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ABSTRACT

Green infrastructuréGl) stormwater control approaches and technigte®,infiltrate,
evapotranspireggnd in some cas@suse stormwatdo reduce runoff quantity and to improve
overall environmental quality. The literature review indicates substantial benefits provided by Gl
stormwater controls in small scales includregucedstormwater runoff volumes, enhaxlce
groundwaterechargereduced pollutant discharges to water bodies, and decreasdined
sewer overflow events.

The main objective of this dissertation research was to examine the benefits of individual
and inegrated GI stormwater control practices at small to large scales in urban watérbbeds.
hypothesis of thisesearch isfiRetrofitting integrated green infrastructure controls in large
areas served by separate or combined sewers can result in significafit volume
r e d u c tThreecase studieghich were extensively monitored and evaludtade been
selected for this dissertation research; 1) Millburn, NJ with dry wedisitoredat a small scale,

2) Kansas City, MO with various Gl practices incluglimofilters, curb extension biofilters,
cascade biofilters, porous pavement, rain gardenstoredat small scales (individual Gl
performance) anchonitored atarge scales (overall integrated Gl performance and their impact
oncombined sewer overflof(€S0Os), and 3) Cincinnati, OH with three study sibetuding
Cincinnati State College, the Cincinnati Zoo, and the QlésktessoriHigh School, which have
several Gl stormwater control typegth monitoringat large scales.

Analyseswereconductedat infiltration facilities andatcombined and separagewer
flow monitornng locatiorsin the study area® calculate the benefits of green infrastructure
based stormwater controlBhe analyses conducted as part of this dissertation researeh

aimedat showingthat nonitoring resultgor runoff volume reductionsom isolated smalscale



stormwater controls can be scalggl for use in typical drainage area benefit predictibns
only if sufficient information is available (such as soil characteristars] developmentctual
runoff treated, etc.).

The analyseat the small scalest Millburn, NJ and Kansas City, M@dicatedthat
there were varying levels dffiltration performance in the argebut mosdry wells and
biofilters were able to comptely drain within a few days. However, several had extended
periods of standing water that may have been associated with high water tables, poorly draining
soils (or partially clogged soils), or detrimental effects from snowmelt on the clays in the soils.
At large scaleat the Kansas City and Cincinnati test ayelasct measuremesof flows by the
in&ystem flow monitors ithe combined oseparatesewers on or adjacent several othe
green infrastructure componentsreused to directly measuvehde system performance. The
resuls at the large scales indicatdat formostflow monitoring locationstherewasa
statistically significant difference (p<0.05) betwdeth e fAaf t er 0 cdataadhe uct i on
Abef or ed c o ndathwhiclk supparts thephgpothesigiof this dissertation research
The runoff volume reductiafor the largescalestudied areas ranged from 20% (for the Clark
Montessori High School that has about 25% of its drainage area treated by green infrastructure
contrds) to about 8% (for Cincinnati State Colleggsh er e most of the areads
by the treatment deviced he results showed that the green infrastructure locadioc
coveragen the watershesidirectly affectedthe runoff reductiosin the aeas. The watersheds
should have most of their flowesetited by th@reen infrastructure stormwatesntrol practices
to result in large rooff volume reductiosin thewatershedsSome of the flow monitoring
results appearto be faulty and since the monitoring period has concluded and the equipment

removed, it is not possible to verify the calibrations. Therefore, an important part of this



dissertation researahasto develop and demonstrade effective monitoringnd evalation
strategy and QA/QC proceskhis dissertation research alstilizeda calibrated versioof
WInSLAMM for each study arethat can be used to determine likely lelegm benefits under a
large variety of conditionsas well asecommendationfor flow monitoring of green

infrastructure stormwater controls
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CHAPTER 1.0
INTRODUCTION
The ratural hydrological cycle in urban and surrounding aceasbe significantly
influenced by changes in urbanizatieasulting inpotentiallyserious environmental problems
such as increased runoff volume, lower groundwater recharge, accelerated, enodigreater
flooding. Increased amounts of impervious surfdees., streets, building roofs, and parking
lots) due to urbanization are the most important cause of runoff increases in urban areas. In
addition tothemany challenges associated with tjuantity aspects of urban stormwater runoff,
it also causes adverse effectsunbanreceiving water quality (Burton and Pitt, 2002; Pitt et al.,
2002; Pickett et al., 201Pjtt et al., 201p
There are severahethoddo control stormwater dischargesurban areas. The
traditional methodis to collect stormwater runofh older areas through the usecoimbined
sewer systems, which transport surface ruradéing withdomestic and industrial wastés.
most newer cities, separate drainage systems adeWsder wet weather conditions, tlaege
volumes of stormwater runofEommonlyexceed théransporicapacity otthe combined sewer
systemsand thereatment capacitgt the wastewater treatment facilifhe excessombined
stormwater and sewageerflows are discharged &aljacentwvater bodies at specifatombined
sewer overflon(CSO dischargepoints. These untreatedmbined sewer overflows (CSOs)
contaminate rivers and streams witicrobial pathogens, suspended solids, chemicals, nufrients
and organic matterT{ibbet, 2005 USEPA,2014). In many cities served by combined sewers,

uncontrolled CSOs may occur during relatively small rainfall depths (sometimes less than 0.5



inches of rain). Over the past decades, much research, followed byicegudatd

implementation of CSO controls have been used to decrease the volume and frequency of these
overflows.Several methods have been used to diminish combined sewer overflows (CSOs) in
urban areas, including traditional infrastructbiesed CSO contr@pproaches that rely on

structural solutions (e.g. largeeale tunneling, treatment plant expansion),etmerginggreen
infrastructurebased stormwater control practig¢bat rely on reducing the stormwater

contributions through infiltratiorand chages in development practictsat affect the surface
hydrology and associated runoff

Green infrastructuretormwater control practices inclutigegrated approaches that
store, infiltrate or detainstormwater runoff before discharge to the stormweadéection
systemgUSEPA, 2014)These practices may be used at large scales (city or county), and small
scales gite orneighborhood). The most common types of green infrastructure include
bioretention facilities (and subcategories, including rain gardambcut biofilters, curb
extension biofilters, etc.), bioswales, permeable pavement, green roofs, rainwater harvesting
systems, and planter boxes (Pitt et al, 2Q1ZEPA,2014).

Numerous studies have evaluated the performance of different typesvafuatigreen
infrastructure components at relatively small scales, indicating that these features are expected to
be effective in reducing runoff volumes (important for combined and separately sewered areas)
as well as enhancing the stormwater runoff igpéimportant for separately sewered areas). Yet,
there are few demonstrations of integrated green infrastruettiliées at large scales with
explicit real time evaluations of its impacts on reducing flows in combined sewers.

Although different modeal (such as WinSLAMM, SUSTAIN, and SWMM) predict

hydrologic performance and model the water quality of green infrastructure in urban areas, it is



important to study the real time pi@nd postconstruction flow and water quality data at
multiple scales tguantify the actual benefits of the integrated green infrastructure components
to better calibrate and verify the modatghe different scales over which they are to be applied.
Linear extrapolations of the smaitale individual facility results to lageg scales containing
many facilities, as typically conducted using simple spreadsheet stormwater models, may result
in inaccurate predictions of the largeale performance for the whole development or
community. Typical issues that must be addresseddadiow the individual controls are
connected. Usually, they are in series with large storm overflows fregnagpent devices
directed to downstream facilities. The additional water from thgragient facility consumes
some of the treatment capacity bétdownstream device. In addition, many facilitiesrinan
large area have widely varying drainage areas due to {t@pagraphic conditions, with some
facilities receiving much less water than expected and others receiving more water, resulting in
varialle performance of the individual facilities. Finally, drainage system flow losses and gains
and interactionsvith thegroundwater also affect systeamde performance that may not be
indicated during the smallscale monitoring at individual locations.

The main objective of this research ist@amine the effectiveness of retraddigreen
infrastructurestormwatercontrols inseveralsmall and largescale developed urban watersheds
in areas serveditherby separateéor combined sewer systenfs. smallscales, infiltration
measurements from individual stormwater confriolsluding drywells and biofiltersvereused
to quantifythe benefits (such as runoff volume reductions). In additieneffects of soil types,
storm event characteristics, and lamdelopment characteristics on the infiltration behavior of
individual green infrastructure stormwater contnwbreexamined. At large scalesyekt

measuremestof flow from in&ystem flow monitors placed in combinedseparatsewers



affected byindividual green infrastructure devicegreevaluatedReattime rainfall and runoff
data from combined and separate sewer systems affected by Gl stormwater controls in upstream
areasvereanalyzed both before and after construction of the stormwatewntorthe runoff
characteristics of the prand postconstruction conditiongerethen statisticall)compared to
measure the benefits of integrated Gl stormwater contrthe lEtrge scales.

This dissertatiorresearcfocusesonthree case studiessocited with recent or egoing
research at the University of Alabanmagluding

a) The Township of Millburn, New Jersey

b) Kansa City, Missouri, and

c¢) Cincinnati, Ohio

The Millburn, NJ projectvasusedas asmaltscalecasestudywhich useddry wells as
stormwatelinfiltration controls. The Kansas City, MO projegasone of the largest projects in
the United Stategsing extensive Gl controis acompletely monitored00-acre neighborhood
that encompasses implementation of over 100 grdeastructurebased stormwater controls and
sewer rehabilitation. Therefore, the Kasi€aty, MO case study providean opportunity to
evaluate the benig of Gl stormwater controls atall scalesusing infiltration data from
individual GI stormwatecontrolmonitoring, and large scales (overall impacts of all Gl controls
on 100acre neghborhood and combined sewer systeamsipared to adjacent control
watershell The Cincinnati, OH projecepresentedeveralktudesat large scakethatinclude
implementation of integrated watershed based Gl stoteneantrols to reduce CSO volusne
In the Cincinnati case stues,the flow monitoring databtainedn thesewer lines after
constructiorwere canpared to before construction conditioBsiringthe KansaCity case

study, an adjacent@acre subwatershed with no stormwater contralas alsexaminedjn



addition to the before and after Gl facility monitorifignis dissertation research therefore also
compares several different experimental design appesaaid data collection methods that
were used during these projects.

In additionto theanalysis othe measured dat&/inSLAMM (a stormwater quality
model that incorporates a wide range of sustainable infrastructure unit processes and associated
controlsthat are tailored for site specific conditiongs calibrated using the before construction
flow and GI construction data and other site conditton®odelgreen infrastructurstormwater
performancet each study area to predice performance of contt options for varying
conditions.

This dissertation contains five chapters including: the literature review (chapter 2),
hypotheses and methodology (chapter 3), results (chapter 4) and conclusions and
recommendations (chapter Extensive appendices aaso included that contain the collected
fundamental data and detailed statistical analyses.

The preliminary results of this dissertation researclewweblishedn association with
and presentedt several national anthternational conferences. Below is a listloése

publications and presentations.
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CHAPTER 2.0

LITERATURE REVIEW

2.1 Stormwater Runoff Challenges in Urban Areas

The wor | doisgrowiagrapidlyaespeacalty in urban areaand will continue to
increase in theoming decade@NESCO, 2009)The United Nations Population Fund
(UNFPA) reported an average annual increase of 1.1 percéiwio r | doés a@andpul ati on
estimated a global population @bout9 billion peopleby 2050, while the current population in
2012 isabout? billion people(UNFPA, 2012). It is expectedhatmore than twethirds of the
population in2050 will be inurban areas D (UNFPA, 2012. Numerousstudiessuggest that
this shift in human habitation from rural to urban areas will cause changes in the hydrological
cycle in urban and surrounding areas, along s&ttious environmental and social probleifise
growth in urbanization also sigreéntlyaccelerateenvironmental changeof ecosystems,
especially in urban receiving waters due to dramatic changes to the local watéBaytde and
Pitt, 2002; Pitt et al., 2002; Pickett et al., 20Ritt et al., 201

Runoff is defined as that garn of rainfall that does not infiltrate into the ground or
evaporates and reaches a stream channel quickly (Booth, 1991). Increased amounts of
impervious surfaces due to urbanization are the most important cause of runoff increases in
urban areasHollis, 1975;Claytor and Schuelet996 Brabec et al., 2002; Pitt et al., 200@).
1968, Leopold classified the impacts of lande changes on watershed hydrology in four
categoriesincluding; changes in peak flow characteristics, changes in total nwlafhe
changes in water quality, and clgas in the hydrologic amenitigSn a natural and undeveloped
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ground cover, the runoff may vary from 10 to 30 percent of the overall precipitation. As urban
development occurs, depending on the type and degree alioysness, the surface runoff

mi ght increase to 55% of the total annual pre
2.1 illustrates typical increased runoff flows (and associated decreased infiltration amounts) with
increasing amounts of imperwis surfaces. Despite the many challenges associated with the
guantity aspects of urban stormwater runoff, such as flooding, accelerated erosion, and
groundwater recharge reduction, stormwater runoff also causes adverse effects on receiving
water quality (Rirton and Pitt, 2002). Stormwater runoff quantity and quality greatly depends on
land use characteristics (i.e. size and type) and weather conditions (i.e. wet/dry weather),
therefore runoff volume, argipe and the concentration of pollutants in runoffna different
watersheds and urban areas (Booth, 1991; Burton and Pitt, 2002; Pitt et aB@€4and

Davies 2011).
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Figure2.1. Runoff variability with increased impervious surfaces (FISRWG, 1998)
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The impacts of land use characteristics potkntial changes in land use on stormwater
runoff volume have been quantified in numerous studies by comparignar@ost
development hydrological conditions. In most cases, the results clearly indicate an increase in
runoff volume and flood risk, atm with base flow reductions due to urbanizatidmold and
Gibbons, 1996Camorani et al., 2005; Ali et al., 2011; Jacobson, 2011; Du et al., 2012).
Similarly, floods with shorter recurrence intervals are more likely to hareases in flood
magnitudeshan those with long recurrence intervdiege to urbanizatiofHirsch et al. 1990)

As the stormwater runoff moves through an urban area, it picks up and transports a large
variety of natural and humamade pollutants from impervious surfaces (i.e. robdadings,
parking lots) and compacted soils, and ultimately deposits them into water bodies such as
streams and lakes.day studies have shown contamination in stormwater collected from various
catchment sources (Fied al, 1973; Hvitved-Jacobsen eidl., 201Q Barbosa et al., 20)2There
have been more than 350 compounds identified in stormwater runoff (Eriksson, 2002), but the
most common pollutants in stormwater runoff include solids (Pitt et al., 200ved et al.,
2008, heavy metalsuch asopper (Cu), lead (Pb) and zinc (Z{orster, 1996Borchardt and
Sperling, 1997Brown and Peake, 20Dfolycyclic aromatic hydrocarbons (PAH®)tt, 1995;
Forster, 1999Brown and Peake, 2006; Zhang et al., 30p8sticides and herbicideRdvitt et
al., 1999 Zobristet al., 2000Clark et al., 2006), and bacteflaye, 2002; Ahmed et al., 2008)
which directly impacts water bodieRitt et al. (20043leveloped th&lational Stormwater
Quality Database (NSQDYhichincludesmore than 8,000 stormwater events covering the major
land uses and most geographical areas of the coUitege data wervaluated tdest the
validity of several commonly acceptadsumptionsoncerning stormwater, and produced a

statistical tool thatan assist stormwater managers and regulators. This study shows that many of
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the constituents found in stormwater likely have concentrations greater than the associated

numeric criteria. The most potentially problematic constituents (where the exceefdemctse

respective criteria are the greatest) include bacteria (total coiféecal coliforns, andE. coli.)

followed by solids ad turbidity Table 2.1 lists characteristics of the most common stormwater

pollutants (Barbosa et al., 2012).

Table 21. Charactesticsof common stormwater pollutes (modified fromBarbosa et al., 2012)

Pollutant Type | Parameter Source Comments
Solids Total Pavement wear; constructi¢ 60to 80% of SS in stormwate
suspended | sites or rehabilitation works| could be less than 3dmin
solids (TSS) | atmospheric fallout; diameter. Heavy metals and
anthropogeic wastes, etc. | PAHs arepreferentiallybound
to the smaller particles (e.qg.:
100to 250 um)
Heavy metals | Cu, Zn, Cd, | Vehicles parts and They are relevant because of
Pb, Ni and Cr| componentstire wear; fuel | toxic effects.Generally, the
and lubricating oilstraffic focus is on copper (Cugjnc
signs and road metallic (Zn); cadmium (Cd) and lela
structuresbuilding (Pb).The relevance of Pb is
materials, especially minor in countriesising
galvanized metal; treated | unleaded gasoline.
wood
Biodegradable | BODs and Vegetation (leaves and Organic matter (0.m.yém
organic matter | COD gras$ andanimals such as | stormwater idess
dogs, cats and birdsither | biodegradable (dominated by
fecal contributions or dead | plantmaterial), thereford is
bodies) also less problematfor the
environment than the o.m.
from CSGs, but can still cause
sediment anoxic conditions.
Organic PAHS, PAHSs: incomplete fossil fuel Presently, a large number of
micropollutants| PCBs, combustion; abrasion of tirg compoundgover 650
MTBEs, and asphalpavement, etc. | identified) aredischarged in
endocrine Phthalate esters: plastic traceconcentrations and
disrupting materials Pet sometimes there is raxcurate
chemicals pharmaceuticals, insecticid¢ chemical determination

12



Pollutant Type | Parameter Source Comments
and herbicides. methodavailable for them.
Pathogenic Total Contributions fromurban Stormwater sources are muc
microorganismg coliforms; wildlife and pets; leaking | differentthan domestic
Escherichia | sanitary sewers wastewater contributiosuch
coli as fromCSOs.
Nutrients Nitrogen and | Fertilizers and atmospheric| Nutrients can cause not only
phosphorous | fallout, decomposing organi eutrophicatiorproblems but
(i.e. total materials. also water discoloration,
Kjeldahl N; odors,toxic releases and
NO, + NOg; overgrowth of plants.
totalP;
solubleP)
(Hvitved-Jacobsen and Yousef, 1991; Wanielista and You86f3;1Burton and Pitt, 2002;
Eriksson et al., 2005; Lau aisienstom, 2005; McCarthy et al., 2008; Hvitvddcobsen et al.,
201Q Bjorklund,2011).

2.2 Urban Drainage

The conveyance of wastewater and stormwater is a vital concern in urban areas to prevent
waterborne diseases and to decrease the risks of flooding (Kingma, 2012). Urban drainage
systems handle wastewater from residential, industrial and other properaéslition, some
drainage systems convey stormwater in urban areas, with the aim of minimizing the problems

caused by stormwater runoff (e.g. floodirgButler and Davies, 2011)

2.2.1Combined Sewer Systems (CSS)

The EPA (2012) describes a combirsetvers y st em as #anspgris gudaoe t h at
runoff and human domestic wastes (sewage), and sometimes industrial wastes. Wastewater and
runoff in a combined sewer may occur in excess of the sewer capacity and cannot be treated
immediately. The excess ieffuently discharged directly to a receiving stream without

treatment, or to a holding basin for subsequent treatment and dispo¢aU SEBA, 201
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Combined sewesystems (CSS) were first implementadEuropein the 184040 facilitate
stormwater drainage, to flush sanitary sewage along the conveyances, and to help dry streets to
enable rapid access to transportation after rainscities of Hamburg and Londamere among
the first cities thabeganallowing thedischargeof sanitary wastewat@nto stormwater drainage
systems with the advent of the flush toilet, resulting in early combined sewers. In the 1870s, the
United States also started to study and apply European combined sewer systems on a large scale
due to rapid thanization. Brooklyn, Chicago, and Jersey City were early adopters of CSSs
during the 1850€¢Tarr et al., 1984Burianet al.,1999 USEPA,2014.
Combined sewer systerase capable of handling thee g i sanitadysewagedlows
under dry weather conins.While combined sewer systems agreat solution during dry
weatheyunder most wet weather conditigtise large volume of stormwater runoff exceeds the
capacity of combined sewer systems and their treatment capacity, resuitmgvarflowof
untreated or poorly treated sanitary wastewater with the stormwateording to the EPA hese
combined sewer overflows (CSCsmE discharged to U.S. water bodies (typically rivers, and
streams) at specific CSO points, to prevent flooding in urban a@asently, approximatel¢0
million people in 72 communitieghroughout 32 states in the United States aressdny
combined sewer systemdost of thecombined sewer systems (and theretbesCSOs) are
located in the Northeast and Great Lakes regiamd the Pacific NorthweSUSEPA, 204).
SinceCSOsare untreated mixtures of domestic, commercial, institutional and industrial
wastes, along with stormwater runoff, the diverted water from CSOs contamatatdodies
with microbial pathogens, suspeddsolids, chemicals, nutrientaruses, metals, polyaromatic
hydrocarbons, and organic matter that deplete dissolved oxygen, and cause many other receiving

water problemsTibbet, 2005 USEPA, 204). Uncontrolled discharges froomtreated
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stormwateandCSOs coulde amajor reason for lovguality waterin water bodies (Clark et al.,
2006. For instance, many studies have shown the adverse impact of CSOs on microbiological
water quality of receiving water bodies due to the presence of bacteria (fefmht,oiindE.

coli) in wastewater and animal wastes found in stormwater rgAsffley and Dabrowski, 1995
Marsalek and Rochfqre004 Rechenburgt al., 2006Maki et al. 2007Ham et al., 2009

Passerat et al., 20l Table 2.2 summarizes typigabllutant concentrations in CSOs and other
pollutant sources. Generally, the contamir@mtcentrations in CSOs are between the urban
runoff and sanitary sewage concentration values. To reduce the CSOs impacts on receiving
waters during the last decadesyeral types of practices for stormwater management have been
applied, mainly by reducing runoff volumes and improving the stormwater quality (Gasperi et

al., 2012).

Table 2.2 Comparison of typical values for pollutant discharges (Shu et al., 2004)

Contamnant| BODsg TSS COD Total N Total P Fecal Coliform
Source (mg/L) (mg/L) (mg/L) | (mg/L) (mg/L) | (counts/100mL)
Rainfall 1--13 <1 9--16 - 0.02-0.15 -
Treated | 5 35 | <5.30 - 1525 | <15 <200

wastewater
gjr::f? 10-250 | 67--101 | 40-73 | 0.4-1.0 | 0.7-1.7 10°--107

CSO 25-100 | 150-400 | 260-480 | 3.0-24 | 1.0-10 10--10°
Sanitary | 4454 400| 100350 | 260-900 | 20-85 | 4.0-15 108 10°
Sewage

Source: Water Environment Federation (WEF). Prevention and Control of Sewer System
Overflows. (WEF, 1999)

2.22 Combined Sewer Policy and Guidance

CSOs are subject to section 301 (a) of the Clean Water Act (CWA) and the
implementation regulations for tiNational Pollutant Discharge Elimination SysteNPOES),
since CSOs are point source discharges (USEPA, 2001989, the EPA issued thNational

Combined Sewer Overflow Control Strategyaddress the water quality and quantity challenges
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associated with CSOs. Accor dtoNPPESpermt hi s str at
requirements and the Clean Water ®z&1SEPA, 1995).The main objectives of thidational

Combined Sewer Overflow Control Stratgdp89) were to ensure that CSOs only occur due to
increased wet weather flows, and to minimize the impacts of CSOs on water quality, and human
health. The National CSOontrol Policy provides some principles to ensure that CSO controls

meet the clean water act (CWA) requirements, and arestfestive(USEPA,1995)

I n 1995, the EPA issued the AGuidance for
minimum controls aréechnologybased controls that can address the CSO challenges without
major construction costs or extensive engineering studies, prior tadongcontrol
implementationMunicipalities served by combined systems were required to impleheent
nine minimum technology controf® later than January 1, 199henine minimum controls
included: 1) proper operation and regular maintenance programs fewhe s/stem, 2)
maximization of storage in thellection system , 3) revieand modificatiorof pretreatment
requirements to assure CSO impacts are minimized, 4) maximization of flow to the publicly
owned treatment facilittPOTW) for treatments) eliminationof CSOs during dry weather, 6)
control of solid and floatable materials in CSOs, 7)Iptibn preventiorprograms to reduce
contaminants in CSQ8) public notification program to educate public about CSOs, and 9)
monitoring to effectively characterize CSO impacts and the efficacy of CSO controls

In 1999, Congress urged EPA to develop goik for states and Regional Offices to
facilitate water quality and designated use reviews for CSO receiving waters. Therefore, in 2001,
t he E P AGuidanseu@drdinating CSO Lofigerm Planning with Water Quality
StandardReview® t o a d dmsersistegratingedevielopment of CSO laegm control

plans (LTCPs) with water quality standards reviews. The main objective of this guidance was to
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improve the implementation of CSO Control Policy by; 1) improving the level of cooperation
between CSO comunities and environmental organizations, 2) integrating development of
LTCP implementation of CSO controls with water quality standards, amet@)ciling water
guality standards with wetlesigned and operat&50 LTCPs without causirgxtensive

econome and social impacts (USEPA, 2001).

2.3 Conventional CSO Control Strategies (Grey Infrastructure)

Numerous approaches have been historically used to minimize combined sewer
overflows (CSOs) in urban areas. Traditional infrastruebhaged CSO control apgaches rely
on structural solutions such as laigmle tunneling, transmission/storage, and treatment plant
expansion to deliver the collected combined sewage to wastewater treatment plants for treatment
before being discharged to water bodies (Raucl&92 Conventional approaches for reducing
CSOs sought to increase storage or conveyance capacity within the sewer system. One of the
most common traditional approaches i storage systems that add storage volumes within
the sewer system. Anotheadlitional approach to reduce CSOs is to locate large underground
storage tanks at CSO discharge points. These systems generally store, and in some cases pretreat,
combined sewage before discharging it back to the sewer systems for treatment at the sanitary
wastewater treatment facility which usually has expanded treatment flow capacities during wet

weather (Montalto et al., 200USEPA 204).

2.4 Green Infrastructure
Recentlythere has been a shift in CSO control strategies, from the traditional grey
infrastructure approach (storage/treatment) to a more integrated approach that also incorporates

stormwater volume reduction before discharges to the combined sewer (greeructtrastr
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CSO consent decrees have started to incorporate this integrated approach at the urging of local
environmental groups and after economic analyses. There remains uncertainty with this
integrated approach, especially concerning thesttdle field prformance, actual costs, and
required maintenance (both shtetm and longerm) of the green infrastructure components.
Therefore, some communities are conducting demonstration projects to obtain actual local
experience that will guide them for more a@ate design evaluations.

Accor di ng t dreénAnRastu@uielisda)cestfedtive and resilient approach
to our water infrastructure needs that provides many community benefitsT z oul ap et al
indicated that green infrastructurefmi¢ c o mpr i s e Hhaural andadificalr al , s e mi
networks ofmultifunctional ecologicasystems within, around and between urban areas, at all
spatial scales6 A common consideration among all diff
the emphsis on environmental, social and economic benefits, as well as supporting sustainable
communities (Newell et al., 2012).

Using vegetation, soils, and natural processes (USEPA) 2§fken infrastructure
manages stormwater where it falls (Dunn, 2010gr&fore, green infrastructure can have many
benefits, including: reducing stormwater discharges and combined sewer overflows, mitigating
flood risks, recharging groundwater, cooling urban areas by shading building surfaces, reducing
air temperature, enhang the ecological value of water for wildlife, and providing social
benefits by creating green jobs (Weber et al., 2006; Montalto et al., 2007; Tzoulas et al., 2007;
Dunn, 2010; Spatari et al., 2011, Larson et al., 2013; USEPA).201

There are sever@ypes of green infrastructure facilities that are used at the scale of a city
(or county), and neighborhood (or site). The most common types of green infrastructure includes

bioretention facilities (and subcategories, including rain gardenscouiofilters, curb
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extension biofilters, etc.), bioswales, permeable pavement, green roofs, rainwater harvesting
systems, and planter boxes (USEPA,£00ther traditional stormwater volume reduction
controls include dry wells, injection wells, bottomless caisints, infiltration trenches, and
percolating ponds (infiltration ponds). In the following sections, some examples of green
infrastructure are described, including rain gardens (bioretention/bioinfiltration), permeable

pavements, dry wells, and rainwatarVesting cisterns.

2.4.1 Rain garden/Bioinfiltration/Bioretention

Bioretentionfacilities, also known as biwfiltration cells or rain gardens, are one of the
most common types of green infrastructure in urban afé&secollect and absorb runoff from
adjacentimpervious surfaces (i.e. rooftops, streets, parking lots, driveways, sidewalks). These
infiltration practicesare designed tallow stormwater runoff to infiltrate, recharge groundwater,
reduce peak flog/ and filter pollutantslSEPA,2012). A tyical stormwater bioretention
system consists of different components including (from top to bottom); water storage zone,
vegetation sually native vegetation includingrious grasses, shrubs, and small treds)er
of engineeredoil media(selected for its hydraulic and water quality benefits), and a subsurface
water storage layer (if an underdrain is used, making it a biofibeming storm events, runoff
from adjacentareasentersthe bioretention system to be infiltrated. The vegetaliyer helps to
maintain soil porosity and promote biological acgviRunoff fromshort periods of intense
storms can temporarily pond on the surface up to a celegim(usually 1520 cm), while an
underdrain(if used)collects filtered wateto a $orm drain systenfDavis et al., 2001; Davis,
2008) Figure 2.2 shows a schematic of a bioretention. In a combined system, the use of an
underdrain may result in substantial amounts of surface runoff being redirected to the combined

sewers with minimal veime losses. However, the flows to the combined sewer are usually
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delayed (usually by minutes to a few hours), reducing the time when the peak flows enter the
treatment plant, hopefully reducing the discharge of untreated CSOs. If no underdrains are used,
more of the water will infiltrate, but if the natural infiltration rates are poor, surface ponding is
rapidly consumed and overflowing water is directed to the combined sewer with minimal
treatment and extended ponding may cause nuisance mosquito problems.

Rain gardens are usually simplified as small bioretention devices on private property.
They are usually constructed by excavating a shallow depression and possibly tilling in an
organic soil amendment to the surface soils. They are vegetated with spiggtéethat can
withstand the frequent flooding and drying conditions. They do not have underdrains, and any
surface overflows are directed to the drainage system.

Many researches have studiethe performancef bioretentiondevices in reducing
stormwaeér runoffvolumes(Hunt and Jarret®004 Dietz and Clausen, 2005; Sharkey and Hunt,
2005; Davis, 2008; Hunt et al., 2008; Hatt et al., 2009; Brown and Hunt, R@Bisk and
Wynn, 201) andfor enhancing water qualityC{ark and Pitt, 1999; Clark 2000né many of the
previously listed researchers), both in the laboratory and in the fieldcohhgosition of
bioretention filter mediaand its associated characteristaf$ectthe bioretentionsystend s
performancégDavis et al., 2001Ritt et al., 2002 ath2008;Dietz and Clausen, 2005; Hatt et al.,
2009 Hunt et al., 2008Monitored results indicate thatdoetentiondevices are capable of
removing substantial amounts of the stormwater runoff and associated pollutants. Generally, for
use in an area haygra combined sewage system, pollutant control for underdrain or surface
overflows that discharge to the combined sewerage is not very important, as the sewage
treatment plant will provide excellent pollution control. Infiltrating water that recharges the

groundwater, however, benefits from treatment by the media to minimize groundwater
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contamination potential. Biofilters have been shown to reduce the concentrationsxoénsive
range of stormwater pollutaniacluding total suspended solids (TSS), rernits (N, and P),
heavy metals, oil/grease and bacteiiam the water treated by the engineered soil/media
However, some media (especially composts) can add significant amounts of nutrients to the
treated water. The selection of the treatment mediargfitre critical to provide the desired
treatment while minimizing any detrimental effects on the water.

Water quality performanas determineceitherby comparing th@ollutantmasgsof the
contaminants in the influetd theeffluent(which isaffected by volume reductions and by
pollutant reductions), or by comparing the pollutant concentrations (which are not directly

affected by the reduced runoff volumes due to infiltration).

GROUNDWATER RECHARGE FACILITY

In-situ s0ils should have a high
anfiltration rate (a1 deast "Vhr)
Soil filter depth should be at

keast 2.5

groundwater
rechasge

Figure 2.2 Schematic of a bioretention arg€gource www.epa.goy

Bioretentionfacilities have the potential to decrease runoff volume, reduce runoff peak
flows, and delay the peak runoffheir effectivenesses vary greatly due to design, selection of

materials, and most ingptantly, by the amount of runoff to be treatetiint et al., 2008Hatt et
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al., 2009 Li et al., 2009; Yang et al., 20L(Hunt et al(2008)examined a bioretention cell

receiving runoff from an asphalt parking lot area for 23 events. Their analysesds86% peak

flow reductiors for precipitation events of less than 40 mm. In another study, Li et al. (2009)
studied six bioretention cells; two systems in Maryland (one monitored for 22 storm events and
the other one for 60 storm events) and four systarorth Carolina (two monitored for 46

storm events, and two monitored for-33 storms events) ovarl0-15 month period. The

results indicaté that all measurable storm events had dtak reductiors (peak flow rate ratio

of effluent to influent (Re«) <1). The predicted exceedance probability to achieve the target
RpeakVvalue (<0.33) ranged from 70% to >99% for different cells. Thg,Ralue (the peak

discharge time span ratio of effluent to influent) ranged from 3 to 200, with predicted exeeedanc
probability 0f25%-80% to meet the Raytarget (>6). Excedor one of the bioretention cells,
otherswere foundo meet thef(the effluent/influent volume ratio) target (<0.33) with

probabilities ranog from 40% to 70%. They concluded that the raadipth is the most

significant factor affecting the hydrologic performance of a bioretention systensasing depth
increases the holding capacity of the system due to increased void space, increases the contact
time which could increase the water ptdiot control, and increases the water pollutant capacity
before failure (assuming the surface area remains constant). They also foyrsdftratance
decreasewith largerrainfall depths and longer rainfall duratioigble 2.3 summarizes the

hydrology gerformance of bioretention facilities from different studies.
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Table 2.3 Summary of hydrologic performance of bioretentiacilities from different studies

Study Flow Volume Reductiosr | Peak FlowRateReductiors
Hunt andJarrett, 46 (winter) to 93 (summel
2004
Dietz and Clausen, 98.8
2005
Sharkey andHunt, 10.2t0 19.3 (Lined cell)
2005 11.2to0 23.6 (Unlined cell)
Hunt et al. 2006 50
Davis, 2008 55 to 70 49 to 58
Hunt et al., 2008 96.5
Lewis et al., 2008 42 (range: 1%0 83) 80 (range: 4%0 96)
Hatt et al., 2009 33 80
Brown and Hunt, 2010 | 62to 89
Yang et al., 2010 56 (monophasic)
80 (biphasic)
DeBusk and Wynn, 201| 97 99
Minimum 33 10
Maximum 98.8 99
Average 67 55

Bioretentionfacilities are capable of removimiirogencontaining compounds through
various mechanisms such as plant uptake and denitrification, adsorptictefdonsgtorage in
soil organic matter, and immobilizatioDietz and Clauser2005 Hunt et al. 2006and 2008;
Blecken et al., 2007Bratieres et al., 200& ucas and Greenway, 200Bead et al., 2008; Hatt et
al., 2009 Collins et al., 201D Many studies have reported moderate to good removal for total
Kjeldahl nitrogen (TKN) andammonium (Davis et al., 200denderson et al., B7; Hunt et al.,
2008; Smith, 2008 However, in almost all studies (both laboratory and figddiyr to moderate
rates of nitrate removélave beenobservedasnitrate isa very mobile anion in soilsnd does
notalsorb onto soimeda (Davis et al., 2001, 2009; Hsieh and Davis, 2005; Hatt et al., 2008,
Yang et al., 2010).

Numerous studies have indicated the success of bioretention in reduction of total

phosphorus (TP) (i.e. 80% removal of TP (Davis et al., 20013580 removal ratéDavis et al.,
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2006); 6385% removal (Hsie et al., 200B); 85-94% removal (Henderson et al., 2007); 31%
removal (Hunt et al, 2008&bout 85%removal (Bratieres et al., 2008)). dontrast, some studies
have noted the production of phosphorus in effluély due to the presence of high
phosphorusndex soils(soils containing excess amounts of phospharusyganic composts
bioretentionfacilities (Hunt et al., 2006Treese et al., 20)2Thereforefilter media selection is
critical in order toachieve effective phosphorus removal (Bratieres et al., 2008; Davis et al.,
2009.

Removal rates of heavy metals (copper, lead, and athiyretentionfacilities are
typically very high (greater than 90%) (Davis et al., 280d 2003 Dietz and Clauser2005;

Hatt et al., 2009)Studieshave alsaoted that the plant uptake of heavy metslgh as Cd, Pb,
and Znis influenced by temperatynesulting in higher plant uptake at°€shan 15C (Hooda
and Alloway, 1993; Antoniadis and Alloway, 2001). In contrast, Cu removal impetl@ser
temperaturglikely due to more biological activitin filter mediaat higher temperature, which
causes an increased release of Cu with dissolved orgarter fnam root turnover (Bleckest
al.,2011).

Fecal coliform and. coli effluent levels in bioretentiofacilities are variable depending
on the filter media, vegetation, exposure to sunlight, climate conditions (dry/humid), and
hydraulic retention timePrevious studies have shown fecal colif@ndE. coliremoval rates
generally greater than 50% (Barret, 2003; Hunt et al., 2008; Rusciano and Obropta, 2007; Zhang
et al., 2010; Kim et al., 2012). Two major removal mechanisms of bacteria from bioretentio
facilities include straining and sorption, however, sorption is the most likely removal process for

E. coli due to its small size (Zhang et al., 2010; Kim et al., 2012).
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Significantreductiorsin total suspended solids (TS&)ncentrations have albeen
observedn bioretention facilities, witmemoval efficienciesangingbetween 45% to more 99%
(Davis et al, 2001; Barret, 2003; Hsieh and Davis, 2005; Hatt et al, 2007etin2008; Li
and Davis, 2008 Field experiments in the city of Charlotte, NGm 2004 to 2006ndicated
approximately 60% reductigmn TSS concentrations (Hunt et al., 2008pwever, sme of the
effluent TSSwasbelieved to bgartial washoubf the bioretention media (Hseih and Davis,

2005).

2.4.2 Permeable Pavement

Permeal® pavement infiltrates stormwater from runon from adjacent areas and, more
commonly, from the direct rainfall onto the porous pavement. Permeable pavements can be made
from porous asphalt, pervious concrete, or permeable interlocking pavers. A typicaiper
concrete pavement comprises (from top to bottom) of 1) a permeable layer of concrete ranging
from 4 to 8 inches depending on the traffic loads, 2) a bedding layer with thickness of 1 to 2
inches, consisting of smadized aggregate to support theyp@us concrete, 3) a base aggregate
storage layer which is typically 6 to 24 inches consisting of crushed stones with high infiltration
rates, 4) a subase layer with larger stones that the base layer, 5) an optional underdrain system
to facilitate wateremoval from base and siiiase (located near the top of the storage layer to
encourage infiltration), and 6) the natural soil (USEPAA20Rigure 2.3 illustrates an example
pervious concrete pavement section. Filter fabrics are currently not recomnasritieg have

been found to prematurely clog from infiltrating silts.
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Figure 23. Typical pervious concrete pavement sect8aarcewww.epa.goy

While permeable pavements significantly reduce the stormwater runoff volume from the
treated area, the design characteristics, especially the filter media size and shape influence the
hydraulic performance of these systems (Scholz and Grabowiecki, 208 tlese systems
partially filter the infiltrating stormwater, or allow fines to settle and be trapped in the base layer,
permeable pavement systems can clog. Therefore, adequate knowledge of infiltration process,
clogging, and maintenance cycles are tegyors in the expected performance of permeable
pavements (Sansalone et al., 2012)

Many studies have reported large improvements in stormwater quality for permeable
pavement installations due to trapping of pollutants including; solids (TSS and 8igptayi.e.
nitrogen and phosphorus), heavy metals, herbicides and pesticides, oil and grease, and bacteria
(Legret andColandini, 1999NCDENR, 2005; Gilbert and Clausen, 2006; Scholz, 2006; Scholz
and Grabowiecki, 2007).

As a source control technigyggermeable pavements may reduce solids and heavy metals
concentrations in stormwater runoff by two thirds compared to traditional paved materials
(Fassman, 2012). Permeable pavements are capable of effectively decreasing concentrations and

loadings of metia such as Cu and ZRggotto et al2000; Bratteboand Booth2003; Rushton
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200]). For example, Legret et al, (1996) studied a porous asphalt pavement system during 30
rainfall events and reported 64% and 79% reduction in suspended solids and leattaiomts
respectively.

Some studies have examined nutrient removals in permeable pavement systems and have
reported generally low TN removal rates (Pagotto et al., 2000; Gilbert and Clausen, 2006; Bean
et al, 2007; Collins et al, 2010). Similar studmrese observed total phosphorus removal via
adsorption of TP to the base and-$ase materials (Gilbert and Clausen, 2006; Bean et al,
2007). For instance, Bean et al., (2007) compared three types of permeable pavements to asphalt;
permeable interlockingoncretepavers(PICP) porous concrefeandconcrete grid paver3hey
showed that concentration of totgkldahl nitrogen, ammoniandtotal phosphorus

permeable pavement exfiltrateeresignificantlylower than asphakurfacerunoft.

2.4.3 Dry Wdls

A dry well, also known as a seepage @itashallow subsurfacdisposakystenthat
receives stormwater runoff frothe surrounding areas for subsurfan#ltration to shallow
groundwates. Dry wells normallyreceive water directly from roof draiedders or by storm
drain inlets located in driveways or small parking 18tsy wells can significantly reduce the
stormwater runoff volume for the treated areas. The main benefits of dry wells is reducing
surface flows and simultaneously recharging grewatdr aquifers (USEPA, 2012; Pennsylvania
Stormwater BMP Manual, 2006). However, dry wells are not likely to provide significant water
guality improvements during the disposal operations @Ritt Talebi, 2012 Figure 2.4s an
illustrationof ageneric dry well with its main components labeled from the New Jersey

Stormwater Manual.
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Regulations and manuals for dry wells vary for different states. For instand&whe
Jersey Stormwater Best Management Practices Manual (Standard for Dry Whadigter 9.3)
includes specific design criteria for dry wells used for the disposal of stormwater. It requires
sufficient storage volumes in the dry well to contain the design storm runoff volume without
overfl ow, while the s ulgbeasufieenttodrain théstopedmunofe a b i |
within 72 hr. For infiltration purposes, the manual requires Hydrologic Soil Group A and B soils
with a minimum permeability rate of 0.5 in./hr (12.7 mm#ier)dry wells designed for storms
greater than the gomdwater recharge storfhe New Jersey manual also only allows roof

runoff to be discharged to dry wells for groundwater recharge.
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Figure 2.4 Example dry well included in the New Jersey Stormwater Ma(ftaurce: Adapted
from Standards for Soil Eras and Sediment Control in New Jersey)

Different studies have examined tingpactof drywell discharges on groundwater
guality. From 2008 to 2011, a USGS study examined the potential effects of roadside dry wells

on groundwater quality on the Island ofw#ai. The study used a numerical method to simulate
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the groundwater flow, with an infiltration pulse of &stfor 1 hour containing a hypothetical
nonreactive contaminant. The results indicate that depending on the rate of infiltration, dilution
of contaminated surface water with n@ontaminated water in a saturated aquifer quickly
decreases the contamination concentration. At a horizontal distance of 0.5 mile downgadient
from the dry well, the simulated concentrations were less than 0.1 percent ofteatcations

in the infiltration model (Izuka and Johnson, 2009; Izuka, 2011) due to dilution with non
contaminated site water. Pitt, et al (2013) found that dry wells provided no measureable water
quality improvements when comparing water exiting thédootof dry wells with percolating
waters sampled below 2 ft. of gravel plus at least 2 ft. of natural soils beneath the dry well
perforated tanks. They concluded that dry wells are a safe stormwater disposal method as long as
the influent water was of ago®ble quality. However, they found that lead and bacteria
concentrations in the infiltrating water exceeded the New Jersey groundwater disposal criteria,

even when only disposing roof runoff.

2.4.4 Rain Water Harvesting/Cistern

Rainwater harvesting (RWH$ a technology used fapbllecing, storingtreaing, and re
distributingrainweter that falls onto impervious surfaces, mostly rooftops. An appropriately
designed rainwater harvesting system collects runoff from impervious surfaces, stores it in
storag tanks, and rases the collected water as a resource for different purpsese systems
could be efficiently applicable arid regiondo reduce demands on im&singly limited water
supplies A typical RWH systengenerally comprises trmtchment ara, conveyance system,
storage tankireatment system, and-destribution network (USEPA2014).

In a RWH system, stormwater runoff from the catchment area (i.e. rooftop, parking lot,

landscaped area, and street) is direteal collection pointwherethe conveyance systetarries
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thestormwater to the storage tarilhe sizing of the storage tank/cistern is a key factor to
maximize stormwater capture and water use efficiefbg storage tank shoubdveadequate
capacity to retain thdesired water volume for eastormevent resulting inrunoff volume
reductions athe site.On the other hand, storage tank coststadargestomponenbf thetotal
RWH systentost (Chilton et al.2000).There issubstantialiterature concerningvaluations of
theperformance and sizingf rainwater harvesting systems. The results indicatestbedgetank
size greatly depends aite-s p e ovarigbtes such as locpfecipitation patterns and climatbe
catchment areand end use water type ateimand Klelmrich and Horn, 200dwenge
Kahinda et al., 200; Aladenola and Adeboye, 2010ampisan@nd Modica, 2012Talebi and
Pitt, 2012.

The collected stormwater from storage tanks may have several potable grataide
beneficial uses includingrigation, garden watering and maintenance, toilet flushing, clothes
washing, window washing, vehicle washing, fire stations, commercial/industrial cooling systems,
construction activitiesdrinking and cookingetc Due to stormwater contamination, water
treatment is ofteneeded for the collected water in storage tanks/cistemgetthe water
quality criteriafor differentuses, and taninimize health risks associated with rainwater reuse
Thetype and degreef treatment, which is determined basedlomtype of end use, varies from
simple filtrationto ultra-violet (UV) lights. Filtration eliminates contaminantalong with
supplyingoxygen to watethroughthe filtration proces®isinfection and filtration is used to
remowe somebacteria and viruses. Application of chlorine, ozone, and UV light are three
common methods of disinfectingotable usesbviouslyrequire a highedegreeof treatment

compared tomonpotable usefPitt et al., 2012)
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Some rainwater harvesting manuals stiarting to incorporate water reuse criteria

including numeric bacteria standards for potable andpambable uses. Most of the bacteria

standards were originally written pertaining to the reuse of sanitary wastewaters and do not

specificallyaddress stonwater as a source water. Some regulations, however, were prepared to

regulate the beneficial uses of stormwater (such as Texas and Virghmeagregulationdocus

on public health issues and contain restrictive lefeglbacteria, with lower allowabllimits

where public access is not well controlled, and with higher allowable limits for water non

contact situations and where access @awéll controlled. Table 2. dummarizes water quality

criteria from available regulations that specifically addrdssormwater beneficial us@gitt et

al., 2012)

Table 2.4 Summary of water quality criteria in available regulations (Pitt et al., 2012)

State Use Bacteria Criteria
Non-potable indoor uses:
Toilet flushing & Laundry . |Total coliform: <500 cfu per 100 mL
Non-potable outdoor uses: ) )
Ber_keley, Sprinklers, HVAC, Car Fecal coliform: <100 cfu per 100 mL
California .
washing
(Berkeley,
2010) Qgtdqor uses: Suburface .
irrigation, Rainbarrek under |No treatment required
100 gal
Total coliform: <500 cfu per 100 mL
Non-potable indoor uses: [Fecal coliform: <100 cfu per 100 mL
Water testing recommended annually
Total Coliform - 0
Fecal Coliform- 0
Texas Potable uses: (Single Famil Protqz_oan Cysts 0; Virusesi 0
(Texas, 2006) Turbidity < 1NTU
' Water testing recommended every 3 mo
Total Coliform -0
.. |Fecal Coliform- 0
Eﬁﬁibcle uses: (Community (Prot(_)z_oan Cysts 0; Viruses - 0
Water System) Turbidity < 0.3 NTQ
Water testing required monthly
In addition, the water

31




must meet albther public water supply
regulations and water testing requiremer
per Texas Commission on Environmentg
Quality guidance document(s)

Total coliforms- 0
Fecal coliforms 0

. Potable indoor uses Protozoan cysts O; Viruses- 0
Virginia
(Virginia 2009) Turbidity < 1 NTU
Non-potable indoor Total coliforms < 500 cfu per 100 mL
Uses Fecal coliforms < 100 cfu per 100 mL

2.5Current Practices of Integrated Green Infrastruebaged Controls in US Urban Areas

Several urban areas in the United Stateduding Portland, Seattle, Philadelphia, Kansas
City, New York, Washington, Louisvill&onnecticutand others, haveought © implement
integrate greeninfrastructurebased controlfor combined sewer overflows, and many more are
or will be applyingsimilar stormwater management frameworks soon (Wise et al., 2010).
Despitemany green infrastructure practices at small scalasbian aregsvery few U.S. cities
have inested in green infrastructurelatgescales (Madden 2010).

Philadelphia is one of the most recognizable cities for citywide integrated green
infrastructure. h Septembei2009, the Philadelphia Water Departminalizedthe new
CombinedSewer Overflow Long Term Control Plan Update (LTCROY submitted ito the
EPA and the Pennsylvarizepartment of Environmental Protection (PADE®t)approval The
plan proposed citywide network of green infrastructure, requiringiavestnent of $1.6 billion
over 20 yearso mitigaterunoff and CSOgsrestore and preserwater bodies bymplementing
green roofs angdreenstreetsyestoring water bodiegyeening surface parking lo&nd
expanding the rain barrel prograiirhe plans a transition from the gray to greapproach

(Madden, 2010).
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New York City is another weknown city for its green infrastructure pldn.September
2010,theNYC Green Infrastructure Plamas issued tpresent an alternative approach to
enhancevater qualityand achieve sustainability benefitth at | nt egr at es fAgr een
such as swales and greewofs into their historical CSO control plans. The NYC Gl plan aimed
to gptimize the existing systn and to build targeted, cestf f ect O ver igragi ti onal
infrastructure (City of New York, 2010). In MarckQ12, the New York State Department of
Environmental Conservation (DE@pdated the plan to incorporateadaptive management
approachcommiting DEP to

Amanage 10% of the runoff from impervissisfaces by 2030 by constructing green

infrastructure at the city scale,

A onstruct $2 million of green infrastructure in threégghborhood demonstration areas,

A onstruct $3.4 billion in greynirastructure, of which $1.8 billion has already been

incurred; and

A ulgtish 11 Long Term Control Plans for the control efnbined sewer overflows by

2017 (City of New York, 2012).

An often cited example of integrated infiltration stormwater controls at a moderate
watershed scale is the Jordan Cove urban watershed project. This area is a small estuary located
along the north or Connecticut side of the Long Island Sound. This urherskxed had water
quality issues including high concentrations of bacteria, nutrients, sediment, arsenic and
dissolved oxygen. Therefore, the main objective of runoff control implementation in this area
was to improve water quality, as well as to reduceffuvolume. Three watershedsontrol,
traditional and green infrastructure (GWere monitored for stormwater runoff. Table 2.5

summarizes the characteristics of each study area. The Gl features include grass swales, rain
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gardens, permeable drivewapsyretention areas, and permeable road surfaces. The monitoring
results showed that there was a 74% reduction in stormwater volume after the Gl construction
period. Also, water pollutant exports after construction generally decreased, except for TSS and

TP (sourcehttp://www.jordancove.uconn.edu/jordan_cove/publications/final_repoyt.pdf

Table 2.5. Characteristics of control, traditional and Gl watersheds at Jordan Cove area

Control Traditional Gl Watershed
Watershed Watershed

Area (acres) 13.59 4.95 4.2

Number of lots | 43 17 12

Average size of | .40 0.37 0.25

lots (acres)

Total impervious| 29 32 22

(%)

* 1 acre = 4046.85

In St. Louis, Missouri, a neighborhood with the area of 3.78 acres with 24% impervious
area was selected to be treated v@trstormwater controls. In this small demonstration area,
rain gardens and planter boxes covered 2, 77hft 2,961 fi, respectively were used to reduce
runoff volumes entering the sewer system. In addition, another neighborhood with the area of
4.82acres was selected as a control area for comparison. The flow meters were installed in three
manholes; upstream and downstream of the test area, and downstream of the control area.
Comparing the flow from the test and control areas showed 60% reduct&tosnmvater

volume for nine monitored events (Bloorchian et al., 2012).

2.6 Need of Research
As described in this chapter, many studies have evaluated the performance of individual
green infrastructure components at relatively small scales, indicatintéise features are

expected to be effective in reducing runoff volumes (important for combined and separately
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sewered areas) as well as enhancing the stormwater runoff quality (important for separately
sewered areas). While there are numerous applisatibgreen infrastructure at small scales (i.e.
single installations), there are only a few demonstrations of integrated green infrastructure at
larger scales with explicit real time evaluations of its impacts on reducing flows in combined
sewers. Howevethese past projects have only examined areas from about 5 to 15 acres, much
smaller than typical urban watersheds.

Many stormwater management practices are needed to be integrated irsaddegeea
(watershed) to achieve the necessary runoff cordirdspollutant reductions associated with
reduced CSOs. Although different models (such as WinSLAMM, SUSTAIN, and SWMM)
predict hydrologic performance and model the water quality of green infrastructure in urban
areas, it is important to study the real tiprte- and postconstruction flow and water quality
data at multiple scales to quantify the actual benefits of the integrated green infrastructure

components to better calibrate and verify the models.

2.7 Proposed Research
Based on the literature revieand current stormwater runoff issues in urban areas, this
proposed dissertation research will focus on:
1. Studying snall-scalemonitoring data of stormwater flow and watgrality to measure
the benefitof individual green infrastructure facilities
2. Evaluathglargescalepre- and postgreen infrastructure constructiflows to confirm
the benefits of integrated green infrastructure controls throughout the drainage areas
when many of these controls are combined in a larger area
3. Utilizing a calibraeéd version of WInSLAMM (a stormwater quality model that

incorporates a wide range of sustainable infrastructure unit processes and associated
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controls that are tailored for sigpecific conditions) fodifferent types ofirea to

guantify the benefits alesign options
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CHAPTER 3.0

HYPOTHESIS AND METHODS

3.1 Hypothesis

The main objective of this reseanslasto examine the effectiveness of retradiigreen
infrastructurestormwatercontrols in smaland largescale developed urban watersheds in areas
serveceitherby separate or combined sewer systerhe. literature review and analyses have
shown that the individual green infrastructure (Gl) stormwater controls can be used tandelay
reduce runoff, as well as improving the stormwater runoff quality. Therefore, green
infrastructure stormwater controls can address flooding issues and reduce flows in combined and
separate sewer systems. As described in Chapter 2, the impacts ioLigdd stormwater
controls on stormwater runoff quality and quantity at small scale (single installations), have been
the subject of extensive prior research. However, few studies have been conducted to evaluate
the impacts of integrated green infrastue stormwater controls on reducing flows in combined
sewers at large scales, using real time ddtafdllowing hypothesis statemefdr this
dissertation researébbased on thiterature review and analyses
Hypothesis:
Retrofitting integratedgreeninfrastructure controls inlarge areas served by separate or
combined sewers can result in significant runoff volume reductions.
Prediction:

Individual green infrastructure stormwater controls, such as rain gardens, bioretention

facilities, permeable pawgent/pavers, and rainwater harvesting systems, are becoming widely
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used in urban aas in order to mitigate peak flows, runoff volumes, and enhance water quality.
In addition to stormwater management models that can predict hydrologic performance of green
infrastructure, it is important to evaluate the real time flow data before and after construction of
green infrastructure stormwater controls to verify their actual performance at different scales in
the drainage areas. The performance of each stormveateolcpractice can be highly variable

in improving water quality and quantity issues due to drainage area characteristics, different
activities occurring in each land use, soil type, and storm event characteristics. The analyses
conducted as part of thikssertation research will show that monitoring results for runoff

volume reductions from isolated smaflale stormwater controls can be scalpdor use in

typical drainage area benefit predictions, but only if sufficient information is availablegsuch

soil characteristics, land development, actual area treated, etc.).

Research Activities:

a. Examine the watershedeas and quantify the variability in land development
characteristicbased on available topographic informatamhigh-resolution aerial
photographyusing ArcGIS 10, along with field verification and measurements for each
watershed.

b. Describe the soil characteristics of the drainage areas based on soil survey websites for
surface soils and shallow sghrface soils, verified with site saeronitoring.

c. Determine longerm infiltration characteristics of individual Gl stormwater controls after
storm events.

d. Examine the effects of soil types, storm event characteristics, and land development
characteristics on the infiltration behavior of indival green infrastructure stormwater

controls based on fieldfiltration measuremenuringactual storm events
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e. Determine the base flow, and the dry and wet weather flow comparfehesflow time
seriesin sanitary sewer lines.

f. Prepare individuastormevent summaries that are coordinated with the rain data for each
monitoring pointincluding rainfall and runoff characteristics such as start/end time of
rain, rain duration, antecedent dry days, total rain, peak and average rain intensity, pipe
flow start/end time, total pipow discharge volume, total runoff, peak and average flow
discharge rate®, (the ratio of runoff to rainfaltiept!).

g. Compare runoff characteristics before and after stormwater control construction in order
to measure the befits of green infrastructusieased controland to giantify the overall
runoff volume reduction actually achieved at the demonstration locations

h. Utilize a calibrated version of WinSLAMM (a stormwater quality model that
incorporates a wide range of sustainable infrastructure unit processes and associated
controls that are tailored for site specific conditiciwsinodel GI stormwater controls at
eachstudyareato predict performance of control options for varying conditions.

i. Compare the observed event summary statistics with expected runoff responses from

WinSLAMM model for eactstudy area.

Critical Tests1:

a. Create box and whisker plots to graphigaépresent the infiltration data differences and
to identify groupings of infiltration char
variabilities in individual green infrastructure control performance.

b. Perform nodinear regression analysistoi t t he observed infiltrat
equation, in order to identify Horton coefficients for individual green infrastructure

stormwater controls after different storm events (prior research has identified the Horton
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equation to be the most suitalinfiltration equation for these types of controls in
disturbed urban soils, especially for ponded conditions as present in Gl controls).
Perform One Way ANOVA or KruskalVallis tests (depending upon data distribution
types) for infiltration data to exane whether the data can lgeouped based on different
soil characteristics at the stormwater control locations.

. Createdaily time series plots for dry weekdays and dry weekariithén eachmonth to
examine the overall base flow patteamd to identify spcific errors or lag perioda the
sanitary sewers at the monitoring locations to separate dry weather components from the
wet weather flow observations.

. Createrun chart plotgUsing Minitab)along with trends, and clustering tests that provide
informaton on norrandom variation due to trends, oscillation, mixtures, and clustering.
Theseweredone to examine weekday base fsmnd weekends badl®ws for each

month at eacimonitoring location in the sewer lines.

Compare the stag#ischarge relationshiplots for before and after stormwater controls
construction for each site to verify the quality of data

. Perform anal yses of best flowimortteidgloddgonimi ngo s
sewer linego verify the quality of data

. Conduct One Way Analysis of Variances or Kruskadllis tests to indicate any
significant differences between before and after stormwat@rolsconstruction periods
Conduct ManAWhitney Rank Sum Test to compare the observed runoff volumes with
the modéd runoff volumes (using WinSLAMM)

Create lbx andwhisker plots to graphically compare runoff volwster different study

periods (before and after construction)
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k. Based on these analyses, evaluate different monitoring strategies to identify the most
effective evaluations of largscale Gl performance.
|. Demonstrate the use of the calibrated WinSLAMM model to predict the best

combinations of Gl controls retrofitted into different types of areas.

3.2 Methodology

This dissertation research focuses on greeastiucture stormwater control performance
at both small scales (individual practices), and large scales (integrated practices in large drainage
areas). At small scales, infiltration measurements from individual stormwater controls including
drywells and filters were applied to measure the benefits (such as runoff volume reductions).
In addition,the effects of soil types, storm event characteristics, and land development
characteristics on the infiltration behavior of individual green infrastructurenatater controls
were examined. At large scalesedt measuremesdf flow from inZgystem flow monitors
placed in combined @eparatsewersaffected by individuagireen infrastructure devices were
evaluatedRealtime rainfall and runoff data from conmed and separate sewer systems affected
by GI stormwater controls in upstream areas were analyzed both before and after construction of
the stormwater controls. Then, the runoff characteristics of th@pdeposiconstruction
conditions were compared moeasure the benefits of integrated Gl stormwater controls at large
scales.

This dissertatiorresearciocus onthree case studiessociated with recent or-going
research at the University of Alabamacluding a) the Township of Millbourn, New Jersdy)

Kansa City, Missouri, and c) Cincinnati, Ohias described ifiable3.1.
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Table3.1. Summary of case sty@dharacteristics

Case Study| Scale Type of Data

Millburn, NJ | Small scale | Infiltration | Control tests using township wafeom fire hydrants
data at dry| Actual rain events
wells

Kansas City,| Small scale | Infiltration data of biofilters during actual rain events

MO Large scale | Rainfall data and flow monitoring data in combined sewer systems
affected by many Gl controls.

Cincinnati, | Large scale | Rainfall data and high resolution flow monitoring data from combin

OH sewer systems and separate stormwater systems using several dif
monitoring strategies and several types of Gl controls.

The Millburn, NJ projects a smaliscalecasestudywhich usesdry wells as stormwater

infiltration controls. Themainobjectiveo f t he Mi | | biomvestigatefhe oj ect was

effectiveness of t he T-sitevdrysmelis fwredocestormwadtel flowsr n 6 s u
into the local drainage systesmssociated with land development modificatiahsmall scales.

The Kansas City, MO project is one of the largest projects in the United S$atgextensive

Gl controlsin acompletely monitored00-acreneighborhood that encompasses implementation

of over 100 green infrastructub@sed stormwater contrasong withsewer rehabilitation.

Therefore, the Kansa&City, MO case study provides an opportunity to evaluate the ibenéfsI

stormwater controls amall scalesusing infiltration data fronndividual Gl stormwater control
monitoring, and large scales (overall impacts of all Gl controls ordd6 neghborhood and

combined sewer systemmempared to adjacent control watershddhe Cincinnati, OH ject

represents seversiudesat large scakethatinclude implementation of integrated watershed

based Gl stormwtar controls to reduce CSO volusnén the Cincinnati case stues,the flow

monitoring databtained in thesewer lines after constructieverecompared to before

construction conditions, while e Kansas City case studgn adjacent@acre subwvatershed

Abef oredo and dnaftero fI

with no stormwater contrals&e | ong wi t h
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watershed werased for comparisanFigure3.1is alinear Venndiagramshowing how thease

studieswere investigated durindpis dissertation.

. . Cincinnati, OH
Millburn, NJ Kansas City, MO

Individual Biofilter

Small Infiltration Analyses

o Large Rainfall and runoff data
Infiltration analyses fc Ig51e

Scale analyses from combined

individual Gl _ and separate sewer
stormwater controls Rainfall and runoff date' systems
(dry wells) analyses from combined!

sewer system

Figure3.1 Linear Venn Diagram of case studies

This chapter is structured as follows:

1 First, brief descriptiosof thegeographical locatiagof each case study, as well as a brief
overview ofthebackground and objectivésr each case studyre provided

1 Second, detailed descript®af thegreen infrastructure features usedhacase studieare
provided. This include structural descripti@and typical sizefor thr different types ofhe
Gl stormwater controls, along withaps showing thdocatiors of the Gl stormwater controls
for each study area.

1 Third, watershed analgsand land cover descriptisare providedo quantify the drainage
area characteristics. High resolution aerial photos available in ArcMép$é mapdataset
has been used to identify drainage watersiinedacteristicef thestudy areas, as well as
different land cover categories such as spsfreets, parking lots, driveways, landscaped

areas, eftc.
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1 Fourth, soil characteristics for each study amespresentedqusing web soil surveyjp
evaluate the impact gfeneral soil types on stormwater conpetformance.

1 Fifth, an overview of the WiSLAMM model is provided. In this dissertation research, this
tool was used to predict Gl stormwater control benefits. The predicted results from
WIinSLAMM were compared to the measured values and used to illustrate monitoring
strategies and predicted Glrfmmance for other conditions.

1 Sixth, statistical data analgs used arelescribed. This section expla some selected

statistical tests and thapplicationghatwereused for data evaluatisduringthis research.

Table 3.2 lists the sources thedre used to obtain the information described in this

dissertation.

Table3.2 Source of information described in this dissertation

Document/Material | SourcgAuthors
Millburn, NJ
LevelLoggerobservatios conducted byPARS
Infiltration data Environmental)nc., Robbinsville, NJ 08691 (Ramjee
Raghavan, Project Manager)
Soil data http://websoilsurvey.nrcs.usda.gov/

Michael D. Moore, PG, LSRP, Senior Project Manags
PARS Environmentalnc., Robbinsville, NJ

Township of Millburn, NJ (Mel Singer, Project

Groundwater data

Water Quality Director), and PARS Environmental, Inc., Robbinsuvill
NJ 08691 (Ramjee Raghavan, Project Manager)

Bing aerial maps Basemap available in ArcMap 10

GIS layers http://www.state.nj.us/dep/qis/

Robert Pitt and Leila Talebi.

Urban Watershed Management Branch, U.S.
Environmental Protection Agency, Edison, NJ 08837
302 pages. July, 2012

Evaluation and Demonstration of Stormwater Dry,
Wells and Cisterns in Millburn Township, New
Jersey

Kansas City, MO

https://sites.tetratech.com/projects/100
KCADC/default.aspx

100% design plans and street side topographic i

Subwatershed shapefile John Riverson, Tetra Tech (from Sustain KC maps)

Sewer network shapefile John Riverson, Tetra Tech (from Sustain KC maps)
John Riverson (Tyrand

Stormwater controls shapefile https://sites.tetratech.com/projects/100

KCADC/default.aspx
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Document/Material SourcdAuthors

Bing aerial maps Basemap available in ArcMap 10

Listing of locations and sampling equipment Tablesupplied by Dr. Deb O

USGS topo maps (10 ft contours) Basemap available in ArcMap 10

Topographic maps (1 ft) jpgs Project map supplied by

AiMonitoring water bal alhttps://sites.tetratech.com/projects/100

installation of flow monitoring dvices on a KCADC/default.aspx

residenti al property. o

Site photos Robert Pitli Site visit on Oabber 25 and 26, 2012
Robert Pitt, Leila Tal ef

Modeling of Green Infrastructure Components ar

LargesScale Test and Control Watersheds at Kan Bambic, and Jason Wright.

Prepared for USEPA and Tetra Tech, 357 pages.

City, MO December, 203

Cincinnati, OH

Arial photos ArcGIS 10.0, Basemap

Topo maps (1ft), Shapefile Laith Alfagih, Project Manager, CH2M Hill, Cincinnati
Flow and rain data ADS Environmental Services

Enabled Impact Prograrmterim Summary Report| Prepared by Project Groundwork, December 2011.

Evaluation of Retrofitted Green Infrastructure Leila Talebi and Robert Pitt.

Stormwater Controls at Cincinnati State College,| Prepared foMetropolitan Sewer District of Greater
Cincinnati Zoo, and the Clark Montessori High | Cincinnati and USEPA, 95 pages. October, 2013
School

Strategies and Experimental Design for Monitorir) Robert Pitt and Leila Talebi.

the Performance of Various Green Infrastructure | Prepared for Metropolitan Sewer District of Greater
Controls at Cincinnati Demonstration Project Sitg Cincinnati, Cincinnati, OH. 163 pages. September, 2
A Preliminary Straggy and Plan

3.2.1 Geographical Locations and Description of Case Studies

3.2.1.1The Township of Millburn

The Township of Millburn, NJ, is located in Essex County (Fig2® near New York
City, and less than 10 miles from Newark International Airgdilburn hasa population of
about20,150 people according tthe 2010 US Census. Millburn, NJ, is a matacenmunity of
6,450 acres (about 10 square miles), with less than 15 percent of its land vacant. There are
approximately 7,19%otal housing unit$2010 US censush the community The community
has a mix of commercial and retail establishments, parksarbls and an upscale shopping
mall. There are about 5,900 detached homes in the township and about 1,500 have dry wells.

About 60% of the community water supply is from pulblitking waterwells. The
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groundwater table is as shallow as 2.4 to 3 no (BOtft) along the river in town. The soils vary
greatly in the community, with larggeas havinglayeysurfacesoils.

In 1999, the Township of Millburpassedn ordinance that required increased runoff
from new impervious areas to be directed intowlejls. The objective of this approach was to
reduce local drainage and erosion problems associated with new development and increased
impervious areaatcurrently developetbcations The Township of Millburn has a stable
population where there is littleacant land and all new construction within the community
occurson previously developed plots. Taldslists locations of the study s# in the Township
of Millburn where dry well water level measurements were obtained for different rain events

during this researctMost of the study sites are residential buildings with one or two families.

Table3.3. Infiltration Monitoring Dry Well Locations, Township of Millburn, NJ

Infiltration Monitoring Dry Well Location
1 Sinclair Terrace

15 MarionAvenue

258 Main Street

36 Farley Place, Short Hills
7,9, and 11 Fox Hill Lane
11 Woodfield Drive

142 Fairfield Drive

2 Undercliff Road

260 Hartshorn Drive

383 Wyoming Avenue

8 South Beechcroft Road
87/89 Tennyson Drive
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Figure3.2. Location of the Township of Millburn, NJ

(Source: http:// upload.wikimedia.org/wikipedia/commons/5/58/Millburn_twp nj 013.png

3.2.1.2Kansas City, Missouri

Kansas City is the largest city Missouri and encompasses parts of Cass, Jackson, Clay,
and Platte counties (FiguB3). In 2012, the Kansas City Water Services Departiffé@WSD)
completed the construction afLO0-acre pilot projecthat included more that00 green
infrastructurebased stormwater controlsreduceCSGs. ThisEPA demonstratioproject is one
of the largest in the United Statesving several types andades of performance monitoring.
This project was developed bytbdeSEPAGs Of fi ce of Research and
measure the benefits of Gl solutions on lasgale urban areas (overall pilot project area) and
smallscale urban watersheds (individ@l solutions).

Thepilot area is a 10@cre subcatchent in Middle Blue River atershed in Kansas

City, located between East?&treet and East 7%Street, and bounded by Paseo Boulevard to
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the east and Holmes Road to the west (Figufe Most of thepilot area consists of medium
density residential are@onstructed before 1960, with a small portion of strip commercial area
along Troost Avenue, and a small part of a school alofigS®et. An adjacent 8-acre
subcatchment was also monitored asmtrol watershed with no stormwater controls for

comparison.

Figure3.3. Location of Kansas City, MO

Charlotte Street
Campbedl Street

g East 7ath Street

East 750 Terrace

East 76th Street

East 77th Street

®© OpenStreetMap (and) contributors, CC-BY-SA

= Pilot Watershed Boundary I%%m

Figure3.4. Location of pilot watershed area in Kansas City, MO
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3.2.1.3Cincinnati, Ohio

Three study arearm Cincinnatihaving two years of highesolution (5minute) flow
measurements fromzAystem flav monitors located in combined and separateess on or
adjacent teseveralgreen infrastructure installations, were evaluated. The flow data are available
for before, dung, and after the construction of the stormwater controls at most locations, but
comparison areas not having stormwater controls are not available for these locations. Multiple
flow monitorswerein place at three locatiorad Cincinnati StateCollege, the Cincinna#oo,
and the Clark Montessori High School siteigure 3.5 is a map of these locations in Cincinnati,

OH.
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Figure3.5. Location of Cincinnati, OHRed stars on the bottom map show the locations of study
areas in Cincinnati)

1) Cincinnati State Technical and Community CollegeThe Cincinnati State College occupies

approximately a 4@cre institutional area located east-Gbl bounded by Central Paviy to
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the North and West, and Ludlow to the east. Three monitoring locations describe the flows
from this location (Figure 3.6). On the northeast side of the campus hill, a large 72 in
combined sewer has a flow monitoring location above and below theieocé of several

separate stormwater lines coming from Cincinnati State College areas. On the southwest side
of the campus hill, a single monitoring location measures the separate stormwater from a 24 in
line from the campus. Therefore, this site provies typical scenarios for measuring the

effects of watershed controls: above and below the discharge location, and monitoring the

runoff directly.

Figure3.6. Flow monitoring locations (red circles) at Cincinnati State Technical and Community
College

2) Cincinnati Zoo: The Cincinnati Zoo is located at the northeast corner of Vine Street and
Erkenbrecher Avenue. Two monitoring locations are locatéuea#frican Savannalexhibit
area (still under constructioand themain entry. Thepredevelopment cotitébns at the

African Savannalareawerea large parking lot, and open spa&dlow monitoringstation

51



measures the flows in a 8combined sewer pipe coming from areas currently undergoing
construction of largetormwateistorage tanks and numerous #eracontrols. Thamnain entry
monitoning location examineseparate stormwater flows in ai@4gipedrainingareas where
prior controls have been installed, including very large areas of porous pavers near the zoo

entrance, and other smaller controlsg(fe3.7)

Figure3.7. Flow monitoring locations (red circles) at Cincinnati Zoo

52



3) Clark Montessori High School: This high schoobrojectareais surrounded byn urban
residential area, on Erie Avenue, east of downtown Hyde Park in Cincinnati, Ohio. One
monitoring location measures the separate stormwater flows imgpite from this newly

constructed area before its discharge into the combined sewer sifSgame 3.8)

Figure3.8 Flow monitoring location (red circle) at Clark Montessori High School

3.2.2 Green Infrastructure Features

3.2.2.1Millburn, NJ

The Millburn Township Development Regulations list dry wells as one option for
minimizing increased flows associated with new (and increased) development. A dry well is a
subsurface infiltration stormwater disposal practice that receives stormwaterfranmoff
surrounding areas for subsurface disposal to shallow groundwater. Most of the dry wells in the
Township of Millburn are precast concrete structures (Fig8)e with open bottoms resting on

0.6 m (2 ft) crushed stone layers and with 0.@rft) of crushed stone surrounding the dry wells.
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Most of the dry wells receive water directly from roof drain leaders or by storm drain inlets
located in driveways or small parking lots. Some also have grated covers and receive surface

runoff from the surroundinawn or paved areas.

\"_“"

Figure3.9. Peerless Concrete Products, Butler, NJ, supplies the dry wells to many of the sites in
Millburn (photo fromhttp://www.peerlessconcrete.com/

Elevendry wells were monitad for water levels during periods ranging friwio
months to one year, or by controlled tests using township water from fire hydrants. Four rain
gauges were also installed near the dry wells. Figut®@shows typical dry well installations.
Figure3.11is a largescale map showing the locations of the studgasin the Township of

Millburn.
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Backyard dry well showing driveway runoff
also as a source.

Backyard dry well showing lawn area also ag
source.

Figure3.1Q Typical Millburn dry welllocations.
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3.2.2.2Kans& City, Missouri

Figure3.12 shows the layout for the 1&dkre pilot study area with the locationsioé
green infrastructurbased stormwater contratsthe study arealhere are 158 individual
surface features, plus 21 supplemental underground storage ppasggshis areaTable3.4
is a list of the different surface and subsurface structural components. The schematic drawings of
stormwater controls are also cras$erenced in Tabl8d.4for each of the unique design plan
component categories. Talés sunmarizes typical sizes for each type of stormwater control,

based on reviewing several examples from the 100% design drawings.

100-acre Pilot Study Area

Legend h < ]

<all other values>

Bioretention

Curb extention with bioretention
Curb extention with raingarden
Porous sidewalk

Shalow bioretention

Bioswale

Cascade

Raingen

Figure3.12. Stormwater controls in the 1@@re test (pilot) study area
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Table3.4 Summary of stormwater control design plan components

Number of this type
Design plan of stormwater Figure
component Structural description control reference*
Bioretention Bioretention without curb extension 24 Figure A1
Curb extensions withioretention 28
Shallow bioretention 5
Bioswale Vegetated swale infiltrates to background soil 1 Figure A2
Cascade Terraced bioretention cells in series 5 Figure A3
Porous sidewalk o| With underdrain 18 Figure A4
pavement With undergroundtorage cubes 5
Rain garden Rain garden without curb extension 64 Figure A5
Curb extensions with rain gardens 8
Below grade Retains stormwater control overflow and underdrain 21 Figure A6
storage outflow from selected bioretention cells or porous
pavement

Source: SUSTAIN report, 2011
* Source: 100% design plans and retieet topographic info

Table3.5. Typical sizes of different types of stormwater controls used in the test (pilot) area

Total depth
Stormwater Top area | Bottom area | Ponding| to bottom
control type Examples (ft?) (ft?) depth | of device Material

Cascade 1 423.41 105.58 801 2qd> 15Dl Topsoil planting mix on side
2 316.96 106.73 slopes, engineered soil mix
3 200.73 48.16 in. min depth on bottom.
4 283.1 74.12

Bioswale 1 1,948.86 1206 |> 200 |Natve soilamended with-3

in. compost, rototilled .
min

Porous Sidewalk 1 1,640.42 Figure |Figure A4 |Figure A4
2 650.1 A-4
3 277.62
4 362.86
5 544.15
6 391.02

Bioretention 1 194.21 34.12 1206 |> 200 |3in. hardwood muich on top
2 240.6 28.77 topsaoil planting mix on side
3 301.37 31.85 slopes, engineered soil mix
2 3375 55 8 in. min depth on bottom.
5 335.89 53.5

Curb extension 1 383.03 98 120 (240 Engineering soil mix

with bioretention 2 169.35 56.32
3 238.68 85.24

Curb extension 1 237.01 123.96 1206 (240 Engineering soil mix

with rain garden 2 265.43| 115.98
3 279.54 112.9
4 275.87 97.63
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Total depth
Stormwater Top area | Bottom area | Ponding| to bottom
control type Examples (ft?) (ft?) depth | of device Material
Rain garden 1 468.93 247.07 6 0 > 17 0 |3in. hardwood mulch on top

2 743.55 463 native soil amended with3
3 514.74 219.77 in. compose, rototilled-i.
4 28243 713 min depth
5 422.9 240

1) Smaltscale performance monitoring at Kansas City, MO

Table3.6is a list of the ten monitoring station locations in the test (pilot) watershed
prepared by UMKC researchers. Fig@r&3 shows these locations ¢ime map of the test area.
The monitored curb extensions, and rain garden extensionsoatly along East 76 Street and
East 76th Terrace. Example designs for each type of stormwater control being monitored are

included in AppendiA.

Table3.6. Locations of Monitoring Stations

No. Stormwater control type Address Design station

1 | Curb Extension 1324 E 78 St. 19+79.61

2 Curb Extension 1325 E 78 St. 19+79.61

3 Curb Extension 1419 E 78 Terr. 26+51.65

4 Rain Garden Extension 1612 E 78 St. 31+31.12

5 Rain Garden Extension 1336 E 78 St. 21+29.95

6 Site abandoned due to theft of monitoring equipm

7 Rain Garden w/ Smart Drain 1140 E 78 Terr. 15+37.75

8 Rain Garden w/ Smart Drain 1222 E 78 St. 16+28.15

9 Cascade 1112 E 78 Terr. 12+18.80
10 Private rain garden 1312 E. 79 St. Mrs. Thomas
11 | Private rain garden 1505 E. 78 St. Mrs. Moss

Source: UMKC
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S b

Figure3.13. Location of stormwater controls monitored in test (pilot) watergiidmte: One rain
garden (shown as number 10 on the map) is located outside the pilot area)

2) Largescale performance monitoring at Kansas City, MO

Runoff manitoring was conducted in the combined sewer system at several locations in
the test and control watersheds. Figl8éd4 and3.15 show the test and control watershed
boundaries and the locations of the flow monitoring stations. Monitoring statiord2¥28

measures the flows portions of the control watershed; station&Rheasures the flows from

the test (pilot) watershed alone.
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Figure3.15. Flow monltorlng Iocatlons at test and control area boundaries.
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Eachmonitoringstation includd an ISCO 2150 areegelocity sensor. According to
| SCO: AThe 2150 Fl ow Module uses continuous w
velocity. The sensor transmits a continuous ultrasonic wave, then measures the frequency shift of
returned echoes reflected by air bubbles or p
velocity probe is built on digital electronics, so the analogl lisvéigitized in the sensor itself to
overcome electromagnetic interference. The probe is also fazdbbyated for 1€oot (3 meter)
span at different temperatures. This bunltalibration eliminates drift in the level signal,
providing longterm lewel stability that reduces recalibration frequency and completely
el i minates span recalibration. o | SCO frurther
small pipes as the loyrofile velocity sensor minimizes flow stream obstructions and senses
velocity in flows down to 1 inch in depth. Talier lists some of the level and velocity
measurement specifications for the ISCO 2150 sensor. The stated range includes minimum
depths of about 0.4 inches with a 0.12 in accuracy, and long term stabilitgugfGa3 in per
year. The velocity range is frorb to 20 ft/sec (includes adverse flows) with a stated accuracy of

about 0.1 ft/sec for low velocities.

Table 3.7. Level and Velocity Measurement Specifications for ISCO 2150 Sensor

Level Measurement

Method: |Submerged pressure transducer mounted in the flow stream

%r/{lalor;s.ducer Differential linear integrated circuit pressure transducer

Range: |(standard) 0.033 to 10 ft (0.010 to 3.05 m); (optional) up to 30 ft (9.15 m).
Maximum

Allowable 34 1t (10.5 m)

Level:

Accuracy: |i0.01 ft from 0.033 to 10 ft, (x0.003 m from 0.01 to 3.05 m)

Long-Term

Stability: +0.023 ft/yr (x0.007 m/yr)
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gomp?”sated 32° to 122°F (0° to 50°C)
ange:
Velocity Measurement
Method: |Dopp|er ultrasonic, frequency 500 kHz
Typical
Minimum 0.08 ft (25 mm)
Depth:
Range: |-5 to +20 ft/s {1.5 to +6.1 m/s)
(in water with uniform velocity profile, speed of sound = 4850 ft/s, for indicatt
Accuracy: velocity range); 0.1 ft/s frob to 5 ft/s (£0.03 m/s frorrl.5 to +1.5 m/s); +2%
of reading from 5 to 20 ft/s (1.5 to 6.1 m/s)

3.2.2.3Cincinnati, Ohio

1) Cincinnati State Technical and Community CollegeThe Circinnati State College
(Cincy Statexampus is located dhe top ofa hill. Therefore, runoff from the southern portion
of campus flows south into the Bates Run Regulator combined sewer system, while runoff from
the northern part of campus flows north into the Streng Street Diversion Dam combined sewer
system. The Cicinnati State Collegeatnpushasa combination of several green infrastructure
stormwater controls including; pervious pavers, rain gardens, astefittration trenches,
bioretentiontrenchegwith level spreaders), araigreen retaining wall. Tabl@ 8 summarizes the
green infrastructure features for Cincy State. The schematic drawings of stormwater controls are
also crosgeferenced in Tabld.6, which can be found in Appendix B. Figu846 shows a map
of the location of the GI stormwater controls, along with the flow monitoring locations and the

watershed boundaries.
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Table3.8 Summary of green infrastructure features at Cincinnati State College

Gl Feature Size Comments Figure
Reference
Pervious Asphalt 2,002 ff | All have underdrains and located in | Figure B1
Pavement various locations, mostly at parking Id
Pervious Concrete 1645ff |[AiCO0 | ocat ed itofthae o
Pavement campus
Pervious Concrete Paver] 40,038 ft
Rain Gardens 56,222 ft | Ten rain gardens installed in various | Figure B2
locations, mostly irsouthwestern part
Cistern for Rainwater 24,000 | Two 10,000 gallon irground storage | N/A
Harvesting gallon tanks connected to irrigation systems
and one 4,000 gallon above ground
cistern for greenhouse
Infiltration trench 1,540 f€ | Located in southwestern part of the | Figure B3
campus
Biodetentions (level 420 ft Located in southwestern part of the | Figure B4
spreader) campus
Pond 6,900 f£ | Located in northeastern part of the | N/A
campus, close to the greenhouse
Retaining walll 140 ft Planted with sedum Figure B5
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Figure3.16. Location of Gl stormwater controls at Cincinnati State College
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2) Cincinnati Zoo: TheCincinnatiZ o osfosnwater managemealjective is to have no
site runoff during a 5@ear storm event at the African Savannah mach entry areasTo meet
this objective the African Savannadrea haslifferent types of green infrastructure controls
including enhanced turf/vegetation, peahke pavers, and an underground rainwater harvesting
storage system. One of the objectives of the stormwater control project in the African Savannah
areais to disconnect the existing storm sewer and roof leader system, which currently discharges
into thecombined sewer. Stormwater runoff and roof drainageescollected and redirected to
the rainwater harvesting systéRHS). Approximately 180,000 square feet of enhanced turf
grass and permeable walkways will replace the existing impervious parkingéoRWH
system has a capacity about 16,00@ubic feet and the collected water will be reused fer on
site irrigation for outdooroo water features. Thweain entry areahas 30,760 square feet of
pervious pavers, and a 10,000 gallon storage tank to calleaff from 11,700 square feet of
rooftopfor reuse for irrigation ohearbylandscaped areas. FiguB47 illustrates the location of

Gl stormwater controls dhe Cincinnati Zoo.

3) Clark Montessori High School:This site has various green stormwaitantcols
including green roofs, permeable pavement, and bioretention facilities (bioswales, stormwater
planters, an@rain garden). Green roofs comprise 9,200 square feet of intensive roof, which has
a permanent suburface irrigation system, and 5,500 aigufeet of extensive roof. In addition,
the site has 13,000 square feet of pervious concrete and 2,000 square feet of permeable pavers
with no underdrains. Bioretention facilities include three stormwater planters, two bioswales, and
one rain garden. Figa3.18 is a map of the location of Gl stormwater controls at Clark

Montessori High School.
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Figure3.17. Location of GI stormwater controls at Cincinnati Abmte: Enhanced vegetation
area is still under construction)
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Figure3.18. Location of Gl stormwater controls at Clark Montessori High School
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3.2.3 Watershed Analysis and Land Cobesscription

One of the important steps in urban stormwgteantity andjuality modeling is to
guantify the drainage area characteristics. High resolution aerial photos available in ArcMap 10
base map datasetreused tadetermine thelrainage watersheaf thestudy areas, as well as
different land cover categori¢such as roofs, streets, parking lots, driveways, landscaped areas,

etc).

3.2.3.1 Millburn, NJ

The land covers of the project sites, including roofs, driveways, sidewalks, streets,
landscapedreas, patios, et@re shown in Tabl8.9. The percentagof each of these land
coversareshown in Table.9. These data were calculated from the plan maps for each home

obtained by PARS Environmental, Inc. from the Township.

Table3.9. Land Covers foMillburn, NJ, ResidentiaStudy Sites (Area, 3

> a
) o |® D~
. o 2 | 2 | s |8 |28 5
Monitoring 5 g < g 3 S o | % 5| x = 8
Location S 4 = @ = o e S |% |4 = 22
= o = @ 3 B o n S
o (@)
T
8 South 2,800 | 2,030| © 384 | 3200 | 21243 | 381 | 40 | 0o | 162 | 30240 | 1.4
Beechcroft
11 Fox Hill | 2,183 | 1,125] 0 50 | 1,650 | 11,003 | 277 | 0 0 | 0 | 16288 2.7
43 Browning| , 326 | 980 | o 110 | 2,200 | 10557 | 486 | © o | o | 16710 26
Road S.H
1 Sinclair 3,216 | 1,438 0 237 | 1,000 | 22277 | o | 433 | 88 | 0 | 29589 | 15
terrace
7 Fox Hill 2435 | 1,070 0 380 | 1,800 | 10,952 | 369 | 0 0 | 0 | 17,006 | 2.6
9 Lancer 3.360 | 2,214 0O 448 | 2100 | 14189 | 0 | 537 | 0 | 288 | 23136 | 1.9
135
1,096 | 990 | 792 | 274 | 3,240 | 12,680 | © 0 o | o | 19076 | 2.3
Tennyson Dr
79
Minnisink 9,150 | 5,200 3,200| 2,600 | 3,000 | 24,450 | © 0 o | o | 47600 09
Rd

69



- 2
o = X~ - o T S o o
Monitoring | 2 g g g 3 § o | 218 |3 = 88
1 —_ © = A
Location e 2 = © & S o =5 |65 | & 2 22
= o = @ T E c n S
e " — a o ® S 3
x (@)
T
18 S|Op€DI’ 3,713 | 2,812 | 1,406 0 6,000 | 10,125 0 0 0 0 24,056 1.8
139
Parsonage 4,560 | 2,246 | 2,722 272 5,775 | 18,692 0 0 0 0 34,267 1.3
Hill Rd
Minimum 1,096 980 0 0 1,650 | 10,125 0 0 0 0 16,288 0.9
Maximum 9,150 | 5,200| 3,200| 2,600 | 6,000 | 24,450 | 486 537 88 288 | 47,600 2.7
Average 3,489 | 2,011| 812 | 476 | 3,087 | 15617 | 151 | 101 | 9 | 45 | 25,797 | 1.9
Standard 2,201 | 1,292| 1,232| 761 | 1,586 | 5507 | 201 | 204 | 28 | 99 | 9,926 | 06
Deviation
Coefficient
of Variation | 06 | 06 | 15 | 16 0.5 04 | 13| 20 | 32| 22| 04 0.3
(COV)

(1 f2=0.093 M)

As shown in Tabl&.10 most of land cover is landscaped (62%), while roofs make up
about 13% of the areas and streets make up about 12.5% of the areas. The variations of these
major areas are relatively small, with the CO$tsndard deviation/averagef)these three areas

all less than 0.5. The housing densities for these ten homes ranged from about 1 to 3 homes per

acre, with an average of about 2 homes per acre.

Table3.10 Land Covers foMillburn, NJ, Residentiabtudy Sites (Area, aspercentage)

>
0 2] ) =) T
> = - Q T S o
Monitoring &£ g 2 ] ) 8 a < Q0 o x =
L : S q;) = = 9] @ - g n Q S z
ocation I g E © & % 3 = 5 5 g IS
e " - EE 8w
o
8 South Beechcroft | 9.3 6.7 00| 13| 106 | 70.2 1.3 0.1 0.0 0.5 100
11 Fox Hill 134 6.9 0.0 | 0.3 | 101 67.6 1.7 0.0 0.0 0.0 100
43 Browning Road | 142 | 59 | 0.0 | 0.7 | 132 | 63.2 2.9 0.0 0.0 0.0 100
S.H
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Monitoring
Location

Roofs
Driveways
Parking
Side walks
Street
Landscape
Paved Patio
and Steps
Shed
Deck
Total

Rear Walkway

1 Sinclair terrace 109 | 49 | 00| 08| 64 75.3 0.0 1.5 0.3 0.0 100
7 Fox Hill 14.3 6.3 00| 22| 106 64.4 2.2 0.0 0.0 0.0 100
9 Lancer 14.5 9.6 00| 19 9.1 61.3 0.0 2.3 0.0 1.2 100
135 Tennyson Dr 57 5.2 42 | 1.4 | 17.0 66.5 0.0 0.0 0.0 0.0 100
79 Minnisink Rd 192 | 109 | 6.7 | 55 6.3 514 0.0 0.0 0.0 0.0 100
18 Slope Dr 154 | 11.7 | 58 | 0.0 | 249 | 421 0.0 0.0 0.0 0.0 100
139 Parsonage Hill | 133 | 66 | 79 | 0.8 | 16.9 | 545 | 0.0 0.0 0.0 0.0 100
Rd

Minimum 5.7 4.9 0.0 | 0.0 6.3 42.1 0.0 0.0 0.0 0.0
Maximum 192 | 117 | 79 | 55| 249 | 753 2.9 2.3 0.3 1.2
Average 13.0 7.5 25| 15| 125 61.6 0.8 0.4 0.0 0.2
Standard Deviation | 3.7 24 | 33| 16 | 57 9.8 1.1 0.8 0.1 0.4
Coefficient of 0.3 03 | 1.3 | 10| 05 0.2 1.4 2.1 3.2 2.3
Variation(COV)

(1 f*=0.093 M)

3.2.3.2Kansa City, Missouri
A large portion of the test (pilot) area at Kasi€daty, MO, receives direct treatment from
many separate stormwater control devices. Figu@is a map showing the test (pilot)
watershed with all major source area componieietsding roofs, driveways, landscaped areas,
sidewalks, driveways, and parking loEgure3.20is a similar map, butnly providesdetails for
the areas having stormwatantrols. The blankedut areas draidirectly into the combined
sewer without any control. Some of the treate
and gutters before it enters the stormwater control practices. In addition, other aressede t
by multiple control units, with overflows from sggeamdevices flowing into dowstream
controls. Figure.21 is a map showing the surface characteristics of the areas not being treated

by any of the stormwater control devices before their runaérsrthe combined sewer.
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Figure3.19. Map of test (pilot) area showing main surface characteristics.

Table3.11summarizes the source areas for each of the controlled and uncontrolled

subareas in the test (pilot) watershed. About 45% of the complete watershed does not receive any

control and drains directly into the combined sewer, and about 55% of the areted Tiea

following table and associated maps indicate that the areas being treated are generally closer to

the streets (including sidewalks, most of the driveways, and many of the roofs). The untreated

areas have a greater portion of landscaped areadréiithrough yard drains directly into the

combined sewer system.
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Figure3.20 Map of test (pilot) area showing surface characteristics of areas receiving

stormwater treatment.
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Figure3.21. Map of test (pilot) area showing surface characteristicseafsanot receiving

stormwater treatment.
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Table3.11 Site characteristics for areas receiving stormwater treatment and other areas

Areas in subwatersheds Areas in Total
with no stormwater subwatersheds with area
Land component controls stormwater controls (ac)
Area Area
(acres) Percentage| (acres) | Percentage
roofs- directly connected 1.11 2.40% 1.05 1.9% 2.16
roofs- drain to landscaped 6.29 13.7% 5.95 10.9% 12.24
driveway- directly connectec 2.00 4.40% 2.30 4.2% 4.30
driveways- drain to perv 2.00 4.40% 2.30 4.2% 4.30
sidewalk- directly connectec 0.38 0.80% 0.97 1.8% 1.35
sidewalks- to perv 0.45 1.00% 1.13 2.1% 1.58
Parking lot/ Paved area 1.40 3.1% 3.40 6.3% 4.80
directly connected
Streets directly connected 3.50 7.6% 7.30 13.4% 10.80
Landscaped aregervious 28.70 62.6% 30.00 55.1% 58.70
area
Total area 45.83 100.0% 54.40 100.0% 100.23

Table3.12 summarizes the impervious areas that are directly connected or that flow to
pervious areas, or are the pervious landscaped areas. The breakdown of the directly and
indirectly connected impervious areas was estimated based on the full area land usengonitor
The total impervious area for the area being treated is about 45%, while the total impervious area

for the untreated area is about 37%.

Table3.12. Impervious and pervious areas in subareas receiving stormwater treatment and other

areas
Areas in subwatersheds with Areas in subwatersheds with
Land component no stormwater control stormwater controls

Area Percent of Area Percent of

(acres) subarea (acres) subarea
Impervious, directly connecte 8.09 17.7% 15.02 27.6%
Impervious, draining to 9.04 19.7% 9.38 17.2%
pervious areas
Pervious areas 28.70 62.6% 30.00 55.2%
Total area: 45.83 100.0% 54.40 100.0%
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3.2.3.3Cincinnati, Ohio

A GIS dataset of 1 ft topographic contogshapefile)provided by MSD was used to
create a digital elevatiomodel (DEM) for each study argaCincinnati Thehydrologytool of
ArcMap 10 consists of fill, flow direction, flow accumulation, snap pour point, and watershed,
processed the DEM to delineate watershed in order to calculate drainaggndriand cover
characteristics.

1) Cincinnati State Technical and Community College
The Cingénnati State collegstudy area includes three drainage areas. As shown in Figure

3.22, the largest sulvatershed (ipurplg is 335.5 acres which drains towards thestream
Flow Meterwith manhole number 29612050. The drainage areBdamstream Flow Meter
with manhole number 29613032 (shown in pioik Figure3.22) is 28 acres, which collext
runoff from the northern part of ti@ncinnati State CollegeampusTherefore, the drainage
area between theownstream Flow Meteaind theUpstream Flow Metels about 8% of the
drainage area into thgpstream Flow Meter The southern portion ahe campushas adrainage
area of abouB.71acresandflows towards thesouh into the manhole number 29606027
(watershed boundary is shown in blueFogure3.22).
Aerial photography, available in ArcMap 10.0, was used to estimate the land coverage for
each watershed. Table 3.13 summarizes different source areasGamdin@ai State college
study areaAs shown in Table 3.13, a large portion of the study area is comprised of landscaped
areasFigure3.23 illustrates the land cover characteristics ofG@einnati State collegstudy

area along with MSD combined sewer lines)yd watershed boundaries.
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Table3.13. Summary of land cover characteristicstfoe Cincinnati State college study area

Northern part of campus Southern part of campus
Land Cover Areas drair] into Downstream Areas drain into manhole
type Flow Meterv;/gglrggggole number number 29606027
Area (ft?) Area (%) Area (ft?) Area (%)
Landscaped 486835 39.7 227,411 59.9
area
Parking lot 270558 22.1 48,556 12.8
Paved area 2,687 0.2 0 0
Roof 241,644 19.7 35,539 9.3
Street 156,707 12.8 43,050 11.3
Walkway 68,532 5.6 25,101 6.7
Total 1,226,962 100.0 379,657 100

MH: 29612050
Upstream Flovmeter

~ MH: 29613032
Downstream Flowmeter

MH: 29606027

MSD Combined Sewer
Lines

Upstream watershed

Drainage area between
upstream and
downstream flow meters

Southwestern
watershed

; ESTRD gitalGIobey UsoA, Uises, A%,
16HN, 16 Swisstope; end the GIS Uss Cermmunily

Figure3.22. Watershed areas of Cincinnati State College
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GetmappingyAciogidyGNNICPESWisstopofandithelISIUsedCommunity]

Figure3.23 Map ofCincinnati State Collegarea showing main surface characteristics.
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2) Cincinnati Zoo

The African Savannah area, located in the northeastern part of the Zoarhamge
area of about 13.4 acres flows towards northeast to the flow monitor with manhole number of
33902063 (Figure 3.24). The main entrance area, located in southwestern part of the Zoo, has a
drainage area of about 2.5 acres, comprised of landscegsex] paved areas, and roofs (Figure
3.24). Figure 3.24 is a map Gfncinnati Zooarea showing main land covenaracteristics.

Tables 3.14 and 3.15 summarize the breakdown of land cover characteristics for the
African Savannah, and main entrance arezspeactively. About 40% of both watersheds are
covered by landscaping. Twenty six percent of the African Savannah area is under construction

and will be covered by enhanced vegetation in the near future.

Table3.14. Summary of land cover characteristics Adrican Savannah area at Cincinnati Zoo

Land Cover type Area (ft%) Area (%)
Landscaped area 228,614 39.2
Active Construction 152923 26.2
Parking lot 30,521 5.2
Paved area 10,058 1.7
Roof 76,676 13.1
Street 24,907 4.3
Walkway 59,466 10.2
Total 583166 100

Table3.15. Summary of land cover characteristics¥ain Entrance of Cincinnati Zoarea

Land Cover type Area (ft9) Area (%)
Landscaped area 43,060 40.2
Paved area 47,996 44.8
Roof 16,150 15.1
Total 107,206 100
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Figure3.24 Map ofCincinnati Zooarea showing main surface characteristics.
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3) Clark Montessori High School
The drainage area for the Clark Montessori High School above the monitoring location is

approximately 14.8 acres, mostly consists of

(13.5%), and streets (13.4%) (Table 3.16, kRigdire 3.25), and the upstreaesidential area.

Table3.16. Summary of land cover characteristics @ark Montessori High School

Land Cover type Area (ft%) Area (%)
Driveway 22,842 3.6
Landscaped area 369,455 57.5
Parking lot 22,082 34
Paved area 15,026 2.3
Roof 86,624 13.5
Soccer Field 25,867 4.0
Street 86,134 13.4
Walkway 14,956 2.3
Total 642,986 100.0

i MH: 42407002

Figure3.25 Map ofClark Montessori High Schoarea showing main surface characteristics.
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