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ABSTRACT

AThe Fargo Project o lapicaa 18 stormwatEraeteptomn
basin that was retrofitted in 2015itelude an earthenhannel, sediment forebay, and various
native vegetation within the floodplain and chasn@loals of this study were to assess how the
postretrofit eartherchannel performs relative to the pretrofit concretechannel in terms of
conwyance of small storms, and to estimate infiltration and evaporation from theoft
detention basin during various storm sizes and intensities. Results showed thahaitieougel
roughness ultimately increased in the prestofit basinand alloved for greater instances of
flooding for one channgkrosion of the main channelith a larger urbanized contributing area,
resultedn behavior similato that ofthe preretrdit main channel for small storm§lodeled
infiltration and evaporation showedotal abstraction ranging between 2.9% and 1Xof/#be

maximum ponded volume for various storm sizes and intensities
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1. INTRODUCTION

Within an urban context, stormwater is considered a nuisance due to the possibility of
flooding and subsequedamage to roads, buildings, amither infrastructure. Therefqre
engineering design for stormwater marrage traditionally consists of removing wateom a
site as quicky as possible using concrete pipes and chaniéligms et al., 2006 The
increae in urban sprawl alongside hi®rementioned method of stormwater management
significantly alters theydrologic regimerandin turn increassincidences of floodingand
alters watetemperature@nd chemistry, ultimatelglegradghg ecosystems of naturalater bodies
(Roy et al., 2008 Literature regarding stormwater management consists of variable
nomencature such as watesensitive urban design (WD), best management practices (BMP),
stormwater control measures (SCM), sustdmabban drainage syshs (SUDS), green
infrastructure (Gl), and other labelsat generally describe the broad range of stotemwa
management techniques available (Fletehex., 2015). In this study, stormwater control
measur es ( SCMO©Gdejcribeihd variouséhniquasseigkd tb rmanage stormwater
through reduction or attenuation of water quantity and quality.

It isimperative thatnore holistic types C M beautilized in an attempt to restore natural
hydrology of a watershed and reduce ptalhi loads to a wateodly (National Research Council,
2009).While traditional detention/retention basins are regularly usedaans to reduce peak
flow and flooding in many urban areas, more holistic approaches to stormwater management
have emerged tmcludeinfiltration, rainwaterharvestinggreen roofsbioretentionand low
i mpact design (LI D) tagigributed & bbdtsalizad manner withira ei t h e
watershedAlthoughd i s t r i b uhawe deerSsGchb8ssthroughout the literature in reducing

total rundf volume and increasing water qugl{t_operfido et al., 2014; Li et al., 201, #hese



techniques are a@hexpensive or difficult to incorporate iném already establishenbanarea.
Therefore retrofitting of inplace detention/retentiasffers a lav-cost alternative in comparison

to other SCMO6s whi ihfikratipnpevapotranspardtid apd wiatar gqualéyaok i n g
urban watersheds$laberland et al., 2012).

The overall goatf this study waso develop an understandinghadw stormwater
management has changed through the yeard thedifficulties involved in regulating thiarge
scaleprocesesthat are involved in stormwater runoff apoint source water quality issue.
While there has been a push towards holistic management techipicpuésiisly built
stormwater managemestructues still widely exist within densely populated urlzaeasand
offer an opportunity for retrofittingrherefore,current techniquesgsed to retrofit previously
established detention basins, that were soledjgded for attenuation of stormwater, and the
resulting effects on both water quantity and qualieye amlyzed This was done through a
literature reiew, albeit brief due to a relatively small pool of retrofit studies compared to
research on other strwcal stormwater techniques. Additionalig;situ research involving a
retrofit detention basin tmted h Fargo, North Dakota was alsompleted byutilizing low-cost
monitoring techniques similar to that of Tor&916 to determine performance afpog-retrofit
detentiorbasin with regards to channel floodiddore advanced modeling techniques wais®
usedto compare preand postetrofit basinchannelperformance, as well @8 estimatgost
retrofit water volume, infiltration, and evaporatiaorcss various size storms between May 1,
2018 and September 31, 2018

1.1 History of Stormwater Management
The earliest recorded evidened S C Mida cointol and water resources date back

to the Mesopotamian empire and include engineered straguoch as cisterns to hold and store



rainfall and runofiNational Research Council, 2009Yithin recenthistory and modern times,
stormwater is viewet as a potential hazard to people and infrastructure due to an increase in
runoff from impervious urbarnraas and subsequent increpetential for flooding With the

need to protect human health and propdr®f,and 2" century stormwater management

techniques using pipe systems were created in order to quickly route runoff to the nearest natural

water lody (Subramanian, 20}7This in turn would cause floadjj and bank erosion
downstream that was soon fixeg enlarging and armoring stream channeisreasing flooding
and erosion even further downstream (National Research Council, 2009). Regionak#rad on
detention basins with concrete lined channels websequently used in order to reduce peak
flows but offered no solution to reducing total vale and alternatively, allowed runoff from
small storms directly through the basimattenuated (Nation&esearch Council, 2009). These
techniques degraded egetems of streams, rivers, and lakes throughaditer of natural
hydrologic regimes and relea of various pollutant$S(ubramanian, 20}7In order to combat
degradation of natural water bodies frdmse stormwater management systems, regulations
addresing water pollution began to appear and infludr 8@ M6 s u s e d ince thessen
regulations focused on a water quality approbglattempting to redugeollutant discharge
most stormwater anagement systems still utilize-site and regional dention to control
stormwater quantity despite hagibetter practices available.

1.2 Regulaion of Stormwater

The Clean Water Act (CWA) of 1972, reorganized on the basis of the 1948 Water

Pollution Control Act, gave the US Environmental Protection AgdiEPA) control to
implement programs with theogl of reducing poinssource pollution dischge to surface waters

(Federal Water Pollution Control AQ003. Although the engineered conveyance auatfall of

ci ti



stormwater falls under thaefinition of pointsource pollution discharge, the CWA ultimately
limited pollution discharge of effluent basew best available pollution technology to industrial
and municipal dischargers that obtained a Nati®adition Discharge Elimination System
(NPDES) permitfranzetting. . The EPA®Gs e x efmmNPDES peonittingst or mw
was due to the difficty in controlling the unpredictable behavior of stormwater throughoénd
pipe controls, and the largemberof permits required to be issu@dational Research Council,
2009). Despite the fact that stormwateas not initially included in regulation, $& such as
Florida, Washington, Maryland, and Oregon implemented programs to deal with water quality
ard quantity (National Research Coun&009). With ongoing regulation of point source
discharges from sewatreatment and other industrial sites, it@me apparent that stormwater
from urban areas played a larger role in stream degradation and conlyegmentdments were
made to the CWA.

With the passing of The Water Quality Act (WQA) in 1987, revisiorthe @€ WA were
made to account for dischargestérmwater from industrial and municipal sources in a two
phase approachUgited States Environmentald®ection Agency, 2004 This kept perntting
authority with the EPA but also gave the agency the abditetegate permitting authority to
states withprograms equal or exceeding the federal program stand@&ubsafnanian, 20}7
Phase | Stormwater re@tions were put into effect in 1990require permits for large
municipal separate stormwater systems 4MpBfer citieswith populations greater thar©0,000,
industrial activities, construction activities five acres or more, or any other large cansitout
water quality through stormwatdischarge United States Environmental Protection Agency,
2004 National Research Council, 2009). These mumicgnd industrial/construction permits

required holders utilize various control or engineering techsitueeduce pollution discharge



to themaximum extent practicable (MEP), and to implement best availdteaiogy (BAT)
and best conventional pollutacontrol technology (BCT) to limit pollutiorUnited States
Environmental Protection Agency, 2004h 1995, Phase Il Stormwater regulationsrevput into
pl ace and i nc incaneunitiesvittad ppuahbs Kkss than 100,000 and
construction ges between one aribe acres. EPA standards regarding permits of municipal,
industrial, and construcin activities vary in how pollutant sicharge is controlled and how
monitoring is conducted (National Reach Council, 2009). Additionally, since statwere
granted NPDES permit authority, variations in aforementioned standards are seen between states,
especially where total maximum dailyalds (TMDL) of impaired water bodies have been
calculated.

Municipal, industrial, and construction NPDES permitders must develop a
stormwater plan in order to reduce pollutant discharge to water bodies, thouigbmeais for
respective plans differ. dlders of MS4 NPDES permits are required to develop a stormwater
management plan including best management pcaetis ( BMP&6s) t hat cover si
measures of public education/outreach, public participation/involerntiesit discharge
detection/elimintion, construction site runoff control, pestnstruction site rurfb control, and
pollution prevention/good hoakeeping (United States Environmental Protection Agency,
20053. The goal of this stormwater managemgan is to reduce pollutant runoff adcharge
to the maximum extent practicable through measurable gaaluced by selected structural and
nonstric t ur al Uriked Btatss Efvironmental Protection Agency, 2005a These BMPO s
are selected from an BRssued menu pertaining to all six rmmum measures included in the
stormwater management plan, while tperator creates measurable goals to be imigally,

MS46s under Phase 1 were required to conduct



which in turn could be used to creafluent limitations, as well as necessary inspection of
industrid and construction activities within the muipal area, but under Phase Il permits this is
no longer required (National Research Council, 2009).

Holders of industrial and construction NEB permits must develop a stormwater
pollution prevention plan (SWEP)i ncl udi ng BMPG&6s t arbsiowi | | be us
sedi ment, and pollution associated with storm
and BCT standards, or if technoleggsed controls are ineffective for impaired water$MDL
must be calulated and not exceedddrited States Enviramental Protection Agency, 2005b
Industrial and construction permits have certain monitoring criteaiamust be met in order to
determinghe effect of the developed SWPPP on stormwater. For industmaltpea
representative number from each indiasttategory must collect a sample four times in a year to
monitor benchmark pollutant parameters, agdin if benchmark levels are exceeddtional
Research Council, 2009). While all industrial permit leadtinust visually monitor stormwater
via a gréd sample four times a year, only visual characteristics are noted (National Research
Council, 2009)Similarly, construction permit holders aoaly required to visually interpret
stormwater discharge characdséics regularly (National Research CouncD08).

1.3 Challenges in Regulating and Managing Stormwater

Challenges in regulating and managingstwater are present, especially whenueffit
limitations are not set and stormwater discharge is onlyageras a pollutant, but there are
additional easons why stormwater management systems to control quantity still mainly consist
of traditional concre conveyance and regional catch badimdike NPDES permits governing
wastewater, which limit dischargdfluent to a certain federal standard, fedstahdards for

l' i mits of stormwater pollutant di schcaactpgge ar e



as a proxy to reduce pollutiavithout monitoringeffectiveness (National Research Council,
2009). This is mainly due to the fact that polloi generated by stormwater discharge varies
between locations with different geology, topography, lasel and storm characteristics,
making generionesizefits all solutionsineffective Therefore, stormwar discharging sources
have the ability to cate a stormwater management plan that must be approved by meeting
requirements of the permitting stgtéational Research Council, 2008ecauseavater quality is
the sole focus for regulations on stormwaisdtarge from urban areas, managing water
guantty to protect infrastructure and human health from flooding is done so by traditional
methods, and degdation of water bodies is origg due to high volumes of flow being
discharged to natural streams anes (Burns et al., 2012)

Shifting ideas towals regulating water quantity and flow within an urban system could
ultimately lead to a more holistiand use approach in dealing ivgtormwater management
because of inherent benefits that involve watedityy groundwater, and ecosystem health
(Subramanian, 201y Stormwater management systems that treat flooding and water quality
separately throughipe and catch basins and genestruicturalandnos t r uct ur al BMPG6s
respectively, fail in comparison sygems that use LID or retroflt y p e B Prénsote
infiltration and natural hydrologySubramanian, 201 Roy et al., 2008 Though these pctices
of managing stormwater@ashown to be effectivia reducing flow volume, pollutant loads, and
increasng groundwatefor somecities and stateacross the U.Shat had stormwater regulations
prior to thefederalstormwater program, they are notlely utilized because of cosadk of
performance research, and engineering and regulation standanigsgNaesearch Council,

2009;Roy et al., 2008



Unlike wastewater systems, which are funded under the CWA, stormwater system
design, implementatiomnd research is unfunded fooshwater dischargers (National Research
Council, 2009)Therefore projecs involving stormwater quality or quantity hateecompete for
funding with other projects such as infrastructure, public safety, and flood cortirch are
usually deemed more irogant. Although, even wheal or LID type designs are more cost
efficientthan large traditional conveyance systemsy e not utilized because of uncertainties
in performanceRoy et al., 2008 Engineers have historibabeen taught to deal with
stoomwater through flood control methods, and since these methods arefeetiyesfadopting
more complex approaches aiffidult even when they can improve groundwater recharge, water
guality, and receiving water ecology.

1.4. Case Studies

Although many studies of SCM type, frequency, and distribution are present throughout
theliterature across various cities and statesfacus of this case study review is of detention
basin retrofits due to the relevance to this théisis.also impotant to note that many cities once
used or still utilize traditional detention basinstasrtmain technique for stormwater
managemengnd therefore possible retrofit plans can be put in to place instead of other more
complexand expeng&v S CMO6s .ofTyprisealrch across all types
detention basin retrofit studiesciasson water quality and quantity, as welliagacts retrofitting
has on flood control. Furthermore, case studiesstilyretrofitting of traditianal concrete liad
detention basins do so through alterations to the basin channel, floodplains, smfjetaton,
or employchanges to the outletracture type, shape, siz&nd opening/closing frequency, while

others employ a combination of the tWidnerefore this reviewwill be organized on the basis of



the aforementioned retrofit types seen in thediure and arsubsequently renaméxblistic and
outletretrofit approaches

While information and projects involving holistic detention basin figrare often gen
with a quick online search, only a handful of studiesaaeglablewithin the literatirefor
performance evaluatioithis is likelydue to the generally new concept and therefore limited
scientific backing for municipalities to emplgych renovationdNonetheless, holistic
approaches to detention basins can include the simple remowal@ételined channels and
planting of nativadetland vegetation, to introduction of sediment forebays and engineered soil
material. Although not coidered a typicatetrofit detention basin, the California Department of
Transportation introduced multipla+lined detention basins within existing tgay
infrastructureand one concretiined detention basin in order to compare removal efficiencies
between the two appaches (Taylor et al., 2001). Results stadtB% averageconcentration
reduction oftotal sugpended solidsT(SS for un-lined basins copared to only 23% for the
concretelined basin, and increasedncentratioremovalof phosphorous (27%jotal copper
(54%), total lead (70%), and total zinc (7Q%hile nitrogen and its various forms had a
decrease in concentratn removal Although if accounting for total load reduction in-ined
basins, udined basins had a better removal efficiettogn lined basins for all nutrients and
metals.The authors contributediidifference in load reductiobetveen unlined and oncrete
lined basins tanfiltration and resuspension, respectiveljjoran, 2016 placed water level
loggers at the inlet and et during both preand postretrofit periods for a detention basin. The
detention basin initially incldeda concretdined channel and mowed gradeddplains butwas
replaced by wetland vegetation. Results show that of 20efnafit period stormsrgater than 1

cm, all 20 storms showed a water level response at the outlet; In comparison, ofi&frqitst



storms greatehan 1 cm, only 5 stormrghowed an outlet water level respariséicative of
increased infiltratiorwithin the postretrofit bagn relative to the preetrofit basin.

Outlet retrofit approaches can be further divided into outistziag/dual opening and
active control structusg where the former usually has a tstage structure to limit flow for
small storms while still maintaing drainage efficiency for larger storms (Hawley et al., 2017,
Guo, 2007), andhe latterutilizes outlé closure and opening based on water levehitooed
TSS, or ponding time (Sharior et al., 2019). The main goals&izireg or dualopening outlés
is to increase ponding time for various storms while minimizing downstream flooding and
subsequent eram), therefore a precursor to actual instibatare modeling studies to best
optimize outlet size anstructure(Marcoon et al., 2004). Hawley et,&2017, optimized a dual
opening outlet system to decrease outlet discharge up teyese Besign stornm order to
reduce downstream erosivity whaéll maintaining the 10§ear drainage capacity. Alongside
reducing the total duration of erosive flsythe study also showed an increase in ponding time
relative to the praetrofit basin leding to increasd potential for sediment fallout and
evaporabn. Marcoon et al., 2004, also completed outlet optimization via modeling for various
orifice sizes anaveir elevations during the water quality storm in order to increase ponding time
with minimal upstream ahdownstreaneffect andshowed a general inase in ponding time
and outlet flow with an increase in weir elevation. Though this increase in pdirdangnd
outlet flow became less exponential and more linear with a decrease in or#difersigspectig
weir elevationsThe above studies offer gt in how to better manage detention basins based
on optimized static outlet structures, but thesecsséructures still offer limited control for

rainfall events that are dynamic aoccurinfrequenty.
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Useof automated or controlled valves at ousietictures give water managers the ability
to attenuate and abstract smaller storms or allmeff from successive smadindmedium
stormsto pond together before being released downstrédarmmated outlettsuctures within
the literature are controlldzhsed on a certaponding timeponded water levegr TSS
concentratior{Sharior et al., 2019; Middlen et al. 2008) while other studies also utilize weather
forecasts in order to initiatealve opening reratdy (Klenzendorf et al., 20155harior et b,
2019comparedhe exceedance of a maximum TSS and water level failure critanialople
outlet cantrol techniques that included on/off, detention, and TSS contralpassive control
outlet and foundhat the passive control exceeded the TSSstwkl more often in comparison
to the other outlet control methods. Alternatively, plagsive controld&d the lowest exceedance
of the maximum water level threshold, which was greatest for TSS and detemtimisco
Middleton et al., 2008 monitored thH#extiveness of an automatic outlet vathat stayed closed
for a set time after infiw to the basin awrred and subsequently would release the ponded
volume once the set time was niE2-hours in the studyResults of this study showetl91%
averageeduction between influent and effluent TSS, as well as greater than 50% reduction
between influent and dfuent copper, lead, zinc, nitrogen, and phospharkienzendorf et al.,
2015 show an average reductidrfd% between influent and effluent TSS fare#rofit
detention basin that includes a remotely controlled outlet based on waleddés, rain gauey
and weather forecast. For the same study area, Gilpin et al.,sk@iMs variability in
effectiveness fothe retrofit basin based on individual starsizes; While the retrofit basin
removeal 98% TSS in comparison to 71% TSS &or unalered detention s during a 0.33 cm

storm, the unaltered basin actually outperfeditihe retrofit basin in regards to T$$noval for
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a larger 1.40 cm rainfall. Thetrefit basin outperforradthe unaltered detention basin in
removal of E. coli concerdtion for both a 25 cm and 1.40 cm rainfall.

As previously mentioned, few studies exist regarding the performance dichyjie
retrofit detention basins that havedn altered through more natural means. These alterations can
include the replacement of existing conterined channels with earthenaterial, introduction of
native vegetation in floodplains, and installatid sediment forebays. The majority of these
studies focus on the numerical difference between TSS, nutrients, and heavy metals at the basin
inlet ard outlet. While a couple stigb have a water quantity aspect, no studies take a detailed
look at how chanel alteration effects the dynamics of a deiem basin in terms of flooding for
small storms, which controls the potential for infiltration and ett@mspirationlt is
hypothesized that an increase in flooding at both channels will occur due to iedreaghness
induced by a more natural chanaal inclusion of wetland vegetation throughddditionally,
while there are studies that estimatdltirsition for infiltration basins, which are dramatically
smaller in size then a regional detention basidusually include an engineered soil materia
infiltration within a detention basin is assumed negligible and is therefore not estimated.

Ultimately, this study develops novidchniques utilizing various modeling software
alongside detailed isitu dat to compare preand postretrofit channelmplications on flooding
as well as the estimation of ponding time and infiltration amounts over vatoyosss These
inexpensive tdmiques that estimate basin ponding time and total infiltration can be difitize
future case studies involving detentioasins to determine performance with regards to sediment
fallout and runoff abstraction, respectively.

Furt hermore, dffThei Faulgbi Mabelky a natur al

opportunity for daily feld work and observations. These observatioesised on sediment
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behavior in terms of channel erosion and deposition throughout both the chantiel basin.
Though not neceasily in question, this sediment behavior could potentially explain and tontro

processes that are occurring within theibasich as channel conveyance and outlet efficiency.
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2. MATERIALS AND METHODS
2.1. Study Site

The Rabanus drainage basin, located witfargo, North Dakota, is approximately 18
acres and collecstamwater frommore than 400 acres ofbanized commercia#tail areas. Up
until the summer of 2015 the basin consisted of a concrete channel aed p@ss, acting as
temporarystorage for stormwatéFigure 1) This preretrofit basin served the purpeof
collecting runoff from large rain events and subsedueateasing stormwater through the outlet
culvert Since the basin was developed priothe introduction of Fargo, Not h Dak ot a6 s
stormwater retention policy, which requires retention/detart#sins collect and store runoff
from the 10- and 100year ainfall eventsand subsequently reduce dischargthtorespective
pre-development rateia a twostage outle(Morlan, 2018) the current outlet likely releases
runoff fromsmaller rain eventat arate exceeding the A@ear predevelopment discharge rate
Furthermorewith even more frequent rainfalls that are less than teat rainfall @ent, water
waslikely able toflow directly through the basin without attenuation due to the concrete
chaand. The retrofit, known as thddohceete EBhammahd Pr oj ect ¢
introduced native vegetation into the basihich likely alterghe previous preetrofit basn
hydrologic regime in terms of conveyance of small storms and potemtiedses in infiltration
and evaporation.

Through a partnershiwith Jacki Brookner, an ecological artist, a community process
was developed that inaded engineers, ecologists, ndigrs, and designers toirdgroduce
natural ecology and provide a usaljja® for people. The maingoalsilfF he Far go Pr oj e
are tocreate a public space by engaging residents, provide a natural landscape experience by

restoring native prairie and weteadows, and improve stormwater quality by using ecologically
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friendly stamwater management techniquBsThe Far go Prndbefeundad websi t e
www.thefargoproject.com

The Rabanudrainage basin now includes an eantibbannel with intermittent vegetation
and rock riffles taattenuate the flow of water and promote meande@mymwate is conveyed
from south and northeast inlets to a northwest outlet. Immediately beneath tleasioritet,
which drains the majoritgf the contributing area, is a sediment forebay that iged to
decrease suspended sediment contained iuttegf. Alongside the natural channel and
throughout the basin, natural prairie vegetation is seen antbpes habitat and water quality as
well as infiltration and evapotranspiratigRigure 2) Althoughpre- and postretrofit basins
provide similar flood protetion, peakflow reduction, and temporary storage for large storms,
the postretrofit basinshouldprovideattenuation and the possibjliof increased infiltration and
evapotranspiration for srthaand more frequent storms due to a significant increasmighness

within the channel.
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Figure 1: Preetrofit Fiabanus detention basin consisting of md\grass and concrete channel
(Bing Images.
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Figure 2: Postetrofit Rabanus detention basinovnn as A The Fargo Projectao
channel, naturalegetation, and various structures for public usgger locations are also
shown.

2.2.Models
2.2.1 Hydrus-1D
Createdby) . Gi mIn@&jna&, H. Saito, M. Sakai, and
Hydrus-1D is the onalimensional version of Hydre2D/3D that simlates water, heat, and
solute movement within variably saturated media made up of heterogeneous nidtieaagh
the latter are verimportant for environmental health and agricultudaip sicaess, only the

former will be discussed due to the scopéhaf project.
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Many studies and models that incorporate infiltration utilize the Green and Ampt
equation, which is an analytical solutiof the physically derived Richards equation solved
within Hydrus1D. The Green and Ampt equatioruiimately easieto solvebecause of the
limited amount of data needdtioughit assumes deep drainage occiitds assumption cannot
be met due to threlatively shallow depth to groundwater at the wiiteand therefore the
Richards equation must be usétle Richard equation s based on Darcyods
a soil into a bundle of straight and smooth tubes in orderdarly relatethe tydraulic gradient
and a limiting factor, called hydunfic conductivity, to a volume flux of watethrough a saturated
soil profile:

. LYO 1
f s (1)

whereK is the hydraulic conductivityp H /isLthehydraulichead change per unit distance, or
hydraulic gradient, and is the flux of water moving throungthe soil(Hillel, 1998). Hydraulic
conductivity is unchangeas long as the soil renma completely saturated, and effectively
describeshe averagenacroscop structures within the soil profifer steady conditiongf
unsteady conditions prevail, vdhiusually is the case in a natural system, a differentiai fafr
Dar cy 6 s | edwo accaunt fobaechange in the hydraulic gradient:

A 0o (2)
whereq andK arethe same as previously defined a@H is the hydraulidieadwithin x, y, and
z coordinates (Hillel, 1998Although since the near surface zone of a soil profile is constantly
changingn regard tcsaturation,Dary 6 s | aw i s ineffecti vithi n
soil water and matric suction influence on hydraulic conductifdty. c h sgherefaresdeved

the equation:
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TT_b_n:n‘)rn"o ( 3)

whereU [ is the hydraulic conductivity asfunction of matric suctioandn "Ois as previously
defined, this equation uses the continuity equation in order to account for steady and unsteady
flow within a soil profike by relatingd (soil water content) tq (flux) in threedimensional space

at each time step. Hydis-1D simplifies his equation to only account flow within the vertical

direction:

s 0 P (4)

hereh is the water pressure he@tegative of suction headis the vertical spatial coordate,
andK is the result of:

Or U U F§ (5)
where0 is the saturated hydraulic conductivity andis the relative hydraulic conductivity
( Gi mTnek eTheretoteallowing Bydr3s)D. to modeluniformflow in a profile with
differing layers ohomogeneous materidfydrus1D also allows the user to model Roniform
flow through duadporosity and duabermeability methodalthough this will not be discussed
further.

Modeling of water flow using the Riards equation is ultimately dependenthomw
unsaturated hydraulic conductivity isrived, and despite the various options available within
Hydrus 1D, only the van Genuchten soil wetndsglraulic conductivity relation will be
discussedwWater content whin the soil is directly related to theatnic suctionwith an increase
in matric suction causing a decrease in water content. van Genuchten related this mainly

hyperbolashaped function of matric suction to wetness with the equation:

— Pl T (6)
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where— is the soil water content in relation to matric suctiois related to an air entry

valug andn andm are shape factors of the moisture retention curve and related to the pore size
distribution of the soilThe waer available to move within the sodlalled the effective moisture
content,and residual moisture content, or the point where no water is moving within the soil due
to an increase in matric suctioan then beisedestimatedhe water content with respeot

pressure headhe effective moire content within the soil cdre presented by the equation:

(7)

where—is effectivewater content—is the residual water content, andis the water content
at saturationRe-arranging this equation 8olve for the moisture contert{and includng the

previously defined soil wetnessatric suction relation in terms of pressure hdgdjiives:

T ()

whenh < 0 and:
—Q — (9)

whenh > 0. Finally the relative hydrauliconductivity can be solvealy:

0 — ULVL— p p — (10)

wherem = 1-1/nand subsequently used in equatioto obtain the unsaturated hydraulic
conductivity(K). With the above equations, n,—, and— are independent parameters that
must be calibrated experimentally for individual soils. Within HydkDsa Rosetta program
developed by M. Schaap and G. E. Brown Jr. can be used to estimateinpatidr the van
Genuchten water ratdon parametersmal the saturated hydraulic conductivity. The Rosetta

program uses pedotransfer functions to statistically estwweter retention parameters and
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hydraulic conductivity from soil textural classes, textural percentages, bulk densityasand w
content basedn a library of 2134 and 1306 calibrated samples of water retention and saturated
hydraulic conductivity, respectivel{schaap et al., 1998).

Although there have been studies thatidgdrus1D and the Richards equations for
modeling idiltration withinv ar i ous type SCMO6s, moel®Daregeareddi e s
towards modeling water and solute transport within agricultural discipliigs.can mainly be
attributed to the difficulty in obtaining detailed soil characteristicedha subsequentlysed to
parameterize the van Genuchten equati@e, 2011) Furthermore, very few studies actually
look at infiltration or evapotranspiration components of detention basins due to the assumed
negligibleamountsand instead focus on tlggiality, flooding or erosiormitigation provided.
Kannan et al., 2014laimed the first study to develop a water balance approahketention
basin and accounted the infiltration amount as a constant based on the saturated hydraulic
conductivity, while Parolari et al., 2018, assumed infiltration to be negligible in comparison to
inflow and outflow amountsStudies done on infiltration basins, which usually include an
engineeredoil, neglect a lowllow channel and are often much smaller in size coetiar
detention basins, utilize the Richards or Green and Ampt equation to model infilt€dimmavo
et al., 2018 and Lassabatere et al., 2010 used the Richards equation to show the effect of
sediment deposition on infiltration within infiltration basugng atmospheric upper boundary
conditions and lower boundary conditions detisg of a constant water table and deep drainage
Lee, 2011 used the Green and Ampt equatiassesshe effectsof a variable ponded surface
head on infiltration estimatekieto the geometry simplification of infiltration basins in models.

As previously mentioned, the chosen infiltration model used is ultimately determined on the
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amount of soil data acquirglutthis choicecan also be based on whether the assumptiohg to t
Green and Ampt equation can be met.

Hydrus1D also allows for modelingf potentialevapotranspiration using the Penman
Monteith equation, Hargreaves formula, or surface energy balance eq&atndar to that of
the differences between Richards &men and Ampt equations, choice of model heavily
depends on data availability, with the Penrvionteith equation requiring considerably more
meteorological data to parameterize. Though due to-aiunweather station at the site,
collection of needed tiato parameterize the Penmdionteithequationwas relatively simple
and thereforeitilized. The PenmatMonteith equation recommended by the Food and
Agricultural Organization (FAO) is as followed:
. P8t p’'cQ Q
Yy O |

A

(11)

whereO "Yis evapotranspiration, is the latent heat of vaporizatioM, is net surface radiation,

"Ois soil heaflux, ” is atmospheric density) is spedic heat of moist airQ is saturation vapor

pressureQ is actual vapor pressufie,is aerodynamic resistande,is crop canopy resistanceé

is vapor pressure curve slope, ands psychrometric constant ( Gi m]

Additionally, ¥ is given by:

y [ @y 12
~ o (12)
where"Yis the average air temperature, and defined as:
0
[ TEBITMp®O (13)

whereP is the atmospheric prasg( Gi m Etralg R013). The equation was derived in order to

better estimatevapotranspiration frorspecific crop or vegetatioria parameters related to
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surface and aerodynamic resistance, which describe resistance of water vapor Ittss from
surfa@ soil/vegedtion and directly above the crop/vegetation canopy sufdlen et al, 1998).
2.2.2 HEC-RAS

Developed by the United States Army Corps of Enginégydraulic Engineering
CenterRiver Analysis SystemHEC-RAS) is widely used to model stéaand unsteady state
hydraulic flow through open channels and within floodplains to aide in bridge, culvert, and levee
designs, and to estimate flood inundation during large storm eVéhiie the steady state model
solves fa crosssectionwater surfacelevationgWS E Yvim an iterative approach to the energy
eqguation, which uses friction and contraction/expansion losses of the channel and floodplain
based on the Manni ngds etheuSa Vanantnagtionahdetilizesn st eady
continuity and momentum equations (Brunner, 20 hough on a much smaller scale in
comparison to damhreak or levedreach studies, due to large amounts of impervious surface
withinthes t u d y coatribatiaghasea and a subsequeéecrease in time to pedk\, it can
be assumed that a sudden jump in WSE occurs within the basin and therefore unsteady flow
modeling can be used (Parolari et al., 20E8ythermore, while most studies use HRBS to
estimate WSE based on observedhodeled discharge rates, éaiet al., 200%howed that
modeled peak flow rates using monitored unsteady WSE data were similar to observed peak flow
rates for various events after caThereforegt i ng f o
alongside explanation of uniform chanfielw computationsfurther discussion involving HEC
RAS in terms of unsteady flow modeling and solution tocth@inuity andnmomentumequatiors
will be completeddue to relevance in section 2.4.1.

Within the HECGRAS software, engineers are able to usgHidraulic Design Functions

tool to design channels in terms of channel geometry and sediment transport capacity, as well as
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to determine WSE or discharge of individual cresstionsy solving for an individual ariable
that is needed to parametrize Manning equation. The Manning equation can be written as

followed:

. 8
0 péwm\f"\? (14)

wherel is discharge i s Man ni n §ié cosssectioadl ared,is hydraulic radius, and
"Yis energy slopeAdditionally, arange of n valuesvhich are related to channel roughness,
able to be applied across a single cross section in order to solve for the needed parameter
(Brunner, 2016).

1-dimensional unsteady flow @alculatedoy the combination ofontinuity and
momentum equationswhich are simplified and solved HEC-RAS using dfinite difference
method The continuity equation states that for a control volume, the rate of massgentast
equal the rate of mass exiting plus mass stored within the control vdtomavolumewithin a
channetkhe continuity equation can be written as follows:

T_'oT“YTG

TotT ot @

n m (15)
whereodis time,0 is flow, & is crosssection ared)Yis storage from negonveying portions of

the crosssection, 1j is lateral flow per unity distancandwis the distance along the channel
(Brunner, 2016)Similarly, the momentum equation states that the for a control volume, the
momentun entering the volume and the additional external forces actitigeorolume must
equal to the momentum leaving the system. Raylamewithin a channel, these external forces
consist of hydrostatic pressure, gravity, and friction and are included mmaimentum equation
as followed:

01 w0 .‘Q“Té( .‘Y 16
o To Ore T (16)
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where0, 6, 0, ware as previously defined is water surface elevatiotis velocity, Qis
acceleration of gravity, an® is friction slope (Brunner, 2016L.ontinuity and momentum
equations are then solvgia an implicit finitedifference method, which simplifies these partial
differential equations into linear algebraic equatidghsough an iterative method called the
Skyline Matrix solver (Brunner, 2016).

Various upstam and downstream boundary caoiedis can be utilized such as a stage
hydrograph, flow hydrograph, rating curve, or normal depth in order to begin the solving process
and force the model ateasured timésps This can result in the model becoming unstable if the
difference between a cqgmuted value and a known boundary condition, such as water surface
el evation, is greater than the numerical soluwu
channégeometry, or timestep must be altered to help the model convettes study, dtailed
stage hydrograph data both upstream and downstream was used to constrain the model alongside
asensitivity analyses of Mannidetrpéobefor val ues f
discharge at each timestep.

2.3. Data Collection

An Onset HOBO U3@veather station was installed immediately adjacent to the
stormwater basin to measure rainfphessure, temperature, wind speed/direction, relative
humidity, andsolar radiatiorat five-minuteintervals Nine Onset HOBO U20104 water level
loggers werenstalled at the outlet, both inlets, throughout the channel, and in one shallow
groundwater welin order to collect absolute pressure and water temperature data every five
minutes (Figur®). Loggers were readut and manual water depths were measavedy two
months to account for error with logger measurenigm. data were then adjusted te@ant for

at mospheric pressure using the weather statio
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water depths and subsequently added to the previouslinetd datum to determine water
surface elevations (WSE).

A detailed survey using a Topcon rotating laser system was carried out in order to
measure channel geometry and datum at each logger location as well as dimensions of the
sediment forebay beneathetnortheast inlet in 2018. Channel geometry of Reach alsas
previously measured in 2017 and was used to compare successive years in terms of channel
erosion. Additionally, a drone flight was carried out to obtain imagamgwas later post
processedn Pix4D and ArcMap to develop a thrdenensional point cled andDigital
Elevation Model DEM) estimation respectivelyAlong with the above data collection, periodic
inspections were also conducted in order to visually monitor the basin in termsnoéseduild
up within the outlet and other areas within baesin.

2.4. Methods

24-hour rainfall totals obtained by tliabanusveather station were compared with the
North Dakota Agricultural Weather Network (NDAWN) -Bur rainfall totals, which is l@ted
about5.6 kilometersortheast of the study sjt® determine accuracgnd exceedance
probabilities for 24hour stormgFigure 3) BetweenMayl, 2018 and Septembed,2018 a
total of 40.87cmand47.69 cmof rainfall were recorded at the Rabanud BIDAWN weather
stations, respectivelfFigure 4).In regads toprecipitation frequency, the August 26 storm with
a 24hour rainfall total 06.21 cmwas equal to the ongear 24hour storm and also included a
6-hour rainfall amount of.47cm, falling beween the éhour oneyear and tweyear frequency
event of4.04 and4.83 cm, respectivelybased on the National Oceanic and Atmospheric
Ad mi ni s {NOAA) Precipitateon Frequency Data Server. All other recorded storms fell

below the 6 and 24hour ranfall frequency amount§ince antecedent conditions play
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important role in the variation of runadihd infiltrationresponse to rainfall, individual storms
(>0.0254 cm(0.01 in) were identified visuallyand individually separatdaly matching post
stom to prestormin-channelwater level or wheipoststormin-channelwater level beame
stable(Figure 5).Since inrchannel water level is a general indicator of the shallow viabde
elevation within the basirit, is likely that addition from soil watedo in-channel water via
accumulated infiltration and interflow has ceased oncegme poststorm inchamel water
levels become similar or once pasbrm inchannel water level becomes stalgjch indicates
an increase in watgable elevationTherebre, with this rainfall separation technique, it is
assumed that prgtorm soil water amounts are simifar each individual storm to satisfy later

modeling.

24-hr rainfall exeedance probability for NDAWN and Rabanus weather
stations
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Figure3: Exceedance probability @4-hour rainfall amountsiDAWN and Rabanus/eather
statilms 50% of storms were greater thdi524 cm .06 i) and0.23114 cm@.091 ir) for
Rabanusand NDAWN, respectively.
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Total Monthly Rainfall between April and October
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Figure 4: Cumulative rainfalctn) between April andctober2018for Rabanus and NDAWN
weather stations
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Figure 5: Individually separated storms between May 1, 2018 and September 30, 2018 based on matchstaybefaier leels
to post storm water levels, or when post storm watexl§ become stable. Blue is rainfall intensity/6min.), green is start of
storm period, and red is end of storm period.



24.1. Comparison d Pre- and PostRetrofit Channel Conveyance forSmall Storms
Since no monitoring progr amFagakr djne tl ca cteh er
is no benchmark for comparing pend postretrofit performance for various storm sizes and
intensitiesIt can be assumed that prand postretrofit basins behave similarly for large storms
(> l-year event) due to unchanged inlet and outlet dimensions/sizes as well as a generally
unaltered soil media within tHesin. These large stormesultin completeflooding of the
basin (Figured). As a resultit is likely that the majority of hydrological benefits occur during
smaller and more frequent storghge to increases in channel roughreass therefore an

increased number of events able to paittiin thebasin,leading toan increase ievaporation

and infiltration.

Figure6: An example of basin flooding following a large storm event around July 9, 2019. View
is towards the northwest.

HEC-RAS models weresed to compare prand postretrofit channel coveyance of
small stormgreater than 0.0254 cm (0.01 in) and less than 0.254 crimf00ue to
contributing areas being heavily urbanized and therefore impervious, very small storms still
generate a flashyet variableresponseo in-channel water lesl at various monitoringocations
with respect to floodingRainfall events greater than 0.254 cm are seen to mostly dlbod
monitoring points within the channel (Figures& 12). For postretrofit modeling,individual

models were creatddr each reaa (Figure7). Eachmo d egkeosnétry consisted of multiple
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surveyed cross sections as wel |l asMasnhi mgdesn
values were obtained from Sturm et @D10andranged fron0.04 to 0.08 for the majority of

Reach land2, consstent with & excavated channelith a clean bottom and sibeush, while
Manningds n values of the | ower most portion
consistent with an excavated channel with dense and-&tiannel brushin order toperfom a

sensitivity analysis of possible discharge raf8SE data were used for both upper and lower
unsteady flow boundary conditions in each reach over the entire storm dufatiexception

was madeo storms where Reach 2_2 logger failed toyide accuate data and therefore a

normal depth friction slope equal to the slope of Reach 2 channel b@@dJt/ft) was used as

a lower boundary conditiofPostprocessingf modeled discharge occurrgdMicrosoft Excel

in order to separate basefidrom stormflow. Additionally, die to Reach 2 being below a

sediment forebay, reverse level pool routing was conducterdier to better estimateagnitude

and timingof modeledflow into the sediment forebay assuming a level surface and no

infiltration or evaporation takes place his was done by creating a staggume relationship of

the sediment forebay using surveyed data and by use of the equation:

. YO Yo Yo Yo

‘CO UL : 17
(Vo) 5 ( )

Where'Qs inflow into the sediment forebgyn®/s), U is estimated discharge immediately
beneattthe sediment foreb&y®/s), “Vis the volume of water stored in the forebay)( andois

the timestep (secondd) 6 o et al,a2013.
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Figure7: HEC-RAS models of postetrofit Rabanus Read{left) and Reach 2 (rightyith

locations shown within the basin (top). Blue lines are reach centerlines while red lines in bottom

two images are locations where HIRAS cross section data was populatedqssection

el evati ons, Ma n masssegtiors widkh). Additionakty suppeenad ldwermost

cross sections provided uppand lowetb oundary conditions for the 1

Preretrofit modeling consisted of a combined modellbfraee reaches (Reach 1, Reach
2, and OutlefFigure8)wi t h channel geometry obtained from
n values for each cross sectiamere set to include the concrete lining (0.017) and grass portion
(0.03) of the channddased on Sturm et.aR01Q and reach slopes were deterndifi®m the
2007 DEM to be 0.001ft/ft and 0.005ft/ft for Reach 1 and Reach 2, respecfiiedymodel also
contained an outlet culvert with dimensions, roughness, and slope data obtainkidfsiom
Engineering Inc., 2003tudy and is assumed to flow undieeeflow conditions within the
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model.Since HECRAS is a hydraulic model and incapable of modeling loss within the channel
or floodplain, it is assumed thaggligible losses occur within tlebannel this assumption is

likely to hold true within the cnrel due to the relatively shallow depth to water table and
underlying clay layerA hydraulicdesign function model for uniform flow wasn for various
crosssections withirReachl and 2o determine theninimumdischarge rate befovertopping
occursfor the concrete lining and entire chaniédie minimumconcrete lininglischarge values
wereestimated to b8.08 n¥/s 3ft%s) for Reach 1 an@.25m¥s (©ft%/s) for Reach 2, while
minimum channel conveyanbefore floodingfor Reach 1 and Reach 2 wedmated aD.28

m®/s (LOft3/s) and0.57 ni/s (20ft%/s), respectivelyModeled postetrofit channel flowsor

storms less than 0.254 cm. and greater than 0.025@ema.then compared to channel capacity

of respectivepre-retrofit channels to assessdiding frequency within the preetrofit basin.
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Figure8: HEG-RAS model of preaetrofit Rabanus concretdannel with outlet culverRed

lines show locations of HERAS cross section lines where data was populated (cross section
geomet ry, \Wlaenbankstgtions, and cross section width) via a 2007 DEM, blue

lines show channel centerlines, anddgha&y block at the top center is the outlet culvert. Each

cross section within Reach 1 and Reach 2 was run withinRBCS 6 s uni f orm hydr au
function model.

24.2. Comparison of Pre-andPostRe t r of i t DEMOG s
Since point clouds created from structin@m-motion techniques such as Pix4D are
estimates of a digital surface model (DSM), ArcMap was used to estoidEieninimum and
averagelDEMO .sThiswas done by using ArcMapdés ALAS dat a:
two separate DEM estimates of the minimum and average elevation witimretef by imeter
area. Furthermore, structai®m-motion techniques to estimate a DEM become inanghs
inaccurate with dense vegetation and ponded water, therefore channel interpolation was
conducted within HEERAS. HEGRAS can interpolate channel surfaces if the user inputs
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georeferenced river centerlines, bank stations, and surveyed channalectioss within the

AVi ew/ Edit geometric datao window and can be
Mapper o window. A raster surface of the sedi
manual survey and t he nftdinhArcMap. The ehangehdoréace, ( 3 D
sedi ment forebay, and estimated mini mum and

AMosaic to New Rastero tool to bui(Figlre9nor e ac
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Minimum DEM Estimate
Value
pemy High: 286.789

—_— Low : 270.507

Average DEM Estimate

Value
— High : 288.822

—_— Low : 270.507

Figure9: Minimum (top) and aerage ottom) DEM estimations obtained from drone imagery
and processed within Pix4D and ArcM&EM units are in meters.

ArcMapbés ARaster Calculator o t-etoftDEMAS t hen
from the esti mat ed micreatediftomstruatarelfrom maionage DE MO s

techniques. The {lSadowataggde wWiatphaicn tAroc Maoopds ASpat
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Suppl ement al,wab thenlused to dewelohacstagiime relationship of the pre
andpost et rofit DEMOGS.
24.3. Event-Scale Ponded Volume Estimation of Post-Retrofit Basin

A model within ArcMapbdbs Model Buil der was ¢
volume of water within the detention basin atreehourtimestep acrossach individuaktom
for the average DEM estimateigure 10). Fird, preprocessing of raw WSE data was done for
each selected storm in Microsoft Excel by cre
AWSEo, AX Coordinateo, .fafbxc dlY tCo oT ahb Inead etoo clo |i
then used toreate a poinshapefile of logger locations with an attribute table consisting of WSE
data at an hourly timestep for each | ogger. T
create a layer of each successive timestep to run through the creatdAsahchitmestep
|l ayer is selected through the iterator, a smo
tool, the minimum/average DEM is subtracted from the recently created WSE surface and cell
values lesgshanor-equalt o zer o alrle6 swedi Rtegs ttddNeJ Cal cul at or o t
sum of cell values (volume) and total area of cell values greater than zero are calculated using
the fAZonal Statistics as Tableo tool. The sum
each timestepun iteration.

Neither stormwater management plans from North Dakota or Minnesota offer a definition
of ponding time for detention basins, alternativebnf the New Jersey Department of
Environmental Protectio(NJDEP) ponding time is defined as the grbetween pdgponded
volume and when 10% of pepkndedvolume remains within the basin (Marcoon et al., 2004).
With this definition it is assumed that initial inputs of water from impervious contributing areas

and subsquent growth of ponded water withhre detentia basin areot conductive for
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sediment falloutand that the ponded surface eventualynabilizes sediments as it becomes
smaller and is able to drain. From the New Jersey Stormwater Best Managemearegdract
Manual, the removal of sedimert pondingwithin a detention basin linearly increases from
40% TSSduring 12hours of ponding time to 60% TSS duringl2durs of ponding time.
Although the specific TSS fallout percentdggsed on ponding time canri# directly assumed
and applied to &argo, ND aidy area, the general relationship of increasing TSS fallout with
increasing ponding time can be assunBetausehe retrofit basins studigy Marcoon et al.,
2004 did not have a low flow chanmeith permanent wateas is present in thsudy, ponding
timein this studywill be defined as the time between peak ponded volume and when the ponded
volume is back within the confines of the eartmbiannel and sediment forebay. In order to
simplify the aforementioned moddljs assumed that paing terminges when the ponded area
meds that of the total area of the channel and sediment forebay, which was estimated to be

1593.92 M.
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