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Abstract

TheEat hds climate is currently changing fast
civilization, primarily as a result of human activities (Reidmiller et al., 2018). In addition to
increases in very hot days and heat waves, more frequent and inteeaseeaxgather events are
expected (Herring et al., 2019; Reidmiller et al., 2018; Transportation Research Board, 2008)
Trenberth, 2011). The increased flooding caused by the intensification of the hydrologic cycle
heightens the r i s kortationinkasteucturec Théistentofjthisrageanchri;a n's p
to understand if and to what extent green infrastructure can increase the climate change
resiliency of transportation infrastructure across a watershed. To meet this objective, a Personal
Computer Stom Water Management Model (PCSWMM) of the Blue River Watershed (BRW)
in the greater Kansas City Metropolitan Area created by Kelsey McDonough (2018) was adapted
and updated. Twelve different low impact development scenarios with varying levels of green
infrastructure were evaluated across a range of design storm events in bothtere and
dimensionamodels. The percent reductionpeak flow, total volume of flow, and flood extent
between eachcenario and the current cotioinswere evaluated. Results denstrate that
increasing the percentage of fAdi sconnectednes
vegetated surfaces before reaching streams, and adding a 150 foot riparian buffer significantly
decreased the simulated peak inflow and total velofmvater neamaportant transportation
infrastructure The reductions were greatest for the water quality event (>90% reduction) and
decreased to an approximately 10% reduction for the 100 year, 24 hour storm event for the
maximum green infrastructureestario.Increasing disconnectedness to at least 25% with the
riparian buffer reduced flood extempproximately 8% for the B, and 16year design storms

Minimal flood extent reductions were seen for the-$68r design storm. These results indicate



thatincreasing green infrastructure does increase the climate change resiliency of transportation
infrastructure, however additional structural flood control is needed to reduce flood extent

greater than 10% and for flood control of design storms of 100&.year
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Chapterl-l nt roducti on

1.1 Problem Statemat

TheEart hdos climate is currently changing

civilization, primarily as a result of human activitiggeidmiller et al., 2018)0ne side effectfo
climate changés more frequent and intense extreme weather e\el@sing et al., 2019;
Reidmiller et al., 2018; Trenberth, 201Ik)has been predicted by many climate scgtatihat
thewet places will get wetter, and the dry places get d@éneralp et al., 2015; Held and
Soden, 2006; Liu and Allan, 2013; Putnam and Broecker, 2Bhdwedge ofthe intensity of
precipitation is just as vital as tpeecipitation wlumein order toforecast thempactson soll
moisture, stream flow, arftboding. It can seem counterintuitive that thenaybe increased
droughts along with increased precipitation. Howeiehe precipitation occurs iooncentrated
intense eventhatcreate ssubstantial volume ofunoff, infiltration of runoff into the soil profile
will decrease and reduce water availabildy plants and stream base fl¢Wwenberth, 2011)
The intensification and acceleration of the hydrologic cycl@seexpected to increase
the frequency and hazard of floedents(Hirabayashi et al., 2013y he intensification of the
hydrologic cycles representetly the Clausis-Clapyeronequation, whichmpliesthatrelative
humidity will increase exponentially with temperatuesading to increased nsbure for
precipitation(Huntington, 2006; Trenberth, 201 Precipitation is usually the strongest predictor
of flooding, with larger rainfalamountgesulting in increased flooding and property [(Bsdy
et al., 2012)Observational recordsom 196220110f 774 USGS stream gages in the central
United States presented strong evidence for the increasing frequency of fidddiladpour
and Villarini, 2015) By 2030, 40% ofjlobal urban land is expected to be located in-high

frequency flood zones, increasifigm 30% in 200qGuneralp et al., 2015fFlooding is a

f

a !



deadly and expensive natural hazamd many cities are worried about increased floottirige
future (Abdelrahman €al., 2018; Klenzendorf et al., 2015; Pestana et al., 2013; Peters and
Studley, 2014; Pinos and Timbe, 2019; Rangari et al., 284y studying the International
Disaster Database developed by the United States Office for Foreign Disaster Assiglance a
Centre for Research on the Epidemiology of Disasters, Jon{08b)foundthat1,816
freshwateifloods killedover 175,00@eople and affected over 2.Biflion peopleglobally from
January 1978une 2002Additionally, the National Flood Insurance Bram (NFIP) has paid

out over $65 tlion in flood damages since 1978, with costs not adjusted for infléBEMA,
2019).

The 2018 US Fourth National Climate Assessmentdibiz transportationwhichis the
fibackbone of economiz ¢ t i v threagened byia shanging clima@dgbal Change Research
Programp. 481).Furthermore,iie American Society of Civil EnginesratedA mer i ca d s
infrastructureat a D+in 2017 showingthamu c h o f A mer i ciadetsriorating r ast r u ¢
and at increased riskwhich includes flood risk-loods can cause lasting damage
infrastructuredue to the force dfoodwater debris, andediment (Glneralp et al., 2015). Even
temporarily impassable roads due to standing water can affect trmmgcand welbeing of
citizens.The primary cause of floedklated mortality in developed countries is drowning while
in a motor vehicléDoocy et al., 2013)Additionally, typical nfrastructure design, operation,
financing principles, and regulatory standards do not account for climate change nor the risk of
cascading infrastructure failu(Reidmiller et al., 2018Not only is transportation vulnerable to
climate change, but in 2016 the transportation sector became the top contributor of U.S.

greenhouse gas emissidhsS. Energy Information Administration, 2017)



Climate change is not the only factor driving ina@arisk to transportation
infrastructure due to flooding. As of 2018, 82% of North Ameridiaesl in urban areas and by
205Q that numbers expected tincrease t®0% (UN, 2019) Urbanization leads to increased
peak discharge, volume and frequency of floodstdukeincrease in imperviouand cover
(Konrad, 2003)The dfects of climate changexacerbate the already increased flaekl due to
urbanization

Management decisiorthatdirectdevelopment away from floepgrone zones anadopt
green infrastructuren a largescalecan safeguard urban infrastructurenfrthese increasing
flood risks(Guineralp et al., 20154 literature eview over 250 publications on low impact
development and fourttiat bioretention systems reduced peak ftates and runoff volumes by
40-97% depending on magnitude of the storm ey&htablame et al., 2012)n addition to
flood reduction, green frastructure provides ecosystem services suchitgation of theurban
heat islad effect, improving air quality, providing habitat, and providing aesthetic and
recreational servicgg®\hiablame and Shakya, 2016; Demuzere et al., 2014; G&aggethun
and Barton, 2013; Larsen, 2015; McDonough, 2015; U.S. EPA, Z0iéMid-
AmericaRegionalCouncil (MARC) defins resiliency in their 201Tlimate Resiliency
Strategyasit he abi l ity of a system or community to
and fl our i sh i nrhetbénefitsbfareen infoabtruatute disted aboveé help cities to
not only sirvive flooding events, but alsocrease their resiliendp the face of change.

City officials often rely on models to infim their management decisions becauseets
help minimize expensive fieslt udi es and fo(Baffau et al.t2015;BBschHlett ur e,
al., 2007; Noori et al., 2016) here is a gap in existing literature of studies utigzsemilumped

hydrologic model®f a largewatershedo evaluatehe effectiveness dbw impact development



at mitigating increased urban runoff volume and flow peak due to climate c{fmgblame et
al., 2012; Ahiablame and Shakya, 2016; Qin et al., 2013; Zahmatkesh et al., T2@l&)dings
of this research add not only to the base of knowledge of the flood reduction potential of green

infrastructure, but also to the challenges and benefitsgdtmale hydrologic modeling.
1.2 Objectives

Theprimarygoal of this research is to understand if and to what extent green
infrastructure can increase the climate change resiliency of transportation infrastructure across a
watershedThis research will aswer the following questions:

. To what extentantheadoption ofgreen infrastructure increase the climate change resiliency of
transportation infrastructure across a watershed?
. What modeling challenges are associatéti answering questions?1

To accomfish these goals, a Personal Computer Storm Water Management Model
(PCSWMM) of the Blue River Watersh¢BRW) in the greater Kansas City Metropolitan Area
created by Kelsey McDonough (Z)lwas adapted and updated to meet these objedtives.
order to proide a more detailed evaluation of ttesearch questions, a smaller model of the

Tomahawk Creek subwatersheicthe BRWwas created
1.3 Significance of Work

The Kansas City Region has suffered fourteen deaths, $49 million in crop damages, and
$111.6 millon in property damage due to flooding since 1993 {Migerica Regional Council,
2015).Substantial rainfall increases for seasonal spring and fall rain in additextreane
eventsare projectedAnderson and Walker, 2015)nnualprecipitation ispredictedo increase
r o u g h Ibymidcenthiryg (2022060)even if emissions are curbed to thEB lower emission

scenario described in the National Climate Assess(@6a4).I1f greenhouse gas emissions



continue at their current ratecenario A1Flannual average precipitation is projected to increase
5.8inches to 44.6 inches f@061-2100(Anderson and Walker, 20150his rainfall will beseen

in more extreme, concentrated eveatsthe number of consecutigey days is also expected to
increase from 30.9 days/year to 39.5 days/ y&aderson and Walker, 2015)his amplification

of existing climaterelated riskss of grave concern tmanagers and citizens of an already flood
proneKansas City metro region.

The Mid-America Regional Council (MARQd$} a nonprofit association of city and county
governments and the metropolitan planning organization for all nine counties of the bistate Kansas
City Region In 2017,they released a ClimatResilience Strategy which their second action
goal is increasing trees and green infrastructlineir report also notes a lack of analysis of risks
and vulnerabilities associated withmate change effects on transportation. This research helps
inform their goal of creating and implementing a Regional Transportation Climate Resiliency
Action Plan This research also aligns with their goal of utilizing increageén infrastructure.

The Tomahawk Watershed is of particular significance because #imsrthe most congested
four-lane highway in the state).S. Highway 69Ritter, 2020) Around 80,000 vehicles traveh
US-69 in Johnson @Qunty each day, anthe Kansas Department of Transportation (KDOT)
estimaes traffic will double by 2043KDOT, 2018) Vulnerability of stormwater systems to
climate change varies according to regional climate patterns and natural and enggiteered
specific factors (Heidrich et al., 2013)A site-specific study is required to better estimate the

climate change edicts on stormwater under varying development scenarios.



Chapter2-Li t erature Revi ew

2.1 Climate Change Impacts on Flooding

Nine of the 10 warmest years on record have occurred since 2005, with 2019 being the
secondwarmest year on recofllOAA, 2020) Greenhouse gassuch asarbon dioxide (Cg),
methanepzone, halocarbons/ chlorofluorocarboasd nitrous oxideas well as water vapor and
visible particulatesrap outgoingnfrared radiation and warm the plaiietn effect understood
since the late nineteenth centi§fein and Bauman, 2014Modelbased simulations of the
increasing atmospheric GContent predict that the Northern Hemisphere is expected to warm
faster than the Southern Hemisph@utnam and Broecker, 201Tcreases in the frequency
and intensity of heavyrpcipitation events in most parts of the United States have been observed
and are expected to contin(Reidmiller et al., 2018; Transportation Research Board, 2008)
addition to observed trend$etre is a direct and scientifically explainable influence of a
warming climate on precipitation. The waholding capacity of air increases by about 7% per
1°C warming, which leads to increased water vapor in the atmosphesglained bthe
Clausus-Clapyeron relatiorfTrenberth, 2011)The increased water vapsupplies increased
moisture to sirms,driving individual thunderstorms, extratropical rain or snow storms, or
tropical cyclones to have more intense precipitation e@nesberth, 2011)Additionally,
rising temperatures cause more precipitation to occur as rain insteadvadrsthearlier snow
melt, leading to increased runoff and risk of flooding in early spring along with increased risk of
summer drought in continental ar€dsenberth, 2011)A literature reviewby Huntington (2006)
found that despite of uncertaes due to spatial and temporal data limitations, the observed

trends in most variables are consistent with an intensification of the water cycle during part or all



of the 20" century at regional to continental scalasdthatthis trendis expected toantinue
(Huntington, 2006)

Higher intensity rain events can quickly saturate soils and lead to flogdimgdeling
study that examinetivo watersheds in lowa found that tta¢ure 100-year floodeventcould
haverunoff increasedetween 4%52% in the larger Cedarner catchment and 234% in the
smaller South Skunk catchmég@uintero et al., 2018Yhe authors used precipitatitmom the
High-Resolution National Climate Change Datad@hate projectionsand the Hillslopelink
model to transform the rainfall into discharge simulatidmother study in the central United
States used observation records from 774 USGS gages to determindnifleatere is limited
evidence of significant chges in the magnitude of flood peaks, strong evidence points to an
increasing frequency of flooding from 19@P11(Mallakpour and Villarini, 2015)Milly et al.
(2002)investigated the changes in risk of floods with discharges exceedihQ@yearlevels
from basins larger than 200,000 kusing both streamflow measurements and numerical
simulattns of <c¢l i mate change. They found that the
substantially during the twentieth century, and the model suggests that the trend will continue
(Milly et al., 2002)

Flooding is among the most expensive and deadly clineddéed disasters, with recent
losses from flooding reaching tens of bileoof US dollars and thousands of deaths annually
(Hirabayashi et al., 2013Pne notable example was the extreme flooding associated with
Hurricane Harveyds r ecor (Vand etal.b20i9nlistoric fladdingf a | | a
of the Missouri river irR019 caused widespread damage to rdaidges and levees, with the
total event leading to three deaths and $10.8 billion in dan{8gath, 2020)Hirabayshi(2013)

used outputs of 11 atmosphereean general circulation meld to compute a global projection



of climate change induced changes in flooding. He found that for the perioe220@1the

current 100year flood event is projected to occur about everpQ§ears in many of the

worl ddés | ar gest dhangeenretumpesiodrsscaused by a-30% linareéagee

in flood dischargeThese results align with the results from previously mentioned studies and
reports(Milly et al., 2002; Quintero et al., 2018; Reidmiller et al., 2018; Transportation Research
Board, 2008)

Flash flood are the most lethal, while river floods affect the largest number of people
(Jonkman, 2005)lash floods are defined by unpredictadohelhigh intensity rainfall events,
whereas river floods can be caused by high precipitéigais over an extended period of time
snow melt, or flow blockage. NOAA definflash floods as excessive rainfall occurring in a
short period of time, typically less than 6 houdditionally, flashiness is directly inversely
proportional to the contributing catchment dig&Donough et al., In reviewptreams
characterized as Aflashyo are identified by
streams have slower rates of cha(Bgker et al., 2004; Jayakaran et al., 2016; McDonough,
2018) River flooding in contrastjs influencedby upstream precipitation, generally lasts longer
than flash flooding, antypically can be predicted in advance. The 2019 Misdiwer flooding
mentioned earlier is a classic example of river flooding caused by-aloorel snowpack,
saturated soil conditions, deeply frozen soils, and abgeeage precipitatiofNOAA, 2019)

The power of flash flooding can be devastating to infrastructure anthl2©03, flash
floodinginEmpor i a, Kansas turned fia |ittle creek
foot wall of wate that swept over the Kansas Turnpike, sweeping cars 1.5 miles off the road and

causing six fatalitie(Emporia Gazette,2003) A reverend from Kansas
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Twelve years later and two miles north on the Kansas Tkenpiagedy struck again. All it took

was six to ten inches of water covering the turnpike for another car to be swept into the flooded
ditch. The flash flooding off the Flint Hills
and sucked 2¥ear otl Zachary Clark and his mustang down as Good Samaritans watched
helplessly(Potter, 2015)The expected effects of climate change, both increasing average annual

precipitation and extreme precipitation events, can increase both flash and river flooding.
2.2 Urbanizaton Impacts on Flooding

As of 2018, 82% of North Americans are living in urban areas and by 2050 it is expected
to be 90%UN, 2019) Global urbanization has occurred rapidly since 1950, having increased
from 751 million to 4.2 billion in 2018UN, 2019) The associated lanokeer modification from
natural areas to imperviousuch as streets, roofs, and parking lots associated with urban
landscapesegativelyinfluencesthe hydrologic regiméCharlton, 2008; Driscoll eil.a2010;

Glascoe and Christy, 2004; McDonough et al., In review; Noori et al., 2016; Rosgen, 1996; U.S.
EPA, 2000) The removabf permeable land cover and natural depression storage leads to
decreased groundwater recharge and increased surface(Komfid, 2003; National Research
Council,2002) Urban streams tend to have both a higher peak discharge and a larger total
volume of discharge than rural streafidenrad, 2003)The decreased infiltration and

groundwater recharge also leads to lower basedflaring dry conditionsA study in Alabama

looking at the spatial impacts of urbanizationfaomed previous research that urbanization
modifiesdownstreanevapotranspiration rates, flood peaks, sediment transport rates,
concentration of water quality constituents; that small flood events are more sensitive to
urbanization than large flood evendsid that land uskand cover changes have a larger impact

on peak flows than runoff voluméNoori et al., 2016)A study looking at the spatial



configuration of landcover changes found ttat removal of natural ecosystem function is more
detrimental than the increase in impervious cg¥MaDonough et al., In reviewYhese
hydrologicchangesan beobserved visuallyn theadjustmenbf the hydrograpps r i si ng | i n

and baseflowWFigure2.1).
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Figure 2.1. Urbanization alters the hydrograph to have highempeak discharge and total
discharge volume(Adapted from Glascoe and Christy, 2004)

Increased runoff in developed areasriessediment and pollutanta/hile simultaneously
contributing tostreambanlerosion leadingto increased sedimelttadsin rivers which can
deaease the amount of available flood storage in rivers and resgi@bmdton, 2008; Kaplan
and Ayers, 2000)TheU.S.EPA lists sediment as the most aoon freshwater pollutan®©nce

an area reaches approximately2 imperviousness, urban stream quality is consistently

10



classified as poqgiNational Research Council, 200®yatersheds with impervious surfaces

greater than 25% will likely result in a clggnin hydrologic regime where stream function is

reduced to that of a stormwater condiiaplan anl Ayers, 2000)The most concentrated

sediment releases come from even relatively minor construction activities, which are prevalent in
urban area@MARC,nd)Laneds proportion (1955) describes

discharge, stream discharge, particle size, and ¢kxpeation 11).

"YQ'QQaBEOEDYQ'Q QAR O | OYDA) Gotyo | ‘CBS@IRE C 1.1)
A change in any of the four variables will set up a series of mutual adjustments resulting

in direct, physical changes in river chamgdtics to restore equilibriuifRosgen, 1996)or
examplean increase in sediment load can result in increasing strepmasta discharge.

Natural river channels are not built large enough to carry flood flow, which is meant to
spread out over a connected fl oodplain. River
their floodplain), deepened, oveidened, lined with feeign materials, steepened, diverted, and
al t er e d-wmearing floodxcentrdl causing unintended continuing maintenance problems
and risk of failurgRosgen, 1996, p-2). Channelization compresses the period of water
conveyance, making streams flashier, increasing erosion rates, and indirectly reducing
survivability of riparian vegetation by lowering theater table and reducing the frequency of
overbank flow(National Research Council, 2002he downstream effects include higher flood
peaks and greater loading of sediment, nutrients, and contaminants thidttioareservoirs
channels, and culver(geane, 2019; National Research Council, 200%yeased sedimentation
also increases the cost of treating Kirig water, negatively impacts biodiversity, and acts as a
carrier for nutrients that cause eutrophica(ifARC, n.d.)

Bankfull flow occurs when the channel is just at the point of overflowing onto the

floodplain and typically occursveryl.5 years in rural streanfRosgen, 1996)n urban
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streams, bankfull flow occurs closer to every 1.1 years due to the increased runoff from
impervious surfacéRosgen, 1996 he bankf ul |l st age fAcorresponds
channel maintenance is the most effective, that is, the discharge at which moving sediment,
forming or removing bars, formg or changing bends and meanders, and generally doing work
that results in the aver age (Duoneantlocbpold, 1928) c har a
In other words, the most geomorphic work (i.e. erosion) is done on the river at bankfudhfiow
increased occurrences of bankfull in urban areas lead to more erosion

Additionally, global population growth leads to more intensive urbanization in flood
prone areaglonkman, 2005)The effects of urbanization and climate change can be seen in the
upward trend of flood claims paid by the NFIP in thé& @dntury(FEMA, 2019) There were no
years with ove® billion loss dollars paidrom 19782003. However, from 2063018 the
average loss dollars paid wag billion, a substantial increaserrelated with urbanization.

The energy consumption per unit area for cities is orders of magnitude higher than the
same for rural, vegetated, or less developed gx&dasco and Roth, 201G ven thoud urban
areas only comprise ~2% of global land area, they released 71% of the to@ah{E€8ions of
anthropogenic origin as of 200G@anadell et al., 2009Yhis shows the magnitudeofi t i es 6 r o |
in climate changeas carbon dioxide is responsible for more than 60% of the 2 8\t
warming that has occurred from the increase in anthropogenicli@igGHGs(Canadell et al.,
2009) This presents a positive feedback loop for climate change and increased flooding, as
urbanization increases GHG emissions and flooding, and climate change further increases

flooding as demonstrated ie&ion 2.1.
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2.3 Green Infrastructure

Tocombau r b a n i negativehydrofogical and water quality effects, stovater
management practiceevelopedn the early 1990aimedto recreate the predevelopment
hydrology includng infiltration, storage, and evaporati@hS. EPA, 200Q)These practice
sed to capture and infiltrate precipitatiancreasing groundwater recharge aeducingthe
volume and frequency ofinoff that would otherwise contribute to flooding and pollution
problems(U.S. EPA, 2012)These practices have diffetenames across the globe, including
Low Impact Development (LIDJU.S. EPA, 200), Storm Water Controls (SCM$gst
Management Practices (BMR®)Green Infrastroture (Gl) in the United State@/ater Sensitive
Urban Design (WSUD) in Australi@oy et al., 2008)and Sustainable Urban Dmage Systems
(SUDS) in the United KingdorfRoshni et al., 2015)The terms LID and Gl are used
interchangeably in this thesisis important to note that green infrastructure developed as an
alternative to traditionajray infrastructure. Conventionalay infrastructure has dominated the
history of stormwater management, and has the main goal of moving water offsite as quickly as
possible, typically through concrete pipes and chan(glS. EPA, 200Q)While this technique
does adequately avoid ponded water, quickly moving kaogenesof water, includinghe
sediments and pollutanggcked up along the way, only moves the flooding, erosion, and
pollution problems to downstream communitisrdman et al., 2018)n addition to
environmental benefits, LID can often provide reamic benefitsFor example,eplacing the
Agrayo stor mwater control mechani sms such as
bioretention areas, compact weir outfalls, depressions, grass channels, wetland swales, and
basins saved a developer in No€arolina 72% or $175,000 of the stormwater construction

costs(U.S. EPA, 200n
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2.3.1 Green Infrastructure Practices

Examples of common green infrastructure practices include bioretention cells/ rain
gardens, constructed stormwater wetlands, green roofs, permeable pavement, and grass swales.
Due to the large scale and coarse Itggm of the model used in this study, lot scale practices
such as those listed above were not examined. Instead, comamestructural Glpractices such
as disconnection of impervious surfaces and conservation of riparian buffers were examined and
will be further explained below.

Non-structural BMPs aim to retain or restore existing natural soil, vegetative, and
hydrologic conditions to reduce stormwater runoff and improve water quakPWwA, 2012)
They differ from structural BMPs in that they are not eagied specifically to collect, convey,
and/ or store a specific amount of stormwater ru@sfWA, 2012) Eliminating direct
connections, such as downspouts or sump pumps, that flow directly onto pavement or are piped
into stormwater inlets are an easy and edfgictive way to move closer to pdevelopment
hydrology.

The Natural Resources Council provided the following definition of riparian areas
ARiIi parian areas are transitional between terr
by gradients irbiophysical conditions, ecological processes, and biota. They are areas through
which surface and subsurface hydrology connect waterbodies with their adjacent uplands. They
include those portions of terrestrial ecosystems that significantly influencargeshof energy
and matter with aquatic ecosystems (i.e., a zone of influence). Riparian areas are adjacent to
perennial, intermittent, and ephemeral streams, lakes, and estuaaimei ne s@@2) el i nes o
Their soil and vegetation chataristics are unique and strongly influenced by the presence of

water(NRCS, 1996)Riparian areas contain the floodplains developed by rivers depositing
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sediment as they have naturally migrated laterally throughout geologi¢Rimsgen, 1996)
Thebiological and hydrologicdbenefits of riparian areas are outsizednpared to larger upland
areas

The vegetatiorn riparian buffers decreases flow velocity causimgyeased infiltration
anddepositon of sediments, which improvegter quality, supports nutrient cycling, increases
productivity, and improves fish habitdiRCS, 1996; U.S. Forest Service, ZDJAdditionally,
the vegetation stabilizes banks through root streagthtake up nutrients such as nitrogen and
phosphorugNational Research Council, 2002; NRCS, 1986parian areas and their connected
floodplains are mong the most biologically productive and diverse ecosystems on(g&sth
Forest Service, 2017River and floodplain restoration has proven to be effective in increasing
the abundance and diversity of macrophyte (aquatic plant) populations, which is foundational for
sustaiing food webgLorenz et al., 2012)

Many riparian areas have been significantly altered since European settlement due to the
conversion of floodplains to agricultural or developed lands, addition of damepasituction
of thousands of milesofthemabn 6 s hi ghways and railroads beir
(Rose, 1976; Jensen, 1993; and Lewty, 1995 as cited in National Research Council[t2602)
transportation infrastructure construction led to removal of riparian vegetatio@ r deni ngo o f
streambanks with concrete and rip rap, realignment of channels, and increased sediment
production.Maintaining existing riparian areas or restoring figabuffers helps reverse these
altercations andllowsfloodplains to be intermittentlflooded as intended by nature, without the
risk of damaging development built too near stream banks.

Ordinances for required riparian buffer setbacks for proposed development vary

according to local laws, but typically range from2@0 feet(Heraty, 1993)TheU.S.EPA
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Aquatic Buffer Model Ordinanceecommends requiring a minimum of 100 feet for riparian
forest buffers, with expansion for the 19@ar floodplain, steep slopes, being higher thtmire
order stream, wetlands, or other critical arga$. EPA, 2002)They suggest a thresne
buffer systenwith each zone having its own set of allowveabkes and vegetative targets. Zone 1,
the Streamside Zone, protects the physical and ecological integrity of the stream ecosystem and
should extend a minimum of 25 feet from the top of the bank and consist of undisturbed native
vegetation. Zone 2, the Mitk Zone, provides distance between upland development and the
streamside zone and should contain mature native vegetation for a minimum of 50 feet. Zone 3,
the Outer Zone, prevents encroachment into the forest buffer and filters runoff from development
ard should be a minimum of 25 feet between Zone 2 and the nearest permanent structure. Only
footpaths, flood control structures, and utility right of ways are allowed in Zone 1; biking paths
and stormwater management facilities in Zone 2; and no impendwes with the exception of
paths in Zone 3The average 10Qear floodplain is projected to increase 45% by the year 2100,
S0 it is wise to maximize conservation of riparian areas wherever podsiBleEPA,2015)
2.3.2 Green Infrastructure and Floodand Erosion Reduction

Green infrastructure contributes to flood mitigatmncapturing andnfiltrating
stormwater which reduceke volume of water flowig into streams and slowsdown, reducing
peakinflow (U.S. EPA, 2015)A study comparing twavatershed# the Minneapolis, MN
regionfound that while grey infrastructure has a fixed conveyance capacity, green urchastr
has a greater capacityadapt tancreased precipitation intensityloore et al., 2016)They
found that treating as little as 10% of the total watershed area can have appreciable impacts on
flooding up to a 80%hange in design storrin highly urbanized areas, redirecting rooftop

runoff conveyed in rain gutters from storm sewers and into pervious landscaped areas can
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significantly reduce runoff flow to surface waters and reduce the number of combined sewer
overflows (U.S. EPA, 200Q)Disconnection of rain gutters can effectively be impletaé on
existing properties with little change to present site designs, making it an easy and affordable
form of LID (U.S. EPA, 200Q)Roof runoff spilling onto landscaped areas such as lawns reduces
input to sewer systems in addition to reducing the amount of potable water needed to irrigate
laws. Downsides include that not all lotsy have enough storage to infiltrate the additional
water, public percepin could be negative, and even #mall cost to disconnect may discourage
some homeownei$Vaters et al., 2010A study in Ontario found thalisconnecting only half of
the roof gutters in their 23.3 ha (57.6 acre) subcatchment reduced the runoff volume and peak
discharge below presewdlues, with a greater reduction for 100% disconnediidaters et al.,
2010) A study in the Bronx, NYound that LID reduced peak flows across different climate
change scenarios, although the reduction in peak volume varied by climate change scenario
(Zahmatkesh et al., 2019) is widely recognized that the storage of floodwater on floodplains
can reduce flood magnitude downsitme(Acreman et al., 2003 study of 144 counties
adjacent to the Gulf of Mexico found that situating depment away from floodplains provided
less flooding in even high density impervious areas, than low density impervious areas situated
within or adjacent to floodplain®rody et al, 2012) Watson et al. also showéae potential of
floodplains to act as green infrastructure that build community resilience to climate change with
a study in VermonfWatson et al., 2016Mcdonough et al., showed that even slight declines in
the percentage of forest coved.0272) leads to an increase in flood flasbmeuggesting that
floodplain forest restoration may be effective in providing flood regulation services (In review).
Stormwater best management practices can also improve stormwater quality by

mitigating extreme pH values and assisting removal of sedjmetroleurrbased materials,
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biochemical oxygen demand (BOD), metals, bacteria, nutrients, toxic organic compounds, and
other harmful substancé8PWA, 2012) BMPs can help communities comply with tHeS.

EPA mandated National Pollutant Discharge EliminaSgatem (NPDES) program established
under the Clean Water Act in 197&PWA, 2012) A study conducted on a 280 knvatershed
north of Denver, Colorado sought to deter mine
be best coordinated with channel restorapioojects to improve channel stability and reduce
sedi ment and adsor bed phosphlammessetlalg208i®.d.g f r om
The modeled the infiltration practices as rain gardens in SWMM, @d@th rain garden sized to

be able to treat thexcess urban runoff volumgRYV) from 2002 n (0.5) acres of impervious
area. A total of 1.2 kfof rain gardens were required to manage the EURV for the study area, or
2.2% of the total modeled area. Thieeambank restoration practices modeled consisted of
sloping banks back to 20°, adding bank armoring, and increasing bank cohesion. Their model
results suggest that watersksmhle implementation of stormwater controls that reduce runoff
volume across a sptrum of storm size is a more effective approach for reducing channel
erosionand pollutant loadinthan stream restoratiomhis is an example of how a systebmsed
solution (watershed wide GI) can be more effective tharbsised solutions (stream oba
restoration) at managing the cause (stormwater volumes), not just the symptoms (erosion,
channel degradationh study in Wichita, Kansassed PCSWMM and three Logsdon and

Chauby (2013) indices: freshwater provisioning index (FWPI), erosion regulatier {(ERI),

and flood regulation index (FRI) to understand the impact of varying stormwater control
measures across an urban watergMetionough et al., 2017The three SCMs evaluated were
bioretention cells, green roofs, and rain barrBhey found that while bioretention cells reduced

erosion immediately downstream of the SCM implementatizey did not significantly reduce
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flooding or erosion further downstream in the watershed. Neither the green roofs nor rain barrels
demonstrated any freshwater, erosion regulation or flood regulation provisioning services at
either locationFurthermorethey found that the extent of ecosystem service provision decreased
as the size and magnitude of the storm event increased. This could provide challenges for the
efficacy of LID as the frequency of intense storm events increases.

Riparian restoration lsahe best flood and erosion reduction when started upstream and
continuous patches are restored versus disparate pételnesers et al., 2019Additionally,
the connectivity of buffers is important for terrestrial wildlife canaéion and ecological
resilience(Bentrup and Kellerman, 2004; Fremier et al., 2015)
2.3.3 Green Infrastructure and Ecosystem Services

Over the past 50 years, humans have changed ecosystems more rapidly and extensively
than in any comparable period of tirfMillenum Ecosystem Assessment, 2008)e
Mi Il Il ennium Ecosystem Assessment defined ecosy
from ec o(B005pt\H.Miesedervices includprovisioning servicesuch as food,
water, timber, and fiberggulating servicethat affect climate, floods, disease, wastnd
water quality;cultural serviceghat provide recreational, aestheaad spiritual benefits; and
supportingservicesuch as soil formati on, pMiletnoeynt hesi
Ecosystem Assessment, 2005, p. Egosystem servicese not synonymous with ecosystem
processes; ecosystem services are used by humans while ecosystem processes will occur
regardless of humaricDonough, 2015)Reversing the degradation of ecosystemseavhil
meeting increasing demands for their services cannot be met without significant changes in

policies, institutions, and practic@dillenum Ecosystem Assessment, 2005)
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However, it is challenging tquantify the ecosystem services provided by Gl because the
benefits are mukscalar and mukfunctional in nature and there is a multiplicity of interactions
between the various phenomdemuzere et al., 2014)he following paragraphs seek to
explain and demonstrate studies that have quantified the benefitbey&ld the ecosysin
service of flood regulatian

Green urban infrastructure contributes to climate change mitigation by directly removing
CO:from the atmosphere via photosynthetic update during thenddéyadditional uptake from
soils and corresponding below groundiatt although a fraction of CO2 is released through
night time respiratiofVelasco and Roth, 201.0kreen urban infrastructure also helps with
climate change adaption by providing shading and enhaegeygptranspiration which can
reduce air and surface temperature, leading to reduced enerd@enseazere et al., 2014 his
regulating ecosystem service is extremely important as extreme heat was the leading cause of
weatherrelated deaths in the United States from 20009(CDC, 2013) The urban heat island
effect also causes cities to be ud@3F warmer than suromding rural areadue to concrete and
asphalt absorbing and holding heat, tall building reducing cooling air flows, addition of waste
heat from anthropogenic sources, and lack of vegetéd@B, 2013; Larsen, 2015Extreme
heat also disproportionally harms marginalized grqupssen, 2015)A study in Phoenix,

Arizona found thawealthier neighborhoods had lower temperatures than lower income
neighborhoods due to a higher density of trees and other vegéfimrette et al., 200A

study using energy exchange and hydrologic models for Greater Manchester, England found that
incorporating 10% green cover into highly impervious sites resulted in&7°. decrease in the
maximum surface temperaturg the 2080%Gill et al., 2007) The same study found that

removing 10% of the green area from the same locatitneased the projected 2080 surface
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temperature by-8.2°C. This echoes the theme that it is easier to maintain ecosystem services,
rather than recover them once they have beenTlhstauthors note that drought resistant plants
should be used so to maairt evaporative cooling function during the projected increased

summer dry spells. They also found that due to projected increases in precipitation is high
enough to offset the decreased surface runoff from greenspaces, so it is important to incorporate
green infrastructure with additional storage.

The benefits of green infrastructure vary across temporal and spatial scales. For example,
benefits noticeable at the site level are not always transferable to a neighborhood or watershed
scale. Demuzere et adynthesized the results from a literature review of green infrastructure
benefits across three spatial scales and found that improved water quality, reduced flooding, and
cultural services are relevant based on empirical evidence at site, neighborhamty, scales.

There are additional CO2 reduction, reduced energy use, and improved air quality benefits at
varying scales (Demuzere et al., 2014).

Given that raising taxes is politically undesirable for many elected officials, and many
municipalities faceight budgets, it is important fguantifythe economic benefit of green
infrastructureA triple bottom line assessment evaluating economic, environmantasocial
benefits is arffective way of understanding the benefits of green infrastructuréustra
Consulting undertook that challenge for the City of Philadelphia to help thepacerthe
potential benefits of implementings®% Low Impact Development scenario versus-$080
storage tunnel (2009) address their combined sewer overflow (CSO)lehges The 50%

Low Impact Development scenario means that 50% of all runoff from impervious areas will be
treated with green infrastructurBable2.1 demonstrates their findings on just hownetarily

beneficialthe ecosystem services provided by gnaeémstructure are.
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Table 2.1. City-wide present value benefits of CSO options: cumulative through 2049 (2009
million USD) (Stratus Consulting, 209)

Benefit Categories 50% LIDOption 3006 Tunni«
Increased Recreational Opportunities $524.5

Improved aesthetics/ property value (50%) $574.7

Reduction in heat stress mortality $1,057.6

Water quality/ aquatic habitat enhancement $336.4 $1890
Wetland Services $1.6

Social costs avoided by green collar jobs $124.9

Air quality improvements from trees $131.0

Energy savings/ usage $33.7 -$2.5
Reduced (increased) damage fromp & NQ $46.3 -$45.2
emissions

Reduced (increased damagenfr€ emissions $21.2 -$5.9
Disruption costs from construction and maintenar -$5.6 -$13.4
Total $2,846.4 $122.0

A research team in Grand Rapids, Michigan conducted a similabensfit analysis of
multiple green infrastructure practicg$ordman et al., 2018The authors compared the
installation, maintenance, @mpportunity costs of Gl practices (porous asphalt, rain garden,
green roof, infiltration bioretention, conservation of natural areasstaget treeso the benefits
of avoided stormwater runoff costs, pollution reduction, and aesthetic enhancenmghtove
expected life of the system and using net present iaaeh Gl practice was standardized to

treat one inch of rainfall, which is often the design basis fofl &y used a benefit transfer
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approach to estimate the net present value (NPV) of capitatations, and maintenance costs,

as well as the direct and indirect benefits. The suite of benefits varied for each Gl practice and
included flood risk reduction; reductions in stormwater volume, total phosphorus, total
suspended solids, and air paitut; scenic amenity value; and CO2 storage. Conserved natural
areas had the largest NPV at $109/m3 of water quality volume (WQV) reduced, followed by
street trees at $46/m3 WQVv, rain gardens at $37/m3 WQv, and porous asphalt at $21/m3 WQuv.
Infiltrating bioretention basins and green roofs had negative NPVS3af&@m3 WQv and -$
47.17/m3 WQYV, respectivelfhe authors note that it is cheaper to avoid generating stormwater
runoff rather than treating it later, evidenced by conserving natural areas hawingj et

NPV.

While green infrastructure provides a host of important ecosystem services, there are
some drawbacks. Although green infrastructure has more adaptation potential than conventional
infrastructureand often has lower capital costsstill does require maintenan@ad resulting
operational costé_arsen, 2015)This maintenance can be costly and not all municipalities have
staff dedicated to this maintenance. However, many communities have realized the high return
on investment and created stormwater taxes or stormwdigesitiAs of 2009, over 800
communities had adopted a stormwater utility to help fund stormwater profiaghEPA,

2009) Furthermore, if native vegetation is used for LID, it requires less maintenance because it
has evolved over millennia to thrive in the local clim@BWA, 2012)

The benefits of green infrastructure are more evident for smaller siaems. Gl is often

designed only to treat the water quality volymethe amount of storage needed to capture and

treat 90% of the average annual stormwater runoff volume of ddb@d stormgAPWA, 2012)
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However, when considering the numerous advantagesitted above, the low impact

development strategy is important for planners to consider.
2.4 Transportation Resiliency

Dwight D. Eisenhower, 3%president of the United States understood the importance of
transportation resihigmeyy dSiHNstmom™eirsn,eeddntcii &l
of the nationds highways presents an appallin
of modern roads is as necessary to defense as
Well-maintained mfrastructure is vital to the life of cities, as citizens need to use the roads to
drive to work, school, and errandgansportation systems are designed to accommodate
changing weather conditions and a reasonable range of extremes, such as theOlsyeac 1
flood event(Transportation Research Board, 2008)wever, there have been observed and
predicted changes in weatteard climate extremes that push environmental conditions outside
the range for which the system was designed, especially increased heat waves and intense
precipitation eventéTransportation Research Board, 2008)e current 10§ear flood event is
projected to occur about every-500 year s i n many of the worl dos
period 207312100(Hirabayashi et al., 2013Changes in the precipitation disiution upon
which infrastructure was designed equates to changes in the risk communities face with respect
to flooding, property damage, and human safietgore et al., 2016)n Europe, weather stresses
represent 3®0% of current road maintenance costs, 10% of which are associated with extreme
weather events mainly extreme heavy rainfalls and floadd¢emry and Demirel, 2012)

Historical regional climate patterns ynao longer be a reliable guide for transportation planners
when the future climate will include different magnitude and frequency of weather and climate

extr emes -iansd uicheudmacrhanges are superi mposed on <c
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(Transportation Research Board, 2008, pABlding to the problem,ree out of every five miles

of American highway pavemers in poor condition anthere is a $836 billion backlog of

highway and bridge capital nee@american Society of Civil Engineers, 2020he United
Statesd6 aging and deteriorating infrastructur
climate trends, so it is at heightened risk to increasing flooding, which can causkrzpsca

impacts that threaten the economy, national security, health, anbeiwsi(Reidmiller et al.,

2018) In addition to increased inundation from flooding, higher discharge rates can nibyre eas
eroderoad bases and bridge supppéasd increased sedimentation can silt in culvévisile

coastal flooding is not evaluated in this paper due to the study area being located in the Midwest,
it owi | potential |y havtenspontationginfrastaudtueest | mpact
(Transportation Research Board, 20083at waves pose a risk to transportation infrastructure

by the thermal expansiaf bridge expansion joints and paved surfaces, softening leading to
concerns regarding pavement integrity, traftated rutting, and migration of liquid asphalt
(Transportation Research Board, 2008¥tudy in Alaska found that the largest expense and

most extensive damage due to projected climate change would be road flooding due to increased
precigtation (Melvin 2016).They found that for RCP 8.5, the business as normal emissions
scenario, cumulative estimated expenses from climeddded damage to infrastructure were $5.5
billion (2015 dollars) from 201:2099. Howeverfor RCP 4.5, where emissisiegin to

decrease around 204famages totaled $4.2 billion indicating decreasing GHG emissions could
lessen Alaskan infrastructure damages by $1.3 billion this century. Proactive adaptation reduced
total projected damages $2.6 billion for RCP 8.5 an8 $illion for RCP 4.5. For road flooding,

the proactiveadaptatiorprovided an annual savings of-800%.Adaptation measures included

modified binder/sealant application, bdager strengthening, increased diameter culverts and
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drainage systems to protdrom increased precipitation and floodifelvin also notes that
pavements are designed for specific minimum and maximum temperature limits, and temperature
fluctuations beyond those limits have the potential to damage pavement surfaces.

A team of resarchers set out to quantify the vulnerability of the primary transport
infrastructure in Mexicalue to climate chandg&spinet et al., 2016 hey knew that
economically quantifying the effects of precipitatimd temperature variability was an
important step for advancing the rhetoric surround climate change and demonstrating to
politicians the importance of proactive, sustainable investment upfront to prevent significant
repair costs laterThe authors deveped thdnfrastructure Planning Support System (IP&85)
guantify the costm three stepsil. determines the projected climate change in the specific
region using CMIP 3 or CMIP 5, 2. evaluate climate change impact on the infrastructure using
materiatspecific stresgesponse equations and materials information. 3. quantify projected
damage with construction and maintenance costs. They looked at both kilometers damaged,
representing the length adad damaged by rising temperature and precipitationpppadrtunity
cost, representing the amount of new road that could be built if money was not diverted to repair
roads damaged by climate changke study projected a total fiscal cost of $$488 million
USD cumulative cost for 2018050 time period. Theyote that due to the primary road
infrastructure typical lifetime of 280 years, that any constructed or renovated roads at present
day should consider the impact of climate change as it will have serious impact by-{h&mhid
of its lifespan.

The additonal increased flooding and erosion effects of urbanization discussed in section

2.1 further exacerbate the problems facing transportation infrastructure. For example, new
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developments exposeads constructed in floggroneareago increased inundaticand erosion
hazardgKonrad, 2003)

Chirisa definesréesl i ence as fAthe ability of a soci al
disturbances while retaining the same basic structure and ways of functioning, the capacity for
selfor gani sation, and the cap(a0dt6) ThgMid-o adapt ¢t o
AmericaRegionalCouncil (MARC) has a more ambitious definition of resiliency in their
2017Climate Resiliency Strategii:t he abi |l ity of a system or com
and to anticipate, adapt Theabow pdragraphsdessribe then t he
unpre@dented risks facing transportation infrastructure and the critical importance of
maintaining its function. The challenge is determining proactive, economically effective steps to
not only maintain function, b uftgreénfinfrastuctures h i n
have been noted section 2.3. The role of this research is to use modeling to determine the
extent green infrastructure can increase resiliency of transportation infrastrustngeKansas

City as a case study.

2.5 Hydrologic and Hydraulic Modeling

2.5.1 Model Types

A model is a series of equations that, together, represent some aspect of the physical
world and are often compiled for use on a comp{#eckoski et al., 2015Hydrologic and
water quality models are fundamental scientific tools used to predict, forecast, &nd exp
phenomena at different spatempoal scalegBaffaut et al., 2015)City officials often relyon
models to inform their management decisions because models help minimize expensive field
studi es and i (Nooceidtialc 2016jJHowevef, therelware an, abundance of

mathematal modelaitilized for stormwater modeling. It is necessary to determine which model
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is appropriate for the desired results and with the available£iatkoski et al. sough to
determine a single, preferred definition for the various modeling condegiite@.2).

Table 2.2. Definitions of model description termsg(Zeckoski et al., 2015)

Term Definition
Muodel
Model “Model” without further clarification should be used to refer to a series of unparameterized equations representing
some aspect of the physical world that have been codified and (where appropriate) compiled for use on a computer.
Model code The source code of a simulation model.
Model dimensionality
N-D model Nmay be 1, 2, or 3; water quality constituents vary over the specified number of dimensions and are averaged over the

remaining dimensions.
Analytical vs. numerical models
Analytical model “Can be solved mathematically in terms of analytical functions. For example, some models that are based on relatively
simple differential equations can be solved analytically by combinations of polynomials, exponential, trigonometric, or
other familiar functions”™ (USEPA, 2009a).
Numerical model “Approximates a solution of governing partial differential equations which deseribe a natural process. The approxima-
tion uses a numerical discretization of the space and time components of the system or process”™ (USEPA, 1999).
Determinstic vs. stochastic models
Deterministic model Contains no random elements such that a unique set of input variables produces a unique output.
Stochastic model “Includes variability in model parameters. This variability is a function of (1) changing environmental conditions, (2)
spatial and temporal aggregation within the model framework, and (3) random vanability” (USEPA, 2009a).
Empirical vs. physically based models

Empirical model Structure is derived experimentally from observed data.
Physically based model Structure is based on the direct mathematical quantification of physical, chemical, and/or biological processes.
Distributed vs. lumped parameter models
Distributed parameter Divides the simulated area into smaller homogeneous subunits or gnd cells. Flow in the simulation 1s routed from one
model subunit or cell to the next such that model output can be generated at any point in the simulated area (Novotny and
Olem, 1994).
Semi-lumped parameter Divides a modeled area into subumits within each of which the parameters are considered homogeneous or lumped. The
maodel subunits in this case are typically large (e.g., subwatershed scale), larger than the cells used in a fully distributed pa-
rameter model.
Lumped parameter Relies on one parameter set for an entire simulated area. The parameter set may be the result of an average or weighted
model average of the charactenistics of the entire area, but from the model’s point of view the entire area 1s one homogeneous
unit.
Spatial scale
Field-scale model Designed to be applied to a small area with a single land use, such as a single paddock or crop field in an agricultural
application.
Hillslope-scale model A special case of a field-scale model that may simulate surface and subsurface flow along a single flow path.
Watershed-scale model Designed to simulate a larger drainage area including multiple drainage paths, varied land uses, and a distinct channel

system. The watershed scale may be apphied to areas from a few hectares to as large as hundreds of km’.

Temporal scale

Continuous simulation Simulates outputs in a sequential basis on (typically) hourly or daily time steps for a period of months or years.
model
Event-based model Simulates the runoff and/or pollutant loss from a single storm event.

2.52 Modeling Challenges
While some models are useful, all models are ultimately wrong. Every model is a
simplified representation of the interconnected physical, cheraigdlbiological processes that
occur within a watershe(@National Research Council, 2008Yhile there are modeling best
practices in place, it is impabte to eliminate all uncertainty from modeling.
Due to hydrologepkeaidrgta diceantpéitihe, 0 quest

maximum hydrological insight through data collection while minimizing costs are very pertinent
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(Bloschl et al., 2007, p. 1241 ydrological simulations to evaluate LID performance require a
highly spatially distributed and explicit modeling approach, however the detailed data is often
not available for large urban are@isrebs et al., 2016Even with high resolution, ormeteror

less LIDAR data, smatcale features such as street curbs that influence urban surface flow are
unsatisfactorily representélrebs et al., 2016)n order tomodel disceetly at a high resolution
a7413acre subcatchmeirt Finlandwas delineated into 56,037 subcatchm¢iitsbs et al.,

2016) The highly discrete Klenzendorf study of decentralized storm water control measures for
368.3 acre watershed took five years to complete (B. Klenzendorf, personal contimunica
October 21, 2019Additionally, higher resolutin data does not necessaritpdel results more
accuratty (Yang et al., 2018)Simpler, lumped models may be preferred in the absence of
sufficient data to effectively parameterize a distributed approach, or for Giiypind

computational speg@ational Research Council, 2002)lismatches between the scale of the

data used to parameterize and calibrate the model, and the objectives of the modeling study can
produce misleading conclusions or waste valuable reso(Baffaut et al., 2015)t is an

incorrect assumption thatlationships found on a small spatial scale can be extrapolated out and
remain constan(Bloschl et al., 2007)Different biophysical processes dominate at different

spatial scales and it can be difficult at larger scales to identify causality from one change such as

land cover chang@loschl et al., 2007; McDonough et al., In review)
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Chapter3-St udy Ar e a

3.1 Location and Land Use

The Blue River Wtershedvas theoriginal focus for this study. itompromises 700.8
square kilometergl 73,165 acregh theCentral United &tes(Error! Reference source not
found.). This watershed is much larger than many of the study areas of modeling projects in
existing literature99.9%, 826%, 99.9%, 98B%, 90.3%, 99.99% larger respectively
(Abdelrahman et al., 2018; Akhter and Hewa, 2016; Broekhuizen et al., 2019; Klenzendorf et al.,
2015; Krebs eal., 2016; Rangari et al., 2018; Worthen, 2019k Blue River Watershed is still
95. 7% | arger than Krebodés 2016 study addressin
watershedT hi s watershed fits into thautdtal@0i®r basi n
for being larger than 50 khi19.3 mf). Their study maintains watershed models are between 50
ha to 50 kmi(0.2-19.3 mf), and models between 10¢ to 50 ha(1076 f£-0.2mP)ar e fhf i el d
smal | ¢ aThewhtenshed tis sphit gpoximately 60/40 between Kansas and Missouri;
58.23% lies in Johnson County, 37.94% in Jackson, 3.67% in Cass, 0.13% in Wyandotte, and
.03% in Miami.The Blue River Watershed (HUC #1030010101) is located within the Lower
MissouriCrooked Watershed (HUC 8200101) in the greater Missouri River Badihe main
branch of the watershed, the Blue Ri{@8.1 km,39.2 mi.) flows northeast from the headwaters
in southern Johnson County to where it joins the Missouri River in eastern Kansas City. The
maintributaries to the Blue River are Wolf Creek, Coffere€k Indian Geek, Tomahawk

Creek and BushCreek(Figure3.1).
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Figure 3.1. The BRW is located at the KansasMissouri border and contains 11 main
tributaries.
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The population of Johnson County has been increasing at a steady patéaidcé/ar
I, with the United States Census estimating that the population was 597,555 in July 2018. The
population of the Kansas Citgetropolitan area is also growing and was estimated in 2017 to
include approximately 2,088,830 peofl@pen Data Network, 201.7yhe MARC 204(forecast
predicts a population increaseafer 265000 new residenis Johnson Countyover 65,00
new residents in Jackson County, and over 40,000 new residents in Cassffoou2g10
2040.This watershegncompasses large urbamural gradientwhich presents a large

opportunity for low impact development in the headwaters as it urbdkizese3.2).

- Open Water (0.6%)

|:| Developed, Open Space (18.8%)
|:| Developed, Low Intensity (30.5%)
- Developed, Medium Intensity (13.1%)
- Developed, High Intensity (5.0%)
|:| Barren Land (0.3%)

- Decidious Forest (9.8%)

- Evergreen Forest (0%)

|| Mixed Forest (0.3%)

I:I Shrub/ Scrub (0.1%)

I:l Grassland/ Herbaceous (0.3%)

|| Pasture/ Hay (15.8%)

- Cultivated Crops (5.0%)

I:l Woody Wetlands (0.4%) &
- Emergent Herbaceuos Wetlands (0.1%) x :_

0 15 3 6 9 12
Miles

Figure 3.2. The BRW has anotable north-south, urban-rural gradient (Homer et al., 2020)
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This watershed intersediso statesfive counties, an@1 different cities ath
unincorporatedownships Figure3.3). This high level of political fragmentation can lead to

adverse water resource management outc¢iieset al., 2015)

N
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e e e Viles l:l WESTWOOD HILLS

Figure 3.3. The BRW intersects 21 different cities and townships. Political fragmentation in
a watershed can lead to adverse water resource outcon{®@ARC, 2010)

3.2 Geomorphology

The Blue River Wdtershed intersects fourS.EPA Level IV ecoregions: th@sage
CuestasWooded Osage PlainRplling Loess Plains, and Missouri Alluvial Plairigure3.4)
(U.S. EPA, 2013)Thephysiography of the Osage Cuestas and Wooded Osage Plailesiaee

by gentle undulating plains and perennial streamisle the Missouri Alluvial Plaims glaciated
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level floodplain alluvium with riparian wetlands that have been largely dréifetsas Native

Plant Society, 2019Yhe Rolling Loess Prairimpographyis dominated by irregular plains to

low open hills(lowa Department of Natural Resources, nldestone and shale rocks that

compose the bedrock geology were formed in sediments depositedshallow seas that

covered the watershed during the Pennsylvanian subperiod that occurred between 323 to 299
millionyearsagd Kansas Geol ogi cal S u rOnaee the sed l&véls3fell O6 Co n
far enough to expose the land, freshwater streams cut deep channels into the limestone and shale
that were theffilled with sand, silt, and rock fragments from the channel WKksmsas

Geological Survey, 1963The most prominent soil types in the watershed are Chillicothe silt

loam, OskaMartin silky clay loams, Sharpsburg silt loam, Snéatlan land complex, and
Sibley-Urban land complex, at approximately 1922%, 8%, 6%, and 6% respectivé¢§oil

Survey Staff, 2019)

iy

Figure 3.4. The BRW intersects four US. EPA Level IV ecoregions(U.S. EPA, 2013)
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3.3 Stormwater Control Concens

Flooding has been a major concern in this watershed since disastrous flooding occurred
in 1928 and 1929MARC, 2020) A recordsetting flood in September 1961 led to a
congressional resolution requesting the U.S. Army Corps of Engineers perform a study of the
area After work was authorized in 1970, approximately $250 million has been spent (as of 2003)
on channelization and flood control in the lower Blue Ri{gatti Banks Associates, 2007)
Channelization of rivers often leads to instability within the engineered reach, and in the
upstream and downstream reaches. For example, enlarging a channel forrikboldreduces
the velocity, increasing deposition of sediment and need for dredging to maintain capacity
(Charlton, 2008)Additionally, engineered channels tend to have less\moglty than natural
streamgqCharlton, 2008)An Olsson Associates study found lateral movement of up to 42 feet in
Indian Creek from 1998 to 2018 in over 25 locations, 200,000 cubic yards of erosion across 60
miles ofstream length (they included Indian Creek tributaries in their study), and that the erosion
volume is approximately 3 times the observedtieam sedimentation voluni®tanton, 2019)
While lateral migration can be part of the natdiuaiction of a stable stream, it is of major
concern to property owners along the edge of Indian Creek. The Ozarks Environmental and
Wat er Resources Institute identified 55 Aprob
flows between Avalon St. arlfflumm Rd (2013). The problem types include bank erosion and
failure, bed erosion undermining a bridge, exposed pipes or cables due to erosion, failed culvert/
inlets due to undermining, hanging culverts due to incision, and sedimentation inside a culvert
decreasing flow capagi{Pavlowsky and Owen, 2013)he stream erosion and movement has
caused significant public safety and economic

stream bank are now only 15 feet away; sanitary sewers atidegthat were once safely 4 feet
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below the stream bed are now suspended 3 feet in the air; storm sewers that originally discharged

at the edge of the stream are now hanging off the stream bank or entirely broken off; public trails

are ready to collapse the stream in some locatiof@Isson Associates, 2014, p. H)jstoric

flooding in 2017 led to a strip mall of buildings at Wornall and4bB8ing completely inundated

and the owners of Coachos @ekarsky,2017har t o requi
While citizens tend to have a short memioryegardgo flooding when it comes time to

fund flood control projects, the Indian Creek flooding has been so significant that progress is

occurring. Concerned voters passed a property tax hike plan that approved $150 million for flood

control project§Canon and Sanderson, 201K Water purchased land near TGghd Wornall

to demolish the flooded buildings from 2017 and replace thi#gingreen spacé_aflore, 2019)

Mayor Pro Tem Kevin McManus acknowledges the importance of planning future development

in terms of how it impacts the floodways and wants to encourage residents to increase pervious

surfaces on their property tapture water before it flowstoindian CreeKPepitone, 2019)
3.6 Ecosystem Services

There are numerous parks and trails within the Blue River Watershed including the
Overland Park Arboretum, Swope Park, andlfiienile Indian Creek trail. Upper portions of the
Blue River provide recreational sport fishing opportunities for multiple species including
largemouth bass, channel catfish, carp, crappie, bluegill and green MARIC, 2020) Many
citizens appreciate the ecosystem services provided and have taken an active desire to protect the
watershed. A science teacher founded the Blue River Watershed Associatiof,iaridthey
now operate multiple programs dedicated to educating citizens and protecting the watershed.
T.R.U.E Blue (Teaching Rivers in an Urban Environment) educates over 10,000 local students

annually in watershed and water quality issues and CPR (CoitiesuProtecting Rivers)
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provides funds to repurpose vacant lots into native plan{Bige River Watershed Association,

2018)

3.7 Tomahawk Creek

The smaller Tomahawk Creskibvatersheaf the Blue River Watersheslas selected
for a more indepth analysisThe Tomahawk Creek Watersh@{CW) is 59.84 square
kilometers(14,788 acres)t comprises8.5% of theBlue River Watershe(Figure3.5), and isa
nearlyfully developed suburban ar@agure3.6) with an average of 35% imperviousnessoss
the watershedFigure3.7). The highstaverage impervious areas are concentrated around the

U.S. Highway 69 corridor in the center of the watershed.

Missouri River

Kansas River

Missouri

Nebraska

Missouri

Blue River Watershed

0 07515 3 45

6
Miles

Esri HERE, Garmin, {c) OpenStrastilap contibutors , and the GIS user
ty

Figure 3.5. Tomahawk creek watershed is located in the center of the BRW.
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Figure 3.6. Tomahawk Creek Watershed landcoveis largely suburban development with
golf courses and light industrial mix.

This watershedantains one USGS gage, 068933b0ated on the bridge where
Tomahawk Creek flows under Roe Avenliemahawk Creek was determined to have a bankfull
discharge 081.15 cmg1,100 cfs)tthis locationand abankfull stageof approximately3 m(9.8
ft) (Peters and Studley, 201%he flood frequency analysis used to deterniiaekfull flow can

be observed in Agmdix A.
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Chapter4-Met hods

4.1 PCSWMM Theoretical Background

PCSWMM version 7.2785was used for model developmemtd execution. PCSWMM
is acommercial version of theurrentEPA Stormwater Management Mod8WMMS5) and is
owned by Computational Hydraulics International (CEBNWMMS5 is adynamic rainfaHrunoff
simulation model used for singient and continuous sutation of surface and subsurface
hydrology quantity and qualitfCHI, 2020) PCSWMM uses the SWMBIlcomputational engine
andexends the capability with support tools and
assumptions, wuncert ai mdcudiegsa Gi& hndtageeto providespatialn  t h e
interface(James et al., 2010, p. 2WMM wasone of the first water systems planning
computer models, with development beginning in 1@@@nes et al., 201L.0yoday, SWMNM is
one of the most widely used stormwater management models coiallyeand in academia
(Akhter and Hewa, 2016; Broekhuizen et al., 2019; Krebs et al., 2014; McDonough, 2018;
Worthen, 2019)

PCSWMMis a physicallybased, seriumped, deterministic moddPhysically based
models attempt to represent the actual glafgrocesses occurring in the environmental system
in contrast to empirical mode(geckaski et al., 2015)Semilumped models are the midway
point between distributed and lumped parameter m@delskoski et al., 2015)nstead of
having simulated areas be small enough to represent uniform characteristics (distributed), or
average the characteristics of an entire wate
discretionand parameter values are represented by weighted averages for each modeling unit
(Zeckoskiet al., 2015) Deterministic models contain no random elements, and produce the same

outputs each time it is ran with the same inggdesckoski et al., 2015Deterministic models are
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in contrast with stochastic models that reflect the random processes of nature and produce

different outputs each time it is ran with the same infgskoski et al., 2015)

Surface runoff in SWMM is determined by treating each subcatchmemtcadiaear
reservoir. Inflow comes from precipitation and designated upstream subcatcrandotgflows
include infiltration, evaporation, and surface rundfiis is essentially a water balance, where
inflows minus outflows equals a change in storagés Water balance is solved by SWMM over
each time step of arainfallevenu o f f per unit area, Q, is dete
(Equation4.1l) when the depth of water in the reservoir exceeds the capacity determined by
maximum depression storaglames tal., 2010) The equation is calculated with the
subcatchment width\), Manni ngés r o u gn),depth sf wateo avdrthé ci ent (

subcatchmentd), depression storage depth)( and slope of the subcatchmegt (
X p8 (Q s ) J o J
The GreePAmpt method was chosen as the infiltration mettieguation 4.2 This
met hod assumes At hat a sharp wetting front ex

initial moisture contentdol ow fr om sat Jamesetd., 20l®) | above, 0

0

O 0o Y 01 1p ~ o 4.2)

The cumulative infiltration depth-} at time {) is calculated from the effective hydraulic
conductivity Ke), time ¢), average matric suction at the wetting fr(ft), and fillable porosy

(M) (Huffman et al., 2013)
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SWMM also has capabilities to model snowmelt and groundwater, but those effects were
ignored in this analysi®ynamic wave routing, whicphroduces the nst theoretically accurate
results by solvinghe complete onrdimensional SairVenantflow equations, was chosen as the
routing method for the modélames et al., 2010)he SairtVenant flow equations calculate the
flow within an individual conduit according the continuityEquation 4.3and momentum

equationgEquation 4.%

1010
ERE R
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where distancexf, time ¢), crosssectional aread), flow rate(Q), hydraulic headH),
friction slope &), local energy loss per unit length of the condui},(and acceleration due to
gravity (@) are the input parametegfames et al., 2QL The volume continuity is also calculated
at each node.

There is significantaguifinality in SWMM, or when many parameter combinations will
reproduce the observations equally well with respect to a single error (Wétrithen, 2019)
For exampleWorthen (2019found that unreasonable values gf:Mvere capable of producing
an acceptable NSE when varied in tandem with porositynidstsensitiveparameters in the
modelareManni ngds Ro ugh n ewsDepresdion Starag®, Mandi hgow
roughness in the channal, and Imperviousneds(Krebs et al., 2014)

PCSWMM software has theapabiity for two-dimensionamodeling by combining #n
dynamic 1D analysis with a 2DEM-basedverland meshral layer of any buildings that can
obstruct flow The advantage of the 2D model is that the analysis of the extent and duration of

surface water deptfipws, and velocity is enabled throughout the entire 2D mesh. Instead of all
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water being routed from each subcatchment into individual conduits, the hydraulic routing within
the 2D model occurs from cell to cell within the mesh. The volume of runofthtcedl is

calculated from a mass balance analysis of precipitation, net inflow, infiltration and tiggecha
volume(Barnard et al., 2017)Yhe dynamic wave equation, which is basédhe St. Venant

flow equations, is used for routing between cells andiv@gobackwater effects, or the effect of
obstructions such as dams in raising upstream water levels. This model is still based exclusively

on overland flow of water and does not model Coriolis, eddy, viscosity, or wind effects.
4.21D Model Development

This section describes the development of the baseline existing conditions 1D PCSWMM
model of the Tomahaw&reeksubwatershedlhe Tomahawk Creek modehs then modified to
incorporate green infrastrucauscenarios (Section 4.ds well as 2D modelinigatures (Section
4.3). The 2D modeling was also performed on the larger Blue River Watershed. The model
development of the Blue River Watershed follows the same steps explained in this $eetion
model development was done in collaboration with Kelsey Mogh and Jessica Stanton.

ArcGIS was used to prerocess many of the datasets needed to complete the
hydrological modelThe first step wato delineaé the TomahawlCreek Watershedto
determine the flow paths and flow accumulatiOnepoint permeter LDAR was obtained
through the Johnson County Automated Information Mapping Sy@ehtarden a GeoEye
Company, 2012) The LiDAR data was collected in 2011, and laagertical accuracy RMSE of
.1 m 0.314 f) and a horizontal accura®MSE of 75-centimeter(2.5 ft), which exceeds the
National Standard for Spatial Data Accuracy (NSSDAe National Hydrogphy Dataset
(USGS,2001) stream network was used alongétde S WMMé s Wat er shed Deline

(CHI, 2017)to automatically delineate the watershed area and create subcatchments to a target
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discretization level 0202 ha $00 acres(McDonough, 2018)A total of 28 subcatchmentd4
conduits, an@4 junctions were created in this process to represemdaheal hydrography of

the watershed

@® Junctions.
A Outialls
= Conduits.
[0 Subcatchments

Figure 4.1. 1D PCSWMM Model of Tomahawk Creek Watershed featuring 28
subcatchments, 24 conduits, and 24 junctions. Jution 17 serves as the outfall of the
watershed. The red, dashed lines indicated the flow paths of the subcatchments.

Subcatchments are hydrologic units of lainat generate surface runoff, infiltrate, or
store water for evaporation in response to preipn (CHI, 2020) The average percent
impervious of each subcatchment was determined in ArcGIS from the 2016 National Land Cover
Database (NLCD) 2016 Percent Developed Impervioughtsser et al., 2020P C S WMM©6 s
Area Weighting Too(CHI, 2020)was used tassigntheManni ngés roughness i m

(NI MPERV), Manningds roughnetsrageimmrnisgusous ( NPER
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(DSIMPERYV), and depression storage pervious (DSPERV) from the 2016 NLC{ Tayxe

41.The depression storage and déavedfromhgBasonal o ugh n e
Land Cover Database Land Cover typ&dapted from James et al., 20&McDonough,

2018). Soil Survey Geographic Datade (SSURGO) data was obtained from the Web Soil

Survey for Johnson County, Kang&®il Survey Staff, 2019)The Area Waghting Tool was

again employed tassignvalues of conductivity, suction head, and initial deficit for the each
subcatchment.

Table4l. The depression storage and Maiwmedifromgds r o

the National Land Cover Database Land Cover typs(Adapted from James et al., 2016
McDonough, 2018.

Land Use/ Gridcode DSPERV DSIMPERV NPERV NIMPERV
Land Cover (mm) (mm)

Open Water 11 0 0 0 0
Perennial 12 0 0 0 0
Ice/Snow

Developed, 21 2.54 1.27 0.034 0.012
Open Space

Developed, 22 2.54 1.27 0.034 0.012
Low Intensity

Developed, 23 2.54 1.27 0.034 0
Medium

Intensity

Developed, 24 2.54 1.27 0.034 0
High

Intensity

Barren Land 31 2.54 0 0.05 0
Deciduous 41 7.62 0 0.40 0
Forest

Evergreen 42 7.62 0 0.40 0
Forest

Mixed Forest 43 7.62 0 0.40 0
Dwarf Scrub 51 5.08 0 0.24 0
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Shrub/Scrub 52 5.08 0 0.24 0

Grassland/ 71 5.08 0 0.24 0
Herbaceous

Sedge/ 72 5.08 0 0.24 0
Herbaceous

Lichens 73 5.08 0 0.15 0
Moss 74 5.08 0 0.15 0
Pasture/ Hay 81 5.08 0 0.13 0
Cultivated 82 5.08 0 0.17 0
Crops

Woody 90 7.62 0 0.40 0
Wetlands

Emergent 95 7.62 0 0.15 0
Herbaceous

Wetlands

Table 4.2. Green Ampt equation parameterswere derived from the soil texture(Adapted
from James et al., 201@& McDonough, 2018.

Soil Type Suction Head (mm) Conductivity (mm/hr) Initial Deficit (frac.)
Sand 49.5 120 0.417
Loamy Sand 61.2 30.0 0.401
Loam 88.9 10.9 0.412
Silt Loam 167 3.30 0.434
Sandy Clay Loam 218 1.52 0.486
Clay Loam 209 1.02 0.3
Silty Clay Loam 273 1.02 0.309
Sandy Clay 239 0.508 0.321
Silty Clay 292 0.508 0.432
Clay 316 0.254 0.385

The slopgparametewasestimatedn ArcGIS bycomputingthe change in elevation
betweerthe highest and lowest elevation points ingbhbcatchmerdnddividing this change in
elevationby the flow length between tleevation pointsTheoverlandflow lengthparameter

was assigned to be 30m, a standard length of overland flow. The width was determined by
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dividing thesubcatchmerdrea ly the flow lengthThe Zero Imperv parametean; the percent of
the impervious area with no depression storage, was set to the PCSWMM recommended value of
25% (CHI, 2020) Subarea routing was set to pervious, and the percent routed parameter was set
to 5%. This means that 5% of the percentage of inies\cover will be routed to the pervious
area of the subcatchment before flowing to the oulléthe subcatchment parameters for the
1D Tomahawk Creek Watershed current conditions model can be found in Appendix F.

The twodimensional crossection of ach conduit, or stream segment, within the model
was determined through the Transect CreatoritoBICSWWM(CHI, 2020) First, transect lines
were drawn every 20 based on the 1m LiDARith elevation measured every 1m along the
transect Then each transect was examined, and the most representatisecbf each stream
segmentvas choseifor the entire conduit. This process was employed instead of averaging all
transects within a conduit to avoid the automatic truncation tehtwest length on each sjde
which is an unavoidable part of the PCBW transect creator toolThe bank stationthat
determine the main channel versus the overbanks was determined visually for each transect

(Figure4.2).

Trarsacts e Trangess G40

Bt arecsnachveerd e 1)

.3
1
£
1
- 2 = -
-~

Figure 4.2. Transects were created using-ineter LIDAR data and the Transect Creator
tool in PCSWMM.
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A Manni ng6s Rou g barhebst®om nbkble sides) anél 0.10(vely Beedy
reaches of natural streams) were assigned for the channel and overbanks edsfi¢afiman
et al., 2013)The model could be improved by adding surveyed stream cross sections, but that
data was not availabl&he inlet and outlet offset values were set to 0, hadrtitial flow was
set at O.

In PCSWMM, junctions are drainage systems nodes where links join to@Ettiler
2020) In the TomahawkCreekmodel, they represent the confluence of natural channels, where
a conduit crosses into a new subcatchment, or represent a location winsertheagical
responsés of heightened interesthe invert elevation of each junction was determined using
the LIDAR datasetThe rim elevation was calculated by adding the depth of the upstream
conduitto the invert elevatiariThe initial depth and surcharge depth were®ét Junction
ponding wasenabled in order to keegxcess volume overflows froleavingthe system.
Allowing ponding keeps excess water at the junction until the conduit has enough capacity for
the water to rejoin the system. The Tomahawk model only eenteie outfallyhich islocated
at the outlebf the watershed, and its attributes were determined following the same steps as all
model junctions Additionally, the stormwater network istriacluded due to the size of the
model, complexity of the netwio, and availability of quality data. Therefore, this model only
evaluates overland flow.

The average, monthly pan evaporation for the Kansas City area (Table 1, NOAA, 1982a)

was multiplied by a coefficient of 74% (Map4; NOAA, 1984b) to con@ass A pa
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evaporation to free water surface evaporatddoDonough, 2018)Evaporation from the free
water surface was used as the average, monthly evaporation rate in the model

Table 4.3. Average monthly evaporation for Kansas City, Missour{Adapted from
McDonough, 2018)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Average pan
evaporation 38 47 88 138 186 202 225 205 145 114 61 40
(mm/month)
Average free
water surface
evaporation
(mm/month

34 65 102 136 149 166 152 107 84 45 29

4.3 2D Model Development

The 1D Tomahawk Creek model, described in Section 4.2, serves as the base of the
Tomahawk Creek 2D model. Additionally, a 2D model was created for the entire Blue River
Watershed. There were a few changes in the base Blue River Watershedevettgiment
from the process described in Section 4.2. A US&G&8r DEM was used for the elevation
dataset because a1 LIDAR dataset was not available for the entire BRW. The 2011 NLCD
was used to determine the % epmepsensioragedosthe Manni
subcatchments. Additionally, the slope was determined by utilizing the Set DEM slope tool in
PCSWMM that averaged the surface slope along the National Hydrography streams dataset to
determine the slope parameter for each subcatnhrfihis was done to reduce the model build
time for a larger watershed, and resulted in slightly higher slopes than the method used for the
Tomahawk watershedhe subcatchment parameters for the Blue River Watershed current

conditions model can be foumnd Appendix H.

49



The PCSWMM software has the potential for two dimensional modeling of free surface
flow by combining the dynamic 1D analysis with a 2D overland mesh and obstructions layer
(CHI, 2020) The advantage of the 2D model is enabling analysis of the extent and duration of
surface water deptfipws, and velocity throughout the entire 2D meBhe 1D model, and
processes described earlier, determines the amount of water in the conduits. Then, the flood
extent of the water is able to be modeled through the connection with the 2Ficelle4.4).

The volume of runoff at each cell is calculated from a mass balance analysis of precipitation, net
inflow, infiltration and the change in voluniBarnard et al., 2017Yhe dynamic wave equation,
which is based off athe St. Venant flow equations, is used for routing between cells and

involves backwater effects, or the effect of obstructions in raising upstream water levels. This
model is still based exclusively on overland flow of water and does not model Coridiys, ed
viscosity, or wind effects.

The addition of 2D modeling capabilities requires the addition of new layers not used in
the 1D model. Of the 11 possible layers to add for 2D modeling, only the bounding, 2D nodes,
obstruction, centerline, and DEM layé&rgach of which are explained in the following sections
T were used in the construction of the 2D models. The same model creation process was utilized
for both the Tomahawk and Blue River Watershed models. Two dimensional modeling requires
high amounts ofomputational time as the area to be model incrg&ddk 2020; Klenzedorf
et al., 2015; Pinos and Timbe, 2018) 2D modeling was only conducted around areas where
the streams and important highway systems intersected.

The 2015 TIGER primary and secondary roads were obtained from the Geospatial Data
Gateway to determinthe areas of importan¢e.S. Department of Commerce, 2015)

Secondary roads ameain arteries, usually in the U.S. Highway, State Highway and/or County
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Highway systenfU.S. Department of Commerce, 201%)vo types of 2D mesh were used in the
models: hexagonal and directional. Directional mesh can be used to represent flow along a
specified path such as a stream cha(@ell, 2020) The boundary layer for the directional mesh
was drawn manually in PCSWMM ugithe LIDAR/DEM as a guide to coincide with the

natural channel (Figure 4.2). A centerline layer was also drawn manually in PCSWMM to
coincide with the center of the natural channel. The centerline layer is used for the 2D directional
mesh generation to fiee the predominant direction of flow. A 1&0eter buffer was created

around the centerlines in ArcGIS 2D to serve as the boundary layer for the hexagonal mesh. The
hexagonal mesh is the default mesh type in PCSWMM and can be used to represent large, open
areas such as floodplaiSHI, 2020) The hexagonal mesh was assigned ar3éter resolution

and Manningds roughness of 0. 1 -raetedresoldtienardi r e
Manningds roughness of 0.03. The 2D Nodes |
2D cells in the 2D etwork was generated using the Generate Points tool in PCSWM, which
optimizes the size and shape of the resulting 2D cells, based on the obstruction and boundary
layers(CHI, 2020) The obstructions layer represents all the physical buildings that could
obstructflood flows. A 2018 buildings footprinfayer was obtained from Johnson County AIMS

and the city of Kansas City, MissoAIMS, 2018) The 2D cells layer was created using the
Create Mesh tool in PCSWMM, the ient elevation was determined using the DEM/ LIDAR

(Figure 4.3)XCHI, 2020) The resulting 2D models included 20,369 nodes and 18,291 cells in the
Blue River Watershed and 5,177 nodes and 5,182 cells in the Tomahawk Creek watEnshed.

2D model uses lumped subcatchments with subcatchment runofidréarspecific 1D nodes

that are connected directly to the 2D mesh. This is appropriate for integratd diodeling

where the cause of flooding is due to stream bank overtoppiig 2020)
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Figure 4.3. Example of directional (interior) and hexagonal(exterior) boundary layer.

obstructions layer.

4.4 Scenario Development
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Twelve different scenarios with varying levelsgoeen infrastructure were created to

understand linkages between green infrastructure and possible reductions in peak inflow, total

inflow volume, and flood extenfT@ble4.6). The percent routed subcatchment paater was

adjusted to simulate changing percentages of green infrastructure. This function does not change

the amount of impervious cover, which can be hard to do in an almost entirelguiuilt

environment. Instead, it changes the percentage of runafftite impervious areas that is

directed onto pervious area before reaching the subcatchment outlet or stream conduit. This is an

example of increasing the disconnectedness of impervious surfaces, such as disconnecting storm

drains, or adding bioretentiorlts in parking lotsThis approach for simulating disconnection

was also used to model decentralized green stormwater controls for the city of Austin Texas

Watershed Protection Departmé@eosyntec Consultants, 2017)

Table 4.4. Description of scenario conditions

Scenario Description
0 0% routed to pervious, no deciduous forest riparian buffer
5 5% routed to pervious, no deci du
conditionsor baseliné
25 25% routed to peraus, no deciduous forest riparian buffer
50 50% routed to pervious, no deciduous forest riparian buffer
75 75% routed to pervious, no deciduous forest riparian buffer
100 100% routed to pervious, no deciduous forest riparian buffer
OR 0% routed to peius, with deciduous forest riparian buffer
5R 0% routed to pervious, with deciduous forest riparian buffer
25R 0% routed to pervious, with deciduous forest riparian buffer
50R 0% routed to pervious, with deciduous forest riparian buffer
75R 0% routedo pervious, with deciduous forest riparian buffer
100R 0% routed to pervious, with deciduous forest riparian buffei ma x i r

Half of the scenarios also include the full restoration of the floodplain with a deciduous

forest riparian buffer. Followg the EPA model ordinance described in Section 2.3.1, 150 feet

was chosen as the buffer width. Using the landcover from the 2016 NLCD, all developed
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(including impervious coverpgricultural, and barren lands within the 150 ft buffer were

converted to dgduous forest{able4.6) (Figure4.5). Any preexisting water, forest, shrubland,

or herbaceous land cover was not converted.

I counceo Buitdings

D Subcatchments

Land Cover
Developed, Open Space
Deveioped, Low Intensity

| - Developed, Medium Intensity

- Developed, High Intensity
- Deciduous Forest

I cuitvated Crops

Legend

Conduits
I 5ounced Buidings

[ subcatcnments

Land Cover
- Deciduous Forest

Figure 4.5. Landcover change within the 150 ft. riparian buffer

This was accomplished by creating a Cf8& with the existing gridcodes, and a second

column with the land cover cod#sateach preexisting code was being converted to. The tables

werethen joined in GIS using the pexisting GRIDCODE as the shared field for both. The new

buffer layer was joined to the existing subcatchments layer using the union tool in GIS. Then the

routing was updated so that all subcatchment surface runoff wasl thubugh a riparian buffer

before entering the streaffigure4.6). The percent impervious attribute was updated to 0 within

every riparian buffer subcatchment. The Area Weighting tool was employed again totbpdate

depression

storage

and

Manni ng 6(Fabledd)ulgthen e s s

TomahawkCreek Watershed, B6km? (0.53 mf), or 61%, of the land within the buffer was

converted to deciduous forest. In the BRIM,8km? (2.77 mf), or 51% of the land within the

buffer was converted to deciduous ford@ste subcatchment parameters with the addition of the

deciduous forest riparian buffer (Scenario 5R) can be found in Appendix G for the TCW, and

Appendix | for theBRW.
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@ Junctions
— Conduits
[ Subcatchments

Figure 4.6. The routing was updated so that the subcatchment runoff would be routed
through the riparian buffer before being routed to the outlet (red arrow). The blue arrov
shows the routing withou the addition of riparian buffers.

4.5 Design Storms

Rainfall data from NOAAG6s Atlas 14 Point Pl
rain gauge was used to model various design storm eviadite@.5). The pecipitation depths
for the 1, 5, 10, 25, and 100 year, 24 hour storms were used to model a range of storms that can
impact the Kansas City area over the next 100 years. These design storms are based off years of
precipitation data for the regioA designstorm represents the probability a storm of a given
magnitude will occur in a given year. Dividing 100 by the storm year shows you the percent
probability that it will occur in any given year. For example, thy@ar storm has a 50% probability
of occurrng any given year, while the 100 year storm has a 1% chance of occurring any given

year.
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Table 4.5. NOAA Atlas 14 precipitation-frequency estimates with 90% confidence
intervals. The numbers in parenthesis are athe lower and upper bounds of the 90%
confidence interval(Sanja et al., 2013)

1-year, 24hour  5-year, 24hour  10-year, 24hour 25year, 24hour 100vyear, 24

storm storm storm storm hour storm
3.08in (2.53 4.63in (3.78 5.48in (4.45 6.71in (5.32 8.76 in (6.57
3.79)in 5.69)in 6.76)in 8.49)in 11.3)in
78.2mm (64.3 118 mm (96 139 mm (113 170 mm (135 223 mm (170
96.3)mm 145mm 172mm 216mm 287)mm

Section 2.1 discussed how utilizing past precipitation data may natientfy predict
future precipitation events as the frequency and intensity of storms increase with climate change.
It is reasonable to assume that the high numbers in parenthesis represent what the design storms
might shift to during climate change. Tlgsbecause that number represents the upper bound of
the 90% confidence interval for each design storm. As climate change shifts events towards more
extreme, shifting the number towards the tail of the of the distribution is appropriate.

The water qualityolume storm (1.37nch, 24hour), which green infrastructure is designed
to treat, along with the-ihch, 24hour storm were also evaluated. Because climate change is
predicted to increase the intensity of precipitation events,-thehland 1.3#inch preipitation
events were also test over &éur period. The precipitation events are modeled usin&dile
Conservation Servic&SCS, Type Il rainfall distribution with a Haninute rainfall interval, which
is appropriate for the regiofriQure4.7). This models the maximum rainfall as occurring at noon
of the first simulated day if it is a 2dour stormln order to account for any lag in streamflow, the

simulation period is five days.
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Figure 4.7. 1-inch storm with an SCS, Type Il rainfall distribution with 24 -hour (left) and 6-
hour (right) intensity.

4.6 Calibration and Validation

Observed, 18ninute precipitation from Roe Avenue @ Tomahawk Creek rain gauge
(Latitude 38°54'22", Longitude94°38'24" NAD83)was obtained from Ybairy Duin with
StormWatch.Com, a flood warning system that monitors stream flow and precipitatior in real
time throughout a network of remote weather stations located throughout the Kagsas Cit
Metropolitan AregDuin, 2020) This precipitation was used alongsiderifhute streamflow
from USGS gage 06893500 to calibrate and validate the mdtileting precipitation data on
the same temporal scale and from the same location as the USGS greatly improved the
calibration and validation from earlier attempts with hourly precipitation data from a rainfall
gauge near the beginning of Tomahawk Creek

The NashSutcliffe Efficiency (NSE) is a normalized statistic that determines the relative

magnitude of the residual variance (Anoi seo)
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(A1 nf o r(NeshandoSatdiffe, 1970; Zeckoski et al., 20Ibijs statistical measure

compares the observed versus simulated data, in this case the hyd(dpdphough et al.,

2017; Worthen, 201%Zeckoski et al., 2015NSE valuesrange betwedd and 1, wi t h NS
being a perfect match, NSE = 0 indicating the model predictions are as accurate as the mean of
the observed data, and negative values indicating that the mean observed value is a better
predictor than the simulated val(@HI, 2020; Moriasi et al., 2007Equation 4.5hows how

NSE is computed, whets is the observed hydrograph at time> is thesimulated

hydrograph at timg Y™¢2"is the mean of observed values, arid the total number of observed
hydrograph value@Moriasi et al., 2007; Shamsi and Koran, 20l WNSE value of 0.4L.0 is
considered acceptable for all model applmagi Table4.6) (Shamsi and Koran, 201Table

4.6. NSE goodnessf-fit ratings for model calibration, adapted frg®@hamsi and Koran, 2017)

B ) 4.5)

0 "YO p

Table 4.6. NSE goodnes®f-fit ratings for model calibration, adapted from (Shamsi and
Koran, 2017)

NSE Range Calibration Rating Model Application

0.5t00.1 Excellent Planning, Preliminary Design, Final Design
0.4 t0 0.49 Very good Plannng, Preliminary Design, Final Design
0.3t00.39 Good Planning, Preliminary Design

0.21t0 0.29 Fair Planning

b < 0. Poor Screening

The coefficient of determination #Ris a key output of regression analy&!, 2020)
This coefficient describes the degree of collinearity between simulated and measured data
(Moriasi et al., 2007)An R of 1 indicates that the observed values have a perfect, positive

linear correlation with the modeled valy&hamsi and Koran, 2017)ypically, values greater
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than 0.5 are considered acceptable (Santhi et al., 2001 and Van Liew et al. 2003, as cited in
Moriasi, 2007).

A model is considered successfully calibrated when it reproduces observattins
Asome subjectively a(Daggupat e dl.)2815;IKenikaviandof pr eci s
Bredehoeft, 1992; Zeckoski et al., 2015, p. 16ZBe model was calibrated from January 1,
20177 December 21, 2017 and validated from January 1, P@&ember 31, 2018. The model
was calibrated to optimize the NSE for total streamflow on a continuous basis. However, due to
the NSE rating falling °Zbeaingsubstantidllghigheethdn®8har 6 r an
Aacceptabl e, 0 tdwkmanelwag consadred $ubcestfollyncalibrated without
changing any input parameters. The validation
that this choice was acceptable. These results show that the original conditions Tomahawk Creek
1D modelaccurately simulates the surface hydrology of the watershed and is suitable for
associated planning, preliminary design, and final design purpbakke4.6).

Table 4.7. Continuous streamflow (cms) calibration and validation results foithe original
TCW at USGS Tomahawk Creek gage J06892500

Calibration Validation

(1/1/2017 12/31/2017)) (1/1/2018i 12/31/2018)
Nash Sutcliffe Efficiency (NSE) 0.850 0.723
Coefficient d Determination (R) 0.868 0.838
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Figure 4.8. Continuous streamflow (cms) calibration results fothe TCW at USGS
Tomahawk Creek gage J06892500 from 1/1/20412/31/2017.
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Figure 4.9. Continuous streamflow (cms) validation results for USGS Tomahawk Creek
gage J06892500 from 1/1/20182/31/2018.

I n order to ensure it was an fAapples to ap
including the new ripaain buffer subcatchments and routing, but with the original conditions
within the riparian buffer was utilized as the base model for Scenafi66.0This base model
was also calibrated and validated. Again, the NSE values were high enough that no input
parmameters needed to be changed for the model to be suitable for associated planning,

preliminary design, and final design purposish|e4.8).
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Table 4.8. Continuous streamfbw (cms) calibration and validation results for theTCW
riparian buffer base model at USGS Tomahawk Creek gage J06893350

Calibration Validation

(1/1/2017 12/31/2017)) (1/1/2018i 12/31/2018)
Nash Sutcliffe Efficiency (NSE) 0.753 0.691
Coefficient ¢ Determination (R) 0.785 0.711
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Figure 4.10. Continuous streamflow (cms) calibration results for theTCW riparian buffer
base model at USGS Tomahawk Creek gage J06893350 from 1/1/202731/2017.
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Figure 4.11. Continuous streamflow (cms) calibration results for theTCW riparian buffer
base model at USGS Tomahawk Creek gage J06893350 from 1/1/202831/2018.

TheBRW model was calibrated to one locatiore thSGS gage at the BRW outlet
(06893578). Three parameters were changed during the calibration process: subcatchment length

(50% uncertainty), channel roughness (10% uncertainty), and zero imperv (50% uncertainty).
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The model parameter calibration uncertairanges were recommended by James (2010). The
model was calibrated from 1/1/201@/31/2016 and achieved an NSE of 0.5834gure4.12).

The model was Valated from 1/1/201-12/31/2017and achieved an NSE of 0.@&gure4.13).

These results demonstrate that the BRW model is suitable for associated planning, preliminary

design, and final design purposéslfle4.6).
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Figure 4.12. Continuous streamflow (cms) calibration results for the original BRW model
at USGS Tomahawk Creek gage J06893350 from 1/1/2018/31/2016.
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Figure 4.13. Continuous streamflow (cms) validation results for theoriginal BRW model at
USGS Tomahawk Creek gage J06893350 from 1/1/2012/31/2017.

A riparian buffer layer with the original landcover was added to the calibrated BRW
model, ad calibrated Figure4.14) and validatedRigure4.15) to allow forte fAappl es t o
appl es o cThepse madasl with the riparian buffer layer, with and without the land
cover change, was the basetaf 2D mesh creation outlines in Section 4.3. The NISER
values were high enoudfable4.9) that no additional input parameters needed to be changed
for the model to be suitable for associated planning, predirpidesign, and final design
purposegTable4.6).

Table 4.9. Continuous streamflow (cms) calibration and validation results for the BRW
riparian buffer base model at USGSTomahawk Creek gage J06893350.

Calibration Validation

(1/1/20161 12/31/208) (1/1/2017 12/31/2017
Nash Sutcliffe Efficiency (NSE) 0.721 0.794
Coefficient of Determination (B 0.746 0.804
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Figure 4.14. Continuous streamflow (cms) calibration results for the base riparian buffer
BRW model at USGS Tomahawk Creek gage J06893350 from 1/1/2618/31/2016.

————— J06893350

J06293350 (obs)

250 —

200—

-
wm
=]
|
1

Total inflow (ms)

-
o
=]
|
1

50—1 . Jlllli ILLIHL b bowl -

0
|
Jan 2017 Apr Jul Oct Jan 2018
Date/Time

Figure 4.15. Continuous streamflow (cms) validaibn results for the base riparian buffer
BRW model at USGS Tomahawk Creek gage J06893350 from 1/1/2012/31/2017.

4.7 Statistical Analysis

SWMM operates as a deterministic model with no variability in output under the same
treatment conditioiiZeckoski et al., 2015)n order to allow for variability among resultsltie

statistically analyz&, acomplete block design (CBRjsing a generalized linear model was
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applied to the datd’he CBD methodis a restrictedlesign in which experimental units are first
selected into homogenous blocks, and the treatmenépplied toeach blockMendenhall and
Sincich, 2012) The blocks were the various precipitation events and each green infrastructure
scenario was the treatment applied to each blbie&.linear regression model has each Scenario
as the x value, and either peak inflow or vo&uas the y valulr the 1D resultsin the 2D

results, the walue was the Scenario while the flood extent was the y value.

R is a free, opesource, and widetysed software environment for statistical computing
and graphics. One of the most widely ustatistical methods of analysis of variance or simply
ANOVA. The ANOVA procedure was applied in R and evaluated using the Tiikayer
Honest Significant Difference test for all pairwise combinations of scenario to scenario and
precipitation event to pr@atation event. Each pairwise comparison was analyzed at a Type |
family-wiseerror rate of 5%with the null hypothesis tle1= 2and the alternative hypothesis,
Ha) €1l 2. &he null hypothesifor each pairwise comparison wihst the two scenarios are not
significantly different as factors within the linear model. If the error (p) is < 0.05, then the null
hypothesis is refed and the difference between scenarios is significant. If the error is (p) > 0.05
is failed to be rejected.he TukeyKramer method must be used to analyze all sets of pairwise
comparisons, and it assumes normal distribution, homogeneity of variadaadapendent
observations within and among blodkécDonough, 2015)The code used in R can be folin

Appendix B
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Chapter5-Resul ts and Discussi

The results discussed in this chapter indicate that impletnemf a 150 ft. riparian
bufferand increasing the percent of water that flows through green spaces before reaching the
stream to at least 25% reduces peak inflow, total volume of inflow, and flood extent. These
reductions are most prominent for the eraquality and smaller storms. However, significant
peak inflow and total inflow volumeeductions were still seen for the 1@@ar design storm.
Theflood extent was reduced approximately 8% for the 1, 5, angaddesign storms with
implementation of &enario 25RMinimal flood extent reductions were seen for the-$68r
design storm. Thegesults indicate that increasing green infrastructure does increase the climate
change resiliency of transportation infrastructure, however additional structa@ldbntrol is
needed to reduce flood extent greater than afékfor flood control of design storms of 100+
years

While water quality was not explicitly evaluated by the BRW and TCW models, the
increase in infiltration observed by reduced inflow volumneécate that more water is treated by
percolating through the soil and water quality improvements could be expected. No scenarios
decreased the peak discharge rate below bankfull flow, indicating the substantial erosion control

will not be observed by thél implementation
5.11D Statistical AnalysisResults

TheTukey Honest Significant Difference test was conducted to statistically examine
differences in peak and total inflow between scenasesSection 4.#for more informatioron
statistical analys). The varying levels of green infrastructure for each scenario are described in
Table4.6. Comparisonsvhich returned aalue of less than 0.05 indicated a significant

difference in peak and/or total inflow beten scenario able 5.). It is not surprising that the
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difference between 0% and 5% routing failed to be proven significaatl pairwise scenario

comparisonsOnly adding a riparian buffeand not icreasing the percent routed 0%ét failed

to yield a significant differencéor all results exceptfor the peak inflow at J06893508dding a

riparian buffer and increasing the percent routed to at least@®$36ed peak inflow and volume

significanty when compared to the baseline conditions, exagphe peak inflow at J17. This

could be due to J17 having a smaller contributing aredespdak inflow values are lower than

at the following junctions.

Table 5.1. Results of the Tukey Honest Significant Diffeence test. Comparisons with a ¢

value of less than 0.05 indicate a significant difference between the results, and are shaded
in gray.

J06893500 J17 J27

Peak Inflow Volume Peak Inflow  Volume Peak Inflow  Volume

. : Fail to Fail to Fail to Fail to Fail to

SN-ON Fail to Reject Reject Reject Reject Reject Reject

. : Fail to Fail to Fail to o Fail to

5N-25N Fail to Reject Reject Reject Reject Significant Reject
5N-50N  Significant Eaeljlet(?t Significant Eaeljle:[(c:)t Significant  Significant
5N-75N  Significart ~ Significant  Significant ~ Significant  Significant  Significant
i)l(\)ION Significant  Significant ~ Significant  Significant ~ Significant  Significant

. : Fail to Fail to Fail to Fail to Fail to

SN-OR  Fail to Reject Reject Reject Reject Reject Reject

o Fail to Fail to Fail to Fail to Fail to

SN-5R Sz Reject Reject Reject Reject Reject
5N-25R  Significant  Significant Eaeljle;[(?t Significant  Significant ~ Significant
5N-50R  Significant  Significant  Significant  Significant  Significant  Significant
5N-75R  Significant  Significant  Significant  Significant  Significant  Significant
?SIOR Significant  Significant  Significant  Significant  Significant  Significant

Each rainfall event was also compared to one another to evaluate statistical significance.

Every rainfall eent was significantly different from one another, except three pairwise

comparisons. The comparison of thengh, 6 hour storm and 1.3ich, 24 hour storm failed to
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be proven significant for any results. This shows the impoe@f the rainfall intensit A

smaller volume of rainfall occurring over a shorter period of time can cause the same or greater
amount of peak and total inflow than a larger volume of rainfall over a longerRigtadio

Tukey Honest Significance Test results for scenscenaricand stormstorm comparisons for

peak inflow and volume at each station can be found in Appé&hdix
5.21D Model Results

Each Gl scenario was compared against the baseline (Scenario 5; Table 4.4) to
guantitatively assess the impact of increased LID on tfirlaange resilience for transportation
infrastructure. The change in peak inflow and total inflow were evaluated at three different
locations (17, J06893350, and J27) in the 1D Tomahawk Creek WateFsipaek$.1). Junction
17 is located adjacent to U.S. Highway 69 and has 3270.2 hectares of contributing area. Junction
06893350 is the USGS gage that the model was calibrated to and has 59.8% more contributing

area than J17. J27 is the outfall of the model and H4sm88re contributing area than J17.
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Figure 5.1. Peak and total inflow are monitored at three locations (J17, J0O6893350, and
J27) in the Tomahawk Creek Watershed.

The hydrographs and tablsisowing the percémeduction in peak inflow and volume for
each scenario comparison to the baseline for each design storm at each of the monitoring
locations ardocated in Appendix D. The percent change for each scenario was determined by
Equation 5.1.

WOl | & QOVBERNQQE @b D& 0 Q
wp T T
WOl 1 BEDQQD ®ad P

5.1)

The scenarios varied the percentage of runoff routed to pervious (indicated by the
scenario number) and the inclusion of a ripakiaffer (indicated by R)Table4.4). Substantial

reductions in peakiflow and total volume were observimt the tinch, 24hour eventTable
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5.2) (Figure5.2). Scenario 100R, thmaximum Gl scenariagesulted in the infiltration of all the
precipitation before reaching J17, and J06893350 and J29&8aand98% reductions in total
inflow. Scenario 100RIsoresulted in 95% reductions in peak inflow and total volume for the
water guality storm (1.37inch, 24hour)at J17(

Table5.3). However, the reductions were less prominent at J27 and J17, likely due to the
higher contributing drainage area (

Table5.3). These results show thategmn infrastructure is highly effective at reducing
both peak inflow and total volume of discharge for 1ir&h and lower, 2sour storms, which
in Kansas City represents 90% of all stormwater runoff volume on an annualArRAaia,,
2012) These results are castent with other studies that found implementing green
infrastructure successfully treated small storms. Akhter and Hewa (2016) found that
implementing bioretention to treat 100% of the impervious area effectively reduced the peak
inflow and total volumef 2-20 year floods.

The geospatily varying discharge reduction benefit$ Gl can be observed by
comparinghe hydrographs shown Kigure 5.3, 5.4, and 5.%he hydrograph is reduced to
al most a straight | ine f or dSaaetnearrdrigne®s3dNIR/,, 7(5 R,
while the middle of the watershed, J06893350, has higher discharge values and less flattening of
the curve Figure5.4). The hydrograph at the outlet of the watershed, J27lglossembles
idealized hydrographs showing the flattening of the hydrograph frorrdpestopment to pre
development condition$-{gure5.5). These results indicate that the increased climate resilience
benefits received from Gleghend on the location of the transportation infrastruckoesmaller

storms, the Gl peak inflow and volume reduction benefits were most prominent in the
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headwaters. For larger storms, the peak inflow reduction for all Gl benefits from all increase Gl
saenarios tended to be highest from
Table 5.2. Percent reduction in peak inflow and total volume of inflow from current

conditions for the 1-inch, 24-hour precipitation event. Shading indicates statistically
significant results.

1-inch, 24hour

Peak Inflow (cms) Total Volume ()

Scenario J17 J06893350 J27 J17 J06893350 J27
0 -22.21 -11.08 -6.27 -11.32 -9.75 -9.85
25 71.59 39.37 25.09 37.09 34.80 35.17
50 92.79 77.58 56.76 67.96 67.87 69.27
75 97.97 91.07 87.% 92.36 89.31 91.13
100 100.00 95.62 98.78  100.00 94.13 96.39
OR 41.77 21.22 4.75 30.78 25.77 25.03
5R 57.51 29.22 11.07 37.81 32.65 32.06
25R 90.31 58.90 36.10 59.29 56.42 56.60
50R 96.39 86.52 66.45 78.81 79.76 81.23
75R 99.78 94.83 93.14 96.01 9274 94.66
100R 100.00 97.86 99.32  100.00 95.63 97.70

Table 5.3. Percent reduction in peak inflow and total volume of inflow from current
conditions for the 1.37inch, 24-hour precipitation event. Shading indicates statistically
significant results.

1.37%inch, 24hour

Peak Inflow (cms) Total Volume ()
Scenario J17 J06893350 J27 J17 J06893350 J27
0 -6.44 -9.36 -10.87 -8.60 -7.72 -7.97
25 25.07 27.85 29.48 31.58 27.40 27.93
50 51.25 44.57 27.66 61.13 50.42 50.76
75 62.17 48.44 28.52 77.57 62.45 62.75
100 89.20 52.82 30.13 93.36 73.19 72.87
OR 23.61 18.49 16.43 22.92 19.68 18.87
5R 30.12 25.39 21.23 29.78 26.03 25.48
25R 51.93 45.46 35.46 53.77 47.66 47.64
50R 69.55 57.28 38.27 74.48 64.51 64.44
75R 8046 59.47 43.33 86.60 73.51 73.48
100R 94.95 61.93 46.57 95.34 78.52 77.85
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Figure 5.2. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the X-inch, 24-hour storm at J17.
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Figure 5.3. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the 1.37inch, 24-hour storm at J17.
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Figure 5.4. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the 1.37inch, 24-hour storm at J06893350.
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Figure 5.5. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the 1.37inch, 24-hour storm at J27.

The similarity between the 1.3ich, 24hour storm and-inch, 6hour storm can be

observed by comparing their nearly indistinguishable hydrographs (Figure 5.5 and 5.6). This
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shows how increasing intensity of storms due to climate change is comparable to increasing the
volume of precipitation at the same intensitys also important tmote that the hydrographs
displayed from theventbasedstorm events are not taking into account base flow and

antecedent moisture conditions. The initial and final discharge is in addition to whatever

baseflow there would be in the channel at the stoomption.
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Figure 5.6. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the %inch, 6-hour storm at J27.

The peak flow and total inflow redtions from LID decline with an increase in design
storm magnitude, which is understandable becauset@ically designed to treat the water
guality volume storm (1.3ihches, 24hour) in Kansas CityThis aligns with the research from
McDonough (2017)hatthe extent oflood and erosion regulating serviascreases as the size
and magnitude of storm even increases. likely that the soils in pervious areas become fully
saturated during the larger steawents and are unable to infiltrate more wat®wever, after
the large drop in reduction from the 1-:Bi¢h storm to the -year storm, isnilar reductions in
peak inflow and total volume were observed for both tgedr, 24hourstorm(Figure5.7) to

the 100-year, 24hourstorm (Figure5.8) comparing scenario to scenaritese results show that
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there is still a significant peak inflow and total inflow reduction observed by adding a riparian
buffer and increasing the percent routed to pervious abeMeeven for the 109Qear, 24hour
design stormTable5.4). As the 106year flood event is predicted to occur everylHyears in

the future due to climate chanf@idirabayashi et al., 2013%hese significant reductions become

especially promisingAdditionally, these reults are consistent with other studies of green

infrastructure.
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Figure 5.7. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the tyear, 24-hour storm at J17.
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Figure 5.8. Hydrograph displaying changes between baseline conditions (scenario 5) and
varying levels of Gl implementation for the 100year, 24hour storm at J17.

Table 5.4. Percent reduction in peak inflow and total volume with addition of 150 ft.
riparian buffer and 25% fAidi sconnectednesso.
results.

Scenario 25R

Peak Inflow (cms) Total Volume m°)
Storm J17  J06893350 J27 J17 J06893350  J27
lin, 24hour 90.31 58.90 36.10 59.29 56.42 56.60
lin, 6-hour 51.36 49.53 44,41 55.85 49.74 49.93
1.37in, 24hour 51.93 45.46 35.46 53.77 47.66 47.64
1.37in, 6hour 20.06 29.63 28.97 28.27 26.13 25.34
1-year, 24hour 13.94 12.87 14.59 7.43 8.18 7.51
5-year, 24hour 10.60 5.01 3.97 4.18 4.98 3.55
10-year, 24hour  9.80 4.90 0.70 3.66 4.52 3.86
25year, 24hour  8.88 2.85 0.52 3.24 4.06 3.85
100-year, 24hour 6.51 2.20 0.47 2.78 3.56 4.39

The peak inflonand total inflow reductions increase as the percent routed to impervious
increases, reaching a maximum reduction with 100% of runoff from impervious areas being
routed to a pervious surfadeifferent junctions see the highest reductions in peak inflotetat
volume depending on the storm, indicating that different processes dominate varying with

precipitation levehnd location within the watersheéor example, the highest reduction in peak
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inflow and total volumdrom the baseline (Scenario 5) to Saema 00R occursit J06893350

for the Tyear, 24hour storm(Table5.5). This could bébecause J06983350 has the highest

concentration of impervious cover in its contributing afgégure5.1). Meanwhile, tle peak

inflow reductiondrom the baseline to Scenario 10@r highest at J17 for theirich, 24hour;

1-inch, 6hour; 5year, 24hour; 10year, 24hour; 25year, 24hour; and 108/ear, 24hour

storms. Tis could be due to smaller watersheds tendingtoli f | as hi er 0

(Baker et al., 2004; Mogollon ek @2016) J17 has the smallest contributing area, so it would be

t han

consistent with previous studies for the largest chaimgesak inflow to be seen at the junction

closest to the headwateybthe TCW(Baker et al., 2004; Mcdonough et al., 2017; Mogollén et

al., 2016)

Table 5.5. Percent reduction in peak inflow and total volume with addition of 150tf
riparian buffer and 100%

fidi sconnectednesso.

results.

Scenario 100R, "Maximum GI Implementation”

Peak Inflow (cms) Total Volume ()
Storm J17 J06893350  J27 J17 J06893350 J27
lin, 24hour 100.0 97.9 99.3 100.0 95.6 97.7
lin, 6-hour 100.0 77.3 71.1 99.9 86.4 86.9
1.37in, 24hour 95.0 61.9 46.6 95.3 78.5 77.8
1.37in, 6hour 42.5 43.6 39.5 50.7 44.8 43.3
1-year, 24hour 22.0 24.6 22.6 13.0 15.1 14.2
5-year, 24hour 20.9 11.3 10.8 8.1 9.9 7.4
10-year,24-hour 20.1 10.7 4.3 7.1 8.8 7.6
25-year, 24hour 19.2 7.3 5.8 6.4 7.9 7.4
100-year, 24hour 19.2 7.5 1.6 8.3 11.4 12.1

With an average of 33.6% impervious cover, Tomahawk Creek Watershed is well above

the threshold (>25% impervious) that will likelgsult in stream reduction being reduced to that

of a stormwater condufKaplan and Ayers, 2000t is also well above the threshold of

impervious cover (>120%) where urban stream quality is consistently classified as poor
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(National Research Council, 2002khter and Hewa (2016) also observed significant increases
in Flow Duration Curves, meansdiharge, and Flood Frequency Curves once impervious cover
exceeded 10%. It can be challenging to change the percent of impervious cover in an almost
entirely builtout environment. fieaboveresults indicate that significant peak inflow and total
volume reluctions can be seen from thénth to 100year storm without decreasing the percent
impervious cover throughout the watershiedteadthe percentage of runoff fronmpervious
areas that is directed onto pervious area before reaching the subcatchieent stream
conduitcan be increasedhis is an example of increasing the disconnectedness of impervious
surfaces, sth as disconnecting roof guttehscreasing the percent routed to at least 75% showed
significant reductions in peak inflow and tot@lume for every design stotraven without
riparian buffer implementatiofTable5.1). Increasing the percent routed to at least 50% resulted
in significant reductions in peak inflow at all junctions across all design stormauvitho
implementation of a riparian buff€Fable5.1). These results are consistent with the results from
Waters et al. (2010) that found 50% disconnection of roof gutters reduced runoff volume and
peak discharge below present valwesh greater reduction seen with 100% disconnection.
Implementingonly a riparian buffer, and maintaining percent rouéd% did not
achieve significant peak inflow and volume reduction benéfable5.1). However, once a
riparian buffer was added and percent routed increased to at least 25%, significant peak inflow
and total volume reductions were observed across all storms at all junctions. Except significant
peak inflow reductions were not observed at J17 until percentroesehed 50%l hese results
show that coupling the riparian buffer and increased disconnectedness is more effective than

either of the practices individually.
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While rivers are often only thought of in terms of conveying water, equally important to
their form and processes is the sediment load they carry. Bankfull flow occurs when the channel
is just at the point of overflowing onto the floodplain and typically occurs every 1.1 years in
urban stream@Rosgen, 1996) The bankfull stage fAcorresponds
channel maintenance is the most effective, that is, the discharge at which moving sediment,
forming or remoing bars, forming or changing bends and meanders, and generally doing work
that results in the aver age (Duoneantlocbpold, 1928) c har a
No scenarios decreased the peak discharge rate below bankfull flow, indicating the substantial
erosion control will not be observed by the Gl implementa#aiditionally, the largest
reduction in the duration of time the discharge was above bankfull, was only 15 minutes for the
maximum GI scenario for theylear, 24hour storm.

1-year, 24-hour @ 127 1-year, 24-hour @ 127

Figure 5.9. Green Infrastructur e failed to decrease the peak discharge below bankfull flow
or substantially decrease the duration of time the discharge was above bankfull flow.

However, the critical shear stress of the bané bedsoil also influences the
approximate erosion threshadd should be analyzed to improve erosion threshold estimates
(Lammers et al., 2019or example, a stream with fine loam bed material will be more
susceptible to erosion at the same discharge rate that a stream with coaragebatwould not
see erosiofPomeroy et al., 2008yVhile erosion rates were not explicitly modeled, there are

many examples of Gl reducing stream erosion inditee.Lammers et al. (2019) looked at
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increasing bioretention across a watershed along with channel restoration ad found that
implementing rain gardens to treat the excess urban runoff volume (EURV) reduced pollutant
loading 70%Pomeroy et al. conductedstudy of how stormwater management design criteria
can maintain geomorphic stability in Kansas City Metropolitan Area Streams and found that
reducing runoff volume is essential for controlling channel erosion. Although a runoff volume of
30-65% was neceasiry to restore prdevelopment hydraulic conditions in urban streams in
Australia(Anim et al., 2019)Reducing the magnitude and duration of peak flaise helps

minimize channel erosiofbammers et al., 2019YVhile all of these results point to the erosion
reducing potential of the significant peak flow and volume reductions from Gl implementation, a

study focusing on erosishould be conducted to conclusively determine the erosion benefits.
5.32D Model Results

The Tukey Honest Significant Difference test was conducted to statistically examine

differences in flood extent between scenarios 5N, 25R, and 100R (see Sectawmibref
information on statistical analysi€fomparisons which returned avplue of less than 0.05
indicated a significant difference in flood extent (Table 5.1). The null hypothesis was rejected for
all flood extent comparisons, indicating they wereproten to be significantly different. This
could be due to all of the flood areas being hundreds of thousands of square meters. Each of the
rainstorm comparisons were significant, except the 5 angdfstorms were not proven to be
statistically differat.

5.31 Tomahawk Creek Watershed
Scenario 100R, the maximum GEksario resulted in 14149.9%o0f the flood extent being
reducedor the 1, 5, and Xear stormsTable4.6) (Figure5.10-11). Additionally, the flood

extent reduction was larger than the total inflow volume reduction observed at J17 for the 1, 5,
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and 10 yeastorms. The difference in flood reduction between Scenario 25R and Scenario 100R
are not significantly different nor very largedinating increasing percent routed to at least 25%
will achieve most of the benefits an increase to 100% would achieve, witiarstidiy higher
return on investment he flood reduction benefits were substantially smaller for they2@0
storm(Table5.6). Scenario 25R did not result in any flood reduction, and Scenario 100R only
resulted in a 2.7% reduction in flood exténable5.6). These results indicate that implementing
green infrastructure and garian buffer will reduce flood extent approximately 10% foryg@r
and under storms, but will have minimal results for large {{r+) storm event§&eosyntec
consultants modeled a 82% reduction in the number of inundated structures foy&ee, 28-

hour event and 29% reduction in the number of inundated structures for tgearQ@4hour

event for their maximum GI scenario (2017). However, their large percent reductions can be
accounted for in the extensiveness of their maximum Gl scenariojc¢h wiereasing the

percent routing accounted for only 10% of the GI measures implemented. Additionally, the
substantial reduction in flood extent between the/@&r and 1§/ear event is consistent with the
flood extent results presented here.

Table 5.6. The percent reduction from current conditions of 2D flood extent and 1D total

inflow volume at J17 for Scenarios 25R and 100R. All 1D results are significant, 2D results
were not tested for statistical significance

l-year, 5-year, 10year, 100vyear,
24-hour 24-hour 24-hour 24-hour

2D Flood Extent Scenario 25R 8.0 79 78 -1.2
Reduction Scenario 100R 14.4 9.9 113 3.7

1D Total Inflow Volume Scenario 25R 7.4 4.2 3.7 2.8
Reduction at J17 Scenario 100k 13 8.1 7.1 8.3

If the magnitude of flood peaks does not increase substantially due to climate change, but instead
the frequency of storms increases as Mallakpour and Vallggtihb)found, green

infrastructure can help increase climate change resiliency of transportation frequency. This is
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evidenced by the reduction in flood extent I6ryear and smaller storms. Additionally, green
infrastructurenas greater capacity to adapt to increased precipitation than grey infrastructure
(Moore et al., 2016 However Milly et al. (2002) found that the frequency of floods above the
100-year level increased substantially during th& @éntury and is predicted to increadehk
100-year flood occurs every 180 years as Hirabayashi (2013) predicts, these results show tha
the flood extent will not be greatly reducétbwever, one benefit of the riparian buffer

implementation is that flooding extent within the buffer would not result in any property damage

| MAXDEPTH B osrt-31061m-076m
[ J<6in <015m Bl :i-33% 0tm-1m
[ len-1totsm-ozm [l z31t-20t1m-15m
[in-15n03m-c46m [l 2ont-66m15m-2m
| I 1srt-2n046m-o61m [l sort-s2f 2m-25m
A I z2rt-25061m-076m [l s2tt-102ft25m-31m
I i=x Gi Flood Reduction

2D Cell Extent

Figure 5.10. There was a 14.4% flood extent reduction for the-Year, 24hour storm in the
Tomahawk Creek Watershed with maximum GI measures (Scenario 100R) implemented.
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Figure 5.11. There was 89.9% flood extent reduction for the 5-year, 24hour storm in the
Tomahawk Creek Watershed with maximum GI measureg¢Scenario 100R)mplemented.
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Figure 5.12. There was a 11.3% flood extent reduction for the 9ear, 24hour storm in
the Tomahawk Creek Watershed with maximum Gl measures (Scenario 100R)
implemented.
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Figure 5.13. There was a 3.% flood extent reduction for the 100year, 24hour storm in
the Tomahawk Creek Watershed wih maximum Gl measures (Scenario 100R)
implemented.

5.3.2 Blue River Watershed

The flood reduction extent was observed to be 0.3% for Scenario 25R and 1.8% for
Scenario 100R for the-year, 24hour design storm. A potential cause for this problem is the
boundary layer of the 2D mesh not being large enough for the larger volumes of water consistent
with larger contributing watershed area. This can cause floodwaters to pool and backup against
the boundaries. Results more consistent with the results presebt8dli are expected if the 2D
mesh layer is extended. However, the modeling time will increase with the increased number of

2D cells.
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