ABSTRACT
WISSLER AUSTIN DANE. The Hydrologic and Water Quality Performanceéafo
Maintained and Two Unmaintain&ty Detention Basins Receiving Highway Stormwater
Runoff in the Piedmont of North Carolin@Jnder the directionf Dr. William F. Hun{.

In urbanized areastamwater runoff contributes to flooding, downstream erosion,
impaired water qualityand aquatic habitat disturbance. Traditional stormwater control focused
on temporarily detaining stormwater volume to reduce flooding and the peaktitow
discharging to streamblore recently, water quality contrahd volume mitigation havgecome
an integral component of urban stormwater management. However, traditional, ddtesédn
systems are still commoBry detention basins (DDBs) aagtypeof stormwater control measure
(SCM) designed to provide flood storage, reduce peak discharge rates, and give some water
quality improvement through sedimentatidimerearelittle data available on the water quality
performance of highway DDBs in North @éina (NC).DDBs are ubiquitous in the urban
environment because of their simple design and functiorgambeexpensive to maintain.
Withoutroutine maintenance, unintended vegetatianquickly proliferate. Treesprovide
critical benefitsin the urba hydrologic cycleand can potentiallfurther reducerolume andadd
pollutant removal pathways in DDBs

This studymonitored four highway DDBs in the NC Piedmadmt hydrologic and water
quality performance. wo of the DDBs (OG 1 and OG 2jonstructedn 2007,areovergrown
with woody vegetation, located near Raleigh, ld@dcontain perforated pipe underdrathst
facilitate dewateringThe other twdMA 1 and MA 2)are mowed twice per yedocated near
Archdale, NC, and were constructed in 204 four sites have similar impervious watershed
areasFlow-weighted composite samples were collected during storm events to characterize each
basinbés pollutant concentration removal ef fic

nutrients (Total Phosphos(TP), Orthegphosphorus (OP), Particulate Phosphorus (PP), Total



Nitrogen (TN), AmmoniaN (NHs), NO»3-N (NOx), Organic NitrogefON), and Total Kjedahl
Nitrogen(TKN)), total suspended solids (TSS), and metals (Cd, Cu, Pb, and Zn). A water
balance was cwlucted to quantify runoff volume reduction.

In OG 1 and OG 2nfluent concentrations from the highway were low but still resulted
in significant but not substantiglREs for all constituents except Nih OG 1. TP, OP, NQ
TSS, and Zn were significagtteduced in OG 2. Both basins achieved greater than 39% volume
reduction through soil infiltration, which resulted in significantl substantigdollutant LRs for
all detected constituenf{between 59% and 79% in OG 1 and 35% and 81% in OGh2loss
of storage volumeue towoody vegetation growing in both basins was negligible (<1% for both
DDBs). At the maintained sitemfluent concentrations from the highway were similar to those
of other studies in NC and resulted in significanitnot substarial, REs for all constituents
except metals and OP in MA 1. MA 2 significantly reduced most nutrient concentrations but not
TSS, PP, or NE] while significantly exporting Zn. In MA 1 29% of volume was reduced
through soil infiltration, resulting in signdant pollutant LRs for all except Cu. MA 2 exhibited
little infiltration butstill had significant LRs for dissolved nutrienk8A 2 significantly and
substantiallyexportedZn due to saturated and reducing soil conditidrtss study provides
evidence thainlet pipe configuration, outlet structure orientation, soil compaction, and the
presence of standing water mayialmp a c t abilitpti®iB@rave water qualityit also
provides evidence that overgrown and unmaintained DDBs can provide pollutamtitevithin
the range reported elsewhere, while also providing greater than normal volume reduction through
root channeling and canopy interceptibrcorporating vegetatioandother structural and nen

structural design retrofits can improve DB®rmwatemitigation Modifications that increase



detention time and flow path length, provide a permanent pool, and/or create subsurface

detentionappear tdacilitate pollutant removah DDBs.
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CHAPTER 1: A Literatur e Review onDry Detention BasinHydrologic and Water Quality
Performance and the Role of Vegetatiomas a Potential Design Consideration

1.1: Introduction

Urbanization and widspread development over the last century has increased the
presence of impervious areas (eapdways, parking lots, rooftops) and altered the natural
hydrologic regimgNational Research Council, 2008nperviousness prevents rainfall from
infiltrating the ground and reduces the amount of water returned to the atmdspbegh
evapotranspiration (ETJSDA-NRCS, 2001)It also gratly increases the proportion of rainfall
traveling overland as runoff (Figurel). In these postievelopment conditions, stormwater
runoff travels overland faster and in greater volume, carrying nutrients, heavy metals, pathogens,
and sediment that accumate interevent to lakes, rivers, and streag8shueler, 1994)This
high energy runoff contributes to flooding, downstream erosion, and the impairmerieof wa
guality in receiving waterfPaul& Meyer, 2001; Hogan & Walbridge, 2007; Erickson et al.,

2013)
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Figure 1-1. Modifications to the natural hydrological regime (left) due to urbanization (ri
Modified from USDANRCS (201).



Stormwater runoff from developed areas is a major polluter of surface \{aieted
States Environmental Protection AgefthSEPA) 2017) As of 2012, 46% of stream miles and
21% of lakes in the United States are in poor biological condqiti®@EPA 2016, 2016).
Excessive nutrient enrichment in lakes and streams results in eutrophic conditions that deplete
dissolved oxygen levels and can lead to fish kills (Figu2¢, vhile sediment deposition and
bank destabilization in receiving streams can eliminatieal in-stream habitat, increase water
temperature, and threaten adjacent property (Figd)gWalsh et al., 2005, 2016)eavy metal
pollution from roadways aniddustrial areas causes toxicity to aquatic spg@ehop et al.
2000; Wiket al.,2008 Egemoseet al., 201%and pathogenic pollution can threaten public
health, close recreational waters, and limit consumption of fish andamthatic species

(McCarthyet al.,2012)

S
& | % : .
Figure 1-2. An algal bloom resulting from nutrient enrichment (left), and a fish kill du
depleted water oxygen levels (right). Both images under creative commons licensure.

Hydraulically, watershed imperviousness increases the peak flowrate of runoff entering
rivers and streams which can overwhelm and erode stream channels, resulting oenuisan
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flooding as well as property logsloftakhariet al, 2018; Walsh et al., 2009)\uisance flooding

is the low level inundation of urban areas that does not threaten human life but puts added strain
on infrastructure and causes property danfitygdtakhari et al., 2018)Iin coastal areas, the

cumulative cost of nuisance flooding may exceed the costs of more extreme, less frequent events
(Moftakhariet al, 2017)

Additionally, because of the threat climate change poses in increasing storm duration and
intensity, efficient urban stormwater control and treatment will become increasingly important
(Bronstertet al.,2002; Karlet al.,2009 Blair & Sanger, 2016 For these reasonsjs
imperative to maximize the performance of exisstmymwatetinfrastructure and technologies.

This may be achievealy optimizingthetiming of returned flows and pollutant removal
mechanisms to minimizihe anthropogenic effects on downstream water quality,

geomorphology, and ecological integrity.

Figure 1-3. Actively eroding streambanks adjacent to a home due to sinete
imperviousness that increases stormwater velocity and volume. Photo from Nt
Extension, 2014.



1.2: Stormwater Runoff Control and Regulation

1.21: Introduction to Storm Water Control Measures

One of the main strategies for mitigating urban stormwater runoff is by implementing
stormwater control measures (SCNBIrch et al.,2006) SCMs are physical infrastructure built
to collect, detain, and treat stormwater runoff from surrounding impervious area to reduce the
impact on receiving wate(gletcher et al., 2015; Walsh et al., 2018LMs deploy one or more
pollutant removal mechanisms (PRMs) that alter the physicaicial, or biological properties
of pollutants to remove, transform, or otherwise reduce the effluent concentration discharging to
lakes and strean{&geret al.,2017; Liet al.,2017; Walsh et al., 2016)

SCMs can be designed to reduce the peak flowrate and volume of stormwater runoff
discharging to receiving streams by encouraging subsurface and surface water storage, soil
infiltration, canopy interception, extendeetention, and subsequent Hattiataet al.,2010;

Burnset al.,2012; Eger et al., 201.7Combining these hydrologic principles with pollutant

removal mechanisms results in pollutant meas$concentration reductian These low impact

devel opment (LID) design el ements also try to
development conditions (Figure4) while also providing pollutant load reductig&urns et al.,

2012)

. Post-development hydrograph (no control)

Discharge

Pre-development hydrograph

Time
Figure 1-4. Pre and postdevelopment hydrograph, from Marsalek et al. (2006). LID SC
mimic predevelopment hydrologic conditions by reducing stoatex volume.



Traditional stormwater management did not focus on improving water quality, but
instead focused on controlling stormwater volume and minimizing the risk of flooding through
temporary detentiofWalsh et al., 2016)These detentiofocused SCMs, such as wetenetion
and dry detention basins, provide peak discharge abatement, flood storage, and modest
particulate pollutant removal through sedimentafidascimento et al., 1999; Birch et al., 2006)
Wet ponds contain a permanent pool of water while dndp or dry detention basins (DDBSs)
temporarily collect and detain stormwater runoff and release it slowly through an outlet structure
containing orifices that controls the rate water discharges from the(B&simmaa et al., 2002;
Simpson & Weammert, 2009PDBs consist of a shallow earthen degsion, created by

excavation or through berm building that collects runoff during a storm event, empties slowly,

Figure 1-5. Typical North Carolina DDBs in High Point (top left), Clayton (top right),
Morrisville (bottom left, picture by Katy Mazer), and Garner (bottom right).



and remains dry intezvent (Figure 5) (Erickson et al., 2013; North Carolina Department of
Transportation (NCDD), 2014).

1.2.2: Stormwater Regulation in the United States and North Carolina

The implementation of detentidrased practices are a result of extreme urbanization
throughout the 1950s when stormwater conveyance through combined sewer systems was
insuficient to prevent floodingNascimento et al., 1999)his is because the early solution to
urban stormwater runoff was to get it off thteeets, into a pipe, and downstream as quickly as
possible(Debo & Reese, 2002T he resulting widespread urban flooding developed a flood
control centered approach to stormwater management starting in the(l866snato et al.,

1999) Early fAflood control o DDB design focused
with the 2year or greater return interval stofWvhipple, 1981; USEPA, 198%chueler &

Helfrich, 1988) This design contained an outlet pipe that was smaller in diameter than the inlet
pipe, so during large rain events stormwater would temporarily backup into the basineHowev

this design did not provide attenuation for smaller, more frequent storm events because the outlet
device was too large to provide detention (Guo, 2000; Carpenter et al., 2014). It was not until the
1980s that water quality improvement became a stotenw@anagement objective in DDBs
(e.g.,Whipple, 1981 Schueler & Helfrich, 1988

Throughout the 1and inb the mid20" century, rivers catching fire due to unrestricted
industrial pollution was commonplade.o r i n st aCoyaloga Ri®dr, which & credited
as the main driver for many of t9didesalyefiveenwat er
1868 and 1969Stradling & Stradling, 200&gan, 2017)The final fire, in 1969, ultimately lead
to the formation of the Environmental ProtectioneAgy andboththe Federal Water Pollution

Control Act and Clean Water Aot 1972(Eisen, 1995Egan, 2017. This legislation prohibited



unpermittedooint source pollutant dischargasdrequired all 50 U.S. states to develop water
guality standards for all waters within the statike oalWwas tomake all surface waters

swimmable and fishable acrabe U.S. (National Research Council, 200®)also required U.S.
states to develop a list biyearly of polluted water bodies not meeting water quality standards,
known as an impaired waters list (promulgated by section 303(d) Gli¢lae Water Act). States
were then required to determine the total maximum daily mass load (TMDL) of a given pollutant
these impaired waters could handle and still meet applicable water quality stgizdiaisal
Research Council, 29).

These regul atory changes required DDB desi ¢
dualpurpose design that focused on providing both peak flow attenuation and water quality
improvement (Whipple, 1981). This design incorporated a small diamalet device (orifice)
located at the basin bottoim provide detention for smaller, more frequent storm events, and
larger outlet devices above the basin floor to allow large events to pass (Whipple, 1981; Schueler
& Helfrich, 1988). Providing extendatktention for small storm events allowed sedirtEnind
pollutants entrained in stormwater to settle out, improving water quality prior to downstream
discharge (Schueler & Helfrich, 1988).

In 1987 ,the United State€ongress passed amendments to the GMéater Act. These
incorporatechon-point sources, including stormwater runafito the National Pollutant
Discharge Elimination System (NPDES) progréMational Research Council, 2009his
programregulate stormwaterdischargesrbm industrial facilities, municipal separate storm
sewer systems (MS4s), and large construction projEciskson et al., 2013; NationRlesearch
Council, 2009) The NPDES regulations were enacted as a permitting program by the

Environmental Protection Agency in two phaggsase 1 nationally in 1990, and phase 2 in



North Carolina in 2005. Phase 1 requires cities with at least 100,0p[& pembtain a permit

and provide stormwater control and capture during construction on projects larger than 5 acres.
The permitting program expanded in Phase 2, which requires cities larger than 50,000 people to
obtain a permit and provide stormwatertcap and control for developments larger than one
acre(National Research Council, 2009he phase 2 rules required landowners to implement
SCMs capable of capturing the first 25 mm (1 in.) of runoff (North Carolina Department of
Environmental Quality (NCDEQ), 2017a).

In addition to federally required stormwater permitting, the state of North Carolina also
enacted watershed specific rules to reduce the impact of stormwater runoff in nutrient sensitive
watersheds (NSW$)water bodiesusceptible to eutrophic conditions from nutrient (Nitrogen
and Phosphorus) enrichméMCDEQ, 200%). These programs stem from widespread fish kills
in the Neuse River estuary duringthe sidd 9 06 s t hat | e d the HeuseRieer de v e |
Nutrient Strategy in 199@NCDEQ, 200%; Pinckne et al.,1998) Initially the rules required
reducing total nitrogen (TN) loading to the Neuse River by 30% (NCDEQ, 2009a). The plan
required that new development projects limit TN export to 4.0 kg/ha/yr (3.6 Ibs/acre/yr) by
implementing SCMs and developing stormwater management plans (NCDEQ, 2009a).

Nutrient reduction programs were also developed for two critical drinking water sources
within the Piedmont of North Caroliralordan Lake and Falls Lake in 2008 and 2010,
respectively. Jordan Lake is located in the Cape Fear River watershed and Faikslhedied
in the Neuse River watershed. Both lakes supply drinking water to parts of Wake, Durham,
Orange, and Chatham Count{®eifle et al.,2014) These programs put in place rules that
require contributors of nutrients to reduce TN and total phosphorus (TP) loading from new

developments (Jordan Lake), or from nemadexisting developments (Falls Lak@&yCDOT,



2012, 2014h)The Falls Lake Rules require a 40 and 77% mass reduction of TN and TP,
respectively, from 2006 baseline levels by 2041 (NCDEQ, 2011). Jordan Lake Rules require an 8
and 5% maseeduction of TN and TP from 2001 baseline levels for existing developments, and
new developments must at least meet this requirement (NCDEQ, 2009b).

In accordance with these nutrient reduction requirements, the NCDOT developed the
Jordan/Falls Lake Stormater Nutrient Load Accounting Tool (JLSLAT). This tool quantifies
nutrient loads discharging from NCDOT or RNCDOT developments (NCDOT 2012, 2014b).

It calculates load reductions achieved by implementing SCMs, using representative effluent
concentrationfrom the literature for TN and TP. It also has assigned values for runoff volume
reduction. The current values in JLSLAT for DDB TN and TP effluent concentrations are from
Line (2006) and represent the median effluent concentration from 11 storms iiD8n@ &ble

1-1). These values characterize the entire state. Therefore, available data for DDBs operating in
North Carolina is very limited, and the currently assigned values may not represent other DDBs
operating in the state.

Table 1-1. Currently assigre effluent concentrations in JLSLAT for DDBs operating in North
Carolina. Values from data collected lbpe (2006)

Ecoregion
Constituent Piedmont Coastal Plain Mountains
Total Nitrogen 1.58 mg/L 1.58 mg/L 1.58 mg/L
Total Phosphorous 0.22 mg/L 0.22 mg/L 0.22 mg/L
% Volume Reduction 0% 10% 0%

1.3: Dry Detention Basin (DDB) Introduction and Design
DDBs are typically created from-gitu earthen material, but are lined with cobterm@r
geotextile material in locations where groundwater contamination is an(@alifernia

Department of Transportah (CalTrans) 2004) DDBs are implemented at the end of a drainage



catchment and are common in the linear highway environ(Rarsenzweig et al., 2011,
Erickson et al., 2013)rhey are designed to empty completely keeent to limit mosquito
breeding risk and encourage multiuse of the SCM footprint in oty areas (e.g., for
recreation(Shamma et al., 2002; Pitt, 2005; Simpson & Weammert, 2009)

In North Carolina, DDBs must be sized to treat the runoff volume generated from the first
inch (25 mm) of runoff (1.5 inches (38 mm) in c@dNC) over the contributing drainage area
and release it over2 days(NCDEQ, 2017bNCDOT, 2014). This volume of stormwater is
called the water quality volume (WQv). Annually, using 25 mm (or 38 mm on the coast) and a 2
day drawdown time to define the WQv theoretically provides treatment to 90% of rainfall, as
appioximately 90% of rain events are less than 25 mm in the Raleigh, NC area (Smolek et al.,
2015). However, recent data suggests that SCMs sized to this requirement may exceed the goal
of 10% untreated overflow annually (Smolek et al., 2015). Smolek e04d5)3uggests
implementing a minimum-8ay detention time for the WQv, as it would only result in 15%
bypass annually, and provide additional time for pollutant removal. The WQv depends on the
different land use types (e.g., roadway, grassed areas, forestnt in the contributing drainage
area, but also depends on the antecedent dry period (WSBZS, 2004). The WQV is
synonymously referred to as the Afirst flushbo
they accumulate on impervious aseéaterevent(Shammaa et al., 2002; Hunt & Lord, 2006
Middleton & Barrett, 2008.

During a storm, runoff enters a DDB via swales, pipes, or ditches. As the basin fills,
water discharges through one or more drawdown orifices that are typi€allyn5(23 in.) in
diamete(NCDOT, 2014 Pitt, 2005) Drawdown orifices located near the floor of the basin

control the flowrate of the temporary pool and overflow weirs convey flows during large storm
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events in excess of the WQv. The configuration and size of thet strilicture (Figure-6)
depends on the contributing watershed, land use characteristics, required detention time, basin

geometry, and design storm evéritt, 2005; Shammaa et al., 2002)

TRASH RACK (REQUIRED)

WEIR (OR OTHER METHOD) TO
ESTABLISH TEMPORARY POOL N

RISERCREST

TEMPORARY POOL

OQUTLET

MUST DRAW DOWN
TEMPORARY POOL IN TWO
TO FIVE DAYS

SMALL PERMANENT POOL
TO REDUCE CLOGGING OF
THE ORIFICE

ANTI-SEEP MEASURES ARE —

ANTI-FLOTATION SLAB RECOMMENDED

Figure 1-6. Typical DDB outlet structure that includes a drawdown orifice ar
overflow weir (NCDEQ, 2017b).

Per the NCDEQ Minimam Design Criteria (MDC), DDBs must be graded toward the
outlet structure to facilitate complete drainage and discharge the 1 ydan2dtorm without
adverse impacts to the receiving stradNGDEQ, 2017b) The NCDEQ also advises placing the
inlet and outlet at sufficient distance to prevent basin sti@uiting and incorporating pre
treatment devices such as forebays or filter strips to help remove sediment. NCDOT recommends
a lengthto-width ratio of 3:1 for the basin footprint and a maximum temporary pool depth of 10

feet(NCDOT, 2014a) A summary of the North Carolina DDB MDC are included in Figuie 1
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Figure 1-7. NCDEQ minimum design criteria for DDBs. Figure from NCDEQ (2017b).
Althoughubiquitous in the urban and suburban landscape due to their simplicity in

design and functioDDBs are one of the worst performing SCMs in terms of water quality and
runoff volume reductiorfFigure 18) (Stanley, 1996; Harper et al., 1999; Shammaa et al., 2002;
Pitt, 2005;Fassman, 2012p5edimentation of pollutasthden runoff constitutes the only
stormwater treatment mechanism encouraged by their dgsigkson et al., 2013)or this
reason there is little removal of soluble and dissolved pollu{@uset al.,2000; Shenmaa et
al., 2002 Pitt, 2005. Typical DDB design does not encourage stormwater volume reduction
through soil infiltration due to compaction during construction and because engineered soils are

not incorporated into their desigBrickson et al., 2013; GDOT, 2014; Egeret al, 2017)
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DDBs are only credited with 10% runoff volume reduction in North Carolina for sites with

hydrologic soil group A soil§NCDEQ, 2017b)

100
90
80 mTSS
< =TN
&>,~ 70 =TP
.g 60 Runoff Reduction
=50
g 40
&J 30
20
N .I
0

Bioretention Dry Grass Swale Permeable Stormwater  Wet
Detention Pavement Wetland Retention
Basin Pond

Figure 1-8. Typical removal efficiencies for some common SCMs operating in North Car:
Data from Geosyntec and Wright Waters Engineers (2&@1d NCDEQ2017b).

Additionally, DDBs are commonly rectangular, graded towardstitlet structure to
drain, and may contain concrete low flow channels (e.g. Figdré¢ L. Thi s | eads to p
zoneso and decreases contact time between sto
sedimentation, hydraulic residence time, and plant dssiom (Erickson et al., 2013; Pitt,
2005) Current DDB design and maintenance standards also do not allow for stormwater volume
reduction and pollutant removal benefits associated with trees andvegetation. These
includecanopy interception, pollutant upta&ed transformatignincreased soil porosity and
infiltration from root channeling, anichprovedET (Sherwood, 2001; Bartens et al., 2008; Rose

et al.,2008; Center for Watershed Protection, 2016; Berland et al., 20hRpgement strategies
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do not typically encourage vegetation other than mowed turfgrass to allow equipment access,
prevent clogging of drawdown orifices, and to preserve dam embankiRenteese and the
other reasons listed thus fdris critical to research possible ways to improve the desigrif th

outdated and underperforming SCM

: NE !
Figure 1-9. Example of a DDB with lowflow concrete channels that direct runoff stra
to the outlet structure without providing substantial water quality improvement. From
stormwaterpa.org.

1.4: Defining SCM and DDB Performance

1.4.1:Hydrological Performance

Hydrological performanceismeasur e of a SCMdés ability
parameters incorporated in design. This could include one or more of (1) matching
predevelopment runoff characteristics over the contributing drainage area, (2) reducing peak
discharge rates from inlat bulet, (3) detaining the runoff volume from a design storm event
(WQv), or (4) encouraging a certain amount of internal runoff volume redy&adtiata et al.,
2010; Burns et al., 2012; Eger et al., 20F9r example, soil infiltration and ET within a SCM
can be measured as a metric of hydrological performance, which provides stormwater volume

reduction and red@s the impact of effluent flows on receiving stregBwitiata et al., 2010)
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DDBs are commonly designed to meet only objectives 2 and 3, above. The hydrological
performance of an SCM can be quantified through modeling or fielding based monitoring (e.g.,
Emerson et al2005; Shammaa et al., 2002)

Volume reduction within an SCM is measured by developing a water budget that
guantifies all influent and effluent sources of water during and in between storm events. As an
example, Equation-1 shows a DDB water budget, modified from Erickson et al. (2013). This
equation includes influent flow, precipitation directly falling on the DDB footprint, lateral
surface ruron, effluent flow, and water lost to ET, soil infiltraticand canopy interception (if
applicable). Influent and effluent flows include those directed into the DDB by means of pipes,
ditches, swales, and out of the DDB through the outlet structure or emergency spillway. In many
DDB monitoring studies, inflow anoutflow are the only quantified sources (€2arpenteet
al., 2014; Hathawat al.,2007a, 2007 Middleton & Barrett, 2008)Lateral surface ruon is
the amount of overland flow entering the SCM area, ag ttaedlities are located at topographic
low points. ET represents the volume of water lost to evaporation from the soil and vegetative

surfaces, as well as transpiration from respiring vegetation.

y3 6 6 10 o0z! 10 6 6 6 (1-1)

Where

Y3 = change in water volume storéd®)

B6 =sum of allinfluentwater volumegmq)

B6 = sum of alleffluentwater vdumes(m?q)

1 =influent flow rate data poirftm?s)

i = influent data point number

YO = time duration between data point i and i(s)L
P = depth of precipitation falling directly in®CM area (m)
A = SCM surface area (n

Vro = lateral surfaceun-on volume ()

1 = effluent flow rate data poirfm3/s)

k = effluent data point number

YO = time duration between data point k and k()L
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6 = volume of water exported BT (nT)

6 = volume of water exported by infiltratiqm?)

6 = volume of water lost to canopy interceptiom)
n = number of influent data points

z =number of effluent data points

DDBs are not designed to reduce the volume of stormwater from inlet to outlet, but rather
they are designed to delay the returmatorm event and reduce the peak discharge rate in
receiving streams to prevent floodi(fguo, 1997; McCuen, 1979; Whipple, 1981; Wilszral.,

2015). Wilson et al., (2015) reported >98% peadnftate reduction from inlet to outlet in a

North Carolina DDB. However, this delayed return of stormwater to streams may increase
downstream erosion. The critical shear stress or critical dischasge.j@f a stream defines the
point where streambadaterial begins to mobilize, which initiates erosive procedlesisoe,

2002) On a watershed scale, the cumulative discharge from detéypiersCMs alters the

timing of returned flows and can exceed threshold for streambed erosidgmcCuen, 1979)

Without internal volume reduction, the length of time water discharges from a DDB will increase
to remove an equivalent volume of water. This, coupled with an increase in stormwater runoff
postdevelopment results in greater stormwater volumes routed to streams. This widens the base
of the hydrograph and prolongs the duration of flows in excess.i@h@om detention type

SCMs in developed catchmerfi§llinghastet al.,2011, Burnset al.,2012)

Additionally, DDBs designed only for peak flow reduction have little effect at the
watershed scale. Emerson et al., (2005) modeledtarsyof 82 DDBs designed for pre and post
development peak flow matching across a Pennsylvania watershed. Results indicated the DDBs
had little cumulative effect (0.3% mean reduction) on reducing peak flow rates at the watershed

outlet. Only when incorpotiimg volume reduction (infiltration) did the model achieve significant

reduction in both peak flow rates and total discharged volume (Emerson et al., 2005).

16



Volume reduction has been documented in a number of DDB monitoring studies, and can
be defined elter for a single storm event or over a set period by Equattyrwhere the percent

volume reduction is expressed as the ratio of the change in volume stored to all influent sources.
b6 1 Coi A OA OELT 12
O?gl— p T TT (1-2)
Where

¥3 = change in water volume stored, from Equatieh 1
B 6 =sum of allinfluentwatervolumes

The 11 studies on grass lined DDBs included in the International Stormwater Best
Management Practice Database (ISBMPD) miexa median value of 33% volume reduction
(Geosynte& W.W.E, 2011) When compared to normally wet SCMs like wet ponds, DDBs
also measured greater long term volume reduction for smaller, more frequent storm events (<1 in
(<25 mm)), reducing cuniative effluent pollutant loads (Geosyntec & W.W.E, 2011).

Rosenzweig et al. (2011) monitored an infrequently maintained DDB and measured up to 23%
volume reduction even though the DDB routinely retained water near the outlet due to orifice
clogging. CalTans (2004) measured an average of 40% volume reduction in 4 grass lined DDBs.
Harper et al. (1999) recorded 71% volume reduction in a Florida DDB with sandy soils. This
resulted in massive reductions in pollutant load for all constitifetaiger et al., 1999)

Although it is an unrealistic expectation for DDBs to exhibit >70% volume reduction in most
scenarios, the current regulatory assumption that DDBs do not prowiécaigt volume

reduction may require more evaluation.

1.4.2: Water QualityPerformance

Sediment, trash, bacteria, nutrients, and heavy metals accumulate on impervious surfaces

in between rain events due to anthropogenic activities such as industredga®cagricultural
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fertilization, vehicular traffic, and waste managem@&mickson et al., 2013; National Research
Council, 2009) Polluant accumulation rates depend on the prevalent activities and land uses in
the contributing drainage ar@aavidsonet al.,2010) For instance, stormwater runoff from
highways contain higher concentrations of suspended sadiisroad wear and heavy metals
(e.g. Cd, Cu, Pb, Zn) from vehicle break and tire wear, as well as vehicle efhaffistan et
al., 1985;0pher & Friedler, 2010)

Certain pollutantexist naturally at low concentrations, such as sediment and nutrients, as
they are produced in the natural environment through atmospheric deposition or biogeochemical
processes such as biomass decompositiomreeral weatheringKkadlec & Wallace, 2009
Schueler,1996) Thesei Bl ebedancentrations cannot be f
much additional SCM surface area, treatment volume, or detention time is provided (Schueler,
1996). When the influent concentration is at or below an irreducible concentration, SCMs cannot
thea eti cally provide any pollutant removal, anct
treatment is therefore under represeriiatrett, 200%. Schueler (1996) determined irreducible
concentrations for detention type SCMs (Tab2)1

Table 1-2. Irreducible stormwatepollutantconcentrations developed by Sclargl1996).

Water Quality Constituent  Concentration (mg/L)
Total Suspended Solids 20 to 40

Total Phosphorus 0.15t0 0.2
Total Nitrogen 1.9
Nitrate-Nitrogen 0.7
Total Kjeldahl Nitrogen 1.2

SCM water quality performance is most commonly analyzed bytijyag the pollutant
concentration reduction or pollutant load (mass) reduction from inlet to QUBEIPA, 2010)

Some argue that quantifying both is required to most accurately characterize SCM performance
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(Barrett, 2005; Lenhart & Hunt, 2011). SCMs performance can also be analyzed by comparing
the concentration of discharging stormwater to watedity thresholds for aquatic life (McNett

et al., 2010; Winston et al., 2BIMazer, 2018), or to the performance of SCMs receiving similar
quality runoff (Winston et al., 2@ Mazer, 2018). Pollutant concentrations in stormwater runoff

are temporally gnamic and change as the storm progreideffman et al., 1985Rosenzweig

et al., 2011 Carpenter et al., 2014for this reason, influent and effluent samples are commonly
collected in a SCM throughout a storm at time or flegighted intervals. Samples can then be
composited together to develop an average concentration to characterize a storm event (USEPA,
2010; Erickson et al., 2013). This concentration, called the event mean concentration (EMC), is
the basis of many SCM moaring regimes (e.darrett, 2005; Hatet al.,2004; Middleton &

Barrett, 2008; Natarajan & Davis, 2015) Removal efficiency is a mea
reduce pollutant EMCs from inlet to outlet (Equatie8)1Effluent EMCs are used inutrient
accounting tools and drive local regulation as stormwater quality and receiving water sensitivity

are regionally specifi(Debo & Reese, 2002; National Research Council, 2009)

b2 Al | BAEEAEAAD " . 13
Ay pTT (1-3)
Pol l ut ant | oad reduction is a measure of a

requires measuring the volume of stormwater entering and exiting a SCM. The percent load

reduwction for a given pollutant can be determined using Equatién 1

N

05 4 620 # o (1)
T 62%- # p T

mo

PoT 11 QORKBAOAD

Where
6 = Volume (L)
‘O 0 & Event Mean Concentration (mg/L)
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1.4.3: DDB Pollutant RemoVv&echanisms

Sedimentation

The primary physical pollutant removal mechanism in DDBs is sedimentation (Birch et
al., 2006). As a basin fills and the water column forms, the energy of incoming stormwater
quickly decreases, which causes suspended sedimsgitlto Sedimentation can also remove
some sediment bound pollutants such as heavy metals and phosphorus (NCDOT, 2014a).
Sediment size determines settling velocity, and therefore the length of time required for settling
to occur. Two models are used toedet mi ne particle settling veloci
(Equation 15) for particles smaller than sand (<62.5 um in diameter) and a model developed by
Ferguson & Church (2004) (Equatior6} for larger particle sizeSettling depends on both
sediment partie density and fluid temperature (Ferguson & Church, 2004; Erickson et al., 2013)
and increases with increasing particle density. Additionally, as fluid temperature decreases, the
kinematic viscosity of water increases, and settling velocity decreasess Tty sedimentation

based practices see a decline in performance during the colder, winter (Rogben et al.,

2009)
"Oi o
o 2t e (1-5)
pPU
Qi pQ
\ 1-6
“ p¥ mo6a po 7 (-0
Where

6 = settling velocity

O= specific gravity of sediment
C= gravitational acceleration
A= particle diameter

O= fluid kinematic viscosity

# = constant (1 for sand grains)
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The primary factor controlling sediment removal through sedimentation is detention time
(Papeet al.,1999) Detertion time is defined as the pond volume divided by the influent flowrate
(Shammaa et al., 200lowever, this definition implies the presence of steady state mordit
typical of ponds with a permanent pool, and does not apply to DDBs. For this reason detention
time is alternatively defined as the time required to drain a full pond (also called drawdown time)
(Shammaa et al., 2002n general, an increase in detention time will improve removal of
insoluble and sedimetiiiound pollutants as it provides more time for sedimentation to occur
(Guo et al., 2000; Shammaa et al., 2002; Collins et al., 2010; Erickson et al.,l20d8yer,
sedimentation effectiveness depends on the patrticle size distribution of incoming stormwater, as
clay sized particles (<4 um) take weeks to settleavimédium sand (>0.25 mm) takes only
seconds (Erickson et al., 2013). Therefore, the common design constraint of a 2 to 5 day
detention time cannot remove the finest fraction of sediment.

Additionally, Papa et al. (1999) determined that increasing DDB tittetime past an
optimized value decreases the stormwater volume treated from subsequent storms, leading to
basin flooding, more frequent overflows, and drainage inefficiency. As these systems are
designed to be dry inteavent, the outlet structure andfize size must also be appropriately
designed to empty a basin completely irdgeent to prevent mosquito proliferati@iduberet al.,
2009; MacKayet al.,2016) For these reasongollutant removal through sedimentatialiore is
constrained between fixed upper and lower limits, and additpoiitant removapathways are
requiredto improveDDB performance
Filtration

Filtration is thephysicalprocess of pollutant removaé stormwater passes through a

porous media, suctsa&oil, gravel, or other engineered media (Erickson et al., 2013). Filtration
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traps sediment, sedimebbund pollutants, and can chemically bind soluble pollutants to media
surfacegFoadHussairet al.,2006; NCDOT, 2014a) Soil infiltration provides pollutant
removal through filtration, but overtime the soil surface/inacome clogged with sediment and
organic fines, reducing filtration efficien¢onzalezMerchanet al.,2014) In some DDBs,
subsurface perforated pipe underdrains are incorporated to ensure complete drainagerinter
and filter a portion of the incoming stormwater (Harper et al., 1999,-Hoadain et al., 2006,
Rosenzweig et al., 2011).
Adsorption

Adsorption is thehysic-chemicalprocess ofolublepollutants(ions or molecules)
binding to oppositely chargedineral, particulate, or organic surfaces at the solid/liquid
interface (Sparks, 2003). Adsorbed pollutants can be removed through sationeard
filtration (Erickson et al., 2013). Adsorption occurs primarily on soil particle suftaceional
groups, and is controlled by saiblution pH (Sparks, 2003). For instance, removal of heavy
metal cations by sorption processes decreadelti3vhen pH increased from 6 to 8 (Metcalf &
Eddy, 2003). In SCMs, sorption processes dictate the removal of particle bound phosphorous
(Rosenquist et al., 2010), nitrogen (Collins et al., 2010), and heavy metals (Lo et al., 1992; Guo,
1997, Sparks, 2003). Rrding physical contact between target pollutants and the adsorbent is
essential to encourage removal via adsorption (Scholes et al., 2008).
Biological Removal

Numerous biologically mediated removal processes can take place in DDBs when the
conditions argoresent to support microbial, vegetative, and aquatic life (NCDOT, 2014a). These
processes require carbon sources to encourage cellular respiration, moisture to drive cellular

processes, and particles (pollutants) to act as electron acagfagesn & Walbridge, 2007;
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McPhillips & Walter, 2015; Morset al.,2017) Soluble forms of nitrogen and phosphorus are
removed through biomass assimilation (biological uptakg)lants, algae, and phytoplankton
(Collins et al., 2010; Let al, 2010; McPhillips & Walter, 2015%oluble pollutantsan also be
removed Va microbiallymediated transformations such as denitrification (NCDOT, 2014a).

1.4.4: Stormwater Pollutants

Total Suspended Solids (TSS)

Total Suspended Solids (TSS) include all particulate solids that can be trapped by a filter
and is removed via sedimi&tion and filtratior(Papa et al., 1999YSS is quantified in
stormwater because other pollutants adsorb to sediment paffiales et al., 1999;f@mmaa et
al., 2002) For this reason, it is a good indicator of the impact of stormwater on downstream
water quality(Rossi et al., 2005)

TSS removal is also a defining characteristic in regulation. In North Carolina NSWs,
SCMs are considered a primary (stalohe) practice if they provide adequate TSS removal that
depends on the influent TSS concentration (Tak8¢ Becondary SCMs, including DDBs,
cannot routinely meet these performance standards, and thus cannot act aslarstaBGM to
provide water quily benefits (NCDEQ, 2017c).

Table 1-3. TSS removal performance standards that define primary SCM practices in North
Carolina (NCDEQ, 2017c)

Median Influent EMC Applicable Performance Standard

< 20 mg/L Influent concentration too low
20-35 mg/L >=29% renoval

35100 mg/L <=25 mg/L effluent concentration
100 mg/L >=75% removal

Stanley (1996) compiled pollutant load reduction data from seven DDBs of varying age

and watershed size and determined that TSS concentration reduction varied/ft&m 3

23



Carpener et al. (2014) reported a mean value within that range (39%), while Guo et al. (2000)
and Mazer (2018) reported a net export of TSS due to particle resuspension in DDBs without a
sediment forebay. Mazer (2018) also reported median TSS removal effisiehdi@% and 52%
in two NC DDBs.
Nutrients

Nitrogen removal in SCMs is controlled primarily by biogeochemical processes,
including biological assimilation, chemical adsorption to sediment, and microbial transformation,
rather than sedimentation, althoughiacrease in detention time can provide more time for the
former to occufMcPhillips & Walter, 2015; Morse et al., 201Mhese removal pathways are
not encouraged by typical DDB design as they necessitagrsaturated and anaerobic soil
conditionsor detention times in excess of 5 ddyepraska®t al, 2004 Rosenzwig et al.,
20117). Never the less, some studies suggest that DDBs act as biogeochemical hotspots for
nitrogen removal, specifically when standing water per§iaidlins et al., 2010; Rosenzweig et
al., 2011 Morse et al., 2027

Nitrogen in stormwater runoff is composed of organic and inorganic forms, which both
include dissolved and particulate fractions. Dissolved inorganic nitrogen (DIN) includes
ammonia (NH), ammonium (NH), nitrite (NO;), and nitrate (NG), which are easily digested
by phytoplankton and algae that lead to eutrophication and hyf®sii@ingeret al, 2002
Galloway et al., 2003 DIN is also most readily assimilated by plants and temporarily stored as
organic N(Collins et al., 2010; Coo&t al, 2013) DDBs in North Carolina have measured
between 26 and 37%Hs removalefficiency (Maze, 2018), and removal efficiencies for NO
and NQ between11 and 34% (Stanley, 1996; Hathaway et al., 2007a, 2007b; Mazer, 2018).

NOs is removed through anaerobic microbial denitrificatitwe, transformation dilOs to inert
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nitrogen gaswhichis theprimary procesgo remove inorganic fractions of nitrogen from the
terrestrial environmer(McPhillips & Walter, 2015; Morse et al., 201 However, anaerobic
conditions do not typically persist long enough in properly designed DDBs for significant
denitrification to occur (Collins et al., 2010; Rosenzweig et al., 2011).
Total Kjedahl Nitrogen (TKN) is the sum afmmonical (NH and NH;) and aganic
nitrogen (ON). ON is the fraction of N removed from the atmosphere through biological N
fixation or through plant assimilation of DIN, and is introduced into stormwater through
decomposition (Kadlec & Knight, 2009). ON in SCMs can be transformexidrpbial
processes such as ammonification (ON taN\&hd subsequent nitrification (Nkb NOs) but
requires denitrification for complete removal (Collins et al., 2010). TKN removal efficiencies in
NC DDBs have been measured fre®3 to 38% (Hathaway et.a2007a, 2007b; Mazer,
2018).Total nitrogen (the sum of TKN, NONOs) removal in NC DDBs varies from a median
removal efficiency 0f25% to 41% (Stanley, 1998azer, 2018) Nitrogen removal in DDBs
may be enhanced by establishing denggetagive cover to aid in sedimentation of the particulate
fraction and plant uptake of the dissolved fraction, maximizing flow path length to encourage
infiltration, and increasing detention time to encourage anaerobic condifiotisis et al.,
2010) Table 14 shows a summary dbcumentedhitrogen removal performance in DDBs.
Alternatively, phosphorus removal is dietd primarily by sediment sorption and
secondarily by biogeochemical processes and plant assimi{@&#vgalloet al.,2017) The
particulate fraction (Particulate PhosphofP)) sorbs readily to silt and clay partic{8parks,
2003)and therefore can settle out with incoming sediment. However, if saturated and anaerobic
soil conditions exist in a DDB for long enough, iron bound phosphate in sediment can be

released, reducing total phosphorous (TP) rem@Viatisch & Gossilink, 200Q)The dissolved
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fraction of TP is comprised mostly of orthophate (soluble reactive phosphorous) and can
constitute 485% of the total incoming phosphorous in stormwéeicksonet al.,2012)
Dissolvedphosphorous is readily bioavailable and may contribute to eutrophication if not
chemically mediate{Sharpleyget al.,1992) In DDBs this fraction is not easily removed and
may even expor{CalTrans, 2004; Geosyntec & W.WH)17 Mazer, 2018

Table 1-4. Nitrogen removal performandem various DDB performance studies. First

numbers are median concentration removal efficiencies and the second number are median
pollutant load reductions.

Source Location TN (%) NHs3(%) NOx(%) ON (%) TKN (%)
Mazer (2018) Morrisville, NC -25/25  26/27 -71-11 -42/-37  -23-22
Mazer (2018) Morrisville, NC 10/14 37k4 7/-18 4/17 11/13
Mazer (2018) WinstonSalem, NC  41/49 29/39 34/35 42/51 38/52
Stanley (1996) Greenville, NC 26/- - -2/- - -
Hathaway et al, (2007a) Charlotte, NC 13/- - 3V/- - 2/-
Hathaway et al, (2007b) Charlotte, NC 10/- - -1V- - 20/-
Line (2006} Taylorsville, NC 10/18 -8/-3 -21/-16 - 19/30
Birch et al., (2006) Sydney, Australia 28/- - -46/- - 56/-
CalTrans (2004) Various, CA 14/35 - 8/30 - 17/38
Geosyntec & WW.E. (2017) - -4/- - 41/- - 0/-
Harper 19992 DeBary, FL 25/86 31/87 50/91 5/83 -
Middelton & Barrett (2008)°  Austin, TX - - 58/- - 35/-
Bartone & Uchrin (1999) Randolph, NJ - - -/40 - -/40
Carpenter et al. (2014) Quebec, Canada - -/10 - - -
Rosenzweig et al. (20 Princeton, NJ -/18 - -/16 -/-36 -

!Reported mean value’€ontains underdraidModified outlet structure?Cumulative loading

Filtration and adsorption processes are critical for the removal of dissolved phosphorous
Kadlec and Wallace (2009). Thdrave been promising results by incorporating engineered
media to aid in dissolved phosphorous adsorgfosenquiset al.,2010)and by encouraging
biological uptake and subsequent accrefiadlec & Wallace, 2000 but these treatment

mechanisms are not typically present in DDBs. Never the less, DDB Tireldactions in the

26



southeastern United States have been measured3fdmto 84%Haper, 1999; Mazer, 2018
TP removal efficiencies range from5 to 22% (Stanley, 1996; Line, 2006; Hathawbale
2007a, 2007b; Mazer, 2018). TP export has been contributed to sediment resuspension during
inflow (Mazer, 2018). Filtration and biologically mediated processes can improve dissolved
phosphorous removal in DDBs, and may be encouraged with proloetgdidn and by
incorporating hydrophytic vegetation (Rosenquist et al., 2010; Gargallo et al., 2017). Table 1.5
shows a summary alocumentegbhosphorus removal in DDBs.

Table 1-5. Phosphorus removal performance from various DDB performance studies. First

numbers are median concentration removal efficiencies and the second number are median
pollutant load reductions.

Source Location TP OoP PP
Mazer (2018), MOV1 Morrisville, NC -45%F11%  -43%/10% -

Mazer (2018), MOV2 Morrisville, NC 4%/-32% -11%+43% -

Mazer (2018), WS WinstonSalem, NC  22%/61%  31%22% -

Stanley (1996) Greenville, NC 14%}F+ 26%F -
Hathaway et al, (2007a), UNH  Charlotte, NC -15%/- - -
Hathaway et al, (2007b), MP Charlotte, NC -13%*+ - -

Line (2006) Taylorsville, NC 9%/26% 2%/12% -

Birch et al., (2006) Sydney, Australia -5%/- - -
CalTrans (2004) Various, CA 39%/54% -22%1/8% 39%/66%
FoadHussain et al. (20086) Mankato, MN 20%/58% 6%/52% 26%/64%
Geosyntec & WWE (2017) - 17%}F -13%F

Harper 19992 DeBary, FL 13%/84% 25%/86%  8%/83%
Middelton & Barrett (2008} Austin, TX 52%F 7%!-

Bartone & Uchrin (1999) Randolph, NJ -137% -/-6%

'Reported mean valué€ontains underdraifiylodified outlet structure*Cumulative loading

Heavy Metals
The removal of heavy metals (e.g. Cd, Cu,At),common in roadway runoff
constitutes an important but variable function of DDBs. Particulate metals removal is typically

higher than removal for the dissolved fraction, as particulate fractions adsorb to sediment and
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can settle out during detenti@doffmanet al.,1985 Guo, 1997; Harper et al., 199®issolved
metals removal is driven by complexation with soil organic matter weak acid functional groups
(Sparks, 2003and increasing soil organic matter content or encouraging sdtitatibn could
improve removal of the insoluble fracti¢o et al.,1992) Removal efficiencies for total
(dissolved and particulate fractions) Cd have been measured from 17 to 33%, Cu from 11 to
78%, Pb from 29 to 72%, and Zn fref38 to 73%(Harper, 1995; Stanley, 1996; Birch et al.,
2006; Geosyntec &W.W.E, 2017)
1.5: The Role and Cost of Routind/laintenance

Maintenance represents a substantial cost over the lifetime of a\DBIBs et al. (2007)
determined annualperation and maintenance (O&M) costs for DDBs are between 1.8 and 2.7%
of initial construction costs, which vary with size and location, but typically amount to between 1
and 6 thousand USD per year per D@RITrans, 2004; Weiss et al., 2007, Houlalet2013)
Wiegandet al.(1986 estimated a higher DDB O&M cost range of 3 to 5% of initial construction
costs. This can represent a significant cost for an organization that managd3Deany
specifically when vegetation management is conducted only for aesthetic r@disensl.,
2017; NCDOT, 2016) Additionally, Houle et al(2013) calculated and compared the O&M costs
and performance of conventional and LID SCMs for the first 4 years of operation. The authors
found that DDB O&M costs were higher than all LID systems studied except a sand filter. In
terms of constituent remal; the DDB had the highest yearly operational cost for nitrogen
removal ($0.93/g/yr) and the third highest for TSS ($11/kg/yr). For these reasons, incorporating
LID characteristics such as internal water storage, engineered soils or gravel media, and

undedrains into DDBs could reduce pollutant leadighted operational costs.
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Routine DDB maintenance consists primarily of vegetation and sediment removal, as
both may clog drawdown orifices, reduce storage volume, and over time encourage basin short
circuiting (Rosenzweig et al., 2011; NCDOT, 2014@agbris (trash) accumulation and
drawdown orifice clogging are reported as the mosfueat maintenance issues facing DDBs
(Ericksonet al., 2010)Many state agencies conduct fronitine maintenance on anraseded
basis that relies on field inspectiffaylor, 2014) Yearly inspections may fail to recognize
problems that are only apparent during storm events such as outlet piping or seepage, berm
leakage, and orifice cloggin&iickson et al., 2010). Most state SCM maintenance guidelines
also recommend routine litter and debris removal, but its frequency depends on available
resources and budget (Taylor, 2014).

Incoming sediment can compromise DDB storage volume and redurednta
efficiency (Guo, 1997). Sediment removal is recommended ev&dyy2ars but depends on the
incoming sediment load and forebay deqiy&€DOT, 201Q Erickson et al., 2013pas sediment
accumulation is directly related to the imperviousness and particldisid@bution of the
catchmen{Schroeret al.,2018) Manual survey of the basin area can determine the extent of
sediment accumulation and the required interval of remlatt & Lord, 2006) The expected
volume occupied by sediment may also be incorporated durgigndand construction
(Mississippi Department of Environmental Quality, 2011)

Vegetation management consistpefiodic (typically twice or four times per year)
mowing of to a height of six inches (NCDOT, 2010; Taylor, 2014). Mowing represents the most
expensive component of routine maintenance in DDBs (Wiegand et al., 1986). Heavy mowing

machinery can contribute soil compaction and further limit soil infiltration (Strudley et al.
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2008), specifically when standing water persists and soils are saturated (Defossez et al., 2003;
SaffirHdadi et al., 2009).

When mowing is neglected, trees can proliferate but areaipremoved as a nuisance
for conducting maintenance by preventing equipment access, clogging DDB outlet structures,
and compromising berm integri(igrickson et al., 2013; United States Army Corps of Engineers,
2014; NCDEQ, 2017b)Vegetation ovemngpwth in SCMs can also negatively impact the aesthetic
value of DDBs and can be a safety concern when limiting vehicle line of sight near roadways
(NCDOT, 2016 Hu et al., 201). For sites removefilom the public eye, aesthetics are less of a
factor, and trees and shrubs are recommended to blend SCMs into the landscape and discourage
human traffic (NCDOT, 2010).

Even though design and maintenance manuals recommend tree removal, their role in
bank sability is a controversial topic in the literature. Federal regulations prohibit woody
vegetation within 4.6 m (15 ft) of embankment slopes in earthen water control structures, as dead
or dying roots can create channels for water to erode soils, caasimtadure(United States
Army Corps of Engineers, 2014lowever, woody root structures have been shown to increase
levee stability in andy soils (Shields & Gray, 1992). Additionally, for DDBs created solely by
excavation, as is common in highway medians and interchanges, there is no risk of berm failure.

Another stigma with trees growing in DDBs is storage volume displacement. However,
even at a maximum feasible tree density of 1992 trees per ha (USDA Forest Service, 1986), and
a tree diameter at breast height of 13 cm (5 in.), this only accounts for a volume displacement of
0.3% in a 425n° (15,000 f£) DDB assuming 1.2 m (4 ft.) of vi&al storage. Merriman et al.,

(2013) recorded a value of 2.0% volume displacement by vegetation in a constructed stormwater

wetland; however, these systems require more surface area than DDBs. Sediment accumulation

30



is expected to occupy a larger propamtof the asuilt treatment volume than vegetation in
DDBs (Schroeret al.,2018)

There are examples in the literature on the {tmrgn performance and role of
maintenancén: infiltration basins (Natarajaand Davis, 2015, 2016a, 20)6btormwater
wetlands ¢.g.Lenhartet al.,2012; Merriman & Hunt, 2013pioretentioncells (Johnson &
Hunt, 2016; Peltieet al.,2009) and biofiltration swale@Colwell, 2000) Howeve, no studies
have directly assessed DDgdrologic or water qualitperformance wheroutine maintenance
is suspendedio the impact and potential cost benefits are not known.

1.5.1: Vegetation in DDBs

Vegetation in SCMs can provide a number of benefits regard to pollutant and
nutrient removal, volume reduction, and ancillary benefits to soil health and fu@tierwood,
2001, Bartens et al., 2008; Rose et al., 2008nter for Watershed Protection, 20B@rland et
al., 2017. In urban SCMs and other systems that use trees as a stormwater treatiynet too
benefits have been widely studi@dg.Sherwood, 2001Bartens et al., 2008; Rose et al., 2008
Lu et al.,2010; Read et gl201Q Bundschutet al.,2016; Berland et al., 2017)wo
comprehensive literature reviews focusing on the runoff and pollutant removal capabilities of
trees in the urban landscape provide justification for their use as a design consideration in DDBs
(Center for Watersheldrotection, 2016Berland et al., 2007
Hydrological Impact of Vegetation

Starmwater volume reduction is provided by canopy interception and subsequent
evaporation, which reduces the amount of rainfall entering and requiring treatment in a DDB. In
overgrown systems, this volume capture can account for >20% of rain falling doeal{pDB,

although the magnitude is seasonally depen@éant Stan et al2015 Center for Watershed
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Protection, R16). The benefits of interception are greater when surrounding areas are also
densely vegetated, as it reduces the amount of overland runoff directed to the(Bgstana et
al., 2017)

Additionally, ET constitutes a large return of water to the hydrologic cycle and can
influence basin wide volume reducti@@uderle & Hildebrandt, 2015)ncorporating engineered
soils that provide subsurface storage, micropools to provide surface storage, and vegetation that
can withstand periods of constant inundation will inseeBT (National Research Council,

2009). Open water evaporation is minimal in DDBs where water is ponded only temporarily;
however, overgrown systems would still lose a greater fraction of water through ET as trees roots
can uptake and transpire water fridma soil(Berland et al., 2017; Nisbet, 2005)

Plant and trees rds alsoimprovestormwater infiltration through root channeliagd by
breaking up compacted subsdBartens et al., 2008; Center for Watershed Protection, 2016;
Berland et al., 2017Bartens et al. (2008) determined thetegnhouse containers growing trees
exhibited an increase in infiltration by 63% compared to unplanted containers with the same
compacted soilThis function would be beneficial in DDBgth subsoilshatwere compated
during initial construction.ncreasng the proportion of incoming stormwater that infiltraties
subsoilleads to groundwater rechargehich reducsethe downstream impact on aqudife and
stream geomorphologBledsoe, 2002; Simpson & Weamre009)

Water Quality Impact of Vegetation

Vegetation can also improve pollutant removal in DDBs by enhancing both physical and
biogeochemical mechanisms. These processes include: assimilation of dissolved pollutants into
plant biomass, aiding in sedamtation and filtration for small rain events, increasing flow

retardance and detention time, and initiating microbial mediated pollutant transfor(Raigm
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et al., 2008Lu et al., 2010Read et al., 201®lumb et al.2013 Bundshuh et al., 2016; Center
for Watershed Protection, 2016; Berland et al., 20Adtseet al.,2017). Trees can also help
mitigate stormwater thermal pollution in DDBs by providing sh@deseret al.,2003) a
critical service in regions with temperature sensitive species (e.g.({ronts & Hunt, 2010)
Unshaded DDBs can increase stormwater temperature fromardatlet by 0.51.2° C (0.92.2°
F) (Herbet al.,2009; Sherwood, 2001)

Greater vegetative density can provide more time for settling to occur by increasing flow
path lengtiNCDOT, 2014), and prevent sedimeresuspensiofGargalloet al.,2017) The
role of vegetation in sedimentation dynamasodepend on plant height, howevand the
benefits decreas#uring high flow events when a DDB is fulogan &Walbridge (2007)
comparedhreeDDBs designed for flood control (containing concrete low flow channels, and
mowed turf) tathreeDDBs designed for water quality improvement (containing longer flow
paths with hydrophytic vegetation instead of concreteflow channelsnot mowedl Their
results indicated that those designed for water quality improvememt&dtigher sediment and
soil phosphorus retention, an indicator of phosphorus renfdeglan & Walbridge, 20Q7
Gargallo et al., 2007

Although DDBs are designed to be dry, over time they routinely retain water over parts
of the basin floor and develop vegetation and hydrology not as origintdlyded. In these
instances, hydrophytic vegetation typically proliferates in saturated @ieasb et al., 2013)
Even though typically viewed as a sign of systerufaj wetland plants can aid in pollutant
removal by settling particulate matter and immobilizing inorganic nitr¢Bexoret al.,2001,;
Lu et al., 2010)Morse et al. (2017) monitored four DDBs, two with standing water and two

without, and determined that theet basins possessed a higher fraction of denitrifying bacteria,
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which denitrified 58% of all incoming inorganic nitrogen. The dry basins denitrified only

1%.The application of denitrification beds using a carbon substrate have also been considered in

someSCMs(Schipper et al2010) Additionally, implementing a combitian of anaerobic and
aerobic environments, such as a subsurface saturated zone, can encourage denitrification
(McPhillips & Walter, 2015)

Furthermore, overgrown DDBs could prevent the spread of invasive sgelcigb. et al.
(2013 determined that the mence of woody vegetation in DDBs prevented the proliferation of
invasive plantshat provide mosquito habitat, suchTaghal., by controlling soil moisture and
providing shade. They monitordyphal. growth in four DDBs that were unmaintained for two
years and determined that its growth is suppressed as soil moisture decreases and shade
increases. MacKay et al. (2016) determined that vegetation management in DDBs increased
mosquito presence and West Nile virus risk. They conducted surveys of 14 DDBsvagive
cattails Typhaspp.) and phragmite®liragmitesaustralig, three of which were mowed
routinely, for mosquito presence. The authors determined that mowing invasive vegetation
resulted in a significant increase in mosquito presence that spdrenstdidy area and adjacent
residential sites. The moist vegetation left after mowing provided an ideal habitat for mosquito
proliferation. The authors suggest establishing native plant communities that are less
maintenance intensive and that encouragdatoe insect¢MacKayet al.,2016)

Although all SCMs are temporally dynamic, only one study has directly asseS€ad a

in a transitional state. Natarajan & Davis (2015, 2016a, 2016b) monitored an infiltration basin

for three years that has transitioned into a wetland. They developed and conducted an ecological

assessment to quantify the ecosystem services providée ppsttransitional system and

monitored the basin for water quality. The ecological assessment revealed that even though the
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basin was not operating as originally intended, it was still a thriving, diverserisab
ecosystem capable of providing aqoatnd terrestrial habitath€ failed infiltration system still
provides runéf volume reduction (64%)eakflow reduction 62%), and pollutant load
reductions (8990 SS removal) The assessment laid out in tresearch could be adopted for
otherfifailedo (e.g.a DDBtransitioning to avetland)or overgrown/unmaintaineBCMs to
determineassociate@cosystem services
1.6: Conclusions

This review provides evidence that when compared to other common SCMs, DDBs do
not routinely provide adequate water gqtyaéind hydrological improvement. Current design
standards for DDBs do not take into account many possible avenues to increase their function as
a SCM. This includes incorporating prolonged detention, trees and hydrophytes, zones of aerobic
and anaerobic fiaconditions, and areas for water to infiltrate as well as pond. Future research
should determine the water quality and hydrological impact of DDBs that are overgrown with
vegetation when compared to systems where vegetative growth is controlled. Thedpib
determine if vegetation removal should continue to be a required maintenance step or if it
compromises some level of functionality in these rapidly changing systems. Additional research
could consider the role of implementing subsurface saturatees or carbon denitrification beds
to increase dissolved nitrogen removal. A hydrological balance conducted on overgrown DDBs
could accurately determine the potential for vegetation to aid in stormwater volume reduction. In
addition, researchers showlark to develop DDB design strategies that incorporate both
saturated and unsaturated zones together with a combination of woody, upland, and hydrophytic

vegetation to reduce maintenance needs and maximize pollutant removal.
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CHAPTER 2: The Water Quality and Hydrologic Performance of Two Aging and
Unmaintained Dry Detention Basins Receiving Highway Stormwater Runoff

2.1 Abstract

Dry detention basins (DDBs) are a type of stormwater control measure (SCM) designed
to provide flood storage, reduce peak discharge ratesgaraesome pollutantghrough
sedimentation. DDBs are ubiquitous in the urban environment, but are expensive to maintain.
Trees play a major role in the hydrologic cycle and can provide additional volume reduction and
pollutant removal pathways in DDBs that Bdwecome overgrown. In this study, two overgrown
DDBs near Raleigh, NC, receiving highway runoff were monitored for one year to quantify their
water quality and hydrologic performance. Both basins, OG 1 and OG 2, have not received
vegetation maintenancensie construction in 2007. Fleweighted composite samples were
coll ected during storm events to characterize
efficiencies (REs) and load reductions (LRs) for nutrients (Total Phosphorus (TP}, Ortho
phosphorus (8), Particulate Phosphorus (PP), Total Nitrogen (TN), AmmbinjiHz), NO,-3-
N (NOx), Organic NitrogefON), and Total Kjedahl Nitrogen (TKN)), tal suspended solids
(TSS), andmetals (Cd, Cu, Pb, and Zn). An annual water balance was also conducteghfor ea
basin to determine the dominate hydrologic pathways and to quantify runoff volume reduction.
In spite of low nfluent concentratios from the highwaysignificant REsvere foundor all
constituents excefdHz in OG 1. TP, OP, N§ TSS, and Zn were reded in OG 2. Both basins
achieved greater than 39% volume reduction through soil infiltratsujtingin significant
pollutant LRs for all detected constituents, between 59% and 79% in OG 1 and 35% and 81% in
OG 2. This study provides evidence that gvewn and unmaintained DDBs can provide
pollutant removal within the range reported elsewhere, while also providing greater than normal

volume reduction through root channeling and canopy interception.
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2.2: Introduction

Urbanization and widespread develagrhover the last century have increased the
presence of impervious areas (e.g. roadways, parking lots, rooftops) and altered the natural
hydrologic regimgNational Research Council, 200®) these conditions, stormwater runoff
travels overland faster and in greater volume, carrying pollutants, sediment, trash, and debris to
downstream lakes, rivers, and stregd®shueler, 1996)This runoff contributes tddoding,
downstream erosion, and aquatic habitat disturbé@rael & Meyer, 2001)Traditional
stormwater control focused on temporarily detaining stormwater volume to reduce flooding and
the peak flowrate discharging to streams (Debo & Reese, 2002).r&tenetly, water quality
control has become an integral component of urban stormwater management. However,
traditional, detentiobased systems are still common in the urban environment, and the design
of these outdated systems needs enhancement to paoldii®nal water quality and runoff
reduction benefits.

Dry detention basins (DDBSs) are a traditional type of stormwater control measuré (SCM
designed to temporarily collect and detain stormwater runoff for flood control and peak flow
mitigation rathertian water quality improvement. DDBs consist of a large, earthen depression
that collects runoff (usually from impervious areas) and an outlet structure that slowly discharges
stormwater after a storm over 1 to 5 déigsckson et al., 2013; North Carolina Department of
Transportation (NCDOT), 2014pDBs are designed to remain dry in between storm events as
standing water longer than 5 days encourages mosquito prolifefidtiber et al., 209
Simpson & Weammert, 2009)

Although ubiquitous in the urban landscape due to their simple design and function,

DDBs are one of thizast effectiveSsCMs in terms of water quality and runoff volume reduction
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(Stanley, 1996; Harper et al., 1999; Shammam. e2002; Pitt, 2005-assman, 2012)
Sedimentation of pollutad&den runoff during detention constitutes the only pollutant removal
mechanism (PRM) encouraged by their degkgnmckson et al 2013) which limits the removal

of soluble pollutant$Guoet al.,2000; Shammaa et al., 2Q@2itt, 2005. Existing studies on

DDB performance conclude that sedimentation alone can only achieve los déyelllutant
removal(Shammaa et al., 20Q2)ypical design also does not encourage treatment or volume
reduction through soil infiltration due to situsoil conpaction during construction and because
engineered soils are not incorporated in de@igitkson et al., 2013; GDOT, 2014 Egeret d.,
2017)

DDBs are mowed to prevent the proliferation of vegetation that would otherwise prevent
equipment access, clog outlet structures, reduce storage volume, and degrade earthen berms.
Routine maintenancgprincipally mowing.cancostbetween 1 an8 thousand $/year/DDB
(Weisset al.,2007). This represents a significant cost for an organization that manages SCMs
over a large area, specifically when vegetation management is primarily conducted for aesthetic
reasongHu et al.,2017; NCDOT, 2016) In the absence of mowing, trees and woody shrubs
quickly proliferate and can provide additional runoff volume reduction throagbpy
interceptionBerland et al., 2017)nfiltration from root channelin@Bartenset al.,2008)
evapotranspiration (ETCenter for Watershed Protection, 2018&)d PRMs such as
assimilation, filtration, and improved sedimentat{®gadet al.,2010; Roset al., 2008)

However, no research hdsectly asessed the performance of DDBsn overgrowrcondition

The objective of this study is tetermine the water quality and hydrologic performance

of two unmaintainecind overgrowrDDBsin the linear highway environment in the Piedmont of
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North Carolina. It is hypothesized that overgrown DDBs wilMute greater than typical runoff
volume reduction, pollutant removal efficiency, and load reductions.
2.3 Methodology

2.3.1 Field Site Introduction, Location, and Description

Two hybrid DDBsovergrown with vegetatiowere outfitedwith monitoring equdment
in thewinter of 20172018 Neither site hdreceivedvegetation removalince construction in
2007, and théoor and berms of each basin contained trelbgjbs herbaceous grasses, and
hydrophytic vegetation (Figure ). The presence of hydrophgtvegetation and trees are
typical signs that the basins were not routinely maintainedDDigs, Overgrown 1 (OG 1) and

Overgrown 2 (OG 2)\erelocated800 m (2640 ft. apart on Interstate 540 near Knightdale,

North Carolinadirectly adjacent to the Niee River (Figure-2). These sites were selected

T 0

Figure 2-1. Pictures of OG 1 (A and Chd OG 2 (B and D).
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monitoringbecause thegontained one principal inlet ameeresimilar in vegetative
composition, age, and sig€able 21). OG 1 and OG ®ere located in the nutrient sensitive
Neuse River Basirfzor this reason, theyweresubject to the Neuse Stormwater Rule, which
requires all new developments within the watershed to limit offsite nitrogen export to 4.0
kg/halyr (3.6 lbs/acre/y(North Carolina Department of Environmental Qua{NM@CDEQ),
2009)
Site Description: OG 1

OG 1 receivd runoff from the surroundingofir-lane highway, a bridge deck, and
associated swales through a single 0.9 m (3 ft.) diameter reinforced concrete pipe (RCP). The
inlet pipe dischargeginto a small sediment forebay that routinely held water during the non
growing season. Half of the badioor wasdensely vegetated witPlatanus occidentalis
(American sycamorefalix nigra(black willow), andBaccharis halimifolialsea myrtle), with
the rest containing dense herbaceous vegetation. The wateras@@6 ha (15.41 acres) and
32% impervias. Stormwater dischargérom OG 1 through two,&m (2in.) drawdown
orifices, a 15cm (6in.) perforated pipe underdrain, and-en413ft.) emergency spillway
located 1.1 m (3.5 ft.) above the basin floor (Fige+3). Both drawdown orificesverelocatd
8-cm (3in.) above the basin floor.
Site Description: OG 2

OG 2 receivd runoff from 0.8ha (2.0 acres) of roadway and the associated swales
through a single 0-61 (2-ft.) diameter RCP (Figur2-6A). The watershedas33% impervious.
OG 2 ha one, 5cm (2-in.) orifice located 20 cm (8 in.) above the basin floor (Figu8g. It
also ha a15-cm (6in.) perforated pipe underdrain and conggia 3m (10ft.) emergency

spillway located 1.0 m (3.3 ft.) above the basin floor. The quarter of the basin thogesinlet

52



" Legend

ol J:] Overgrown 1 Watershed

.Y - Overgrown 1

Overgrown 2 Watershed

D Overgrown 2

i— 1-540

j === Major Hydrography

§ 0.4 Kilometers

e e |

Figure 2-2. Watershed locations for OG 1 (red) and OG 2 (yellow). Watershed delinea
conducted using ArcMap 10.3 (Esri, Redlands, CA).

pipe constantly retained water during the winter and remained saturated during the summer. This
is likely due to soil clogging because of a poorly functioning and undersized sediment forebay,
and the buildup of detritus (primarily pine neeg)l near the middle of the basin that cduse

ponding. Additionally, this basiwaslocated at the bottom of a very long, steep slope, where
groundwater seepage into the basin occurred during the winter months, perpetuating wet
conditions. For this reasohydrophytic vegetation (primarilyypha latifolig (cattails)

proliferatal in this area of the basin. The remainder of the basin floor cedtSaix nigra

(black willow), Liquidambar styraciflugsweet gum)Pinus taeddloblolly pine),Baccharis

halimifolia (sea myrtle), and herbaceous grasses.
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:4_11 a N )
Figure2-3.1 nt eri or and exterior of Dboth sit:
drawdown orifice (A), interior of OG 2 outlet structure with orifice and underdrain (B), exter
OG 1 outlet structure (C), interior of OG 1 outlet structure with orifices and underdrain (D).

Table 2-1. Select characteristics of Overgrown 1 and Overgrown 2 DDBs.

Characteristic 0G1 0G2
Location (Latitude) 35°51'18.072" N 35°51'22.80" N
Location (Longitude) 78° 31'51.204" W 78°32'19.28" W
Year Built 2007 2007

DDB Bottom Area ) 414 547
Volume () A 423 463
Annual Average Daily Traffic 74000 74000
Total Watershed Size (ha) 6.36 2.58
Impervious Area (ha) 2.06 0.80
Grassed Area (ha) 0.82 0.56
Forested Area (ha) 3.48 1.12
Hydraulic Flow Path Length (m) 25 61

% Impervious 32% 33%
Monitoring Start 01/2018 02/2018
Monitoring End 01/2019 01/2019

“pelow the emergency spillwagvert, measured from the inlet pipe to outlet structure
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2.3.2 Field Site Instrumentation

Storm eent hydrologic and water quality monitoring took place at OG 1 from January
2018 to January 2019 and from February 2018 to January 2019 at OG 2. Both sites were oultfitted
with automated sampling devices (Model 6712; Teledgne™, Lincoln, NE, Figure2-4) and
HOBO™ pressure transducers (Model U20; Onset Computer Corporation, Bourne, MA) to
characterize water quality and hydrologic performance. All hydrologic data were collected at

two-minute intervals. Tabl2-2 provides a summary of flow and water gtyaiinstrumentation.

Figure 2-4. Isco-Teledyné™ Model 6712 automated sampl
locaed at the outlet of OG 1 and used to collect stormwater
samples and store hydrologic data at all sampling points.

OG 1 and OG 2 Inlet

The inlet RCP at both sites were outfitted with Model 750 {Ryafile Aerial Velocity
Modules (AVM) (TeledyndSCO™, Lincoln, NE) connected to automated samplEigures2-
5 and2-6). The AVMs measure the leveldgrelocity of incoming stormwater to quantify the
inflow volume during each storm. The AVM was placed at the invert of each inlet pipe and

stormwater samples were collected by the directly adjacent automated sampler.
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Figure 2-5. Influent and effluent monitoring for OG 1: inlet pipe (A), AVM (red circle) ins
inlet pipe (B), 45° V¥notch weir box surroundg the drawdown orifices and underdrain 90
notch weir (C). Red arrows signify stormwater sampling points.

OG 1 and OG Drawdown Orifice(s)

Outflow volume from the drawdown orifice(s) in OG 1 and OG 2 was measured using
sharp crested Motch weirs and Model 730 bubbler flow modules (Teledgae™, Lincoln,
NE) connected to the automated samplers. The bubbler flow modules measure the letezl of wa
discharging over the weir (Figus@-5 and2-6). OG 1 contained a 45°-Notch and OG 2
contained a 22.5° Motch.
OG 1 and OG 2 Underdrain

Initially the underdrains were plugged to isolate traditional DDB characteristics (DDBs
do not usually containnderdrains in NC), but this resulted in both basins detaining water longer
than the recommended 5 days (NCDOT, 2014). For this reason, the underdrains at both sites
were unplugged and outfitted with 902r\tch weirs in April 2018. The underdrain weir
installed at OG 1 was placed inside the outlet structure. However, at OG 2 standing water in the
outlet structure and a lack of slope resulted in tailwater that wavd obstructed weir flow

inside the outlet structure. For this reason, a 90° cross chanmatth weir was installed
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downstream of the outlet pipe in an earthen swale (FR@)eThis weir measured all effluent

flow from OG 2.

J

Figure 2-6. Influent and effluent monitoring for OG 2. Clockwise from top left: inlet |
AVM (red circle) inside inlet pipe, outflow 90°-Wotch weir, 22.5° ¥notch weir box
surrounding the drawdown orifice. Red arrows signify sampling points. The OG 2
underdrain sampling point is directly below thengtch weir box.

Table 2-2. Summary of flow measuring devices at OG 1 and OG 2. Stormwater samples were
collected adjacent to eachVM and directly behind Vhotch weirs by the automated samplers.

Flow Measuring Device

Sampling Point 0OG1 0OG 2
Inlet ISCO™ Model 750 AVM ISCO™ Model 750 AVM
Drawdown Orifice(s) 45° V-notch weir 22.5° \-notch weir
ISCO™ 730 bubbler module  ISCO™ 730 bubbler
Underdrain 90° V-notch weir 90° V-notch weir

ISCO™ 730 bubbler module  ISCO™ 730 bubbler
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Rainfall Measurement
An Isco 674 automatic tippingucket rain gauge (Teledyisco™, Lincoln, NE)
measured rainfall accumulation and intensitgt aras installed 1 m (3.3 ft.) above the ground
free from obstruction near the roadway at OG 1 (Figtirg Each bucket tip corresponds to 0.25
mm (0.01 in.) of rainfall. Because OG 1 and OG 2 are close to each other, one rain gauge was

considered sufficiat to characterize rainfall at both sites.

3 e

Figure 2-7. Manual rain gauge (left) and tippiimucket rain gauge (righ
atOG 1. Data from this site also characterized rainfall at OG 2.

Additional Hydrologic Monitoring

Model U20 HOBGOM pressure transducers (Onset Computer Corporféti@dourne,
MA) mounted to each outlet structufeidures2-3A, 2-3C) and upslope of each underdrain V
notch weirmeasured water level to provide another data stream for computing flow volumes.
The pressure transducer mounted to the outlet structure in OG 1 and OG 2 was also used to

calculate storm detention time and estimate flow volume over the emergency spillway.
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Evapotranspiration (ET) Estimation

OG 1 was outfitted with an ET simulator (ETgage Company, Loveland, CO) from April
to November 2018 to estimate reference ETofETroughout the monitoring period. The ET
simulator consists of a cylindrical reservdingater topped with a ceramic element that allows
evaporating water to diffuse into the air above. A HOBO Pendant data logger (Onset Computer
Corporation™, Bourne, MA) recorded the rate wathffused fromthe reservoir. Estimates of
leaf area index (LAlwere made for both sites usingAocuPar LP80 ceptometer (Decagon
Devices, Inc., Pullman, WAD develop modified crop coefficients for both sites that represent
the heterogeneous vegetation. They are used to estimate the volume of waidtTdstOG 1
and OG 2, respectiveldditional information on estimating LAl and evapotranspiration using
modified crop coefficientfor both sites is included in theydrologic data analysis sectiandin
AppendixA.
Soil Characterization and Infiltration Estirtian

Soil was sampled at 10 cm (4 in.) increments to a depth of 30 cm (12 in.) at 5 randomly
selected locations using 190 (1.6 irf) soil cores to determine soil particle size distribution,
bulk density, and porosity. Samples were collected by hamm#re core into the soil to the
desired depth, removing the core without disturbing soil within the core, removing excess soil
from outside the core, and capping the core until analysiface soil samples at each site were
analyzed for organic mattey lboss on ignition(LOI) (ASTM, 2010). Surface litter was scraped
away prior to sample collection. Particle size distribution was determined using the hydrometer
method (ASTM, 207). Soil saturated hydraulic conductivity (Ksat) was measured using a
Modified Philip-Dunn (MPD) Triple Infiltrometer (Upstream Technologies, New Brighton, MN)

(ASTM, 2018)to provide evidence of infiltration and validate calculated runoliime
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reduction for each sit-igure2-8). A total of 16 and 6 tests were conducted in GBad OG 2,

respectively. A summary of testing results is included in the results section and in appendix B.

igure 2-8. MPD Infiltrometer used to
assess ktin OG 1 and OG 2.

Canopy Interception (Cl) Estimation

OG 1 was outfitted with 9 manual rain gauges placed systematically throughout the basin
floor on 6/29/2018 (lgure 2-9) to measure canopy throufdll during rain events (methodology
as in CarlyleMoses, 2004; Gavazzi et al., 2016). Eleven and 17 storms were measured in OG 1
and OG 2, respectively. After a storm, the average rainfall measured in each of thgaugas
was compared to the amount measured in the unobstructed rain gauge near the roadway (Figure
2-7). The average percent of rainfall lost to Cl was then calculated separately for summer
(growing season) and winter (ngnowing season) storms. Thesggentages were applied as
coefficients to each storm to calculate the volume lost to Cl in the hydrologic analysis described
later in this chapter.
Vegetation Analysis

The diameter of alvoody stems$n OG 1andOG 2 werameasured at a height ohe

half the overflowspillway elevationto estimate the storage volume occupied by woody biamass
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Figure 2-9. Manual rain gauge position within OG 1 to assess canop
interception (left) and one close up (right).

Calipers were used to measure stem diameters 0.6 m (2 ft.) above the(gigurei210). Only
standing stems growing within the basin floor and on the berms I9etom (2 ft) above the
basin floor were measured. The area of each stem was multiplied by the height to the emergency
spillway of each basin (1.1 and 1.0 m for OG 1 and OG 2, respectively) to determine total
biomass volume. The species of each woody stamalso determined, to record the frequency
and abundance of species growing in each basin
Water Quality Monitoring

Stormwater samples were collected from OG 1 and OG 2 and analyzed for all
constituents listed in TabR3. Sampling points were locatetside the inlet pipe and inside the
outlet structure, directly behind the drawdown orifice and underdraiatvh weirs in OG 1 and

OG 2. During rain events, automated samplers were triggered to collect 200 mL (6.76 0z.)
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Figure 2-10. Measuring woody stem diameter using calipers (left), an
juvenile Pinus taedgloblolly pine)growing in OG 2 (right).

aliquots of stormwater at floweighted intervals from either the inlet, drawdown orifice, or

underdrain sampling point, and composite them in a 10 L (2.64 gallon) jar. The flow intervals

used during sampling changed in response to the expected rainfall. This composite sample
representshie event mean concentration (EMC). To ensure representative samples of the entire
storm hydrograph, all composited samples cont
volume; if not, the samples were discarded. Both sites were visited withmuggl ¢f significant

rainfall to allow time for drawdown to occur. When personnel visited the sites to collect samples,

the composite bottle was manually mixed, dispersed into sample bottles, and put on ice until

analysis.
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Table 2-3. Water quality constitents analyzed during this study, their analytical methods, and

practical quantification limits (PQL). Abbreviations listed in parentheses are used in the

remainder of this chapter.

Constituent Analytical Method PQL

Total Kjeldahl Nitrogen (TKN) EPA Method351.1 280 pg/L

NitrateNitrite Nitrogen (NQ) Std. Method 4500 NO3 F 11.2pg/L
EPA Method 353.2

Ammonia Nitrogen (NH) Std. Method 4500 NH3 H 17.5ug/L
EPA Method 356€L

Organic Nitrogen (ON) ON=TKN-NHs3 -

Total Nitrogen (TN) TN=NOx+TKN -

Ortho-Phosphte (OP) Std. Method 4500 P F 12 ug/L
EPA Method 365.1

Total Phosphorus (TP) Std. Method 4500 P F 10 pg/L
EPA Method 365.1

Particulate Phosphorus (PP) PP=TROP -

Total Suspended Solids (TSS) Std. Method 2540D -

Total Cadmium (Cd) EPA 200.8 Rev. 5.4 0.50 ug/L
EPA200.9 Rev. 2.2

Total Copper (Cu) EPA 200.8 Rev. 5.4 2.0 ug/L
EPA 200.9 Rev. 2.2

Total Lead (Pb) EPA 200.8 Rev. 5.4 2.0 ug/L
EPA 200.9 Rev. 2.2

Total Zinc (Zn) EPA 200.8 Rev. 5.4 10 pg/L

EPA 200.7 Rev. 4.4

Nutrient species (N&l TKN, NOx, TN, OP,TP) andTSS were analyzed at the North

Carolina State University Center for Applied Aquatic Ecology Laboratory. Staff at the North

Carolina Department of Environmental Quality Water Sciences Section Laboratory analyzed

metal species (Cd, Cu, Pb, ZA)table of EPAapproved methods and practical quantification

limits (PQLS) used during sample analysis are included in BaBldPaired (inlet and orifice)

particle size distribution tests for two storms at OG 1 were also conducted to characterize the

incomi ng sedi

NC State University Center for Marine, Earth, and Atmospheric Sciences, and the results are

me nt

oad

and t he

included in appendix BFigures B1 and B2, Table B3).

basi

nos

sedi
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2.3.3 Hydrdogic Data Analysis

DiscretizingPrecipitationEvents

Storms were discretized using-déur interevent time and minimum depth of 2.5 mm
(0.1 in.) (Driscoll et al., 1989). Any storm less than 2.5 mm (0.1 in.) was not included in the
hydrologic analysis lmuse most did not produce runoff. Additionally, due to equipment failure
or poor data quality, a number of storms were not included in the analysis for each site. Rainfall
measurements from the manual rain gauge (Figiiewere used to adjust data colied from
the automatic tippindpucket rain gauge. During high intensity storms the tipjbingket rain
gauge can under predict actual rainfall accumulation. For this reason, each rain data point

recorded by the tipping bucketin gauge was adjusted usiBguation2-1.

Q (2-1)

C
C~l| [«

Where

Pagj = adjusted rainfall accumulation (mm)

Pm = manual accumulation measurement (mm)

Pw = tipping-bucket accumulation measurement (mm)
dw = tipping-bucket data point

t = end of measured storm event (hours)

Field Site Annual Water Balance

A water balance was conducted for each storm with measurable inflow for both OG 1 and
OG 2 Equation2-2). All major influent and effluent hydrologic fluxes in OG 1 and OG 2 were
guantifed to calculate the amount of internal volume reduction occurring during each storm
event Equation 23). These hydrologic fluxes include inflow volume, lateralamvolume,
precipitation falling onto the basin, and outflow through orifices, the uraiardrverflow
spillway, canopy interception, and soil infiltration. ET was not included in individual storm
analysis because ET is negligible during rainfall and because water is only ponded temporarily in

each basin. As justification, the volume lost i \Eas estimated for 4 of the longest duration
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storms and made up less than 1% of total outflow (TABK. However, ET was considered on

an annual basis and this analysis is included
The proportion that a hydrologilux contributed to the annual water balance was

calculated by summing each flux over all monitored storm events and dividing by all influent or

effluent fluxes (e.g. Equatia&4 for infiltration).

YO O 0O Y Y 600 (2-2)

oy ") O Y Y 6°00 03

% P T Y05 G (2-3)

b "0¢ "QQd dit d ® DA 8B O 2.4
& 0 @it d o Dpande N Y OV 500 (2-4)

Where

| = Inflow volume through the inlet pipe @n

RO = Lateral ruron volume from surrounding watershedfm
P = Precipitation falling directly in the basin{m

O = Outflow volume through the drawdown orifices’\m

U = Outflow volume through the underdngin?)

S = Outflow volume through the emergency spillway)(m
ET = Volume lost through ET (fn

Cl = Volume lost to CI ()

G = Volume lost to infiltration (i)

VR = Volume Reduction (%)

n = Number of storms monitored over-tifbnth monitoring period

Forthei nl et RCP6s at OG %) wasmcalculdded foeackn®nute wr at e
interval by multiplying the flow area (fnby the stormwater velocity (m/s). Flow area was
determined by the equations for partially full pipe flow includedppendixA (Equdions A-1
to A-4). The AVMs at both sites periodically failed to detect velocity during storms, and
occasionally registered a negative velocity, even in the middle of steady flow. For this reason,

any negative velocity readings were replaced by valuesrdeted using linear interpolation to
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fill in the gaps. All 2minute flowrates were then multiplied by 120 seconds and summed to
calculate the total storm runoff volume.

Lateral runon volume flowing overland into OG 1 and OG 2 was estimated for each
stom event using the discrete SCS Curve Number method and topographic data. Antecedent
moisture condition adjustments were used for all land use types to more accurately estimate run
on volumeas explained il\ppendixA (EquationsA-5 andA-6; Table Al, Figure A-1).

The volume of precipitation directly falling into OG 1 and OG 2 during each storm was
calculated by multiplying the rainfall depth by the surface area of each basin (ireTBble

Flow rates over the Wotch weirs at the outflow of OG 1 and QGvere calculated for
each 2minute level measurement usiBguation2-5 (Francis, 1883).

O 6 08 (2-5)
Where
Q = flowrate (n¥/s)

Cq = V-notch weir coefficient (1.38 for 90°, 0.59 for 45°, 0.28 for 22.5°)
H = vertical head above-¥Wotch invert (m)

All 2-minute flowrates were then multiplied by 120 seconds and summed to calbalate t
total storm volumeklow through the drawdown orifice at OG 2 was subtracted from the total
flow over the cross channel wékigure2-6D) to determine outflow through the underdrain.

The emergency spillway in OG 1 is a near horizontal, approximasglgzoidal, riprap
and vegetation lined channel with an invert elevation 1.0 m (3.3 ft) above the drawdown orifice
invert.Ma n ni n g 0 svaseused ta éstimatire flowratein this channelvhen the water
level in the basin exceeded the invert of the gerecy spillway. Information on calculating flow
volumes over the emergency spillway can be founidpendix A(Table A3, EquationsA-7 to

A-10). The emergency spillway at OG 2 never flowed during the monitoring period.
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The annual volume lost to ET wastimated only from 3/15/2018 to 11/15/2018, because
the ET simulator was susceptible to damage in freezing temperatures, and this is when vegetation
is most physiologically active, thus transpiring water. ET during thegnowing season was
considered ngligible. After examining data collected from the ET simulator and comparing it to
ETo data retrieved from the Reedy Creek Field Laboratory located 19 km (12 mi.) from the study
area and operated by the North Carolina State Climate Office, it was detéthrahéhe ET
simulator greatly undgpredicted E§ over the monitoring period (Figu&11). For this reason,
data from the Reedy Creek Field Laboratory was used. The discrepancy inZiguneay be
due to the position of the ET simulator during momitgmwithin the basin and thus semi

shielded from wind (Allen et al., 1998).

[EEN
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o

Raw ET Simulator Data

1000 Reedy Creek Field Station

800
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200

Cumulative Reference ET (mm)

0

4/10/2018 6/24/2018 - 9/7/2018 11/21/2018
ime

Figure 2-11. Difference between cumulative reference ET data measured by the
Simulator and from the Reedy Creek Field StatioRateigh, NC.

The cumulative annual volume lost to ET was estimated using data from the Reedy Creek
Field Laboratory (Figur@-12) adjusted with the modified crop coefficients developed fdn eac
basin (Table A4). The total depth (mm) lost to ET from 3/15/2018 to 11/15/2018 was multiplied

by each basinés esthetofalavaume lastteET. t o cal cul at
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Figure 2-12. ETo data adjusted using the modified crop coefficients calculated for both ¢

The volume of rainfall lost to CI was calculated using coefficients developed for the
growing and norgrowing season and is discussed in the results.

The volume of water infiltrated during each storm was assumed to equal the difference
between the sum of all influent and effluent sources, respectizglyafion 26, variables
previously déined). Additionally, internal volume reduction was only calculated for storms with
measurable inflow. Storms less than 5.1 mm (0.2 in.) did not typically produce inflow.

O O YO 0 O Y Y 60 (2-6)

2.3.4 Water Quality Data Analysis

Pollutant removal was assessed by calculating the storm removal efficiency (RE) and
storm pollutant load reduction (LR) for all measured water quality constituents. RE is the
reducton in pollutant EMC from inlet to outlet or inlet to underdréiig@ation 27), expressed
as a percentage. Both REs were calculated for each storm because the pollutant removal
mechanisms differ between the orifice and underdrain. Pollutant LRs aréf¢inerdie between

influent and effluent pollutant load expressed as a percentage, that takes into account both
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volume and EMCEquation 29), and is considered a more robust metric of SCM pollutant
removal performarce (Barrett, 2005Lenhart & Hunt, 2011)Pollutant mass flowing through the
orifice and underdrain were added together to determine the total effluent load. Total pollutant

mass at any sampling point was quantifiedEyation 28.

YOP It 0b e 2-7
w200 O
—_— 2-8
pht tht T 1t (2-8)
0 0 0 3
0'Yp p AT P T p AT P 5 (2-9)

Where

RE = reduction in EMC (%)

M = total mass of pollant (kg)

V = flow volume (L)

EMC = pollutant event mean concentration (mg/L)
LR = pollutant load reduction (%)

Cumulative annual pollutant loads were calculated for OG 1 and OG 2 to determine the
annual mass export of pollutants from the contributing whest. Cumulative loads over the-12

month monitoring period were calculated uskgpation2-10.

B - MR

(2-10)

6 0 QAN | 5
Where
CAL = Cumulative annual load (kg/ha/yr)
Mefiuent= Cumulative mass from all sampled storms (kg)
Pmeasured= Total rainfall measured over th2-fnonth monitoring period (mm/yr)
Psampled= Total rainfall sampled over the monitoring period (mm)
A = Watershed area (ha)
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2.3.5 Statistical Analysis

The difference in EMC between paired influent/effluent and influent/underdrain samples
were first tstedfor normality using the Shapiw/i | k t est . For -caluegbut exce
0.05, the distribution was not considered significantly different from a normal distribution.
Normally distributed data were analyzed with a pairbt. Noanormal data werérst tested
for symmetry using the MGG symmetry test (Metaal.,2006). Symmetrical datasets were
analyzed with the paired Wilcoxon ragkm test; norsymmetrical datasets were tested using
the paired sign test. The same statistical approach was useigtmine if pollutant mass
loading from inlet to outlet were significantly different. An alpha value of 0.05 were used for all
analyses. All statistical analysis was completed using R statistical computing software (Version
3.5.1, R Core Team, Vienna, stna). An example Bcript is included iA\ppendix D.

2.4: Resultsand Discussion

2.4.1 Soil Properties

The particle size distribution (PSD) of soils in OG 1 and OG 2 put them in the sandy
loam and sandy clay loam classifications, respectively. Rafuh® soil analysis are included
in Table 24 and additional data are included in AppendiasBableB-1. The soil PSDs are
consistent with data collected through the USDA Web Soil Survey. The particle size distribution
and bulk density at each sampledtion changed with sampling depth (Tablé, Figure 213),
particularly in OG 1. The surface samples at OG 1 had the smallest fraction of sand size particles
and the highest fraction of silt, while bottom samples were nearly 70% sand (Fit@ixeThis
trend was less pronounced in OG 2.

No soil samples werakenin the forebay. However, silt and clay accumulation in

surface samples and visual evidence of forebay sediment accumulation suggest that the forebay
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is efficient at removing incoming sand amat siltsized particles settle elsewhere. Stormwater

PSD results confirm this assertion (TaBI8, FiguresB-1, B-2). All surface samples tested via

LOI analysis were classified as mineral soils, as no sample had greater than 12% organic carbon.
Table 2-4. Summary of soil sampling results. Values for bulk density and percent sand, silt, and

clay are the average of the five sampling locations at each sampledlLaesstion ignition I(OI)
values are the average of five surface samples.

Site Depth % Sand % Silt % Clay Bulk Density LOI Classification
(cm) (g/cm3) (9/kg)

OG1 0-10 40.1 34.0 25.8 0.9 83.3 Loam
10-20 52.2 27.6 20.2 1.4 - Sandy Clay Loarnr
20-30 71.1 154 13.5 1.5 - Sandy Loam
Average 54.5 25.7 19.9 1.3 - Sandy Loam

0OG 2 0-10 53.0 25.4 216 1.0 68.3 Sandy Clay Loarr
10-20 61.1 17.0 21.9 1.3 - Sandy Clay Loarnr
20-30 59.2 18.0 22.8 1.5 - Sandy Clay Loarr
Average 57.8 20.1 22.1 1.3 - Sandy Clay Loarnr

Tests for soil Katirevealed extremely high but variable infiltration rates in both basins
These results support the observed runoff volume reduction discussed in the hydrology section.
A summary of average sitesivalues are provided in Table32 All data are included in the
appendix as Table-B.

The majority of the tests resulted in higpfiltration rates, but 3 of 16 tests conducted in
OG 1 and 2 of 6 tests conducted in OG 2 did not register any infiltration, even after several
hours, and so these tests were enbledl.tests were not included in calculating averagg K
values.Thisis consistent with Kgspatial variability reported in infiltratiechased SCMs such as
rain gardens (Asleson et al., 2009). In OG 1 and OG 2, this variability may be a result of soil
mixing and compaction during construction or surface accumulationes!. fidespite a few tests
yielding no infiltration, the observedskvalues are higher than those typically measured in

sandy loam or sandy clay loam soils (Hozalski et al., 2014)v#lues rivaled or exceeded those
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measured in SCMs that are designenhfittrate, such as bioretention or infiltration basins

(Aeleson et al., 2009; Ahmed et al., 2011).
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Figure 2-13.Change in particle size with depth at OG 1 (left) and OG 2 (right).

Table 2-5. Summary of soil infiltration testing using the MPD Triple Infiltrometer (Upstream
Technologies, New Brighton, MN). Ksat = saturated hydraadieductivity.

Site Number of Tests Average Ksat (in/hr) Average Ksat (mm/hr)
Overgrown 1 16 30.9 (x156.7) 786 (x3980)
Overgrown 2 6 9.8 (x20.4) 248(£519)

Note: Numbers in parentheses represent the standard deviation.
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2.4.2 Vegetation Characterizaii

Woody stems occupied less than 0.5% of the storage volume in OG 1 and OG 2{Table
6). These results are less than measured elsewhere for the SCM storage volume occupied by
vegetation (e.g., Merriman et al., 2013). However, only standing stems wesereteand each
basin contained downed trees that still contribute to the overall storage volume reduction, so the
actual volume of woody vegetation is higher. However, the loss of storage wohsssll
considered negligible. OGWasmore densely vegdtd that OG 1, with a stem density of
10518 stems/ha (4258 stems/acre), compared to 2458 stems/ha (995 stems/acre) in OG 1, which
lead to a greatebut still negligible reduction in storage volume in OG 2.

Table 2-6. Results of the woody stem count contid at OG 1 and OG 2. Woody vegetation in
DDBs occupies very limited amounts of potential storage volume.

Site DDB Storage Woody Stem Woody Stem  Fraction of DDB
Volume (m?) Basal Area (nf)  Volume (m®)  Storage Volume

Overgrown 1 423 0.62 0.76 0.18%

Ovemgrown 2 463 1.73 2.11 0.46%

Twelve tree species were growing within OG 1 and OG 2. The most abundant species in
both basins waBaccharis halimifolia(sea myrtl¢, a deeprooted woody shrub that commonly
volunteers in cleared lowlands and is highly fesisto flooding and anaerobic conditions (Van
Deelen, 1991), making conditions in DDBs ideal for its proliferation. The area with standing
water in OG 2 was dominated Balix nigra(black willow), while the berms and dry areas were
dominated byPinus taela (loblolly pine). The most densely vegetated portion of OG 1 was
dominated by&alix nigra andPlatanus occidentalifAmerican sycamorejvhich completely
shaded the basin floor and prevented the growth of herbaceous vegetation during the growing

seasonTheremaining 8 species consist of typical lowland and riparian species that grow well in
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saturated soildnformation and supplemental data on the vegetation characteriaation
included inAppendix C adrableC-1 andFigureC-1.

2.4.3 Hydrology

Seveny-three and 59 discrete storm events were monitored at OG 1 and OG 2,
respectively (Tabl@-7). Seasons were defined by solstices and equinoxes, as follows:
1 Winter 201718: 12/21/2017 to 3/19/2018 (monitoring began 1/23/2018)
1 Spring 2018: 3/20/2018 to 6/2D18
1 Summer 2018: 6/21/2018 to 9/21/2018
1 Fall 2018: 9/22/2018 to 12/20/2018

1 Winter 201819: 12/21/2018 to 3/20/2019 (end of monitoring: 1/24/2019)

Table 2-7. Breakdown of storms analyzed at OG 1 and OG 2 for hydrology and water quality by

season.
Type Site  First Last Spring Summer Winter Fall Total Rainfall
Event Event (mm)
WO OG1 1/23/2018 1/12/2019 8 5 6 7 26 930
OG 2 3/24/2018 1/20/2019 6 7 5 2 20 823
Hyd OG1 1/23/2018 1/24/2019 17 21 18 11 67 1402
" 0G2 3/24/2018 1/24/2019 15 19 6 9 49 1201

Note: WQ = Water Quality, Hyd.= Hydrology.

Greater than average rainfall fell during the monitoring period. The average rainfall since
1989 in Raleigh, NC, is 1163.8 mm (45.82 in.) (NOAA, 2019). The total rainfall measured at OG
1 during the 1Znonth moniteing period was 1470.7 mm (57.9 in.), 126% of the average annual
rainfall. The median discrete storm depth was 11.5 mm (0.45 in.), with a median intensity of 1.76
mm/hr (0.07 in/hr) and the largest event, Hurricane Florence, was 159.6 mm (6.28 in.jezhd las
87.1 hours. This event corresponds to gy4ér average recurrence interval for the study site

(NOAA, 2006).
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Annual Water Balance

The majority of stormwater entered through the inlet pipe in both basins, but OG 2
received a higher annual percentageuofon, as about 60 m (200 ft) of roadway drained
directly into OG 2 as overland flow. On an annual basis, 39% and 54% of inflow infiltrated in
OG 1 and OG 2, respectively (Figure2). Volume reduction in DDBs with underdrains from
48% (FoaeHussain etl., 2006) to 71% (Harper et al., 1999) has been recorded elsewhere, so
the results found herein are not unprecedented. Additionally, this volume of infiltration is
reasonable given the highd@discussed previously.

OG 1 and OG 2 infiltrated the volumem majority of storms less than 5 mm (0.2 in.).

OG 2 provided complete capture of one 9.4 mm (0.37 in.) event preceded by 7 days without rain,
so low antecedent moisture conditions likely resulted in higher initial abstraction. However, the
same storm puced outflow in OG 1. The hydraulic length and greater surface area within OG

2 also probably aided in complete capture for this and smaller rain events.

The influence of tree roots on increasing soil infiltration was not directly assessed in this
studybut their potential to create preferential flow paths in compacted subsoils to improve
infiltration is supported in the literature. Bartens et al. (2008) notedf@l@hcrease in
infiltration for systems planted with trees compared to unplanted cemrebils with similar
bulk densities as in this study (bulk density between 1.3 and 1.6)g/cm

The position 20 cm (8 in.) above the basin floor and size of the single drawdown orifice
in OG 2 limited the total volume it discharged, compared to OG é&rentoth drawdown
orifices were nearly at ground level. Only emaf of the monitored storms produced orifice

flow in OG 2. This may also explain why a higher proportion of volume infiltrated in OG 2, as
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ponded water below the drawdown orifice infiltratbd soil prior to discharging through the
underdrain.

The influence otalculatedET and CI as volume reducing mechanism®@ 1 was
insignificant but was higher in OG 2 due to greater losses through Cl and ET because of its
denser canopy and therefdrigher LAI (2.66 versus 3.48 measured in OG 1 and OG 2,
respectively). The proportion of rainfall lost to CI are within the range measured elsewhere for
forested catchments (CarlyMoses, 2004 and sources within; Van Stan et al., 2015 and sources
within), but somewhat higher in OG 2 than measured elsewheRarfos taeddloblolly pine)
growing in North Carolina (Gavazzi et al., 2016). ClI coefficients calculated for OG 1 and OG 2
are included in Table-8. These values were used to adjust the total pratgn volume
calculated previously for each storm to determine the volume intercepted.

Table 2-8. ClI coefficient values for OG 1 and OG 2 during the growing andgnowing
season. Values correspond to the fraction of rainfall intercepted by the canopy.

Site Storms Growing Storms Non-growing
Season Value Season Value

Overgrown 1 7 0.15 5 0.13

Overgrown 2 6 0.40 11 0.27

Table2-9 shows a breakdown of the annual water balance conducted at OG 1 and OG 2.
Each hydrologic flux for all analyzed storm eteare included in Tablds3 andE-4.

The annual water balance also shows @@t2 is oversized, as its impervious watershed
area is 61% smaller than that of OG 1 and yet the basin is 9% bigger by vohine2(1,
Figure2-15). OG 2 also never overflosd during the monitoring perio@he frequencynd
magnitude of overflow at OG duggests thdahe basin may be modestindersizedSite
constraints limited the footprint of OG 1, as it is direettjacent to a perennial wetland that

drains into the NewusRiver.
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Figure 2-14. Hydrological pathways in OG 1 (left) an
OG 2 (right) as a percentage of the total influent volu
measured during all analyzed storm events.

Table 2-9. Summary of the annual influent and effluent pathways to both OG 1 and OG 2.

Overgrown 1 Overgrown 2
Pathway Annual Volume  Annual Volume  Annual Volume  Annual Volume
(m) (%) (m) (%)
Inlet 26000 96% 9830 82%
Runon 420 2% 1490 12%
Rain 580 2% 630 5%
Total: 27000 100% 12000 100%
Orifice 5900 22% 1090 9%
Underdrain 6000 22% 3580 30%
CIHET 530 2% 870 7%
Overflow 4100 15% 0 0%
Infiltration 10400 3% 6500 54%
Total: 27000 100% 12000 100%
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Figure 2-15. Comparison of the stage storage in OG 1 and OG 2.

2.4.4:\Water Quality

Three metricsvere used to assess the water quality performance of OG 1 and OG 2:
pollutant removal efficiencies (REs), pollutant load reductions (LRs), and cumulative annual
pollutant loads (CALs)At OG 1, 26 storm events were sampled for water quality, with 13
including underdrain samples. The underdrain at OG 1 was plugged for the first 9 sampled
storms, and only the inlet and orifice were sampled. The inlet was not sampled during the
7/30/2018 storm, so it was removed from analysis for pollutant RE and LR caleslatioOG
2, 20 events were sampled, with 14 including underdrain samples. The position of the drawdown
orifice 20 cm (8 in.) above the basin floor prevented storms less than 20.3 mm (0.8 in.) from
producing enough volume to allow orifice sampling. Fos tieiason, five of the sampled events
only include EMCs at the inlet and underdrain. The underdrain at OG 2 was plugged for the first
3 sampled events, and only the inlet and orifice were sampled. Only the inlet was sampled during
the 4/24/2018 storm, sowvtas removed from analysis for pollutant RE and LR calculations. A

summary of water quality sampling events is included in T2{dl@
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Table 2-10. Number of storms sampled at each sampling point and the number of paired samples

collected at OG 1 and OG 2

Site First Last Inlet Orifice Underdrain Inlet to Inlet to
Event Event Orifice Underdrain

OG1 1/23/2018 1/12/2019 25 26 13 25 12

OG 2 3/24/2018 1/20/2019 20 14 14 14 14

OG 1EMCs andRemoval Efficiencies

OG 1 significantly reduced the concentratioW&f, PP, TN, N®, ON, TKN, TSS, Cd,

and Zn from inlet to drawdown orifice, and OP, TSS, and Zn from inlet to underdrain gFable

11). These results are unexpected given the low influent concentrations measured for all

constituents (discussion continuectlat i n A compari son

displays the distribution of EMCs at all sampling points at OG 1.

t @14

i teratur

Table 2-11. Median EMCs at all sampling locations and REs for all sampled storm events at OG
1.Aindicate a significant reduction (p<05).” indicates a significant increase.

Constituent Median EMC (mg/L) Median RE (%)
Inlet Orifice Underdrain Inlet to Orifice Inlet to Underdrain

(n=25) (n=26) (n=13) (n=25) (n=12)
TP 0.09 0.08 0.07 9o 13%
OP 0.04 0.04 0.04 3% 89
PP 0.05 0.03 0.04 1694 17%
TN 0.77 0.64 0.62 89 7%
NH3 0.04 0.04 0.03 21% 42%
NOx 0.16 0.13 0.08 9ot -14%
ON 0.55 0.46 0.36 119 8%
TKN 0.56 0.50 0.41 7% 9%
TSS 9.68 5.12 4.08 369%" 5004
Cd All Samples Below Limit of Detection
Cu 0.0053 0.005 0.0049 89 -14%
Pb All Samples Below Limit of Detection
Zn 0.025 0.02 0.016 109 14%
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From OG 1 inlet to underdin, Cu significantly increased, but it was the only pollutant to
do so. Greater median REs were observed from inlet to underdrain than from inlet tdarifice
all phosphorus species, NHKN, TSS, andn. Cd and Pb were not detected above the
practical quantification limit (PQL) in any samples at OG 1. All EMCs measured at OG 1 are

included inAppendix E ad ableskE-5 to E-7.
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Figure 2-16. Boxplots detailing the distribution of EMCs at all sampling points at OG !
NOx reductionfrom inlet to unerdrain was not consistent, as approximatelyoadé of

sampled storms had increase®i@x. This may be a result of N@eaching from underdrain
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media during storm events or nitrification of dlté NOx in the aerobic portion of the soll
profile by nitrifying bacteria (Vepraskas & Craft, 2016). The rapid infiltration into the
underdrain may also prevent the anaerobic conditions required for denitrificationkad NO
nitrogen gas (Collins et al., 2010he median Cu concentration through the underdrdowisr
than at the inlet when considering all data points; however, results of the 13 paired events from
inlet to underdrain show a significant increase in Cu concentrationmiyive due to the
flushing of dissolved organic carbon (DOC), as Cu has ag#finity for organic functional
groups (Sparks, 2003). Cu export has been correlated with the release of DOC from soils
(Amrhein et al., 1992).

Effluent stormwater TP, TN, and TSS concentrations at OG 1 generally met the threshold
f or @ good ooinbeetebtath health imBRiedmont streams (McNett et al., 2010) (Figures
2-17 and 218, Table G1). These threshold values relate SCM effluent concentrations to benthic
macroinvertebrate health to estimate the impact of discharging stormwater on aqaatisnos.
For instance, streams with ambient water conc
for TP and TN listed in Figures®7 and 218 can likely support very sensitive benthic
macroinvertebrates such as mayflies.sNBVCs through the underain did not exceed the
threshold value of 0.04 mg/L (in TableX3, while 42% of EMCs through the orifice did. Barrett
et al. (2004) proposed a TSS threshold value of 25 mg/L to limit adverse impacts on receiving
waters, shown as the horizontal line iguie 219. All OG 1 effluent EMCs met this TSS

threshold.
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Figure 2-17. Exceedance probability of TP EMCs for OG 1 compared to benthic healtk
thresholds described by McNett et @010).
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Figure 2-18. Exceedance probability of TN EMCs for OG 1 compared to benthic health
thresholds described by McNett et al. (2010).
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Figure 2-19. Exceedance probability of TSS EMCs for OG 1 compared to the threshol

mg/L proposed by Barrett et al. (2004).
OG 2 EMCs and Removal Efficiencies

OG 2 significantly reduced the concentration of OP and TSS from inlet to drawdown
orifice and TP, OP, NQTSS, and Zn from inlet to underdrain (Tabi&2). Figure 220
illustrates the range of EMCs in OG 2. TN, TKN, and Cu concentrations significantly increased
from inlet to orifice. Cu concentrations also significantly increased from inlet to underdrain. Cd
was not detected above the practical quantifiodtmit (PQL) in any samples. Pb was detected
above the PQL in one inlet sample but not analyzed. Tab®HE10 include all EMCs
measured at OG 2.

The reduction of OP from inlet to orifice was higher than typical in DDBs in North
Carolina (e.g. Staaly (1996), Mazer (2018)), and may be explained by a combination of
biological uptake by hydrophytic vegetation near the inlet and sorption to bottom sediment. The
hydraulic length of OG 2 also provides additional time for contact between vegetation and

staomwater, specifically compared to the short flowpath and low reduction in OP observed in OG
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1. The underdrain provided additional phosphorous removal probably through filtration of the
sedimeribound fraction at the surface and sorption to Al/Fe oxideshar cations (Vepraskas

& Craft, 2016) within the media above the underdrain. The underdrain was constantly
submerged because the outlet structure retained water above the underdrain pipe, which can
potentially lead to phosphorous leaching (Hunt et 8lL22; however, this was not observed in
either basin. This indicates that saturated conditions did not persist sufficiently deep to reduce
Al/Fe oxides and release phosphorous.

Table 2-12. Median EMCs at all sampling locations and REs for all sampled stoemts at OG
2. Aindicates a significant reduction (p<0.05hdicates a significant increase.

Constituent Median Concentration (mg/L) Median RE (%)
Inlet Outlet Underdrain  Inlet to Orifice  Inlet to Underdrain
(n=20) (n=14) (n=14) (n=14) (n=14)
TP 0.08 0.06 0.05 19% 329
OP 0.02 0.01 0.01 3204 5994
PP 0.05 0.05 0.04 10% 11%
TN 0.56 0.72 0.51 -17% 6%
NH3 0.05 0.07 0.04 -33% -30%
NOx 0.08 0.10 0.04 -16% 3894
ON 0.42 0.46 0.39 -14% 3%
TKN 0.44 0.61 0.45 -14% 0%
TSS 13.76 7.62 7.81 3494 53%"
Cd All Samples Below Limit of Detection
Cu 0.0044 0.0045 0.0051 -30%* -27%
Pb All But One Sample Below Limit of Detection
Zn 0.013  0.016 0.01 7% 13%*
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Figure 2-20. Boxplots detailing the distribution of EMCs at all sampling points at OG :

From inlet to orifice either there was no change in nitrogen species concentrations or

concentrationgncreased (Tabl2-12, Figure2-20). Sedimentation is not a significant nitrogen

removal mechanism because nitrogen species in stormwater are generally soluble and do not

readily adsorb to sediment (Collins et al., 2010). For this reason, the obsereadéna

concentration for nitrogen species from inlet to drawdown orifice suggests the basin could be a

source of nitrogen. The additional nitrogen may be due to atmospheric deposition or biological

fixation (e.g. plant or microorganism decomposition) anldsequent leaching of ON, hHnd

NOx (Collins et al., 2010; Payne et al., 2014). Nitrogen fixing bacteria growing in the saturated

zones may have also contributed atmospheric nitrogen to OG 2 (Payne et al., 2014p{Figure

21).
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Figure 2-21.The presencef algal mats
throughout OG 2 likely containing-Kixing
cyanobacteria may have contributed N to OC

The significant NQ removal observed through the underdrain in OG 2 suggests the
presence of denitrifying conditions within the media layer surrounding the underdrain or
significant filtration or uptake of N©on the basin surface. However, OG 2 did not significantly
reduce NHthrough the underdrain, as Nid the primary intermediate form of nitrogen in
denitrification. This may be due to incomplete nitrification in the anaerobic media layer, as high
concentrations of Nkimay indicate anaerobic conditions (Gibb, 2000).

The conentration of TP and TN in effluent stormwater at OG 2 met the threshold for
fgoodo benthic macroinvertebrate health in
et al., 2010) (Tabl&-2, Figures 22 and 223). Effluent TSS concentrations at OG 2nthe
ambient water qualitthreshold of 25 mg/L developed by Barrett et al. (2064 all storms
through the underdrain amaajority (80%) of stormsthrough the orific€TableG-2, Figure 2

24).
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Figure 2-22. Exceedance probability of TP EMCs for OG 2 compared to benthic health
thresholds described by McNett et al. (2010).
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Figure 2-23. Exceedance probability of TN EMCs for OG 2 compared to benthic health
thresholds described by McNett et al. (2010).
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Figure 2-24. Exceedance probability of TSS EMCs for OG 2 compared to the threshol
mg/L proposed by Barrett et al. (2004).

OG 1 Pollutant Load Reductions

Substantial internalolume reduction (39%) observed in OG 1 resulted in significant
pollutant load reductions for every detected constituent. Tab&presents the cumulative
measured loads in and out for all sampled storms, as well as the median storm LR for each
constituen These LR results indicate an improvement in water quality from inlet to outlet.
OG 2 Pollutant Load Reductions

OG 2 significantly reduced the pollutant load for all detected constituents due to
substantial internal volume reduction (54%) (TablB42. LRs for nitrogen species were
significant despite negative median REs from inlet to drawdown orifice. These results indicate a
general improvement of water quality from inlet to outlet in OG 2. The lowest median LR in OG

2 is for Cu (35%), which correspontisthe significant increase in EMC discussed previously.

88



Table 2-13. Cumulative measured pollutant loads and median pollutant load reductions for each
constituent at OG 1. Load reductions for all detected constituents were significant.

Constituent  Cum. Cum. Median Test Used p-value
Load In Load Out Storm LR
(kg) (kg) (%)

TP 1.9 0.74 68% Paired Sign Test 7.75E07
OoP 0.96 0.40 65% Paired Sign Test 2.98E08
PP 0.91 0.34 69% Wilcoxon SigneeRank Test 2.62E06
TN 145 6.0 68% Paired Sign Test 7.75E07
NH3 1.9 0.52 75% Paired Sign Test 7.83E05
NOx 2.5 1.2 57% Wilcoxon SigneeRank Test 1.64E06
ON 10.1 4.3 61% Wilcoxon SigneeRank Test 7.54E06
TKN 12.0 4.8 69% Paired Sign Test 7.75E07
TSS 264 47.1 79% Paired Sign Test 9.72E06
Cd N/A N/A N/A N/A N/A

Cu 0.11 0.05 59% Wilcoxon SigneeRank Test 5.96E07
Pb N/A N/A N/A N/A N/A

Zn 0.45 0.17 66% Paired Sign Test 1.49E06

Table 2-14. Total measured pollutant loads and median pollutant load reductions for each
constituent at OG 2. Load reductions fdrdatected constituents were significant.

Constituent  Cum. Cum. Median Test Used p-value
Load In  Load Out Storm LR
(kg) (kg) (%)

TP 0.60 0.17 74 Paired ttest 6.49E05
oP 0.23 0.05 81 Paired Sign Test 3.82E05
PP 0.37 0.13 60 Paired ttest 2.02E04
TN 4.2 1.6 63 Paired ttest 6.07E05
NH3 0.35 0.14 61 Wilcoxon SigneeRank Test 1.20E03
NOx 0.82 0.16 66 Paired Sign Test 3.82E05
ON 3.0 1.3 61 Paired ttest 1.33E03
TKN 3.3 14 62 Paired ttest 1.33E03
TSS 171 262 74 Paired Sign Test 1.91E06
Cd N/A N/A N/A N/A N/A

Cu 0.023 0.012 35 Wilcoxon SigneeRank Test 8.79E04
Pb N/A N/A N/A N/A N/A

Zn 0.073 0.029 55 Wilcoxon SigneeRank Test 7.36E04
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Cumulative Annual Pollutant Loads

Results for cumulative annual pollutant load calculations for itéls are included in

Table2-15. The cumulative annual load for TN discharging from OG 1 and OG 2 was below the

limit of 4 kg/ha/yr (3.6 Ibs/acre/yr) set by the Neuse Stormwater Rule and imposed on new

developmentsNCDEQ, 2009) However, thenfluentcunmulative annual loads were 3.6 kg/ha/yr

(3.2 Ibs/acrelyr) and 3.1 kg/hal/yr (2.8 Ibs/acre/yr) at OG1 and OG 2, respectively. Therefore,

both basins did not realistically need to provide any nitrogen removal to remain in compliance,

as the influent concentiahs of all nitrogen species were low enough to prevent loading in

excess of the Neuse Stormwater Rule.

Table 2-15. Effluent measured loads and cumulative annual loads (CAL) over thetth
monitoring period. CALs were calculated by adjusting the meddoads by the total rainfall
divided by the measured rainfaiduation 210).

Overgrown 1

Overgrown 2

Constituent  Measured CAL CAL Measured CAL CAL
Load (kg) (kg) (kg/halyr) Load (kg) (kg) (kg/halyr)

TP 0.74 1.17 0.18 0.17 0.32 0.13
oP 0.40 0.63 0.10 0.05 0.09 0.03
PP 0.34 0.53 0.08 0.13 0.23 0.09
TN 5.99 9.47 1.49 1.58 2.93 1.14
NHs 0.52 0.82 0.13 0.14 0.27 0.10
NOx 1.20 1.90 0.30 0.16 0.30 0.11
ON 4.27 6.75 1.06 1.27 2.37 0.92
TKN 4.79 7.58 1.19 1.42 2.64 1.02
TSS 47.10 74.46 11.71 26.23 48.79 18.91
Cd N/A N/A N/A N/A N/A N/A

Cu 0.050 0.079 0.012 0.012 0.022 0.008
Pb N/A N/A N/A N/A N/A N/A

Zn 0.167 0.263 0.041 0.029 0.054 0.021

90



2.4.5:Comparison to Literature

Table2-16displays influent EMCs from highway stormwater monitgrstudies and the
median influent EMCs from this study. Pollutant irreducible concentrations developed by
Schueler (1996) are also included. Median influent EMCs measured at OG 1 and OG 2 are lower
than measured elsewhere for the majority of constitsotgces within Tabl@-16). They are
also lower than concentrations considered irreducible by SCMs (Schueler, 1996). For this reason,
it is noteworthy that OG 1 and OG 2 were capable of providing any water quality improvement,
as SCM pollutant removal ontrolled by the magnitude of influent concentrations (Schueler,
1996).

The influent concentrations in this study were most similar to median values reported in
Winston et al. (208), for data collected from highway bridge deck runoff at 15 sites across
North CarolinaZn concentrations are also similar to those measured by Wu et al. (IB@§).
influent concentrations measured in OG 1 and OG 2 are consistent with other data within the
state, and SCM treatment is possible for concentrations lowertihs@ tonsidered irreducible

for TP, TN, and TSS (Winston et al., Z)1

91



Table 2-16. Median influent pollutant concentrations for highway stormwater runoff measured in this study and elsewhere. Values
from Schueler (1996) are irreducible concentrations empirical data for highway runoff. Metals reported in pug/L, all others in

mg/L.

Source Location TP OP TN TKN NHs  NOx TSS Cu Zn
This Studyi OG1 Raleigh, NC 0.09 0.04 0.77 056 0.04 0.16 9.7 53 245
This Studyi OG2 Raleigh, NC 0.08 0.02 0.56 0.44 0.05 0.08 13.8 44  13.0
Winston et al. (203) Statewide, NC 0.18 0.02 0.97 0.71 0.05 0.21 39 96 738
Barrett et al. (1998) Austin, TX 0.22 - - - - 0.93 129 37 222
Li & Barrett (2008)  College Station, TX  0.18 0.13 - 1.58 - 0.38 84 14 120
Wu et al. (P96} Piedmont, NC 0.14 0.10 - 0.88 0.22 - 135 - 66
Wu et al. (1998) Piedmont, NC 0.47 0.21 2.07 1.20 0.67 0.87 - 9.8 -
Driscoll (1990) 11 US States - 0.16 - 0.87 - - - 52 368
Flint & Davis (20073 Mount Rainer, MD 0.59 - 5.11 3.90 - 1.21 405 100 1300
Kaighn & Yu (1996} Charlottesville, VA 3.71 - - - - - 112.9 - 6500
Schueler (1996) - 0.150.2 - 1.9 1.2 - 0.7 20-40 - -

@Averages reported
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Table2-17 shows median pollutant REs for this and other DDB monitoring studies. TSS
REs in this study areithin the range reported elsewh@&meNC and similar to a DDB with
underdrains operating Minnesota(FoadHussain et al., 2006It is apparent, however, that by
using RE as a metric, the DDBs in this study do not appear to provide greater water quality
improvement than other DDBs, except for OP (in OG 2) and(MHOG 1).

The low influent concentrations observed in this study resulted in effluent EMCs that are
lower than typically measured in DDB monitoring studies (T2kl8). The effluent EMCs in
this study are the lowest reported therein for TP, OP, PP, Th|, Wbk, ON, and TKN. Results
from OG 1 and OG 2 are similar to those reported in some North Carolina DDB monitoring
studies (e.g. Line (2006) for OP and Hathaway et al. (2007a, 2007b) fortius&wer for most
constituents (e.g., Mazer, 2018). The current effluent EMC values credited to DDBs by the NC
DEQ are also much higher than those reported herein, suggesting a state level reevaluation may
be in order. The effluent concentrations meeduat both sites are also similar to those measured
in Middleton & Barrett (2008) for a DDB with a modified outlet structure to enhance overall
pollutant removal.

Other DDB monitoring studies report runoff volume reductions within the range of this
study {Table2-18), but the NC DEQ credits DDBs operating in NC with only 10% volume
reduction in HSG A soils. To the authorsdé kno
assessed the volume reduction performance in DDBs operating in North Carolirgtudiis
provides evidence that the current assumption % volume reduction may darrepresent

actual performance, especially for DDBs containing underdrains.
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Table 2-17. Median REs for this and other DDB monitoring studies.

Source Location TP OP TN NHs NOx ON TKN TSS Cu Zn
OG 1, Orifice Raleigh, NC 9% 3% 8% 21% 9% 11% 7% 36% 8% 10%
OG 1, Underdrain Raleigh, NC 13% 8% 7% 42% -14% 8% 9% 50% -14% 14%
OG 2, Orifice Raleigh, NC 19% 32% -17% -33% -16% -14% -14% 34% -30% -7%
OG 2, Underdrain Raleigh, NC 32% 59% 6% -30% 38% 3% 0% 53% -27% 13%
Mazer (2018), MOV1 Morrisville, NC ~ -45% -43% -25% 26% -7% -42% -23% -8% - -
Mazer (2018), MOV2 Morrisville, NC 4% -11% 10% 37% 7% 4% 11% 52% @ - -
Mazer (2018), WS WinstonSalem, NC  22% 31% 41% 29% 34% 42% 38% 49% - -
Birch et al., (20086) Sydney, Australia -5% - 28% - -46% - 56% 40% - -
CalTrans (2004) Various, CA 39% -22% 14% - 8% - 17% 72% 0% 16%
FoadHussain et al. (2006) Mankato, MN  20% 6% - - - - - 46% - -
Geosyntec & WWE (2017) Various 17% -13% -4% - 41% - 0% 65% 39% 38%
Harper 199%° DeBary, FL 13% 25% 25% 31% 50% 5% - 93% - -
Hathaway et al, (2007a) Charlotte, NC ~ -15% - 13% - 31% - 2% 39% - -
Hathaway et al, (2007b) Charlotte, NC  -13% - 10% - -11% - 20% 65% - -
Middelton & Barrett (2008Y Austin, TX 52% 7% - - 58% - 35% 91% -11% -13%
Stanley (1996) Greenville, NC  14% 26% 26% - -2% - - 71% - -

®Reported mean EMC values

bContains underdrain
‘Modified outlet structure
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Table 2-18. Comparison of median effluent EM&hd volume reductiomalues fronthis studyto other DDB monitoring studie€u
and Zn expressed at pg/L, all others as mg/L. Values reported by Schueler (1996) are considered irreducible by SCMs.

Reference Location Storms % Volume TP OoP TN NHz NOx ON TKN TSS Cu Zn
Reduction
0G 1, Orifice Raleigh, NC 26 39% 0.08  0.04 0.64 004 013 046 05 512 5 20
0G 1, Underdrain Raleigh, NC 13 39% 0.07  0.04 062 003 008 036 04 408 49 16
0G 2, Orifice Raleigh, NC 14 54% 0.06  0.01 072 007 01 046 06 7.62 45 16
0G 2, Underdrain Raleigh, NC 14 54% 0.05  0.01 051 004 004 039 05 781 51 10
Mazer (2018), MOV1 Mor,r\'lsc‘:’"'e’ 13 . 041 021 285 017 069 168 1.88 54 - -
Mazer (2018), MOV2 Morlr\'fé’ ille, 9 - 0.44  0.25 217 011 096 1.23 137 18 - -
Mazer (2018), WS Winston 10 - 042 0.2 125 013 014 098 1.06 53 - -
Salem, NC
Birch et al., (2008) Sydney, 5 : 025 - 318 - 176 - 142 107 - -
Australia
CalTrans (2004) Various, CA - 40% 0.32 0.14 1.85 - 098 - 1.85 39 12 60
FoadHussain et al. (2006) Mankato, MN 12 48% 0.15 0.08 - - - - - 8.9 - -
Geosyntec & WWE (2017) - - 33% 019  0.09 1.19 - 026 - 12 243 292 8
Harper 1999° DeBary, FL 35 71% 0.26  0.03 2,72 015 017 083 - 31 11 4
Hathaway et al. (2007a) Charlotte, NC 17 - 0.2 - 1.4 - 0.4 - 1 9.6 - -
Hathaway et al(2007b) Charlotte, NC 12 - 0.2 - 1.3 - 0.5 - 0.8 5.3 - -
Line (2006) Tay',‘\’lré""'e’ 11 . 022  0.03 158 017 041 - 103 116 - -
Middelton & Barrett (2008)°  Austin, TX 13 - 0.14 0.09 - - 0.19 - 0.83 7 3.35 125
Stanley (1996) Greﬁg"'”e’ 8 : 035 008 124 - 03 - - 28 - -
0.15
Schueler (1996) - - - 0.2 - 1.9 - 0.7 - 1.2 2040 - -
NCDEQ (20179 - - 0-10%  0.66 - 1.65 - - - - - -

*Reported meakBMC values

bContains underdrain

“Modified outlet structure

dCurrent credit ascribed to DDBs in NC
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2.5: Conclusions

This study monitored two overgrown and unmaintained DDBs for water quality and
hydrologic performance over a-h2onth period. The following main conclusions are discerned
from the results:

1 The lack of routine maintenance and excess vagetdid not contribute
significantly to reducing stormwater storage volume (less than 1% for both
SCMs).

1 Substantial (3% and 3% at OG 1 and OG,2espectively) runoff volume
reductionoccurredthrough a combination of soil infiltration aiI/CI,
infiltr ation greatly outweighed ET/CI as a volume reduction mechaiiisen.
cause of infiltration was not directly studied, but tree roots have greatly increased
infiltration in soils with similar compaction levels (Bartens et al., 2008).

1 Influent pollutant conagrations in both sites were lower thidwattypical for
highway runoff, and considered irreducible by the guidelines set by Schueler
(199%). This led to effluent pollutant concentratsolower than reported
elsewhere for DDBs. Nutrient effluent conceritras typically met a threshold
for healthy benthic macroinvertebrates in Piedmont streams proposed by McNett
et al. (2010).

1 Both OG 1 and OG 2 provided REs within the range typical of Db@&s,
substantiapollutant load reductionsere measured for all ostituents because of
infiltration.

1 The underdrains in both sites providattlitionalpollutant removal through

filtration and adsorption. These additional pollutant removal mechanisms
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increased the removal of sediment (TSS) and sedibmmid phosphorouss

well as OP compared to treatment through drawdown orifices alone.

The saturated conditions present in the underdrain at OG 2 may facilitate removal
of NOx through denitrificationhowever the opposite trend was observed at OG

1, perhaps because and®ecoconditions did not persist in the underdrain at OG 1.
Metals removal through the drawdown orifigas low in both sites, ardu

export was observed through the underdrain, potentially due to dissolved organic
carbon export.

Incorporating a perforatqupe underdrain into the outlet structuypeyching the
drawdown orificemaximizing the hydraulic length, and planting trees within a
DDB may all promote infiltration and pollutant removal. Ensuring anaerobic
conditions within the underdrain, perhapsifigiuding internal water storage,

may enhance nutrient and sediment removal through denitrification, filtration, and

adsorption.
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CHAPTER 3: The Water Quality and Hydrologic Performance of Two Dry Detention
Basins Receiving Highway Stormwater Runoff and Routine Maintenance

3.1: Abstract

Dry detention basins (DDBs) are a type of stormwater control measure (SCM) designed
to provide flood storagy reduce peak discharge rates, and give some water quality improvement
through sedimentation. DDBs are ubiquitous in the urban environment because of their simple
design and function, but receive costly routine mowing to prevent the proliferation of woody
vegetation. In this study, two DDBs near Archdale, NC, receiving highway runoff were
monitored for up to 11 months to quantify their water quality and hydrologic performance. Both
basins, MA 1 and MA 2, were constructed in 2010 and mowed twice a yearweighted
composite samples were collected during storm
removal efficiencies (REs) and load reductions (LRs) for nutrients (Total Phosphorus (TP),
Ortho-phosphorus (OP), Particulate Phosphorus (PP), Totaldeitr (TN), AmmoniaN (NHz),
NO23-N (NOy), Organic Nitrogen (ON), and Total Kjedahl Nitrogen (TKN)), total suspended
solids (TSS), and metals (Cd, Cu, Pb, and Zn). A water balance was conducted to quantify runoff
volume reduction. Influent concentratiomerh the highway were similar to those of other
studies in NC and resulted in significant REs for all constituents except metals and OP in MA 1.
MA 2 significantly reduced most nutrient concentrations but not TSS, PP, e
significantly exporting A. Erosion and sediment resuspension in MA 2 likely limited TSS
removal. In MA 1, 29% of volume was reduced through soil infiltration, resulting in significant
pollutant LRs for all except Cu. MA 2 exhibited little infiltration due to soil compaction &dit h
significant LRs for dissolved nutrients, while significantly exporting Zn. This study provides
evidence that DDB inlet pipe configuration, outlet structure orientation, and the presence of

standing water may all play a role in their ability to improaewr quality.
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3.2: Introduction

Urbanization and widespread development over the last centueyrnttaeased the
presence of impervious areas (e.g. roadways, parking lots, rooftops) and altered the natural
hydrologic regime (National Research Council, 200n these conditions, stormwater runoff
travels overland faster and in greater volume, carrying pollutants, sediment, trash, and debris to
downstream lakes, riversné@ streams (Schueler, 199Z his runoff contributes to flooding,
downstream erosionnd aquatic habitat disturbance (Paul & Meyer, 2001). Traditional
stormwater control focused on temporarily detaining stormwater volume to reduce flooding and
the peak flowrate discharging to streaidebo & Reese, 2@®). More recently, water quality
contrd has becoman integracomponent of urban stormwater managemdaotvever,
traditional, detentiofbased systems are still common in the urban environmentiaacn their
performance in North Carolirarelimited.

Dry detention basins (DDBSs) are a fitaahal type of stormwater control measure (SCM)
designed to temporarily collect and detain stormwater runoff for flood control and peak flow
mitigation rather thaimprovewater quality. DDBs consist of a large, earthen depression that
collects runoff(usuallyfrom impervious areg) and an outlet structure that slowly discharges
stormwater after a storm over 1 to 5 days (Erickson et al., 2013; North Carolina Department of
Transportation (NCDOT), 2014). DDBs are designed to remain dry in between stosiaven
standing water longer than 5 days encourages mosquito proliferation (Huber et al., 2009;
Simpson & Weammert, 2009).

Although ubiquitous in the urban landscape due to their simple design and function,
DDBs are one of the least effective SCMs in teafngater quality and runoff volume reduction

(Stanley, 1996; Harper et al., 1999; Shammaa et al., 2002; Pitt, 2005; Fassman, 2012).
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Sedimentation of pollutad&den runoff during detention constitutes the only pollutant removal
mechanism (PRM) encouragbd their designFapa et al., 1999; Shammaa et al., 2002;
Erickson et al., 2013), which limits the removal of soluble pollutants (Guo et al., 2000; Shammaa
et al., 2002; Pitt, 2005). Existing studies on DDB performance conclude that sedimentation alone
canonly achieve low levels gfarticulatepollutant removal (Shammaa et al., 2002). Typical
design also does not encourage treatment or volume reduction through soil infiltrationndue to
situ soil compaction during construction and because engineere@dsoi®t incorporated in
theirdesign (Erickson et al., 2013; NCDOT, 2014; Eger et al., 2017).

In North Carolinano studies havassessdthe performance of DDBs iime linear
highway environmengand little chtaareavailable to characterize DDBs fortnant accounting
and regulatory purposeSurrently, the Nrth CarolinaDepartment oEnvironmentalQuality
(NCDEQ)credits DDBs with 10% removal footal nitrogen(TN) andtotal phosphorugTP),
and 10% volume reduction in hydrologic soil group A s(NE€DEQ, 2017)The NCDEQ also
providesexpectedeffluent concentrations farN andTP of 1.65 and 0.66 mg/L, respectively,
butthese values were determined without any data from highway QiBdkaway, 2007a,
2007b; Stanley, 1996)

Additionally, routine mintenance&ancostbetween 1 and 5 thousand $/year/DQ@Beiss
et al.,2007), and mowings the most expensiveomponentn DDBs (Wiegand et al., 1986)
This representa significant cost for an organization that manages SCMs over a large area,
specifically when vegetation management is primarily conducted for aesthetic ré¢dsensl.,
2017; NCDOT, 2016)

The objective of this study is to determine the water qualityhgddologicperformance
of two maintainedDBs receiving highway runoffn the Piedmont of North Carolina and

compare the data to the existing literature.
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3.3: Methodology

3.3.1:Field Site Introduction, Location, and Description

Two DDBs located adjacent to Interstate 74 near Archdale, North CafNiZjawere
outfitted with hydrologic and water quality monitoring equipment invtivger/springof 2018.
TheDDBs, Maintained 1 (MA 1) and Maintained 2 (MA,2yerelocated in an agricultural
region ofthe NC Piedmontandmowed twice yearly to control trggowth of vegetation and
prevent the proliferation of trees.

Ste Description:MA 1

MA 1 wasa long, narrow basilocated in the median betweeii4 and Hughes Farm
Road(Figure3-1). It receivel runoff through one @-m (2-ft.) reinforced concrete pipg&RCP)
from four lanes ol-74 (Figure3-2) thatemptied onto a riprap padyhich acedas a sediment
forebay and providienergy dissipatiorMA 1 alsoreceivel lateral run-on from76 m(250 ft.)
of I-74 and Hughes Farm road. The surrounding watershedinethydrologic soil grougC/D
soils and vegetation within MA 1 consstof herbaceous grass, with soméydrophytic
vegetationTypha latifolia)near the forebay. The outlet structwasa shat riser structure that
limitedponding to 0.6 m (2 fthefore overflowing(Figure3-1C), and pior to monitoring
contained ond5-cm (6in.) circulardrawdownorifice.

Ste Description:MA 2

MA 2 is located at the bottom of a steep slope adjacent to Poole Road andirecsivie
from four lanes of-I74 throudp one 0.9m (3-ft.) corrugated metal pipgerched above the basin
floor (Figures 3-3 and3-4). The inlet pipevassteeply slope@nd discharggwith sufficient
energy to erode the opposite side of the basin, contributing sedirherftoor of the basin

routinely held water throughout the ydagcause of extremely compacted subqdilscussed
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Figure 3-1. Plan view image of MA 1 (A), with the outlet structure (1), inlet pipe (2),
inlet catch basin (3) as noted. The basin is long and narrow (B), with the outlet structure
positioned in the middle of the basin (C).

later)andits proximity tothe seasonally high water tabldA 2 exhibited base flow during the
non-growing seasornthe basin floowas comprised diierbaceous grass and an abundance of
hydrophytic vegetationTypha latifolia). The outlet structure contagdtwo 11.4cm by 15cm
(4.5in. by 6.5in.) rectangulaworifices and an overflow rectangular weir located 1.6 m (5.1 ft.)

above the orificesAdditional charactastics of both basins are includedTiable3-1.
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Figure 3-2. Watershed location fdVIA 1. Watershed delineation conducted using ArcMap
(Esri, Redlands, CA).
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Figure 3-3. Plan view image of MA 2 (A), with outlet structure (1) and inlet pipe (2) as n
The basin contains a 0.9 m (3 ft.) corrugated metal inlet pipe (B), brick sutleture (C), an
is located at the bottom of a steep slope (D).
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Figure 3-4. Watershed location for MA 2. Watershed delineation conducted using ArcMa
(Esri, Redlands, CA).

Table 3-1. Select characteristics for MA 1 and MADDBSs.

Characteristic Maintained 1 Maintained 2
Location (Latitude) 35°51'39.744" N 35°53'7.368" N
Longitude 79°53'13.344" W 79° 54" 4£.828" W
Year Built 2010 2010
DDB Bottom Area () 647 775
Volume (n¥)" 307 1,435
Annual Average Daily Traffic 17,000 17,000
Total Watershed Size (ha) 3.97 5.06
Impervious Area (ha) 1.24 1.68
Grassed Area (ha) 2.21 3.39
Forested Area (ha) 0.52 -
Hydraulic Flow Path Length (m) 37 37
% Impervious 31% 33%
Monitoring Start 3/19/2018 5/18/2018
Monitoring End 2/17/2019 2/17/2019

“elow the emergency spillway invenmeasured from the inlet pipe to outlet structure

111



3.3.2:Field Site Instrumentation

Storm event hydrologic and water quality monitoring took place at MA 1 from March
2018 to February 2019 and from May 2018 to February 2019 at MA 2. Both sites were oultfitted
with automated sampling devices (Model 6712; Teledgne™, Lincoln, NE) and KDBO™
pressure transducers (Model U20; Onset Computer Corporation, Bourne, MA) to characterize
water quality and hydrologic performance. All hydrologic dagaesollected at tweminute
intervals.Table3-2 provides a summary of flow instrumentation.

Table 3-2. Summary of flow measuring devices at MA 1 and MA 2.

Field Site Inlet Outlet

Maintained 1 90° V-notch weir 90° V-notch weir
ISCO™ 730 bubbler module 1SCO™ 730 bubbler module

Maintained 2  ISCO™ Model 750Aerial ~ 90° Compound Vhotchweir
Velocity Module ISCO™ 730 bubbler module

MA 1Instrumentation
A 90° sharpcrestedv-notch weirand Model 730 bubbler flow module (Teledyne
Isco™, Lincoln, NE) were placed inside the catch basin directly upstream of the inlet pipe at MA

1 (Figure3-5) to measuw# inflow volume. The bubbler flow moduasconnected tohe

Figure 3-5. V-notch weir placed at the inlet of MA 1 (A), and the aut@daampler intake (B
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automated sampler amgeasurd the level of water discharging over the w&iormwater

samples were coltted directlyupstream of the weiria theautomated sampler

Figure 3-6. Drawdown orifice in MA 1 prior to monitoring (A) and thech (2 in.)
orifice installed at the start of monitoring.

Prior to monitoring, theoutlet structure contained one-tH (6in.) drawdownorifice.
However, asbuilt plans for thébasincalled for a single &m (2in.) orifice, so one was installed
at the start of monitorin(Figure3-6). This greatly increased the detention time fostfms
less than the water quality volurbat resulted in mor&equent overflowOutflow volume in
MA 1 was measured using a 90° sharp crestemdh weir and Model 730 bubbler flow
module (Teledynésco™, Lincoln, NE) comected to the automated sameigure3-7). The
top of theweir was covered with a plywood sheefdoce volumethat discharged ovéheriser
structure to dischargever theV-notchweir. This was done tminimize unmeasured bypass.
The drawdown orifice was outfitted with a metabddo prevent water from discharging directly
over the weirThe outlet structure also containe-am (2-in.) seepwelbrifice located30 cm (
ft.) below the drawdown orificentended to facilitate complete drawdown of the area
surrounding the outletrstcture.The seepwelvas pluggedFigure3-7D) becausét was
determined that flovfrom the seepwell during drawdown was sufficiemtlischargelirectly

over theV-notchweir without being measured
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Figure 3-7.V-notch weir placed inside outlet structure (A), with a plywood hood to minii
bypass dung overflow (B). The drawdown orifice was outfitted with a hood (C), and the
seepwell (red arrow) was plugged to prevent weir bypass (D).

MA 2 Instrumentation

The inlet pipe at MA 2 was outfed with a Model 750 LowProfile Aerial Velocity
Module (AVM) (TeledynelSCO™, Lincoln, NE) connected to the automated samflgyufe3-
8). The AVM was placed at the pipe invert to measure the level and velocity of incoming
stormwater and quantify thaflow volume.The automated sampler collectedrenwater

samples directly downstream
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Figure 3-8. Inlet pipe at MA 1 (A) with sampling point noted (red arrc
and the AVM after a rain event (B).

Outflow volume in MA 2was measuredsing a compound sharp crested 9énotch and
rectangular weirRigure3-9) and Model 730 bubbl flow module(Teledynelsco™, Lincoln,
NE) comected taanautomated samplerhis weir consisted d30cm (L ft.) of V-notch weir and

13 cm (5in.) of rectangular weir. Stormwater samples were collected directly behind the weir

(Figure3-9B).

LIRS

Figure 3-9. Outlet compound ‘hotch weir at MA 2 with rectangular section at the top (A),
the sampling point dectly behind the weir (red arrow) (B).
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Rainfall Measurement

An ISCO™ 674 automatidipping-bucket rain gauge (Teledytsco™, Lincoln, NE)
was installed 1 m (3.3 ft.) above the grouinde from obstruction diothMA 1 and MA 2to
measure raiiall accumulation and intensitfach bucket tip corresponds@@5 mm (0.01 in.)
of rainfal.
Additional Hydrologic Monitoring

Model U20 HOBGM pressure transducers (Onset Computer Corpoféti@ourne,
MA) mounted to each outlet structure measured water Veitf@h the basirto act as a redundant
data sreamfor computing flow volumeshrough the drawdown orifice(s)rhe pressure
transducer waalsoused to calculate storm detention time and estimate flow volume over the
emergency spillway
Evapotranspiration (ET) Estimation

MA 1 was oultfitted with an ET simulator (ETgage Company, Lovel@a), from April
to November 2018 to estimate reference ETofEThe ET simulator consists of a cylindrical
reservoir of water topped with a ceramic element that allows evaporating water to diffuse into
the air above. A HOBO Pendant data logger (Onset Qtenorporatiof”, Bourne, MA)
recorded the rate watdiffused throughhe reservoir. Additional information on estimatiad
is included in thénydrologic analysis section andAppendixA.
Soil Characterization and Infiltration Estimation

Soil was smpledat 10-cm (4in.) incrementgo a depth of 30 cm (12 in.) at 5 randgm
selected locations using 186 (11.6-in%) soil cores to determine soil particle size distribution,
bulk density, and porosity. Samples were collected by hammering the cotleeirsimil to the

desired depth, removing the core without disturbing soil within the core, removing excess soil
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from outside the core, and capping the core until analysiface soil samples at each site were
analyzed for organic matter by loss on igmt{@Ol) (ASTM, 2010). Surface litter was scraped
away prior to sample collection. Particle size distribution was determined using the hydrometer
method (ASTM, 207). Soil saturated hydraulic conductivity (Ksat) was measured using a
Modified Philip-Dunn (MFD) Triple Infiltrometer (Upstream Technologies, New Brighton, MN)
(ASTM, 2018)to provide evidence of infiltration and validate calculated runoff volume

reduction for each sité total of 6 tests were conducted MA 1. No tests were conducted in MA 2
asthe basin held wat throughout the monitoring peri@thd the soils were extremely dejse

infiltr ation was considered negligiblafiltration resultsareincluded inAppendixB as TableB-6.

Water Quality Monitoring

Stormwater samples were collectedrh MA 1 andMA 2 and analyzed for all
constituents listed iffable3-3. Sampling points were locatddectly upstream of the inlet and
outlet weisat MA 1, and directly downstream of theet pipeAVM and directly upstream of
the outlecompoundveir & MA 2. During rain eventsheautomated samplers were triggered to
collect 0-mL (8.5-0z.) aliquots of stormwater at fleweighted intervals from either the inlet
or autlet sampling point, andischarge thersequentiallyinto 24, L bottles The flow intervals
used during sampling changed in response to the expected rainfall.

Using 24, 1-L bottlespreventedccrosscontamination fronsamples takeduringsmall
stormsdirectly before or after target storm evem$ay bottles containing samples from separat
discrete storm events weriscardedWhen personnel visited the sites to collect samhes
remaining bottles were composited int@@L (5.28-gallon)flask, manually mixed, dispersed
into sample bottles, and put on ice until analyBigs compositesample represeadthe storm
event mean concentration (EMC). To ensure representative samples of the entire storm

hydrograph, all composited samples contained stormwater fronreaa st 80 % of t he st

117



volume;if not, the samples wemiscardedBoth sies were visited within 24 hours of significant
rainfall to allow time for drawdown to occur.
Nutrient species (N& TKN, NOx, TN, OP, TP) and TSS were analyztthe North
Carolina State University Center for Applied Aquatic Ecology Laboratiaff at he North
Carolina Department of Environmental Quality Water Sciences Section Laboratory analyzed
metal species (Cd, Cu, Pb, Zn)tableof EPA-approved methods and practical quantification
limits (PQLS) used during sample analysis are includddbie3-3. Paired (inlet anduilet)
particle size distribution tests for two stormsvMiA 1 were also conducted to characterize the
incoming sediment | oad and the basinbés sedi me
NC State University Center for MagnEarth, and Atmospheric Sciences, Hraresults are

includedin AppendixB as Figure8-3 andB-4 and TableB-4.
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Table 3-3. Water quality constituents analyzed during this study, their analytical methods, and
practical quantification limits (PQL). Albviations listed in parentheses are used in the
remainder of this chapter.

Constituent Analytical Method PQL

Total Kjeldahl Nitrogen (TKN) EPA Method 351.1 280 ug/L

NitrateNitrite Nitrogen (NQX) Std. Method 4500 NO3 F 11.2ug/L
EPA Method 353.2

Ammonia Nitrogen (NH) Std. Method 4500 NH3 H 17.5ug/L
EPA Method 3561

Organic Nitrogen (ON) ON=TKN-NH3s -

Total Nitrogen (TN) TN=NOx+TKN -

Ortho-Phosphate@P) Std. Method 4500 P F 12 pg/L
EPA Method 365.1

Total Phosphorus (TP) Std. Method 4500 P F 10 pg/L
EPA Mehod 365.1

Particulate Phosphorus (PP) PP=TROP -

Total Suspended Solids (TSS) Std. Method 2540D -

Total Cadmium (Cd) EPA 200.8 Rev. 5.4 0.50 pg/L
EPA 200.9 Rev. 2.2

Total Copper (Cu) EPA 200.8 Rev. 5.4 2.0 ug/L
EPA 200.9 Rev. 2.2

Total Lead(Pb) EPA 200.8 Rev. 5.4 2.0 pg/L
EPA 200.9 Rev. 2.2

Total Zinc (Zn) EPA 200.8 Rev. 5.4 10 pg/L

EPA 200.7 Rev. 4.4

Monitoring Challenges
A number of issues disrupted data collection at both MA 1 and MAKA 1, the invert
of the inlet weir wasnstaled below the elevation of the top of the outlet structure. Therefore, the
weir became submerged during a number of storms. Although possible to cdlowlateer a
submergedwewi t h equations derived f rusingth€&er noul | i 0 ¢
methods are less accuratertithosefor a free flowing weirAdditionally, the outlet weir at MA
1 was unable to reliably measure flow when the outlet structure overtopped, as flow over the
weir gpproached turbulence. During overflothe HOBO pressureansducer attached to the

outlet structure was used to estimate overflamd the orifice equation was usecctdculate

flow through the drawdown orifice.
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Monitoring equipment failed a number of timasboth siteslue to a combination of
infrequent fieldsite visits,dead batteriespdents andlarge sediment deposits due to upslope
erosion(Figure3-10). These errors lead to incomplete data for a number of storm gvents

including Hurricane Florence at MA 1

7\ ¢ R
\ X § Y N >

Figure 3-10. Erosion occurred upstream of the inlet weir at MA 1 (left), and caused se
to cover he sampler intake hose (right).

3.3.3:Hydrologic Data Analysis

DiscretizingPrecipitation Events

Storms were discretized using #46ur interevent time and minimum depth of 2.5 mm
(0.1 in.) (Driscoll et al., 1989). Any storm less than 2.5 (@rth in.)was not included in the
hydrologicanalysis because most did not produce flufRainfall measurements froam
adjacenmanual rain gauge were used to adjust data collected from the automatic tippked
rain gauge. During high intensity storms the tippinugket rain gauge can under predict actual
rainfall accumulaon. For ths reason, eadlfata point recorded by the tipping bucket rain gauge

was adjusted using equatisi.
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(3-1)

C
C-l| c
(@)

Where

Pagj = adjusted rainfall accumulation (mm)

Pm = manual accumulation measurement (mm)

Pw = tipping-bucket accumulation measurement (mm)
dw = tipping-bucket data point

t = end of measured stormet (hours)

Field Site Annual Water Balance

A water balance was conducted for each storm with measurable ifftpvatjon3-2).
All major influent and effluenhydrologicfluxes were quantified to calculate the amount of
internal volume reduction occurrimyring each storm everiEquation3-3). Thesehydrologic
fluxes include inflow volume, lateral remn volume, precipitation fallingntothe basin, and
outflow throughdrawdownorifices,theoverflow spillway, and soil infiltration ET was not
included inindividual storm analysis because ET is negligible during rainfall and because water
is only ponded temporarily in each basin. As justification, the volume lost to ET was estimated
for 4 of the longest duration storms in MA 2 and made umi %ssof total outflow (TableA-
6) . However, ET was considered on an annual ba
Vol ume Ou The prgperiion thad anhydrologic flux contributed to tverallwater
balance was calculated by summing each flux ovarallyzedstorm events and dividing by all

influent or effluent fluxes (e.gEquation3-4 for infiltration).

0OY6 5 0 Y O (3-2)
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Where

| = Inflow volume through the inlet pipe @n

RO = Lateral ruron volume from surrounding watershecfm
P = Precipitation falling directly in the basin{m

O = Outflow volume througkhe drawdown orifices ()

S = Outflow volume through the emergency spillway)(m
ET = Volume lost through ET (fn

G = Volume lost to infiltration (%)

VR = Volume Reduction (%)

n = Number of stormanalyzed

For the inleipeat MA 2, flowrate (n/s) wascalculated for each-ghinute interval by
multiplying the flow area (1) by the stormwater velocity (m/s). Flow area was determined by
the equations for partially full pipe flow includedAppendixA (EquationsA-1to A-4). The
AVM periodically failed to dtect velocity during storms, and occasionally registered a negative
velocity, even in the middle of steady flow. For this reason, any negative velocity readings were
replaced by values determined usiingar interpolation to fill in the gaps. Alk&inute
flowrates were then multiplied by 120 seconds and summed to calculate the total storm runoff
volume.

Flow overthe inlet and outlet \hotch weirin MA 1 wascalculated for each-&inute
level measurement using the weir equatiBguation3-5; Francis, 883).

0 6 08 (3-5)
Where
Q =Flowrate (ni/s)

Cq = V-notch weir coefficient (1.38 for 90°)
H = Headabove \fnotch invert (m)

When thenappe of thénlet weir at MA 1 became submerged, the Villemonte equation
was usedo correct the flow ratéor a submerged conditiqiEquation3-6; Villemonte, 1947).
The downstream depth Hwas determined by the pressure transducer mounted to the outlet
structurelf the downstream headeasuredjreater than the upstream head, it was assumed that

the weir was not flowing.
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0 0 P — (3-6)

Where

Qs = Submerged flow rate (its)

Q = Flowrate calculated for free flowing weir af (Equation3-5) (m*/s)
Ha = Head above Mhotch invert (m)

Hp = Headabove V¢notch invert downstream, relative ta ()

n = discharge exponent (2.5 fonetch weir)

Whenthe outlet structure at MA 1 overflowed, the orifice equafeuation3-7) was
used to calculate flow through the orifice and the broad crested weir eqiiiadioation3-8) was
used tocalculateflow overthe emergency spillwayquation3-8 was also used to estimate flow
over the emergency spillway at MA 2 during the single overflow ed®ning periods of low
flow in MA 1 when the head acting on the orifice was less than the centerline, flotheweér

notch weir was used to estimate flgiaquation3-5).
0 60 (3-7)
Where
Q = Flowrate (nd/s)
Cq = Coefficient of discharge (0.6 commonly used for sharp crestices)
A = Area of orifice (m)
g = Gravitational constant (9.81 rys
h = Head acting on centerline of orifice (m)

0 60° (3-8)
Where

Q = Flowrate (n/s)

C = Coefficient of dischargel(49 for a broagrested weir

L = Crest length{2.93 m for MA 1, 3.96 m for MA 2)

H = Head above overflow invert (m)

Flow over tle compound weiin the outlefpipeof MA 2 (Figure3-9) was calculated
usingthe V-notch weir equatiowhen the head over the weir was less thiaequal ta30 cm (12
in.). When head exceeded 30 cm (12 in.), the flow from 30 cm (12 innotéh weir was
added to the additional flow from a rectangular weguyation3-9; Francis (1883) The total

flow from the compound wewas calculated usingquation3-10.
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0 6 ® ™ M8 (3-9)
O 0 0 (3-10)
Where
Qr = Flowrate over rectangular weir s)
Cq = Coefficient of discharge (0.56 f&:l. units)
b = Width ofrectangular weir (0.61 )n
h = Head above rectangular weir invert)(

Qr = Flowrate over compound wewhen head above-xotch > 0.3 m
Qv = Flowrate over Whotch weir (n3/s)

Lateral ruaon volume flowing into MA 1 and MA 2 was estimated for each storm event
using the discrete SCS Curve Number method and topographi@dstaedent moisture
condition adjustments were used for all land use types to more accurately estinate run
volume,as explained ilppendixA (EquationA-5, A-6; TableA-2, andFigureA-1). The
volume of precipitation directly falling intblA 1 andMA 2 during each storm was calculated
by multiplying the rainfall depth by treurfacearea of eacbasin(in Table3-1).

Volume lost to ET during each storm event was estimated only from 3/15/2018 to
11/15/2018, because the ET simulator was susceptiblertagain freezing temperatures, and
this is when vegetation is most physiologically active, thus transpiring water. ET during the non
growing season was considered negligible. After examining data collected from the ET simulator
and comparing it to Eoldataretrieved from théNC A&T Research Farrtocated 27 km (17 mi.)
from the study area and operated\yrth CarolinaA&T University, it was determined that the
ET simulator under predicted Ed@ver the monitoring period-{gure3-11). For this reason, data
from theNC A&T Research Farrwas used to estimate ET footh sitesThe discrepancy in
Figure3-11 may be due to the position of the ET simulator during monitoring within the basin
and thus serrshielded from windAllen et al., 1998)The cumulative volme lost to ET was

estimated using data from the NC A&T Research Farm and a crop coefficient of 0.85, for warm
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season turf grass (Allen et al., 1998). The total depth (mm) lost to ET from 3/19/2018 to
11/15/2018 at MA 1 and from 5/21/2018 to 11/15/2018 At2Mvas multiplied by the basin

surface area to calculate the total estimated volume lost {Bigdre 312).

Raw ET Simulator Data
600 NC A&T Research Farm Data

500
400
300
200
100

Cumulative Reference ET (mm)

0
4/10/2018 5/10/2018 6/9/2018 7/_?_/2018 8/8/2018 9/7/2018 10/7/2018
ime
Figure 3-11. Difference between cumulative reference ET data measured by the ET sirr
and from the NC A&T Research Farm.

1000
900 NC A&T Research Farm Raw Data
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2/19/2018 4/10/2018 5/30/2018 7/19/2018 9/7/2018 10/27/201812/16/2018
Time
Figure 3-12. ETo data adjusted using a crop coefficient of 0.85 for both MA sites.

Cumulative ET (mm)

Thevolume of water infiltrated during each storm was assumed to equal the difference

between the sum of all influent and effluent sourcespeaetively Equation3-11, variables
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previously defined). Additionally, internal volume reduction was only calculated for storms with
measurable inflow. Storms less tHas mm (0.1 inches did not typically produce inflow.
O 0OYO 0O 0 Y (3-12)

3.3.4:Water Quality Data Analysis

Pollutant removal was assessed by calculating the storm removal efficiency (RE) and
storm pollutant load reduction (LR) for all measured water quality constituents. RE is the
reduction in pollutant EMC from inlet taifice (Equation3-12), expressed as a percentage.
Pollutant LRs are the difference between influent and effluent pollutant load expressed as a
percentage, that takes into account both volume and EqQation3-14), and is considered a
more robust metricflSCM pollutant removal performanéBarrett, 2005; Lenhart & Hunt,

2011) Total pollutant mass at any sampling point was quantifieduation3-13.
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Where

RE = reduction in EMC (%)

M = total mass of pollutant (kg )

V = flow volume (L)

EMC = pollutant event mean concentration (mg/L)
LR = pollutant load reductio(?o)

Cumulative annual pollutatoads werecalculated foMA 1 andMA 2 to determine the
annual mass export of pollutants from the contributing water&emhuse the monitoring period

wasup to1l1l months, the cumulative measured load was adjusted hyéhage annual rainfall
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for the study areeNOAA, 2019. Cumulative loads over the monitoring period were calculated

usingEquation3-15.
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Where
CAL = Cumulative annual load (kg/ha/yr)
Meftiuent= Cumulative mass from all sampled storms (kg)
Pannuai= Average annual rainfall over the studga(mm/yr)
Psamples= Total rainfall sampled over the monitoring period (mm)
A = Watershed area (ha)

3.3.5:Statistical Analysis

The difference in EMC between paired influent/effluent samples were first tested for
normality using the Shapid/ilktest. o r out put alue ef 8.05 timeglistributionU
was not considered significantly different from a normal distribution. Normally distributed data
were analyzed with a paireddst. Noanormal data were first tested for symmetry using the
Miao, Gel| Gastwirthsymmetry test (Miaet al.,2006). Symmetrical datasets were analyzed
with the paired Wilcoxon rarkum test; norsymmetrical datasets were tested using the paired
sign test. The same statistical approach was used to determine if pollutatdadagsfrom
inlet to outlet were significantly different. An alpha value of 0.Gsused for all analyses. All
statistical analysswerecompleted using R statistical computing software (Version 3.5.1, R Core
Team, Vienna, AustriaAn example Rscriptis included inAppendixD.

3.4: Results and Discussion

3.4.1:Soil Properties

The soils inMA 1 andMA 2 werea loam andoamy fine sandrespectively. Results of
the soil analysis are includedTable3-4 and additional datareincluded inAppendixB as

TableB-2. Only two samples were taken belemlGcm depthat MA 2 becausée ®il was ®
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compactedhatsoil cores could not penetraefficiently deep foa sampleo be collectedSoil
bulk densitiebetweenl.4and 1.8g/cn? typically restrict rod growth and soil infiltration
(Arshad et al., 1996 and the soilén MA 2 are within this rangeAll surface samples tested via
LOI analysis were classified as mineral soils, as no sample had greater than 12% organic carbon.
Additionally, the low organicarbon content (1.5%) suggests that conditions in MA 2 do not
encourage the accumulation of organic carbon, which binds readily with and immobilizes heavy
metals in stormwater (Lo et al., 1992; Sparks, 2003). This discussion continues in the water
guality results section.
The surface samples in MA 2 contained a small propodfclay, suggesting that clay
sized particle do not settlén the basin. 8rface sils in MA 1 contained higher proportion of
clay; however, stormwater PSD resyliableB-4, FiguresB-3 andB-4) indicatethat the basin
only removel thevery finesandand largeffraction oftheincoming sedimenibad Therefore,
surface il PSDswithin each basin may kseproducbf the soils used during constructither
that the product ofettling sediment
Table 3-4. Summary of soil sampling results. Values for bulk density and percent sand, silt, and

clay are the average of the five sampling locations at each sampled depth. LOI values are the
average of five surface samples.

Site  Depth % Sand % Silt % Clay Bulk LOI  Classification
Density  (g/kg)
(g/cm3)
MA1 0-10 39.8 35.7 24.5 1.1 73.2 Loam
10-20 40.0 39.8 20.2 1.3 - Loam
20-30 47.7 40.6 11.7 1.4 - Loam
Average 42.5 38.7 18.8 1.3 - Loam
MA2 0-10 74.3 22.4 3.3 1.4 15.2 Loamy FineSand
10-20 81.3 13.7 5.0 1.6 - Loamy Fine Sand
(n=2)
20-30 - - - - - -
Average 77.8 18.1 4.2 1.5 - Loamy Fine Sand
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Tests for soil Katin MA 1 revealed that little infiltration occurs in majority of the basin

area. Only one

of the six infiltratidests conducted in MA 1 registered substantial infiltration

(2.8 cm ht) (Table B6), suggesting that significant infiltration may occur in some areas of the

basin. This is consistent withsispatial variability reported in infiltraticbased SCMs suclsa

rain gardens (Asleson et al., 2009). Na:kests were conducted in MA 2 due to the presence of

standing water and extremely compacted soils.

3.4.2:Hydrology

Fifty and 48 discrete storm events waralyzedat MA 1 andMA 2, respectively (Table

3-5). Seasoswere defined by solstices and equinoxes, as follows:

1 Winter 201718: 12/21/2017 to 3/19/2018 (monitoring began 3/19/2018)
1 Spring 2018: 3/20/2018 to 6/20/2018
1 Summer 2018: 6/21/2018 to 9/21/2018
1 Fall 2018: 9/22/2018 to 12/20/2018
1 Winter 201819: 12/21/2018 to 3/20/2019 (end of monitoring: 2/17/2019)
Table 3-5. Breakdown of storms analyzed at MA 1 and MA 2 for hydrology and water quality
by season.
Type Site  First Last Spring Summer Winter Fall Total Rainfall
Event Event (mm)
WQ MA1 6/11/2018 2/17/2019 1 1 3 8 13 362
MA 2 5/21/2018 2/17/2019 3 3 2 10 18 656
Hyd. MA1 3/19/2018 2/17/2019 10 16 9 15 50 1004
MA 2 5/21/2018 2/17/2019 5 16 12 15 48 1177

Greater than average rainfall fell during the monitoring period at both bakias.

average amual rainfallsince 1989or the study area 5144.5 mm451in.) (NOAA, 2019).The

total rainfall measured wd$53 mm (612 in.) and1342 mm (52.8n.) at MA 1 and MA 2,
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respectively. This represerits 7?6 to 135%o0f the average annual rainfall, eveouligh only 11
and 9 monthsf monitoring took place at MA 1 and MA PespectivelyThe median discrete
storm deptHor MA 1 and MA 2was15.3 and 16.83hm (0.60 and 0.64n.), respectivelyThe
largest event, Hurricane Florence, was 190 mm (7.5 in.) atedi|&Shours;however this storm
wasnotanalyzed at MAL due to equipment failure. This event correspondsSi@ygear average
recurrence interval for the studyea(NOAA, 2006). A summary of rainfall statistics measured
at both sites is included in Tia8-6.

Table 3-6. Rainfall statistics foall analyzed events iMA 1 and MA 2 DDBs.

Site Max Event Median Event Max Intensity Median Intensity
(mm) (mm) (mm/hr) (mm/hr)

MA 1 76 15.3 20.6 1.96

MA 2 190 16.3 17.5 2.11

SiteWater Balance

The majorityof stormwater entered through the inlet pipe in both basins, but MA
received a higher percentage of+4am as abouf6 m (250 ft.)of roadway drained directly into
MA 1 as overland flowOver the monitoring perig@9% and7% of inflow infiltrated inMA 1
andMA 2, respectivelyTable3-7). Volume reductioain DDBs of 48% (FoadHussain et al.,
2006)and71% (Harper et al., 1999) \xabeen recorded elsewhere, so the results fatihdiA 1
are not unprecedentddowever the magnitudeof infiltration at MA 1 is higher than expected
given the results of &:and soil PSD testing discussed previouBlyr this reasonhe estimated
storminfiltration rate was calculated for all analyzed events (Eqn&tib6) to justify the

observedrolume reduction in MA 1.

z -
7o p T T (3-16)
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Where

le = Estimated storm infiltration rate (cm/hr)

G = Volume of water infiltrated (f)

A = Basin bottom area (fn

tc = Time between the start of inflow and the end of drawdown (hr)

Table 3-7. Summary of the annual inent and effluent pathways to both MA 1 and MA 2.

Maintained 1 Maintained 2

Pathway Cumulative Cumulative Cumulative Cumulative

Volume (m3) Volume (%) Volume (m3) Volume (%)
Inlet 14300 86% 36700 94%
Runon 1800 11% 1600 4%
Rain 700 4% 900 2%
Total: 16800 100% 39200 100%
Orifice 9000 54% 33900 86%
ET 500 3% 500 1%
Overflow 2500 15% 1900 5%
Infiltration 4800 29% 2900 7%
Total: 16800 100% 39200 100%

The averagét 95% Cl)storm infiltration rate was 1.¢- 0.3 cm/h) (0.47(x 0.12 in/h)).
This is within the range measured saturatedoam soils (Hillel, 1982Holzalski et al., 2014
Therefore, the amount of infiltration measuned/A 1 over the monitoring period was
considered accurat€able3-7 shows a breakdown of the water balaoseducted at MA 1 and
MA 2. Each hydrologic flux for all analyzed storm events are includdablesF-1 andF-2.

3.4.3:Water Quality

Three metrics were used to assess the water quality performance of MA 1 and MA 2:
pollutant removal efficiencies (RE9ollutant load reductions (LRs), and cumulative annual
pollutant loads (CALs)At MA 1, 17 storm events were sampled for wajeality; however the
first four sampled events were not included in the analysis because wottmessample bottles

contaminged the samples and resultedriordinatelyhigh nutrient concentration¥he 13
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sampled storms included in the analysis range from 14.7 to 51.1 mm (0.58 to 2 AtLMA) 2,
18 events were samplednging from 5.8 to 189.7 mm (0.23 to 7.47.il\)sumnary of water
guality sampling events is includedTiable3-8.

Table 3-8. Summary of water quality sampling eveatsalyzedn MA 1 and MA 2 DDBs.

Site First Event Last Event # of Paired Rainfall Depth
Events Range (mm)

MA 1 6/11/2018 2/17/2019 13 14.7-51.1

MA 2 5/21/2018 2/17/2019 18 5.8-189.7

MA 1 EMCs and Removal Efficiencies

MA 1 significantly reduced the concentration of all constituents except OP, Cu, and Zn
from inlet to outlet, suggesting an overgktunsubstantiaimprovement in water qu&y (Table
3-9). Figure3-13displays the distribution of EMCs for all sampled events at MA 1. Cd and Pb
were not detected during any of the sampled events included in the analysis. Cd was detected
above the PQL for two events that were not included iratiadysis. Allinfluent and effluent
EMCs measured in MA 1 are includedAppendixF asTables F-3 andF-4.

The concentration of OP did not change from inlet to owtleile those for TP and the
particulate fraction did. Thisuggestthat no removal patvaysfor OP (e.g. adsorption to
negatively charged ojgparticles) existeth MA 1. This is consistent with the inability of DDBs
to removedissolved phosphorusoted elsewhere (CalTrans, 2004). Additionallgjonity of the
phosphorous entering MA 1 wasthe particulate fraction arfélP removal is dominated by
sedimentatiorfErickson et al., 2012 hisis why MA 1 exhibited a significant decrease in TP

even though EMCs for OP did not change.
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Table 3-9. Median EMCs and REs measured from inlet to oatidt!A 1.Values in bold
indicate a significant reduction in EMC concentration from inlet to outlet (p<0.05).

Constituent  Median Concentration Median Test p-value
(mg/L) RE
Inlet Outlet

(n=13) (n=13)
TP 0.30 0.25 17%  Wilcoxon SignedRank Test 3.66E04
OoP 0.13 0.13 -2% Paired ttest 0.72
PP 0.17 0.12 27% Paired ttest 1.14E03
TN 1.14 0.80 20%  Wilcoxon SigneeRank Test 8.55E04
NH3 0.12 0.08 23% Paired Sign Test 0.01
NOx 0.08 0.06 12%  Wilcoxon SigneeRank Test 0.03
ON 0.93 0.64 18%  Wilcoxon Signel-Rank Test 4.03E03
TKN 1.06 0.74 17%  Wilcoxon SigneeRank Test 3.05E03
TSS 63.60 28.87 55%  Wilcoxon SigneeRank Test 6.10E04
Cd All Samples Below Limit of Detection
Cu 0.0049 0.0066 -21%  Wilcoxon SigneeRank Test 0.88
Pb All Samples Below Limit oDetection
Zn 0.013 0.011 15%  Wilcoxon SigneeRank Test 0.07

The significant removal of all nitrogen species in MA 1 is unexpected considering that
nitrogen is not generally associated with sediment. Therefore, conditions in MA 1 must be
appropriate teencouage microbial transformation, biomass assimilation, or adsorption to
negatively chargedlay particles (Collins et al., 20b). The forebay and adjacent area routinely
held water during the monitoring period and contained dépgbkalatifolia (cattals); thus,
anaerobic conditions in this area may have persisted long enough to encourage denitrification,
and microbial or plant assimilation may have removed some fraction of dissolved inorganic
forms (Kadec & Knight 2009) ON removal via ammonificatroto NHs may have also occurred

in the aerobic portion of the soil profi{€ollins et al., 2016).
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Figure 3-13. Boxplots detailing the distribution of EMCs at MA 1.
Thepollutantconcentratioain effluent stormwater at MA 1 did not generally meet the
threshold for figoodo or ff aRiedndontteams (McNettenacr o i
al., 2010) (Figure8-14 and3-15, TableG-3). These threshold values relate SCM effluent
concentrations to benthic macroinvertebrate h
discharging stormwater on aquatic organisms. kstance, streams with ambient water
concentrations at or below the fig3ldahds-15 hr esho

can likely support sensitive benthic macroinvertebrates such as mayflies or caddisflies.
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TP effluent EMCs at MA 1 did not reeéthe thresholds proposed by McNett et al. (2010)
for themajority of storms, buvere often substantiallpwer thanthe current TP effluent EMC
assigred to DDBs by the NCDEQ. alueshereinindicatethatthe current NCDEQ (2017)
assigned effluent conceation (0.66 mg/L)is likely too high, as it is baseah limited available
data.While not as extreme as the results for TP, MA 1 TN effluent concentrations were also
typically lower tharthat assigned by NCDEQ (2017).

Barrett et al. (2004) proposed a T@®&shold value of 25 mg/L to limit adverse impacts
on receiving waters, shown as the horizontal line in Figuk®. Although TSS removal was
significant (median RE=55%), only 36% of MA 1 effluent EMCs met this TSS threshHuide
results and those frostormwater PSD tests reflect the inability of MA 1 to settle majority of the
incoming sediment load and any particles less #aut50 pum in diamete(Table B4 and
Figures B3 and B4). This is primarily limited by detentiontimedn t he baé$ci néds hydr
length, which was not optimized in MA 1 as the outlet structure was located in the middle of the

basin.
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Figure 3-14. Exceedane probability of TP EMCs for MA 1 compared to benthic health k
thresholds described by McNett et al. (2010) and the NCDEQ credit for DDBs (NCDEQ,

2017).
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Figure 3-15. Exceedance probability of TN EMCs for MA 1 compared to benthic hee
based thresholds described by McNett et al. (2010) and the NCDEQ credit for DDBs
(NCDEQ, 2017).
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Figure 3-16. Exceedance probability of TSS EMCs for MA 1 compared to the thresholc
mg/L prgposed by Barrett et al. (2004).

MA 2 EMCs and Removal Efficiencies

In MA 2 there were small but significant reductions of TP, OP, TNy, XD, TKN, and
a significant andgubstantial increase in the concentration of Zn (Tatd6,3igure 318). Two
effluent Pb samples and one influent Cd sample at MA 2 registered above the PQL. These
samples were not included in the analysis because their paired concentrations weraebelow t
PQL, and no comparison could be made for RE calculations. Additionally, two effluent Zn
samples at MA 2 (for the 5/28/2018 and 9/26/2018 Storms) were much higher than other samples
at 950 and 1200 pg/L. Because highway stormwater and SCM effluent taticers have been
measured greater than 1000 pg/L in prior monitoring studies (Kaighn & Yu, 1996; Flint &
Davis, 2007; Geosyntec and WWE, 2017), these data were not excluded from analysis. MA 2
exported Zn from nearly all storms, so these results arestemswith basin performance
throughout the monitoring period. All EMCs measured in MA 2 are includégpendixF as

TablesF-5 andF-6.
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Table 310.Median EMCs and REs measured from inlet to outlet at MaRues in bold
indicate a significant reducti in EMC concentration from inlet to outlet (p<0.0%5hdicates a
significant increase.

Median Concentration

(mg/L)

Constituent Inlet Outlet Median Test p-value

(n=18) (n=18) RE
TP 0.21 0.18 10%  Wilcoxon SigneeRank Test 0.015
OP 0.09 0.07 13%  Paired Sign Test 7.25E05
PP 0.10 0.11 -3%  Wilcoxon SignedRank Test 0.72
TN 1.98 1.67 11%  Wilcoxon SigneeRank Test 0.004
NH3 0.09 0.07 11%  Wilcoxon SigneeRank Test 0.38
NOx 0.27 0.27 4% Wilcoxon SigneeRank Test 0.037
ON 1.41 1.18 11%  Wilcoxon Sign@-Rank Test 0.005
TKN 1.61 1.28 12%  Wilcoxon SigneeRank Test 0.002
TSS 21.5 20.5 4% Wilcoxon SigneeRank Test 0.17
Cd All But One Sample Below Limit of Detection
Cu 0.004 0.0043 -11%  Wilcoxon SigneeRank Test 0.84
Pb All But Two Samples Below Limit oDetection
Zn 0.014 0.055 -182% Paired Sign Test 7.63E06"

TSS is the primary pollutant DDBs are designed to reni@aea et al., 1999; Shammaa
et al., 2002)sothe inability ofMA 2 to ranoveTSS is a sign that the bassnot functioning
properly. This may be because incoming TSS concentratia@relow (onethird the median
influent concentration at MA and within the range consiabal irreducible (Schueler, 1996br
because the perchadd heavily slopethlet pipe causgsediment resuspensidncoming
stormwater also caused erosion within the basin and ldebted internal SSloads, thus
limiting overall systemremoval(Figure3-17).

The inability of MA 2 to remove PP is also unsurprising given the poor TSS remasval
PP comprises the ftion of phosphorus adsorbed to incoming sediment (Rosenquist et al.,
2010).Thesignificant but smalfeduction in TP and OP may be duertrobial and plant

assimilation, as filtratiomnd subsequent adsorptithmough the soils negligible
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Figure 3-17.Erosion (red arrow) contributed TSS to the outf

at MA 2 due to the steep inlet pipe and direction of flow tow
the opposite berm.

TN remonal, while slight, was most likely encouraged by interactions with hydrophytic
vegetation growing in the basin and the presence of anaerobic soil conditions (Kadlec & Knight,
2009). NG removal was significant but not substantial, indicating that conditans
denitrification may exist, but stormwater does not persist long enough to provide substantial
removal through this pathway.

The significantand substantian export may be associated with the bésinability to
reduceTSS, as ionic Zadsorbs tamegatively charged clay particl¢Sparks, 2003)However,
this interaction is pH dependedsorption of metals decreassgh pH, asmineral surface
sites for adsorptioprotonateandbecome chemicallynavailableleadingto an increase in metal
mobility (Ram & Verloo, 1985Sparks, 2008 Stormwater pH was not measured during this
study, but has been measured fromt6.8 in rural highway site/Nagner et al., 2012) and
around 7 in asphalt runaff North CarolingCollins et al., 2010a)s0 highly adlic conditions
would be in contrast with the literatutdowever,increasingoH from 6 to 8 has been observed

to decrease heavy metal concentratigmsothree orders of magnitude (Metcalf & Eddy, 2003),
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so the observed export may not requiighly acidc conditionsZn also binds strongly with
dissolved organic carbon (DOC) and Fe and Mn hydrous oxides. These complexes may leach
from the basin during storm events (8eet al., 1997; Sparks, 2003), or desorb and mobilize
Zn, specifically in the presencoé saturated and reducing soil conditions (Sochacki et al., 2018).
The low surface accumulation of organic carbon and prolosgiédaturation in MA 2 provide

evidence for this behavior.
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Figure 3-18.Boxplots detailing the distribution of EMCs at MA 2.
The concentration gjollutants instormwater leaving MA 2 gendhadid not meet the
threshol d f o bentiiggheaittdiroPiedmont Btfeaamis (MoNettal.,2010) Table
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G-4, Figures3-19 and3-20). Seventynine percenof TP effluent EMCs exceeded the threshold

val ue f or icfingcoomwerbebrdtbeath, but all TP EMCs were less than the value

assignedo DDBs by the NCDEQ (Figur20). TN also exceeded benthic health thresholds for

the majority of storms, but the median effluent TN EMC closely matsh€edD EQ6 s (1. 6 7 mg

vs 1.65 mg/L)current value.
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Figure 3-19. Exceedance probability of TP EMCs for MA 2 compared to benthic health
thresholds described by McNett et al. (2010) and the NCDEQ credit for DDBs (NCDEQ,
2017).
Although MA 2 was ineffective at removing TSS, only 26% of the effluent EMCs
exceeded the threshold valinem Barrett et al. (2004) (Figu®21). This indicates that majority

of stormwater discharging from MA 2 does not contribute &aBBvels that impawater

quality.
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Figure 3-20. Exceedance probability of TN EMCs for MA 2 compared to benthic hee
based thresholds described by McNett et al. (2010) and the NCDEQ credit for DDBs
(NCDEQ, 2017).
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Figure 3-21. Exceedance probability of TSS EMCs for MA 2 compared to the thicesh@t
mg/L proposed by Barrett et al. (2004).
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MA 1 Pollutant Load Reductions
Substantialzolume reduction (29%hrough infiltratior) observed in MA 1 resulted in
significant pollutant load reductioms all constituents except Giable3-11).
Table 3-11. Total measured phitant loads and median pollutant load reducti@®®) for each

constituent at MAL. Values in boldndicate a significant reduction in pollutant load from inlet to
outlet (p<0.05).

Constituent  Cum. Cum Median Test Used p-value
Load In Load Out Storm LR
(kg) (kg) (%)

TP 1.61 0.85 45% Paired ttest 2.22E04
OP 0.66 0.45 25% Paired ttest 3.55E03
PP 0.95 0.41 56% Paired ttest 2.13E04
TN 6.67 3.08 41% Paired ttest 5.30E04
NH3 1.10 0.37 57% Paired Sign Test 1.22E04
NOx 0.58 0.24 53% Wilcoxon SigneeRank Test 1.22E03
ON 4.99 2.47 41% Wilcoxon SigneeRank Test 1.22E04
TKN 6.09 2.84 41% Wilcoxon SigneeRank Test 1.22E04
TSS 366 94 68% Wilcoxon SigneeRank Test 1.22E04
Cd All Samples Below Limit of Detection

Cu 0.03 0.02 32% Paired ttest 0.195
Pb All Samples Below Limit of Detection

Zn 0.12 0.05 51% Paired ttest 2.65E03

MA 2 Pollutant Load Reductions

Pollutant load reductions in MA 2 were significant for TP, OP, TNz NBN, TKN, and
TSS(Table3-12), butwerelimited by the lack ofzolume redudion. This, coupled with a
significant increase in Zn concentration, led to a significant and substantial exporQofefall

MA 2 only providedmodestwater qualityimprovementor majority of constituents
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Table 3-12. Total measured pollutafdads and median pollutant load reductions for each
constituent at MA 2Values in boldndicate a significant reduction in pollutant load from inlet to
outlet (p<0.05)"indicates a significant increase.

Constituent Cum. Cum Median Test Used p-value

Load In  Load Out Storm LR

(kg) (kg) (%)

TP 4.19 3.43 13% Wilcoxon SigneeRank Test 9.12E03
OP 2.28 1.69 17% Paired Sign Test 7.25E05
PP 1.91 1.74 11% Wilcoxon SigneeRank Test  0.077
TN 37.0 29.1 15% Wilcoxon SigneeRank Test  0.012
NH3 3.15 2.29 21% Paired Sign Test 0.048
NOx 6.28 5.32 10% Wilcoxon SigneeRank Test 0.15
ON 27.6 21.5 15% Wilcoxon SigneeRank Test  0.037
TKN 30.8 23.8 17% Wilcoxon SigneeRank Test 6.94E03
TSS 436 337 17% Wilcoxon SigneeRank Test  0.024
Cd All But One Sample Below Limibf Detection
Cu 0.10 0.09 -5% Wilcoxon SigneeRank Test 0.78
Pb All But Two Samples Below Limit of Detection
Zn 0.28 1.22 -120% Paired Sign Test 6.56E4"

Cumulative Annual Pollutant Loads

Results for cumulative annual pollutant load calculation®édin sites are included in
Table3-13. The CALsdischarging fromMA 2 were greater than those leaving MAot all
constituentbecauseMA 2 has a larger drainage area, receives more inflow vqlante
provides less internal volume reductibtowever, he CALs normalized by drainage area are
also greater for MA 2, reflecting the inability of MA 2 to improve water qualigditionally,
the median influent concentrations were higher for most constituents in MA 1. Thus on an annual
basis, MA 1 providegreaer water quality improvement anlischarges less pollutant losmlthe

receiving stream.
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Table 3-13. Total dfluent measured loagsumulative annual loads (CAL&nd CALs
normalized by drainage areaMA 1 and MA 2 DDBs. CALs were calculated by adjugthe
measured loads by the average annual rainfall divided by the sampled r&igdaiti¢n3-15).

Maintained 1 Maintained 2
Constituent Measured  CAL CAL Measured CAL CAL
Load (kg) (kglyr) (kg/halyr) Load (kg) (kglyr)  (kg/halyr)
TP 0.85 2.70 0.68 3.43 5.98 1.18
OP 0.45 1.41 0.36 1.69 2.95 0.58
PP 0.41 1.29 0.32 1.74 3.03 0.60
TN 3.08 9.74 2.45 29.1 50.7 10.03
NHs 0.37 1.18 0.30 2.29 4.00 0.79
NOx 0.24 0.76 0.19 5.32 9.28 1.83
ON 2.47 7.80 1.96 21.5 375 7.40
TKN 2.84 8.98 2.26 23.8 41.5 8.19
TSS 94 297 75 337 588 116
Cd N/A N/A N/A N/A N/A N/A
Cu 0.02 0.07 0.02 0.09 0.15 0.03
Pb N/A N/A N/A N/A N/A N/A
Zn 0.05 0.16 0.04 1.22 2.13 0.42

3.4.4:Comparison to Literature

Table3-14displays influent EMCs from highway stormwater monitorihglges and the
median influent EMCs from this study. Pollutant irreducible concentrations developed by
Schueler (1996) are also included. Median influent EMCs measuk&8l atandMA 2 are
within the rangeaneasured elsewhere for the majority of constitsié¢sdurces within Tablé
14). Phosphorus EMCs were similar to those measured elsewhere in NC and Texas. EMCs for
nitrogen species in MA 1, but ntitose enterind/A 2, are lower than concentrations considered
irreducible by SCMs (Schueler, 1996pr thisreason, it is noteworthy thsA 1 wascapable
of providing anyreduction in nitrogen species concentratiaspotentialSCM pollutant removal

is impactedby the magnitude of influent concentrations (Schueler, 1996).
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Influentmetal concentrations in thstudy are lower than measured elsewhere in the
Southeastern Utad StatesAnnual Average Daily Traffic (AADT) is a measure of roadway
usage, and reflects the average number of vehicles travelling pef™akseceives relatively
little traffic comparedo other freeways in the stat#dprobablyaccumulates fewer metals
inter-event.The AADT for the study area is 17,000, compared to 182,00686mkar North
Car ol i nao % Charbotte NCB@T, 2017 Heavy metal accumulation has been
correlatel to highway traffic volume (Chen et al., 2010).

The influent concentrations in this study were most similar to median values reported in
Winston et al. (208), for data collected from highway bridge deck runoff at 15 sites abl@ss
They are also simitato those measured in th&C Piedmont in Wu et al. (1996, 1998hus,
influent concentrations measuredviA 1 andMA 2 are consistent with other data within the

state
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Table 3-14. Median influent pollutant concentrations for highway stormwateoffuneasured in this study and elsewhere. Values
from Schueler (1996) are irreducible concentrations, not empirical data for highway runoff. Metals reported in pg/lcs atl othe

mg/L.

Source Location TP OP TN TKN NHz  NOx TSS Cu Zn
This Studyi MA 1 Archdale, NC 0.30 0.13 114 106 0.12 0.08 63.6 4.9 13
This Studyi MA 2 Archdale, NC 0.21 009 198 161 0.09 027 215 4 14
Winston et al. (208) Statewide, NC 0.18 002 097 071 005 0.21 39 9.6 73.8
Barrett et al. (1998) Austin, TX 0.22 - - - - 0.93 129 37 222
Li & Barrett (2008) College Station, TX 0.18 0.13 - 1.58 - 0.38 84 14 120
Wu et al. (1996) Piedmont, NC 0.14 0.10 - 0.88 0.22 - 135 - 66
Wu et al. (1998) Piedmont, NC 0.47 0.21 207 120 0.67 0.87 - 0.8 -
Driscoll (1990) 11 US States - 0.16 - 0.87 - - - 52 368
Flint & Davis (20073} Mount Rainer, MD 0.59 - 511 3.90 - 1.21 405 100 1300
Kaighn & Yu (1996} Charlottesville, VA 3.71 - - - - - 113 - 6500
Schueler (1996) - 0.150.2 - 1.9 1.2 - 0.7 20-40 - -

2Averages reported.
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Table3-15 shows median pollutant REs for this and other DDB monitoring studifess.
TSS RENn MA 1 is within the range reported elsewhere and similath@rDDBs within the
state (Mazer, 2018; Hathaway, 2007a, 2007b). However, the TSS RE in MA 2 is lower than
measued elsewhere, except for one NC DDB whegdiment resuspension was observed
(Mazer, 2018).1t is apparent, however, that by using RE as a metric, the DDBs in this study do
not appear to provide greater water quality improvement@i2Bs monitored elsewhe, and
tend to perform worse than those that include underdrains or outlet modification (Harper, 1999;
Middleton & Barrett, 2008)This is especially true for the removalT®S

The effluent EMCs in this study awéthin the range reported elsewherealfle 3-16).
Results fromrMA 1 andMA 2 are similar to those reported in some North Carolina DDB
monitoring studies (e.g. Line (2006) foP and TN,and Hathaway et al. (2007a, 2007b) for
TKN), but lower for most constituents (e.g., Mazer, 2018). The dufieaffluent EMC value
assignedo DDBs by the NC DE@s much higher thaeffluent EMCsreported hereifhowever,
theassigned'N effluent EMC fits tesedata well Thus, an adjustmexibwnwardmay be
needed for the TP credit currently assigned to DDEsaimg in NC.

Other DDB monitoring studies report runoff volume reductions withinrdhge of this
study (Table3-16). The NADEQO6 €017)assigned value for volume reductifam DDBS in
HSG A soils(10%)appears tde a conservative estimate considethmgresults hereiffor MA
1). To the authdk knowledge, this is the only study that has directly assessed the volume
reduction performance in DDBs operating in North Carglatbher than in chapter 2 of this
thesis This study provides evidence that therent assumption of00% volume reduction may
underrepresent actual performanespeciallywhen soil conditions are appropriate and when the

basin does not routinely hold water
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Table 3-15. Median REs for this and other DDB monitoring studies.

Souce Location TP OP TN NHz  NOx ON TKN TSS Cu Zn
MA 1 Archdale, NC 17% 2% 20% 23% 12% 18% 17% 55% -21% 15%
MA 2 Archdale, NC 10% 13% 11% 11% 4% 11% 12% 4% -11% -182%
Mazer (2018), MOV1 Morrisville, NC -45% -43% -25% 26% -7% -42% -23% -8% - -
Mazer (2018 MOV2 Morrisville, NC 4% -11% 10% 37% 7% 4% 11% 52% - -
Mazer (2018), WS WinstonSalem, NC 22% 31% 41% 29% 34% 42% 38% 49% - -
Birch et al. (2008) Sydney, Australia -5% - 28% - -46% - 56% 40% - -
CalTrans (2004) Various, CA 39% -22% 14% - 8% - 17% 72% 58% 73%
FoadHussain et al. (2006) Mankato, MN 20% 6% - - - - - 46% - -
Geosyntec & WWE (2017) Various 17% -13% -4% - 41% - 0% 65% 44% 55%
Harper 1999 DeBary, FL 13% 25% 25% 31% 50% 5% - 93% - -
Hathaway et al. (2007a) Charlotte, NC -15% - 13% - 31% - 2% 39% - -
Hathaway et al. (2007b) Charlotte, NC -13% - 10% - -11% - 20% 65% - -
Middelton & Barrett (2008 Austin, TX 52% 7% - - 58% - 35% 91% 55% 62%
Stanley (1996) Greenville, NC 14% 26% 26% - -2% - - 71% - -

#Reported mean EMC values
bCortains underdrain
‘Modified outlet structure
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Table 3-16. Comparison ofrolume reduction anthedian effluent EMC values from this study to other DDB monitoring studies. Cu
and Zn expressed at pg/L, all others as mg/L. Values reported by Schueler (€98#)sadered irreducible by SCMs.

Reference Location Storms % Volume TP OP TN NHs; NOx ON TKN TSS Cu <Zn
Reduction
MA 1 Archdale NC 13 29% 025 013 080 008 006 064 074 289 66 11
MA 2 Archdale NC 18 7% 018 007 1.67 0.07 027 1.18 128 205 43 55
Mazer (2018), MOV1 Morpfc‘;"”e’ 13 - 041 021 285 0.17 069 1.68 188 54 - -
Mazer (2018), MOv2 ~ MOTsvile: 9 i 044 025 217 011 096 123 137 18 - -
Winston
Mazer (2018), WS Salom. NG 10 - 042 012 1.25 0.13 014 098 106 53 - -
. Sydney, ) - . - - -
Birch et al. (20086) Pt 5 0.25 3.18 1.76 1.42 107
CalTrans (2004) Various, CA - 40% 032 014 18 - 098 - 185 39 22 115
FoadHussain et al. 0
(20067 Mankato, MN 12 48% 015 0.08 - - - - - 89 - -
g%‘?)’”tecg‘WWE i i 33% 019 009 119 - 026 - 12 243 49 223
Harper 1999 DeBary, FL 35 71% 026 0.03 272 0.15 0.17 0.83 - 31 11 7
Hathaway et al. (2007a) Charlotte, NC 17 - 0.2 - 1.4 - 0.4 - 1 9.6 - -
Hathaway et al. (2007b) Charlotte, NC 12 - 0.2 - 1.3 - 0.5 - 0.8 53 - -
Line (2006) Taylorvile, : 022 003 158 017 041 - 103 116 - -
Middelton & Barrett .
(2008F° Austin, TX 13 - 0.14 0.09 - - 019 - 083 7 39 159
Stanley (1996) Greenville, NC 8 - 035 008 124 - 03 - - 28 - -
Schueler (1996) - - - 01502 - 19 - 07 - 12 2040 - -
NCDEQ (20179 - - 0-10% 066 - 165 - - - - - - -

#Reported mean EMC values
bContains underdrain

“Modified outlet structure

dCurrent credit ascribed to DDBs in NC
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3.5: Conclusions

This study monitored two routihemaintained DDBs for water quality and hydrologic

treatment up to 11 months. The following main conclusions are discerned from the results:

1 Soil infiltration provided significant runoff volume reduction in MA 1 (29%) but not
MA 2 (7%), which had higheradl bulk density and a seasonal high water table closer
to the surface. ET yielded negligible volume reduction in both DDBs.

1 Influent pollutant concentrations were within the range previously measured for
highway runoff in NC, except metal concentraticersded to be lower. Influent
nitrogen concentrations at MA 1 were less than those considered irreducible by
Schueler (1996).

1 In general, neither DDB provided sufficient water quality treatment to discharge
stormwater below threshold levels for healthy benthacroinvertebrates in
Piedmont streams as proposed by McNett et al. (2010). However, both basins
discharged TP at concentrations less than the current discharge EMgti appli
DDBs in NC(NCDEQ, 2017).

1 MA 2 was unable to provide TSS or PP removal, gesitue to sediment
resuspension, lack of sufficient detention, or erosion within the basin.

1 MA 1 could not effectively remove particles smaller than about 50 um, potentially
because the hydraulic flow path and detention time were not optimized to ercourag
settling of particles this size. Theoreti
should have settled within 10 minutes. However, MA 1 still substantially reduced

TSS (55% median RE).
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Significant and substantial export of Zn was observed in MKBk2ly because of
dissolved organic carbon leaching, acidic condititvas limited adsorption to

sediment, or prolonged saturated and reducing conditions that caused Zn to desorb.
Although both MA 1 and MA 2 provided significant reductions in pollutant
concentration for majority of constituents (with the exception of metals), the results
were not substantial (especially in MA 2). This reaffirms findings found elsewhere
for DDBs in North Carolina (Hathaway et al., 2007b) that although PRMs may occur,
temporary detention limits water quality improvement.

When comparing MA 1 and MA 2, encouraging soil infiltration can result in greater
DDB pollutant load reductions. Preventing erosion and sediment resuspension by
incorporating a dedicated sediment forebagravel check dams near the inlet pipe

will likely aid in TSS removal.

Moving forward, site selection for highway DDBs should maximize the space
between the inlet pipe and outlet structure to maximize flow path length. Designers
should also ensure a DDBusiformly graded towards the outlet structure to prevent
prolonged ponding and subsequent metal export.

The results of this study do not give any evidence that providing routine vegetation
maintenance enhances DDB performance, and mowing machinery eray ev
contributed to soil compaction in DDBs where standing water persists (Defossez et

al., 2003; SaffirHdadi et al., 2009), further limiting soil infiltration.
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CHAPTER 4: A Review of Design Retréits to Improve the Performance of Dry Detention
Basins in the Southeastern United States

4.1: Abstract

Dry Detention Basins (DDBs) are a ubiquitous stormwater control measure (SCM)
designed to provide peak flow reduction and flood storage in impervitelsoents. DDBs
provide modest water quality improvement through sedimentation, but typically lack the ability
to reduce nutrient loads. Many examples of both structural andtnactural design retrofits
have been proposed to facilitate additional polititand volume removal mechanisms in DDBs.
Design retrofits can be implemented to update existing DDBs to meet local or regional
regulations or water quality goals. Retrofits include outlet structure modifications, basin
excavation, implementing baffles,@uraging vegetation, or a combination of th&exent

illustrative examples from the literature will be discussed herein.
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4.2: Introduction

Urbanization and widespread development over the last century has increased the
presence of impervious areasg@oadways, parking lots, rooftops) and altered the natural
hydrologic regime (National Research Council, 2009). In these conditions, stormwater runoff
travels overland faster and in greater volume, carrying pollutants, sediment, trash, and debris to
downstream lakes, rivers, and streams (Schueler, 1994). This runoff contributes to flooding,
downstream erosion, and aquatic habitat disturbance (Paul & Meyer, 2001). Traditional
stormwater control focused on temporarily detaining stormwater volume to ridoldieg and
the peak flowrate discharging to streams (Debo & Reese, 2002). More recently, water quality
control has become a main component of urban stormwater management to reduce the impact on
receiving watersHowever, many traditional systems stilbgide inadequate pollutant removal
or hydrologic mitigation and do not meet local or regional water quality reguldhlat®nal
Research Council, 2009)

Dry detention basins (DDBSs) are a traditional type of stormwater control measure (SCM)
designed toegmporarily collect and detain stormwater runoff for flood control and peak flow
mitigation rather than water quality improvement. DDBs consist of (1) a large, earthen
depression that collects runoff from impervious area and (2) an outlet structure yypicall
containing one or more orifices that slowly discharges stormwater over 1 to 5 days (Erickson et
al., 2013; North Carolina Department of Transportation (NCDOT), 2014). Although ubiquitous
in the urban landscape due to their simple design and functions ieByenerally regarded as
one of the least effective SCMs for water quality improvement and runoff volume reduction
(Stanley, 1996; Harper et al., 1999; Shammaa et al., 2002; Pitt, 2005; Fassman, 2012).

Sedimentation of pollutadaden runoff during detgion constitutes the only pollutant removal
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mechanism (PRM) encouraged by their design (Erickson et al., 2013), which limits the removal
of soluble pollutants (Guo et al., 2000; Shammaa et al., 2002; Pitt, 2005).

Retrofitting existing DDBs to provide admbnal PRMs, runoff volume reduction, and/or
hydrologic mitigation is gaining popularity in the literature. These retrofits have the potential to
provide additional water quality improvement at a low cost compared to implementing new
stormwater infrastruare (e.g. Middleton & Barrett, 2008; Hawley et al., 2017), as there is no
cost associated with land acquisition (Schueler et al., 208@)ementing structural or nen
structural retrofits inside DDBs can also prevent the need for additioralrgresttreatment,
thereby reducing costs.

In North Carolina, DDBs are not allowed to be a stalmhe SCM because they do not
provide adequate removal of total suspended solids (TSS) (NCDEQ, 2017a). DDBs also receive
little credit for nutrient (Nitrogen and P&phorus) removal, requiring landowners to buy nutrient
offset credits in nutriergensitive watersheds to make up for poor DDB performance. The money
saved by implementing a retrofit must outweigh the current cost of buying nutrient offset credits
to be wathy of investment (Mazer, 2018). A retrofit must also meet applicable site constraints
(Houle et al., 2017; Schwartz et al., 2017). Retrofitting DDBs throughout a watershed can
provide additional pollutant load reductions to meet water quality goalsadgtw newer design
standards, and improve DDB design and implementation (Schueler et al., 2007; Schwartz et al.,
2017).

DDBs aretheideal SCM for retrofitting because of their simple design anevalencen
developed watershedSchueler et al.,, 2007).he basin fl oor can act as
implementing characteristics from other SCMs, such as those found in constructed stormwater

wetlands (CSWs)r bioretention cellsRetrofitting DDBs is also the least expensive option when
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compared to retrating other SCMs (Schueler et al., 2007). TypeBDbB retrofitsinclude
infrastructure improvements (e.gutlet structure modificatioar increasing storage volume
constructing internal design features (e.g., baffles or a sediment forebagplyirg practices
thatimprove ecological integritye(g.,planting native plants and incorporating micropools)
(Schueler et al., 20072 number of the most recent examples from the literature will be
discussed herein. A summary of retrofit elements and fuésesarch needs conclude this
chapter.
4.3: Outlet Structure Modification

The earliest DDB retrofit mentioned in the literature came about after the Phase | NPDES
stormwater rules were enacted in 1990 and involved altering the outlet structure to increase
detention time (Palhegyi et al., 1991), as it is the most important factor affecting TSS removal
(Shammaa et al., 2002; Middleton & Barrett, 2008). A straightforward way to improve TSS
removal in DDBs is to provide additional time for the smaller sedinmantion to settle. Recent
studies have implemented sim®B outlet structure modifications thatovidebatch
treatment of stormwater and increa®tention time. Carpenter et al. (2014) improved a8
removal from 39 to 90% by installing a manuallgmpulated sluice gatbat was adjusted in
response to expected rainfdtlalso increaselbadremoval of ammonia from 10 to 84% and
total zinc from 20 to 42%The modification provided up to 4.4 days of detention, but detention
time was limited by su@zding rainfall to prevent pond overflow.

Middleton & Barrett (2008) installed a 15 cm (6 in.) orifice and automated valve at the
outlet of a DDB that resulted in a TSS removal efficiency of 91%. The valve provided 12 hours
of static detetion, then opergkfor 12 additional hours of drawdow@imilarly, Gaborit et al.

(2013) increased TSS removal efficiency from 46 to 90% by opening and closing an outlet valve.
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Static (or batch) detention has several advantages over active detention, where the pond
draws a@wn as it fills. It can provide additional settling time for subsequent small storm events
that would otherwise discharge from a DDB relatively untreated (Carpenter et al., 2014).
Prolonging detention for large storm events when the driving head is highiestrease
infiltration (Middleton & Barrett, 2008). Drawdown orifices can be optimized to provide static
detention to the first flush, which would increase removal of the most polluted fraction of runoff
(Carpenter et al., 2014). Static detention gisavides additional residence time to reduce
sediment resuspension that may occur during initial inflow (Middleton & Barrett, 2008). Batch
detention time must be limited to less than 5 days to prevent vegetation death (Hunt et al., 2011;
Carpenter et al2014; NCDOT, 2014)

Other outlet modifications have incorporated a floating riser strualge known as a
skimmer) like those found in construction sedimentation basins, (egure4-1), to provide
drawdown from the top of theater column as thealin emptiesKennessey & Jarrett, 1997;

Millen et al., 1997Guo et al., 2000Drawdown from the water surface instead of the basin

bottom can limit sediment resuspension associated with traditional riser structure outlets

AG N T o
b AR ey

Figure 4-1. PVC floating iser structure to provide drawdown from the
portion of the water column. Picture from Town of Apex, NC.
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(Fennessey & Jarrett, 199Vl len et al., 1997)Outlet structure modifications that employ

multiple step outletto provide detention for small events and safely pass large events have also
been implemented (Figure2) (Guo, 2009)More sophisticatedutlet structureetrofits could

utilize reattime control and incorporate water level sengoreptimizeoutlet structureperation

or be rainfall controlledGaborit et al., 2013, 2016; Gee & Hunt, 200llapudi et al., 2017).

Figure 4-2. Multiple step outlet structure devised
Guo (2009). It contains a perforation plate with
numerous orifices behind a screen, a wegelbthe

temporary pool, and an overflow weir. This des
also incorporates a micropool near the outlet.

Although these relatively simple retrofits can improu@BDpollutant removal, they also
change basin hydraulic characteristics, and require careful design when implemented in areas
prone to flooding or with erosiesensitive receiving streams (Marcoon & Guo, 2004). It is
important to determine how an outletustiture modification will alter the design storm storage
volume, detention time, pedlow mitigation, and frequency of overflow (Jacopin et al., 2001;
Marcoon & Guo, 2004; Gaborit et al., 2018s D D B are designed to be dry intevent, the

outlet struture modificationmust also emptthe basin completely inteevent to prevent
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mosquito proliferation (Huber et aD09; MacKay et al., 2016), unless conditions are
appropriate to encourage mosquito predation (Hunt et al., 2011). This typically linemsiolet
time to 4 days (Gaborit et al., 2013, 2016; MacKay et al., 2016).

Some outlet structure modifications have been designed to improve hydraulic
performancé reducing both peak flow rates and downstream sediment transport (e.g. Hawley et
al., 2017). h cases where an outlet structure retrofit compromises DDB storage volume or
detention time for the design storm, Schueler et al. (2007) outlines several methods to increase
available storage from pond bottom excavation to raising the existing embankrbehthese
methods may be cosind spacgrohibitive.

4.4: Incorporating Wetland Characteristics

Constructed stormwater wetland33W9 are a type of SCM that provide greaneter
guality improvement than DDBs because they incorp@dtitional PRMs lad can settle a
larger particle fraction (Persson et al., 1999; Bavor et al., 2001; Collins et al., 2810%
incorporate zones of varying water depth and hydrophytic vegetation to provide areas for
biological, chemical, and physical removal processestar (Persson et al., 199@onverting
a DDB to a CSW involves creating a permanent pool by raising the drawdown @tfice
lowering the pond bottom via excavati@nd planting wetland vegetatiofhese improvements
facilitate sedimentationgenitrification andassimilation of dissolvedutrients and heavy metals
(Kadlec & Knight, 2009; Mazer, 2018pissolved inorganic nitrogen removal is limited in
DDBs becausgypical drysoil conditions do not encourage anaerobic microbial denitrification,
the transformation of nitrate to inert nitrogen gas (McPhillips & Walter, 2015; Morse et al.,
2017). Denitrification is the only way to remove inorganic fractions of nitrogen from the

terrestrial emironment (Morse et al., 2017).
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Raising the orifice can be accpiished without drilling holes in the existing outlet
structure. The addition of an upturned PVC elbow to raisedhmal pool elevatiohas been
successfully implemented to convert a DDB to a CSW (Mazer, 2018) (Figg)rédDB-to-

CSW retrofits can alsmvolve internal earthwork such as creating deep pools, shallow fringe
areas, and a littoral shelf (Trinkaus & Hayden, 2011). The simplest and most inexpensive retrofit
is adjusting the drawdown orifice and planting wetland vegetation (Bartone & Uch®i, 19

Mazer, 2018). Solely incorporating wetland plants has been unsuccessful in improving DDB
pollutant removal (Bartone & Uchrin, 1999); however, outlet structure adjustment to create a
permanent pool can cause volunteer wetland species to propagateo(Cetrkd., 2000).

Incorporating a permanent pool or micropools can also limit sediment resuspaunrsngn

inflow (Middleton & Barrett, 2008).

Mazer (2018) modified the outlstructureand planted wetland vegetation to improve
pollutant removabf a DDBoperating in NC. Compared to pretrofit performance, the CSW
DDB reduced cumulative annual effluent loads of TSS, TP, OP, TN, TKN, &td ON by
89%, 60%, 57%, 71%, 75%, 69%, and 75%, respectively. The author concluded that
implementing this low cog$2000)retrofitin DDBs would be a viable means of markatsed
nutrient removal in nutrient sensitive watershéttsgan & Walbridge (2007) compared three
traditionalDDBs (containing concrete low flow channels, and mowed turf) to three DDBs
retrofit with wetland characteristiqgonger flow patls with hydrophytic vegetatignTheir
results indicated that thoseth wetland characteristicghowed higher sediment retention and
soil phosphorus retention, an indicator of phosphorus removal (Hogan & Walbiodge, 2

Gargallo et al., 2017).
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DDB-to-CSW conversion can also improve hydrologic mitigation and runoff volume

reduction.Toran (2016) monitored D DBO&s hy dr o | befgre and giter redffitong ma n c e

to a shallow wetland thacluded removing low-flow concrete channdipweringthe basin

Typ. Outlet Structure

Tempaorary FPool Elevation

PVC Upturned Elbow

Normal FPool Elevation &

Basin Bottom G:

Figure 4-3. Example of a PVC upturned elbow to create a permanent pool in at®@0BW
conversion. Including a dewatering device (in this case, avali@allow the pond to empty fo
maintenance.

Dewatering Device

bottom0.3 m (L ft.) to create a permanent ppahd planting wetland vegetation. All 20 storms
monitored preretrofit had measurable outflow, while 25 of the 30 storms monitoreergmsfit
did not reach the outleThe retrofit drastically improved stormwater detention by increasing
infiltration, surface storage, and encouraging evapotranspiration (Toran, 2016).

When designed from fiscratcho, CSW surface

because desigguidelines limit CSW maximum ponding depth (38 cm in CSWs vs. 3 min

DDBs) (NCDEQ, 2017b, 2018a). CSWs therefore require additional space to provide an
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equivalent storage volume. For DDBs retrofit to CSWSs, creating a permanent pool can reduce the
design strage volume, and result in an undersized system. However, two studies, one CSW and
one DDBto-CSW conversion, conclude that undersized systems still provide ample water

quality and hydrologic benefits (Hathaway & Hunt, 20&zer, 2018).

Over time, manypDBs routinely retain water due to surface clogging and soil
compaction, and begin to take on CSW characteristics such as micropools, saturated soils, and
wetland vegetation (Stanley, 1996; Rosenzweig et al., 2011; Morse et al., 2017). This natural
transtion may improve nitrogen removal (Rosenzweig et al., 2011). A few of these DDBs have
been monitored to determine whether this transition improves or hinders water quality
improvement (Carleton et al. 2000; Rosenzweig et al., 2011; Morse et al., 2017).

Morse et al. (2017) monitored foagingDDBs, two with standing water and two
without, and determined that the wet basins possessed a higher fraction of denitrifying bacteria,
which corresponded to a denitrification rate of 58% for all incoming inorgamageit, while
the dry basins denitrified only 19%. New Jersey DDB containing standing water found rates of
denitrification that were in agreement (68% nitrate removal), but seasonally dependent (highest
in the warm summer months) (Rosenzwig et al., 20¢4jleton et al. (2000) installed a weir to
provide 15 cm (0.5 ft.) of ponding near the outlet structure of a Virginia DDB designed for flood
control. Wetland vegetation volunteered and the SCM yielded pollutant removal efficiencies
greater than those tygilty measured for DDBs (Carleton, 2000).

Both intentional and natural (unintentional) conversions of DDBs to CSWSs have been
shown to provide additional PRMs and hydrologic mitigation. It is important to include diverse
topography, soil moisture conditionggetation, and a propertesigned outlet structure to

encourage mosquito predation, pollutant removal, and hydrologic mitigation (Hunt et al., 2005;
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Rosenzweig et al., 2011; Mazer 201l8corporating a dewatering mechanism to allow complete
drawdown otthe pond will also help when conducting maintenance (Li et al., 2015; NCDEQ,
2018b).

4.5: Incorporating Underdrains and Internal Water Storage (IWS)

Installing a perforated pipe underdrain as the primary drawdown device in a DDB will
provide additional PRIs and opportunities for volume reduction through infiltration.

Underdrains are typically made of PVC or corrugated plastic pipe and surrounded by filter
media, washed gravel, or other engineered soil to encourage filtration of particulates and sorption
of dissolved nutrients or metals (Murphy, 2013; NCDOT, 2014). Underdrains must be installed
with adequate separation from the seasonally high water table to limit groundwater interference
and to ensure sufficient pressure head (NCDOT, 2014). At least tveoduath pipes are
recommended to be installed to limit clogging. Cleaits allow for maintenance as needed
(NCDEQ, 2018b). DDBs constructed with underdrains have been monitored for water quality
and hydrologic performance. All studies exhibited greatem 8% volume reduction through
infiltration and significant pollutant load reductions for the majority of constituents (Harper,
1999; FoaeHussain et al., 2006; Wissler, 2019). Underdrains may be a critical DDB design
component in areas where nutrientdeaductions are required to achieve compliance, but can

be expensive to implement as a retrofit after initial construction.

DDBs do not achieve substantial nitrogen removal, as nitrogen is not generally associated
with sediment (Collins et al., 2010). DDBs with underdrains located under the basin surface,
incorporating an internal water storage (IWS) layer can provide additional nitrogen removal and
runoff volume reduction, reducing pollutant loads (Hunt et al., 2012) (FigdyeAn IWS layer

is creded by elevating the underdrain or drawdown orifice exit and causes this layer to remain
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saturated, providing a place where anaerobic conditions can persist to promote denitrification. It
can also provide modest thermal load reduction in areas with tenmeesansitive species

(Brown et al., 2009). IWS has been incorporated in bioretention cells (Brown et al., 2009),
permeable pavement (Braswell et al., 2018), and subsurface gravel wetlands (Rochfort et al.,
1997; Idris et al., 2011) with promising results upturned PVC elbow that extends vertically

(e.g. Figure 43) to the IWS depth can cause prolonged underground detention to a portion of the
design storm volume, allowing it to evapotranspire or infiltrate depending upon subsaoill
conditions (Figure 4}). IWS has been successfully implemented on SCMs underlain with clay
subsoils (Braswell et al., 2018)he application ofubsurfacelenitrification beds using a carbon

substrate have also been considered in some SCMs (Schipper et altp200pve nitogen
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Figure 4-4. Including a perforated pipe underdrain surrounded by gravel or engineered
can improve removal of particulate and dissolved pollutants (top). Incorporating IWS can
improve DDB nitrogen remal, infiltration, and ET (bottom).

removal. mplementing a combination of anaerobic and aerobic environments, such as a
subsurface saturated zone, edspencourage microbial nitrogen transformati@ol(ins et al.,

2010;McPhillips & Walter, 2015).
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This design retrofit may also lcorporated where drawdown orifices are located at the
existing basin bottom. In this situation, a layer (30 to 60 cm) of gravel can be added to the pond
bottom, which provides surface area for filtration, microbial propagation, and subsequent
nutrient yptake and transformation (Rochfort et al., 1997) (Figubg. 4A dewatering

mechanism, however, must be present, for maintenance needs (e.g. as in-B)dluiestal.,

2015).
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Figure 4-5. Incorporating a surface gravel layer with an upturned elbow to facilitate IWS
encourage microbial pollutant transformation and assimilation, while being mosquito res

In a DDB containing both a drawdown orifice and perforated pipe underdraoff r
treated by the underdrain had significantly reduced nitrate concentrations (38%), which was in
contrast to runoff discharging via the orifice. The latter had significantly higher nitrate than

inflow (Wissler, 2019). The orientation of the outlet stuwe caused the underdrain pipe to
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remain submerged throughout the monitoring period and likely encouraged denitrification
(Wissler, 2019). This DDB exhibited 54% volume reduction through infiltration. These results
suggest that underdrains can provideager removal of nitrogen and dissolved pollutants while
simultaneously reducing volume through infiltration. Other studies on DDBs with perforated
pipe underdrains support this assertion (Harper, 1999;-Haadain et al., 2006).
4.6: Baffles, Berms, andMicrotopography

Baffles consist of vertical impediments such as fencing or concrete retaining walls that
are installed perpendicular to the dominate flow path (Nighman & Harbor, 1997; Farjood et al.,
2015). They can reduce water velocity, prevent stioctiting, provide filtration, and encourage
additional sediment and debris to settle (Thaxton et al., 2004; German et al., 2005; Khan et al.,
2017). As a lowcost retrofit, they can be made from permeable material such as jute and coir
fabric and can redecinflow velocities by up 75% (Thaxton et al., 2004). Baffles can also
increase flow path length in DDBs with a small length to width ratio, that short circuit, or where
the inlet pipe and outlet structure are in close proximity (Figtgg(@ighman & Habor, 1997).
The greatest improvement in sediment trapping efficiency has been measured when baffles (1)
are taller than the emergency outlet elevation and (2) contain sufficient perforations to prevent

flow from overtopping (and potentially damaging) tradfles (Nighman & Harbor, 1997).
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Baffles to Slow Baffles to Alter
Inlet Velocity Flow Patterns

—p— ®

Inlet
Overflow

®

Inlet
C

Directional

Inlet
Directional
(45° angle)

=  Inflow —  Baffle
@®  OutletRiser ~——a_ Flow within the basin

& Dead Zone — > Flow if baffle is not present

Figure 4-6. An example of bfile orientations to reduce stormwater velocity and increase o
flow path length. From Nighman & Harbor (1997) and sources within.

Baffles are common in construction sedimentation babiesressey & Jarrett, 1997,
Millen et al., 1997Nighman & Harbor, 1997; Thaxton et al., 2Q004cCaleb & McLaughlin,
2008, but could be implemented in DDBs as a lowst retrofit to improve pollutant removal
and prevent sediment resuspension. Baffles can also increase contact between incoming
stormwater and vegetation in a DDB, improving surface filtration and assimilation (Matthews et
al., 1997; Greenway, 2004). Theplementation of baffles may be cost prohibitive in some
instances, as the greatest improvements in hydrologic performance required a minimum of three
baffles in one modeling study (Khan et al., 2017). Utilizing recycled or commonly available
materials an help minimize costs.
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Internal berms act in a similar fashion to baffles, but require excavation, construction, and
additional cost. Earthen berms will reduce DDB storage volume, so they may not be appropriate
in undersized DDBs; concrete retaining wadrms are alternatives. Gain (1996) installed a
concrete berm in a detention pewdtland treatment train that doubled the flow path length,
increased detention time, and improved the removal of TSS by 29%, total lead by 54%, and total
zinc by 67%. Gravdberms and riprap walls have been employed in DDBs in North Carolina to
provide gross filtration (NCDOT, 2014). Incorporating berms to improve the removal of
particulate phosphorous has also been suggested (Lodhi, 2010).

Another potentiaDDB design retraf is theincorporationof microtopograpy toreduce
influent velociy, increase DDB flow path length, thereby lengthening hydraulic residence time
(HRT). In a simulation study, Guzman et al. (2018) tested 20 basic pond configsieattbn
determined that eluster of small islands near the inlet providedgresatest hydraulic
improvement, whichwad e f i ned as the pondds abSimilarty t o sp
results have been found in a CSW modeling study that incorporated islands and baffles to
improve HRT (Conn & Fiedler, 2006). In addition to increasing HRT, creating microtopography
in DDBs through excavation can increase surface storage volume, improve sedimentation, and
provide infiltration for the captured runoff volume intrent. tbwever, castruction of
microtopography may be cegtohibitive when compared tostallingbaffles or altering the
vegetation (Guzman et al., 2018)may also encourage mosquito proliferation if vegetation
within these micropools is not properly considered (Hairatl., 2005; Hunt et al., 2011).

4.7: Design Elements to Limit Maintenance
Routine maintenance i s necessary to sustai

2014, Blecken et al., 2017); however, many DDBs are urfdenot) maintained (Galli, 1992).
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A survey conducted on 38 city and county municipal organizations suggest that most DDBs
receive only a yearly (or less frequent) maintenance inspection (Erickson et al., 2010). The most
commonly cited DDB maintenance issues during these inspectionslanestaccumulation
and orifice clogging. Clogging of the drawdown orifice with sediment, trash, or debris remains
the biggest concern in DDB performance (Hoyt & Brown, 2005; Erickson et al., 2010; Li et al.,
2015) because it prevents drawdown of the teamygool. At a minimum, maintenance should
be conducted often enough to ensure the outlet structure is working properly and that sediment
accumulation is not limiting storage volume. There are design elements that can limit DDB
orifice clogging and concérate sediment accumulation to reduce maintenance (NCDOT, 2014;
Blecken et al., 2017; Mazer, 2018).

Orifices must be sufficiently large to limit clogging, while being small enough to achieve
the target detention time and peak flow reduc{®no, 1997; Tillinghast et al2011)
Authorities in many southeastern states recommend drawdown orifices no smaller than 5 cm (2
in.) (SCDHEC, 2005VDOT, 2013; NCDOT, 2014; TDEC, 2015GEPD, 2016) Incorporating
orifices with downturned elbows vlimit clogging from floatable debris (Figure 7).
Excavating near the outlet structure to create a micropool will also prevent orifice clogging by
providing additional storage for sediment or debris accumulation. Incorporating a micropool at
the outletstructure is a DDB minimum design criteria in NC and recommended by authorities in
other southeastern states (MDEQ, 2011; TDEC, 2015; NCDEQ, 2017b). Trash racks that
surround drawdown orifices can also limit orifice clogging (Figui®.4

A sediment forely is an earthen depression into which the inlet pipe discharges; it
dissipates energy and provides diffuse flow of stormwater into the SCM. Properly designed

sediment forebays consist of (1) an energy dissipation zone and (2) a sedimentation zone, which
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together reduce the inflow velocity, increase sediment removal, and concentrate the settling of
gross solids and trash (Johnson, 2006; Rosenzweig et al., 2011; NCDOT, 2014). It also provides
a single location for sediment removal, which will reduce maime@maequirements and cost.
Installing a gravel berm or verge along the outer rim of a sediment forebay can provide
additional gross filtration (NCDOT, 2014). In NC, sediment forebays are designed to capture the

volume associated with the first 2.5 mm (] of runoff (NCDOT, 2014).

. : e o e N /L) ]

Figure 4-7. Example of DDB outlet structures in NC with design elements to re
the risk of orifice clogmg. Clockwise from top left: a PVC orifice with a downturr
elbow, submerged orifices in a migpool, and a trash rack surrounding the drawc
orifice.
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4.8: Planting Vegetation and DDB Naturalization

DDB vegetation primarily consists of mowed tgrfass to prevent downstream orifice
clogging, allow access by maintenance personnel, and prevent dam or berm erosion (Shields &
Gray, 1992; Plumb et al., 2013; NCDOT, 2014). However, planting trees and other vegetation in
DDBs can provide a number of benefits with regard to pollutant and nutrient removal, volume
reduction, as well as ancillary benefits to soil health and ecosystetion (Sherwood, 2001;
Bartens et al., 2008; Rose et al., 2008; Center for Watershed Protection, 2016; Berland et al.,
2017). The services provided by trees in DDBs have not been widely researched. However, in
urban SCMs and other systems that encauthg use of trees as a stormwater treatment tool, the
benefits have been widely studied (e.g. Sherwood, 2001; Bartens et al., 2008; Rose et al., 2008;
Read et al., 2010; Bundschuh et al., 2016; Berland et al., 2017). Compared to herbaceous
vegetation, tres provide higher rates of nutrient uptake and storage, require less maintenance,
and have the potential to act as a resource stream (Greenway & Bolton, 2002). Occasionally
harvesting vegetation from DDBs would also permanently remove nutrients andrps|thtt
have accumulated in biomass over time (Hoyt & Brown, 2005; Lenhart et al., 2012).

Trees provide canopy interception and subsequent evaporation of rainfall, which reduces
the volume of stormwater requiring treatment in a DDB. This volume captargccaunt for
20-40% of rainfall, although the benefits are seasonally dependent (Van Stan et al., 2015; Center
for Watershed Protection, 2016; Wissler, 201193orporating engineered soils that provide
subsurface storage, micropools to provide surm@age, and vegetation that can withstand
periods of constant inundation wéllsoincrease evapotranspiration (National Research Council,

2009).While open water evaporation negligiblein DDBs becauseavater is ponded only
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temporarily foresteddDBs would still lose a greater fraction of water through
evapotranspiration as trees roots uptake and transpire water from the soil (Berland et al., 2017).

Soils in DDBs become compacted during construction, which limits infiltration (Bartens
et al., 2008; NCDOT2014).Plant rootan mitigate compacted subsoils, enhanstogmwater
infiltration (Bartens et al., 2008; Center for Watershed Protection, 2016; Berland et al., 2017).
Increasing the proportion of stormwater that infitsaf1l)reduce pollutant loadig and(2)
lessenghe downstream impact on aquatic habitat and stream geomorphology (Bledsoe, 2002;
Simpson & Weammert, 2009).

Trees and other vegetation can also improve pollutant removal in DDBs by enhancing
both physical and biogeochemical mechanisfhese processes include the assimilation of
dissolved pollutants into plant biomass, aiding in sedimentation and filtration for small rain
events, increasing flow retardance and detention time, and initiating mienodiahted
pollutant transformatiorBartone & Uchrin, 1999Rose et al., 2008; Lu et al., 2010; Read et al.,
2010; Plumb et al., 2013; Bundschuh et al., 2016; Center for Watershed Protection, 2016;
Berland et al., 2017; Morse et al., 201lAgreasing vegetative density can also provide more
time for settling to occur by increasing flow path length (NCDOT, 2014)candhelpprevent
the resuspension of previously deposited sediment (Gargallo et al., 2017).

Species selection is critical in providing the aforementioned benefits of vegdtatien
al., 2010; Read et al., 2010) and to prevent the proliferation of mosquitos (Hunt et al., 2005,
2006, 2011)Read et al. (2010) tested the pollutant removal ability of 20 species in biofiltration
systems by measuring their growth response aftemesd with synthetic stormwaterh@&
species that maximize rooting depth, rooting mass, and growtiveatemost successful at

fixing nitrogen and phosphorus. The authors stressed that plant selection for SCM design must
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take i nto ac c acefortinuraatipn| sadimnterd accumuation,ramad excess nutrient
availability (Read et al., 2010). Selecting deep rooting, vigorous plants will also further
encourage soil channelization and subsequent infiltration.

In DDBs with areas of standing water, &aswe hydrophytic species such as cattails
(TyphalL.) can proliferate quickly, outompete native species, and form a monoculture that
provides an ideal breeding ground for mosquitos (Hunt et al., 2005). Despitd\peaad)y
viewed as a sign of a failyDDB, hydrophytic vegetation improvgmllutant removal by
helping to settle particulate matter and immobkiliorganic nitrogen (Bavor et al., 2001; Lu et
al., 2010).Somewetlandplants can removeip to 25% of incoming Nrom stormwatefLenhart
et al, 2012. Treesgrowing in DDBscan helpprevent the spread of invasive spedtigs
controlling soil moisture and providing sha@umb et al.2013) Plumb et almonitoredTypha
L. (cattail)growth in four DDBs that were unmaintained for two years aneraheed that its
growth is suppressed most under conditions of low soil moisture and limited direct sunlight.

DDB naturalization, allowing vegetation to proliferate without mowing, is the simplest
and most cost effective retrofit, as it reduces maintemand can provide additional PRMs and
runoff volume reduction (Pennsylvania Environmental Council, 2012). Planting a variety of
native plant and tree speci as wdi tshhirmtae gDB oc a
biodiversity, provide habitat for asquito predators, and limit monoculture formation (Hunt et
al., 2005; Plumb et al., 2013; Salisbury, 2013; MacKay et al., 2016). There is some evidence that
mowing vegetation actual increases mosquito presence in D&K@y et al2016) Moist
vegetatio left after mowing provided an ideal habitat for mosquito proliferation (MacKay et al.,
2016).DDBs containing trees have been recorded to discharge stormwater at concentrations

similar to bioretention cells and constructed stormwater wetlands (e.g.oWetsal., 2015),
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while also providing greater than normal volume reduction through root channeling and canopy
interception (Wissler, 2019). However, some tree species provide shade and refuge from
predators that is ideal for mosquito production (Hunt.eR806). Additionakesearchs needed
to determing1) theoptimumplant species fathe environmentatonditions encountered in
DDBs, and (2) best vegetation management strategies for vector control.

Although all SCMs are temporally dynamic, only @tiedy has directly assessed a SCM
in a transitional state. Natarajan & Davis (2015, 2016a, 2016b) monitored an infiltration basin
for three years that has transitioned into a wetland. They developed and conducted an ecological
assessment to quantify ecagyn services provided by the pasinsitional system and
monitored the basin for stormwater quality. The ecological assessment revealed that even though
the basin is not operating as originally intended, it is still a thriving, diversarbaln ecosystem
capable of providing aquatic and terrestrial habitat. The failed infiltration system still ptovide
runoff volume reduction (64%), peak flow reduction (52%), and pollutant load reductions (89%
TSS removal), even though it no longer opesat designed. e assessment laid out in this
research could be adopted for other failed SCMs, @IQDB transitioning to a wetland) to
determine associated ecological benefits.
4.9: Conclusionsand Future Research Needs

This review provides evidence thhere aranany possible avenues to incredseB
water quality and hydrologic performandéeseincludeutilizing both structural and nen
structural designetrofits such as simple outlet structure modifications or installing baffles to
increase detention time and hgdlic flow path length. Incorporating an array of deep rooting
herbaceous plantsges and hydrophytes will encourage soil infiltration and ET, provide habitat

for mosquito predators, and increase assimilation of dissolved pollutants. Excavating DDBs to
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createzones of aerobic and anaerobic soil, and areas for water to infiltrate as well aglpond
aid in sedimentation and filtration of particulate pollutants, and encourage denitrifi@atitin
ecosystems like DDBalsohave the potential to providrib-urban wildlife habitat and cultural
benefits in addition thydrologic and water qualityeatment of stormwater runoff (Natarajan &
Davis, 2016). Many design retrofits discussed herein facilitate additional PRMs (Tab)e 4
The scale of a DDB retfib depends on budgetary and site constraints, but can vary
widely depending on the water quality or hydrologic goals of the ddsigare research should
consider thénydrologic and water quality impaaté implementingDDB retrofits mentioned
herein indvidually or in combination, such asibsurface saturated zoraxlcarbon
denitrification beds to increase dissolved nitrogen remdved.installation of baffles to improve
TSS removal is also of interest as a very low cost retrofit. Research to recomagiem
specific plant and tree species will help designers implement vegebaiseal retrofits.
Additional research on DDB>-CSW conversions will provide more justification for this low
cost retrofit. These improvements, coupled with rate controlhave the potential to increase
the overallwater quality and hydrologigerformance of DDBs, while reducing maintenance and

saving stakeholders money.
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Table 4-1. Potential DDB hydrologic improvements and PRMs provided by incorporating design elensetitsned herein.

Hydrologic Improvements

Pollutant Removal

Mechanisms
y FI
Energy y Det ¢ Path
Design Element(s) Dissipation §y | nfi § E Time Length § St ¢ S F A DN AU
Sediment Forebay L L P
Perforated Pipe Underdrain L L L L L P
Internal Water Storage L L L L L L L
Constrict Orifice/Reduce Orifice Size L L L L P P
Baffles/Berms L P P P L L L P
Microtopography L P L P L P L PP P P
Remove Concrete Lowlow Channel L L P L L L PP P
Deep Pools P L L L L L
Native Vegetation/Trees L L L L L L P L
CSW Conversion L L L L L L L L

L= Likely Improvement, P=Possible Improveme®tSedimentation, F=Filtration,#Adsorption, DN=Denitrification, A/U=Assimilation/Uptake
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Appendix A: Additional Hydrological Analysis Information

Computing Flow Aea inOG 1, OG 2, and MA 2nletPipes

Flow area for a partially (less than half) full circular pipe was computed by substituting equation

A-1into equatiomA-2 (Saatci, 1990). Flow area for a pipe flowing greater than half full was

computed using equatigk-3. Flowrate was then calculated feaich tweminute time step using

equationA-4.
-, . P 6Q
- A-1
el —5 (A-1)
— i Q¢ —
6 0O ——— A-2
6 00— (A-2)
0O — i Q¢ —
6 “ — 0 —- (A-3)
C w
0 w20 (A-4)
Where
d = angle projected from center of pipe

D = pipe diameter (m)
h = depth of flow (m)
A = area of flow(m?)

V = velocity (m/s)

Q = flowrate (n¥/s)

Estimating Lateral Ruion Volume

The SCS Curve Number (CN) Method (Equatfod andA-6) with Antecedent Runoff
Condition (ARC) adjustments was used to estimate lateradbmuiow volumes for each storm.

t

ARC CN adjustments were followed as in (USEINRCS, 2004). The values used for OG 1 and

OG 2 are in Table A, the values for MA 1 and MA 2 are included in Tabi2 Aand
adjustments were followed as in FigurelA

v PTG o (A-5)
OoVv

. 0 ™Y

s U TRY A-6

V' T iy (A-6)

Where

CN = Curve number (provided in table below)
S = Maximum potential retention (in)

P = Precipitation depth (in)

Q = Depth of runoff (in)
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Table A-1. Runron areas () and CNs used to estate ruaon volume in OG 1 and OG 2.

Land Use 0G1 0G 2 CN Dry CN Wet CN
Type Area Area Adjustment Adjustment
Impervious - 459 98 94 99
Forested 1396 4077 70 51 85
Grassed - 523 79 62 91
Total 1396 5059

Table A-2. Runron areas (1) and CNs used testimate ruron volume in MA 1 and MA 2.

Land Use MA 1 MA 2 CN Dry CN Wet CN
Type Area Area Adjustment Adjustment
Impervious 1184 372 98 94 99
Forested - - 70 51 85
Grassed 1327 3235 79 62 91

Total 2510 3607

Antecedent Description Growing season Dormant season
condition 5-day antecedent rainfall 5-day antecedent rainfall
Dry AMC1 An optimum condition of watershed Less than 1.4 in. Less than 0.05 in.

Average AMC 11

Wet AMC III

soils, where soils are dry but
not to the wilting point, and
when satisfactory plowing or

cultivation takes pace
The average case for annual floods

When a heavy rainfall, or light
rainfall and low temperatures,
have occurred during the five

days previous to a given

storm

or 35 mm

1.4 in. to 2 in. or 35

to 53 mm

Over 2 in. or 53 mm

or 12 mm

05to 1 in. or 12
to 28 mm

Over 1 in. or 28 mm

Figure A-1. Guidance on CN adjustments during the growing andgrowing season used 1
estimatdateral runon volumes at both MA 1 and MA 2. Table retrieved from Shannak, Ja
Lesikar (2014).
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Computing Flow Volumes Over tHemergency Billway in OG 1

Flow in the spillway channel was computed foreachi2nut e i nterval with Ma
(EquationA-10) and flowareawas calculated using equatign?.

Where

Table A-3. Variables used to estimate flow area over the emergendyapin OG 1.

Variable Value Units
Height abovedrawdownorifice invert 3.22 ft
Base 10 ft
Side $opes 1 ft/ft
Channel kpe 0.038 ft/ft
Manning's roughness coefficient 0.2 -

0 A qUp ¢

c4 o

Y

g
é—OYMY

A = Cross channel flow area fin

b = Trapezoidal base width (m)

z = Side slope bottom length (m), equal to 1 m
y = Water level above spillwanvert (m)

P = Wetted perimeter (m)

R = Hydraulic radius (m/m)

Q = Flow (n#/s)
Manningds roughness coeffici

n

S = Channel slope (m/m)

(A-7)

(A-8)

(A-9)

(A-10)

ent , assumed
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Calculating Volume Lostto ET

OG 1 and OG 2Leaf Arealndex (LAl) Estimates
LAl is the ratio of vegetative surface to ground surface and is used to develop modified
crop coefficients in nomniform canopies (Allen et al., 1998). The AccuPar8(Emeasues
photosyntheticallyactive radiation (PARPAR is thefraction of visible light within the
wavelength range of 46000 nm absorbed by vegetation during photosynthesis (Yao et al.,
2016). PAR is highest in direct sunligirid decreasess canopy cover increases and overhead
vegetation absorbs or reflectgmaterfraction of incoming PARLAI estimates were made by
taking PAR readings with the AccuPar-8B both within and outside of vegetative cover.
50-paired measurements were taken within the floor of each basin every 1.5 m (5 ft.) and
adjacent to the roadwy in open sunlight. All measurements were taken 1 m (3.2 ft.) above
ground holding the AccuPar L8O level.Readings were taken by following a serpentine pattern
throughout the floor of each bagiRigureA-2). All readingswere takerfacing northby the
same operator to minimize ermndbetween 1AM and 2PM on a cloudless day (8/10/2018)
to maximize above canopy PARaired measurements were taken adjacent to the roadway in
full sun to estimate above canopy PAR. The AccupaBQPutput a composite LUA/alue of

2.66 for OG 1 and 3.48 for OG 2 (Tabledh
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Figure A-2. Pattern followed in OG 1 (top) and OG 2 (bottom) to collect PAR readin:
estimate LAl in each site.
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OG 1 and OG 2: Calculating Volume Lost to ET

Estimates fot. Al andEquation A11 were used to calculate a modified crop coefficient
(K¢) for each site and actual ET (§Dver the monitoring griod EquationA-12) (Allen et al.,
1998) using cumulative Edqcollected from the Reedy Creek Field Laboratory. The total volume
lost toET during a storm event was calculated using equatiaB.Ahe modified crop
coefficients calculated from Equationd were 0.872 for OG 1 and 0.928 for OG 2 (Table A
4). Cumulative ET data collected from the Reedy Creek Field Laboratory was multiplied

these values to calculate the actw@lime lost taET from each site.

o 0 o o p Q38 (A-11)
0"Y 0 0"Y (A-12)
o o g
oyt oot 2K (A-13
PTTT

Where

K¢ = Modified crop coefficient for heterogeneous vegeta

Keb run = Estimated basal & during the midseason (at peak plant size or height) for vegetation
with full ground cover or LAI > 3, assumed as 1.00

Kc min = Minimum Kc for bare soil (i min» 0.15- 0.20), assumed as 0.175

LAl = Leaf area indexnf? m?)

ET¢stat= Cumulative ET at the beginning of a storm (mm)

ETcena= Cumulative ET after the basin draws down (mm)

ETo= Cumulative reference ET, (mpijom the Reedy Creek Field Laboratory
A = Basin bottom area (fn

ETout= Volume lost to ET (if)

Table A-4. Leaf area index (LAI) and modified crop coefficients)Kalues developed for OG
1 and OG 2.

Site LAl (m ?/m?) Modified K ¢
Overgrownl 2.66 0.872
Overgrown 2 3.48 0.928

Cumulative reference ET data were adjusted using the modified crop ievesfic

developed for both sites (Table4) and fit with a linear regression (Figure3\ This regression
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eguation was used to calculate the cumulative ET at the start of each storm event and once the
pond stopped drawing dowE ¢ stataNdETc engin Equation A-15). The difference in these two
values was considered the depth of water lost to ET during that storm event. This value was then

multiplied by the basin surface area to determine the volume of water lost to ET.

1400 o .
vergrown —
1200 Overgrown 2 y= 5.225_18X- 226748
Reedy Creek Raw ET Data R?=0.9914
1000 Linear (Overgrown 1)
— Linear (Overgrown 2) y = 4.9349% 213065
E 800 R?=0.9914
F, 600
400
200
0
2/9/18 4/10/18 6/9/18 L. .o 8/8/18 10/7/18 12/6/18

Figure A-3. ETo data adjusted ugg the modified crop coefficients calculated for both site

MA 1 and MA 2Calculating Volumé.ost to ET
A crop coefficient (k) of 0.85 and cumulative BTollected from the NC A&T Research

Farm was used to calculate actual ET JEver the monitoring period (Equatiénl4) (Allen et
al., 1998) The total volume lost to ET during a storm event was calculated using Eqiation
CumulativeETo data was fit with a linear regression (Figéel). This regression equation was
used tocalculate the cumulative ET at the start of each storm event and once the pond stopped
drawing down ETc statandETc engin EquationA-15). The difference in these two values was
considered the depth of water lost to ET during that storm event. Theswakithen multiplied

by the basin surface area to determine the volume of water lost to ET.

0°Y U 0"Y (A-14)
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oY oY 29

O"Y¢ 6 6 (A-15)
DTTT
Where
Kc = Crop coefficient
ET¢ stat= Cumulative ET &athe beginning of a storm (mm)
ETcend= Cumulative ET after the basin draws down (mm)
ETo= Cumulative reference ET, (mnijom the Reedy Creek Field Laboratory
A = Basin bottom area (fn
ETout= Volume lost to ET (i)
1000
NC A&T Research Farm Raw Data
900 Maintained Site Adjusted Data
800 Linear (Maintained Site Adjusted Data)
€
£ 700
H, 600
o y = 3.4078% 147129
g 200 R = 0.9889
S 400
S
o 300
200
100
0
2/19/2018 4/10/2018 5/30/2018 7/19/2018 9/7/2018 10/27/201812/16/2018

Time

Figure A-4. ETo data from the NC A&T Research Farm adjusted using a crop coeff
for both maintained sites. The linear regression equation was used to estimate the
lost to ET for 4 ®rms.

Justification for Excluding ET fra Individual Storm Analysis

ET was estimated for 4 of the longest duration storm eve®§& 1 and MA 2and the
associated drawdown period usingoata(Figures A-3 and A4) and Equatio\-15. The
results indicate that ET made up less than 1% of thédatflow for each eventhereforejt

was excluded from individual storm analysis.
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Table A-5. Estimated volume lost to ET during fdong duration storm events in OG 1.

Storm Date Duration (hrs) ET (m® % of Total Outflow

4/24/2018 35 2.1 0.8%
5/28/2018 42 2.6 0.9%
9/14/2018 96 5.8 0.3%
10/26/2018 32 1.9 0.3%

Table A-6. Estimated volume lost to ET during fdong duration storm events in MA 2.

Storm Date Duration (hrs) ET (m3) % of Total Outflow

8/1/2018 34 8 0.3%
9/14/2018 55 10 0.1%
10/26/2a.8 19 9 0.5%
11/9/2018 16 6 1.0%
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Appendix B: Soil Analysisand Stormwater Particle Size Distribution Data

Table B-1. OG 1 and OG 2ail particle size distribution test results and additional soil testing

data.

Site  Sample Depth Bulk Porosity LOI LOI Sand Silt Clay

(cm)  Density (gkg) (%) (%) (%) (%)

(g/lcm3)

OoG1l 1 0-10 1.07 60% 65.35 7% 40.1 386 21.3
0oG1 1 1020 1.51 43% 73.7 106 15.7
OoG1l 1 2030 1.34 50% 76.7 10.7 12.6
0oG1 2 0-10 0.81 69% 90.60 9% 39.6 382 222
oGl 2 1020 1.44 46% 51.4 28 20.6
0oG1 2 20-30 1.57 41% 69.9 164 13.7
0oG1 3 0-10 0.82 69% 101.65 10% 375 321 304
0oG1 3 1020 1.64 38% 66.2 18.7 15.1
0oG1 3 2030 1.76 34% 68.9 19.7 114
0oG1 4 0-10 1.04 61% 58.54 6% 489 314 197
oGl 4 1020 1.32 50% 348 39.7 255
0oG1 4 20-30 1.52 42% 67.9 156 16.5
0OG1 5 0-10 0.79 70% 100.31 10% 345 299 356
0OG1 5 1020 1.15 57% 35 40.8 24.2
OG1l 5 2030 1.49 44% 722 144 134
0G2 1 0-10 0.78 70% 90.62 9% 39.9 355 246
0oG2 1 1020 1.27 52% 73.4 16.1 105
0G2 1 20-30 1.40 47% 75.8 146 9.6
0G2 2 0-10 1.08 59% 83.04 8% 55.3 194 25.3
0G2 2 1020 1.16 56% 58.4 16.2 254
0G2 2 2030 1.62 39% 64.7 185 16.8
0G2 3 0-10 1.07 60% 48.06 5% 62.8 20.7 16.5
0oG2 3 1020 1.53 42% 53.8 15.2 31
0G2 3 20-30 1.43 46% 44 12.4 43.6
oG2 4 0-10 0.95 64% 67.77 7% 436 324 24
0G2 4 1020 1.24 53% 56.4 209 227
0G2 4 2030 1.12 58% 67.3 15.8 16.9
0G2 5 0-10 1.20 55% 52.07 5% 63.5 188 17.7
0G2 5 1020 1.07 59% 63.5 16.6 19.9
0G2 5 20-30 1.85 30% 442 285 273
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Table B-2. MA 1 and MA 2 soil particle size distribution test results and additional soil testing
data.

Site Sample Depth Bulk Porosity LOI LOI Sand Silt Clay

(cm) Density (gkg) () () () (%)
(g/cn?)
MA1 1 0-10 1.01 62% 94.12 9% 35.6 31.7 32.7
MA1l 1 1020 1.64 38% 50.8 294 10.8
MA1 1 2030 1.29 51% 47.3 37.7 15
MA1l 2 0-10 0.92 65% 88.09 9% 37 376 254
MA1l 2 1020 1.21 54% 25.6 405 33.9
MA1l 2 2030 1.65 38% 499 42.7 7.4
MA1 3 0-10 1.03 61% 7255 7% 37.6 38.7 23.7
MA1 3 1020 1.11 58% 28 50.6 214
MA1 3 2030 1.06 60% 31.2 45.2 23.6
MA1l 4 0-10 1.10 58% 76.2 8% 37.7 33.6 28.7
MA1l 4 1020 1.41 47% 38.9 37.8 23.3
MA1l 4 2030 1.43 46% 50.6 38.9 105
MA1l 5 0-10 1.36 49% 34.82 3% 50.9 37.1 12
MA1l 5 1020 1.31 51% 47.7 40.6 11.7
MA1l 5 2030 1.37 48% 59.7 38.4 1.9
MA2 1 0-10 1.11 58% 27.12 3% 47 50.4 2.6
MA2 2 0-10 1.27 52% 12.53 1% 85.1 129 2
MA2 3 0-10 1.45 45% 1141 1% 83.9 13.2 2.9
MA2 3 1020 1.64 38% 86.2 105 3.3
MA2 4 0-10 1.58 40% 11.96 1% 73.1 20.5 6.4
MA2 4 1020 1.59 40% 76.4 16.9 6.7
MA2 5 0-10 1.54 42% 12.73 1% 82.3 15.1 2.6

Table B-3. Stormwater particle size distribution test results for two storms in OG 1.

1/4/2019 Stormi 18.31 mm 4/7/2018 Stormi 31.25 mm
In Out In Out
Mean (un) 411 Med. Sand 43 Silt 48 Silt 43 Silt
d10 @um) 23 Silt 8 Silt 12 Silt 9 Silt
d50 um) 207 Fine Sand 31 Silt 42 Silt 34 Silt
d90 um) 1116 V.Coarse 92 V.Fine 92 V. Fine 90 V. Fine
Sand Sand Sand Sand
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Figure B-1. Stormwater PSD for OG 1 for the 1/4/2019 Storm. Toj

incoming stormwater and bottom is through the di@wm orifice.
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Figure B-2. Stormwater PSD for OG 1 for the 4/7/2018 storm. To
incoming stormwater, bottom is through the drawdown orifice.
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Table B-4. Stormwater particle size distribution test results for two storms in MA 1.

6/19/2018 Storm- 18.5 mm 2/19/2019 Storm 25.5 mm
In Out In Out
Mean (um) 37 Silt 34 Silt 31 Silt 17 Silt
d10 um) 5 Silt 6 Silt 2.1 Silt 1.1 Clay
d50 (un) 22 Silt 26 Silt 17 Silt 14 Silt
d90 (um) 88 V.FineSand 71 V.FineSand 76 V.FineSand 36 Silt
Differential Volume
5 —— 3076 IN61_06_01 $Is
4_ _777_gﬁ*,
£ o IR
£
2 2
>
1_
e saan N NINA NN ENERnanan==naannnill]
00.04' 01 02 o4 1 2 4 6 10 20 40 100 200 4('Jp " 000 2000
Particle Diameter (um)
Differential Volume
5 e ——— 3076 OUT 6_07_01.5Is
N :_ |
£ o 7
£
s 2
>
00A04' 01 02 04 1 2 4 6 10 20 40 100 200 400 1000 2000
Particle Diameter (upm)

Figure B-3. Influent and effluent stormwater PSD for MA 1 for the 6/19/201

storm. Top is influent and bottom is effluent stormwater.
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Figure B-4. Influent and effluent stormwater PSD for MA 1 for the 2/19/2(

storm. Top is influent and boim is effluent stormwater.
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Table B-5. Soil infiltration testing results at OG 1 and OG 2.

Test Name  Ksat (mm/hr) Ksat (in/hr) RMS Error of Regression
Overgrown 1

20821 553 21.79 0.8555
20822 1,369 53.91 0.0713
20823 NULL NULL NULL
20824 313 12.34 4.3601
20825 20 0.79 27.6512
20826 NULL NULL NULL
20827 1,700 66.94 0.0885
20828 496 19.52 0.6853
20829 NULL NULL NULL
208210 797 31.37 0.7906
208211 14,790 582.3 0.0061
208212 864 34.01 0.8947
208213 82 3.22 1.476
208214 37 1.46 46.0411
208215 53 2.1 26.829
208216 459 18.07 5.0547

Site Average 786 30.94 -

Overgrown 2

20841 141 5.57 11.4454
20842 NULL NULL NULL
20843 292 11.49 90.9184
20844 NULL NULL NULL
20845 1,165 45.87 3.8068
20846 19 0.75 3.7556

Site Average 248 9.75 -

Table B-6. Soil infiltration testing results for MA 1. Only one test was viable.

Test Name Ksat (mm/hr) Ksat (in/hr) RMS Error of Regression

30761
30762
30763
30764
30765
30766

NULL
NULL
NULL
NULL
28

NULL

NULL
NULL
NULL
NULL
1.10

NULL

NULL
NULL
NULL
NULL
433.6
NULL
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Appendix C: OG 1 and OG 2 Vegetation Characterization

llex opaca
Fraxinus pennsylvanica
Carya ovata
Juniperus virginiana
Ulmus alata
Platanus occidentalis
Ulmus americana
Acer rubrum
Liquidambar styraciflua
Salix nigra
Pinus taeda
Baccharis halimifolia

0 50

Figure C-1. Frequency of the 12 species measured in OG 1 and OG 2.

OG 2
OG1
100 150 200
Frequency

Table C-1. Tree species frequency and size in each basin.

Species Median  Max OG1l O0G2
Diameter Diameter Freq. Freq.
(cm)
Baccharis halimifolia 1.8 9.7 49 246
Pinus taeda 6.1 26.7 0 173
Salix nigra 4.5 21.8 7 49
Liguidambar styraciflua 1.6 8.2 0 12
Acer rubrum 0.5 1.1 0 2
Ulmus americana 4.8 9.1 0 2
Platanus occidentalis 4.9 15.9 44 1
Ulmus alata 1.0 15 1 1
Juniperus virginiana 0.5 0.5 0 1
Carya ovata 0.5 0.5 1 0
Fraxinus pennsylvanica 3.3 3.3 1 0
llex opaca 0.3 0.3 1 0
Total 104 487

250
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Appendix D: Example R-Script for Statistical Data Analysis

ThisRmarkdown document summarizes the steps tomduct a statistical analysis on
pollutant EMC removal efficiencies and load reductions.

Step 1. Load required packages

library ("dplyr* )
library ("ggpubr" )
library ("reshape" )
library ("ggplot2" )
library ("plyr" )
library ("nortest" )
library ("VGAM)
library ("laws tat" )
library ("BSDA")

Step 2. Set working directory and load in data files of interest

setwd ( "C:/Users/wisslera/OneDrive - North Carolina State University/DATA/Stat
istical Analysis/Grassed" )

master< - read.csv ("MA_1 Master Sheet.csv" )

master_loads< -read.csv ("MA 1 Master Sheet loads.csv" )

head(master)

Step 3. Create new data set column for the difference between inlet and outlet
concentration, for each constituent example: Total Phosphorus (TP)

master[ "TPinout" ]=master $TP.IN - master $TP.OUT

Step 4. Visually eglore paired data for normality using visual methods (boxplot, Q&lot,
and histogram)

boxplot (master[ c("TP.IN" ,"TP.OUT")], outline= FALSH

200 300 400
|

RN S

[ I
TPIN TP.OUT

ggplot () +stat_qq (aes(sample=master $TPinout)) +stat qq_line (aes(sample=master $T
Pinout))
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150 -

theoretical

hist (master $TPinout)

Histogram of master$ TPinout

= ]
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master$ TPinout

Step5. Test paired differences for normality using the ShapirdVilk Test
shapiro.test  (master $TPinout)

H#

## Shapiro - Wilk normality test

H#

## data: master$TPinout

## W =0.83298, p -value =0.01727

Step 6. If the output p>0.05, we accept the null hypothesthat the dist. of the data is not
sig. dif. from a norm. dist. And we can continue with normal pairedtesting and stop.
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ttest (master $TP.IN,master $TP.OUT paired= TRUEalternative= “greater” , na.rm=TRU
B)

Step 7. If noAanormal, first test differences in corwentration for symmetry using the MGG
test.

symmetry.test (master $TPinout, option= "MGG/ side = "both" ,
boot= TRUE B= 1000, g= 8/9)

Step 8. If data is nomormal and symmetric, use Wilcoxon rank sum test and stop.

wilcox.test  (master $TP.IN ,master $TP.OUT paired= TRUEalternative=  "greater" , na.r
mI RUE

Step 9. If data is nomormal and nonsymmetric, use paired sign testing and stop.

SIGN.test (master $TP.IN,master $TP.OUT paired= TRUEalternative= "greater" , na.rm=
TRUE

The same workflow is followedto test for a significant reduction in pollutant load from_ A
ET1 A0 O 10601 A08 4EA 111U OEEIC OEAO AEAT CAO
Oi AOGOAO 11 AAOG
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Appendix E: OG 1 and OG 2 Storm Data

Table E-1. OG 1 canopy interception data.

Date Storm Depth (in.) Location Average Interception
1 2 3 4 5 6 7 8 9
7/16/2018 0.29 0.21 0.21 0.22 0.21 0.27 0.19 0.12 0.13 0.44 0.22 23%
7/22/2018 0.29 0.27 0.29 0.29 0.28 0.42 0.34 0.19 0.14 0.16 0.26 9%
7/23/2018 0.6 0.48 0.58 0.59 0.51 0.82 0.63 0.25 024 0.49 0.51 15%
7/27/2018 0.41 0.31 0.4 0.39 0.35 0.47 0.27 0.22 0.23 0.22 0.32 22%
8/8/2018 0.12 0.12 0.12 0.11 0.13 0.15 0.09 0.09 0.04 0.1 0.11 12%
8/12/2018 229 1.69 227 23 182 238 284 24 134 1.28 2.04 11%
8/19/2018 0.61 0.49 0.61 0.6 0.53 0.82 0.38 0.7 0.22 0.45 0.53 13%
1/25/2019 0.61 051 0.6 0.62 033 0.6 0.46 0.59 0.47 0.52 0.52 14%
1/29/2019 0.18 0.16 0.18 0.17 0.18 0.17 0.16 0.13 0.17 0.14 0.16 10%
2/11/2019 0.47 0.44 0.48 0.46 0.27 0.45 0.44 0.41 0.48 0.34 0.42 11%
2/26/2019 3.8 3.42 3.66 3.56 1.93 3.55 3.12 2.96 3.65 2.55 3.16 17%
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Table E-2. OG 2 canopy interception data.

Date: Storm Depth (in.): Location Average Interception
1 2 3 4 5 6 7 8 9

9/4/2018 0.16 0.17 0.04 0.16 0.09 0.1 0.05 0.16 0.09 0.19 0.12 27%

9/10/20B 0.38 0.36 0.19 0.34 0.32 0.16 0.19 0.27 0.24 0.32 0.27 30%
9/27/2018 0.27 0.17 0.13 0.08 0.1 0.13 0.07 0.16 0.21 0.14 0.13 51%
10/10/2018 0.14 0.08 0.02 0.07 0.04 0.05 0.05 0.09 0.05 0.1 0.06 56%
10/12/2018 2.66 - 1.62 1.63 25 2.02 243 199 2.33 1.9 2.06 22%
10/22/2018 0.14 0.12 0.01 0.1 0.01 0.03 0.04 0.11 0.06 0.13 0.07 52%
10/28/2018 1.4 094 0.74 1.18 1.32 0.84 1.38 0.93 091 1.2 1.05 25%
11/2/2018 0.16 0.17 0.06 0.17 0.07 0.05 0.12 0.14 0.08 0.17 0.11 28%
11/5/2018 0.8 0.77 0.47 0.7 0.83 043 0.64 0.62 0.51 0.69 0.63 21%
11/14/2018 3.73 - 2.35 3.47 3.93 2.21 554 252 2.34 3.49 3.23 13%
11/26/2018 206 156 09 167 1.72 1.19 1.71 14 114 1.77 1.45 30%
12/1/2018 0.56 0.45 0.35 0.48 0.49 0.3 0.38 0.45 0.27 0.52 0.41 27%
12/14/2018 1.29 123 0.72 1.32 1.17 0.8 0.86 0.67 0.83 1.11 0.97 25%
1/2/2019 157 13 0.86 2.04 1.06 0.81 1.2 1.15 0.94 1.34 1.19 24%

1/4/2019 0.93 0.92 0.55 0.83 0.61 0.56 0.58 0.55 0.61 0.79 0.67 28%

1/13/2019 0.98 1.13 0.49 0.85 0.94 0.47 0.48 0.57 0.63 0.98 0.73 26%
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Table E-3. OG 1storm water balance.

Date Depth Run-on Rainin Volume Orifice out Underdrain Clout  Overflow Infiltration
(mm) (m%) (m) in (M°) (m) out (m°) (m) (m) (m)
1/23/2018 8.9 10.9 3.7 381.7 38.3 0.08 0.5 0.0 357.5
1/28/2018 45.8 6.1 189 1502.0 552.7 0.0% 2.5 0.0 971.9
2/2/2018 3.7 1.0 15 20.2 0.0 0.0% 0.2 0.0 22.5
2/4/2018 19.1 0.1 7.9 572.7 227.3 0.0% 1.0 0.0 352.4
2/7/2018 5.3 4.1 2.2 16.9 0.0 0.0% 0.3 0.0 22.9
2/12/2018 1.4 16.0 0.6 34.0 0.0 0.0% 0.1 0.0 50.4
2/19/2018 8.7 110 3.6 41.8 15.7 0.0% 0.5 0.0 40.2
2/28/2018 18.3 6.1 7.6 388.3 101.0 0.0% 1.0 0.0 300.0
3/6/2018 10.4 1.8 4.3 233.8 50.1 0.0% 0.6 0.0 189.3
3/11/2018 5.8 3.8 2.4 48.7 0.0 0.0% 0.3 0.0 54.6
3/12/2018 20.6 0.0 8.5 666.2 202.0 0.0% 1.1 0.0 471.7
3/17/20B 5.6 3.9 2.3 74.4 3.6 0.0% 0.3 0.0 76.7
3/20/2018 35.8 2.3 14.8 753.9 412.4 0.0% 2.2 0.0 356.4
3/24/2018 24.1 0.1 10.0 390.5 308.5 0.0% 1.5 0.0 90.5
4/7/2018  31.3 1.9 12.9 281.3 124.4 0.0 1.9 0.0 169.8
4/15/2018 30.7 2.0 12.7 466.5 117.0 0.0% 1.9 0.0 362.3
4/24/2018 31.7 1.8 13.1 546.3 94.1 171.0 2.0 0.0 294.1
5/10/2018 3.9 14.1 1.6 8.6 0.0 1.4 0.2 0.0 22.7
5/16/2018 13.1 8.5 5.4 73.2 12.4 34.8 0.8 0.0 39.0
5/17/2018 5.2 4.2 2.2 47.5 0.1 12.1 0.3 0.0 41.3
5/18/2018 11.6 15 4.8 197.5 16.7 30.0 0.7 0.0 156.3
5/19/2018 8.4 2.6 3.5 104.3 6.7 22.8 0.5 0.0 80.4
5/22/2018 19.1 0.1 7.9 275.3 57.3 53.2 1.2 0.0 171.5
5/26/2018 4.8 4.4 2.0 13.8 0.0 1.2 0.3 0.0 18.7
5/28/2018 34.6 1.9 14.3 723.8 149.5 136.2 2.1 0.0 452.2
6/2/2018 4.3 4.7 1.8 4.0 0.0 2.3 0.3 0.0 7.9
6/6/2018 3.4 5.2 1.4 30.5 0.0 0.2 0.2 0.0 36.7
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Table E-3 (continued)

6/10/2018
6/21/2018
6/24/2018
6/26/2018
7/4/2018
7/6/2018
7/7/2018
7/11/2018
7/17/2018
7/22/2018
7/23/2018
7/25/2018
7/30/2018
8/2/2018
8/3/2018
8/11/2018
8/12/2018
8/19/2018
8/20/2018
9/2/2018
9/10/2018
9/13/2018
9/14/2018
9/27/2018
10/11/2018
10/20/2018
10/26/2018
11/4/2018
11/12/2018

10.0
7.2
8.4
9.9
8.3
11.5
47.5
7.4
7.4
14.7
6.5
3.9
31.2
5.6
48.0
19.6
37.8
42.9
46.5
3.1
9.4
4.1
159.6
5.8
65.3
2.8
34.2
20.3
94.0

2.0
11.9
2.6
2.0
11.2
15
6.9
3.1
11.8
0.7
3.5
4.9
11
3.9
7.1
0.1
2.9
4.8
6.4
14.7
10.6
4.8
107.5
12.9
15
14.9
1.3
5.3
9.9

4.2
3.0
3.5
4.1
3.5
4.8
19.6
3.0
3.0
6.1
2.7
1.6
12.9
2.3
19.9
8.1
15.6
17.8
19.2
1.3
3.9
1.7
66.0
2.4
27.0
1.2
14.2
8.4
38.9

81.2
41.6
62.8
30.1
38.6
59.4
729.1
2.4

9.5
30.6
6.8

2.2
430.0
2.1
1035.2
157.7
582.8
765.6
2154.0
0.9
61.1
6.2
2704.2
4.5
1159.5
1.2
607.6
474.7
1970.7

0.0
0.0
0.7
0.0
0.0
3.2
213.0
0.0
0.0
0.3
0.0
0.0
119.7
0.0
243.8
54.4
272.3
256.5
304.8
0.0
0.0
0.0
458.3
0.0
283.0
0.0
83.1
474
398.9

18.0
9.4
15.9
13.0
4.3
26.5
256.1
1.0
3.0
37.4
3.4
1.0
120.5
4.0
246.5
58.9
134.4
172.9
110.5
0.0
115
0.0
697.7
2.6
335.9
0.0
542.1
355.4
699.4

0.6
0.4
0.5
0.6
0.5
0.7
2.9
0.5
0.5
0.9
0.4
0.2
1.9
0.3
3.0
1.2
2.3
2.7
2.9
0.2
0.6
0.3
9.9
0.4
4.1
0.2
2.1
1.3
5.1

0.0
0.0
0.0
0.0
0.0
0.0
240.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
44.7
0.0
0.0
384.8
704.1
0.0
0.0
0.0
988.5
0.0
670.6
0.0
0.0
0.0
1092.5

68.8
46.7
51.8
22.6
48.5
35.3
43.4
7.0
20.9
-1.2
9.2
7.5
201.8
4.0
524.2
0.6
76.0
-130.5
937.8
16.7
55.5
12.5
33%.1
19.4
-238.F
17.1
293.1
284.8
-176.5
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Table E-3 (continued)

11/15/2018 23.1
11/24/2018 27.7
12/1/2018 13.7
12/14/2018 32.5
12/20/2018 17.4
12/28/2018 20.4
1/2/2019 5.0
1/4/2019  18.3
1/12/2019 24.6
1/20/2019 15.2
1/24/2019 15.5

4.7
2.8
8.3
1.6
6.5
5.2
13.4
0.2
3.7
7.5
0.5

9.6
11.5
5.7
13.4
7.2
8.4
2.1
7.6
10.2
6.3
6.4

737.2
621.8
266.8
739.1
250.8
328.3
12.3

395.7
665.6
369.9
533.4

105.8
121.5
16.9
120.4
18.2
38.7
0.0
44.0
98.7
51.6
43.0

130.1
157.3
73.5
275.1
60.8
94.3
8.3
82.7
259.8
277.0
261.6

1.2
1.5
0.7
1.7
0.9
1.1
0.3
1.0
1.3
0.8
0.8

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

494.1
321.8
183.8
356.9
126.5
133.2
12.6

231.0
428.3
231.5
388.0

AUnderdrain pluggedVolume export observed
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