally assessing innovative stormwater man-
agement opportunities will help prepare Yale for an increased retention requirement
that supports vegetation-based infiltration systems.

Inaddition, a series of projects will be formulated and implemented with a goal of
reducing impervious surfaces on campus by 45,000 square feet collectively by 2020.
This goalincludes disconnected impervious areas, and projects include bioswales,
downspout disconnections, porous pavement, and rain gardens. These and other
examples of greeninfrastructurecanlowerfloodrisk, replenish groundwater
reserves, reduce the urban heat island effect, lower building energy demands, protect
water resources, limit erosion, and reduce stress on municipal sewer systems.22 More
details on green infrastructure options are listed in Appendix B in the Yale Sustain-
able Stormwater ManagementPlan 2013-2016. A Yale planner and projectmanager
will be assigned to direct these activities.

Further, Yale plans to create opportunities for academic engagement in analyzing,
monitoring, and implementing stormwater techniques on campus.

ADAPt mANAGemeNt P1AN GOAILS
Identifyprogressivestormwater management goals by 2020in alignmentwithmunicipal,
regional, and state priorities and share lessons learned.
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As we improve our understanding of stormwater on campus, we will update our
goals and strategies accordingly. Through academic research, we will have more
applied knowledge for increasing the effectiveness of novel stormwater technologies
on campus. Through local efforts and campus pilot projects, we will learn how to
bestimplementand maintain greeninfrastructure, and measurelong-termimpact.
Working closely with New Haven and surrounding cities, we will share prioritiesand
lessons learned to the benefit of the region as a whole.

Moreover, the University intends to address stormwater management priorities in
the Campus Resilience Plan as part of the Yale Sustainability Plan 2025. This series of
documents will comprehensively address campus issues and preparation for climate
change adaptation, including extreme weather events.

Conclusion

Yale is committed to enhancing human health, biodiversity, and environmental vital-
ity by developing innovative approaches toland and water management. This plan
serves as a guide for future academic and operational projects, and provides priorities
for the establishment of Yale’s High Performance Design Standards and Campus
Resilience Plan. Yalewill continue to align withlocal and regional efforts throughan
adaptive managementapproach, inan efforttoreduce theimpacts of its stormwater
runoff.
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Introduction

In2010, Yale University’s Ococe of Sustainability released the Sustainability Stra-
tegic Plan 2010-2013. This comprehensive sustainability planning document
identifiedavariety of goalsand projectsrelated tocampussystems,administrative
systems, earth systems, education, and engagement that, once adopted, would
enhance Yale’'scommitmenttomaintainingasustainablecampus.Included within
thecampussystems goalswasadesiretomovetheuniversity beyondaroleof
compliance toward proactive and responsible environmental management. As one
aspect of Yale’sfocus on reducing its environmental impact, the task force estab-
lished a goal toreduce theimpact of stormwater runoff from the campusand Yale
University’s properties. Specifically, the plansetthe goal of developing “aUniver-
sity-wide stormwater discharge reduction goal and strategy by 2013” by completing
“a comprehensive assessment of campus stormwater runoff by characterizing and
digitizing watershed surface conditions and features that lead to flow characteristics
(i.e., pavement, grass, garden).”

The Sustainable Stormwater Management Plan of 2013 is the response to the Sus-
tainability Strategic Plan goal and will serve as the first step toward a campus that
comprehensively manages stormwater through the use of green infrastructure.
For the purposes of this plan, the term green infrastructureis defined as any tactic
or system that slows and / or reduces the flow of stormwater into a sewer system.
Included in this definition are both engineered vegetated landscape systems that
temporarily store, treat, and / or infiltrate stormwater into the ground as well as
more structural techniques such as disconnecting direct connections to the sewer
system and decentralized stormwater storage throughrain barrels and cisterns.
The Sustainable Stormwater Management Plan presents an overarching vision
for campus designand operations and defines interim strategies for activities that
position the university to address proactively this growing environmental and
public health issue.

The Importance of Mitigating the Stormwater Impact in New Haven

Yale University’s 1,046-acre campus includes academic, residential, and administra-
tionbuildings, laboratories, greenspaces, sportsfields, and a golf course. Within
itsboundariesaremore than fivemillion square feet of roof area that,along with
other paved surfaces on campus, cover 55 percent of Yale University’s total property.!
Whenrain falls onto theseroofs, roads, walkways, and parking lots, thesurfaces
create an impervious barrier that prevents rainfall from infiltrating into the ground
andinstead transformsitinto stormwater runoff that flows off these surfacesand
into the city of New Haven’s sewer system.

Becausethecampusisspread across thecity of New Haven, portions of the storm-
water runofffrom thecampus drainto New Haven'stwo differentsewersystems.
Someportionsof New Haven'ssewersystemcontainareaswherethesanitary and
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Figure 1: The Distribution of Yale University Across Watersheds



stormwater flow inonepipe, knownasacombined system. Otherareas within the
city draintoasewer system wheresanitary flowsand stormwater flowsaresepa-
rated into two pipes, known as a separate storm sewer system.

Inaddition to being spread across different ty pes of sewer systems, Yale’s prop-
erty lies within four watersheds: Mill River, West River, Beaver Pond, and New
Haven Harbor, as shown in Figure 1. The stormwater runoff from Yale Univer-
sity’s property thatdrains to the separatesystemareasflows intothestormwater
sewersand discharges directly into oneof thefourwaterwayswithouttreatment.
The stormwater runoff draining to the combined sewer system in New Haven
will generally drain to the Greater New Haven Water Pollution Control Author-
ity (GNHWPCA)'s East Shore Water Pollution AbatementFacility for treatment
and eventual discharge into the Long Island Sound. However, under certainstorm
events that create greater stormwater volumes, the runoff will overload the convey-
ancesystem, causing thecombined sewagetooverflow intoone of thewaterways
through structures called combined sewer overflows (CSOs).

Because of these CSOs, each year, 257 million gallons of combined sewage contain-
ing chemicals, heavy metals,and human waste flow into these waterways, witha
negativeeffecton thehealth of the ecosystemsand the potential for publicrecreation
(GNHWPCA 2012). Even withoutthe CSOs, the untreated stormwater that drains to
waterwaysthroughthe sewersin theseparatestormsewer systemcarries withit the
contaminants of theimpervious surfacesit flowed over beforeentering the sewers,
assummarized in Table1. The contamination in the waterwaysis the directresult of
stormwater runoff from the city’s impervious surfaces, including the campus’s imper-
viousareas, overloading the city’scombined and separate storm sewer systems.

Table 1: Sources and Impacts of Stormwater Pollutants

pollutant source effects

Trash Plastic bags, six-pack rings, Can choke or cause physical damage
bottles, cigarette butts to aquatic animals and fish

Sediment Construction, unpaved areas, Increases turbidity, making it dicocult
erosion for aquatic plants to grow

Metals, Pesticides, | Vehicle parts, emissions, and Toxic to aquatic organisms; can

Solvents fluids; household products accumulate in sediments and fish

tissues

Nutrients Vehicle emissions, atmospheric Creates algal blooms that decrease
deposition aquatic oxygen available to organisms

Bacteria Exposure to sewage in Human health hazards, often making
combined sewer systems beach closures necessary

Sources: Lukes and Kloss (2008); U.S. Environmental Protection Agency (2013).
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TheApproachto Stormwater
Mitigation in the United
Statesand Connecticut

Because the City of New Haven and the GNHWPCA own the underground network
of sewers, theroadways throughout campus, and the associated catch basins, Yale
University’s authority for reducing its environmental impact associated with storm-
water issues at this point will likely not include changes or upgrades to the sewer
systems. Instead, Yalehas the opportunity toleverageitsextensive property tolook
for potential ways tomanage stormwater. The opportunity for Yaletoreduceitsen-
vironmental impact through stormwater management is instead to implement green
infrastructure systems that slow or reduce the runoff from its surfaces in the first place.

Mitigating theimpacts of stormwaterrunoffisnotonly anissuein New Haven —
green infrastructure is being implemented more and more as a solutionthroughout
the United States. In recent decades, the U.S. Environmental Protection Agency
(EPA)hasincreased itsenforcementofregulationstoprotect U.S.waterways
from the impacts of CSOs. As part of this work, cities across the United States are
being required to substantially reduce and/or eliminate their CSOs. Thetraditional
response to managing CSOs has been to incorporateimmense storage tanks and
tunnels to temporarily store combined sewage until a treatment plantcan treat
the water or to separate combined systems. These tactics are oftenreferred to as
“gray” infrastructure. For thescalenecessary tomeetEPA’scurrentrequirements,
these system solutions require both underground construction and extensive space,
requiring enormous capital to construct.

Toreduce the expense of upgrading currentsystems torespond to these regula-
tions, many cities have looked for more cost-effective alternatives toreduce the
amount of gray infrastructure needed while achieving the same result. Substituting
greeninfrastructure for gray infrastructure has been found to costless per gallon
of stormwater treated by providing the benefit of temporarily storing, treating,
and infiltrating stormwater where it falls, resulting in less stormwater entering the
sewer systems. Cities including New York City, Philadelphia, and Washington, DC,
haveallnegotiated with the U.S. Environmental Protection Agency (EPA)toadapt
their CSO management plans, called Long Term Control Plans, to include signifi-
cantinvestmentingreeninfrastructure. These plansand furtherinformationon the
currentstate of stormwater managementin the United States and Connecticutare
described in AppendixA.

Citiesarealsofindingthatthesegreeninfrastructuresystemsofferadditional
benefits beyond their ability to manage stormwater. In general, the green infra-
structuretechniques thatincludenaturallandscapes have beenshown toincrease
theresiliency of cities against the anticipated effects of climate change by reducing
urban temperatures and cleaning the air. The techniques also increase infiltra-
tion, which canreplenish groundwaterreserves (U.S.EPA 2013). Thereare several
social benefits to greeninfrastructureas well. Treesand green spaceincrease prop-



Recognize Stormwater
as aResource

Prioritize Restorationof
Watershed Function

erty values, calm tracoc, and reduce crime (U.S. EPA 2013). By incorporating green
infrastructure into the urban fabric, cities and universities can take advantage of
theopportunity todriverevitalization,improvequality oflife,and reduceenviron-
mental risk (U.S. EPA2013).

Within New Haven, GNHWPCA’s CSO management approach includes both
sewer separation and treatment plantexpansion to increase storage capacity for
combined sewage. The authority that enforces the U.S. EPA’s CSO management
regulations, the ConnecticutDepartmentof Energy and Environmental Protection
(DEEP), provides funding for these tactics and in so doing incentives GNHWPCA's
current CSOmanagementapproach. Likecities across the United States, itis likely
that New Haven will continue to be pressured to improve its CSOmanagement,
and theseapproachesmaynotbeenough. AsNewHaven'slargestlandowner, Yale
hasthe opportunity to meetits goal of reducing its environmental impact while
serving asaleaderin thecommunity and assisting the City of New Havenin mov-
ing toward its goals for CSO management.

Sustainable Stormwater Management Principles

Yale University envisions a campus where stormwater runoff is reduced sustainably
through greeninfrastructure. Tomove toward this vision, this planadvocates for
investmentingreeninfrastructureinacomprehensivemanner throughout Yale’s
campus. The following principles, adapted from Pennsylvania’s Department of
Environmental Protection (Pennsylvania Departmentof Environmental Protec-
tion2006), will guide Yale’sapproach tosustainable stormwater managementon
campusandareintended forboth theinitial phases of understanding stormwater
oncampus as well as the future goal setting and strategies to be defined in 2016.
Further, they supportthe sustainability values reflected in Yale’s Sustainability
Strategic Plansand areinalignmentwith thePlanning Principles stated in the2013
Sustainability Supplementto the Framework for CampusPlanning. The Sustain-
able Stormwater Management Principles are as follows:

Stormuwater has great impact on the health and economicvitality of the campus, the region,
and theenvironment. Yaleshall manage stormwaterasaresourcein order toenhance
itspositiveeffectson theenvironmentand toreduceassociatedrisks to Yaleassets and
infrastructure.

Wiatershed function is restored with low-impact stormwater management strategies,
including natural features, landscapes, and green infrastructure systems. Yale shall imple-
ment stormwater management strategies following a fundamental order of priority: first
infiltration of stormwater whereit falls, then storage for infiltration or reuse, and finally
temporary detention and gradual release of stormwater to New Haven's combined and
Separate storm sewer systems.
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Promote Stormwater
Research

Incorporate Adaptive
Management

Sustainable stormwater management offers andnecessitates robust research and educa-
tional opportunities for students and faculty. Yale shall encourage university-wide partici-
pation and stewardship of stormwater management strategies on campus.

Datagathered by surveying campusinfrastructure, monitoring stormwater discharge,
and modeling campus performanceprovide afoundation for futuregoal setting. Yaleshall
committo collecting data, sharing data, and using an iterative decision-making process for
ongoing stormwater management.

With a vision of moving the campus away from compliance and toward reducing
the campus’s stormwater runoff impact using green infrastructure techniques,
Yale University intends tosetaspecific quantitative goal similar to the green
infrastructure goal set by New York City in 2010 (NYC Department of Environ-
mental Protection, n.d.): “Capture the first inch of rainfall on 10% of the impervi-
ous areas in combined sewer watersheds through detention or infiltration tech-
niques over 20 years.”

ToachievetheNew York City goalatYale, theuniversity would need toman-
ageapproximately onemillion gallons of stormwater runoff fromitsimpervious
surfaces®or, for example, the first inch of rainfall from1/3 of its 5.2 million square
feet of roof space. At this point, little is known about the level of work and capital
necessary to achieve a goal of this magnitude. Before committing to a goal that at
this time may be unachievable, Yale must build its understanding of green infra-
structure techniques oncampus, and with thatknowledge seta goalin 2016.

Creating this knowledge base can be accomplished through the implementation

of a combination of engineered, vegetated landscape techniques that include rain
gardens, bioswales, enhanced treepits,and greenroofsorthrough thestructural
techniques that include downspout disconnection, rain barrels, cisterns, blue roofs,
infiltration trenches, and pervious pavement. Descriptions of these potential green
infrastructure techniques and information on their associated design considerations
are included in Appendix B.

This plan advocates for an adaptive management approach for stormwater manage-
ment. Each phase of the stormwater runoff mitigation effort beginning with this
plan’s strategies is intended to build off the previous phases” work. The intent of
this plan is to serve as the groundwork for sustainable stormwater management
oncampus withsubsequentplansincorporating theknowledgegained over the
next three years. The recommended process to achieve this adaptive management
approach is further explained in Appendix C.



Summary of
Previous Analysis

Baseline Analysis
ofStormwater
Runoff on Campus

Previous Analysis for Stormwater Planning at Yale

This planistheresultof multipleyears of analysis, including significanteffort
duringthe2012-2013academicyear, tocreate thenecessaryinformationand
understanding for completing thefirst sustainable stormwater managementplan
for Yale University.

Forthepastseveralyears,students, faculty,and staffhaveinvestigated stormwater
fromvariousperspectives. Thatanalysisbothhelped inthecreationof thisplanand
haspotential forinforming future efforts onstormwater managementon campus
and in New Haven. Figure 2 provides anillustration of the individuals and high-
lights their contributions.

Of particularnote, during the spring semester of 2013, thirteen graduatestudents
inthe YaleSchool of Forestry and Environmental Studies master’s program par-
ticipated inaseminar class focused on creating the necessary analysis to finalize
portions of this plan. The class served as the second iteration of an examination of
Yale’scampusforacapstoneprojectclass, wherein2011thefirstclassexamined the
campus through thelens of ecosystemservices. Through thestudy of cities pursu-
ing green infrastructure as a response to combined sewer and stormwater manage-
ment, membersoftheclassprovidedimportantinsightsand recommendationson
project ideas, maintenance, monitoring, university design standards, and potential
for partnerships in the development of a green infrastructure implementation pro-
gram for Yale. Thatanalysisis included as the appendixes to this plan.

Tobetter understand the relationship between stormwater and thecampus, a
stormwaterrunoffmodelwasdeveloped during the2012-2013 academicyear
torepresentand estimate,atabasiclevel, theimpactof stormwater runoff from
Yale’s campus. For this effort, Yale’s property was divided into basins representing
theareas draining tospecificsewers. Thesmall spatial scale of theseareas, called
subcatchments, allowsforabetterrepresentation of stormwaterrunoffinagiven
area by including the various differences in surface characteristics (slope, area, and
percent imperviousness) from parcel to parcel.

Forthepurposesofthisinitialestimation effort, Yale University chose EPA’sStorm
Water Management Model (SWMM) Version 5.0 as the modeling software due
toits simplicity andreliability. Foreach of the 63 total subcatchments constituting
the campus, surface characteristics including slope, area, and percent impervious-
nessareused to estimate the volume and flow rate of runoff intoastorm drain fora
given rainfall event. Additionally, a representation of the conveyance system (either
combined or separate storm sewers) was modeled to give insight into the runoff
capacity and vulnerability to flooding at various points in the network. Figure 3
illustrates thesubcatchments thatmake up the campus. The specific type of sewer
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Figure 2: Summary of the Previous Analysis and the Associated Contributors

yale university student research
Student Stormwater Research

Stormwater Analysis of Yale University Campus—
Aram Marks (M.Arch and M.E.M. 2010)

Stormwater Management Using Vacant Lots in
New Haven, CT—Hazel Scher (B.S. Environmental
Studies 2011)

Closing the Loop: Alternative Land Management
Practices at Yale—Emily Stevenson (M.Esc.2011)
“Sustainable Stormwater Management”

(presentation)—Valerie Fuchs (Postdoctoral
student 2010-2011) and Joan Suris Miret (Office of
Sustainability SummerFellow)

Examining the Efficacy of Connecticut Constructed
Wetlands as an Urban Stormwater Best Management
Practice—Lisa Weber (M.Esc. 2013)

J

yale university operations

Office of Facilities
- Grounds Maintenance
- Utilities & Engineering
- University Planning
- Sustainablelnitiatives
Office of Sustainability

Environmental Health and Safety

!

new haven initiatives

yale university initiatives

Urban Meadows, No Mow Zones

Stormwater Credits Achieved Through LEED Building
Campus Tree Inventory (Fall 2012)

Initial Assessment of the Yale Swale (September 2012)

Campus Tree Management Plan (201 3)

2011PaymentsforEcosystem Service Class Reports
Aesthetics and Ecosystem Services at Yale
Ecosystem Services and Water at Yale

The Role of Ecosystem Services and Campus
Climate at Yale

Pursuing Biodiversity as an Ecosystem Service:
A Guiding Framework for Yale

An Ecosystem Service Plan for Yale’s Central Campus

Ecosystem Services Plan: Yale University School
of Medicine Campus

Science Hill: Managing for Ecosystem Services

l

yale university research centers
Center for Green Engineering

Julie Zimmerman and Paul Anastas

Hixon Center of Urban Ecology

Colleen Murphy-Dunning and Gaboury Benoit
Urban Ecology and Design Lab

Alex Felson

Anisfeld Lab

Shimon Anisfeld

Class on Payments for Ecosystem Services
Mark Ashton and Bradford Gentry

l

Green Infrastructure Feasibility Scan for New Haven and Bridgeport, CT (January 2012)

Connecticut Fund for the Environment’s Save the Sound

City of New Haven

Greater New Haven Water Pollution Control Authority

Hazen and Sawyer



Figure 3: Campus Division into Subcatchments by Sewer Drainage Type

Yale Campus: Sewer System Type
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Documenting Yale
University’s Existing
Stormwater Assets

systemthateachsubcatchmentdrainstoisalsoshown. Thepartially seweredareas
indicate that the combined sewers have been separated into storm and sanitary sew-
ers butthattheroof downspoutsstillare connected to the combined sewers.
Witharepresentation of Yale’scampus and the associated sewer data, the model
wasrunwithadesignrainfalleventtorepresentatypicalstormeventthatthisarea
mightexperience during the year. Preliminary results were obtained from these
runstohelpunderstand theareas of campusthatcause thegreatestrunoff.

Figure4A and Figure4Bshow twomaps.Figure4A illustratestherelative slope

of thesubcatchments compared witheachother. Asexpected, theslopesfoundin
thesubcatchments thatcontain Science Hillare greater compared with therestof
campus. These higher slopes would likely cause greater runoff because of stormwa-
termore quickly moving downtheslopes. Figure4Bshows the preliminary results
ofthemodel, throughanillustration of relativerunoff volumeassociated witheach
subcatchment. Themodelresults arelargely based onhow impervious each sub-
catchmentis. Thesubcatchments thathavegreaterimperviousareas tend toresult
inmorerunoff. Asexpected, both Central Campusand theMedical Campus, which
arebothheavily paved, have the highestrelative runoff from thesubcatchments
associated with them.

TheSWMM softwareisnotspatially oriented and doesnotintegrate directly with
GIS. Additionally, the current model simplifies many of the surface and subsurface
characteristics of the stormwater runoff system. Although themodelrepresents
runoff dynamics on Yale’scampusatabasiclevel, withoutuse of asoftware thatis
spatially oriented and properly calibrated, results at this time are unlikely to have a
highlevel of accuracy. Though theresults donotaccurately estimate runoffat this
point, whatisimportant tonoteis thatitis likely that Science Hill's steepness and
Central Campus’s and Medical Campus’s imperviousness have the greatest contri-
butions of stormwater runoff to the sewer system. It is recommended thatinitial
efforts be focused on one of these areas tohave the greatestimpact. A summary
of the current model and recommendations on how to improve its accuracy are
included as Appendix D.

Though this planservesas thedevelopment of a firstcomprehensive stormwater
strategy, Yalehas already taken steps toward managing its stormwater through
various green infrastructure systems, including incorporating stormwater manage-
mentintonew building construction and landscapes. Itisimportant todocument
existing green infrastructure already on campus as Yale continues to expand its
portfolio of greeninfrastructuresystems. Thesystems currently in placeinclude
stormwater storage tanks, greenroofs, no-mow zones, drywells, vegetated filter
strips, abioswale, a preserved wetland areareferred to as the YaleSwale, and the
YaleSustainable Food Project, whichis included because of its urban agriculture
component.Eachfeaturecontributesinsomeway tousingorstoring thestormwa-
ter that falls on campus.
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Figure 4A: Relative Runoff Volume by Subctachment
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Figure 4B: Relative Runoff Volume by Subctachment
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Figure5A: Approximate Locationsof Yale University’s Stormwater Assets (Central and
Medical Campuses)

Source: Yale University LEED Building Submittal Database. Viewed May 2013.
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Figure5B: Approximate Locationsof Yale University’s Stormuwater Assets (Science Hill
and Divinity Campuses)

Source: Yale University LEED Building Submittal Database. Viewed May 2013.
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Figure5A and Figure5B show thespecific typesand theapproximatelocations of
each of these systems. As part of Yale’s planning efforts, these assets should con-
tinuetobemaintained and monitored tolearnmoreabouteachasset’s contribution
tomanagingcampusstormwaterinacomprehensiveandresponsibleway.

Based solely on theknown volumeattributed to the storage tanks, Yale currently
has42,500gallons of storage volumeused topreventstormwaterfromentering the
sewers each year.

Beyond thestructuraland engineered systemsthat Yalehasputinplace, Yalemain-
tains over 2,000 trees on its campus. Using theresults fromatree survey conducted
infall of 2012 by the Urban Resources Initiative, itis estimated that the trees found
on Yale’s campus help prevent over seven million gallons of stormwater from enter-
ing the sewer system each year.?

Sustainable Stormwater Management Strategies

From the work thus far in the development of this plan, we donotyethaveacom-
pleteunderstanding of the volume of stormwater runoff from campus property
created fromstormeventsand howitcanbemanaged. Withoutthisunderstanding
itis dicocultto setaninformed quantitativereduction goal. Tomove toward setting
thistypeofgoal, this planidentifiesactionablestrategies toinvestigatestormwater
impacts on the campus. These strategies are intended to educate university staff and
positionthe university toconfidently defineareductiongoalin2016. Thegoalsand
strategies will be revisited at regular intervals as part of an adaptive stormwater man-
agement approach described in Appendix C. This adaptive approach creates flexibil-
ity tomake adjustments as greater knowledge is gained.

The following lists the strategies for 2013-2016 that will help Yale establishan
improved understanding of the potential for green infrastructure on campus and
allow the university tocomprehensively manageits stormwaterin the future:

Strategy 1 Establishanimproved baselineunderstanding of stormwateroncampus.
Strategy 2 Investigate the potential of green infrastructure techniques on campus.

Strategy 3 Integrate sustainable stormwater management into Yale University’s
design and planning standards.

Strategy 4 Develop themanagementplan goal(s) usinginformation gathered
through the 2013-2016plan.

Yale University Sustainable Stormwater Management Plan 2013-2016 17



Strategy 1

The following further describes these strategies.

Establish an improved baseline understanding of stormwater on campus

Improve the current stormwater runoff model to create a baseline of the quantity of
stormwater runoffon campus. Measure theimpactof theexisting greeninfrastructure
on campus.

Tounderstand the quantity of stormwater runoff from the campus thatneeds tobe
managed, theinitial strategy for thismanagementplanis to create a baseline of the
stormwater existing conditionsin terms of runoffand itsmanagementoncampus.
This strategy will focus on the following two tactics:

TacticA Update the stormwater runoff model to include all of Yale University’s
properties and calibrate the model with sewer system flow-monitoring data.

Tactic B Install monitoring equipment to monitor the existing green infrastruc-
ture projects on campus and collect data to understand their impact.

Thestormwaterrunoff modeldevelopedinthe2012-2013academicyearserved
as a first step toward estimating the stormwater volume created by the impervious
surfaces oncampus. The efforthelped identify gapsin dataand identify current
high-runoff-creating areas of campus. Though this wasanimportant firststep, a
more comprehensiveand accuratemodel willbeneeded in thenextphase of the
management plan to help Yale University createa reduction goal.

With the pilot projectwork of Strategy 2, performance data on greeninfrastructure
can be incorporated into themodel to use itas a planning tool to estimate how the
implementation of greeninfrastructureinacomprehensiveway willinfluence the
baseline. Beforethe modelcanbe used in this way,however, thestormwater runoff
model should be improved to help plan stormwater management at a campus level.
In the coming years, the model should includeall of Yale’s properties tolead toan
improved understanding of the stormwater baseline. Itisrecommended that Yale
investinmodelsoftwarethatisintegrated withGIStospatiallyand moreaccurately
estimate the runoff quantities associated with eacharea. Additionally, themodel
should becalibrated withrealsewerflow datatocheck thatthemodel simulates the
conditions found during rain events. Morespecific information on recommenda-
tions for improving the current model is included as Appendix D.

Thebaselinemodelshould include theprojects oncampus thathavealready been
implemented, including thestormwaterassets described above. Toincludethese,
the projects willneed to be monitored tounderstand the quantity of stormwater
reduced by each project. Monitoring equipmentshould be installed and data col-
lected to understand how stormwater is reduced by these projects. The data should
be incorporated into the baseline.

18



Strategy2 Investigate the potential of green infrastructure on campus

Implementagreeninfrastructurepilotingprogram to collect dataon the performance of the
projects on campus. Survey and document campus roof drains by June 30, 2014. Createa
plan that will phase implementation of projects that disconnect campus roof drains incor-
porating green infrastructuretechnologies.

Beforecomprehensively implementing greeninfrastructure oncampus, Yalemust
understand if theinvestmentingreeninfrastructurewillresultinsignificant
reductions in stormwater runoff. This strategy will be approached with the fol-
lowing tactics:

TacticA  Create a pilot program to implement green infrastructure, monitor its
progress, and understand its maintenance needs.

TacticB  Surveyroof downspoutsfrombuildings on campusand createaplan
to disconnect the downspouts and incorporate pilot green infrastructure projects,
when possible.

Because the performance of green infrastructure techniques is site- and region-
specific, Yale University will need to pilot green infrastructure projects on campus
todemonstratethepotential forthesystems. Tothatend, Yalewillcreatea pilot
program that tests an array of technologies on campus. Analysis and recommen-
dations for the locations and types of potential green infrastructure projects are
included as AppendixE.

Yaleseeks tomanage the runoff fromitsimpervious areas on campus. Toachieve

this, Yalewillinvestigate how to manage stormwater runoff from one of the cam-
pus’s main impervious surfaces, the roofs of Yale’s buildings, while simultaneously
testing potential greeninfrastructure options. Many of theroof drains at Yaleare

directly connected to New Haven’s sanitary and combined sewer system, posing a
risk for CSOsevenin areas where the storm sewershave beenseparated from the

sanitary sewers.

Identifyingand disconnectingdownspoutswheredirectdrainagetoasewerisnot
necessary willreduce Yale’sstormwater footprintand provide opportunities for
capturingand using stormwater forirrigation purposes. Recommendationsand
analysis on how to implement such a program, including conducting a downspout
survey and prioritizing disconnections, are included as Appendix F. Constructing
green infrastructure pilot projects, as part of the downspout disconnectionstrategy
and thepilot program, willreduce potential for runoff to create new problems as
well as help identify effective site-specific green infrastructure technologies.

Once thepilots are constructed, the projects should be monitored to better under-
stand thepredicted performance. During thedesignof these pilots, consideration
should begiventothemethodsand instrumentation for monitoring the sites once
the projects are in place. Recommendations on how this type of monitoring pro-
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Strategy 3

Strategy 4

gram could be organized are provided as Appendix G. During design, consideration
should alsobegiventohow thepilot projectsand future projects willbe main-
tained. AppendixHoffersideasonhowmaintenanceofgreeninfrastructurecanbe
incorporated into the operations of Yale’scampus, through both current grounds
maintenanceand thefurther developmentof Yale’scampusasalivinglaboratory,
where students and faculty can use the campus for research.

Integrate stormwater management into Yale’s design and planning standards

Develop campus design standards and maintenance policies that specify preference for green
infrastructure and reductions in stormwater runoff.

Aspartofimplementing sustainable stormwatermanagementoncampus, future
projects should consider how the development of the project site can be used to
achieve enhanced stormwater management, including any renovation projects. The
incorporation of sustainable stormwater managementtechniquesand practices
into the design standards and maintenance of Yale’s campus will ensure stormwater
mitigationisaddressed innew and current project development. Recommenda-
tionsand analysis forhow these goals mightbe achieved are provided as Appen-
dixes H and 1.

Adapt management plan goals using information gathered
Identify next progressive stormwater management goal by June 30, 2016.

TheSustainable Stormwater ManagementPlanis designed toinitiatean adaptive
anditerative processtoreduce theimpactofstormwater on Yale’'scampus. Assus-
tainable stormwater management principles are incorporated into the university’s
managementstrategy, it willbeimportantto periodically assessand revisestorm-
water management goals, as part of the recommended adaptive management pro-
cess. In 2016, with a comprehensive understanding of stormwater on campus, Yale
University will be ready to set an informed campus stormwater management goal.

Next Steps for Sustainable Stormwater Management

As Yale moves forward with this vision and the associated strategies, it is important
toconsiderhow tolook foropportunities toimproveits campus-wideknowledge
of stormwater management. In the development of this plan, much of the current
informationisassociated with Central Campusand Science Hill. Moreknowledge
andinformationmustbe gathered aboutthelandscapesand buildingsatthe Medi-
cal Campus, theathleticfacilities, the golf course,and West Campus. During part
ofthenextthreeyears,aspecial effortshould be puttoward gathering information
to include theseareas.
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Beyond acampus understanding, individualand group engagementshould be
incorporated into the continued stormwater management process. Because Yale
University operates through the work of many individualsand departmentsand
interacts with an assortment of students, faculty, staff, and visitors as well as the
City of New Havenand itsresidents, itisimportant to consider theneed to engage
stakeholders as this program moves forward. Many of these individuals and groups
may need toparticipatein themaintenanceand monitoring of theseprojects. Other
individualsmay directly benefitfrom their constructionin thefirst place,asmay be
the case for the City of New Haven.

Partnerships willbe extremely important to the success of this effort,and engag-
ingindividuals whocould beaffected by this work early in thedesign processand
throughouttheimplementation phase will only helpinthatsuccess. Appendix]
highlights thepotential partnerships thatcould beestablished through this work
and how Yale University can play an important role in helping green infrastructure
succeed throughout New Haven, theregion, and the United States.

Conclusion

Yalehas chosen toreduceits environmental impact through mitigating its storm-
water runoff. With this decision, Yalehas the opportunity to be aleaderin sustain-
ablestormwater managementamong universitiesand within thisregion. Thisplan
servesasalfirststepandsets thestageforanadaptivemanagementapproach that
will gradually build on the knowledge gained during each phase of the management
effort. Witheachstormwater planning period, furtherprogress willbemadetoward a
campusthatreducestheimpactofitsstormwaterrunoff on theenvironment.
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Introduction

Faced with stormwater and wastewater management concerns from environ-
mentalregulations, budgetary and capital restrictions, aging infrastructure, and
runoff-producing impervious land cover, cities are looking for less expensive
alternativesto thetraditionalapproach oflarge-scale sewers and storage tanks, or
gray infrastructure. Instead, cities are turning to green infrastructure, or tactics
and systems thatslow and/ or reduce the flow of stormwater into asewer system
foritsability toreduce the costof gray infrastructure while effectively and sustain-
ably managing stormwater. This shift in planning and design away fromlarge,
intensive, and invasive gray infrastructure projects to lower-impact “green” devel-
opment techniques stems from anumber of drivers and trends that fall into three
distinct categories:

Regulatory  Aresultoffederal, regional, state, orlocal policies to protect the integrity of our
nation’s waters.

Economic  Bridging the gap between the costs of effective stormwater and wastewater man-
agement, and limited financial resources.

Social  An outcome of the urban renewal movement to improve community livability.

Moreover,whenevaluatingtheoverarchingdriversand trendsassociated with
implementing green infrastructure, it is necessary to evaluate the time, scale, and
scope of the project.

Theshift from the traditional reliance on gray infrastructure to the emergence of
green infrastructureis critical due to the pervasiveness of gray infrastructure in
mostcities, especially asnearly 80% of Americansliveinurbanareas often charac-
terized by poor public health, economic downturn, and lack of access to recreational
amenitiesand greenspaces (AmericanRiversetal. 2012). With urban population
centers continuing to expand, new infrastructure becoming a necessity tohandle
additional flows, and old infrastructure in need of repair, turning to green infra-
structure techniques has become thenew stormwater management frontier. The
purposeof thisappendixis to discuss thereasons why cities and campusesacross
the country are incorporating green infrastructure in their efforts tosustainably
manage stormwater.

Regulatory Drivers for Increased Stormwater and Combined
Sewer Management

Regulation acts as a cornerstone driver for municipal stormwater management, and
assuchprovides thefoundationformany ofthesubsequentdriversand trends that
lead to current green infrastructure practices.

The major statute governing water quality in the United States is the Clean Water
Act(CWA) 0£1972. The goal of the CW A is to “restore and maintain the chemical,
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Systems Permits

Total Maximum
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physical, and biological integrity of our nation’s waters.”* Toaddress the deleterious
effectmunicipal stormwaterhas onwaterquality inreceiving waterbodies, in1987
Congress added section 402 to the CWA. Section 402 established the National Pol-
lutant Discharge Elimination System (NPDES), permitting programs for storm-
water (National Research Council 2008). A NPDES permit is the main regulatory
actionavailabletolawmakerstoensurethatanypointsourcedischarge,’inthiscase
stormwater discharge from municipal pipes, does not exceed the water quality stan-
dards outlined in the CWA. In 1990, the U.S. Environmental Protection Agency
(EPA)enacted section402 whenitissued the Phase1Stormwater Rules. This
required NPDESpermits for operators of municipal separatestormsewersystems
(MS4s) serving populations over 100,000 and for runoff associated with industry,
includingconstructionsitesfiveacresand larger (National Research Council 2008).
Nearly a decade later, the EPA issued the Phase Il Stormwater Rules, expanding
therequirements for NPDESpermits tosmallMS4s and construction sitesranging
from one to five acres (National Research Council 2008).

Inresponsetothewaterquality concernsfrommunicipalstormwater, theEPA cre-
ated several avenues through which regulators can operate.

The EPA initiated the National Combined Sewer Overflow Control Policy in
1994. This policy contains guidance on how to make combined sewer overflow
(CSO) control as cost effective as possible and outlines a flexible approach to
CSO management. This policy also led to the creation of long-term control plans.
The plans are updated on a regular basis and are ameans to ensure that cities are
making steady progress toward compliance with CWA regulations (U.S. EPA
2002). Nearly 800municipalities across thenationarerequired by the CWA to
reduce and control CSOs.

Polluted stormwater runoff is also commonly transported through MS4s, and often
this municipal runoffis discharged, untreated, intolocal water bodies. In order to
preventharmful pollutants from washing intoanMS4,’ the operators must obtain
anNPDES permitand develop astormwater management program (SWMP) (U.S.
EPA2012). Phase IMS4s (serving over 100,000 individuals) are covered by indi-
vidual permits, whereas Phase Il MS4s are covered by a general permittoreduce
the contamination of stormwater runoff and prohibitillicit discharges.

The CW A requires total maximum daily loads (TMDL) be developed for those
water bodiesidentified asimpaired by astate, territory, or tribe. Watersare des-
ignatedasimpaired becausetheyaretoopolluted, orotherwisedegraded,and do
notmeet the quality standards set by the state, territory, or tribe. The TMDL sets
themaximumamountofapollutantthatthe waterbody canreceiveandstillmeet
applicable water quality standards, as defined under CWA section 303d (U.S. EPA
2013). Essentially, the TMDLis ascience-based plantoensure the water body will
attain and maintain water quality standards.
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Green vs.Gray

Cost-Mitigation Strategies

Thealternativetotheinnovative”green” examplesseeninPhiladelphia, Washing-
ton, DC,and Baltimore has beento continue with the traditional gray infrastructure
approach tostormwater management. One prominentexample s the City of Chi-
cago, which adopted the Tunneland Reservoir Plan (TARP) in 1972 to comply and
meet federal water quality regulations. After major storm events, pumping stations
dewater the vast underground system for treatment before discharge into Lake
Michigan (Metropolitan Water Reclamation District of Greater Chicago 2013). In
design and construction for over 30 years and still not complete, TARP had cost
$3.5 billion as of 2008; this number has continued to rise as the project progresses
(The Robbins Company 2008).

In conclusion, cities like New Haven face two types of regulatory drivers — one
focusing on reducing CSOs, and one focusing on improving the overall quality
of the municipal stormwater being discharged into the receiving water bodies.
One option is to make considerable capital investments to separate the combined
sewer systems or use traditional gray infrastructure, like deep tunnels and cis-
terns, to handle the additional wet weather flows in order to meet these regula-
toryrequirements. However, as detailed above, sustainable stormwatermanage-
ment, focusing onusing greeninfrastructure tomimicnatural processes, has
emerged as a cost-effective, low-impact approach to handling additional flows
and mitigating the deleterious water quality impairments described in the next
section on economic drivers.

The Economic Analysis of Stormwater Infrastructure

Citiesfacefinanciallimitationswhenmanagingstormwater systems tomeet
regulatory requirements for a variety of reasons. The decisions surrounding the
implementation of green versus gray infrastructure projects as means of storm-
water managementtherefore ofteninclude funding, capitalinvestment,and
operating cost considerations. The economic framework behind stormwaterman-
agement, as it pertains to green infrastructure, can be broken down at the macro
level into funding opportunities (carrots) and cost mitigation (sticks), inboth
short- and long-term outlooks.

Gray infrastructure is expensive. On the system level, whether assessing the invest-
mentrequired fornew pipes and storage units tohandle increasing flow, separat-
ing combined sewer systems, or maintaining depreciating, already installed assets,
many municipalitieshavedicoculty procuring the capital necessary to bring struc-
turesuptoregulatory standards. Onthegranularlevel, actionstoreduceflow from
individual properties, such as disconnecting stormwater drainage into sewers, can
be costly and cumbersome; proper disconnection estimates in New Haven can
range as high as $18,000 per property.
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Table 1

social costs

Long-term environmental
degradation

Stormwater management
removed from publicdiscourse —
assetsare “buried” inthe ground

gray green
installation High raw materials and Relatively smaller installments,
costs production costs (concrete, heavy spread across various sites
machinery, etc.) Competing contractors workforce
Opportunity cost of residential/ Fewer residential/commercial
commercial disruptions disruptions
Environmental degradation from Environmental improvement
installation
maintenance Little to no maintenance done Maintenance required regularly,
costs until absolutely necessary, causing | causingsmallerbutmorefrequent
large expenditures when repairs | expenditures
needed Repair costs considered ahead of
Repair costs considered when time — service contracts
repair occurs Under certain conditions, public,
Maintenanceneeds to be doneby nonprofits, and other untrained
trained professionals professionals can maintain
Improper maintenance reduces
functionality
long-term/ Gray assets depreciate over time| Greenassetsappreciateovertime

Co-benefits of green assets help
offset other costs

Public made aware of and
educated about stormwater
management
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Funding Opportunities

Table1helpsfurtherdefineall of thecostsassociated withgreenversus gray infra-
structure projects.

The resulting trends from the costs associated with gray versus green infrastructure
vary inapproach,and Philadelphiaisa greatexample becauseitembodies the full
scale of these approaches in onecity. On one end of the spectrum, Philadelphia is
very plannedand calculating inthe waysitutilizes greeninfrastructure — making
aconcerted efforttomaximize the valueofitsalready installed pipelinesystem by
using greeninfrastructure toreduceflow into the system, thereby reducing depre-
ciation and maintenance costs. On the other end of that spectrum, Philadelphia
employsanopportunisticapproachtodecidingwhereitwillactually installgreen
infrastructure assets —it’s cheaper to make installations where the ground is already
ripped up,sothePhiladelphia Water Department (PWD)will placeretention
basins where other city agencies are breaking ground with the hope thatenough
installments will reach their higher-level goals.

Such approaches allude to more general trends across cities —a trial-and-error
approach todeterminewhich designswork bestat which sitesand to whatextent
theyareeffective,anda“leap offaith” approach thatassumestheexpenditurescit-
iesaremaking now will be succcient to reach the end goals of higher water quality:

ThePWDacknowledgesithas turned togreeninfrastructure because the cost-pro-
hibitivenatureof grayinfrastructurerequirementsleavesitnootherchoice.

The New Haven Water Authority is weary of green expenditure investments with-
outfurtherevidence behind the effectiveness of greeninfrastructure.

New York has already gone through several iterations of bioswale installments and
only now is gathering robust data on effectiveness.

Washington, DC, has putforthaplantomeetregulationby greeninfrastructure
means, butcontingenton the EPA granting a timeline extension for proper pilot
projects to gaugeeffectiveness.

Itisleftuptothecities todevelop andimplementmechanismsto finance their
investments in green infrastructure. From water bills through state revolving funds
(SRF) to stormwater utilities, cities can choose from a variety of options to raise
capital. Because each city is unique in its stormwater management profile and
overallissues,itwillrequiredifferentsolutionsandapproachestocomply withthe
regulations.

InPhiladelphia, forexample, ameter-based billing systemhasbeenin placesince
1968. Using thismethod,commercial properties’stormwaterfeesarebased onthe
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“property’spotable water usage as measured by thesize of the watermeteron the
parcel” (Levin and Valderrama 2012). A key disadvantage of the meter-based mea-
suringis thatthereislittle correlation between the stormwater feeand the volume
of runoff generated by the property (e.g.,a parkinglotmay haveasmall waterbill,
but the magnitude of burden imposed on the municipal stormwater infrastructure
by the runoff generated from the surface is significant).

Tosolve this issue and raise adequate funds to support the investment in storm-
water management,in 2010 the PWD transitioned from a meter-based toa parcel-
based feestructure. Under thenew feestructure, allpublicly and privately owned
properties are billed based on the property’s gross area and impervious surface
area— “afigurethatisdirectly correlated to the volumeof stormwater runoff that
theparcel generates.” The surface-based billing systemallows commercial prop-
erties with smaller meter bills butlarge impervioussurfaces to pay significantly
higher fees. A study by the National Resources Defense Council (NRDC) focused
ontheeffecton thenew billing system on large property owners. According tothe
study,”“ThePhiladelphiaairport, whichusesvery little water butis almostentirely
paved, willseeits monthly stormwater fee raised by $126,000 per month, while the
relatively unpaved University of Pennsylvania campus, which uses a large amount
of waterowing toitshospitaland othercampusfacilities, willsaveapproximately
$11,000 per month on stormwater fees, as compared to the meter-based fee struc-
ture.” The equation below is used to calculate the stormwater charge in Philadelphia
(Philadelphia Water Department,n.d.):

Stormwater Charge = (Gross Area Rate x Gross Area of Property) + (Impervious
Area Rate x Impervious Area of Property)

Anothersourceof fundingforthePWDisgovernmentfundingandloans.The
American Recovery and Reinvestment Act (ARRA) of 2009 provides funding for
waterand wastewater treatmentprojectstostatesthroughexistingstaterevolving
funds.InPennsylvania, theseSRF programsareadministered by thePennsylvania
InfrastructureInvestment Authority (Pennvest). The PWD has submitted projects
worth $241.4 million to Pennvestand has received an additional $199.7 million on
non-ARRA low-interestloans for water and sewer piping, water treatment, and
green infrastructure. Approximately $30 million will go toward green infrastructure
projects in different neighborhoods in Philadelphia.

Baltimore is another example of a city looking for an appropriate and acceptable
mechanism to finance stormwater management projects. While Philadelphia’s main
objectiveis managing the CSOproblem, Baltimore’s efforts are focused onimprov-
ing the quality of the water in the Chesapeake Bay. The city hasseparate storm-and
wastewater systems, buttheinfrastructureis getting old and causing leakagesand
water pollution.
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Inthepastcoupleofyears, thecity hasdevelopedastormwater management
program (SMP) that will “assure a high quality of life for citizens and continued
compliancewithapplicablelaws.” Akey elementof the programisaseparate
stormwater fee for funding that is now required by Maryland State Law HB 987.
In2012, theresidents of Baltimoreapproved the developmentof Stormwater
Utility, which will manage the stormwater utility fee. As of July 2013, however,
the fee had not been fully developed and implemented. Government occcials and
stakeholders are working onstructuring the feeand preparing to meet any public
and institutional opposition. Similarly to thePhiladelphia fee, the proposed
stormwater fee will be charged to property owners within Baltimore based on the
amount of impervious surface area on their property. The proposed rates are as
follows (Clean Water Baltimore,n.d.):

customer quarterly Fee
Tier 1 Residential $11.88

Tier 2 Residential $18.00

Tier 3 Residential $36.00

All other Properties $18.00 / ERU

Note: ERU = Equivalent Residential Unit (1,050 sq. ft. of impervious surface)

As is the case in many states, state- and municipality-owned properties are exempt
from these fees. This is one reason why the projected fees above are higher than
theywouldbeifall properties weresubjecttothestormwaterfee. Somelarge
property owners, like Johns Hopkins University, for example, have been proactive
and taken measures to reduce the impervious surfaces on their properties or install
infrastructurethatwillreduce therunoff generated from them orallocate topay a
certain amount to the city in lieu of stormwater fees.

Yetadifferentapproachisapplied by the City of New York. Under PlaNYC'sGreen
Infrastructure Plan launched by Mayor Bloomberg in 2010, projects focusing on
reducing CSOs installing green infrastructure will receive grants and funding from
thecity. InMarch 2012, the Department of Environmental Protectionin New York
City signed anagreement with the New York State Department of Environmen-
talConservationtoincorporatetheNew York City GreenInfrastructurePlaninto
Clean Water Actcompliance (NYC.gov 2012). Asaresultof theagreement, “the
City willinvestapproximately $187million over thenextthreeyearsand an esti-
mated $2.4 billion in public and private funding over the next 18 years in green
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The Private Side

Updating Building and
Zoning Codes

infrastructure technologies. Of the $2.4 billion investment, $1.5 billion will come
from public funds while $900 million is expected from new development. In total,
theagreementwillsave $3.4 billion through elimination or deferral of gray infra-
structureinvestments whilestillachieving equivalentwater quality benefits. By
shifting from the exclusiveuse of gray infrastructure togreeninfrastructure, the
City will reduce combined sewer overflows by more than 12 billion gallons per year
by 2030, a 40 percent reduction” (NYC.gov 2012).

The examples above illustrate the variety of approaches cities take to provide funding
tosupporttheirstormwatermanagementefforts. Drivenmainly by the possibility of
meetingregulatory requirements lessexpensively, citiesarelooking forinnovative,
effective, and site-fitting mechanisms to raise capital for green infrastructure projects.
Itisevidentthatcities arerealizing the benefits of green infrastructure in their strate-
giestostay incompliance withtheregulators. New Havenisstaying behind the trend
of investing in green infrastructureand taking a closer look at what other cities are
doing before developing and implementing its own strategy.

Green infrastructure investments are also encouraged by involving nonmunicipal
groups such as private landowners and nonprofits in ways that save public entities
both timeand money, and provide financial incentives to participants. In Wash-
ington, DC, onthelocallevel, citizens receive incentives in the form of rebatesand
payments for green installations, which are in turn coordinated and administered
by nonprofits and implemented by independent contracts. On thedistrictlevel,
market-based solutionssuchasacredit-trading exchange for stormwater reten-
tion are currently being planned. In Baltimore, citizens whose properties extendto
thegroundsofariverrestoration projectformedalocalalliance to help cleanand
regulate the area.

The implementation of stormwater management measures is directly influenced by
anarray of overlappingand conflictingbuilding codes, standards,and regulation.
Duetotheirimportancetotheadvancementof greeninfrastructure (GI) tools,
zoning, building codes, and engineering and infrastructure standards and practices
arecurrently going through somesignificantchanges that willaffect the future of
sustainable stormwater management. Examples of revised standards include sepa-
rateordinances fornew and infill development, integrated stormwaterand man-
agement growth policies, unified development codes, and design review incentives
to speed permitting.

Zoning

Duetoitsnature and the codes that governit, zoning can have a significant effect
ontheamountofimperviousareainadevelopmentand on whatconstitutesallow-
able stormwater management.
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Asaresultofchangesinurbanplanning thinking, fluctuationsinlegal constraints,
and shifts in political views and priorities, zoning codes have evolved and adjusted
over theyears.

Example: Landscaping ordinances apply to certaincommercialand institutional
zoning categoriesandspecify thata fixed percentageof siteareabe devoted toland-
scapingorscreening. These codes may require as muchas 5% to10% of the sitearea
tobelandscaped, butnotoften reference opportunities to capture and store runoff
atthesource, despite the fact that the area devoted tolandscaping is often large
enough to meet some or all of their stormwater treatmentneeds (U.S. EPA 2010).

Building Standards
Building codes define minimum standards for the construction of virtually all types
and scales of structures.

Except for a few areas (geotechnical design standards, for example), building codes
have limited direct impact on stormwater management.

Geotechnical design standards do not facilitate the use of landscape stormwater man-
agementtoolslike porous pavement, bioinfiltration,and extended detention.

TheCity of Los Angelesis intheprocess of updatingitsbuilding codes tofacilitate
easierimplementation of greeninfrastructure, butitis notclearifitwill cover the
use of some low-impact design practices such as on-site infiltration. Asitis, the
2002 Building Codenow inuserequires builders toremove wateraway from the
building using concrete or another “non-erosive device” (U.S.EPA 2010).

Engineering and Infrastructure Standards and Practices

Engineering standards and practices for public rights-of-way complement building
andzoningcodesthatcontroldevelopmentonprivateproperty. They listrequire-

ments for public utilities such as stormwater and wastewater, roadways, and related
basic services.

Changing engineering and infrastructure standards and practices is a dicocult and
complicated process. Specific types of equipment, maintenance protocols and pro-
cedures, and theneed forextensive training further discourage changesin estab-

lished standards andprocedures.

Traditional drainage codes can often conflict with effective approaches to reducing
runoff volume orremoving pollutants fromstormwater. Examples of such codes
include requirements for positive drainage, directly connected roof leaders, curbs
and gutters, lined channels, storm-draininlets, and large-diameter storm-drain
pipesdischarging toa downstream detention or flood-control basins.
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Separate Ordinances for New
and Infill Development

Integrated Stormwater
Managementand
Growth Policies

Unified Development Codes

Design Review Incentives
toSpeed Permitting

Despite the dicoculties associated with updating and changing zoning and building
codesandstandards,anumber ofinnovationshavebeenintroduced tomake them
better suited for stormwater management.

Stormwater planning can include the development of separate ordinance for new
development, redevelopment, and infill. Wisconsin provides a helpful illustration
fordevelopingseparateordinance. Foranew development, therequirementis to
reduce total suspended solids (TSS) by 80%, maintaining the pre-development
peakdischarge for the two-year, 24-hour storm, infiltrating 90% of the pre-
developmentinfiltration volumeforresidentialareas,and infiltrating 60% of the
pre-development infiltration volume for nonresidential areas. Forredevelopment,
the only difference from new developmentis that the TSSrequirementis less, at
40%reduction. Requirementsforexisting developed areasinincorporatedcities,
villages, and towns do not include peak flow reduction or infiltration performance
standards, butthe municipalities mustachieve a40% reductionin their TSSload
by 2013 (U.S. EPA2010).

Anexample from San Jose, California, illustrates an innovative approach to link
water quality and development policies that emphasize higher density infill devel-
opmentand performance-based approaches toachievingwater quality goals. The
city’s strategy encourages stormwater practices such as minimizing impervious sur-
face and incorporating swales as the preferred means of conveyance and treatment.
Inurbanized areas, thepolicy goes ontodefinecriteria to determine the practicabil-
ity of meeting numericsizing requirements for stormwater controlmeasures, and
identifies alternative measures for cases where on-site controls are impractical.

Aunified developmentcode (UDC)consolidates development-related regulations
intoa single code that represents a more consistent, logical, integrated, and ecocient
means of controlling development. Examples of UDC developmentstandardsare
circulation standards that address how vehicles and pedestrians move, including pro-
vision for adequate emergency access.

Tomotivate property owners to reduce their on-site stormwater runoff, municipali-
tiesoften offer financialincentives like discounts, credits,and developmentrebates,
providing property ownerswith the optiontoeitherimproveandretrofittheir
existing properties orimplementand incorporate on-site greeninfrastructure. Such
improvements help lessen the burden on public infrastructure for dealing with storm-
water management.
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Co-Benefits

Climate Resilience Planning
and FloodControl

The Social Benefits of Green Infrastructure

Unlike gray infrastructure assets that serve limited, specific purposes, green
infrastructure assets produce multiple benefits, the values of which help offset
installment costs and provide a platform on which to bring together multiple
constituencies.

Investmentsingreeninfrastructurearenotdrivenonly by the presence ofregula-
tions and the need to be in compliance. Green infrastructure reduces flood-related
damagesby reducing theamountofstormwater thatenters thepublicsystem via
increased infiltration and retention rates. Poor stormwater management can play
an important role in localized flooding events and damages to property and public
infrastructure. Accordingtothe AmericanRiversreportBankingon Green, the”Fed-
eral Emergency Management Agency (FEMA) estimates that 25 % of the$1 billion
inannualdamages from caused by flooding arelinked to stormwater” (American
Rivers et al.2012).

Flooding as aresult of climate change has significant economic effects as well.
Whilelarger flood events thatlead tocatastrophic damages arerare, smaller but
frequentevents may create serious economic burden on affected communities.
Thetraditionalapproach toreducing theimpacts of flooding has beentocapture,
convey, and release runoff with an emphasis placed on large storm events. Among
some of thecommongreen infrastructuretools used to targetflood management
are greenroofs, bioretention, water quality swales, and infiltration basins and
trenches. Thesetools areused torestore thehydrologic function of anareaas well
asimproveandenhancewaterquality. Asthe EPA’s Green Infrastructure CaseStud-
ies: Municipal Policies for Managing Stormwater with Green Infrastructurereports,
“Becauseasignificantportionofthefloodlossesisassociated withsmall, frequent
storms, green infrastructureis well-suited to manage these flows, and therefore
provides significant flood loss reductions on an average annual basis” (American
Rivers et al.2012).

On-the-ground case studies froma variety of locations across the country have
also documented the effectiveness of green infrastructure not only to reduce runoff
volumes and provide water quality treatment, butalsoto help addressflooding
impactsinacost-effectivemanner. Astudy by the World ResourcesInstitutelooked
atthesavingscities would incur by using greeninfrastructureover gray.Inthecase
of New York City, forexample, the greeninfrastructure optionresultsinacostsav-
ings of more than $1.5 billion. Similar results have been observed by government
oocials in North Carolina and Idaho as well (Talberthand Hanson 2012):
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Figure 1: Examples of Green vs. Gray Infrastructure Costs

Improving water

Conventional infrastructure® $6.8billion .
o infrastructure
Green infrastructure™* $5.3 billion (NY)

o . Reducing
On-site fﬂtra’.ﬂon . $3.53 /1000 gallons groundwater
Enhanced aquifer protection $1.38 / 1000 gallons pollution (ID)
Conventional stormwatercontrols $3.24 / 1000 gallons Minimizing

stormwater runoff
Free water wetlands $0.47 / 1000 gallons (NC)

* Includes tunnels, diversion structures, and other approaches.
**Restored stream buffers, bioswales, greenroofs, and other approaches.

Source: PlaNYC 2011, BBC Research 2001, ACOE 2003

Aesthetics and  Green infrastructure not only reduces stormwater runoff, but also can enhance
Community Enhancement  community livability if well designed and maintained. Green infrastructure can aid
inthetransformation of deteriorated orabandoned spaces from urbaneyesores to
community assetssuch as parks and smallurban farms. Inaddition, several stud-
ies indicate that increased green space leads to sizable economic gains from avoided
medical expenses. Finally, incorporating greenscapes across the urban area not only
mitigates the water quality problems, butalsoimproves thesocialand economic
composition of communities.

Key findings from research indicates that green infrastructure has multiple benefits
to improve community livability:

e Reduced crime

e Increased property values

e Reduced rates of mental and behavioral illnesses
e Additional “green” jobs

e Enhanced air quality

e Improved biodiversity

e Carbon sequestration

e Reduction of the urban heat island effect
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Federal Initiatives and
Partnerships

Nonprofit and
Educational Partnerships

In response to the increased demand for federal support when implementing green
infrastructure, federalagencieshavecreated collaborativeefforts topromoteand
provide technical and financial assistance for sustainable stormwater management
techniques.

U.S.EPA’s Urban Waters Federal Partnership

Departmentof Housingand Urban Development, U.S.EPA,and Department of
Transportation’s Partnership for Sustainable Communities

President Obama’s America’s Great Outdoors Initiative

Cities and universities are forming innovative and interdisciplinary collaborations
in order to advance sustainable stormwater management practices, including green
infrastructure. Often, these partnerships are between universities, nonprofits, local
andstategovernments, and theprivatesector. These collaborative efforts help pro-
videresources forimplementationand monitoring,aswellasinnovativefunding
strategies. A salientexample of this type of partnership is the work that the Parks
and People Foundation is doing in Baltimore, Maryland. The Foundation is work-
ing with city agencies on greening vacant lots, greening schoolyards, planting street
trees, and greening publichousing. As Yalemoves forward with the Sustainable
Stormwater Management Plan, these innovative partnerships should be prioritized.

Case Studies

Baltimore, Maryland

The City of Baltimore is under regulatory pressureto preserve the integrity of the
localriversand streams, the Baltimore harbor, and the Chesapeake Bay. Under the
Watershed Implementation Plan, the Maryland Department of the Environment
mandated thatall counties and Baltimore make specificreductions in phosphorus
and nitrogen pollution. By 2020, Baltimore must reduce phosphorusloads by 48%
and nitrogen load by 30% to achieve regulatory compliance. In order to meet the
goalsoutlined in the various TMDLs thatapply to thecity, theirmanagementefforts
willfocusonimplementing greeninfrastructure, includingbioretentionareas, green
roofs, permeable pavement, and increased urban tree planting. This management
effort involves multiple city agencies, as well as collaboration with other environmen-
talinitiatives, likethe Growing GreenInitiativeand Urban Waters Partnership.

Source: Baltimore City Phase 11 (2010).
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Philadelphia, Pennsylvania

The City of Philadelphiais faced with the problem of controlling combined sewer
overflows, withnearly 13billion gallons of untreated sewagemixed with polluted
municipal stormwater runoff into themajor city waterways annually. Toachieve
compliance with the CWA, the Philadelphia Water Departmentcreated the Green
City, Clean Waters plan. The plan is Philadelphia’s “25-year plan to protect and
enhance our public waterways by managing stormwater withinnovative green
infrastructure” (Philadelphia Water Department2013). Green City, Clean Waters
setagoal to transform 10,000 acres of impervious areain its combined sewershed
into“greened acres” over thenext25years (agreened acreis onein which the first
inch of rainfall from any given stormis managed on-site). This plan is helping the
city meet the regulatory requirements while working to revitalize its neighborhoods
by using green infrastructure for urban wet weather pollution control.

Source: Philadelphia Water Department (2013).

Syracuse, New York

Thecity isfacing the problem of nearly 3,000 vacant parcels spread across the
city. This raises concerns about liabilities, public safety, litter, property mainte-
nance costs, and overall unappealing characteristics. The city has created a plan
toadd greeninfrastructuretoeighttol2lots peryearasameanstomitigatethe
problem of abandoned land and help mitigate the excess stormwater runoff dete-
riorating Lake Onondaga.

Source: Atlantic States Legal Foundation (2012).

Villanova University

Established in 2002, the Pennsylvania Department of Environmental Protection
(PA DEP) and Villanova University’s Department of Civil and Environmental
Engineering formed the Villanova Urban StormwaterPartnership. Themissionis
toadvancetheevolving field of sustainable stormwatermanagementand tofoster
the development of public and private partnerships through research on innovative
stormwater best management practices, directed studies, technology transfer, and
education,and thepartnership goalis topromotecooperationamong theprivate,
public, and academic sectors. The Partnership continuously monitors various green
infrastructure pilot projects spread across Villanova’s campus and contributes to the
growingbody of scientificliterature on greeninfrastructure effectiveness.

Source: Villanova Urban Stormwater Partnership (2013).
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Washington, District of Columbia

TheDistrictof Columbia (“theDistrict”) MS4 permit, operated by the District
Department of the Environment (DDOE), integrates an adaptive management
approach with enhanced controlmeasures toaddress thecomplexissuesassoci-
ated withmunicipal stormwaterrunoff. DDOE’s 2008 report to the EPA indicated
serious water quality impairments in the surface waters in and around the District,
makingitoutofcompliancewiththeCWA. Akey componentoftheDistrict’s
EPA-approvedMS4 permitistheuseof greeninfrastructureasastormwater
control measure. The final permit includes performance requirements designed to
increase the effectiveness of the “green” stormwater controls, which include green
roofs, enhanced tree plantings, permeable pavers, and water harvesting, to ensure
that they are reducing runoff volumes and pollutantloads. The District further
justified theuseof greeninfrastructure tomanagestormwaterrunoff by using cost-
benefitanalysestoshow thatthesepractices weremorecosteffectivebecauseof the
widearray of additional benefits thatdonotaccrue with traditional approaches to
stormwater management.

Source: District Department of the Environment (2011).
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Notes
1 Clean Water Act, 33 U.S.C,, §§ 1251-1387. Available at http:/ /www.epa.gov/npdes/ pubs/cwatxt.txt.

2 A pointsource discharge, as defined by the EPA, is asource of pollution that can be attributed toa
specific physical location—an identifiable end-of-pipe. The vast majority of point source discharges
of nutrients are from wastewater treatment plants, although some come from industries.

3 Asdefined by the U.S. Environmental Protection Agency,an MS4isaconveyancesystem used to
collect or convey stormwater.
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What Is Green
Infrastructure?

Opportunities for Green
Infrastructure on Campus

Introduction

Yale owns a unique array of commercial, residential, and academic properties
throughout New Haven. Thisrange of propertiesand theirassociated buildings
and open space affords the opportunity to implement sustainable stormwater
managementpracticesonawidespatialscale. Beforeexamining the potential for
implementing green infrastructure on Yale’s campus, it is important to fully define
whatgreeninfrastructureisand thespecificapproachesand optionsthatcould be
used to reduce stormwater runoff and improve water quality throughout campus.

Thisappendixisdesigned toprovideadditional background ongreeninfrastruc-
ture and describe the broad range of green infrastructure technologies, highlighting
their design. Theappendix presents this informationin the form of fact sheets that
briefly introduce each of the major potential green infrastructure options thatare
relevantfor consideration by Yale. These factsheetsaremeanttoserveasaguideto
the possible options for Yale’suse, with theunderstanding that final design deci-
sions will include site-specific considerations outlined in the “Considerations” por-
tion of each factsheet.

The EPA defines the term green infrastructure as the use of “vegetation, soils, and
natural processes to manage water and create healthier urban environments.” Often,
forsimplicity, the termis extended tonot only the landscapes thatare designed to
manage stormwater above ground, but also to the necessary structural components
included in the design to store stormwater as well as convey stormwater to and
from the site. These practices are also often referred to by other terms, including:
low impact development (LID) practices, stormwater best management prac-
tices (BMPs), high-performance landscapes, sustainable urban drainage systems
(SUDS), and environmental site design (ESD).

Forthepurposes of creating consistency in this document, theterm green infrastruc-
turewillbe used torefer toall potential practices, landscapes, and storage devices
thatcan be used to slow the flow of stormwater, reduce stormwater volume, and
improve stormwater quality before it enters the sewer system.

Itisimportanttoidentify therange of greeninfrastructuretechnologies that
would offer Yale the best opportunities for reducing stormwater and improving
water quality.

Figurelintroducesasampleofthe potentialopportunitiesforgreeninfrastructure
placementoncampusatthescaleofatypicalbuilding site. Theseopportunities will
be further explored in Appendix E.
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Figure 1: Example of Opportunities for Green Infrastructure on Yale’s Central Campus
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Green Infrastructure Fact Sheets

Withanunderstanding of the potential for greeninfrastructure on Yale’scampus,
theremainderof thisappendixiscomposed offactsheets foreach technology
depictedabove. Thesefactsheetsareintended toprovideadescriptionofeachtech-
nology and its potential use on the Yalecampus. The fact sheetsare presented in the
following order:

. Green Roofs

. Blue Roofs

. Downspout Disconnection and Rainwater Harvesting
. Bioretention — Bioswales

. Bioretention — Rain Gardens

. Bioretention — Enhanced TreePits

. Constructed Wetlands

. Subsurface Infiltration

. Permeable Pavement

Tobriefly illustrate the key pieces of each technology’s description, Table 1 sum-
marizessome of the information found on the factsheets. Thefactsheets provided
following the tableinclude:

A definition of each technology

The different types of that technology

Design considerations and technology components
Locations forapplication

Maintenance needs

Cost of installation
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Table 1: Green Infrastructure Technologies Matrix

types

applicability

cost

maintenance

1. green roofs

Shallow system

Deep system

New construction
Existing building retrofit

Commercial, primarily

$18-$25/sq. ft.

Periodic roof membrane
inspection

Wateringduringfirstfewyrs

Weeding, as applicable
2. blue roofs Permanent/modular New construction $5-$8/sq. ft. Periodic clearing of roof drains
tray system o o . .
Existing building retrofit Waterproofing membrane
Shallow system (slows inspections
Flat or moderately sloped
runoff )
roofs
Deep system (stores C 1 ori 1
runoff ) ommercial, primarily
3. downspout Downspout New construction (esp. $50 for downspout | Leaf removal from gutters/
disc.onnection disconnection for rainwater harvesting disconnection downspouts 2x/yr.
/ ralnw‘ater . systems) materials
harvesting Rain barrel Inspect and clean pre-
. Existing building retrofit | $25-$200 for rain | screening devices 4x/yr.
Cistern
i barrel
Commercial
$3,000-$10,000
Residential .
for rainwater
harvesting system
4. bioretention — Dry swale (subsurface | Parking lots $0.10-$20/sq.ft. | Periodic inspection

bioswales

drainage)

Wet swale (permanent

Road medians

Sidewalks

$200-$4,000 for
a 200-sq.-meter

Sediment removal

Weeding/vegetation care

pool) bioswale
Grassed channel Trash removal, as needed
5. bioretention — Ground water recharge | Parking lot medians From $1.25/ Occasional inspections,

rain gardens

Raised planting bed

Road shoulders
Courtyards

Downspout drainage areas

sq. ft. in new
construction to
$16.25/sq. ft. in
retrofits

sediment removal

Plant material inspections
2x/yr.

Removal of dead plants

Residential Replacement of mulch
Commercial Weeding, as necessary
6. bioretention — Simple curb cut with | Sidewalks $50-$500/ tree Regular inspection of plants,

enhanced
tree pits

inlet

Highly engineered soils
with underdrainsystem

Road medians
Parking lot medians
Residential yard/lawn
Commercial yard/lawn

Other green space

Maintenance:
$15-%65/ tree
annually

structural components

Regular cleaning of inlets/
outlets

Occasional testing of soiland
mulch for contaminants/
pollutants

Biannual mulch replacement
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Chamber system

types applicability cost maintenance
7. constructed Wetland basin Almost anywhere with $0.90-$1.90/ Mow embankment as needed
wetlands sucocient space sq. ft. o
Pond/wetland combo Inspect vegetation biannually
i.cell wetland Ideal for locations with ) .
Multi-cell wetlan highly contaminated Replant vegetation as needed
Multi-cell pond/ stormwater Inspect and remove trash/
wetland combo Not for ultra-urban zones debris from inlet/outlets as
needed
Monitorandcontrolinvasive
species
Dredge and dispose of
sediment from pre-treatment
chambers (annually), wetland
areas (10 yrs.)
8. subsurface Dry well Parking lots $5.70/sq. ft. Regular cleaning of catch
infiltration o average, but varies | basins, pre-treatment areas
Infiltration trench Alleyways .
considerably based |
Filter replacement
Gravel bed Roadways on type
) ) Biannual inspection and
Perforated pipe Parks/fields/lawns (flat)

cleaning of components and
connections

Periodic evaluation of drain-
down time

Maintenance of above-ground
vegetation

9. permeable
pavement

Porous asphalt
Porous concrete

Interlocking pavers

New construction
Retrofits

Lightly used roads
Alleyways
Sidewalks/pathways
Parking lots

Driveways

Asphalt: $0.50-
$1/sq. ft.

Concrete:
$2-$6.50/sq. ft.

Pavers: $5-$10/
sq. ft.

Maintenance:
$400-$500/ yr. for
Y5 acre parking lot

Occasional inspection of pores

Concrete/asphalt: Vacuum
sweep 3-4 times/ year

Concrete/asphalt: Repaving
every15-25years,soonerin
colder climates

(Pavers): Mowing, as
necessary

Sources: U.S. Environmental Protection Agency, Department of Water. 2013. “Green infrastructure.” http://water.epa.gov/infrastructure/greeninfrastructure/index.cfm.

Retrieved March 8, 2013.
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The 45,000-square-foot green roof
on the PECO Energy Building in

Philadelphia,Pennsylvaniaisahigh-
profile green roof that combines
extensive and intensive technologies.

Flattoslightlyslopingroofs thatare
visible fromwalking paths and other
buildings are optimal candidates for
greenroofs.Anexampleofagreen

roof with modular traysis visible on
Science Hill.

The extensive green roof at the
SidwellFriends School inWashington,
DC,is accessible to students and visi-
tors and provides ecological as well
as educational benefits.

Thedeepsoilanddiversevegetation
ontheYaleSculpture Galleryinten-
sivegreenroofmitigates stormwater
runoff, adds thermal insulation,
provides urban wildlife habitat and
helpsextendthelongevity of theroof
membrane.

Theintensivegreenroofonthe
Yale Sculpture Gallery resemblesa
small meadow. The sculpture gallery
green roof is the site of ongoing
ecological and performance monitor-
ingbyenvironmentalresearchers
at the architecture firm of Kieran
Timberlakein collaborationwith the
YaleUniversity Office of Facilitiesand
Office of Sustainability.



1.GreenRoofs

Definition

Agreenroofisaliving, vegetated water retention system. Thesoiland vegetation
ona greenroof help toretainand mitigate the flow of stormwater through absorp-
tion and evapotranspiration. Greenroofs also help to filter and cool water as it
passes through the soil and plantroots.

Types

Shallow Green Roof Alsocalled “extensive” systems,shallow greenroofsystems
include2-4"of soiland shallowrooting plants suchassucculents. Shallow systems
can be modular (including trays or rolls of growing medium and vegetation) or
permanent (or “looselaid” systems). Shallow systems weigh about12-401bs. per
square foot of roofarea.

Deep Green Roof Alsocalled“intensive” systemsorroof gardens,deep greenroof
systems include 6-12" of soil and more deeply rooted vegetation than in “extensive”
systems. Deepsystemsallow for greater plantdiversity, variety,and creativity,and
have a larger capacity for stormwater retention than shallow systems. Deep systems
weigh about 80-150 Ibs. per square foot of roof area.

Effectiveness

Extensive green roofs have an average stormwater retention rate of 56% (Gregoire
and Clausen2011). Nagaseand Dunnet (2012) found thatintensivesystems that
include grasses and other deep-rooted plants, however, are more effective at reduc-
ing stormwater runoff than systems with shallow-rooted plants (i.e., sedums).
Many large-scalesystems,suchasthe45,000-square-foot greenroof onthePhila-
delphia Energy Company (PECO) building in downtown Philadelphia, combine
extensive and intensive systems to optimize reductions in peak stormwater flow
(Miller 2013).

While both extensive and intensiveroof systems are effective at slowing therate
andreducingthe ofstormwaterrunoffthroughinterception, retention,and evapo-
transpiration, careful attention mustbe paid to thecomposition of growing media
andfertilizersinthesysteminordertoaccountforwater controls (see Czemiel
Berndtsson2010).1f compostsand fertilizers areadded to the soil matrix, for
example, thegreenroof may contributeunwanted nutrientsand metals (i.e., potas-
sium, copper, and zinc) to stormwater runoff (Gregoire and Claussen 2011). In
their study onmodular greenroof systemsatthe University of Connecticut,
Gregoireand Claussen (2011) found that, although nutrient levels wereslightly
higherin greenroof systems thanin precipitation, nutrientlevels werestill signifi-
cantly less thanin the control. Greenroofs may be effective atreducing both storm-
water quantity and overall pollutantloading (Gregoire et al. 2011).
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Design Considerations

Climate

Average rainfall

Solar exposure

Wind velocity

Load-bearing capacity of building
Waterproofing

Drainage

Plant selection

Roof slope

Components
Waterproofing membrane
Root barrier system
Drainage medium
Filter fabric

Soil/ growing media
Vegetation

Applicability

Greenroofsareappropriatefornew constructionand existing buildings, but
applicationmay belimited toflator gently sloping roofs. Greenroof designersand
practitionersindicatethatgreenroofinstallationsare possibleonroofswithaslope
of up to 42 degrees (Miller 2013).

Maintenance

Periodic roof membrane inspection
Watering during first few years
Weeding in high-visibility areas
Cost

$18-$25 per square foot

References
Czemiel Berndtsson, J.2010. “Greenroof performance towards management of
runoffwater quantity and quality: Areview.” Ecological Engineering36(4):351-60.

Gregoire, B.G.,and ].C. Clausen.2011.“Effect of amodular extensive greenroof
on stormwater runoff and water quality.” Ecological Engineering 37(6):963-69.
doi:10.1016/j.ecoleng.2011.02.004

Miller, Charlie. 2013, March 19. Author interview with Charlie Miller, principal and
founder of Roofmeadow.
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Nagase, A.,and N.Dunnett.2012.“ Amountof water runoff from different vegeta-
tion types on extensive green roofs: Effects of plantspecies, diversity and plant
structure.” Landscape and Urban Planning 104(3-4):356-63.

New York City Department of Design and Construction. 201x. DDC cooland green
roofing manual. http://www.nyc.gov/html/ddc/downloads/pdf/cool_green_ roof_
man.pdf. Retrieved March 4, 2013.

New York City Departmentof Environmental Protection. 2012. Guidelines for the
design and construction of stormwater management systems. http:/ /www.nyc.gov/
html/dep/pdf/green_infrastructure/stormwater_guidelines_2012_final.pdf.

U.S.Environmental Protection Agency.2012. Green roofs in the semi-arid West.
http:/ /www.epa.gov/region8/ greenroof/ pdf/ GreenRoofsSemiArid AridWest.pdf.
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Both blueand greenrooftechnolo-
giesarepresentontheroofsofthe
Accelerator Lab and the Wright Labo-
ratoryonScienceHill. Thegravel that
coverstheblueroofhelpstostore
rainfalland slowstormwater runoff.

2. BlueRoofs

Definition

A blue roof is a non-vegetated rooftop water retention system, used for energy
regulation, water storage, or stormwater detention. Rather than using vegetation to
slow the flow of water, blueroofs incorporate aseries of weirs and flow-restriction

devices tohelp storerunoff during peak rainfallevents. Blue roofs often double as

water catchment systems for secondary water uses.

Types

Permanent or modular tray systems

Shallow systems with drains may slow runoff

Deeper systems that may act as catchment and water storage systems

Effectiveness

Ablueroofiseffectiveatslowing therate of peak stormwater runoff throughreten-
tion and storage (Ohio Water Environment Association 2012). More research is
neededinordertoidentify thepreciserate of blueroof effectivenessundervarying
conditions. A current pilot projectatP.5.118 in New York City includes blue roof
and greenroof systems and willmeasure and compare costs and benefits “under
similarenvironmentalconditions” (New York City Departmentof Environmental
Protection 2013).
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Design Considerations
For stormwater mitigation purposes, blue roofs are largely consistent with green
roof design.

Components

Waterproofing membrane

Drainage medium

Structural analysis of building

1" water adds 5 Ibs. per square foot

Applicability

Blueroofsareapplicable where waterretentionisdesired onaflatormoderately
sloped roof, but green roof installation is cost prohibitive. Applicable for existing
buildings and new construction.

Maintenance
Periodic clearing of roof drains
Waterproofing membrane inspections

Cost
$5-$8 per square foot

References
King, Jason. 2008. “From the rooftop: Varietals.” LANDSCAPE + URBANISM
blog, http:/ /landscapeandurbanism.blogspot.com/2008/03/from-rooftop-vari-
etals.html.

New York City Department of Environmental Protection. 2013. “Blueroof and
greenroof pilot project PlaNYC. http:/ /www.nyc.gov/html/dep/html/stormwa-
ter/ green_pilot_project_ps118.shtml.

New York City Department of Environmental Protection. 2012. Rooftop detention

[Pamphlet], http:/ /www.nyc.gov/html/dep/pdf/rooftop_ detention.pdf.

OhioWaterEnvironment Association.2012.”“Performanceevaluationofblue
roofs to mitigate CSO impacts for NYC DEP” http:/ /www.ohiowea.org/docs/
Th1100Storm_Perf Eval Blue_Roofs.pdf.
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Depending on the site and the
amountofroofareabeingdrained,
downspout disconnection may
require minimal intervention and
additional infrastructure. For this aca-
demicbuildingonHillhouse Avenue,
thesplashguards help toprotectthe
groundfromerosionanddivert water
away from the building into the
adjacent garden.

Stormwater fromdownspouts may
alsobestoredincisternsforreuse.
ThecisternbehindtheWashing-
ton,DC,EngineNo.3firehouse, for
example, holds rainwater that has
been diverted from the buildings’
downspouts. The rainwater supple-
ments the potable waterrequired to
wash the fire trucks.

Therearemanywaystoimplement
downspout disconnection. This sculp-
tureis apart of arainwater collection
andrecyclingsystemattheSidwell
FriendsSchoolinWashington,DC.

Some downspout disconnection
projects may require additional
infrastructure,suchasrainbarrels
andraingardens.Rainbarrelsare
ofteneffectivetoolsforcollecting
downspout discharge at the residen-
tial scale.
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3. Downspout Disconnection
and RainwaterHarvesting

Definition

Method ofslowingtheflowrateandreducing thevolumeofrainwaterintothe
sewers by disconnecting theroof drains when they are directly connected to the
sewersystem.Inthesimplestapproach, theroof drainisdisconnected and the
dischargeisallowed toflow onto theadjacent surfaces where it caninfiltrate into
adjacentperviousareaorflowoversurfacesuntilitenters thestormsystemthrough
acatchbasin. Thisapproachoftenincludestheconstructionof anadjacentrain
garden or infiltration trench to encourage infiltration.

Analternative approach includes connecting the roof drain toa rain barrel or cis-
tern, allowing forstorageand use of stored stormwater. Thisapproachisreferred to
asrainwater harvesting and can include the replacement for the potable wateruse
associated with flushing toilets or landscape irrigation.

Types

Downspout disconnection

Rain barrels —smaller storage tank for discharge from the downspout Cisterns —
larger storage tank for discharge from the downspout

Effectiveness

FromastudyconductedinPortland, Oregon, roof drain disconnection wasshown
toreduce inflows by between 5% and 10%, or 800 million gallons per year (Juza et

al.1996). When thereliability curvesdeveloped areused to sizerainwaterharvest-
ing (RWH) systems to flush the low-flow toilets of allmultifamily buildings found
atypicalresidential neighborhood in the Bronx, rooftop runoffinputs tothe sewer
system are reduced by approximately 28% over an average rainfall year, and potable
water demand isreduced by approximately 53 % (Basinger etal. 2010).

Design Considerations

Roof size

Intended usefor thewater (irrigation versus toiletflushing)
Protection from freezing temperatures

Method for moving water (gravity versus pumping)
Diversions when storage tank becomes full

Available space for storage tank

Filtering of stormwater before it enters storage tank

Components

Componentsfordownspoutdisconnection (D), rainbarrels/ cisterns (B),and rain-
water harvesting (R):

Guttersand downspouts—D,B,andR

Leaf screens—B andR

Roof washers—B and R

Storage tanks —B and R

Delivery systems—B and R

Purification/ treatment —R

Appendix B 61



Roofrunoffmustbedischarged 5feetfrom thebuilding toavoid excessivewater
near the buildingfoundation.

Guttersshould bescreened withameshtoremoveleavesand otherlargedebris.
Rainbarrelinletshould haveafine screen torestrictmosquitoes from entering.

Applicability

New construction and retrofits for older buildings.

Whenusing thestormwateras gray waterindoors — thatis, for toiletflushing — the
building’s plumbing willneed tobereworked or designed toallow stormwater to
flow only totoilets.

Maintenance
Remove leaves from gutters and downspouts twice yearly.
Inspect and clean out pre-screening devices four times yearly.

Cost

Variable and dependent upon the scale of the project.

Approximately $50 for downspout disconnection materials.

$25-$200 for a rain barrel.

$3,000-$10,000 for a rainwater harvesting system, as described above.
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Basinger, Matt, FrancoMontalto, and Upmanu Lall. 2010. “ Arainwater harvest-
ing system reliability model based on nonparametric stochastic rainfall generator.”
Journal of Hydrology392(3):105-18.

City of Portland Environmental Services. 2006. “Downspout disconnection.” Sus-
tainable Stormwater Management Fact Sheets. http:/ /www.portlandoregon.gov/
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monitoring inflow reduction programs.” Advancesin Modeling the Managementof
Stormwater Impacts, 83-96.
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4. Bioretention—Bioswales

Definition

Atypeofbioretentionsystem,alsocalled avegetated swale, biofilter, or bioreten-
tionswale,intended toconvey waterand serveasanalternativetoatypicalunder-
groundstormwaterpipe. Bioswalesarelinear, gently sloping, openchannelsthat
sometimes containanunderdrainlayerand are planted with hardy and native
plants that filter water to improve water quality while reducing stormwater quan-
tity as the water moves along the slope.

Types

Infiltration bioswale — Unlined;ifitcontainsanunderdrainsystem, it will
partially infiltrate

Flow-through bioswale —Lined, with an underdrain system

Effectiveness

InaNew York City Parks and Recreation pilot of two bioswales within amedian
along North and South Conduit Avenues, the preliminary data from 2011 indicate
thatfor storm eventsless than twoinches, the bioswales achievea100% volume
retention (NYC Department of Environmental Protection 2012).

Design Considerations

Drainage ability of the soils

Importance of nutrientcontrol

Sedimentand floatable loads

Mechanism for energy dissipation of flows coming into bioswale

Groundwater location relative to the surface

Exposure to excessive shade

Slope —flat sites or sites with slopes of greater than 5% are not recommended

Components

An inlet structure to slow flows and collect floatables and sediment

An outlet or control structure should be included to convey high flows
The shape should be parabolic or trapezoidal shape with side slopes no steeper
than 3:1

Thebottom of theswaleshould be 3 feetabove the groundwaterlevel

The channel should be between 2 and 8 feet wide with aslope of 1-2%
Ifthesoilsdonotdrainwell, soils canbereplaced with asoil/ sand mixtureand a
drainage layer should be included in the design.

Applicability
Commonlyused inparkinglots,road medians,and alongroads, butcanbeused as
areplacement for traditional underground stormwater pipe.

Bioretentionrefers broadly toany system that utilizes the natural properties of plantsand soils toremove pollut-
ants fromstormwaterand encourage infiltration. Examples of bioretention systems described in thisappendix
includebioswales, rain gardens,and enhanced tree pits but may alsoinclude enhanced planter boxes.
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PennPark,a24-acreurbanparkand
recreationsiteontheUniversity of
Pennsylvania campus in Philadelphia
was once an industrial brownfield.
Thisbioswaleis one of manygreen
infrastructurefeatures atPennPark
thathelpstheuniversity mitigate
stormwaterrunoffandprotectwater
qualityintheSchuylkill Riverand the
Delaware River estuary.

Thoughthefundamentalprinciples
are similar, the design and appearance
ofbioswalesmaydifferonasite-by-
site basis. This bioswale, designed by
Casey Trees, features curb cuts, which
allowwaterfromtheroadtoflowinto
thedeepgravelbed,nativegrasses
and araised overflow pipe.

New developments and sites
undergoing renovation should be
considered for green infrastructure
implementation. This bioswale
inWashington,DCcreatesgreen-
space and receives stormwater runoff
fromtheright-of-wayinanewcom-
mercial district.

Thisvegetated bioswaleatKenn-
singtonHighSchoolfortheArts

and Performing Arts in North
Philadelphia helps to filter runoff
from the adjacent parkinglotand
alsoreceivesoverflowfromnearby
improvedtreepits.Importantly,
bioswales help to capture stormwa-
ter and other sediment and debris
that would otherwise pollute nearby
rivers and streams.



Maintenance

Periodic inspection (especially after major storm events)
Sediment removal

Weeding and vegetation care

Trash removal (if located in a high tracoc area)

Cost
Approximately $0.10-$20 per square foot.
Between $200 and $4,000 for a 200-square-meter bioswale.

References

City of Lincoln, Nebraska. 2006. “Vegetated swales.” Alternative stormwater
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watrshed/educate/bmpguide/pdf/3.18.pdf. Retrieved March 8, 2013.

New York City Department of Environmental Protection. 2012. “NYC green infra-
structure plan: 2011 preliminary pilot monitoring results.” http:/ /www.nyc.gov/
html/dep/pdf/green_infrastructure/gi_annual_report_update_supplement_2012.
pdf. Retrieved April 2, 2013.

Jurries, Dennis.2003. “BIOFILTERS (bioswales, vegetative buffers,and con-
structed wetlands) forstormwater discharge pollutionremoval.” State of Oregon

Department of Environmental Quality. http:/ /www.deq.state.or.us/wq/stormwa-
ter/docs/nwr/biofilters.pdf. Retrieved March 8, 2013.

U.S.Environmental Protection Agency.2012. “Grassed swales.” National pollut-

ant discharge elimination system. http:/ / cfpub.epa.gov/npdes/stormwater/menu-
ofbmps/index.cfm?action=factsheet_results&view=specifickbmp=75&minmeas
ure=5. Retrieved March 8, 2013.

Appendix B 65


http://www.lincoln.ne.gov/city/pworks/
http://www.nyc.gov/
http://www.deq.state.or.us/wq/stormwa-
http://cfpub.epa.gov/npdes/stormwater/menu-

Shoemaker Green ontheUniversity
ofPennsylvaniacampusin Philadel-
phiafeaturesalargeraingardenwith
subsurfaceinfiltrationanda20,000
galloncistern.Rainwater collected
onthesiteisusedtoirrigatethesur-
rounding lawn.

This rain garden and swale col-
lects and stores stormwater from
downspouts and aparking lotat the
Casey Trees facility in Washington, DC.
Hydrophilictreesandnativegrasses
helptosoakupandtranspirestorm-
water thatwould otherwise flowinto
thearea’s combined sewer system.



5. Bioretention—
Rain Gardens

Definition

Rain gardens arebioretention systems designed to utilize thenatural properties of
plants and soils to remove pollutants from stormwater runoff and encourageinfiltra-
tion. Raingardensaredesigned tomimicnaturalhydrology,and thereby slowwater
velocity and improve groundwater recharge. Rain gardens canrangeinfrom2to5
feetin depthand can utilize a base layer of infiltrative material. Water may collect
duringheavy stormevents, butismoved through the system completely within 48
hours. Native plants areplanted tomaintainsoil structureand encouragefiltration
andabsorption. Unlike bioswales, which generally includea gentleslopetoconvey
waterinasingle direction, rain gardens emphasize infiltration in situ, withno con-
veyance feature.

Types
Groundwater Recharge Rain Gardens — base layer of porous material to encourage
infiltration.

Raised Planting Beds —Planting areas above ground level that have perforated bottom
to allow water to seep into the ground below.

Effectiveness

InaNew York City Parksand Recreation pilotof fiverain gardensinaneighborhood
developmentin the Bronx, the systems achieved an 80-100% volume reduction for
moststormsless than1inch (NYC Department of Environmental Protection 2012).

Design Considerations

Drainage ability of the soils

Slope (not advisable for slope >20%)

Water table height (notadvisable for area with water table within 6 feet of surface)
Climate (freezing may prevent infiltration)

Size (rain garden areashould be5-7% of the drainagearea, multiplied by the runoff
coecccient for thesite)

Typical rainfall volume (maximum drainage area determined by the sheet flow asso-
ciated with a 10-year storm)

Anoutletorcontrolstructureshould beincluded toconveyhighflows

Mechanism for energy dissipation of flows coming into bioswale

Components

3-5 feet of depth

Grass buffer strip on either side

Porous underdrain discharge pipe (optional)
Gravel blanket at the base

Pea gravel mixture above

Planting soil: mixture of sand and soil
Native plants, trees

Protective layer of mulch
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Applicability

Parking lot medians/islands

Road shoulders
Courtyards/downspout reception areas

Maintenance

Occasional inspections and removal of sediment.
Inspections of plant material twice per year
Removal of dead plants

Replacement of mulch to prevent erosion
Occasional weeding

Cost

Range from$1.25/square footforinstallationatanew developmentto$16.25/
squarefoot for retrofitting existing development (i.e., removing concrete, etc.).
Maintenance strategies are similar to regular landscaped areas, and while variable
across projects, have been estimated to be 1% of installation cost.

Limitations
Notidealforfiltering water coming fromareagreaterthanlacre
Limited to areas with surface slopes <20%

References
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assessment of the cost-effectiveness of low impact development for CSO control.”
Landscape and Urban Planning 82(3):24.
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html/dep/pdf/green_infrastructure/gi_annual_report_update_supplement_2012.
pdf. Retrieved April 2, 2013.

Prince George’s County, Maryland, Department of Environmental Resources. 2007.
Bioretention manual. http:/ /www.aacounty.org/DPW /Highways/Resources/Rain-
garden/RG_Bioretention_PG%20CO.pdf.

U.S.Environmental Protection Agency.1999.“Storm water technology factsheet:
Bioretention.” http:/ /water.epa.gov/scitech/wastetech/upload/2002_06_28_mtb_
biortn.pdf.

VirginiaDepartmentof Conservationand Recreation.2011.“Bioretention.” Speci-
fication No. 9. http:/ /vwrrc.vt.edu/swc/april_22_2010_update/ DCR_BMP_Spec_
No_9_BIORETENTION_FinalDraft_v1-8_04132010.htm.
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6. Bioretention—
Enhanced Tree Pits

Definition

Tree pits collect stormwater runoff from small areas such as portions of parking
areasorstretches ofroads. Stormwater filters through the treerootsand surround-
ing soil mix, trapping sediment and pollutants before infiltrating into the soil or
flowingtoa piped stormwater system.Planting and maintaining treesinurban set-
tings is a common green infrastructure practice with multiple benefits forresilience,
adaptation, and even climate mitigation.

Effectiveness

Astudy in Tucson, Arizona, has shown that savings in stormwater management
calculated at$0.18pertreeperyear(Dwyeretal. 1992). Runoffestimatesforan
intensivestormeventin Dayton, Ohio,showed thatthetreecanopyreduced poten-
tial runoff by 7% and an increase in canopy cover reduced runoff by nearly 12%
(Dwyer et al.1992).

Design Considerations

Proximity to the buildings to allow for proper crown and root development
Proximity toutility lines; selectasmall species atleast5feet below the wire
Atleast12 feet from amajor underground utility forlarge trees
Knowledge of land ownership and regulations
Evaluationofsocialinfluencesby installation of tree pits

Maintenance possibilities

Components

Curb/channel —stormwater flows from road or surrounding hard surface to tree pit
Curb inlet —large opening to direct stormwater to tree pit
Plantcovers:structureatbaseoftreetrunktoprotectroots
Plants:largeshrubor treetohelp collectand filter stormwater
Ponding area

Mulch layer

Plantsoil — mixofsand, topsoil,and composttodrainstormwaterwell
Rootbarrier suchas geotextile fabric toline tree pit (if required)
Waterproof lining (if required)

Connection of tree trenches to storm water drain (if included)

Applicability

Right of way

Streets

Residential front yard
Residential back yard
Parking lot
Community gardens
Community spaces
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Enhanced tree pits reduce impervi-
oussurface,providegreenspace,
andmitigatestormwaterrunoff.
Enhancedtreepitsin NewYork City
feature curb cuts, a gravel strip, and
additionalvegetationtohelp capture
stormwater, sediment, and debris
thatwould otherwiseclogsewersys-
tems and pollute urban waterways.
Subsurfaceinfiltrationandstorage
in enhanced tree pits provide a
reservoirofwaterfortreestoabsorb
and transpire.

ThisdiagramfromthePhiladelphia
Parks Department provides details
forcurbcutsand enhanced tree pit
installation.
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Maintenance

Regular inspection of plants and structural components

Regular cleaning of inflow and outflow mechanisms

Regular testing of mulch and soil for collection of pollutants thatmay be harmful to
the plants

Biannual replacement of mulch

Cost
Approximately $10,000 per tree
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The constructed wetland next to
Kroon Hall on the Yale University
campus uses aquatic plantstohelp
filter stormwater from thebuilding’s
roof and grounds for re-use for flush-
ing toilets and irrigation.

Constructed wetlands may filter
stormwateraswellaswastewater.
This subsurface constructed wetland
in the courtyard of the Sidwell

Friends School in Washington, DC,
utilizes soiland deep-rooted vegeta-
tion tofilter and recycle wastewater
fromthebuildings’septic system.
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7. Constructed Wetlands

Definition

Constructed wetlands aremanmadesystems designed and constructed to treat
wastewater using natural processes. Thesenatural processes are provided by a
combination of wetland plants, soil, and microbial life. As stormwateris held in
the wetland, particles settle out and wetland plants take up nutrients. Constructed
stormwater wetlands reduce peak flows and also reduce overall stormwater runoff
volume to surface waterways through evapotranspiration. However, they do not
rechargeasignificantamount of water into the ground as groundwater.

Types
Constructedwetlandbasins Asinglecell (including aforebay) withauniform
water depth.

Pond/wetland combination design = A wet pond cell in parallel with constructed wet-
land cells designed toconvey smallstorms through thewetland cellswhile divert-
ing the storm runoff into the wet pond cell.

Multi-cell wetland and multi-cell pond/wetland = A combinationofthoselisted above.
Itishighly effective in moderately to highly urban areas where spaceis ata pre-
mium and providing adequate surface area or grade drop is dicocult.

Effectiveness

A study conducted on constructed stormwater wetlands on the Villanova Univer-
sity campusnear theheadwater ofahigh-priority stream outside of Philadelphia
showsthattheaveragebaseflow traveltime (retention time) through the wetland
is 58 hours (Wadzuk etal. 2010). In all seasons, water flowing out of the wetland
showed astatistically significant (=0.05) decrease in concentration of total phos-
phorus (TP), total nitrogen (TN), total suspended solids (TSS), and copper (Cu)
from the runoff flowing in (Wadzuk et al. 2010).

Design Considerations
Adequate water balance
Contributing drainage area
Space requirements
Available hydraulic head
Steep slopes

Minimum setbacks
Depthtowatertable

Soil types

Components

Impermeable layer or barrier to prevent infiltration of wastes into groundwater
Gravel layer or root zone where water flows and dentrification takes place
Above-ground layer containing vegetation
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Maintenance

Mow embankment as needed

Inspect vegetation biannually

Re-plant vegetation as necessary

Inspect and remove debris/trash from inlet and outlet structures

Monitor and control invasive species

Dredge and properly dispose of sediment from pretreatment chambers (annually)
and wetland areas (every 10 years)

Maintenance cost is $780-$1,640 for a one-acre wetland

Applicability
Constructed wetlands are applicable everywhere except highly urbanized and arid
areas. The best location is the place that produces highly contaminated stormwater.

Construction Cost
Approximately $39,000-$82,000 for one acre of wetland.
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8. Subsurface Infiltration

Definition

Subsurfaceinfiltration refers to systems designed to detain water underground
such that it can eventually seep into the underlying soil. Subsurface infiltration can
take many forms, including dry wells, infiltration trenches, gravel beds, perforated
pipesystems,and chambersystems. The primary difference betweensubsurface
infiltration types is the method of underground water storage. For example, gravel
bedsprovidewaterstorageviavoids between therocks, whereasperforated pipe
systems providestoragebothwithinthepipeandinthesurroundinggravel.

Types

Dry wells

Infiltration trenches
Gravel beds
Perforated pipe systems
Chamber systems

Effectiveness

Inastudy within the South Washington Watershed Districtin Minnesota, where
numerous infiltration trenches were installed and monitored starting in 1997,
drainagerates during spring snow meltaredocumented as high as 4 inches per
hourand duringsummerrainfalleventsashighas6.8inchesperhour (Ackerman
and Stein 2008).

Design Considerations

Hydrology and soil characteristics

Storage capacity

Drainage

Typical rainfall volume

Proximity to building foundations

Proximity to groundwater or bedrock

Vehicle tracoc

Cannotbelocated inareas with unstable or contaminated soils and high ground-
water table (areas where permanent or seasonal groundwater rises within 10 feet of
bottom of trench)

Components

Vegetation

Positive overflow outlet
Stone-filled trench
Perforated piping
Geotextile

Observation well (optional)
Outtlow pipe
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Subsurface infiltration may involve a
permeable substrate such as gravel,
perforated piping, or both.

Waterinfiltrates through the surface
and gravel substrate and is conveyed
throughtheperforatedpipeintoa
larger cistern, dry well, or other stor-
age chamber.

Applicability

Bothnew construction and repaving or repair of existing surfaces. Opportuni-
ties for increased subsurface infiltration exist where largely impervious surfaces
currently dominates, such as in parking lots, alley ways, and roadways. Improved
infiltration techniques may also be applied to recreational fields, parks, and other
lawns to help mitigate stormwater flows.

Maintenance

Regular cleaning of gutters/catch basins

Filter replacement and cleaning out pre-treatment areas

Biannual inspection and cleaning of components and connections
Periodic evaluation of system drain-down time

Maintenance of vegetated areas above storage medium as needed

76




Cost

Varies considerably depending on specific type of system used.

$5.70/sq. ft. is the average cost of subsurface infiltration for excavation, aggregate
(2 feet assumed), non-woven geotextile, pipes, and plantings.
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Permeable paversinfrontofKroon
HallatYale Universityrestonabed
of gravel and sand, which allow
stormwater toinfiltraterather than
quickly runoff.

RobertTraveratVillanovaUniversity
useshiscampusasalivinglabfor
green infrastructure projects. This
university parkinglotfeaturesapilot
sitetotesttheinfiltration and perfor-
manceofperviousasphaltandpervi-
ousconcrete.Onarainyday, thereis
little surface runoff compared with
theadjacentimpervioussurfaces.

In Washington, DC, the District
Department of Transportation (DDOT)
andtheDistrictDepartmentofthe
Environment(DDOE) haveteamed up
toreduce stormwater runofffromthe
right-of-way.This GreenAlleyinthe
AnacostiaRiverwatershedimproves
theappearanceandfunctionofthe
alley while reducing impervious sur-
faceand combating CSOs.

Canal Parkis areclaimed industrial

spaceand newurbanparkinWash-
ington, DC. Pervious pavers and per-
meable pavement, tree pits, and rain
gardenshelptocapturestormwater
anddirectittounderground storage
cisterns.Wateris thenrecycled into

non-potable sources, such as toilets,
ponds,and aseasonalicerink.
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9. Permeable Pavement

Definition

Permeable pavement is asphalt or concrete that is mixed with fewer fine particles

to create moreair space, which in turn allows water to percolate throughit. An
underlyinglayeroffinesedimentfilters thewater,and asub-base of uniform-grade
stones stores the water asitinfiltrates into the ground. Interlocking pavers func-
tioninasimilar way, butinstead of a consistentlayer of asphalt or concrete, these
aremodular systems with interlocking pieces. Theholes between pieces arefilled
withsand and/ orsoil, which allows water to percolate through to thesubsurface.
Depending on the specific system and location, most permeable paved areas capture
70-80% of annual rainfall that lands on its surface.

Types

Porous concrete (more expensive)

Porous asphalt (least expensive)

Interlocking pavers (most expensive, but most common and usually also designed
to provide aesthetic benefits)

Design Considerations

Vehicle tracoc

Average slope of surface

Climate

Weight of vehicles and other objects/people using the surface

Drainage

Likelihood of spills or handling of hazardous material
Typicalrainfallvolume (mostsystemsaredesigned tocaptureinfiltrationfromat
least a two-yearstorm)

Effectiveness

Porousconcrete A large pervious concrete plaza installed at Villanova University,
which takesrunofffromadjacentstandard concreteareas, several rooftops, and
grassed areas, has successfully captured and infiltrated runoff from all storms 5 cm
or less since its installation (Kwiatkowski et al. 2007).

Porousasphalt A 1999 study in France concluded that onaverage, 96.7% of storm-
water volume infiltrated into the soil below a 61-cm thick crushed stone reservoir
installed in the section of a street (Legret and Colandini 1999).

Interlocking pavers Studies conducted in 2003 in Washington, DC, of two different
interlocking paver products calculated negligible surface runoff from both products
over theentiresix-yearstudy period. Water quality wasalsoimproved, as copper
and zincconcentrationsininfiltrate water were significantly lower thanin concen-
trations in runoff from an adjacent asphalt lot (Brattle and Booth 2003).
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Requirements

Interlocking pavers

Top layer of interlocking pavers, porous asphalt, or porous concrete
Permeable joint material (sand/soil) to go between pavers (interlocking pavers)
Open-graded bedding course (interlocking pavers)

Open graded crushed stone base reservoir

Open graded larger stone sub-base reservoir

Underdrain (as required)

Geotextileundersub-base (asrequired)

Uncompacted subgradesoil

Applicability

Both new construction and repaving of existing surfaces
Parking lots

Sidewalks

Road shoulders

Driveways

Maintenance

Vacuum sweep 3-4 times/year (porous asphalt/concrete)

Occasional inspections of pores to test permeability

Mowing, if necessary (interlocking pavers)

Re-pavement necessary every 15-25 years, especially in colder climates

Cost

Porous concrete: $2-$6.50/sq. ft.

Porous asphalt: $0.50-$1.00/sq. ft.

Interlocking pavers: $5-$10/sq. ft.

$400-$500/ year per half-acre parking lot in maintenance costs

Limitations

High installed cost/volume reduced ratio

Not intended to collect stormwater from other areas
Substantial maintenance requirements
Challenges in cold climates

Limited to areas with surface slopes < 20%
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Introduction

Because using green infrastructure as a means for stormwater management is still a
new trend, information onits potential performanceis still largely lacking, espe-
cially in the New Haven area.

Adaptivemanagementis aniterative process structured so that theactions tomeet
managementobjectives simultaneously provideinformationneeded toimprove
future management goals and actions. The approach emphasizes management
experiences as a source of learning that informs the next set of actions. Ithas been
proven applicable across a range of resource sectors, including agriculture, water re-
source management, and fisheries, especially in the presence of uncertainty (Stan-
key, Clark, and Bormann 2005).

Thisappendix describes why thisadaptivemanagementapproachis suitable for
Yale’sSustainable Stormwater ManagementPlan. Itexplains thedetailed steps for
strategy implementations,assessment,and goalsetting,and theflow ofactions that
shallbetakentoapplyanadaptiveapproachfordeveloping futureplaniterations
utilizing the knowledge gained from the current plan.

Theincremental design of a Sustainable Stormwater Management Plan (SSMP) has
theability tolead to a morerobustand widespread implementation of green infra-
structurewhilehavingalong-term positiveimpacton campuswater management.

This plan aims to shift the mindset of Yale stakeholders from stormwater as waste
producton campus tostorm waterasa resource. Learning, step by step, throughaniit-
erative process, will allow green infrastructure practices to be continually evaluated by
annual performance monitoring, improved operations upgrades, accurate documen-
tation, assessment, modeling,and adaptingto fundamentalfluctuationsinthewater
management process (Alshuwaikhat 2008). The ultimate objectives are to:

Improve the understanding of the volume of stormwater runoff on the campus prop-
erly and itsimpact on the combined sewage overflow for the city of New Haven.

Provideinformationtosetareductiongoalin2016 thatcanbeachieved through
green infrastructure interventions.

Theinitial phases of the plan will have the ability to affect multiple stakeholders
directly or indirectly by virtue of its actionable items and stormwater interventions
that mitigate the quantity and quality of water flows on campus.
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Suitability of Adaptive Management Approachfor Sustainable
Stormwater Management

Applying an adaptive management strategy during sustainable stormwater plan-
ning can enable subsequent performance monitoring to inform a responsive, effec-
tive,and ecocientpractice. Anumber of characteristics of stormwater make perfor-
mance monitoring critical:

Wet-weather events are responding nonlinearly to climate change (Mohammed
2005).

Runoffbehavesvery differently dependingonthemagnitudeof precipitationevent.
Modularand decentralized greeninfrastructure practicesarestillbeing optimized.

Damages include both flooding of private property and degradation of public goods
like ambient water quality.

Asaresult, traditional projectmanagementthatsets fixed timelines and staticmile-
stones may bea good starting point for infrastructureimprovement, but sustain-
able stormwater management requires more flexibility, responsiveness, and agility.
Implementing green infrastructure without performance monitoring could result in
a number of failure points:

Engineers and architects deliver plans designed for very specific performance pa-
rameters.

Contractors with little experience often make shortcuts in construction that render
the as-built installations ineffective for the designed purpose.

Maintenanceis critical for continued performance of the vegetative practicesand
geo-engineered soils that provide the substantive value-added of green infra-
structure.

To obtain benefits under any future regulatory credit or incentive scheme, green
infrastructure may need to prove catchment-specific effectiveness at attenuating
runoff and/or improving water quality.

Other campuseshavemadesignificant progressidentifyingand implementing
strategies and management practices for stormwater reduction, but may be vulner-
ablewithoutanexplicitadaptivemanagementprogram. Ananalysis of compre-
hensive stormwater management plans on university campuses by Steven Gillard
(2011) at the University of Pennsylvaniasuggests acommonapproach for:

Creating inventory baseline
Identifying best managementpractices
Education and outreach

On-schedule operation and maintenance
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Allof these points presentchallenges for budget-limited ococes, which canlead to
a preference for cutting operation and maintenance costs. However, our experience
interviewingemployeesatthe Philadelphia Water Departmentsuggeststhatthe
long-term sustainability of stormwater managementinstallationsis directly de-
pendent on proper maintenance.! Additionally, communication and collaboration
between the designers and maintenance crews is an underutilized opportunity for
reducing operational costand improving installation effectiveness.

The University of Pennsylvania chose to contract with an environmental consulting
firmtowriteits stormwater managementplan. Yale University hasanopportunity
for leadership by integrating students, research faculty, and the broader community
in its adaptive management plan. By continuing to develop the SSMP in-house,
throughanadaptivemanagement processand the collaboration of the Yale Ococe of
Facilities and research faculty, Yale can ensure that the as-built installations function
as designed and serve the community well into the future.

Preparation for Setting Stormwater Goals in 2016

Afterimplementing thefourmanagementstrategiesdiscussedin this plan, thenext
step in adaptive management is the development of goals and objectives. Goals con-
tribute to the decision-making process and influence the selection of management

actions, whichareconsidered tobeprojects, programs, orinitiatives undertakenin
pursuit of achieving a management goal partially or entirely.

By adopting several stormwater management strategies, Yale University will gener-
ateabetter understanding of stormwater’srelationship with and function on the
campus. Thisunderstanding willlead to theselection of severalinitial stormwater
goalsby 2016.Indevelopingandreevaluating goals, itisnecessary toconsider that
they should address theissuethatinitially motivated managementand reflectthe
social, economic, and ecological values of thestakeholders (Williams, Szaro, and
Shapiro 2009). Certain conditions and technical features should be met fora goal
to be useful for decision making and evaluation:

Specific Goals should be clearly articulated, expressing the expected outcome of
themanagementaction implemented and the reasons for and benefits of accom-
plishing the goal. Specific goals for stormwater managementarenot to be general-
purposestatements thatreflect theinterest of reducingand improving thequality
of stormwaterrunoff. Instead, theseshould include targetconditions thataddress
themain problem, suchas a reduction in stormwater runoff by a certain amount,
reductionof thequantity of combinedsewer overflow (CSO)events, establishment
of specific guidelines for stormwater control to new developments, and so on.
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Facilitate Goal
Performance Monitoring

Measurable Goals should contain elements that can be measured with success, so
astoprovidemeanstoevaluate theeffectiveness of theemployed managementac-
tions. Ameasurablegoal for stormwater managementcanbequantified with field
monitoringand modelinginformation. Forexample, a goal thatrequires stormwa-
ter runoff tobereduced by a certainamount can be measured with modeling esti-
matestodetermineifthemanagementactionhasresulted in theexpected outcome.

Attainable Goals should berealisticand based on the capabilities of the system be-
ingmanaged, the conditionsin whichmanagementoccurs. Managers should con-
sidertheirlimitationsaswellas thoseof thesystem toreduceand treatstormwater.
Realisticstormwaterreduction goalsshould bedeveloped with theuseof baseline

data and considering theresources available to execute the management plan.

Time-based Goalsshould indicate atimeframe forachievement. Forastormwater
management adaptive strategy, the timeframe selected should be realistic and allow
forreevaluationand adjustment. Depending on the case, timeframes can extend
from several years to decades.

Results-oriented Goalsshould state endpoints and conditions thatindicate their
achievement.

Goal Performance Evaluation

Beforemeasuring goal performance, itis usefultomeetcertain conditions that
facilitate evaluation. These are related to the measurability criteria of goals and
objectives:

Measures of performance (or indicators) toward goals have been established — Perfor-
mance indicators are measurable conditions that can provide a quantitative basis
forevaluating how well management actions are meeting the stated goals and ob-
jectives. Ways to evaluate the effectiveness of these actions should be considered
throughoutall stages of planning and implementation of the management plan.
Performance indicators are the factors measured through monitoring and allow
for continuous learning, broadening the understanding of how the system func-
tions and responds to specific management actions. The criteria for the quantifi-
cation of goal performance vary among goals and goal typologies. For example,
quantitative goals can be measured by analyzing scientific data (e.g., flow, water
quality parameters), while action or positional goals can be evaluated with infor-
mationcollected asaresultof managementefforts(e.g., areaofland converted
into green infrastructure).

Milestone goals have been established  Within the context of stormwater manage-
ment, itiscommon to develop long-term goals. Monitoring the progress toward
long-termgoals canbechallenging becauseresults can takesignificanttime toma-
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Measuring Goals

terialize. Toensure that the management actions toward achieving these objectives
arebeingeffectiveand thatthegoalcanbereached withinthespecified timeframe,
milestones, orsubgoals, should bespecified during the goal-setting process. Dur-
ing the implementation period, evaluation of milestones provides information on
how far themanagers are into achieving the goal and on any lags in the expected
response.Forexample, supposethat the established goal states that stormwater
quantity should bereduced by a certain amountin thenext25 years. A strategy
toachieve this goal could include the disconnection of impervious surfaces that
dischargedirectly to thestormwater drainage system. Using existing models, the
impervioussurfaceareathatneedstobedisconnected toachievethisreductioncan
bedetermined. Consequently, amilestone goalfor thismanagementaction could
be to disconnect a certain area of impervious surface every five years until achieving
thefinal goalin 25 years. This can provide informationleading to the modification
ofthemanagementactionand willencourageevaluation of progressand continu-
ous monitoring,.

Theprocessof measuring goalstatusinvolvestheevaluation of dataobtained from
monitoringefforts. Itisananalysis of theindicators of performance toanswer
questionsabouttheresponseofthesystemtotheimplemented managementaction
and an assessment of the effectiveness of the strategy, asillustrated in Figure 1.

Using monitoring data to evaluate goal performance Themonitoring programde-
signed to assess the outcome of the SSMP should aim to obtain the information
necessary tomakemanagementdecisionsand evaluatetheresults of individual
management actions. In the adaptive management context, the purposes of moni-
toring are thefollowing:

Evaluate the progress toward achieving a goal through the current management
strategy;

Increase understanding of the system dynamics;
Provideinformation toimprove and develop models for decision making; and
Provide data that can inform the development of future goals.

Monitoringinvolvesobtaining dataoftheperformanceindicatorsthroughoutthe
duration of the project. These data would beused as input formodels thatapply to
thesystem orstatistically analyzed to determine success orfailure of themanage-
mentstrategy. For the SSWP, two monitoring categories provide useful informa-

tion for determining goal achievement:

Implementation monitoring Document the extent to which strategies have been
implemented as wellas to which regulatory actions proposed by the SSWP have
beentaken. Thistype of monitoring providesabasis for tracking the completed ac-
tions and is a way to monitor goals involving zoning, stricter stormwater standards
for new developments, downspout disconnection programs, andsoon.
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Figure 1: Goal Evaluation Process Timeline

Whenimplementingamanagementstrategy, evaluation of performance throughouttheduration of the
project tracks progress toward milestones. These evaluations include the use of monitoring data to assess
performance indicators and identifying bridged data gaps and obstacles and challenges encountered that
mighthave led to failure inachieving the goal. This is the key process that leads to the modification of
managementactions and goals that characterizes adaptive management.



GoalAchievement
Measurement Outcomes

Outcomemonitoring Addresses how effectively the SSMP’ meets the explicit
objectives and conditions. This monitoring can relate to small projects and mile-
stone goals as well as to the general outcome of the management strategies imple-
mented and long-term goals (e.g., areduction of stormwater volumereaching the
drainage system).

Otherusesofmonitoringdata Althoughmonitoringdataisessentialtoevalu-
ate goal performance indicators, the data also provide information that can further
inform decision making.

The dataprovidenew information about thesystem: Anadaptive management
strategy isusually necessary in systems where thereis notsucccientinformation
toimplementafixed managementaction with certainty. Monitoring through the
implementation process can fill these informational gaps, provide a clearer picture
ofthesystembeingmanaged,and serveasafoundationfor futuremanagementap-
proaches. Thisinformationcanalsoprovideadifferent perspectiveof thesituation
that canlead to the reevaluation and modification of goals.

Monitoring data helps to document and explain obstacles and challenges encoun-
tered: When goals arenot met by the specified timeframe, monitoring informa-
tioncanhelpidentify the cause of these challenges and provideinsightonhow to
overcome them to accomplish the objective.

The process of evaluating goal accomplishment is part of the setup phaseand the
iterative phase of adaptive management. It involves consistent monitoring through-
out theimplementation of the SSMP and encourages and maintains the decision-
making process. In general, it provides the information that allows both manage-
ment actions and goals to be dynamic.

Application of Adaptive Management to the Sustainable Stormwater
Management Plan2013-2016

Thissectionwill describe the steps thatwill take thestrategies specified in the cur-
rent plan through monitoring and assessment, and feed into the goaldevelopment
in 2016. Since Strategy 1requires continualimprovement of the runoff model to
achieveabaselineforstormwateroncampus, thestepsaredistinctfromStrategies
2and 3, which directly address thereduction of stormwater on campus. For this
reason, theapproachfor Strategy 1is described separately from theapproach for
Strategies 2 and 3.
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Approach for Strategy 1:
Model and Data
Development Process

Strategy 1 establishes that annually, the supervisor of the modeling effort will
recruitoneormore Yalestudents to oversee the model update process. The
general procedureby which themodel will beimproved is described below.
Specific information about the current status of the stormwater modeling effort
can be found in Appendix D. The stormwater baseline for Yale University is be-
ing determined using the Environmental Protection Agency (EPA) Stormwater
Management Model (SWMM). The model is described as follows in the SWMM
handbook (Rossman 2010):

SWMMisadynamicrainfall-runoffsimulationmodelused forsingleevent
orlong-term (continuous) simulation of runoff quantity and quality from
primarily urbanareas. Therunoff component of SWMM operates on a col-
lection of subcatchment areas that receive precipitation and generate runoff
and pollutantloads. The routing portion of SWMM transports this runoff
through asystem of pipes, channels, storage/ treatment devices, pumps,
and regulators. SWMM tracks the quantity and quality of runoff gener-
ated within each subcatchment, and theflow rate, flow depth, and quality
of waterineachpipeand channelduring asimulation period comprised of
multiple time steps.

Model Evaluation Develop familiarity with currentiteration of modeland identify
opportunities for improvement and operational shortfalls.

Eachyearwhenthemodeldevelopmentcyclebegins, themodeler(s)and supervi-
sor shall assess the functionality, complexity, accuracy, and structure of the model.
They will then prepare alist of potential improvements to the model that may in-
clude: change in software, additional /updated data, structural changes, intensified
level of analysis (e.g., inclusion of water quality), or increased scale of analysis.

Workflow Prioritization/Software Selection Develop model improvement strat-
egy by setting performance goals.

Once themodelis evaluated, anumber of performance goals will be chosen to ad-
dress during theyearlongmodel developmentcycle. Topreserve the integrity of
the model, performance goals must be informed by previous work and represent an
incremental improvement over previous iterations.

Data Retrieval/Model Update Incorporatenew data and refine model compo-
nents, parameters, andassumptions.

The majority of time and effort during the model development cycle will be dedi-
cated tolocating and incorporating new and up-to-datedata, improving accuracy
of the representational structures, tweaking hydraulic and hydrological parameters,
and increasing complexity.
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Approach for Strategies
2and 3:Stormwater
Management
Commitments

Calibration and Results Analysis Compare modelresults with monitoring data,
and evaluate for management implications.

While the modelimprovementis ongoing, intermediate results frommodel runs
shallbeevaluated foraccuracy through comparisontocalibration dataofflowand
quality atspecified junctionsand outletsin the conveyance system. Depending on
the level of similarity between modeled flow and calibration flow, different choices
forparametersand modelstructuremaybemade.InYale’scase, alteringslope, per-
centimperviouscover,subcatchmentwidth, depressionstorage, orotherparam-
eters may lead to more accurate results.

Atthe end of the model development cycle, a series of final runs will be produced
to provide baseline analysis data for the management plan supervisors. The mod-
eling teamshall produceareportthatanalyzes themodel results and recommends
future steps.

Communication of Results Report findings to management planning team.

Alongwiththeannualreportanalyzingthestateof themodelandstormwaterbase-
line, the modeling team will also present their findings and recommendations to
themanagementplansupervisors.Inthepresentation, theteamshalladdresswork
completed, modelaccuracy,and implication of themodelresults. Inaddition, the
modeling teamshall participatein the goal-setting process whenapplicable.

Decision Making/Implementation Identify management actions to address plan
goals and commitments.

Uponadoptionof the SSMP, the Occce of Facilities with inputfrom the Ococe of
Sustainability willidentify a course of action toaddress management Strategies 2
and 3 set out in the plan. Depending on resource availability, current understanding
of the project, and guidelines described in the SSMP, decision makers will choose
andinitiatemanagementactions toaddress guiding principles. Managementac-
tionsmay beinitiated atany pointduring thethree-yearadaptivestormwaterman-
agementcycle, butall mustbesubject to ongoing monitoring and review.

Tracking Progress/Monitoring Monitor and record progress of management ac-
tion implementation toward achievement of management goals.

Immediately following theinitiation of amanagementaction, and during the pe-
riod ofactivework, managers mustrecord progressmadeand periodically inform
supervisors regarding the state of completion. Collected data and progress updates
shallbe incorporated intoasuccinctliving documentknown as theManagement
ActionReport(MAR).Foreachmanagementactioninstalled, acorrespondingsec-
tioninthe MARwillallow supervisors to track progressand assess effectiveness of
the action.
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Forexample, thedownspoutsurvey managementactionforStrategy 3hasseveral
kinds of datathatshould beincluded in the MAR. A GISfile with downspoutdata,
areport describing the downspout survey plan, images of downspouts on campus,
and notes from downspoutsurveyorsareallinformation thatmight behelpful to
track progress. By increasing the degree to which information about projects is
recorded, managers will have an easier time ensuring progress.

Assessment Periodicassessmentof monitoring resultsand implementation prog-
ress, culminating in a final assessment report.

Once per year, supervisors of the SSMP will assess thelevel of effectiveness of any
ongoing or completed managementactions. Using the MARas a guide, the plan
supervisors will, based on theresults of theMAR, choose one of the following out-
comes for each management action:

Table 1: Descriptions of Potential Outcomes

ongoing completed

Continue Management action is showing Progress Managementactionachieved desired
effectiveness in addressing a goal. goal or part of goal.

Terminate Managementactionisnoteffec- Re-implement Management action still has
tive in meeting goal expectations, orisnotan potential to produce results for management
ecocient use of resources. plan.

Alter Managementaction will better address
goal expectations withachange in strategy,
implementation, or scope.

Goal Settingand Plan Development Information gathered during management
cycleinforms goal evaluationand next-cycle management planning,.

Atthecompletion of the three-year adaptive stormwater managementcycle, the
goal-settingand plan-developmentprocess willbegin.Supervisorswillassessthe
information gathered during implementation of management strategies. Using the
informationand datagathered throughtheMAR, supervisorswillestablishasetof
goalsthataddress Yale’sstormwater managementambitions,and incorporatethe
existing stormwater management capacity on campus.

Thecycle ofadaptivestormwater managementoccurring between plandevelop-
ment periods is designed to mirror at a smaller scale the larger goal-setting/strategy
implementation cycle thatwilloccur every threeyears. Undersuch astrategy, su-
pervisors will beable to catch and correct ineccciencies before significant timeand
resources have beendrained.
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Example: Structure of Adaptive Management Process for Stormwater

Conclusion

An adaptive management approach provides an opportunity for effective results
by learning,adapting, andimproving managementactionsasnew informationis
madeavailable from monitoring efforts. Faced with uncertainties of stormwater
events and optimal monitoring strategies, control technologies, and management
practices for addressing the stormwater runoff, an adaptive management approach
issuitableforYaletomosteffectivelymanagestormwaterinthelongrun.The
adaptive management approach will help ensure that lessons from implementing
the 2013 management plan are fully reflected in the 2016 plan.
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Description of SWMM

Introduction

Thisappendix describes the modeling approach taken during theinitial storm-
water management planning process. Descriptions of the software and data used,
assumptions,and modelresults areincluded below. General suggestions for the
nextstep of themodeling processareprovided aswell, thoughitshould beunder-
stood that gradual refinement of the model is the ultimate goal.

EPA SWMM 5.0

The Environmental Protection Agency’s Storm Water Management Model
(SWMM), Version 5.0, was chosen as themodeling software for this initial attempt
duetoits simplicity, reliability, and freeavailability. SWMM is the basic platform
uponwhichamajority of thecommercially available stormwater modeling pack-
agesarebased. But, because thesoftwareisnotspatially focused and doesnot
integrate directly with GIS, the current model simplifies many of thesurfaceand
subsurface characteristics of the stormwater runoff system. Although the model
represents runoff dynamics on Yale’scampus atabasiclevel, withoutproper cali-
bration, and considering the simplification of system parameters, results at this
time cannot be taken as fully accurate (Rossman 2010).

With this caveat, this appendix describes the system and some of the results
from simulation to provide some insight into the functioning of Yale as an
urban watershed.

SWMM was developed by the U.S. Environmental Protection Agency (EPA) in
1971and hasbeenupdated several timessince then. Thelatest version, SWMM 5.0,
represents a complete rewriting of the previous FORTRAN code into the C pro-
gramming language, allowing foranupdated graphical userinterface (GUI)and
greater ease of use with the Windows operating system.

SWMMisadynamicrunoffhydraulicsimulationmodel thatincorporatesrainfall,
runoff, and subsurface components. Able to model both water quantity and quality,
SWMM sets the basicstandard for urbanstormwatermodeling approaches.

SWMM uses four major environmental compartments to model water and mate-
rial flows. Thesecompartments and theirassociated model components are:

Atmosphere Contains the precipitation and atmospheric pollutantcomponents,
which travel to the land surface compartment. A rain gauge object represents rain-
fall intensity / duration/structure within SWMM.

Land Surface Consists of subcatchment objects. Incident precipitationand pollut-
ant deposits are transferred to the transport compartment or groundwater compart-
ment depending on surface characteristics.
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ModelInputsand
Assumptions

Groundwater Rainfallinfiltrated from theland surface compartment enters the
groundwater compartment, whereaportion of the wateris retained and therest
enters the transport compartment. Groundwater is modeled using aquifer objects.

Transport Consists of theconveyancestructures thatmove waterand materials to
outfalls or treatmentfacilities. Node and Link objects move the inflows from the
land surface and groundwater compartment.

Not all compartments must be included in a SWMM model (Rossman 2010).

Therainfallcomponentof SWMM converts precipitation to runoff using the surface
and subsurface characteristics of subcatchment basins as defined by the user. The
routingcomponentthen movesrunoffthroughaseries of pipes,channels, regulators,
pumps, or treatment facilities to an outfall. A functional model system in SWMM
must have the following components:

Subcatchments arepolygonsthatrepresentcontiguousareasthatdraintothe
same point. Any incident precipitation on the surface of asubcatchmentis either
runoffintotheconveyancesystemorisinfiltrated togroundwater. Theproportion
of water goingtoeachisdeterminedby thefollowingsurfacecharacteristics:

Area

Characteristic width

Slope

Percent impervious

Infiltration characteristics
Depression storage characteristics
Groundwater

Routing

Additional optional characteristics

Nodes serve as both connections between conduits (junctions) and outfalls. The
runoff fromsubcatchments enters theconveyancesystematjunctions, and runoff
exitsthesystemintoreceiving watersatoutfalls. NodesaredescribedinSWMM by
the following characteristics:

Invert elevation — the lowest elevation of the interior of a pipe or junction
Additional optional characteristics

Conduits arethepipes, ditches, culverts,and drains thatmovewaterfromone
junctionto another. SWMM requires thatall conduits be connected toan upstream
and downstreamnodeand havesuccientslope and capacity to establish regular
gravity-drivenflow,unless pumpsareused. Conduitsare described by the follow-
ing characteristics:
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Data Sources andProcess

* Shape

* Maximum depth
* Length

* Roughness

e Additional optional characteristics

Rainfall wasrepresented by asingle rain gauge with a two-year, 24-hour design
stormforsouthern Connecticut, correspondingto3.5inches. ANatural Resources
Conservation Service (NRCS) typeIll rainfall distribution was used to describe
rainfallintensity forthestudy period (Kibler1982; U.S.Departmentof Agriculture
[USDA] 1986).

Data generated in ArcGIS and collected from additional sources about the surface
characteristics of Yale’scampus, and thestructure of New Haven’sstorm/sewer
system, were input into the SWMM model.

Initially, the data created by researcher Aram Marks for subcatchmentshape, area,
slope, impervious surface, and width were used. Later, though, these data were
replaced with data collected by the engineering firm CH2MHill for the Greater
New Haven Water Pollution Control Authority’s (GNHWPCA)stormwater
modeling effort.

Toselect the subcatchments corresponding to Yale’scampus, apolygon shapefile
was created in ArcGIS thatrepresented an outline of all of Yale’sreal estate hold-
ingsinNew Haven. Then, any subcatchmentthatoverlappedatleast15% ofitsarea
withtheYaleshapefilewasincludedin thestudy. Thisresulted in 68 subcatchments
that cover all Yale precincts except West Campus.

Information about the conveyance system structure and characteristics was gath-
ered from the GNHWPCA GIS database. Because the GNHWPCA administrates
both thesewer and stormsystemsin New Haven, it wasassumed that these data
represented themostup-to-date and accuratereflection of the system.

For each of the 68 subcatchmentbasins constituting the campus, surface charac-
teristicsincludingslope, area, and percentimperviousness were inputbased on
theavailable GNHWPCA datafile. These dataareused to determine the volume
andflowrateof runoffintoastormdrainforagivenrainfallevent. Additionally,a
representation of the conveyance system (either combined or separate storm sewer
system) wasmodeled to give insightinto the runoff capacity and vulnerability to
floodingatvarious points inthenetwork. Inthe YaleSWMM model, water volume
isthemain concern. All objects aredescribed by asetof uniqueparameters ordata,
and connected insuch away torepresent therunoff cascade from atmosphere to
outfalldischarge. Infiltration onagivensubcatchmentmay be described by one of
the following methods; Horton, Green-Ampt, or Soil Conservation Service (SCS)
curvenumber. Water that does not infiltrate into the subsurface becomes runoff
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Figure 1: Approximate Geographic Boundaries for SCS Rainfall Distributions
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Figure 2: SCS 24-Hour Rainfall Distributions
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Figure 3: Rainfall Amount for Two-Year, 24-Hour Storm Events (Inches)
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Source: USDA (1986).

thattravelsthroughthetransportsysteminaseries of conduitsandjunctions
eventually leading toan outlet. There are three options for flow routing in SWMM.:
kinematic wave, steady flow, or dynamic flow routing. In conduits, Manning’s
equationisusedtodescribe therelationship betweenflowrate, area, hydraulic gra-
dient, and slope (Kibler 1982; Rossman 2010; USDA 1986).

Forrainfall, a two-year, 24-hour storm event based ona SCS type Ill rainfall distri-
butionwaschosen.SCSdistributionsapproximatethecharacteristics of rainfall for
different geographicregionsin the United States. A type Il distributionis the most
common rainfall event for thenortheastern Atlantic coastregion. The two-year,

24-hour storm, which corresponds to 3.5 inches in New Haven, Connecticut, is a
commonbenchmarkforstormwaterinfrastructuremodelingefforts (USDA1986).

Allobjectcharacteristicshavebeencollected intoan Excelfiletitled SWMM_Yale-
SystemData. Contained within are detailed tables filled with themodelinputs.
Fororganizational excciency, the different system componentshavebeenlabeled
specifically toidentify theassociated drainagebasin,and inthecase of conduits, the
positionintheconveyancechain. ThelabelingsystemisexplainedinTable1.

Once a functioning model has been constructed and rainfall data input, then the
modeler may run a simulation. A variety of values are generated for the components
of the model. The categories of results are listed below.

Subcatchment
* Total infiltration (inches)

* Total runoff (inches)
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e Total runoff (10° gallons)
e Peak runoff (cubic feet per second, CFS)
e Runoff coexocient

Node
e Depth
Average depth ( feet)
Maximum depth ( feet)
Maximum hydraulic grade line (feet)
Time of maximum occurrence

e Flow
Maximum lateral/total inflow (CFS)
Time of maximum occurrence
Lateral/total inflow volume (10° gallons)

e Surcharge
Hours surcharged
Maximum height above crown (feet)
Minimum height below crown (feet)

e Flooding
Hours flooded
Maximum rate (CFS)
Time of maximum occurrence
Total flood volume (10° gallons)
Maximum ponded volume (10° gallons)

Outfall

¢ Loading
Flow frequency percentage
Average flow (CFS)
Maximum flow (CFS)
Total volume (10° gallons)

Conduit

e Flow
Maximum flow (CFS)
Time of maximum occurrence
Maximumvelocity (feet per second)
Ratio of maximum flow to full normal flow
Ratio of maximum flow depth to full depth
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* Surcharge
Hours full: Upstream, Downstream, Both ends
Hours above normalflow
Hoursoflimited capacity

Theresults dataassociated with the Yalemodeling effortareincludedinadatafile
titled SWMM_YaleSystemResults.

Current Results

Preliminary results from the modeling effort are shown in Table 1. For the design
storm, a total of 38,304,000 gallons of stormwater runoff was produced. Subsew-
ershedsO-3,0-4,0-5,and O-9/10produced thegreatestamountof runoffin
comparisonwith therest of campus. Highrunoff volume seems to derive from two
overriding surface characteristics and one system characteristic. On the surface side,
bothimpervious percentageand slope percentagearesignificantdrivers of runoff
volume. Whilesubsewershed O-4hasalowimpervious percentage, itslargestand
mostupstream subcatchmenthasasignificantslope thatdriveshighlevels of run-
off. 0-9/10, on the other hand, has minor slope percentage, but very high levels of
impervious surface. Thisresults in the highest volume of runoff of any subsewer-
shed,almost1.5million gallonsmorethanO-5,asubsewershed of comparablesize,
butlowerimperviouspercentage. Subsewershed O-3, althoughrelatively smallin
size,hasbothhighimperviouscoverandhighslopepercentage,and thefivemillion
gallons of runoff it produces reflect these conditions.

The system characteristic driving runoff volume in this model is subsewershed
size. Thelargersubsewershedsproduceahigherproportion of stormwaterrunoff,
whichexplains the contribution of O-5, thelargestbasinat130 acres. Whenanalyz-
ing the subsewersheds for runoff produced peracre, adifferent picture emerges,
with the second smallest, but highly impervious subsewershed O-8 having the larg-
est per acre contribution to runoff: 77,000 gallons.

These preliminary model results are very rough estimations of the behavior of
stormwaterrunoffon Yale’scampus. Althoughtheresults doconformtoanecdotal
observations of runoff, more dataneed to be collected toimprovemodel accuracy
and calibratethemodelto observed flows. Initial results suchas theseare helpful to
identify areas of interest for campus managers and establish a basic working knowl-
edge of stormwaterdynamics.
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Calibration

Table 1: Flow Rates and Runoff Volume of Yale Core Campus Subsewersheds for Two-Year,
24-Hour Design Storm

outfall avg. flow max flow total volume | volume/acre
(CES) (CES) (10°gallons) | (10°gallons)

O-1 2.60 34.20 1.615 0.051124

0-2 2.30 25.54 1.435 0.070759

0-3 7.80 79.82 4.874 0.060329

0-4 8.14 105.63 5.003 0.044361

O-5 9.63 117.56 5.900 0.045225

0-6 1.99 7.76 1.256 0.034658

O-7 5.51 65.26 3.454 0.059675

0-8 3.87 4118 2.424 0.076855

0-9/10 11.88 126.69 7.290 0.066985

O-11 5.65 73.20 3.499 0.045757

O-12 2.47 32.30 1.554 0.047552

Total 61.83 697.96 38.304 Volume/ Acre

Recommendations for Further Model Development

In consideration of these results and the expected future work associated with

stormwater management at Yale, improvements to the modeling process should be
implemented. This section outlines the required advancement in software and data
to provide a clearer picture of stormwater behavior on campus.

Recommendationsfallinto oneof three categories: Calibration, InputData,
and Software.

A major dicoculty associated with computer modeling software is verification of the
results. Typically, thisis doneby calibrating outputs with real-life dataand tweak-
ing input parameters until the modeled results and measured results converge.
Whenmodeling alargestormwatersystem, calibration can be especially dicocult
duetothelargeareamodeled and high number of conduits, nodes, and drainage
structures involved. For the stormwater modeling effort at Yale, calibration data are
essential to ensure an accurate assessment of stormwater challenges, but collecting
such data may prove especially dicocult.

If possible, arrangementshould be made to install flow meters within the storm-
waterconveyancesystem. Actualflow datacanbe compared withmodeled flows
to assess the accuracy of the modeling effort. Sites for flow monitoring must be
carefully choseninordertoensurethatthedrainageareaabovethemonitoringsite
isequivalentto the drainageareamodeled inSWMM. In addition, choosing asite
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Input Data

Software

as far “downstream” as possible, while still within the sewershed, will increase the
reliability of calibration.

Due to the structure of the stormwater conveyance system, multiple monitor-
ing sites arerequired to calibrate all the subcatchments on Yale’s campus. Each
subsewershed musthaveitsowncalibration data setbecause thesubsewershed
groupings all drain to different locations. Because of the large capital expense

of installing in-stream monitoring equipment, it is assumed that full coverage
may not occur, or will be implemented over an extended period of time. That
being said, calibration should be a priority, and any data available to compare will
improve modeling accuracy.

By using data from the GNHWPCA in the modeling exercise, we have ensured
thatresultsarebased onthemostaccuratedatapossible. Still, thedataarenot
100% accurateorup todate,and data collection efforts should continue toimprove
understanding of thesystem. Part of this effort should involve maintaining com-
munication with theengineersat GNHWPCA sothat whennew dataare created,
they areimmediately shared withmanagersatYale.Inaddition, thedatashared by
GNHWPCA should be verified and/ or improved when more detailed data sources
are available.

In this modeling effort only the basic characteristics of model components were
used. Thereissignificant potential forimprovementstothemodelresultsby
including additional characteristic data such as infiltration parameters, evapotrans-
piration, depressionstorage, alternativeinflows, overflow parameters,andsoon.
Further investigation should be done to determine the appropriate values for these
characteristics in eachsubcatchment.

Inaddition to improving dataand calibrating model parameters, upgrading to
morepowerfulmodelingsoftwarecanbothincreaseaccuracy of resultsand facili-
tateeasiermodelimprovement. Thereareseveralcommercially available storm-
water routing packages based on the SWMM platform thatareused regularly to
perform stormwater analysis. The most commonly used and most reliable software
packages are:

InfoWorks
InfoSWMM
HydroCAD

Allthree of these software packages have similar basic functionality, butshould be
evaluated based on expected need and functionality when the time comes to upgrade.
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Conclusion

Thisappendixhassummarized the stormwater modeling effort by describing the
toolsand dataused, presenting high-levelresultsand discussion,and making rec-
ommendations for furtherimprovements to the process. Thisis a first step toward
understanding themechanics of stormwater onthecampusof Yale University. Sub-
sequentefforts toimprove the quality of the model will provide managers with a
valuable tool to prioritize stormwater mitigation efforts and identify opportunities.
Theincrementalimprovementofthismodelisessentialforbettermanagementand
should be considered a priority going forward.
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Introduction

Tosuccessfully manage stormwaterusing the practice of greeninfrastructure, the
techniques mustbeimplemented inacomprehensive manneracross campus. In
preparation for a future program of wide-scale implementation of greeninfrastruc-
ture, this appendix presents an analysis to determine site suitability and opportuni-
ties for green infrastructure on Yale’scampus. Consistent with the definition used
intheplan, greeninfrastructuresrefer toall potential practices, landscapes, and
storagedevicesthatcanbeused toslowtheflow of stormwater, reducestormwater
volume, andimprovestormwater quality beforeitenters thesewersystem.

The analysis for this appendix was conducted using data from the Greater New
Haven Water Pollution Control Authority, Yale University, Urban Resources Initia-
tive, University of Connecticut,and Google Maps. This appendix focuses on the six
primary management precincts of Yale University’'s campus: Upper Prospect, Science
Hill, Hillhouse, Core, Broadway / Tower Parkway, and the Medical Campus. This
appendixis meant tohelp identify high-priority areas for stormwaterrunoffand to
provide guidance for green infrastructure implementation on the Yale Campus.

The maps on the following pages represent campus-wide approximations of site
suitability for green infrastructure implementation. Recommendations for green
infrastructure opportunities are based on the following:

Volume of water runoff per subcatchment and per management precinct
Slope of subcatchment

Direction of flow for surface water runoff and areas of high water accumulation
Amount of pervious and impervious surface

Visual assessment of building roof slope and other site conditions

These data wereincorporated toidentify high-risk areas, where surface wateris
likely toaccumulateinastorm event, and toprovideascale of site suitability from
leastto mostsuitable for green infrastructureimplementation. Areas of greatest
suitability include pervious surfaces located within subcatchments that generate a
high volume of stormwater runoff. In order to encourage onsite watermanagement
whilelimiting the potential for damage toinfrastructure, sites were prioritized to
include pervious surfaces atleast10 feetaway fromexisting buildings.

Generalinformation on geology, hydrology,and soils was considered, butnot
incorporated into this analysis. The underlying bedrock is arkosic sandstone,and
soils from this parentmaterial are characterized as sandy loams with moderate
drainagecapacity. Characteristicsvary depending onlocation,assoilsin thecity
of NewHavenarehighly disturbed anthropogenicsoilsthatcontain fill material
of variablequality. Fine-grained data onsoil permeability, depthtobedrock,and
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depth towater table should be considered onasite-by-site basis and incorporated
into future analysis as these data are made available. This information will be an
important component of determining site suitability for green infrastructure imple-
mentation.

Whereinfiltrationisnot possible, permeablesurfaces withunder-drains,suchas
parking areas, sidewalks, and tree trenches, will help attenuate the flow of rainwa-
ter runoff and should be considered. Recommendations for permeable pavement
presume these conditions.

Avisualassessmentof tree canopy cover was conducted based on the2012 Urban
ResourcesInitiative Yale Campus TreeSurvey. Thoughthe campustreesurveyis
comprehensive, therearestillseveral gapsinthe data, including atree inventory
forthe Upper Prospect Precinctand Mansfield Street onScience Hill. Though data
from the tree survey are not represented in this appendix, canopy cover, species, age
class,and condition of campustreesshould beconsidered when prioritizing green
infrastructure implementation.

Current and future New Haven sewer separation projects were also identified
inorder toconsiderpossibilities for future collaborations between Yaleand
New Haven.

Information regarding buildings that flooded during the August 2012 storm event
was incorporated into the precinct-level maps to help identify problem areas.
Neither the New Havenprojectsnorstorm-damaged buildings wereincludedin

the scale of site suitability; rather, they provided guidance for greeninfrastructure
site selection.

Existing buildings on the Yale campus wereassessed for their green roof potential

using Google Maps satellite imagery. Flat to slightly sloped roofs with minimal
mechanicalinfrastructure wereconsidered to be optimal candidatesfor greenroof
installation. No structural analysis was completed, nor were site visits or inspections
conductedin order to verify greenroof potential. Potential greenroofs indicated in
thefollowing mapsrepresentcandidatesfor further greenroofinvestigation.

Based on existing data, including runoff contribution, slope, and percentage of
available impervious surface, the Upper Prospect Precinct and Science Hill Precinct
are high-priority candidates for green infrastructure pilot projects.

Inordertodevelopamorerobustassessmentof greeninfrastructure forstormwa-
termanagementonthe Yalecampus, ablock-by-block on-the-ground assessment

should be conducted within eachmanagementprecinct. Datafrom the YaleBowl,

WestCampus,and other Yaleproperties mustbeincorporated into thegreeninfra-
structure decision-making guide.
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Campus-Scale Map Summaries

Runoff
Based on runoff volume contribution from each subcatchment.

The dark blue color represents the areas of high runoff volume.
Surface runoff from theseregions flows toward areas of high accumulation.

Slope
The dark green color represents areas of high slope percentage.

Theslopeofindividualsubcatchments within thiszoneranges from5% to12%,
which is suitable for many types of green infrastructure.

Thelower theslope, thehigher theflow accumulation and thehigher the concen-
tration of problemareas.

Precinctsupslopeofareasofhighaccumulationshouldbetargeted for greeninfra-
structureimplementationinordertoreduce/mitigate stormwaterrunoff.

Areas of High Water Accumulation
A tflow-direction map is created based on topography.

Theredrepresentstheareas of highaccumulation, whicharesubjecttofloodingin
a peak stormevent.

Problem areas may be best managed by implementing green infrastructure
upstream to reduce runoff contribution downstream.

Site Suitability
Thegreenrepresentstheperviousareasthataremostsuitablefor greeninfrastruc-
ture implementation.

Theseareashavehigheropportunitiestocaptureandinfiltraterunofftoreduceits
impact downstream.

Site Suitability/Target Areas

Thissitesuitability map wasrefined from the previoussitesuitability mapinorder
toconsideron-sitemanagementofrunofffromcampusbuildingsand onlyinclude
sites that are within 50 feet of existing buildings.
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Maps: Yale Campus Priority Areas for Stormwater Management
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YaleCampus: AreasofHigh Water Accumulation Yale Campus: SiteSuitability
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Maps: Green Infrastructure Opportunities at the Precinct Level
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Yale Campus: Potential Green Roofs
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YaleCampus: UpperProspect Gl Opportunities—CloseUp|
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YaleCampus: UpperProspect Gl Opportunities—CloseUplI
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Yale Campus: Science Hill Precinct Gl Opportunities

Potential Downspout Disconnection
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Yale Campus: Science Hill Precinct Gl Opportunities — Close Up |

Potential DownspoutDisconnection
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Yale Campus: Science Hill Precinct Gl Opportunities — Close Up 11

Potential Downspout Disconnection
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Potential Permeable Sidewalk
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YaleCampus: Hillhouse Precinct G1 Opportunities—Close Up |

Potential Permeable Sidewalk
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YaleCampus: Hillhouse Precinct Gl Opportunities—Close Up 11

Potential Permeable Sidewalk
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Yale Campus: Core Precinct Gl Opportunities
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YaleCampus: CorePrecinctGlOpportunities—CloseUp|
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YaleCampus: CorePrecinctGlOpportunities—CloseUp 1
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YaleCampus: Broadway/Tower/ParkwayPrecinctGl Opportunities—CloseUpl
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YaleCampus: Medical Center Precinct Gl Opportunities—CloseUpl
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Figure 1: Steps to Disconnecting a Downspout

Measure

Cut

Cap

Attach

Screw

Place

Source: DDOE.
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Introduction

Of the many surfaces that create stormwater runoff, the stormwater that comes

in contact with rooftops offers perhaps the greatest opportunity for rainwater
harvestingand managementbecause it tends to be significantly less contaminated
thantherunoff fromothersurfaceslikeroadways.If directly connected to the
sewer system, this stormwater canenter thesewer system, whereitcombines
withmore heavily contaminated stormwater or combined sewage. This relatively
clean stormwater adds excess volume to the sewer system that can cause thesys-
tem toreach its capacity. For areas that are serviced by combined sewer systems,
the additional stormwater that flows from rooftops can contribute to combined
sewer overflow events, leading to the discharge of untreated wastewater directly
into waterways. For areas that are serviced by separate storm sewer systems, the
rooftop stormwater flows untreated directly into waterways along with the con-
taminated water from othersurfaces.

Withover fivemillionsquarefeetof imperviousareacreated by buildingson Yale
University’s campus, disconnecting downspouts and managing roof runoff offers
onemethod tohelp Yalemanage stormwater moresustainably. Thisappendix
covers recommendations for how Yale University could approach and implement a
downspout disconnection program.

Considerations for Establishing a Downspout Disconnection Program

Downspout disconnection requires very few tools or advanced skills. A disconnec-
tionprojecttypically requireslittlemore thanahacksaw,adrill, a pipecap,adown-
spoutextensionand elbow,and amechanism to protect theadjacentsurface from
erosiondue to thenewly directed runoff (District Departmentof the Environment
[DDOE], n.d.). Figurelillustrates thesteps for disconnecting adownspout.

Thoughthestepstodisconnectionarerelatively simple, thecomplexity of discon-
nection projects stems from the need to provide thedownspout drainage with a
perviousarea or retention assettoavoid creating anewissue from directing the
additional runoff adjacent to abuilding. Specifically, for adownspout discon-
nectionproject, thefollowing property /structuralaspectsshould beconsidered
(DDOE, n.d.):

Slope Theadjacentperviousareashould drainaway from thebuilding, and the
slope should measure less than 10%.

Drainage The adjacent pervious area should be large enough to encourage
infiltration.

Extensions Downspouts should beextended todischarge wateratleast5feetfrom
the building.
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Figure2: Examples of Downspout Connections from Yale's Science Hill and
Central Campus Areas

Campus photos, May 2013



DownspoutsatYale

Propertylines The end of the downspout extension must discharge atleast 5 feet
from a non-Yale-owned property line.

Other hazards
* Do not disconnect within 10 feet of a retaining wall.

* Downspoutsshould beatleast6 feetaway fromthenearestimperviousareato
favor infiltration over drainage to a nearby catch basin.

Since the founding of Yale University in the early 1700s, the campushas grown
and developed tosupporttheexpansion of theuniversity. As Yaledeveloped and
expanded, buildings wereconstructed toserveavariety of functions. Thecampus
buildingsencompassawiderangeofsizes,scales,and architectural stylesand are
surrounded by anassortmentoflandscapes.Includedinthismixarebuildingsthat
areconvertedresidencesaswellaslarge-scaleinstitutional buildings. Because of
thisrangeand variety, theroof drainage systems found on Yale’sbuildings areall
different, including drainagesystems that drain the roofs by internal roof leader
systemsaswellas themoretypical system of externally draining gutters. Figure2
shows someexamples of the downspout connections for the externally draining
roof systems found on parts of Science Hill and Central Campus.

These differences make it dicocult to define a disconnection program until more
is known about the various connections. Itis important to capture these system
and connection differences to realistically disconnect the wide variety of down-
spouts on campus.

Recommended Approach to Program Development

At this point, the number and connection status of downspouts on campus are
unknown. Until these data are collected, a comprehensive program for disconnect-
ing thedownspoutstoeffectively redirectorslow the flow of rooftop runoff cannot
be determined. Tobe able to prioritize and effectively investin the disconnection
of downspouts, the following approach to collecting and analyzing data to build a
successful program for Yale’s campus is recommended:

1. Conductasurvey ofthedownspoutsoncampus,including datacollectiononthe

areas adjacent todownspouts;

2. Develop a database of survey information using a geographic information system

(GIS);

3. Create a program for disconnecting downspouts based on an established prioritiza-

tion strategy; and

4. Using additional information collected during the survey, identify opportunities for

coupling greeninfrastructure projects with downspout disconnections.
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Student Help Description

Recommended Preparation,
Materials, andProcess

Thefollowingsections describe each of thesesteps. As partof theanalysistocreate
these recommendations, we used Marsh Hall, located at 360 Prospect, as a case
studytotesttheprocess. Anadditional property,aYale-owned andstudent-occu-
pied residence, 101 Mansfield Street, was used to validate the process.

Conducting a Downspout Disconnection Survey

A survey will document the number, location, connection status, and potential
drainage area for the rooftop downspouts on campus to understand the opportuni-
tiesassociated with managing the rooftop runoff on Yale’scampus. The following
sections detail recommendations for the particular skillset of the student or stu-
dents toconductthesurvey aswellas thesurvey process. Thissurvey process has
beendeveloped todocumentexternalroof drainagesystems. Becauseitis dicocult
to visually observe downspout connection status associated with internal roof lead-
ers, partof thissurvey willrequire thestudenttoanalyze thedrainagesystemson
building plans tounderstand the opportunities for internally draining systems.

Thesurvey workwillrequireon-locationanalysisof theconditionsfoundateach
downspout. Becauseof theneed foramorecomprehensiveunderstanding of the
purposeof disconnected downspouts, itisrecommended thatthestudenthave
familiarity with reading building plans, how stormwater runoffis managed on
campus and at the municipal level, and the purpose of downspout disconnection
and greeninfrastructureastoolsin thismanagement. Theidealcandidateforthe
survey work would be a graduate student or students with proficiency in ArcGIS.
Familiarity with the buildings on campus would also be an asset.

Toprepare for the survey work, the student should read the Sustainable Storm-
water Management Plan, including alltheappendixes,and thereports on Yale’s
campus from the2011Paymentsfor EcosystemServicesclass. Thestudentshould
understand the process for disconnection and the needs associated with developing
green infrastructure.

Toconductasurvey of abuilding, we created aformbased onthe conditions
necessary for disconnecting a downspout, as explained in the “Considerations”
section above. This form is intended to assist in capturing the necessary condi-
tions for disconnecting downspouts during the survey. This formis included as
Attachment1 to this appendix and was completed using Marsh Hall at 360 Pros-
pect Street as anexample.

Priorto beginning thesurvey, thestudentshould printaformfor thebuilding and
bring a printout of an image showing the building’s footprintand the adjacent
imperviousareas. Anexample of the printout for Marsh Hall is provided as the
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image on theleft in Figure 3. The student should also bring ameasuring tape to
measure the adjacent pervious area and an instrument to measure the approximate
slope of the pervious area.

Figure3: An Exampleof the Recommended Building Footprint Printoutand Identified Downspout
Locations and Numbering.

During thesurvey, the student should number each downspout, as shownin the
imageontherightinFigure2, and document the information obtained, as shown
in Attachment1. Adescriptionoftheadjacentperviousareasshould becaptured on
theform and asnotes on the printed map of the building footprint. Pictures of each
downspout and the potential drainage area should also be taken and logged for later
reference. Figure4shows examples of the pictures takenatMarsh Halland some of
theobservationsmadeaboutthedownspoutsandassociated drainageareas.

Based on conversations with YaleFacilities and Planning staff, with recent build-
ing renovations, it is likely that a renovated building’s downspouts have been
redirected toanunderground basin thatoverflows intothe sewer system. If thisis
the case, the downspout will appear tostill be connected. If possible as part of the
preparation work, the student should identify whether a building has been recently
renovated, as this may help identify cases where the downspouts have been discon-
nected, even when they do not appear so.

Thisprocessmay besimplified by use ofaGPSunitwith theforminputintoit.
Weused this process for the treesurvey conducted on campusin fall of 2012. We
recommend further investigation to determine whether the same procedure could
be used for the downspout survey.

Downspout Database Development in GIS

Thegreatestbenefitof conducting thesurvey willbe developmentofasummary of
thedownspoutassets oncampus thatcan beused for planning downspoutdiscon-
nectionsoverthenextseveralyears. The datacollected oneachdownspoutshould
beinputintoadigital formatforanalysisand useinprioritizing projects. We
recommend inputting the dataintoa GISshapefile. Attachment2 of thisappendix
showsanexample shapefile and the associated data fields to input based on the
information collected on the form.
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Figure 4: Example Pictures and Observations of Marsh Hall Downspouts

Downspout 1
Connected.
Drainstotoo smallof
anareaoreasyrain
garden.

Downspout 2
Connected.

Drainstoasmall
perviousarea.
Potential forarain
garden of approx.
14 ft. x 8 ft.

Marsh Hall, April 2013

Downspout 3
Disconnected.
Drains to a pervious
area.

Erosion could be
reduced with rocks.
Potential for rain
garden.

Downspout 4
Connected.

Drains to a pervious
area.

Potential forarain
garden.

Figure 5: Example of an Alternative for Priority 2 Disconnections
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Priority 1:
Easy Disconnections

Priority 2:
Disconnections with
Complexities

Priority 3: Disconnections That
Are Not Recommended
at This Time

Priority R:

All Major Renovations or
Adjacentto City of New
Haven Construction

Prioritization Strategy for Disconnection

Probable funding limitations mean that downspouts will probably need to be
disconnected over several years. Additionally, the drainage areas adjacent to many
downspouts may require adjustments before the downspouts can be discon-
nected —some downspouts may not be feasible for disconnection. Based ondiscus-
sions with the Ococe of Facilities and the considerations outlined above for discon-
necting downspouts, werecommend prioritizing downspoutsin the following
manner, with Priority 1 being the highest priority and Priority 3 being the lowest
priority disconnections.

Usingtheinformationcollected inthe GISdatabase, downspoutscanbe prioritized
as easy disconnections and therefore Priority 1 connections if the adjacent pervious
area meets all of the following conditions:

* Large enough to allow for drainage based on predicted runoff volume;
* At least 5 feet from the building’s basement;

* Slope of less than 10%;

* At least 6 feet from the nearest sidewalk, driveway, or impervious area;

¢ Atleast5feetfrom theadjacentproperty, ifadjacent property isnot Yaleowned;
and

* At least 10 feet from a retaining wall.

Downspouts that drain to areas that donot meet one or more of the above require-
mentsshould becategorized asPriority 2disconnections. Many of theseissuesmay
be able to beresolved in a simple way, such as through the replacement of adjacent
sidewalks with permeable pavement or through a stormwater planter, similar to the
exampleshowninFigure5, butthesesolutions willrequiremore planning than the
Priority 1 disconnections.

Downspouts that do not meet the characteristics of Priority 1 downspouts and have
conditions thatmake thesedownspouts too dicoculttorecommend disconnection
atthetime of the survey should be characterized as Priority 3. These downspouts
mightbeaddressed throughrenovationprojects, or, withknowledge gained from
thePriority 1and 2 disconnections, theissues associated with these downspouts
may later become simpler to address.

Based on discussions with Yale Facilities staff, to comply with the Greater New
HavenWater Pollution Control Authority’sstormwaterregulations during the
renovation process, abuilding’s downspouts are disconnected and redirected
to an underground storage tank that overflows to the sewer system. For these
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systems, it is believed that over time, these underground storage tanks fill with
sedimentandlosetheir function asstormwaterstorage. Whenabuildingis
scheduled forrenovations, the building’sdownspouts should bere-prioritized

to “R” to indicate that these downspouts should be disconnected. Prior to the
renovation process, additional options thatareless maintenance-intensive than
anunderground storage tank buthave the same performance ability should be
investigated. Specifically, the construction of other green infrastructure options
withaboveground maintenance likerain gardens may be more feasible during the
renovation process and should be investigated.

Priority PR:  Buildings renovated in recent years have likely had their downspouts disconnected
Buildings Previously  fromthesewersystemand instead are connected toanundergroundstorage tank

Renovated thatoverflowstothesewersystem. Tore-investigatetheeffectiveness oftheunder-
ground storage systems, the downspouts on these buildings should be indicated as
“PR.” Because therehasnotyetbeen an established maintenance program, these
downspouts should be identified either to help create the needed maintenance plan
to clean these basins outor to consider options for alternative, less maintenance-
intense drainage designs toreplace the underground storage.

Managing the Roof Runoff with Green Infrastructure: Example Project

Green infrastructure offers the ability to manage downspout drainage by more
actively encouraginginfiltration. The design for greeninfrastructure, however, is
highly dependentonsoilcharacteristicsand drainagearea. Following thesurvey,
largeradjacent pervious areas should be furtherinvestigated for potential green
infrastructure investigation. Based on the information collected during the survey,
additional analysis is needed to determine whether an area should be recommended
for a green infrastructure project.

Marsh Hall was used to investigate the potential for green infrastructure accom-

panying its downspout disconnections. For the purposes of this analysis, only

rain gardens were explored for their potential use on campus. Other green infra-

structureapproaches could be investigated and used, such as bioswales, subsur-

faceinfiltration, orenhanced treepits. Weused thefollowing method todeter-

mine the potential size of rain gardenrequired for Marsh Hall’s rooftop drainage.
Itis based on a method to size arain garden from the University of Connecticut’s
rain garden design guide.

Calculate drainage area. Drainage Area = % of roof draining to rain garden

Determineraingardendepth. Theslope oftheadjacent perviousareashouldbe
measured approximately, and thisinformation should be collected in thesurvey.
ThemeasuredslopeoftheMarsh Hall perviousarea wasestimated at5%. Based on
theraingarden designguide, theraingardenrequiresadepth of 6-7inches.
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Determinesoil factor. Toproperly design arain garden, the adjacent pervious
area’s soil type and percolation rate should be determined. A soil assessment was
notconducted for this effort. The backyard is assumed to be a silty soil. Using a
depthof 6-7inchesand asilty soil characterization, the soil factoris 0.25.

Calculate rain gardensize. Required Areafor Rain Garden=Drainage Area x
Soil Factor.

Witharain garden size calculated, itis possible to determine if the adjacent pervi-
ousarea thatwasdocumented in thesurveyislarge enoughtohandle thedrainage
from thatdownspout. The calculation was completed for two scenarios atMarsh
Hall. The first scenario is for arain gardensized to intercept the drainage from one
downspout, and thesecond scenariois foraraingarden ormultiplerain gardens to
interceptthedrainagefrom onedownspoutaswellastheparkinglotatMarsh Hall.

Scenariol Sizeofarain gardenrequired for drainage from onedownspout
DrainageArea (3090 sq. ft.)/4 =772 sq. ft.

RainGarden Area 772 sq. ft. X 0.25 =193 sq. ft.

Result: Thisdrainageareaproducesaneedforlraingardenofapproximately 12
feet by 16 feet, which would cost $600-$800.

Scenario2 Size ofaraingardenrequired for drainage from onedownspoutand the
parking lot

* DrainageArea (3090 sq. ft.)/4 + 3090 sq. ft. = 3862 sq. ft.
* RainGardenArea 3862 sq. ft. x 0.25 =966 sq. ft.

Result: This drainage area produces a need for 2 rain gardens of approximately 20
* feet by 24 feet, which would cost $2,900-$3,900.

Additional Assumptions for Rain Garden Calculation:
Y4 of Marsh Hall’s roof drains to each downspout

TheparkinglotatMarsh Hallisassumed tobeapproximately thesameareaas
Marsh Hall’s building footprint. Marsh Hall's building footprintis 3090 sq. ft.

A cost of $3-$4 per sq. ft. of residential rain garden was used to estimate the price.

Based on the above calculations, either scenario is possible for implementation
behind Marsh Hall. Our suggested placement of therain gardensis shownin
Figure 6.

This calculation shows how variable the size of therain garden will be based on dif-
ferences in drainage area. Additionally, different soils and slopes will result in varied
soil factors and therefore different rain garden sizes.
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Figure 6: Potential Rain Garden Locations at Marsh Hall

Conclusion

With themore than five million square feet of imperviousarea created by rooftops
acrosscampus, Yaleis in the unique position to begin to slow the flow orreduce the
total volume of runoff from roofs through a disconnection program. The recom-
mendations in this report are intended to help Yale move closer toward successfully
disconnecting the downspouts through a comprehensive program. If executed fully,
this programmay serve as an example for other universities and municipalities,
including New Haven, tosuccessfully implement asimilar program.
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Attachment 1:Example
FormforMarsh Hall

Attachments

building name Marsh Hall

building address | 360 Prospect

building type Academic

managed by Marsh Botanic Gardens

building area 3090 sq. ft.

renovations?

Instructions Onaprintoutof thebuilding’sfootprint, indicateand number
downspouts on the building, indicate pervious areas adjacent to downspouts, and

indicate roofline, if possible.

Downspout1
location? South middle
disconnected? No
properly? -
splash guard or rocks? -
adjacent to pervious area? Yes
if yes, approximate size? 4ftx6ft
if yes, approximate slope? Flat
if yes, greater than 5 ft from No
building?
if yes, is less than 6 ft from sidewalk, | No
driveway, or other impervious area?
describe pervious area: Landscaped
recommend disconnection? Not yet
additional comments: -
Downspout 2
location? NE corner
disconnected? No
properly? -
splash guard or rocks? -
adjacent to pervious area? Yes
if yes, approximate size? 14 ftx 8 ft
if yes, approximate slope? Flat
if yes, greater than 5 ft from Yes
building?
if yes, is less than 6 ft from sidewalk, | Yes

driveway, or other impervious area?

describe pervious area:

Small pervious area adjacent to steep slope

recommend disconnection?

Yes

additional comments:
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Downspout 3

building?

location? North middle
disconnected? Yes
properly? Yes

splash guard or rocks? No
adjacent to pervious area? Yes

if yes, approximate size? 18 ft x 30 ft

if yes, approximate slope? 4%

if yes, greater than 5 ft from Yes

driveway, or other impervious area?

if yes, is less than 6 ft from sidewalk,

Yes, in one direction

describe pervious area:

Currently dirt, partly used as a storage area for]
a boat.

recommend disconnection?

NA

additional comments:

Pervious area likely receives drainage from

adjacent parking lot

Downspout 4

location? West middle

disconnected? No

properly? -

splash guard or rocks? -

adjacent to pervious area? Yes

if yes, approximate size? 15 ftx 20 ft

if yes, approximate slope? 4%

if yes, greater than 5 ft from Yes

building?

if yes, is less than 6 ft from sidewalk, | Yes

driveway, or other impervious area?

describe pervious area:

recommend disconnection? Yes

additional comments:

Twoimperviousslabsof concrete/asphaltin the

vicinity of pervious area
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Attachment 2:  UsingMarsh Hallasanexample,a GISshapefile was created asan example of the
DownspoutGISand  inputprocessand databasedevelopmentforthedownspoutdisconnectionsur-
Database Directions  vey.Withthecompletionofasurvey ofabuilding’sdownspouts, thedownspout

location and information should be input into GIS. Where the downspouts are
represented, create pointstorepresentthedownspoutsonthebuilding. With the
locationslogged, inputtheinformationassociated witheachdownspoutinto the
pointfile. Along with the creation of this shapefile, the associated fields toinput
information werealso created for theexample. The fieldsare shown below, with
definitions and instructions for each field are shown below.

Definitions

Down_Num (Downspout Number) Input downspoutnumber.

Build_Nam (Building Name) Input buildingname.

Build_Addr (Building Address) Input building address.

Build_Typ (Building Type) Inputbuilding type — Academic, Residential, etc.

Managed (Entity that Manages Property and Building) Inputname of entity that
manages property — Yale Grounds, Marsh Botanic Gardens, etc.

Build_Area (Building Area) Input the building’s area in square feet.

Reno_Year (Renovation Year) Inputtheyearthatthebuildinghad orwillhave
renovations.

Connected (Downspout Connected) Inputwhetherthedownspouthasbeendis-
connected or not — Yes or No

Con_Proper (Downspout Disconnected Properly) 1f the downspoutwas discon-
nected,inputifthedownspouthasbeendisconnected properly,i.e.shouldaddi-
tional work be done? Yes, No, or NA

Con_Protec (Downspout Disconnected with Erosion Protection)  If the downspout was
disconnected, is there erosion protection, i.e. spashblock or rocks? Yes, No, or NA

AdjPervAr (Adjacent Pervious Area) s there pervious area directly adjacent to the
downspout? Yes or No.

Perv_Area (Areaof the Adjacent Pervious Area) Ifthereisadjacentperviousarea,
input the area of the adjacent pervious area.

Perv_Slope (Slope of the Adjacent Pervious) Ifthereisadjacentperviousarea,input
the slope of the adjacent pervious area.

6ft_build (Adjacent Pervious Areals6 ft.fromthe Building) If thereis adjacent per-
vious area, is it 6 ft. from the Building? Yes, No, or NA
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6ft_ImpA (Adjacent Pervious Areals 6 ft. from Impervious Areas) Ifthereisadjacent
pervious area, is it 6 ft. from the impervious areas? Yes, No, or NA

Perv_Desc (Adjacent Pervious Area’s Description) Input description of adjacent
pervious area.

Disc_Rec (Recommend Disconnection?) Is disconnection recommended? Yes, No,
or NA

GI_Rec (Recommend Green Infrastructure?) Is greeninfrastructurerecommended?

Priority (Priority Number) Whatis thepriority number of the disconnection?
(Based on Appendixdescriptions.)

Comments Input additional comments.
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Planning

Introduction

Thedesign philosophy of greeninfrastructure (GI) is based on theimplementation
of distributed small-scale stormwater control practices throughoutasite or drain-
agebasin. Because of their non-centralized distribution and the range of practices
thatcanbeinstalled atonesite, monitoring their performanceisauniquechallenge.
Inmany cases, itisnotrealistic to monitor the performance of each individual prac-
tice, asitcan turnoutto be relatively expensive. Monitoring approaches must be
carefully considered to obtain meaningful data.

Unlike conventional stormwater management practices, some greeninfrastructure
practices (e.g., raingardens, bioswales, pervious pavement) are designed tostore
water throughinfiltration or donothavealocalized influent, requiring a differ-
ent approach for performance monitoring. Additionally, monitoring mightrequire
additionalinfrastructure (e.g., weirs or flumes tomeasure flow) thatshould be con-
sidered during site design. Monitoringshould be considered during the planning
anddesignprocesstoensureawell-structured and successfulintegrated monitor-
ing approach.

An Integrated Monitoring Approach

Anintegrated approachincorporates performancemonitoring into the process of
developing stormwater management practices or retrofits rather than considering
itasanisolated activity tobe completed after projectdesignand construction. Inte-
gration of monitoring includesstrategic placementof monitoringstations, design
that incorporates mo nitoring structures and equipment, and continued monitoring
and maintenance once the practice has been installed. Figure 1 illustrates the recom-
mended approach for green infrastructure monitoring. This approach is applicable
to green infrastructure in new developments as well as to stormwater retrofits.

The monitoring of each green infrastructure practice isnota feasible and realistic
activity duetoitscostand resourcesneededforittotakeplace.Forthisreason,
during theplanning stage for green infrastructureimplementation, thestructures
thatwillbemonitored should beidentified usingastrategicapproach. Aspectstobe
considered when selecting the sites to be monitored are:

Location within thewatershed

Type of Gl practice

Monitoring objectives and priorities

Goals of the Sustainable Stormwater Management Plan

During this stage, the type of monitoring that will be done (see Monitoring Meth-
ods) should also be determined for each structure.
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Figure 1: Recommended Approach for Green Infrastructure Monitoring
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Output Plan for greeninfrastructure implementation and retrofitting thatalso
includes monitoring to determine performance and goal status and achievement.

Site Design  Theinformationobtained during the previous stage can beused to determinesite
designspecificationsrequired by the typeof monitoring that willbe conducted at
eachsite. Forexample, certainmonitoringactivities will require theinstallation of
weirs, flumes,and otherdevicestomeasureflow aswellasstructurestohouseand
secure theequipment. Consideringand incorporating these features during the
design stage of the Gl practiceis critical, as it will reduce the risk of:

¢ Beingunabletomonitorthesite,assome physicalfeatures may notallow proper
data collection or equipment installation.

e Increasing the costof installationif siteneeds to be modified to facilitate monitoring.

Output Glsite designs thatincorporate monitoring structures and equipment
based on the information determined during the planning phase.

Implementation ~ During the installation of the green infrastructure projects to be monitored, most
of themonitoring structures and equipmentshould also be placed. Once the sites
becomeactive, continuous and rigorous monitoring can take place. Inmost cases,
personnel training is necessary to ensure proper collection of data and management
of samples.

Output Data to determine the performance of green infrastructure in reducing
stormwater and/or improving water quality. The level of detail of the collected data
will depend on the type of monitoring implemented.

Tomake thisapproach successful, ashiftin thinking isnecessary since monitoring
needstobeconsideredatallstages of theprocessand resourcesneed tobeallocated
forthisactivity. However,duetothepotential of stricter stormwaterretention
requirementsinNew Haven, ashifttoward thedirectionofanintegratedapproach
thatallows monitoring performance will become increasingly valuable.

Determining Monitoring Objectives

One common reason to conduct monitoring in amanaged system s to evaluate
the success of the managementactions employed to achieve agoal. However, in
ordertodesignamonitoring programthatcan effectively provideinformationon
goal performance, its objectives need to be clearly defined. These objectives, which
willcorrespond with the goals of the Sustainable Stormwater ManagementPlan,
willserveasaguidetodeterminetheinformation tobe collected when monitoring
takes place. Some example objectives for a stormwater monitoring programare:
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Figure 2: Levels for Green Infrastructure Monitoring
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* Evaluate the effectiveness of green infrastructure to reduce stormwater quantity and
improve quality.

* Compare performance between practices todetermine which are mosteffective.

® Determine the impact of design variables in performance.

Monitoring Plan Development Considerations

Inordertoappropriately addressthemonitoring objectives, itisnecessary toiden-
tify theinformationinputsnecessary. Once the informationinputsareknown, a
number of aspects that willimpact monitoring efforts should be considered. This
assessment should:

* Identify dataalready being collected in the area (e.g., weather stations) or other
studiesthathavebeendoneoncampustomeasurestormwater. Thiscanreducethe
amountofnew information thatneeds tobe collected as well as the costassociated
withobtaining new equipment. Oneexampleis theavailability of nearby weather
stationsin Hamden, Kline Geology Laboratory,and Tweed-New Haven Airport
that can provide precipitation and additional weather data for evapotranspiration
calculations.

® Determine thenumber of storms to be monitored in order to obtain a valid statistic
dataassessment, which canbe donethroughapoweranalysis (Geosyntec Consul-
tants and Wright Water Engineers 2009, ch. 2; Hill and Lewicki 2005).

¢ Determinethecharacteristics of thestorms thatneed tobemonitored (depth,
intensity, duration). Identifying the precipitation patterns in the region before
implementingamonitoring programisauseful effortto determine the characteris-
tics of commonly occurring storms. Theseare the types of storms thatamonitoring
programshould focus on because they will be the ones treated by the green man-
agement practice onaregular basis. Monitoring large, uncommon stormsis also
valuable, becausethey canprovideinformationonthelimitations of thestructures.

Monitoring Methods

Toaddress a range of monitoring objectives, a variety of complexity levels and
approaches can be developed in response to available funding, personnel, and data
requirements. In general, two major approaches to stormwater monitoring are
usually considered:individual G site monitoring and catchment-scale monitor-
ing. Although they differ in their complexity and data collectionapproach, some
principles and information requirements are similar. Figure 2 illustrates monitoring
approachesaccordingto thesedifferentlevels of complexity. Thesubsequenttext
describes theirapplication to individual and site-level monitoring.
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Level1,Tier1:
Meteorological Data and
Inflow Estimation

Meteorological Data Collection Nostormwatermonitoring program canexist
withoutthecollection of precipitation data. Thisinformationis essential tocharac-
terize storm characteristicslike duration, intensity,and depth.Itcanalsobeuseful
to determine thestarting and ending time of a storm and when to startsampling,
asraingaugesaresometimesused totriggersamplecollection. Collecting detailed
precipitation dataisrelatively inexpensive,and Yale’sOooce of Facilities can take
advantage of previously installed weather stations or rain gauges in the area.
Althoughitis sometimes recommended to place arain gauge ateach site, dueto
the scale of the Yale campus, precipitation might not vary significantly spatially and
rain gauges can be placed strategically. In the case that new precipitation gauges are
needed, arange of precipitation gauge typesshould beconsidered (see Geosyntec
Consultants 2009, pp. 2-7; HydroViz, n.d.):

Standard rain gauge
Tipping bucket
Weighing gauge
Optical rain gauge

Other Meteorological Data Meteorological datasuchastemperature, wind
speed, humidity, and pressuremight beneeded insome cases where water bal-
ance or evapotranspiration calculations are needed. Because regional variations in
theseparametersaresmallwithinthestudyarea, datafromtheweatherstationat
Tweed-New Haven Airport or at weather stations installed at Yale University can
be used.

Inflow Estimation Measurement of the amount of stormwater being transported
intothesystemisnecessary todetermine the performance ofastormwater control.
This provides the information needed to determine the quantity of water being
treated by thesepractices.

When thesite characteristics orbudgetconstraints donotallow collection of inflow
measurements,inflowcanbeestimated. However, thelevel of detail of thisestimate
willvary depending onthemethod used, which canrange froma simple equation
to complex hydraulic models (see Ahiablame, Engel, and Chaubey 2012; Boone
County, Missouri; Elliotand Trowsdale 2005; Geosyntec Consultants 2009, p.
35). Inflow estimation is considered to be theminimumIevel of monitoring, since,
dependingonthemethodused,itmightnotrequireextensivedatainputsandfield
measurements.

Estimating flow can prove to be more useful at the catchment-level monitoring
approach, wheremodels to estimatestormwaterflow canbeused. Nevertheless, at
thesitelevel, thiscanalso be doneif thereis only onestructurereceiving the water of
thedrainagearea. Notethatinflowestimationdoesnotdirectly provideinformation

178



Tier 2:Storage Volume

Level 2

aboutthe performanceof thestormwater controlsunlessitis compared withbaseline
information collected before implementation or analyzed with additional data such as
outflow or water storage or infiltration. Additionally, depending on the method used,
varying degrees of error can be associated with the estimation. Itis recommended
that, wheneverpossible, directflow measurementsaremadeinselected stormwater
controlstocompareand validatetheaccuracy of estimated values. If accuratewater
flow data are needed, Level 2 monitoring should be conducted.

Storage volume and water-level data provide information about the response of the
systemtoraineventsand theircontribution to peak flow attenuation. Inindividual
infiltration practices,suchastreetrenches, raingardens,and bioswales, waterstor-
age can be measured using water-level sensors in observation wells. Pressure trans-
ducers are often used to record water levels continuously. In some cases, water-level
datafromthemonitoring well canbesucccienttoanalyze theresponseof the
stormwater control to rain events. However, if volume measurement is necessary, a
simple equation can be used:

Storage volume = water level x infiltration area x soil porosity

Soil porosity is relatively easy tomeasure by gravimetric techniquesand should be
determined inrepresentativesamplesof soil from thestormwatercontrol. Incasethat
soilis notsaturated, or if the soil is rarely saturated, soil moisture should be deter-
mined (see Level 3). For practices thatstore waterabovethesoil surface,a water-level
sensor canalsobe placed and storage estimated by multiplying by its area.

Flow Measurements Inorder toaccurately quantify the performance of green
infrastructureinreducing stormwater runoff, flow dataateach practice or site are
essential. Flow is typically measured using arating curve,aquantitative relation-
ship betweenwater depthand discharge. Thisrequires the installation of a device
that can measure water depthand a weir or flume withaknown geometryand a
previously determined stage-discharge relationship. In general, these are lowmain-
tenance and can beused to measure a broad range of flows. However, therange of
flows thatcanbemeasured depends on the type of weir or flumeinstalled.

Weirsand Flumes Therearedifferenttypesof weirs thatvary inshape. Someof
themostcommonarethe v-notch weir, therectangularweir,and the Cipollettiweir
(trapezoidal). Eachof thesehasa specificequationto determinedischargebased on
waterlevel. Compared withflumes, weirsareeasy toinstall, accurate,and havealow
cost. Somedisadvantages of weirsare thatthey can causebackwaterand hold sedi-
mentand debristhatneed to beremoved frequently, increasing maintenance costs.

Aflumeisaprefabricated channel with a known sstage-discharge relationship.
Some common type of flumes are Parshall, H, and HL flumes. Compared with
weirs, a flume can be more expensiveand more dicocultto install. However, back-
waterand sedimentissues areusually notencountered, as they are with weirs.
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Level 3:Substrate and
Processes

Water Depth Tomeasure water depth, instrumentsareavailable that varyin
theiraccuracy, cost, and requirements. For example, some require the installation
of additional structure such as stilling wells or can be inaccurate at certain flow
ranges. In general, for stormwater monitoring, bubbler tubes, pressure transduc-
ers,and ultrasonicsensorsarethemostcommon (see Geosyntec Consultants
2009, pp. 7-38).

Flow can be measured with methods other than therecommended stage-based
method discussed above (Maheepala, Takyi, and Perera 2001). Velocity-based mea-
surements useultrasonic or acoustic sensors to determine velocity, which can be
related to thearea of thechannel using simultaneous depthmeasurements. Other
methodsincludetracerdilution, whichisnotsuitable forinfiltration practices, and
theuseof empirical flow equations. Whenselecting the method for flow measure-
ment, itisimportanttoconsideradvantages, limitations,andsitesuitability.

Todetermine the performance of Glinreducing stormwater runoff, thereneeds
to be a baseline measurement of flow. In individual practices, inflow is considered
to be abaseline. However, when it cannot be measured, inflow estimates can be
used. Whenmonitoring atthe watershed level, baseline dataare more dicocult to
obtain. One way to obtain stormwater runoff baseline data is tomonitor for some
time before implementing green infrastructure. However, this is usually costly and
time consuming. The second approachis tofind a catchment with similar charac-
teristics thatcan beused asa control to compare with another with installed green
infrastructure (reference catchment). Although this approach is the most common,
itisnotrealistictofind twowatersheds thatare exactly thesame, whichintroduces
uncertainty that should be considered when reaching conclusions about theperfor-
mance of theinstallations.

Infiltration Infiltrationis partof the design of many green infrastructure projects,
asitcontributes to water quality improvements and the reduction of runoff vol-
ume. This processisthe downward movementof water through thesoil substrate
and is measured as a rate of unit depth per time. Monitoring infiltration rates is
useful for quantifying runoff reduction and for hydraulic and hydrologic modeling.
Infiltrationcanbeestimated ormeasured invarious ways (Geosyntec Consultants
2009, 844:8-49), including:

Field measurementofinfiltration: Verticalfiltration of water atthe ground surface
canbemeasured onsiteusing ring infiltrometers. Waterisadded to theinstrument,
and theinfiltrationrate can be calculated by measuring therate at which the water
levelfalls. A disadvantage of thismethod is thatring infiltrometers mightoveresti-
mateinfiltrationrates. Nevertheless, they still produceuseful data thatcanbeused
for hydraulic and hydrological modeling.

Soil moisture: Tensiometers or soil moisture sensors can be installed at different
depths within a soil profile to measure moisture content in the soil. For the pur-
poses of stormwater monitoring, these should collect data continuously in orderto
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Evapotranspiration

Level 4:WaterQuality

determine changes in soil water content through time as the wetting front pro-
gressesdownward. Because tensiometersmeasurematrix potentialasa pressure
instead of moisture contentdirectly,converting theraw data tosoil moisturemight
requireadditionalwork. Asoilmoisturecharacteristiccurve, whichrelatesmatrix
potential tosoilmoisture, must be experimentally created for eachsitein order to
accurately determine soil moisture content. A benefit of monitoring soil moistureis
thatitallowsanestimationof infiltrationratesand aquantitative measure of water
storage for unsaturatedsoils.

In green infrastructure, evapotranspiration (ET) is a pathway in which stormwater
canleavethesystem.Thequantificationofevapotranspirationfor thesestructures
ischallenging, butseveralmethodsthatprovidedifferentlevels of confidencecan
be used to estimate this value (Geosyntec Consultants 2009, 8-44:8-49). Measur-
ing ET inindividual stormwater controls is simpler than in an urban watershed
with multiple controls. However, this parameter is more useful for watershed scale
monitoring, asit provides information for the waterbalance calculation. Because
mostof the equations used tomeasure ET were developed for crops growing in
tields, itnecessary to translate reference ET values to ET rates of thelandscaping
applicabletothesepractices.Somemethodstomeasure ETareshownbelow.

Weighing lysimeters measure the actual amount of evapotranspiration released by
plants. They are vegetated enclosures of arepresentative sample of soil through
which theflow of water canbe determined by mass. ETis calculated by completing
the water balance within the boundaries of the lysimeter. This method is the most
appropriate for monitoring individual practices.

ThePenman-Montiethequationisused todetermine ET ratesof vegetated surfaces
(Howelland Evett, n.d.; Montieth 1965). It requires extensive data inputs such as
net radiation flux of ground, humidity, saturated vapor pressure of air, specific heat
of air,among others. This method is commonly used and recommended when the
accuracy of ET measurements is not essential.

Waterquality monitoringisacomplexand detailed activity thatrequiressubstan-
tial planning. This includes determining the parameters to be measured, sample
collection and analytical methods, quality control, and other activities. This section
provides an overview of water quality monitoring for green infrastructure practices
and specificrecommendations for Yale University. Consult Davis (2007) and Geo-
syntec Consultants (2009) for more detailed information.

Water Quality Parameters Stormwater contains a variety of pollutants that can
unfavorably affect the health of the receiving waters. Because stormwater character-
istics vary by land useand location, selection of the parameters to beanalyzed ina
monitoring programshould takeinto consideration the following aspects:
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® Characteristics of the watershed: Since Yale University is located inan urban area,
pollutantsassociated to thistypeofland useshould be considered. Commonpollut-
antsinurbanareasaresediments, nutrients, someheavymetals,and oiland grease.

* Expectedremovalfromstormwatercontrols: Given the designand characteristics of
thestructuresand based onavailableliteratureon performance, itis possibletohavea
generalideaof the potential pollutants thatcould be removed by the practice.

* Inexpensive basic water quality characterization parameters such as temperature,
conductivity, and pH, among others, should be included.

* Availability of funds for chemical analysis.

Sample Collection Methods The development of a water quality monitoring plan
involves the selection of sampling methods or techniques. The methods selected will
vary depending on theobjectivesand structure of the stormwatermonitoring plan
and on the resources available for this activity (e.g., funds, time, and personnel).

Grabvs. Composite Samples Grabsamples areindividual samples collected ata
specific time or overashortperiod of time. They provide information about the
stormwater quality atthepointintime when thesample was collected. For storm-
water monitoring, single grabsamples arenotreliable estimates of stormwater
quality, becauseconcentrations of pollutants tend tovary significantly with time.
However, grabsamples collected throughoutthe duration ofastormareuseful to
characterize patterns of pollutant concentration and to calculate an estimate of the
eventmean concentration (EMC). Analyzing each grabsample for every storm
monitored can add significant costs to themonitoring program. For thisreason,
composite samplesare recommended unless detailed informationisneeded to
understand pollutant concentrations over the course of storms.

A composite sampleis the combination of aliquots from multiplesamples of one
storm to create a representative single sample. When analyzed, a composite sample
can provide an estimate of the EMCand pollutantload for a single storm event.
There are two approaches to creating a composite sample: time-proportional,
whichconsistsofaliquotscollected atequalincrementsof time, and flow-propor-
tional, whichaccountsfor variationin flow during the course of astorm. Because
stormwaterflowisnotconstant, time-proportionalsamplesdonotprovideareli-
ableestimate of pollutantloads. For this reason, flow-proportional methodsare
recommended for stormwater monitoring (Geosyntec Consultants 2009, ch. 4).

Manual vs. Automated Sampling Manual sampling involves sampling by person-
nel onsite using a bottle. For amonitoring program that willmonitor water quality
for only afew storms, thisapproach mightbe preferable becauseit doesnotrequire
a high capital investment. However, this approach is less practical for programs that
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involve a large number of sites or sampling events. Additionally, it requires person-
neltobeworkingoutside of normalwork hours, whichis notalways possible (Geo-
syntec Consultants 2009, ch. 4).

Analternative to collecting manual samples during storm events is touse auto-
mated sampling. Thisinvolves the collection of samples using adevice thatdoes
not require personnel to be on-site during sample collection. Automated sampling
is more accurate than manual sampling, as sample collection can be triggered
withasensor orwhenaspecificflow rate is detected. Additionally, itremoves
theuncertainty of relying on the weather forecasttosend personneltocollect the
samples, which canalsoresultin often missing first flush samples or waiting for
too long until runoffis produced by the rain event (Geosyntec Consultants 2009,
ch.4). This is the method recommended for composite sample collection and for
programs wherelong-termmonitoringisexpected. If morethanafewstormsare
going tobeassessed, automated samplingissuggested because, inthelong run, it
will be less costly than manual sampling.

Quality Assurance/Quality Control To ensure meaningful water quality data, it is
essential to use proper sampling and analysis methods that maintain the integrity of
the sample collected:

Duringsample collection: The correctcontainerspecificfor the parametertobe
analyzed must be used. Recommended preservatives for the analyte should be
added to thesample.

Becausecontaminationcanbeintroducedintoasampleatdifferenttimeswhenthe
sampleisbeinghandled, determination of thelevel of contamination can be done
using blanks. Blanks are used at different stages (e.g., in the field, during sample
analysis, and before traveling to the field).

Duplicatesamples, collected atthe samelocation, atthesame timeshould be col-
lected to determine laboratory analysis precision.

The maximum holding time for a sample, which varies between analytes, should
also be taken into consideration.

Performance Assessment Itis common to see performance of stormwater controls
expressed as a percent removal of a particular pollutant. However, percent removal
hasbeenknowntovary withinfluentconcentrationsand maynotprovideauseful
assessment of performance. The EPA recommended method toassess stormwa-
ter control performance, presented by Geosyntec Consultants and Wright Water
Engineers (2009, ch. 7), is the etuent probability method. This method consists of
determiningif thereisasignificant difference betweeninflowand outflow concen-
trationand creating probability plots with the eventmean concentration data for
each pollutant.
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Site-Level Monitoring

Although monitoring individual practices is useful to determine their performance
and compare their effectiveness, monitoring at the watershed level provides infor-
mation aboutthe collective effects of theinstalled practices. This type of monitor-
ing should be considered for use on the Yale campus, asitis more useful to deter-

mine the overall effect of green infrastructure.

Thisapproachpresentsmorechallengesthanindividual practicemonitoringand
requiresahigherlevel of understanding of the characteristics of the catchmentas

well as a significant amount of planning. For example, the watershed studied must
be characterized and delineated previous to conducting monitoring. Additionally,
itrequires the collection of baseline data before Gl implementation or acompari-

sonwithasimilarwatershedinthearea, requiring detailed spatialanalysisand an
extensive knowledge of the physical characteristics of the study area. Furthermore,
a water balance needs to be calculated and flow measurements must be collected at
a single outflow.

Anadvantage of thismonitoring approachis that,in someinstances, monitoringan
individual practice is not possible because certain locations might have many down-
spoutplanters orrain gardens that cannotbe monitored individually. Although
theunderstanding of this monitoring approachis currently inits early stages, as
green infrastructure continues to be implemented, its usefulness will becomemore
evidentand ashift will benecessary to capture the benefits of Glimplementation
for stormwater management.

Conclusion

Monitoring performance is essential for determining the contribution of green
infrastructure to achieving stormwater management goals and will become increas-
ingly valuableasmunicipalities turnto the decentralized approach tostormwater
management.Inorderto obtainmeaningful dataforgoal assessment, effec-
tivemonitoring requires carefuland extensive planning and a shift to investing
resourcesforthisactivity. Additionally, monitoringshould bedevelopedinalign-
ment with the strategies and future specific goals of the Sustainable Stormwater
Management Plan in order to select the correct approach that will produce the
informationneeded todetermineperformance. Becausethe performanceof green
infrastructure is not entirely understood, Yale University, as an educational institu-
tion, has the opportunity to provide information to thescientificcommunity and
facilities managers to close gaps regarding the effectiveness and limitations of these
stormwater mitigation practices.
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New York City

Introduction

Whenimplemented, greeninfrastructurehas thepotential tosignificantly reduce
stormwater while offering additional environmental and social benefits. Despite all
the potential benefits of greeninfrastructure, though, one of themain challenges to
implementingasuccessful programis developing amaintenance protocol. Main-
tenance of these systems is notjusta capital investment; itis also a critical step in
developingand adapting greeninfrastructure design standards. Similar to gray
infrastructure, if green infrastructure is not maintained, it will fail. The mainte-
nanceofthesesitesisapurposefulmanagementpracticetopreservethefunctional-
ity and extend the lifetime of the green infrastructure (Detwiler, n.d.).

When green infrastructure sites are established, they become an asset, and therefore
itis critical to ensure that the landscapes remain high performing in order to get
themaximumreturnoninvestment. Maintenanceisintegral to guarantee thishigh
level of performance. Consistent maintenance not only ensures that the landscape is
operatingasdesigned, italsoimprovespublic perception. For example,ano-mow
zonemay looklikeanun-keptand forgotten parcel ofland, butwhenanintentional
mow zoneismaintained attheedge, the publicunderstanding thatthese practices
wereintentionalisincreased.' Thisappendix will outline themaintenancemanual
developmentprocessin other cities, describe how other campuses areembracing
theliving laboratory concept for sustainable stormwater managementpractices,
and providerecommendationsforthe developmentof Yale’sgreeninfrastructure
maintenance plan.

Maintenance Plan Development

Developingamaintenance planisacomplex process thatneedstoreflectthe types
of greeninfrastructureinstalled, budgetarylimitations,landscapedynamics,and
otheroperational details. The planshouldbe developed forusebyavariety of
individuals, including university staff, students,and any parties responsible for
performing maintenance activities, such as contractors. A successful first edition of
themaintenance planwilloutline the tasksrelated to differenttypes of greeninfra-
structureand suggested maintenance protocols based onaninventory of mainte-
nance practices and procedures from around the country. Currently, two large cities
inthe eastern United States are developing maintenance manuals for their green
infrastructure programs. Yalecanusethesetwo citiesasamodel forhow and what
the maintenance manual development process entails.

New York City’s Green Infrastructure Plan, acomponent of Mayor Bloomberg’s
PlaNYC, wasdeveloped to“meetthetwingoalsof better water quality in New York
Harbor and alivable and sustainable New York City” (PlaNYC 2010). In 2011, the
New York City Department of Parks and Recreation (NYC Parks) and the New
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York City Department of Environmental Protection (DEP) signed an agreement
establishing therolesandresponsibilities concerning green infrastructureinthe
right-of-way. This agreement stipulated that DEP would fund the NYC Parks
crews whowillmaintain the Greenstreetsand bioswales. According to New York
City’sexpensesummary, the NYCParks GreenInfrastructureMaintenancePro-
gramwillcost$462,385 for fiscal year2013 (NYC Environmental Protection2012).
The crews will be specialized green infrastructure maintenance crews, with at least
one member having expertise in horticulture and vegetation management.?

Inaddition, the Green Infrastructure Plan calls for the development of a mainte-
nancemanual,and NYCParksiscurrently operatingunderaninterimversion. The
final version of themanualisindraftformandexpected tobeonlineby theend
0f2013.3NYCParks formulated their plan by adapting whatother municipalities
have implemented and information from their field crews, who currently maintain
nearly 50 green infrastructure sites. Their manual will explicitly state what the
maintenance tasks areand how often they will be performed, in addition to other
relevant logistics, such as safety considerations and standard operating procedures.

Finally, an important aspect of New York City’s maintenance plan is the constant
revisions based onfeedback from their field operations. By continually monitoring
their initial infrastructure sites, New York City hasalready adapted their design
standards to reflect field reports and monitoring data. A salient example of this is
the Greenstreet curb bump out. Three years ago a first-generation curb bump out
wasinstalled, which allowed water to flow directly into the planting area, but the
maintenancecrews continually encountered a problem with sedimentaccumula-
tion.Inorder tomitigatethesediment, apre-treatmentbio-filter wasinstalled.
The small ponding area allowed the sediment to settle out before entering the
planting bed.*Now, these pre-treatment areas are incorporated into the design
standards. Furthermore, New York City plans to scaleup their green infrastruc-
tureprogramrapidly. Currently they have50bioswalesintheground, and they
plan on having more than 6,000 by 2015. This underscores the importance of a
flexibleapproachto greeninfrastructure design thatiscontinually informed by
field maintenance operations.

Important maintenance considerations to take away from New York City:
Design with maintenance in mind.

Rememberthatthebiggestmaintenanceproblemsarefloatables (litter) and sedi-
ment accumulation.

Use specialized green infrastructure maintenance crews.
Logallmaintenanceactivitiesin the field (New York City uses handheld devices).

Continually monitor and input field data to inform the design standards.
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Philadelphia

SimilartoNew York City, Philadelphiaiscurrently involvedinthe greeninfrastruc-
turemaintenancemanual developmentprocess.Philadelphia Water Department
(PWD)is operating under an interim maintenance manual, and the first edition is
expected by June2014, asrequired by the consentorderand agreement (COA) with
the Environmental Protection Agency. Asdescribed by the COA,“Themanual will
addresstheoperationand maintenanceof thefullrangeof types of greenstormwa-
terinfrastructure projects thathavebeen,and thatare proposed tobe, implemented
by the City as part of the CSO Program” (PWD 2012).

The key objectives of PWD’s maintenance program are to:

Ensure sucocient maintenance of green stormwater infrastructure to keep assets
performing as designed,

Develop and standardize long-term, cost-effective maintenance protocols,

Assess existing organizational capacity of the PWD and partnering organizations
for supporting maintenance,and

Providefeedback toimprovefuturedesigns tothe green stormwaterinfrastruc-
ture design group based on maintenance, inspection, and monitoring experiences
(PWD 2012).

The PWD is currently developing standard maintenance processes for 14 green
infrastructuretypes. ThePWDisactively maintaining morethan20sitesand
working to adapt the processes to a more standardized procedure. Unlike New York
City,whichisonly conducting surfacemaintenance, Philadelphiaisactively main-
tainingboththesurfaceand subsurfacefeatures,suchasunderdrainpipes.Inaddi-
tion to developing standard operating procedures, the PWD compiled a nationwide
review of greenstormwater infrastructure maintenance programs and manuals
toinform their decision-making. Their interim manual estimates that operations
and maintenance willbe 15 % to 20% of total program cost, or1.5% to 2% of capital
expendituresannually over the25-yearlifespan of the project (PWD 2012).

Finally,animportantpartof themaintenance planning processisensuring thatthe
greeninfrastructure sites were constructed as designed. PWD found that some-
times the contractor did notfollow design specsand therefore maintenance proto-
colswereunattainable. Forexample, PWDutilizes closed-circuittelevision (CCTV)
toinspect underdrain pipes. In some instances, upon their initial inspection, the
maintenance crews found that the distribution of pipes was incorrect, making it
impossible to use CCTV. Anexample of incorrect construction is when a distribu-
tion pipe makes arightangle (90 degrees), a turn thatis impossible for the camera
tonavigate. Therefore, without CCTVtoinspectthepipes,subsurfacemaintenance
is unable to be performed.’
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Important maintenance considerations to take away from Philadelphia:

Review thenationalinventory of morethan150maintenance practicesand manuals.

Delineate the surface and sub-surface maintenance requirements.

Inspect sites to ensure they are constructed as designed.

Developafield reporting datasheettosupportand track maintenance operations.

In addition to monitoring maintenance activities, also evaluate public acceptance,
aesthetics, and stewardship.

Creating a Living Laboratory on Campus

The Yale Ococe of Sustainability promotes theidea of using the campus and city

of NewHavenasalivinglaboratory, with the goalof “helping toeducate Yale’s
students and engaging in the development and analysis of innovative approaches to
diminishing the University’senvironmentalimpact.” Implementing greeninfra-
structure pilot projects on campusis an excellent opportunity to further promote
this initiative. Several universities across the nation have implemented living
laboratories featuring various green infrastructure practices on campus, providing a
model Yale could adapt and implement on its own campus.

Villanova Urban  The Pennsylvania Department of Environmental Protection and Villanova Univer-

Stormwater Partnership  sity’sDepartmentof Civiland Environmental Engineering founded the Villanova
UrbanStormwater Partnership (VUSP)in2002. Themissionis “toadvancethe
evolving field of sustainable stormwater managementand to foster the develop-
ment of public and private partnerships through research on innovative stormwater
BestManagementPractices, directed studies, technology transferand education”
(VUSP,n.d.). Noteworthy is the number of private and public partners and mem-
bersinvolved in this partnership, which includes the Philadelphia Water Depart-
ment. The VUSP field sites are spread across the campus, including a stormwater
wetland, infiltration trench, bio-infiltration systems, porous paving (concreteand
asphalt) comparisons, agreenroof, and severalinfiltration testsites. All of the field
sites are used extensively in the undergraduate and graduate water resource classes.
Furthermore,someofthesiteshavebeencontinuouslymonitored foroveradecade,
providinga datasetthathascontributed extensively tothe body of scientific litera-
ture on sustainable stormwater management practices.”
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University of
New Hampshire
Stormwater Center

North CarolinaState
University and University of
Minnesota Training Programs

Compost TeaProject

The University of New Hampshire Stormwater Center (UNHSC) is a research,
testing, and educational facility to provide resources for students, water managers,
planners,and engineersfocusing onstormwatermanagementpractices (UNHSC
2010). Their mission is to protect water resources through effective stormwater
management, and “The primary functions of the center are twofold: (i) Research
and development of stormwater treatmentsystems, (ii) Toprovideresources to
the stormwater managementcommunity currently challenged by theeffective
design and implementation of required stormwater management” (UNHSC 2010).
The UNHSC's field-testing facility is offsite and designed for direct, side-by-side
comparison of the various stormwater technologies. The UNHSC pridesitself on
thefactthatthefacility “hascollected performancedataforover80stormsand
has evaluated over 30 different types of stormwater treatment systems” (UNHSC
2010). Moreover, the UNHSCholds workshops on various stormwater manage-
menttopicssuchasporous pavementand bioretentionsystemdesigntoenhance
professional development.®

Similar to the UNHSC'sworkshops to enhance professional development, North
Carolina State University (NCSU) and the University of Minnesota Extension
have developed training and certification programs for inspection and maintenance
activities. The North Carolina State University Best ManagementPractice Inspec-
tionandMaintenance Certificationisaworkshop thatprovidesacertificationfrom
the NCSU Cooperative Extension to participants who pass theexaminationat the
end of the training. The certification is largely targeted at engineers and survey-
ors. The course covers stormwater and how it affects water quality, regulations,
managementdevicesused and howthey function,and mostimportant,inspection
and maintenance requirements for each practice (NCSU, n.d.). The University of
Minnesota Extensionhasasimilar program, the Stormwater Education Program,
targeted atMunicipal Separate Storm Sewer System (MS4) operators, contractors,
developers, engineers,and field staff. Thelocally tailored workshops are entitled

“Stormwater U” and aredesigned tohelp MS4s meettheir stormwater permit
control measures (University of Minnesota Extension2011). In the past they have
done workshops specifically on maintenance of stormwater control measures, such
asbioretentionsystems. Yalecanjoin theranks of theseuniversity-based training
and certification programs if they provide professional development workshops on
operationand maintenanceactivitiesusing theknowledge gained from the green
infrastructure sites oncampus.

Greeninfrastructurepilotprojectsprovideanexcellentopportunityforaliving

laboratory on campus, and there is already a framework for collaborative research that
hasbeen highly effectiveon Yale’scampus. The CompostTeaStudy isa collaborative
initiative betweenstudentsand faculty from theSchoolof Forestryand Environmen-
tal Studies, Yale Grounds and Maintenance, and the Ococe of Sustainability. Thejoint
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Figure 1: Compost Tea Project Plots
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pilot projectinvolves monitoring four different treatment protocols at eight test sites
across campus, as shownin Figure 1 (Yale Ococe of Sustainability 2010-13). In order
for greeninfrastructure pilot projects to become successfulresearchefforts, the same
protocol should befollowed.

Recommendations for Yale University

Itisclearthatmaintaining greeninfrastructureisintegral to the performanceand
effectiveness of eachgreeninfrastructuresystem. Moreover, whendevelopinga
maintenanceplanfor greeninfrastructureon Yale University’scampus, several
principles should beapplied.

Pilot Projects  Pilot projects have proven to be asuccessful mechanism for integrating green
infrastructureintotraditional stormwatermanagement planning. A successful
green infrastructure plan for Yale University would establish pilot projects across
thecampuslandscape, following a protocolanalogous to thatof the CompostTea
Project (see Figurel).

Whendevelopingand designing these pilot projects, considersitingandlandscape:

e Thedesiredlocationshould beinareasthatdonotconflictwith Yale'soverall aes-
thetic vision.

e The aesthetics onYale’scampus range from well manicured (Central Campus)
tonon-uniform (Science Hill) (Branerjeeetal. 2011). Therefore, onScience Hill,
landscapes can be more experimental in terms of their aesthetic appeal, versus Cen-
tral Campus, where the aestheticcomponent of landscapesis weighted heavily.

e Several areas of campus should be prioritized for implementing pilot projects,
including Science Hill, West Campus, and the athletic fields.

e Thelandscape will need to be maintained for function and aesthetics.
Designingwith ~ Routine maintenance of green infrastructure is needed to maximize the fullrange

Maintenancein Mind  of benefits thelandscape provides (PWD 2012). Therefore, green infrastructure
sites should be designed with maintenance as a core consideration.

The maintenance considerations that should be reflected in the design iterations
include:

Maintenance frequency How often does the site need to be visited? Weekly,
monthly, quarterly, biannually, upon failure, as needed, etc.

Inspection requirements Whatshould be inspected when the site is visited? What
arethesurfacemaintenancerequirements? Whatarethesub-surfacemaintenance
requirements?
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Collaboration

Maintenance activities and field practices What should be done when the site
is visited? Consider required crew members, safety, equipment, etc. Collection of
monitoring data, if applicable.

Reporting of field activities What data should be collected? Time spent at the site,
duties performed, problems encountered, monitoring datacollected, etc.

Adaptingdesigns How should the designiterations beadapted to reflect reports
from the field and data analysis?

Toensurethatthe greeninfrastructureand related landscapesare high perform-
ing, the maintenance effort should be a collaborative project between the students,
faculty, the Ococe of Sustainability, and the Ococe of Facilities.

A collaborative effort on green infrastructure implementation and maintenance will
ensurethesuccessofthepilotprogram. Asuccessfulcollaborationwillhavethefol-
lowing components:

A written protocol with standardized procedures A clear delineation of the scope
ofthe projectand whois responsible for each componentis essentialto fosteringan
open dialogue and transparent process. A written protocol will also guarantee that the
logistical aspect of scheduling and coordinating maintenance is carried out. Stan-
dardizing procedures willensure that the projectis consistently held to the highest
standardspossible. Uniform procedureswillnotonly streamlinethe process,butalso
eliminateany uncertainties. A written protocolwillalsoserveasamodelfor othercol-
laborative research efforts and can be replicated at other institutions.

Long-termcommitmentsfromafacultymember Thiswilllead to the develop-
mentofalong-term data set thatcan contribute to the body of scientificliterature
on sustainable stormwater management practices. Students will continually rotate
throughtheprogram,and toreducethevariation,afaculty memberwithoversight
will provide consistency. A long-term commitmentis also essential for securing
innovative funding mechanisms for the pilot projects, such as National Science
Foundation grants or other research-based grants.

Finally, the mostnoteworthy aspect of this type of collaboration is the opportunity
forenhanced professional development for the students, faculty, staff, and inter-
ested parties at Yale University throughspecialized trainings, like those offered at
North Carolina State University and the University of Minnesota Extension. The
YaleSchoolof Forestry and Environmental Studies could hostthespecialized train-
ings, in conjunction with the Hixon Center for Urban Ecology and the Yale Ococe
of Sustainability. It would bean opportunity for allinvolved parties, such as the
YaleFacilities Grounds Maintenance crews andstudentcollaborators, tocontinue
advancing their knowledge of green infrastructure operations and sustainable
stormwater management planning. All trainings that are held should be available to
any interested parties, including members outside the Yale community.
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AdaptiveManagement  Inordertodevelopasuccessfulmaintenanceplan, itiscriticalthatadaptivemanage-
ment underpin the formulation process. As mentioned above, the maintenance plan
willneed toberevised,as the designiterationsareadapted toreflectthereports from
thefieldand themonitoring datathathavebeenanalyzed. Thiswillallow for contin-
ualupdatestotheexisting planasnew informationbecomesavailablefromthe pilot
projectsites. Thiswillensurethateachstepis scrutinized forits relativeeffectiveness
before the next step is taken. This will also limit the liability of the decision maker
should an initial pilot project prove inadequate (Burroughs 2011).

Conclusion

Itis clear thatmaintenanceisan essential activity when designing and implement-
ing greeninfrastructure. Before pilot projects come onlineitwillbe critical toevalu-
ate the maintenance requirements and additional considerations mentioned above.
Inorder tobecomealeading institution in sustainable stormwater management,
Yaleneedstoembracethecampusasalivinglaboratory and provide opportunities
for professional development.

Thoughnotdetailed above, toensurethat Yalemovesforwardasaleaderin
sustainable stormwater management practices, educational signage should be
included as part of the maintenance plan development. This will enhance com-
munity engagement, promoteawarenessabouttheimpacts of stormwaterrunoff,
andbrandits greeninfrastructure efforts;however, thiscanbeincluded in thenext
phase of green infrastructure planning,.
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Introduction

Tomove toward a campus that will comprehensively implement green infrastruc-
ture, allfuture designs of new buildings, retrofits, and landscapes mustinclude
referencetohow greeninfrastructureisincorporated. Oneof the purposes of this
appendix is to provide recommendations for influencing specifications and design
guidelinesbased ontheupdated LEEDNCv4, duetobereleasedinlate2013.
The appendix also discusses the challenges of transitioning from a design-based
specification to a performance-specification approach. Finally, the University of
Pennsylvania’sStormwater Master Planisused asacasestudy example.

Performance-Based Metrics for Green Infrastructure

One of the challenges that Yale Facilities faces today with respect to its building
and construction design guidelines is how to successfully transition from a design-
based specification to a performance-based specification. Assuch, thelong-term
vision for stormwater management on campus focuses onselecting green infra-
structure (GI) technologies based on their relative performance characteristics
rather than on their design. One of the main challenges to thisapproachis that per-
formance of Gl depends greatly on thelocationand climatic, soil, and hydrologic
conditions whereitis to be installed. Moreover, information on the actual perfor-
manceof already installed greeninfrastructure technologiesin the Northeastand
across the country is very limited, and the information thatis available is specific
to that location. A non-comprehensive review of existing stormwater management
plansforotheruniversitiesshows thatperformance-based metricsaresparsely or
notatalldiscussed.In thefew cases where the topichas been mentioned, regional
or site-specific performance results have been cited.

Toillustrate the dicoculty of finding performance-based metrics for green infra-
structure, available performance data from the University of New Hampshire
(UNH)werecompiled and compared. The UNHStormwater Center Biannual
Report from 2009 offers data on the relative performance of a set of conventional,
manufactured, and low-impact devices compared with their previous performance
on UNH’scampusand data fromthe U.S. Environmental Protection Agency (EPA).
Results are summarized in Table 1.

Each treatment deviceis being measured to calculate its pollutant removal and
hydraulic performance. The observation period is from 2004 to 2008, and the site
and design specification source is UNH's Stormwater Center (UNH 2009). Where
available, results have been compared with performance data from the EPA. Per-
formance was reported on a seasonal base —summer and winter —and then average
annual performance (reported in Table 1) was calculated.
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Table 1: Performance of Three Categories of Stormwater Management Practices

metric total suspended solids | annual average
(% Removal) peak flow reduction
(% removal)
reference unh | epa unh
treatment unit description
conventional treatment Retention Period 68 50-90 86
devices Stone Swale 50 8
Vegetated Swale 58 81 52
Berm Swale 50 24
Deep Sump Catch Basin 9 -
treatment devices Infiltration Unit 929 87
Stormtech 80 76
Aquafilter 62 -
Hydrodynamic Separator 27 52-84 -
low-impact devices (lids) Surface sand Filter 51 70 69
Bioretention 90
Bio 148" Depth 97 75
Bio II 30" Depth 87 79
Gravel Wetland 99 80-93 87
Porous Asphalt 99 82-95 82
Pervious Concrete 97 93
Tree Filter 93 -

206




It is evident from the results in Table 1 that in the case of pollutant removal
ecociency some treatment practices overperformand some underperform when
compared with the EPA data. Having areference pointfor comparisonishelpful,
butitgivesusnoreasontobelievethatthe practicesimplemented by the University
of New Hampshire are better or worse on average. As referenced previously, perfor-
mancedependsonavariety offactors —location, climate, soils,and measurement,
among others.

Transitioning to a performance-based design specification is a process that will
require long-term monitoring of the installed technologies and availability of com-
parativeresults based onsimilarcharacteristics (e.g.,location, climate, etc.). While
challenging, thedevelopmentofsuchadesign guideline would position Yaleasa
leader and innovator in effective stormwater management design, would likely be
more cost effective than a more traditional “prescriptive” design specification, and
would likely yield better long-term performance. Finally, the importance of install-
ingmonitoring equipmentto test the performance of different technologies over
timeon Yale’scampusisanabsolutely essentialcomponentto generate the perfor-
mance data that will ultimately be most useful to Yale Facilities.

Design Specification Recommendations Based on LEED NC v4

Given thatitis unrealistic to adopta performance-based approach to stormwater
management in theimmediate term, itis recommended to move toward prescrip-
tiverecommendations thatareadapted to LEED NCv4 (U.S. Green Building
Council2013), duetobe phasedinstartinginlate2013. While allnew construc-
tion must already obtain atleasta LEED Gold certification, the most effective and
ecocientway toincorporateGlintothe Yalecampusistousethe Yale University
Design Standards, Section 01352, Sustainable Design Requirements, to mandate
that certain stormwater-related credits be achieved. These are listed in Tables 3
and 4.

First,however, itisimportanttonotethefollowinglocal zoning, GreaterNew
Haven Water Pollution Control Authority (GNHWPCA), and Environmental
Protection Agency (EPA) MS4 requirements, since these would supersede any Yale-
mandated requirement:
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Table 2: Local and State Stormwater Management Requirements

agency requirement areas affected
GNHWPCA Contain first 2.05" of rain (two-year storm) on-site CSO areas
(GNHWPCA 2008)
Local Zoning | Collect, retain, treat first 1" of rain on-site All areas
Post-development runoff must be < pre-development
runoff
Developmentofastormwatermanagementplan (as
applicable)
EPA/DEEP Collect, retain, treat first 1" of rain on-site MS4
(anticipated) | Post-development runoff must be < pre-development (separated areas)
runoff

Table 3: Recommendations for LEED NC4 Credits to Be Included in Yale 01352
Design Supplement

SSc 1 Site Assessment
Max Points Available: 1

Credit Requirement Completeand documentasitesurvey orassessment that
includes: topography, hydrology, climate, vegetation, soils, human use, human
health effects.

Reasoning Local zoning requirements for most types of development already
require that most of this information be collected. Most of this information about
thesiteisnecessary in order toproperly select, design and constructmost GI
technologies.

SSc4 Rainwater Management
Max Points Available: 3

Credit Requirement Option1 (2 points): Manage runoff from developed site for
95th percentileofregional orlocalrainfallevents usinglow-impactdevelopment
and GI (equates to approximately first 1.7” of rain) (U.S. EPA 2009, p. 14). Option
2,Path1 (1 point): Achieve Option1and manage on-site theannual increase inrun-
off volumefromthenaturalland covercondition to the post-developed condition.
Option 2, Path 2 (1 point): Achieve Option 1 but for the 98th percentile of regional
or local rainfallevents.
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Reasoning GNHWPCA mandates thatprojectsincombinedseweroverflow
(CSO)areas (whichcomposethemajority of the Yalecampus) managethefirst
2.05” ofrain on-site, whichalready exceeds the Option 1requirement. Itis therefore
recommended that Yale Facilities mandate SSc4 Option 1 and Option 2. Neither
Path1nor Path2is likely to exceed the WPCA's first 2.05” requirement, if it does at
all. Additional calculations mustbe completed to convert the 98th percentile into
inches of rain for the New Haven area. This is the only credit that deals explicitly
with stormwater management. While this credit is ambitious in its stormwater
managementrequirements, it still provides significant flexibility for different GI
designoptions. Thiscreditshould helpwith Yale'stransition toamore perfor-
mance-based designapproach given thatitrequires thata certain level of perfor-
mance beachieved.

LTc2 Sensitive Land Protection
Max Points Available: 1

Credit Requirement Option1:Locatedevelopmentfootprintonland thathasbeen
previously developed. Option2:Locate developmentfootprintonland thatdoes
notmeetcriteriaforsensitiveland (see LEED NC v4 for specific definitions).

Reasoning Undeveloped greenscapes are already limited within New Haven.
Developing on them creates additionalimpervious surface in an already highly
impervious area. Developing on previously developed and likely imperviousland
creates new opportunities to improve the site’s capacity to reduce stormwater
runoff.

SSc2 Protect or Restore Habitat
Max Points Available: 2

Credit Requirement Preserveand protect40% of the greenfield area on thesite (if
such area exists), and using native oradapted vegetation, restore 30% of all por-
tions of the site identified as previously developed.

Reasoning Undeveloped greenscapes are already limited within New Haven.
Developing onthem creates additionalimpervious surface inanalready highly
impervious area. Green spaces are already an essential part of Yale’s aesthetic. Meet-
ing thisrequirement will both ensure that they continue to be prioritized and offer
opportunities toadd them where they previously didn’texist, creating aesthetic,
air quality, heat island, and stormwater management benefits. This requirement
requires vegetation-based GI design vs. underground infiltration/storage.
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SSc3 Open Space
Max Points Available: 1

Credit Requirement Provide outdoor space>30% of total sitearea (including the
building footprint). A minimum of 25 % of thatareamust be non-turf grass vegeta-
tion or have overhead vegetated canopy.

Reasoning Thiscreditis mostly fulfilled already if the projectachieves creditSSc2.
Greenspacesarealready anessential partof Yale’saesthetic. Meeting thisrequire-
mentwillensure that they continue to be prioritized and will create aesthetic, air
quality, heat island, and stormwater management benefits. This requirement
requiresvegetation-based Gldesignvs.undergroundinfiltration/storage.

SSch Heat Island Reduction
Max Points Available: 2

Credit Requirement Option1 (2points): Usecombination of vegetated roofand/ or
highsolarreflectiveindex (SRI) roofing material to fulfill the equation requirement
associated with this credit. Option 2 (1 point): Place a minimum of 75% of parking
spaces under cover. Roof used to cover parking must meet specific SRI value, be
vegetated, or be covered by energy generation systems.

Reasoning Waterusemonitoringand gatheringcurrentdatawillbethemost
effective way to understand Yale’s water footprint. This credit is particularly
importantfor projects thatintend to usereclaimed water. Without such monitor-
ingitwouldbedicocultfor YaleFacilitiestounderstand whetherthesizeofthe
water retention system was appropriate or not. This could help inform subsequent
reclaimed water systemdesigns.

WEc4 Water Use Measurement
Max Points Available: 1

Credit Requirement Install permanent water meters for two or more water sub-
systems, including: irrigation, indoor plumbing fixtures and fittings, domestic hot
water, boiler, reclaimed water, and other process water.

Reasoning Waterusemonitoringand gatheringcurrentdatawillbethemost
effective way to understand Yale’s water footprint. This credit is particularly
importantfor projects thatintend to usereclaimed water. Without suchmonitor-
ingitwouldbedicocultfor YaleFacilitiestounderstand whetherthesizeofthe
water retention system was appropriate or not. This could help inform subsequent
reclaimed water systemdesigns.
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Table4: Recommendations for 01352 Design Supplement for Small and Limited Scope Projects
Using LEED NC v4 Credits

Downspout Disconnection

Credit Requirement Assess downspout disconnection options for all relevant proj-
ects; wherever possible, make disconnection.

Reasoning Downspout disconnection is a very easy and inexpensive means of
reducing stormwater flow into thesewer system. Downspout disconnection has
already been deemed ahigh priority for YaleFacilities and the Ococe of Sustainabil-
ity. Ties well into the Downspout Disconnection Pilot, described in Appendix F.

SScl Site Assessment (Modified)

Credit Requirement Completeand documentasitesurvey orassessmentthatcon-
sidershow Gl canbe incorporated into existing site toreduce stormwater runoff
(as applicable).

Reasoning Thisrequirementwill ensurethatnoretrofit projects for which storm-
waterisrelevant (roofs, sidewalks, lawns, parkinglots, etc.) will beimplemented
without first considering how GI could potentially be incorporated. This will
ensure that potential Gl opportunities arenot missed due torushed planning/
design schedules or other reasons.

SSc4 Rainwater Management (Modified)

Credit Requirement Managerunofffromdeveloped sitefor the 98th percentile of
regional or local rainfall events (as applicable).

Reasoning GNHWPCA mandates that projects in CSO areas (which constitute
themajority of the Yalecampus) manage the first2.05” of rain on-site. Depending
on therainfall equivalent to the 98th percentile for New Haven, the GNHWPCA
requirement may already achieve this standard. While this credit is ambitious in its
stormwater managementrequirements, itstill provides significantflexibility for
different Gl design options. This credit will encourage Yale Facilities to useappli-
cable retrofits as an opportunity to incorporate GI on campus.
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SSc2 Protect or Restore Habitat (Modified)

Credit Requirement Usingnativeoradaptedvegetation,restore30% ofallportions
of the site identified as previously developed (as applicable).

Reasoning Greenspacesarealready anessential part of Yale’s aesthetic. Meet-
ing thisrequirementwill both ensure that they continue to be prioritized and offer
opportunities to add them where they previously didn’t exist, creating aesthetic, air
quality, heat island, and stormwater management benefits. This provides an oppor-
tunity for Yale to convert existing impervious surface to a permeable and more
aesthetically pleasing surface.

SSc5 Heat Island Reduction (For roofs/parking lots as applicable)

Credit Requirement Option1(2points): Use combination of vegetated roofand/
or high SRIroofing material to fulfill the equation requirement associated with
this credit. Option 2 (1 point): Place aminimum of 75 % of parking spaces under
cover.Roof used to cover parking must meetspecificSRIvalue, be vegetated, or be
covered by energy-generationsystems.

Reasoning Asimilar LEED 2009 creditisalready mandated underthe01352stan-
dards for Limited Scope Projects. Using a vegetated roof to achieving this credit
provides stormwater management, heat island reduction, building insulation,and
aesthetic benefits.

Case Study: University of Pennsylvania Management Plan

InMarch 2013, the University of Pennsylvaniabecame oneof thefew higher-
educationinstitutionsinthecountry todevelopitsownstormwatermanagement
masterplan. Themainpurposeof the planis to “aid campus planning by identify-
ing opportunities toincorporatesustainable stormwater managementpractices
into future projects” (University of Pennsylvania 2013). By doing so the university
hopestoreduceitsnegativestormwaterrunoffimpactand, consequently, utility
costsassociated with the runoff, and increaseenvironmental sustainability and
green spaces oncampus.

The plandelineates ambitious goals focused on: better understanding of the chal-
lenges the university is facing in complying with the Philadelphia Water Depart-
ment’s (PWD) stormwater managementrequirements;acomplete analysis of the
existing stormwater management infrastructure on campus; a comprehensive over-
view of potential new practices fornew construction and retrofitting on-campus
projects, includingalistof “representative details for green stormwatermanage-
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mentpractices”;developmentofanoperationsand maintenance manualforexist-
ing practices; crafting of amodel to track the construction and removal of imper-
vioussurfaces;andareview of currentstormwaterlegislationand grant/funding
opportunities. Thesegoals demonstrate University of Pennsylvania’sstrong
commitmentto find “opportunities to reduce the campusimpact onits surround-
ing environment through the creation of additional green space and construction of
sustainable stormwater management practices.”

A special section of the plan discusses innovative practices that could beused in
solving stormwater runoff problems on campus. Some of these green infrastructure
techniques, suchas greenroofs, bioretentionareas,and pervious pavements, have
already been implemented around campus. Other contemporary practices that con-
centrateontreatingrunoffasagroundwaterrechargeresourceratherthanawaste
dischargeincludestormwater captureand reusesystems, greenhardscape treat-
ments, green streetscapes, bioinfiltration systems, and evapotranspiration systems.
While the plansuggests that these practices be considered when designing storm-
watermanagementsystems, itdoesnotrequiretheirexclusiveuseforthatpurpose.

Theplanprovidesadetailed listof market-available productsineachcategory.The
product description, however, does not deliver specific performance-based charac-
teristicsand thusserves moreasaguideforfurtherresearchand notauseful, ready-
to-use drop-downmenu of available solutions for a specific project.

University of Pennsylvania’sStormwater Master Planisahelpful documentthat
offers guidelines for university ococers and outside consultants working on reduc-
ing thenegative impacts of rainwater runoff from campus property.
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The Case for Collaboration

Introduction

Thepurpose of this appendix is to describe possible partnership opportunities
for Yaletoundertake as itmoves forward with its Sustainable Stormwater Man-
agement Plan. This is not meant to represent an exhaustivelist of potential col-
laborators, but rather an overview of the public and private organizations already
interested ingreeninfrastructure (GI) in New Haven and Connecticut. A brief
exploration of the possible nature of those collaborative relationships follows.

Yaleisafundamentally opencampus;thebordersbetweentheuniversityand New
Havenareblurredby Yale’sdiverselandholdings throughoutthecity and the criti-
calcity infrastructure thatsupports the university. With 26,000 faculty, staff, and
student visitors per day, in addition to countless tourists annually, green infrastruc-
tureprojects on Yale’scampus willundoubtedly affectthewider Yalecommunity,
thecity of New Haven, and the larger region (Yale University Sustainability Task
Force 2010).

The Ococe of Sustainability has demonstrated acommitmentto collaboration, both
with ococes and departments across Yale’scampus, as well as with the city of New
Havenand its residents. The Ococe of Sustainability’s Campus as a Living Labora-
tory programfacilitates studentand faculty research projects on Yalegrounds.The
Yale Community Carbon Fund supports energy eccciency projectsinlow-income
householdsinNew Haven, whilesimultaneously reducing thecarbonfootprintof
events oncampus. The Ococe of Sustainability is alsoamember of numerous inter-
national alliances to improve on-campus sustainability initiatives.

The conceptof universities taking a centralrole as drivers of urban sustainability
has garnered ssignificantattentioninrecentyears. Academicinstitutionssuchas
Yaleare a unique force in the move to amore widespread application of Gl prin-
ciples. They are sources of technological and social innovation; they are firmly
rooted in place but also convene regional, national, and even international interests,
and they can bridge expansive areas of expertise (Trench, Yarime, and Kharrazi
2013). Examples of universities taking proactive steps to collaborate with public and
private entities can be found across the globe.

Collaboration thathappens from the outset of a project can inspire community
participation and engagement. Thepractice of civicecology, where community
members takeresponsibility for theenhancementof thegreeninfrastructureand
community health, particularly in urban areas, can foster psychological and physi-
calwell-being, encourageasense of place,and expand naturally fromsmall-scale
work to much larger partnerships (Krasny and Tidball 2012).

Morespecifically, collaboration willhelp Yaleensurethesuccessof futuregreen
infrastructure installations. Coordination with the appropriate deans, college masters,
staff, faculty, and students (both current students and alumni) will go far in ensur-
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Table 1: Five-Level Framework for Partnerships

summary of five-level framework

Scope (What?) Target (Where?) Key Actors (Who?) Motivation (Why?) Role (How?)
1. Comprehensive 1. Local 1. Faculty/researchers | 1. Missional 1. Inventor/innovator
2. Focused 2. Regional 2. Administration 2. Funding 2. Revitalizer/
3. National 3. Students 3. Scientific/scholarly retrofitter
4. International 4. Bridging 4. Social 3. Builder/ developer
organizations contribution/ 4. Director/linker
community 5. Scientific advisor/
relations communiicator
5. Developmental/ 6. Facilatator/
strategic empowerer

6. Entrepreneurial

Source: Krasny and Tidball (2012)
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Goals of Collaboration

Case Study:
Temple-Villanova Sustainable
Stormwater Initiative

ing aestheticacceptance of projects. Collaboration with city agencies willallow the
university to undertake projectsinan opportunisticway, whenroad and sidewalk
workarealready underway, forexample. Yale’sability to conveneresearchers from
around the nation willallow for scientificcollaborations that inform the university’s
tirststeps. Rather thanentering the process of Gl designand installation uninformed,
Yale can benefit from the experience of other universities.

The nature and number of Yale’s collaborators in implementing a sustainable
stormwater managementplan will vary based onits ultimate goals. Is collabora-
tion primarily meant to encourage research? Or to leverage funding? One analysis
of academic cross-sector collaborations to achieve sustainability results foundthat
therearefivelevels of questioning thatcaninformthetype of collaboration neces-
sary, as shownin Table 1.

First,isthework going tobe comprehensiveorfocusedinscope? Acomprehensive
projectmightincludeadvancing the goals of sustainability very broadly, whilea
focused one might only target sustainable stormwater management. Next, we must
askaboutthetargetregion. Is Yalehoping toimpact only areas on campus, or does
ithope toinform the thinking on green infrastructure nationally and internation-
ally? Who are thekey actors, and whatis the motivation? Finally, whatrole will
YaleUniversity play?Someuniversitiesmay push theinnovationagendaby focus-
ingcollaborationondesignadvances. Othersmay beconveners, or“linkers” ofkey
players, withastressonthecollective powerand knowledgeof many actors, rather
than one.

None of thisis to say that Yalemust choose one path from each of the five columns
and stick with it. Rather, each project may include a slightly different mixture of
key actors, motivations, and target areas.

Thisinitiativeisanexample of the potential for collaborationacross academicinsti-
tutions. Theinitiativereflects the partnership between Temple University’s Center
forSustainable Communitiesand the Villanova UrbanStormwater Partnership. It
ismeanttofacilitatecollaboration onresearch (with particularattention tocreating
astandard monitoring plan), supporta broad greeninfrastructure outreach pro-
gram (utilizing symposia, workshops, tours, and an advisory committee), and facil-
itatetheinstallation of stormwater BestManagementPractices (BMPs) demonstra-
tion projects. The partnership between these tworesearch centersis supported by
grantsfromtheWilliam PennFoundation,aswellas thePennsylvania Department
of Environmental Protection’s Growing Greener program. The ultimate goals of
this partnership are to leverage additionalresearch funding dollars, to generate
publishable work on the effectiveness of green infrastructure technology, and to
improve the design, construction, and monitoring standards related to BMPs.

Source: Villanova Urban Stormwater Partnership website, http://environment.yale.edu/
hixon. Accessed May 4, 2013.
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Opportunities for
PartnerswithinYale

Partner Profiles

Inthis section potential partners are highlighted from occces within Yale, within
thecity of New Haven, within thestate, and beyond. Eachagency or organization
islisted withabriefexplanation ofitsrolein greenstormwaterinfrastructure. Key
contact names are also listed, when available.

OcoceofSustainability The Ococeof Sustainability at Yaleis coordinating efforts
inthedraftingof this Sustainable StormwaterManagementPlan,and willcontinue
tobeaconvener of resources and staff when itcomes to sustainability on campus.
Sustainability may be positioned such thatit can take on therole of coordinating
efforts between the academic and strategic sides of Yale.

FacilitiesOcoce TheFacilities Ococe houses multiple statf persons thatwill be
integral to theapplication of Gl on Yale’scampus. From design inception toinstal-
lation and long-term maintenance, the success of Gl projects willdepend heavily
onthe coordination of Facilities staff. Specifically, efforts should bemade tobring
togethertheplanning ococe, landscapingand design, engineering, and thesustain-
ability initiative.

Environmental Health and Safety This ococe is responsible for ensuring the
workplacesafety of Yale’sstudents, faculty, and staff. Inaddition, they have com-
mitted to a high level of environmental monitoring, which could come into play
when Yaleisfaced withcreating theinfrastructureand operationsplanforan
intense monitoring system for its green infrastructure. Brenda Armstrong is the
Environmental Affairs Manager and may be interested in coordinating with the
Ococe of Sustainability.

College Masters, DepartmentDeans, Key Faculty,and Staff Critical to theaccep-
tance of any project on central grounds will be theinvolvement of theappropriate

collegemasters, department chairs,and deans. Specific projects willlikely besited

throughoutcampus,and coordinating efforts with those members of the Yale com-
munity whowillbemostdirectly affected by theinstallation willfacilitateasmooth
process.Itmaybethatsomesitesaremoresuitable totheinstallation of demon-

stration projects, including the property around the Yale Sustainable Food Project

Farmand Marsh Botanic Garden on Science Hill. The directors of these programs —
EricLarsonand Mark Bomford, respectively —would begood partnerstoinvolve

early in theprocess.

TheHixon Centerfor UrbanEcology The Hixon Centercould serveasacritical
convener of faculty and student research interest around green infrastructure. The
Hixon Centeris aresearch center with afocusonadvancing knowledge of urban
ecosystemsand advancing the practice of environmentaldesigninurbanareas.
Led by Colleen Murphy-Dunning, the center also features numerous Forestry &
Environmental Sciences faculty with an interest in urban water quality issues. The
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Case Study:
University of

New Hampshire
Stormwater Center

Opportunities for Partners
within New Haven

Hixon Center could facilitate grant applications and collaborations betweendepart-
ments. The Hixon Center has also taken on a strong outreach component within
F&ES, conveningregularspeaker seriesand symposia.If sustainable stormwater
managementcould beincluded in the center’s outreach goals, itcould providean
opportunity for influencing the national dialogue.

Other Yale Research Labsand Centers The Urban Ecology Design Laboratory is
run by Professor AlexFelson, whohas worked directly on Gl projects related to
stormwaterin Connecticutand whoisinterested in thestudy of urbanengineered
systems.Inaddition, the Center for Green Chemistry &Green Engineeringat Yale
representsaninterdisciplinary approachtogreendesign efforts, with facultyand
students that may be interested in collaborating on green infrastructure work.2
Within F&ES, Professor Julie Zimmerman and Professor Thomas Graedel siton
the executive committee of the center.

The University of New Hampshire (UNH) Stormwater Centeris acenter for
researchand educationsurrounding the protectionof water quality through green
stormwater management. The center features faculty and students interested in
studying the differences betweenlow-impact developmentand traditional gray
infrastructure. Funding comes from the National Oceanic and Atmospheric Admin-
istration, the Environmental Protection Agency,and the New Hampshire Depart-
mentof Environmental Services. Publiceducationisacore tenet of the center’smis-
sion, and thestaff hostworkshops ontopicsranging from gravel wetland designto
theinstallation of permeable paving.Inaddition, thecenterfocusesonthe potential
for Gl to provide economic returns to low-income communities. Their focus has
been primarily on coastal communities, and partnership buildingisa corefocus of
the program.

Source: UNH Stormwater Center, www.unh.edu/unhsc. Accessed May 9, 2013.

Mayor’s Ococe The November 2013 election is slated to bring about the first
changeinthemayor’sococethatNew Havenhasseenintwodecades. With this
change, therewillbenotonly achangeinleadership, butalsoasignificantturnover
of politically appointed agency heads within the city.

The Department of Engineering New Haven’s Department of Engineering has
taken an active interestin green infrastructure, and is beginning the process of
creating an organized design manual for Gl throughout the city. Their interestis
inidentifying cost-effective infrastructure projects thatcan bereplicated and are
somewhateasy tomaintain. As Yaleapproachesthedesignportionofitsstormwa-
ter sustainability challenge, a partnership should be formed with Giovanni Zinn
(Yale College "05), who is in the Department of Engineering.
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New Haven Occce of Sustainability The city’s Oooce of Sustainability was funded
by a one-time grant whose resources have run out. While Giovanni Zinn is still
technically the city staff person responsible for the ococe, he has beenrelocated to
the Department of Engineering.3Should additional funds be identified for this
ococe in the nextadministration, it could be a good partner for Yale to coordinate
its efforts with the city.

Other New Haven Agencies There are multiple city agencies that would have
aninterestand contribution to Yale's efforts. In order to ensure the opportunis-
ticinstallation of greeninfrastructure, communications with the City Planning
Department as well as the Department of Transportation, Parking, and Traccc
would be helpful. Those agencies have an understanding of when projects will be
happeningon New Havenstreets. Addinggreeninfrastructuretoanalready exist-
ing construction project is much easier than adding itindependently. The New
Haven Department of Parks and Recreation as well as the Department of Public
Works (DPW) may be good partners for understanding the complex maintenance
associated with green infrastructure. Parks is responsible for the care of the city’s
street trees and open spaces, while DPW handles the maintenance of roads and
sidewalks.

City Resource Allocation Committee This committee was formed in 2012 in order
to prioritizeroad paving and sidewalk construction work in the city. The four-per-
soncommitteeiscomposed of twomembers from theadministrationand twofrom
theboard ofaldermen, and is tasked with the fair distribution of roadwork funds to
eachneighborhood inthecity. If Yaleis interested in attaching a green infrastruc-
ture project onto ongoing construction priorities, working with the members of
this committee would be beneficial. Dick Miller, City Engineer, is one of theadmin-
istration’s representatives on the committee.

Urban Resources Initiative The New Haven Urban Resources Initiative (URI) is a
nonprofitorganizationacliated with the YaleSchool of Forestry & Environmental
Studies. URIisresponsible for planting all of the public street trees in New Haven,
and runsa Community Greenspace program thatsupports thework of residentsin
greening their local communities. URIis run by Colleen Murphy-Dunning, who
hasextensiveknowledgeand experiencein partnering with New Haven for GI —
specifically tree planting. Associate Director Chris Ozyck has a wealth of landscape
designand community organizing experience,and would bea valuable partner.

New Haven Environmental Justice Network The New Haven Environmental
Justice Network has been advocating for an increased role for Gl in the manage-
mentofstormwaterinthecity. Lynne Bonnettleads the group’sGladvocacy work.
Through public meetings, awareness campaigns, and social media, the network
has rallied support around several environmental justice campaigns in New Haven.
Thisisagrassroots organization that would supportany work that Yale does that
could be applied elsewhere in the city.
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Case Study:
The Urban Ecology
Collaborative (UEC)

Opportunities for
Partnerswithin
theRegionandState

TheUECisaninformal partnership organizationbetweenthe organizations
involvedinurbantreeplantingand careincitiesonthe EastCoastofthe United
States. The member organizations are from Boston to the north, to Washington,
DC, inthesouth,andincludetheNew Haven UrbanResourcesInitiative. The
purposeofthegroupistoshareinformation, research,and technicalexpertise
across thespectrumof publicand privateagencies thatwork toadvanceurban tree
canopies.Thegrouphasnodedicated funding,and meets remotely once permonth
forawebinar. Eachwebinarhasadifferent theme, ranging fromthe effects of major
storms and hurricanes on urban trees tonew funding opportunities and federal
partnerships. Eachmonthadifferentmember organization organizes the webinar
sothatthe workisshared evenly. The partnership has furthered theknowledge of
thestateof tree planting initiativesin the Eastand hasfostered deeperrelationships
in the field.

Greater New Haven Water Pollution Control Authority (GNHWPCA) The
GNHWPCA handlesallof thestormwaterthatflows throughthecombinedsewer
systemin New Haven. They are also responsible for projects that work tokeep
New Haven in compliance with the Clean Water Actand the city’s MS4 permit.
GNHWPCA established strictrequirements for on-site detention of stormwaterin
new buildings, which hasled to the installation of holding tanks and stormwater
infiltration at several sites on campus.* GNHWPCA is responsible for sewer separa-
tionprojects,andisinterested inunderstanding how GImightbeincorporated into
compliance projects. In particular, TomSgroi (Director of Engineering) has been
working with the Connecticut Department of Energy and Environmental Protec-
tiononunderstandinghow Clean Water Fund moneysmightbemadeavailablefor
the installation of GI.

Regional Water Authority Responsible for providing clean drinking water for
morethan 500,000 consumersin New Havenanditssurrounding towns, the
South Central ConnecticutRegional Water Authority has extensiveexperiencein
protectingwater quality by using GI— namely, watershed protection."The Water
Authority established the Watershed Fund to provide grants that protect the larger
drinking watershed and educate landowners about steps that they can take to
ensure environmental vitality.

Connecticut Departmentof Energy & Environmental Protection (DEEP) DEEP
is responsible for ensuring city compliance with the requirements of Phase II of
the CleanWater Act,and runs the Clean Water Fund, which providesfunding
for infrastructure projects meant to protect water quality. DEEP has engaged in
earnest discussions regarding the role that GI might play in urban stormwater
management, and formed a Committee on Green Infrastructure to further those
conversations.IvonneHallhasbeenanactive partnerin theformation of this
Management Plan.
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Opportunities for
National Partnerships

Save the Sound/CT Fund for the Environment (CFE) CFE has been a strong
nonprofit environmental advocate for the increased application of green infrastruc-
turetoolsasaway toachievecompliance with Clean Water Actphasellregulations
in Connecticut. CFE’s missionis to “protectand improve theland, airand water of
Connecticutand the Long Island Sound” and to “bring people toachieveresults
thatbenefitourenvironment.”* CFE staff, including Senior Attorney CurtJohnson,
haveextensiveknowledge of theregulatory drivers of stormwater management,
and could speak to the important role of education, outreach, and advocacy in
spreading sustainable stormwater infrastructure.

National Fish and Wildlife Foundation (NFWF) Long Island Sound Futures

Fund NFWF has invested more than $10 million over the past eightyears in proj-
ects designed to protect the health of the Long Island Sound. One project funded

within the past year included an analysis to determine the potential for green

infrastructure along the Long Island Expressway.”The Long Island Sound Futures

Fund could beapotentialsource of funding tosupportdemonstration projects, or
an important informant on additional green infrastructure work that is happening
in the Long Island Sound area.

Other AcademicInstitutions Therearenumerousotheracademicinstitutions
withwhich Yaleis in a prime position to partner. The Villanova Urban Stormwa-
ter Partnershipis conducting extensiveresearch on Gl technology and hasaclose
working relationship with the Philadelphia Water Department. Arizona State Uni-
versity hascreated aSustainable Cities network toaddresssustainability inurban
areas broadly. New Hampshire University has created its Stormwater Center, with
dual coremissions of research and educational outreach. Yaleis already a part of
the Campus Consortium for Environmental Excellence, which brings together like
minds to discuss the challenge of sustainability in an academic environment.

Partnership for Sustainable Communities A partnership between the U.S.
Department of Housing and Urban Development, the U.S. Department of Trans-
portation, and the U.S. Environmental Protection Agency, the Partnership for
Sustainable Communities works to coordinate funding for housing, transporta-
tion, and other infrastructure such that they work together toward sustainability.
While these funding mechanisms typically go to public agencies, the program
offersawealthofinformationregarding greeninfrastructure,and could bean
interesting partner should Yale and New Haven choose to work together on GI
projects in the future.

American Rivers Thisnationalnonprofitis doing advocacy and outreach work to
promote the health of our nation’srivers, and the importance of Gl as a way to pro-
tectthathealth. They havecompiled aseries ofresourcesaboutthevalueof specific
Gltechnologies, and could be an effective educational outreach partner for Yale.
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Recommended Next Steps for Collaboration at Yale

Inthissectionconcretepartnership goalsarelaid out, with possibleactions that
Yale can take toachieve those goals. Some actions may be easier toadopt than
others. Understanding that partnershipbuildingisagradual process, the Ococe
of Facilities and the Ococe of Sustainability should moreformally establish short-,
medium-, and long-term collaboration goals.

Partnership Goals ® Improve communication between the Ococe of Facilities and the Ococe of Sustain-

Partnership Actions

ability across Yale and across the private/public divide for better awareness of the
state of Gl in the region.

Increase educational outreach on the challenge of stormwater in urban areas
and thesteps being taken by Yaleand New Haven to manage stormwater more
sustainably.

Implement successful design and construction of green infrastructure projects with
monitoring instrumentation for research purposes.

Leverage partnerships toward synergistic research goals and shared funding oppor-
tunities.

Establish a thorough maintenance plan that incorporates job training and under-
standing of the function of green infrastructure.

Generate enthusiasm and support for widespread application of green infrastruc-
ture oncampus.

Increase communication with partners Createa greeninfrastructure email listserv.
A listserv would allow for mass communication with partners and interested parties
within Yaleand New Haven. This email listserv would be an inexpensive way to
expand current efforts at identifying and communicating with all of the appropriate
stakeholdersinthearea. Communications could be confined to weekly ormonthly
updates,and could beused toshareimportantdevelopments between theuniver-
sity and thecity.

Establish agreen infrastructure working group A working group with annual or
biannual meetings on the progress of green infrastructure oncampusand in New
Havenwould beaway toinvitestormwater stakeholderstoliterally sitaround the
sametable. The Ococe of Facilities or the Ococe of Sustainability could facilitate
thesemeetingsoncampus. Face-to-faceinteractionisthebestway toformtrue
partnerships,andevenaninformalworking group would facilitate better commu-
nication between the city, the university, and the public and private entities engaged
at both levels.
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EngagecampusleadersinGlinstallation Critical tothesuccessof greeninfrastruc-
tureoncampus willbe thesupportof college masters, deans, and otherimportantfac-
ulty and staff on campus. Creating an outreach system thatengages those stakehold-

ers early in the process will facilitate smoother installation process.

Increaseeducation to partners Work with educationand advocacy groups to design
asignageand outreach campaign. Yalehas already done good work ininstalling
greeninfrastructure projects on campus, from greenroofs to infiltration basinsand
bioswales. What is missing is a coordinated effort at establishing educational signage
around theseprojects so that the wider public understands their value. Nonprofit
organizations with expertise in public outreach might be interested in partnering with
Yaletoachievetheir goals for broader publicsupportfor GI. Publicoutreach canalso
comein the form of materials on the Yale Sustainability website thatinform visitors
of the role and nature of green infrastructure projects.

Workwith faculty to establish rigorous research and monitoring standards for Gl
Tomore fully engage the academic community at Yale, including both faculty and
students, a partnership with a research center such as the Hixon Center for Urban
Ecology could facilitate greater communication between the stages of green infra-
structuredesignandlong-termmonitoring. The Yale Ococe of Environmental
Healthand Safety has also demonstrated acommitmenttomonitoringand research.

Implement installation and obtain funding Work with public agencies to establish
common Gl goals. The City of New Haven, the GNHWPCA, and CT DEEP all have
aninterestinestablishing green infrastructureas one way of achieving compliance
with clean water regulations. Opportunities could exist to install green infrastructure
inanopportunisticway inthe publicright-of-way,and toleverage funding fromthe
state level to advance green infrastructure monitoring.
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Glossary

Adaptive Management A structured, iterative process of robust decision making
intheface of uncertainty, withanaim toreduceuncertainty overtime viasystem
monitoring.

Bioretention Landscaped features thatareadapted toprovide on-site treatment of
stormwater runoff.

Bioswale/Vegetated Filter Strip Alinear, gently sloping, vegetated, open channel
thatslows, infiltrates, and filters stormwater asitmoves along theslope.

Blue Roof A non-vegetated rooftop thatincorporates aseries of weirs and flow-
restrictiondevicestoreduce therateof stormwaterrunoffto the sewersystem dur-
ing peak rainfallevents.

Combined Sewer Overflows (CSOs) During extreme storm events, the combined
sewer system overloads its capacity and excess combined sanitary and stormwater
sewage discharges untreated into nearby waterways.

Combined Sewer System Stormwater runoff and sanitary sewage flow into the
same pipe for conveyance to the water treatment plant.

Constructed Wetlands Manmade systems built to mimic the functions of natural
wetlands. Usefulforflood storageandnutrientremoval, thesebasins can filter run-
off through a combination of plant, soil, and microbial processes.

Downspout Disconnection The process of redirecting roof drains that are directly
connected to thesewer system to anadjacent pervious surface where the storm-
water caninfiltrate or flow oversurfaces untilitenters the stormsystem througha
catch basin.

Enhanced TreePit Treepits collect stormwater runoff from small areas such as
portions of parking areas orstretches of roads. Stormwater filters throughthe tree
roots and surrounding soil mix, trapping sediment and pollutants before infiltrat-
ing into the soil or flowing to a piped stormwater system.

GIS Ageographicinformation system (GIS) is a spatial mapping tool used to
analyze and visualize data. This software can be especially helpful in assessing the
effects of stormwater runoff.

Gray Infrastructure Traditional systems designed with the sole purpose of pro-
tecting thebuiltenvironmentfromfloodingand conveying wastewatertoawater
treatment plant. Interventions for management include separating the wastewater
andstormwatersewersinacombinedsystemorconstructinglargetanksand tun-
nelstotemporarily storeexcesscombined sewageduringraineventstobetreated
when the treatment plant has capacity.
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Green Infrastructure All potential practices,landscapes, and storage devices
thatcanbeused toslow theflow of stormwater, reduce stormwater volume,and
improve stormwater quality before it enters the sewer system.

GreenRoof A rooftop covered withsoiland vegetation to retain and mitigate the
flow of stormwater through absorption and evapotranspiration. Green roofs also
help tofilter and cool water asit passes through thesoil and plantroots.

Impervious Area Non-vegetated surfaces, such as rooftops, walkways, and roads
that expedite the movement of water and do not allow for infiltration.

Infiltration Trench/Drywells Designed to capturerunoff, these small trenches are
usefulforrouting runoff away from properties, particularly in the case of down-
spoutdisconnections. Waterinfiltrates thesystemsandis stored between thevoid
spaces of rocks.

PermeablePavement Asphaltor concrete thatismixed with fewer fine particles to
createmoreairspaceallowing for percolation of stormwater runoff. Anunderly-
inglayer of fine sedimentfilters the water, and asub-base of uniform-gradestones
stores the water as it infiltrates into the ground.

Rain Barrels/Cisterns Storage tanks designed to capture stormwater runoff, usu-
ally fromaroof downspout,allowing forfuturereuse of water fornon-potable uses.

Rain Garden Avegetated basin designed to collectstormwater runoffand utilize

thenatural properties of plantsand soilstoremovepollutantsand encourageinfil-
tration in situ. Rain gardens are designed to mimic natural hydrology, and thereby
slow water velocity and improve groundwater recharge.

Rainwater Harvesting The method of connecting a roof drain to a rain barrel or
cistern, allowing for storage and use of stored stormwater for non-potable uses.

Separate Storm Sewer System Stormwater runoff and sanitary sewage flow into
separate pipes. Sanitary sewage is sent to a water treatment plant, and stormwater
runoff is discharged untreated into local waterways.

Stormwater Runoff Water produced from precipitation and snowmelt that does
not infiltrate the ground and instead flows over it.

Subcatchment The area that drains to a common sewer system.

Underground Storage Tank Large vessels used to storestormwater underground
that can later be reused or added to the drainage network.

Watershed The area of land that drains to a common point on a waterway.
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