ABSTRACT

MAZER, KATY E. Converting a Dry Pond to a Constructed Stormwater Wetland to Enhance
Water Quality Treatment. (Under the direction of Dr. William F. Hunt, Il1).

Stormwater pollution degrades drinking water quality, impairs ecosystems, and can have
negativeeconomic impacts. Over the past 30 years, water quality treatment of runoff has
become an integral part of stormwater management. Second generation stormwater control
measures (SCMs) are designed with pollutant removal mechanisms that treat runodindy p
which poorly treat water quality, are older SCMs that were used prior to water quality control
becoming a priority. However, a dry pondoads

alterations within the structure that enhance water qualdéyntrent.

In this study, three dry ponds were monitored for water quality treatment capability and
the potential for treatment enhancement through basin alterations, or retrofits. Two dry ponds,
MOV1 and MOV2, were studied as a paired watershed in a réisidarea in Morrisville, North
Carolina. Directly connected impervious areas and underlying soils (HSG D) for both catchment
areas were similar. A third dry pond, WS, was monitored at an elementary school in Winston
Salem, North Carolina, with a mostlyrpmus watershed. Beginning in February 2017, all ponds
were monitored for influent and effluent water quality of total suspended solids (TSS), total
phosphorus (TP), orthophosphateRQw*), total nitrogen (TN), total ammoniacal nitrogen
(TAN), total Kjeldahl nitrogen (TKN), and organic nitrogen (ON). Significant water quality
changes between inlet and outlet in MOV1 were only detectable for TP, TN, and ON, where
effluent loadsxceedednhfluent loads. TP and - ®Q:* loads were alsexportedrom MOV2. In
WS, there were significant load reductions of 43%, 61%, and 49% for TSS, TN, and TP,

respectively. Concentrations discharged by MOV1 and MOV2 were higher than those typical of



other SCMs, including dry ponds, while concentrations at WS were comptrahtese of other

dry ponds.

After water quality treatment of each dry pond was assessed for existing conditions,
MOV1 and WS were retrofitted to incorporate features of constructed stormwater wetlands
(CSWs) in September 2017 and March 2018, respectivil}/2 remained usretrofitted as a
contr ol pond for MOVL1. Each pondds outl et was
basin, and wetl and vegetation was installed.
reduced to increase detention time. @ajuality monitoring of all ponds continued postrofit,
and data from both monitoring periods were used to detect changes in treatment in these ponds
tumedwet | ands wusing anal ysi s o fretrafittsangle siza wase ( ANC
too small (n= 4) to detect significant changes. At MOV1, significant improvement in effluent
concentrations and annual loads were found;-paisbfit annuakffluentloads were reduced
from those of preetrofit by 89%, 60%, 57%, 71%, 75%, 69%, and 75% for TSSOMPQ,,
TN, TKN, TAN, and ON, respectively. There was no significant difference in treatment of
NO2,sN, though effluent concentrations of BN only exceeded target effluents in 56% of
storms. Additionally, during periods of baseflow, there was egelef significant N@3-N
reduction, which is characteristic of wetland systems. Effluent concentrations in MOV1 were

lower than those of other dry ponds but remained higher than those of CSWs.

This dry pond retrofit, which is lovgost and easy tonplement, appears to have major
water quality benefits. Such a simple design could easily be replicated in many other dry ponds
throughout the country. Minimal investment and effort at individual ponds could lead to large
reductions in pollutant loadsamsported downstream and perhaps yield financial incentives to

6nutrient bankersé in regions of America wher
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CHAPTER 1. Literature Review of the Potential for Enhancing Water Quality by
Converting Dry Ponds to Constructed Stormwater Wetands

1.2 Introduction
Currently, the worldds population is 7.3 b
2050(UN, 2017). Of the current population, approximately 54% live in urban areas. By 2050,
that number will grow to 66%dJN, 2014) With increased urban growth comes the need for
more housing, infrastructure, anghenities, such as schools and grocery stores. All of these lead
to a change in land use, from pervious to impervious surfaces, impacting vegetation, wildlife,

and the hydrologic cycle.

The main components of the hydrologic cycle are precipitation, ewaspiration,
infiltration (both deep and shallow), and runoff. The hydrologic cycle also includes interception,
condensation, percolation, and depression stdfd@&AA NRFC, 2018) In a forested landscape,
the majority of precipitation is infiltratedr evapotranspired, and only 10% becomes runoff
(NRCS, 1998). As the impervious percentage of a watershed increases, so does the fraction of
runoff (Figure 1-1, NRCS, 1998) and, consequently, increased imperviousness yields
hydrographs with higher peak fie and shorter lag times, a greater total volume of runoff, and
shorter runoff duration overglLeopold, 1973Leopold, 1994) These Afl ashiero f
increased flood frequency, increased erosive forces in streams, and decreased baseftpws d

inter-event period¢Hammer, 1972Hollis, 1975; Leopold, 1973)
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Figure 1-1: Increased impervigs cover changes the hydrologic cy@ad more precipitation is converted
to runoff (modified from NRCS, 1998)

1.2: Pollution in Stormwater

Urbanization impairs water quality, from land disturbance and sediment buildup to an
introduction of anthropogenic materials that do not exist in a natural watétshecbt al., 2002
Line andWhite, 2007) Runofffrom urban areas alters stream flows and causes stream bank
erosion, sediment deposition that degrades macroinvertebrate habitat, increased water
temperatures, and added nutrient logEulandMeyer, 2001 Walsh et al., 2005An
overabundance of mignts, or eutrophication, triggers algal blooms, which in turn lead to
decreased dissolved oxygen concentration in the water column and, ultimately, fish kills. Heavy
metals accumulate in the biomass of {iRlashed, 20QVinodhini andNarayanan, 2008yhich
canrender them unsafe for human consumption. Fish health has a direct impact oAdfestEdg
economies. Aquatic species are also negatively impacted by species loss through toxicity of
polluted stormwater and disruption of the food chain (Hadaelislam, 215). Increased water

temperatures have been linked to poor trout survivalfiputant 1977)



Stormwater pollution creates unsafe conditiongdgreation activities. Pathogens transported by
stormwater can harm humans. Swimming in polluted waters can cause rashes, infections,

exposure to harmful bacteria, and other health prob{elalsler and Islam 2015)

Stormwater pollution comes from two main sources: atmospheric deposition and land
based sources. Atmospheric deposition is compaostudd dry deposition (dustfall) and wet
deposition. Barkdoll et a(1977)found dustfall to be the main contributor of COD, Hg, Cl, As
and PQ in stormwater. Andren and Lindbef@977)found that 16.5% or greater of the total
contaminant load for Cr, Hg, Mn, and Pbsadue to dry deposition. Atmospheric deposition was
the source of 20% of TSS, -BD% of nitrogen, and 29% of total phosphorus loads in highway
stormwater runoff in the piedmont of North Carol{i\du et al., 1998)Line et al. (2002) found
that, over several types of urban land upefiutant loading ratén rainfall ranged from 44
287% ofthatin runoff for NG N and between 104 951% for TAN. Percentages over 100 are
indicative of an overall use or conversion of these N species in the watershed through processes
like plant uptakeMuch of atmospheric deposition comes from anthropogenic so{Beeine

and Goldberg 1971)

Though atmosph& deposition contributes to pollutant loads, ldrased anthropogenic
sources are a major source of pollution in natural water bodies. Pollution contributed from point
sources like factories and wastewater treatment plant effluents is highly regutateghtthe
NPDES permit prograrUSEPA, 2017)Nonpoint source pollution typically occurs when
runoff from a storm event carries pollutahat have been built up in areas throughout the

watershed.

Al t hough i mpervious surfaces themselves ar

between the level of imperviousness and pollution of watergaymld and Gibbons 1996)



Many pollutants build up on impervious surfaces. Impervious surfaces, particularly asphalt, have
been shown to have temperatures exceeding §Diefenderfer et al., 2006Therefore, runoff
from impervous surfaces can reach 30° C, which cause temperature surges in Glozeassd

Hunt, 2009;Sansalone et al., 2005)

Other common pollutants in stormwater include total suspended solids (TSS), nitrogen,
phosphorus, lery metals, pathogens, pesticides, and hydrocarbons (Makepeace, 1995). Directly
connected impervious area (DCIA) in a watershed effectively transports pollutants to streams
(Hatt et al., 2004)In residential areas, roads and streets disproportionately contribute to total

pollution in a watershe(Bannerman et al., 1993)

Increased contaminant concentrations may affect drinking water reservoirs. This can
cause risks to public health and aquatic ecosysthtakepeace, 1995).ine et al. (2002) found
that export loads of TSS in runoff from construction zones were betweér28.6mes greater
than TS5 loads in wooded areas. In the same study, export loads for TN in developed areas were
more than 250% higher than those of wooded areas. Pb, Zn, and Cu concentrations are higher in

urban watersheds than in forested watersfiddksel et al., 1979)

Goonetilleke et ali2004)monitored six types of catchments, with impervious areas
ranging from 9% to 70% of the watershed. They found that percent impervious cover was not
directly correlated to pollutant loads. Land txgee also had an effect on pollution loads.
Pollutant concentrations from a watershed of skfigiheily homes was much greater than that of
multifamily units. The abundance of landscaped areas around thefsimglg homes, which

use nutrienheavy fertilzer, likely contributed to this increased pollution.

Line and White (2007) monitored two similar drainage areas in the piedmont of North

Carolina over 5 years. During this time, one of the watersheds was developed into a residential
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area, while the otheemained woods and agricultural land. Approximately 55% of the rainfall in
the developed watersheghs convertetb runoff, while only 21% of rainfall from the

undeveloped watershed was converted to runoff. Total runoff volumes for the developed area
were @% greater than from the undeveloped area. In the urban watershed, annual loads of TSS,
TP, and TN were 95%, 74%, and 69% greater, respectively, than those in the undeveloped

watershed.

Pollutants, like heavy metals and phosphorus, can be sedimend.Line et al. (2002)
found that total phosphorus loads exported from urban areas ranged between 30% and 430%

greater than phosphorus loads leaving wooded areas.

1.3: Stormwater Policy and Regulation

The first law enacted in the United States to regulatenyatllution was the Federal
Water Pollution Control Act (FWPCA) in 1948. The Clean Water Act (CWA) expanded the
FWPCA in 1972QUSEPA, 2017) The CWAOGs original objective w
At he chemical, physical, and biol ogical i nteg
point ©urce pollution, requiring industrial, municipal, or commercial facilities to obtain a
National Pollutant Discharge Elimination System (NPDES) permit to discharge directly to
surface water@JSEPA, 2017) Thi s permit aims surface water
and fAswi mmable. 0 An amendment to the CWA in 1

including stormwater runoff, to NPDESpatting (Copeland 2016)

The amendment to the NPDES permit included stormwater runoff from industrial
activities, separate storm sewers from municipalities (MS4), and construction activities. MS4s
are sewer networks that discharge to surface water without treatment. In onolerat® in a

town or city with an MS4, an organization must obtain a NPDES permit and develop a



stormwater management program (SWMP). This SWMP creates an outline for how the MS4 will
minimize pollution and incorporate stormwater control measures. PhaSd (1890) permits

include those for cities or some counties with populations greater than 100,000. The Phase I

permit was initialized in 1999 and includes smaller andtnaditional MS4s (i.e. universities,

hospitals, and prisons, et¢JSEPA, 2017)MS4s are required to incorporate SCMs sized to
achieve a firunoff treatmento folrudthevdliumeo 2t5¢

treat sedimentNCDEQ, 2017a)

Additionally, some areas must also follow rules that pertain to Nutrient Sensitive Waters
or Special Watershed Pmagns, which often limit discharge of nitrogen and phosphorus into
these watershedBICDEQ, 2017hb)Nutrient Sensitive Waters (NSWs) havemetentified as
areas needing extra nutrient management because they serve specific purposes like drinking
water reservoirs or critical habitat. In NSWSs, nutrient limits are applied to stormwater effluent
from developments and can be met by treating rusrgfiurchasing nutrient offset creditem
the NC Department of Mitigation Services or private mitigation b&NKDEQ, 2018b) These
offset credits can be costly and incentivize developers to implement stormwater treatment

(NCDEQ, 2018a)

1.4: First Flush

Regulations commonly require wateradjty treatment of the first 25 mm of runoff
(NCDEQ, 201¢; CWP, 2009VDEQ, 2013) This is partially derived from the first flush
phenomenon, which assumes the majority of pollutants exist in the first portion tiffranoa
storm(Tucker 2007) There is no consensus in the literature on the exact definition of first flush.

Many definitions are vague and broad, while others attempt to precisely identify the



phenomenonTable 1-1 reports first flush definitions from various authors and the existence of

first flush according to each author (s)os

Figure 1-2 graphically depicts the ratio definition of first flush. First flush is considered
to have occurred when tlhemulative pollutant load ratio curve is positioned above the
cumulative runoff ratio curve-{gure 1-2, Linel). Line 2 depicts an even distribution of
pollutants throughout an event, while Line 3 represents when runoff proceeds the majority of
pollutart loads in an event (i.e. the opposite of first flush). The ratios descrilbéglire 1-2 can

be defined as:

B w
YE OTWAE YA € € QQ

where
Rrunof: Runoff ratio
Vunoff. Volume of runoff
n: Any point in the storm

This is also applicable to Rload. Many authors utilize these ratios in some form to

describe first flush.

def



Tablel-1: Definitions of frst flush(FF)found in the literature and the prevalence of Bksbased on the

various definitions

Source Category | Definition Findings
ThorntonandSaul | General | The initial period of storm floW NA
(1987) during which pollutant
concentration is significantly
higher than in the latter stage
EPA(1993) General | some portion of total overflow| NA
determined to contain a majot
fraction of pollutant load
GuptaandSaul General | used definition provided by | FF was correlated with rainfall
(1996) ThorntonandSaul (1987) intensity, storm durtéon, and
antecedent dry period
Line et al.(1997) Time first 30 minutes of runoff Higher than median
concentrations of heavyetals
and nutrients in FF
Kim et al.(2007) Time first 20- 50 minutes of storm | Concentration declines rapidly
after first hour of storm
Saget et al(1996) | Runoff 80% of the mass transported | FF of suspended solidgcurred
fraction | first 30% of runoff in 1 of 197 events
Stanley(1996) Runoff majority of mass in first 20% | 25% of pollutants present in FF
fraction | of runoff
Deletic(1998) Runoff first 20% of runoff 25.5% of suspended solids
fraction presemin FF
Stenstrormand Runoff first 20% of storm event FF effect was greatest for Ni an
Kayhanian(2005) | fraction lowest for GPQ*
Flint andDavis Runoff 50% of mass in the first 25% | Occurred in less than 1/3 of
(2007) fraction | of runoff events for all pollutants
Helsel et al(1979) | Ratio cumulative load ratio exeeds | FF of heavy metals occurred in
cumulative runoff ratio 90% of events
Geiger(1987) Ratio slope of (percentge total FF dependent on pollutant,
pollutant load)/(percentage | existed for TSS
cumulative flow) curve greate
than 1
Sansalonand Ratio similar to Helsel et al. (1979) | FF of Zn andCu pronounced in
Buchberge(1997) sheet flow
LeeandBang Ratio similar to Helsel et al. (1979) | FF occurred when impervious
(2000) cover exceeded 80%
Lee et al(2002) Ratio similar to Helsel et al. (1979) | Did not occur uniformly among

pollutants




Although BertrandKrajewski et al(1998)did not detect first flush using the definition
provided by Saget et al. (1996), for at least hadwants, 50% of the pollutant mass was
transported in the first 38% of the volume. This aligns with the definition of first flush proposed
by Helsel et al. (1979). Flint and Day&007)found in at least 17% of storms for all pollutants,

larger loads were present in later portions of thensthan the first flush portion.
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Figure 1-2: Cumuhtive runoff ratio plotgollutant load over timaVhenRicad > Runof, first flush occurs
(LeeandBang, 2000)

Often, multiple factors contribute to the existence of a first flush or an uneven
distribution of pollutant loads per stormwater volume in general. In Deletic (1998), storms with
larger runoff volumes had cleaner flows by the enthefstorm than at the beginning. It is
reportedly due to a lack of available sediment on the surface to be picked up in runoff after a
certain point. Deletic also suggested that maximum rainfall intensiy,(lime of occurrence of
Imax, @nd land use aa were factors contributing to pollutant load distribution throughout a storm.

In a study of 14 catchments, both storm sewer and combined sewer, none of the tested basin



characteristics (time of concentration, slope, and active area) were found togmafieasit

effects on pollutant loads throughout the catchmgaget et al.1996) The US EPA (1993)

reported more frequent occurrence of first flush in small catchments, in areas with low
impervious fractions, and with flat slopes. However, this study focused on combined sewers,
which build up pollutants during dry period Wis (FNDAE 1988) Some studies have shown that

there is no noticeable difference in the first flush phenomenon between combined sewers and

separate storm sewers (Saget et al., 1996)

Whether or not first flush exists, this ideology helps to identify treatment volume needed

for sizing SCMs (Stanley, 1996). In NC, SCMs are designed to fully capture and treat the first 25

mm of rainfall (38 mm in coastal areas). In the Piedmont anchkdms of North Carlna,
approximately only 20% of daily rainfall totaéxceed 2.54 cnil@ble1-2). Thus, 100% of

runoff from 80% of storms is treated annugBean 2005) Even for storm events that exceed

this rai
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pollutants will occur. In this case, regardless of occurrence of first flush, SCMs capture and treat

the majority of annual runoff.

Table1-2: Calculatedpercentrom 10 to 90 ofaily rainfall depths formunicipalities throughout North

Carolina (Bean, 2005)

Percent Event Depth (em)

City 90 85 80 70 ol 50 40 30 20 10
Asheville 326 257 210 L0 108 078 055 036 021 0.09
Brevard 394 325 275 203 150 111 079 054 032 014
Charlotte 407 325 2469 193 142 104 074 049 029 013
Elizabeth City 405 312 255 179 130 094 066 043 025 010
Fayetteville 393 315 261 LE9 139 101 071 047 027 013
Greensboro 3% 313 2358 L85 137 100 071 047 028 0.12
Greenville 471 359 291 203 148 107 075 050 030 0.13
Raleigh o5 294 246 L79 132 097 070 047 028 0.2
Wilmingion 5.69 437 355 246 176 127 089 0359 035 0.3
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1.5: Treatment: Pollutant Removal Mechanisms

Structural SCMs are specially designed to remove pollutants in runoff by implementing
one or more pollutant removal mechanisms (PRMs). PRMs are natusatgdhghemical, or
biological processes that reduce pollutant concentrations in runoff. Volume reduction,
sedimentation, filtration, gross filtration, sorption, uptake, microbial processes, desiccation, and

UV radiation are all types of PRMs utilized i€B8s.

Evapotranspiration (ET) is the process through which liquid water becomes vapor both
from open water (evaporation) and the surface of plant material (transpiration). Main factors
affecting evaporation rates are surface area of open water and letigth these water bodies
are exposed to sunlight. Rates of transpiration increase with increased plant biomass.
Evapotranspiration rates are highly dependent on the time of year and vary bjve@ivhan

et al., 2016; Rezaei et al., 2005)

Infiltration, the process by which water moves through pore spabe soil (NOAA
NWFC, 2018), is the other mechanism for volume reduction in SCkfshart and Hunt 2011;
Wilson et al. 2015)Infiltration rate is affected by underlying soil properties.aspils have
high infiltration rates that allow large volumes of water to pass through quickly. Soils in
hydrologic soil group Dwhich are composed of at least 40% clay, have restricted water

movement through the soil, and therefaery low infiltration rategNRCS, D07).

Other stormwater practices temporarily store water for later use. In rainwater harvesting,
rainwater is collected in a cistern and can then be used for irrigatiorhouge water needs
(Jones and Hunt, 2010)Vater stored in wet ponds can also be used for irrigfiamnasio and

Becciu, 2011)
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Each SCM serves particular sefsneeds and uses specific PRMs to achieve these needs.
Next generation SCMs, like bioretention cells and stormwater wetlands, are designed for newer
stormwater management goals, including hydrologic matching and water quality improvement.

However, some SMs have more simple designs that implement fewer PRMs.

Sedimentation is a mechanidar settling particlesut of water. Sedimentation occurs as
velocity is decreased, when water loses the energy required to hold these [j@ntedesvay
2004) Settling velocity is dependent on particle size, with rates ranging from minutes for large
particles to days for smaller particl@garde, et al., 1990)n order for sedimentation to occur at
this capacity, water must remaitillfor a duration of time. Particles settled will remain at the
base of the water column, often in areas where velocity is suddenly decreased, like in pools.
However, particles can be resuspended if the main flow reaches the area of sedimentation, which
can be an issue particularly in areas without a permanent pool of(#atenmaa et al., 2002)
Many pollutants, like petroleum hydrocarbons, metals, phospliBaliestero et al., 2012and
pathogens can be attached to sediments and removed through sedim@tasiva et al.,

2008)

Sediment can also be removed through filtration and gross filtration. Gross filtisatio
the filtration of gross solids, which are particles latfpan 5 mm in diametdtrban Water
Resources Research Coung10) Thi s process i s achieved by
like trash racks, orifices, and plants. have the ability to filter out gross solids. Filtration is the
process by which obstructions remove smaller particles. In stormwater, filtration déentoe
water passing through soil or an engineered media, where patrticles are (GlppedndPitt,

2012;Dauvis et al., 2010)This process prevents smalferticles and pollutants bound to them
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from entering streams. Fine particles may also adhere to sticky biofilms present on the surface of

many emergent and submerged macrophytes (Greenway, 2004).

Sorption is the process by which soluble ions, includirayhenetals and phosphorus,
become bound to charged soil paes. Soluble phosphorus (orthophosphaiiich is
negatively charged, can be bound to negaticilyrged soil particles through iron ¢Pe
bridging(Clark ard Pitt, 2012; Correll, 1998; Davis et al., 200Afditionally, there is dmited
capacity for soils t@orbcaionsor anionsbecause of the limited mber of charged soll
particles. The P index assesses the ability of the soil to sorb additionphphagHardy et al.,
2009).F€e** can bridge phosphorus anions to negatively charged soil partidegver, in
highly anaerobic conditions, solid #e&an be reduced to soluble’Fewhich breaks the bridge
and releases ortH® from the soil particléStumm and Morgan, 19967 his process can occur

after the soil is inundated for@lweeks (Greenway, 2004).

Plants that are present in SCMs have the ability to uptake nutrients, namely nitrogen and
phosphorugGreenway and Woolley 2001)utrient uptake can occur in the soil or built up
sedimen{Chambers et al., 1988nd the water columfCooper and Cooke 1984, Vincent and
Downes 198Q)though always through plant rog@arr 1998) Assimilation by algae also
accounts for a large percegeaof nutrient uptake (Bachand addrne, 1999b). Greenway and
Woolley (2001) monitored a constructed surface wetland for nutrient accumulation in plant
biomass, and it was found that between $b% of P removal and 2747% of N removal was
due to plant uptake. Increased macrophyteib@dity can increase nutrient uptalBachand
and Horne, 1999bXarbon is also sequestered from the atmosphere when it is accumulated as
plant material in wetland bioma@dgerriman et al., 2016 However, these nutrients can be

released as plants decomp{Saimney and Pietro 2006)
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There are a variety of processes carried out by microorganisms that improve water
quality. Microorganisms play a large role in the nitrogen cycle through anaerobic respiration,
which removes nitrogen from the water column. Inorganig-NHs converted to Néx-N
through nitrification. Then, through a process known as denitrification, which requires a carbon
source, anaerobic conditions, and denitrifying bactéefevre et al., 2015N0, =N is
convertel to NbO or N and released from the wetlaficee et al., 2009)Denitrification occurs
in anaerobic conditions, often in deeper sediment (Greenway, 2004) and is the most permanent
form of nitrogen removal from a wetland. In a macrocosm study by Bachandane(1999a)
average nitrate removal was found to be between 1000 and 1500 #d/ii€d, mostikely
due to denitrification. Microorganisms also oxidize many metal ions and reduce of sulfate ions,

precipitating them out of the water column (Greenway, 2004).

Sunlight and dry areas in SCMs play a role in pollutant removal. UV radiation kills pathioge
stormwater exposed to sunligiitavies and Evison 1990n surfaces that dry out where

microorganisms have accumulatddsiccatioris a method of pathogen removal.

1.6: Stormwater Control Measures

This variety of pollutant removal mechanisms have been combined in many ways to
create structures that remove pollutants. Both managerial and structural SCMs have been
implemented to treat stormwater both by stormwater quanetilyction and stormwater quality
improvement. Many structural SCMs were originally designed solely for flood control,
mitigating peak flows of larger storm to match peak flows from predevelopment hydrographs.
Much of stormwater infrastructure also conveyeater away from areas as quickly as possible
without consideration for water quality or downstream impacts on stream channels, habitat, or

biota. The goals for SCMs have changed; now-gdestlopment hydrology is more closely
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matched with prelevelopmenhydrology in what is known as le#wnpact development (LID)
(Perrin et al., 2009)A principal compaent of LID is volume reduction of runoff. Essentially,
these SCMs are designed to mimic hydrologic characteristics of natural systems, where the

majority of water is evapotranspired or infiltrated, and little remains as runoff.

1.7: Dry Ponds

Dry pondsalso known as dry detention basifggure 1-3, Figurel-4), are a type of
SCM, constructed as a basin to capture and detain a certain volume of runoff with an
outlet/orifice structure at the lowest elevation of the b@8®@DEQ, 2017c)Between storms,
dry ponds completely dewater and remain dry during-exent period¢Shammaa et al. 2002)
Flood control dry ponds, an older design, were built solely for water quantity control by
detaining runoff from @- and 25year storm event@dJSEPA, 1983)Because flood control
ponds only controlled large quantities of water, the outlet orifieggife 1-5) weresized too
largeto detain runoff associated with smaller, more frequent storm efegrste adequate

duration(Goff and Gentry 2006hence provithg little treatment.

Figure 1-3: Typical dry pond located in a residential area in Morrisville, NC

15



S )

Figure 1-4: Basic design of a dry pond basin, thoughmgndo not include low flow channels (Guo,
1997)

e ot TN -
Figure 1-5: The outlet orifice of a flood control dry pond does giatlydetain flows for smaller storm
events, as it is relatively large (Carpenter gt2414)

In an attempt to control outflow from more stormwater events, extended detention dry
ponds were created (U.S. Environmental Protection Agency, 1983). Extended detention dry
ponds are designed to mitigate peak flow of multiple design storm2-gire5-yr, and 10yr
storms) (GoffandGentry, 2006). This is achieved by creating a raltel outlet (Shammaa et
al., 2002 Figure 1-6). The outlet Figure 1-6, noteA sets the base water elevation and detains
runoff from small storms. Duringrger storm events, water levels in the pond can reach the weir
(Figure 1-6, note B or the riser cresHgure 1-6, note G and begin to flow out at higher rates.

These parts of the outlet structure are usually designed to match peak outflows to those of
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predevelopment. By detaining water from small events, more effective removal of gaoticle
poll utants occurs, particularly for(Whpplal | er
1981) Because flood control dry ponds do not manage this patiarstorm event, they aless

capable omitigating pollutants (U.S. Environmental Protection Agency, 1983).

TRASH RACK —.

B. WEIR (OR OTHER METHOD) TO —.
ESTABLISH TEMPORARY POOL \

C. RISER CREST

TEMPORARY POOL

A. OUTLET —_

2\ A

Figure 1-6: Dry pond outlet structure modified from NC Stormwater Design Manual (NCRBELY,c)

Dry ponds were initially one of the most common SCMs implemented and remain
ubiquitous throughout the US (Stanley, 1996). Because of ease and simplicity of design, they are
among the most used (Ballestero et al., 2012). As of 2014, some jimisslidty ponds still
implemented were primarily for flood contr@@arpenter et al., 2014)lood control dry ponds
commonly have a concrel@ed channel from the inlet to thettat for low flow conditions to
minimize erosion, frequently preventing water from interactuity the soil, where some

treatment could have occurrédogan and Walbridge, 20Q7)

Extended detention dry ponds detain water for longer periods than flood control ponds,
and providemore time for sedimentatigividdleton and Barrett 2008However, sedimentation

is generally ineffective for small@articles with slower settling velociti¢Garde et al., 1990)
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The question can be raised about detention time required to achieve sufficient sedimentation.
Stanley (1996jound that pollutant removal was not greatly changed between a drawdown time
of 6-12 hours and 74 hours. Also, this sedimentation may be in vain, as settled pollutants can be

resuspended during subsequent storm events (Carpenter et al. 2014).

Sedimentaon is the only PRM active in dry ponds, which limits potential for pollutant
reduction. However, some research shows that in periods of extended detention, there are
possibilities for nutrient removal, especially of nitrog@arpenter et al. 2014)Ponded water
creates anaerobic conditions at the soil interface, therefore providing opportunity for
nitrification/denitrification(Lee et al., 2009)n many cases, dry ponds even take on wetland
characteristics, like saturated soil and the growth of some wetlanthtiegen central areas
(Rosenzweig et al., 2011After adding a sluice gate to the outlet to increase runoff detention
times, Carpenter et §2014)reportel an increase of N¢-N removal efficiency from 10 to 84%,
although a specific reason was not mentioned. In the study, the basin was completely closed off
to detain water for up to 102 hours at a time, which had the potential to create anaerobic soil
condifons. More research needs to be done in this area to understand better the processes that are

occurring.

1.8: Dry Pond Hydrologic Mitigation and Water Quality Treatment

Surprisingly, there is little research on dry pond performance, especially in remards t
soluble pollutants. However, extended detention dry ponds appear to offer more pollutant
removal than that of flood control dry ponds. Due to the flos@ugh nature of flood control dry
ponds, they have low capabilities for removing even particle polisi(U.S. Environmental

Protection Agency, 1983).
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1.8.1 Dry Pond Hydrologic Mitigation

Two of the main metrics for hydrologic change are peak flow mitigation and runoff
volume reduction. Peak outflow mitigation provided by SCMs is a factor of storm
chamcteristics, basin size, and components of the outlet structure including: number and size of
the orifice(s) and height and length of the overflow weir or emergency spillway. Runoff volume

reduction is dictated by the SCM water balance: precipitation diegfithw, infiltration, and ET.

Only two dry pond studies discuss water quantity control. Ballestero et al. (2012)
reported an annual average peak flow reduction of 93% for a dry pond on the campus of
University of New Hampshire. Pope and HEE388)found that for storms with rainfall depths
less than 13 mm, median volume reduction in their studied dry pond was 13%. The median

volume reduction for storms with depths greater than 13 mm decreased to 0%.
1.8.2 Dry Pond Water Qality Treatment

Limited data exist for pollutant removal capabilities of dry ponds, particularly for soluble
pollutants. Treatment is often expressed in terms of event mean concentration (EMC) or mass

removal. Event mean concentration can be definetidjollowing equation:

B
B

c:

00 0

C

where
M: mass of pollutant (mg)
Q: Volume(L)

T: duration of the storm (hrs)
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Total influent and effluent loads can be calculated by multiplying EMC by storm volume.
Removal efficiency (RE) describ#se ability of an SCM to remove pollutants from runoff,
either expressed as a percent of EMC or mass renibafale(l-3). RE of EMC is expressed as

follows:

YO — Zp T

Often, EMC RE can be misleading becaus#oes not take into account volume
reduction or irreducible concentrations. Mass load reduction calculations are beneficial because
they account for volume changéenhart and Hunt 2011Jable1-3 reports dry pond RE from
available studies. In several studies, only data for EMC RE were available. When possible, load
removal efficienaés were also reported. Pope and Hess (1988) and Schueler and Helfrich (1988)

did not report RE of EMC.

Table1-3: Mean EMCand loademovalefficienciesof dry ponds for several pollutants

stud Location TSS%RE TP %RE TN %RE NS;EN TAN %RE

y Conc./Load Conc./Load Conc./Loads 0 Conc./Load
Conc./Load

Carpenteretal.  Quebec City,

(2014)* CA 46/39 - -/- /- 24/16

Schuelerand Lake Ridge,

Helfrich (1988)* WA 14 120 10 - -

Stanley (1996) Greenville, NC 72/71 14/14 -/26 4/- 71

USEPA (1983) Stedwick, WA 63/64 11/<15 -124 13/10 -/-

Rozensweig et al. .

(2011) Princeton, NJ -/- -/- 3/17 3/17 3/23

Birch et al. (2006) Sydney, Au 40/ -5/- 28/- -46/- -/-

Pope and Hess

(1988) Topeka, KS 4/-20 -120 -1-24 -118 -/63

Hathaway et al.

(2007a) Charlotte, NC 65- -13f 10~ =11/ 14/

Hathaway et al.

(2007b) Charlotte, NC 39~ -15/ 13~ 29/ 31~

Studes, which each used different methods of data collection @aigisas, should not be directly
compared.
*flood control dry pond
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Dry ponds remove some particle pollutants, though REs are lower than those of other
SCMs. In a study by Gu@d 997) an estimated 11.6 kg of lead, 3.3 kg of copper, and 22.8 kg of
zinc accumulated in a dry pond over eighteen years, which was ten times less than what was
expected. Because metals are often gartiound, this may be evidence for lower than expected

sediment removal rates.

Dry ponds are not credited with high removal rates of soluble pollutants (Stanley, 1996).
The few studies that quantify this removal are liste@ahle1-3. With one exception, REs of
soluble nitrogen do not exceed 31%. This limited information suggests for improvement

for soluble pollutant treatment in dry ponds.

1.9: Dry Pond Maintenance

Improper maintenance of dry ponds can lead to reduced treatment or system failure
(Ballestero et al., 2012). Typical annual maintenance tasks include remacaliafulated
sediment, control structure repair, and side slope stabilizatisEPA 1999) Accumulated
sediment reduces storage capacity, impairing hydrologic mitigation (Guo, 1997). Dry ponds are
often neglected, and maintenance occurs once or less péEyiekson et al., 2010More than
2/3 of maintenance costs in dry ponds are associated with periodic maintenance, while the other
1/3 is split between proactive and reactive maintenéfoale et al., 2013)Caltrang2004)
reported that vegetation management and vector control in dry ponds required the greatest time
commitment. Erickson et g2010)reported a buildup of sediment, litter, and debris as the main
maintenance concern. There were also several instances of pipe clogging, invasive vegetation,

and bank erosion.
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1.10: Dry Pond Retrofits

Although modern stormwater management goals include water quality control, many old
dry ponds remain in place. Attempts have been made to change dry pond structures, or retrofit
them, to enhance pollutant removal. Many retrofit techriduee been studied. Reduction of
the outlet structure orifice increases detention time, which can induce sedimentation, vegetative
uptake, and microbial activity (Ballestero et al., 20ver, 2000Guo etal., 2000 Marcoon
andGuo, 2004) Maintaining a permanent pool elevation at the bottom of the basin limits
resuspension of deposited particles (Carpenter et al., 2014). The effects of studied dry pond

retrofits are reported herein.

Carpenteet al.( 2014)retrofitted a suburban dry pond in Quebec City by reducing the
outl et orificebds diameter and installing a sl
were taken of TSS, N&-N, and heavy metals before and after outlet modification. Before the
retrofit, average load REs were 39% for TSS, 16% fog-NHand 22% for total zinc. After
retrofit, runoff from an event was stored in the basin between 36 and 102, after which the gate
was opened to completely dewater the pond. TSS RE significantly increased to an average of
90%. RE of NH-N and Zn significantly increased to 84% and 42%, respectively. Additionally,
RE of manganese significantly decreased from fareostretrofit, changng from-21% to-
429%(Carpenter et al. 2014Both nitrogen reduction and increased manganese export suggest
that anaerobic conditions were created. This may be evidence supporting the possibility of
denitrification in dry pondsDewatering of the pond also resulted in some particle resuspension.
It was suggested that leaving a shallow permanent pool could prevent this resuspension.

However, only five storm events were sampled ypeBbfit.
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Middleton and Barret2008)c onver t ed an Austitrypseanaexftielntde
detention dry pond, which detained water similarlyhi® methods of Carpenter et al. (2014).
Mi ddl et on and Barrett (2008) fitted the basin
start and end of storm events. The valve was
completion to allow the pond ttewater over the course of 12 hours. Onlyjpesbfitted water
guality was monitored in this study. TSS RE was significant, at 91%, though improvement over
initial condition cannot be quantified. EMC RE of total zinc was 62% . NDEMC was
reduced k 58%, which is much higher than the that of other dry p¢8tanley 1996)it is
possible that anaerobic conditions were achieved, which encouraged nitrification and

denitrification. This treatment method captured first flush flow and eliminated&hautting.

While some SCM alterations are intentional, others stem fronectesyhd lack of
maintenance. Clogging and standing water can create w4ittencbnditions in dry ponds.
(Rosenzweig et al., 2011)'hese conditions may increase PRMs and thus removal in an SCM

(Natarajan and Davis 2016)

Rosenzweig et a{2011)monitored seasonal nitrogen removal in an extended detention
dry pond. Clogging and a lack of maintenance, along with a constant baseflow, led to
proliferation of a wetlandike environment in the basin. Water quality samples were collected
for 21 days during each of the four seasons, testing forMNNHs-N dissolved organic
nitrogen (DON), and particulate nitrogen (PN), though only N was sampled for all four
periods. REEMC of NG, 3N was only significant in the summer. Temperature and dissolved
oxygen content may have seasonally altered pollutant removal capabilities in the basin.

Concentration export of NN in the winter exceeded removal in the summer. Though
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nitrogen removal was inconsistent, the study suggested soluble nitrogen removal is possible in

dry ponds.
Natarajan and Davi016)st udi ed a #Afail edo i nfiltration
Cloggingeduced infiltration rates and caused the

be compared to similar processes in a dry pond. Dry ponds and infiltration basins are also sized
similarly and have similar drawdown requirements (NCDEQ, 2017c). asia wvas reported to

have an average mass RE of 82% TN and 82%iNBERarajan and Davis 2016)dditionally, the
infiltration basin removed an average of 86%JN®, 63% NH-N, and 76% dissolved

phosphorus. This study illustrates the potential of shifting one type of SCM into another and

emphasizes the potential that exists for pollutant removal in SCMs converted into wetlands.

Potential exists to convert sections of dry g@mto wetlands (Ballestero et al., 2012).
Wetlands employ more pollutant removal mechanisms than do dry ponds and therefore have
potential to more greatly reduce pollutants present in stormwater, as shown in the following

section.

1.11: Constructed Stomwater Wetlands

A (surface flow) constructed stormwater wetland (CSW) is a system built specifically for
hydrologic and water quality control. In CSWSs, water is stored in shallow pools that are suitable
for wetland plants and animaBigures1-7 and1-8; Schueler, 1992)They are designed to
incorporate physical, chemical, and biological water quality treatment processes present in
natural wetlandgHarrington et al., 2005 CSWs aralesigned with the intent tmimic the
natural wetland environment and provide ecosystem ser{BodsndandHunhammar, 1999;

Costanza et al., 199FKjooreandHunt, 2012)
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Like dry pondsa CSW is composed of an inlet and an orifice designed to detain runoff
for a designated period, usually between % days (NCDEQ, 2017cESWs have multiple
zones that utilize different PRMs to treat runoff. Zone characterization herein is based upon
regulatons from the NC DEQ Stormwater Design Manual (2017c). Deep pools (Zone 1) are
designated areas in a wetland with depths greater than 45 cm intended to reduce water velocity,
dissipate energy, and promote sedimentation. The shallow water zone (Zorte2resat of the
wetland where many biological processes take place, including denitrification. These two zones
are maintained in a permanent pool of waEWs are generally designed in more impervious
soilsor include an impervious liner to maintain pemaat pool elevatiorPer NCDEQ
standards, the temporary inundation zone (TI1Z) remains dry duntgreeventperiods and can
store up to 25 mm of runoff for water quality treatment. Maximum ponding depth in this zone is
38 mm. The peak attenuation zoneydes storage space to allow for peak flow mitigation
during storm events greater than 25 nirakle1-4). Appropriate vegetation is planted in these

zones to provide pollutant removal and stabilize the soil in the CSW.

Tablel-4: A constructed stormwater wetland separated into zones by water depth, where each zone has
unique functiongNCDEQ), 2017c)

Zone Depth | Wetland Area Function
cm %

Dissipate energy

Forebay 60-100 1015 Reduce velocity
Settle particles

Deep Pool 45+ 5-15 Same as forebay
Gross filtration

Shallow Water 0-25 3545 Filtration

Microbial processes
Store up to 38 cm storms

Temporary 0-40 30-45 Water quality treatment volume
Inundation Dessication

UV radiation
Peak Attenuation 40+ - Peak flowmitigation for larger storms
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Figure 1-7: A constructed stormwater wetland implemented at an elementary school

PEAK
ATTENUATION
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Figure 1-8: Typical layout of astormwater wetland, including different zones for treatment
1.12 Constructed Stormwater Wetland Hydrologic and Water Quality Treatment
CSWs, like most SCMs, are designed to provide both hydrologic and water quality

treatment of runoff. This section anag their capabilities in both categories.
1.12.1 CSW Hydrologic Mitigation

Hydrologic treatment of four CSWs in North Carolina are compardalme1-5. The
wetland in Riverbend, NC was studied at two separate intervals: (1) after initial constiruction
20072008 (LenharandHunt,2011)and (2) afterif’e years of maturatiotMerrimanandHunt,

2014) Initial reported runoff volume reduction of the wetland was much higher (54%) than after
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years of maturation (0%). It was reported thatahitolume reduction was due to infiltration and
ET, though ET was estimated to contribute to only 5% of the volume lost (Lemiakttnt,

2011). Merriman and Hunt (2014) suggested that after a period of maturation, infiltration was
essentially eliminatedue to the loss of storage volume from sediment accumulation and a
change in water table dynamics from shorter antecedent dry péBigkttsck and Acreman

2003; Hensel ahMiller 1991)

At the wetlandin the Piedmont RegiofLine et al., 2008)whose surface area was 2.2%
of that of the drainage area, all outflow was produced from storms greater than 33 mm. Volume
reduction 100%n 6 out of 11 storms. This reduction was dependent on rainfall characteristics
and antecedent rainfall. Less volume reductssociated with theetlandin the Mountain
Region of NC largely due to minimal storage capacity. The wetland often draineuydotia
event periods due to riser board leakages, seepage, and ET, increasing storm flow storage

capacity. Peak flow reductions were similar for both CSWs.

Merriman et al. (2016) studied a CSW in the first two years after installatiomthily
ET ratesanged from 46 mm to 174hm over a 14month period. Volume reduction was largely
attributed to ET due to large CSW surface area, dense vegetation, and long detention times.
Underlying geology, most likely allowing for infiltration, also contributed tauweoé reduction.

Table1-5 summarizes peak flow mitigation and volume reduction of these studies.
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Table1-5: Hydrologictreatmenbf constructedstormwater wetlandsfrom the literature.

Number  PeakFlow Volume
Author Location of Mitigation?  Reduction?

Storms % %
Line et al (2008) Peidmont, NC 11 72(99) 27(93)
Line et al (2008) Mountains, NC 12 77(96) 9(35)
Lenhart and Hunt (2011) River Bend, N& 20 80 54
Merriman and Hunt (2014) River Bend, NC 41 64 0
Merriman et al. (2016) Coastal NC 44 - 63

®mean(nedian)
newly constructed wetland
“wetland after 5 years of maturation

1.12.2 CSWWater QualityTreatment

CSWs employ most PRMs detailed in Section 2.5, resulting in effective pollutant
removal. Manyauthors have evaluated CSW water quality treatmigatil€1-6). Concentrations
increased from inlet to outlet in River Bend, NC due to large volume reductions (Lantart
Hunt, 2011). This volume reduction led to high total pollutant load removals. paligeéant
load reductions due to volume reductions were also seen at the wetthad?iedmont Region
(Line et al, 2008). In these studies, volume reduction is the main mechanism for pollutant
removal. In cases where volume reduction was less pronouheee were still substantial load

reductions for most pollutants, indicating the effective treatment.
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Table1-6: Water aquality treatmenbf constructedstormwaer wetlandsfrom the literature

TSS RE TP RE TN RE NO2s+N RE TAN RE
Author Location Conc./Load Conc./Load Conc./Load Conc./Load Conc./Load
% % % % %
Hathaway  Mooresville,
etal.(2000) NC 84/ 62/- 52f- 67/- 85/-
Johnson Charlotte,
(2006) NC 66/49 55/33 40/14* 32/10* 62/49
Johnson Smithfield,
(2006) NC -/- 73/59 80/74 89/88 58/53
Line & al Piedmont,
(2008) NC 64/72 43/59 21/47 23/51 39/54
Line et al Mountains,
(2008) NC 83/88 52/70* 42/59 63/71* 57/69
Lenhart and River Bend,
Hunt (2011) NC -30/49.2 0/47.2 -51/35.7 9/40.7 -53/41.6
*not statistically significant to U = 0.05

In a study by Kohler et a{Kohler et al., 2004)in over half the storms sampled, the
CSW reduced sediment loads by more than 50%. These rates weteghar for baseflow

from a golf course treated in the CSW during dry periods.

Many studies identified CSW design features that contribute to pollutant removal. Like in
dry ponds, sedimentation is closely tied to how water moves in and through the GBEW, an
especially to detention tim&trecker et al., 1992Terzakis et al. (2008gsted wetland
performance on four CSWs with both 42d 24hour detention times to measure effects of
detention time. Treatment was similar in all CSWs, with reported REs of 49% for TN, 58% for
NO2,3>N, and 60% for TP (Terzakis et al., 2008). Strecker et al. (1992) analyzed 26 different
CSWs for treatmentapacity based on factors including vegetation type, watershed land use,
wetland area/watershed area ratio (AR), runoff volume, and inlet type. Few meaningful direct
relationships were found, partially due insufficient data that would be required ta¢estiion

effects. Wadzuk et al. (2010) both baseflow and stormflow of a CSW and found that sediment
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was removed at all flow conditions. The data show that treatment in CSWs is based on many

interconnected design factors, where few stand apart as thénfhaesttial.

1.13 Hydraulic ResidenceTime

Hydraulic residence time (HRT) a main factor in pollutant reduction in stormwater
wetlandsThe largest contributdo HRT is storage capacity, the space available to treat a
volume of water (Walker, 1998However, storage capacity does not account for length to width
(L/R) ratio or CSW surface area. Small L/R can result in stioztiting or the lack of pluglow
conditions, which is essentially the assumption that water moves uniformly through a wetland.
Without plug flow, this removal rate becomes invalid. Hydrologic factors, including
precipitation, evapotranspiration, and infiltration, all of which afflest through the system

impact wetland HRT (WatscemdHobson, 1989).

Tomlinson et al( 1993)as reviewed by Walkd.998) graphed the rate of decay of
phosphorus and other pollutants in CSWs. Reduction greatly increased with an increase in

detention time. However, rate of phosphorus removal substantially decreased after two days.

HRT can le increased for smaller storms (up tgear events) by increasing bottom
topography in wetland€Conn and Fiedler 2006Hydraulic efficiency is the ratio of time to peak
outflow pollution concentration to total detention period Hydraulic efficiency is increased as the
length to width ratio of a wetland is increagferrson et al., 1999pbstructions such as baffles
or underwater berms (i.e. topogrgplean increase the wetland hydraulic efficiency (Persson et
al., 1999). A modeled wetland created by Conn and Fielder (2006), showed up to a 113%
increase in HRT through the addition of bottom topology. The implementation of more complex

structures witm a wetland (like a longer flow path or a mix between shallow water and deep
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pools) can increase the wetland surface area, and hence pollutant removal, when space is a

limiting factor (Schueler, 1992).

In a study by Gaif1996) the flowpath of a wet poridwetland system was modified to
double the distance between the inlet and outlet. There were no significant water quality changes
in water leaving th@ond and entering the wetland, but effluent concentrations of the CSW were
reduced by 23 mg/L, 0.55 mg/L, and 0.08 mg/L for TSS, TN, and TP, respectively as compared
to the inlet. However, there was also an increase in export of heavy metals and ongeygn n
after modification, which was attributed to resuspension of particles settled in the original CSW

after flow was rerouted.

As storm events create variable inflow into stormwater wetlands, it can be challenging to
design for a particular flow ratBue to the stochastic nature of storms, HRT can be greatly
decreased if there is not sufficient storage capacity from short antecedent dry (Woadsand
Somes 1995NCDEQ (2017c) requires drawdowimes between B 5 days to account for the

frequency of storm events in the state.

Storage capacity is one of the main parameters of wetland systems that affect HRT.
However, studies have also addressed certain issues likecshoiting or lack of prper mixing
of stored water that can negatively impact this reduction. Overall, topography and routing that

encourage full use of the wetland and mixing make a wetland more effective.

1.14: Effects of Wetland Sizing (Surface Area Ratio)
In addition to HRTmany articles discuss the importance of the ratio of CSW surface

area to watershed surface area in pollutant remdhéd.equation can be defined as follows:

0Y —
0
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where
AR: Surface area ratio
Acsw Surface area of CSW
Aws: Watershedwface area

AR is important because a larger CSW surface area increases the contact time of water
with the soil interface, which is key in pollutant removal (Schueler, 1992). Maximum ponding
depth in CSWs requires a larger footprint to store the desigmegWeiss et al., 2007A high
AR maximizes soil contact time and treatment tigto sedimentation, filtration, absorption, algal

uptake, and microbial activity (Schueler, 1992).

Several studies have analyzed the effect of AR on water quality treatment. For adequate
removal of pollutants, Schueler (1992) suggested a minimum AR ofByQ2eating a model
based on zero order kinetics for nutrient uptake rates, Tilley and Bi®88)found that for
every 1% increase in urban area of a watershed, an increase in E&W @rl% was needed to
treat runoff. Strecker et al. (1992) found that pollutant removal was higher in CSWs with larger

ARSs than those with smaller ARs.

Carleton et al(2001)compared pollutant removal efficiency for 49 CSWs. Mrats
whose treatment are reportedTiable1-7 were a) constructed, b) in urban watersheds, and c)
had removal efficiencies based on load reductions. Two wetlands from Line et al. (2008) have
been added to the table. Carleton et al. (2001) did not r@plin¢ct correlation between AR and

removal efficiency but suggested that interaction effects limited direct comparisons.
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Table1-7: Pollutantioad emovalefficiencyof urbanstormwaterwetlands bywetland arealatershed
arearatio (AR).

Ratio Long term load removal efficiency (%)

Author Location AR TSS TP TN NO.s>N TAN
OWML (19907} Manassas, VA 0.0078 615 149 - 59.8 -0.5
Mejorin (1989} Fremont, CA 0.0183 64 48 - 15 10
Line et al. (2008) Piedmont, NC 0.022 72 59 47 51 54
Carleton et al(2000¥ Manassas, VA 0.0241 579 459 21.7 39.4 54.7
McCann and Olson
(19947 Orlando, FL 0.0246 68.3 61.5 -11 -13.2 10.2
Athanas and ,
Stevenso{1991} Centerville MD 0.0375 65.1 394 22.8 54.9 55.8
Line et al.(2008) Mountains, NC 0.0467 88 70¢¢ 59 719 69
Rushton and Dye
(1993F Tampa, FL 0.0508 55 65 - 65 39
Wotzka and Oberts
(1988) Oberts and  Roseville, MN 0.0658 83 41 35 35 -
Osgood(1991)¢

%aken from Carelton et al, 2001
Ppartially agricultural watershed
“treatment cycle spanned multiple storms
dnot statistically significant

Carleton et al. (2001) found that removal of TP in CSWs depended more on detention
time than AR. No strong statistical linear relationships between AR and pollutant removal
existed (Strecker et al., 1992). REs reported by Line et al. (2008) were muchthaghthose
reported by others imable1-7, largely due to load reduction associated with volume reduction.

In some CSWs, outflow exceeded inflow, due to groundwater inflow or runon from sources other
than the inletCarleton et al., 2000McCannandOlson, 1994)In an urban constructed

stormwater wetland with a AR of 0.001, pollutant concentration removal efficiencyi¥as

12%, and 16% for TSS, TP, and TN, respectiyBlych et al., 2004)indicatingthat a very small

AR has a negative effect on pollutant removal.

Bass(2000) monitored an irstream stormwater wetland that was constructed in a North
Carolinacoastal plain, with a wetland to watershed area ratio of 0.004. Samples taken included

TKN, NHz-N, NO2 N, TP, and OP. This area was composed of 2/3 agricultural and forested

33



land and 1/3 commercial and urban development. Inlet and outlet concentnagrensot
significantly different at baseflow. In the first year, Bass reported concentration reductions from
pre-construction to postonstruction of 60%, 30%, 9.5%, and 20% foraN¥®, NHz-N, TKN,

and TN, respectively, during storm events. These remated remained constant or improved

in subsequent years. However, both TP arle@* were exported at rates of 55% in the first

year, which decreased in following years. This initial spike in phosphorus was attributed to
phosphorus content in the soiathwas stirred up during construction. Results of this study

suggest that CSW pollutant removal can be effective in watersheds with a small AR.

Another study examined a CSW that was retrofitted from an impaired stormwater
conveyance channel on the campus of North Carolina State Univ@istiyger 2007) Area
constraints only allowed for storage and tneent of the first 5.2 mm of runoff, or 20% of the
water quality volume. Tucker found that although runoff exceeded maximum storage capacity in
a majority of events, there was evidence of significant treatment TEE NHs-N, NO2 N,
TP, and TKN. Tk outlet was modified halfway through the study to promote extended
detention, which dramatically improved treatment. Mean pollutant load removal increased from
26% to 71% for TSS and from 22% to 60% for . This reiterates that HRT is a major

factorinfluencing water quality treatment.

Hathaway and Hun2009)retrofitted an area with a wetlait-series design in a 13.88
ha watershed that was 60% impervious. These CSWs were 0.19 ha, 0.073 ha, and 0.004 ha with
ARs of 0.014, 0.0052, 0.00029, respectively. Water quality samples were collected attbk inl
the wetland system and at each of the three basin outlets. The first wetland effectively reduced
pollutant concentrations from the inflow, even though it was considered undersized. Significant

reductions were not found between inlet and outlet ofwloesubsequent CSWs. Treatment
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provided by undersized wetlands may be sufficient, and additional CSW surface area provided

by additional cells may not enhance pollutant removal.

Many studies have shown that AR can impact water quality treatment in tB8\gh no
direct correlation between the two has been found. While recommendations suggest that
appropriate AR should range between Q.@b1 (Schueler, 1992)many studies discussed in this

section found that CSWs with smaller ARs effectively remqatltants.

1.15 Wetland Ecosystem Services

Ecosystem services are defined as benefits, both ecological and economic, that humans
obtain from ecosystems (Costanza et al., 1997). Air and water pollution in urban areas impacts
quality of life and human h#éh. Ecosystems incorporated into urban environments provide
services that directly and indirectly improve quality of life (BolamdiHunhammer, 1999).
Globally, wetlands contribute a disproportionately large amount of ecosystem services for the
land areahey occupyZedler and Kercher 2005CSWs, which are constructed to mimic
natural wetlands, can sequester carbon, suppgsdtative diversity, provide habitat, and serve as
recreational and cultural amenities in urban cerffdmoreandHunt, 2012) These services
provided by CSWs have been observed as early as the point of instgNégiwiman et al.,

2016)

1.16: Wetland Maintenance

SCM age and frequency ofaintenance influence hydrologic and water quality treatment
(Blecken et al., 2017Maintenance issues including clogging, loss of storage space due to
sedimentation, and improper management of tagge reduce SCM treatment ability (Hunt et
al. 2011). However, CSWs are slightly more resilient to aging and a lack of maintenance than

other SCMs (MerrimaandHunt, 2014). Proper maintenance has been found to be key
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component of CSW function. Cloggedttet structures (Hunt et al., 2011) and a buildup of

sediment (MerrimaandHunt, 2014) can cause CSWSs to fail over time.

Water quality treatment of a 4&ar old wet pond/constructed wetland system that
received minimal maintenance was similar to treathof system when first constructed -
Rubaei et al., 20)6Annual load removal TN, TP, and TSS significantly increased in this system
by the end of the 19ear period. Wetland maturation can enhance pollutant removal efficiency

(MerrimanandHunt, 2014)

Wadzuk et al(2010)monitored water quality in a CSW for two twyear periods four
years apart. There was reportedlymaintenance of the wetland before or during the first
monitoring period, but between monitoring phases, a control plan of harvest was implemented to
eliminate the abundaRhragmites australisThe authors found no significant difference in the
water qualty treatment of the CSW from these two time frames, indicating that wetlands can

function effectively longterm, even with minimal maintenance.

Harvesting plants in CSWs has been explored as a method to permanently remove
nutrients. Lenhart et a)2012)found that harvesting plants in a wetland increased N removal.
Decomposing plant material in CSWs releases nutrients, which can be minimized through
harvesting Chimney and Pietro 2006nhvasive vegetation and sediment build up can be major
issues in constructed wetlands, and there have been significant reported caseslofgipg,

sediment and debris, and bank erogenckson et al. 2010)

Wetlands, natural and constructed, are viewed by the public as ideal mosquito habitat.
Hunt et al.(2006)monitored several SCMs including 18 CSWs for prevalence of mosquito
larvae. They found that the larvae, only present attloing of facilities, was associated with

presence of cattails, willows, or absencenaisquito fish. Santana et £.994)found that
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mosquitoes, which were found at 89% of monitored sites, were productive at retention structures
wherea mixture of vegetation, including woody vegetation and cattails, were present. Greenway
et al.(2003)found that the quantity of mosquito larvae found in SCMs decreased as the
biodiversity of macroinvertebrates and macrophytes increased. Designing CSWs with

appopriate vegetation and biodiversity can minimize mosquito impacts.

1.17: Dry Pond/CSW Maintenance and Cost Comparison
Cost and commitment time are considered when installing an SCM. Improper
maintenance can lead to diminished effectiveness, both foologir and water quality control.

This section compares maintenance needs and costs of dry ponds and CSWSs.

Time required for maintenance is comparable for dry ponds and CEAble {-8). However,
solving maintenance problems is frequently more complidateettlands than in dry ponds,

often requiring consultation from a professional (Erickson et al., 2010).

Table1-8: Annualcommitmenttime of maintenance anihspectiorectivities forselected SCMs

Study Dry Pond CsSw
hrs hrs
CALTRANS (2004) 72 -
Houle et al(2013) 4871 40-68**
Erickson et al. (2010)* 1 15

*median hours spent per visit witime or more visit per year
**subsurface gravel wetland

Weiss et al. (2007) found that construction costs were lower for CSWs than for dry
ponds, especially when sized for small watersheds. However, the large surface area required by
CSWs to meet éiggn standards can be costly in places where land acquisition costs are

expensive (Weiss et al. 200able1-9).
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Table1-9: Initial constructioncost of SCMs perWater Quality Volume\WWQV).

Study Units Dry Pond CSW
Houle etal. (20133 $ 40,700 67,800
Weiss et al(2007) $/m? 10-150 9-80

USEPA(1999) $/m? 18-35 21-44°

®normalized for ha of impervious cover treated
“wetland cost was calculated using the assuongifiat they were 25% greattéran dry

ponds due plant selection and sediment forebguirements

Maintenance costs are an important consideration when comparing SCMs. SCMs with
complex design features often require more maintenance and thus greater investment. Many
studies have shown that CSWs cost more to maintain as a percentagarattonsost {able

1-10).

Table1-10: Operational ost of SCMs as percentage ofonstructioncost

Study Dry Pond CSwW
USEPA (1999) <1% 2%
Weiss et al. (2007) 1.82.7% 4.014.2%
Houle et al. (2013) 15% 8%

Erickson et al(2010F  $100$1500 $200$3200
#Range of annual cost of sediment removal

Weiss et al. (2007) compared total cost of SCMs, which included construction costs and
operation and maintenance costs. CSWs were found to be theXpassive of all SCMs.
Additionally, when comparing total costs, as WQYV increased, the rate of increase of cost was

more rapid for dry ponds than for CSWsdure 1-9).
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Figure 1-9: Average 2004 cost @CMs per WQV as compiled by Wiess et al (2007)

Cost per treatment potential is another way to compare SCMs. Houle et al. (2013) found
that, while capital cost of TSS removal was higher for CSWs than dry ponds, in all other

categories, price per unit oktitment were much lower in CSWs than dry poriablel-11).

Tablel-11: SCM cost perkilogramof treatmenipotential (taken from Houle et al., 2013)

Pollutant Capital Cost Operational cost ($/yr)
Dry Pond Wetland Dry Pond Wetland

TSS ($/kg) 75 102 11 8

TP ($/g) NT 40 NT 3

DIN* ($/9) 6 3 0.93 0.28

*Dissolved inorganic nitrogen
NT: no treatment

1.18 Viability of a Wetland Conversion

Selecting SCMs for pollutant removal is an essential part of stormwater management.
Dry ponds fall to effectively treat water qualityith especially poor treatment sbluble
pollutants. Several retrofits have been installed on various dry ponds wighssimeess, though

the widespread implementation of such retrofits has not been discussed in the literature.

Often, issues such as clogging, invasive vegetation, or-aotteim basin cause an
increase in maintenance concerns in dry ponds. However, agjdatand Davig2016)
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reported, a practice that appears to be failing by not functioning as intended may have
unexpected benefits. In dry ponds, features that are characteristic of a CSW cardlie adde

introduce more pollutant removal mechanisms, which could increase load removal.

Outlet modification and wetland vegetation installations are simple changes that can be
used to ficonverto dry ponds to CSWstant however,
treatment. Dry ponds lack a flow path to increase HRT, though HRT can also be increased by
reducing thediameterof the outlet orifice. Dry pond size cannot be modified to accommodate for
wetland design criteria. This unegizing may reduce voluma runoff treated (HunandDoll,

2000). However, as several studies have suggested, even when undersized, wetlands can provide

pollutant removal to runoff.

Another temporary issue is the establishment of wetlands in the old dry ponds. Water
guality impiovements may be gradual at first, as the shift to a wetland requires time and the
establishment of such indicators as vegetation and hydrigSaitarajan and Davis 2016)s a
CSW matures, its pollutant removal capabilitiesl#edy to increas€MerrimanandHunt,

2014) Merriman et al. (2016) found that fully matured wetlands did not treat nutrient as well as
growing wetlands. Hydrologic services may increaskyfponds are converted, as wetlands

have high rates of evapotranspiration (Merriman et al., 2016). Though there are limitations to a
successful conversion, evidence suggests a retrofit of this type would improve pollutant removal

in dry ponds.
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CHAPTER 2: Water Quality Treatment of Three Dry Ponds in the Piedmont Region of
North Carolina

2.1 Abstract

Dry detention basins, or dry ponds, are employed throughout the United States,
particularly in regions with poorly infiltrating soils. These ponds have been historically
implemented for flood control and peak flow mitigation but have not been shownciersfii
treat water quality. Despite their relatively poor performance record, industry familiarity and low
costs of dry pond construction have incentivized designers to implement these practices.
Although dry ponds have a reputation of dry ponds for peatment, few peeareviewed
journal articles exist that quantify dry pond pollutant removal, especially for soluble pollutants.
Because dry ponds are simple, opportunity exists for structural enhancement to improve
performance. In this study, three drynpg located in the Piedmont region of North Carolina
were studied to (1) characterize dry pond water quality treatment and (2) create a baseline from
which to measure effects of a proposed dry pond retrofit on water quality. Two dry ponds in
Morrisville, NC were monitored from January to September 2017, and a dry pond in Winston
Salem, NC was monitored from February 2017 to March 2018. Concentration removal
efficiency, cumulative load removal, and effluent water quality were assessed. Removal was
variedwie | y bet ween ponds, where cumata24%fore | oad
TSS,-32 to 17% for TP, anel5 to 25% for TN. Both concentration and load removal
efficiencies were partially dependent on influent concentrations, where higher inflow
concelrations resulted in greater removal. Effluent concentrations failed to meet ambient water

guality standards for TSS, TP, and TN in 68%, 100%, and 100% of samples, respectively.
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2.2 Introduction

Increased impervious surface areas from urbanizationdisugted the natural
hydrologic cycle, shifting the water balance to a higher proportion of runoff leaving urban
landscapes. Excessive runoff yields higher stream flaugh can lead to channel degradation
and negatively impastream habitats. Rundfiansportsncreased pollutant loads from urban
watersheds directly into water bodi&s recent years, stormwater management has focused on
both hydrologic and water quality control to improve watershed hé&itibmwater control
measures (SCMslave beemmplemenedthroughout urban landscapes to manage runoff flows
and treat runoff pollutants. These SCMs are designed to inphligant remoal mechanisms,

such as nutrieniptake filtration, andsedimentatiorfGreenway2004)

AlthoughSCMsare all implemented for stormwater control, each SCM type has unique
advantages and reasons for implementafon.example, iy pondsbecause of their simple
design.are relatively inexpensivend easy to constru@tVeiss et al.2007) A dry pond is a
large basin with anudlet structure that detains runoff and completely dewaters between storm
events. They caalsobeinstalled in locations where standing wateto be avoided, such as in
highwayright-of-ways and den$gpopulated areaddaintenancdor dry ponds is alsoften
considered simpler and less expensive than maintenance for other(B@MWson et al.2010;

USEPA 1999; Weiss et gl2007)

While dry ponds are valued for their ease and kaity their ability to provide water
quality treatmenhasbeen questioneBirch, Matthai, and Fazeli 2006; Carpenter et al. 2014,
Stanley 1996)Dry ponds, originally implementedrfdlood control, were designed only to
mitigate peak flow rates. Upon the advent of water quality control needs in SCMs, the extended

detention dry pond was created and was desitpresi minimum drawdown time rather than a
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maximum peak flow ratéVirginia DEQ, 2013). Detention time required aamge from 12

hours to 5 days, depending on gtatei 24 to 36 hourgVirginia DEQ,2013) 2 to 5 days
(NCDEQa,2017) and12 to 24 hours in Marylan@CWP,2009) The principal, and nearly
exclusive, pollutant removal mechanism (PRM) in dry ponds is sedimentation, the process by
which particles are settled out of the water coluBmploying only one PRM limits the potential
for water quality improvementhough limited studies have been published, water quality
treatment of both flood control and extended detention dry porsdselka found to be minimal

(Stanley, 1996Shammaa et al2002 Carpenter et al2014)

Though the disadvantages of dry ponds are clear, their advantages havibaéad t
widespread implementatidirickson et al.2010; Weiss et g12007) However, with the
increasing need to manage pollutant loads in watersheds, the suspected large pollutant loads
discharged from dry ponds remains problemdati¢his study, thee dry ponds in North Carolina
were studied to assesmter qualitytreatmentThe djectiveof this studywasto quantify
pollutant removatapability of dry ponds in thei@mont of North Carolinéor the following
pollutants: total suspended solids (TSS), total phosphorus (TP), orthophospR4e j(total
nitrogen (TN), total Kjeldhl nitrogen (TKN), ammoniacal nitrogen (TAN), organic nitrogen

(ON), and nitratenitrite nitrogen (NQN).
2.3 Methodology

2.3.1: Site Description

Three sites were seledtéo evaluate existing dry pond performanteo of the dry
ponds (MOV1 and MOV2) were located in Providence Place, a residential area in Morrisville,
North Carolina(Figure 2-1). This neighborhootiad coordinate8 5A51610. 480 N and

7 8 A50 06 4 6V OVQL dasaWhedwas appoximately 4.1 ha, 35% of which wampervious
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surfaces, including roof, sidewalk and drivewagdroadway. MOV® s wat 6&hae d
hadsimilar land use percentag&sable 21). The majotty of the soil in this region was
considered urbaland by the Natural Resoce Conservation Servi¢BlRCS,2018) The
majority of existingunderlying soilshot considered urban lamgere in hydrologic soil group D,

which arehighly impermeable soilAppendix A)

i

Figure 2-1: Aerial view of Providence Place: MOV1 and MOV?2 are located in the bottom center

Table 21: Watersheaharacteristics of thetudied dy ponds

MOV1 MOV2 WS
Latitude (N) 355161135A5106/36A060
Longitude (W) 7850049785006 4/80A 1856
Watershed aregna) 4.15 2.52 0.93
Roof (ha) 0.48 0.16 0
Sidewalk/Drivewayha) 0.40 0.09 0.16
Roadway(ha) 0.57 0.38 0
Landscapedha) 0.48 1.22 0.76
% impervious 35% 28% 18%
Composite Curve Numbe 86 85 78
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MOV16 surface area wak29 ha, draining a 4.4%a watershe@Figure 2-2A). Water
flowedinto the pond through two culvert inlgtsa 80-cm inlet onthe south end of the pond
(MOV1_IN1) and a B-cm inlet on the northwest edge (MOVINZ2, Figure 2-3). The pond hd
one outlet riser structure with 44.5cm orifice and a 5-8n emergency broadrested weirata
height of 5 cm. Therewas a consistent balow from MOV1 IN2 caused by groundwater
infiltration and intrusion into the culvert upstream of the basiich causd portions otthe
pond to be constantly wethere wet areas tiie dry pondook on wetland characteristics,

including the growth of wetland @hts(Figure 2-4).

Figure 2-2: Three dry ponds were monitored for the study: MOV1 (A), MOV2 (B),\ai&l(C).
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Figure 2-3: MOV1 and MOV?2 are located within the same neighborhood block in Providence Place.

Figure 2-4: Wetland plats uch as bIrus thrive in te constantly saturated basin of MOV1.
MOV?2 (Figure 22B and 23) had a surface area of 0.21 ha with a watershed of 2.68 ha.
A 90-cm concrete pipergeredthe pad with an outlet riser structure orifice of 8.5 cm. A-fh9
broadcrested wig at a height of 1.22 mconvey&tge st or ms. The plangnd 6 s
and thin, with length to with ratio of 4.5:1, and the Town of Morrisville assitive water

guality reatment in the pond waiighby dry pond standard3his pond drid out between
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storms, except for a spot of standing water in the inlet pipe from poor grading. No wetland

vegetation is present in MOV2.
WS was located on the grounds of Sherwood Forest Elementary School in W8eatmn, North

Carolina Figure 2-5). Latitude and longitude coordinates of gohoolwer e 36 A06622. 500

and 80 A18A®BMhapdtionofthe property draineth the 004 ha dry pondThe
majority of this watershedas a playground area at the school, with7hhaof impervious
surfaces (paved areas only) an@@ha of landscaped aré@able 21). The majority of the WS

watershed soil wereUdorthentdn hydrologic soil group GNRCS, 2018)
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Figure 2-5: WS, akidney-bean shaped dry pond, sits on the eastern edge of Sherwood Forest Elementary
This dry pond hda 3Gcm concrete pipe inlet and an outlet riser structure with-emi

orifice as well as twd.5m broadcrestedweirs for larger storm evenfdetail inSection3.2.2)

Thelength to with ratio of the pond wds8, with inlet and outlet located on the short end of the

pond(Figure 2-6), which is generally considered poor desiNiCDEQa, 2017)
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2.3.2 Monitoring Design

s

Figure 2-6: Inlet and outlet are located at the shortest part of WS, with a length to width ratio of 1:8

For all project sites, an upstream/downstream monitoring dé€Spponer et al., 1985)

was used to evaluate water quality performambe. upstream sites were considered the control

and the downstream location the treatment. Sampling stations were installed atezaaidinl

outlet location, with slightly different setups at each locafiable 22).

Table 22: Monitoring st up of allsampling fations indry pond study.

Site

Monitoring Equipment

Trigger to Enable

SamplePacing*

Collection

MOV1_IN1

MOV1_IN2

MOV1_OuUT

MOV2_IN

MOV2_OUT

WS_IN

WS_OUT

ISCO 6712M water quality sampler
2 HOBO™ tipping bucket rain

gauges

ISCO 6712M water quality sampler
1 HOBO™ tipping bucket rain gaugt

ISCO 6712M water quality sampler
ISCO 730M bubbler flow module

ISCO 6712M water quality sampler
ISCO 750M area velocity flow

module

ISCO 6712M water quality sampler
ISCO 730M bubbler flow module

ISCO 6712 water quality sampler
1 HOBO™ tipping bucket rain gaugt

ISCO 6712M water quality sampler
ISCO 730M bubbler flow module

90° wnotch weir

rainfall exceeded 3.0! rainfall-paced,

mm in 6 hours

rainfall exceeded 3.0*

mm in 6 hours

water level exceeded
4.6cm from orifice

invert

water levelreached
18.3 cm aboveulvert

invert
None

rainfall exceeded 10.:

mm in 6 hours

None

every 0.76 mm
of rain
rainfall-paced,
every 0.76 mm
of rain
flow-paced,
every 17.0 riof
runoff
flow-paced,
every 5.66 rof
runoff

flow-paced,
every 5.66 mof
runoff
rainfall-paced,
every 0.76 mm
of rain
flow-paced,
every 0.71 rhof
runoff

110L
composite
bottle
110L
composite
bottle

24 1-L pi
bottles

110L
composite
bottle

24 1L pi
bottles

24 L-L pi
bottles

24 1L pi
bottles

*pacing was changed on some occasions to capture extreme events
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Monitoring of MOV1 and MOV2 took place between January 2017 and September 2017.
Rainfall depth and intensity were measured using a manual rain gauge and a\H(pig
bucket rain gauge lated 1.5 m above the ground free from any obstructions to rairigliré
2-7A). One rain gauge was used to measure rainfall for both sites, as they werevidtbétet
m of each other The two inlets of MOV1 were also equipped with ISCO 6%18ater quality
samplersKigure 2-7B,D,E) with tipping bucket rain gauge attachments for rairgalted
sampling Figure 2-7A,D), where rainfall intensitand accumulatiodictated when water quality
samples were taken. At each of these stations, a composite saaspiecated based on rainfall
intensitythat collected a sample every 0.76 rafter an initial minimum rainfall deptbf 3.05
mm. It was assumed thatflow ratesin MOV1 were proportional to the rainfantensity of the
storm. MOV1.OUT was equipped withrellSCO 6713 water quality sampler with an ISCO
730™ bubbler flow moduleKigure 2-7C). Outflow rates were determined using the recorded
level and stagéischarge equatior{(§ection 2.4.2). Flow-proportionalcompoge water quality

samples were taken at this location.

At MOV2_IN, an ISCO 6712 water quality sampler was installed with an ISCO™50
area velocity flow module (AVM) inside the inlet culvert for inflow measuremg@itgire
2-8A,B). The ISCO 6712 at MOV2_OUT was equipped with an ISCO 73bubbler flow
module(Figure 2-8C) and collected samples based on the orifice and bmaesded weir
equations $ection 2.3.42 Both MOV2_IN and OUT were programmed to take flow
proportional composite water quality samples during storm ev@atsplers at all five sampling

locations logged data atr@inute intervals.
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Figure 2-7: MOV1 (A)IN1 sampling station, with manual and tipping rain gauge, (B) IN2 inlet pipe, (C)
outlet riser with HOBQwater level logger, (D) IN2 sampling station with rainfadiced sampling, and
(E) IN2 inlet pipe.

Figure 2-8: MOV2 (A) inlet pipe, (B) inlet area velocity meter for flepacedsampling, and (C) outlet
riser structure with HOBO water level logger.

Flow-proportional, composite samples wemdlectedat each sampling station during
storm events using ISCO 67Y2automated samplers to represent the event mean concentration
(EMC). At all inlets, samples were deposited into a single composite bottle during the storm.
During sampé collection these bottles were agitated by hand to create a homogenous mixture
which was then poured into salapottles Outlet samples wemllectedin 24 oneliter bottles
that were then shaken and composited in-& Béttle. A sample from this composite bottle was

taken as the representative sample from the storm. Samplesetvieneedwithin 48 hours of a
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storm event and transported on ice to the €eonit Applied Aquatic Ecology (CAAE) in
Raleigh, NC. Samples from all sites were analyzed for TSSzNOTKN, TAN, TP, and ©

PQ*.

At WS, amanual rain gauge and a HOBOQtipping bucket rain gauge weinstalledon
site, approximately 1.5 m above tip@und, clear from any obstructiorEdure 2-9B). The outlet
(WS_OUT, Figure 2-9C) was equipped with an ISCO 67¥2automated sampler and an ISCO
730™ bubbler module. A contracted weir above a 9@fotch weir was used to measure flow
leaving the pondrigure 2-9D). An ISCO 6713V connected to a tipping bucketin gauge was
installed at WSIN (Figure 2-9A) to take rainfall proportional samplesasurrogate for flow
proportional samplingSamples were collected with every 0.76 mm of rainfall after an initial
rainfall depth of 10.2 mn¥low proportional (or rainfall proportional) composite samples were
collectedat both he inlet and outlet of the pond usigg oneliter bottles at each sampling
station. These bottles were shaken and composited into one composite bottle before being
transferred to the final sample bottle. These samplesnetrevedwithin 48 hours of a storm
event and transported to CAAE to be analyzed for TSS,MNQ TKN, TAN, TP, and GPQO*

(Table 23).

Table 23: Reporteddetection imits andanalysismethods fowaterquality analytesmonitored.

Parameter PQL Units Method
TSS dependent on volume filterec  mg/L Std Method 2540D
TKN 280 pa/L EPA Method 351.1
TKN 280 pa/L EPA Method 351.1
TAN 17.5 Hg/L EPA Method 35@L
NOzsN 11.2 pg/L EPA Method 353.2
TP 10 pa/L EPA Method 365.1
O-PO* 12 ug/L EPA Method 365.1*
*samples filtered to 0.45 &m

PQL.: Practical quantitation limit, below which the accuracy of the test is no longer valid
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Figure 2-9: WS (A) inlet pipe, (B) ISCO tipping na gauge andampling box at WSN, (C) outlet
structure, and (D) installed weir in outlet structure with bubbler tube for level measurements

It should be noted that ISCO 73Darea velocity flow modules (AVMs) eve initially
installed at MOV1IN2 and WSIN. Howeverthese AVMs did not function correctly in
measuring velocity or levelndwere replaced by tippinigucketrain gauges. Because of
backvaterpresent at MOV1IN2, a weir could not be installed to properly measure flow through
the culvertThe slope of the dvert at WS IN was too steep to install a weir that would properly

record flow information. Alternate methods of inflow calculations are discussed in Seé&idn
2.3.3 Monitoring Challenges

The baseflow in MOV Helivered a consistefdad of sedimenio t h e ouiflom d 6 s
Duringinter-eventperiods, this sedimemijppeared to buildp on the sample intake of
MOV1_OUT, which was permanently submerged. A sump was dug beneath the sampler, but it
filled in periodically and had to be#eaned outHowever, the sediment on the outflow sample

intake may have affected outflow TSS concentrations (and possibly ON/TKN/TN
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concentrations) in several storm evefiSS concentrations for several storm events were

considered inaccurate (Appendix D).

2.3.4 Hydrologic Data Analysis

2.3.4.1Precipitation

Any storm with precipitation depth greater than 2.5 mm and antecedent dry peléss no
than 6 hours was characterized as a discrete rainfall @estoll et al, 1989) Rainfall depths
from tipping bucket rain gauges were adjusted by a scaling factorEguragion 2.1.During
intense rainfall, tipping bucket rain gauges may not adequately record total depth of rainfall, and

these adjustmentccount for total depth missed.
v —zZuv (Eg. 21)

where
Pa: corrected depth of rainfall per interval (mm)
Pm: measured depth of rainfall per interbgl tipping gaugémm)
Da manual rain gauge depth measusachpling period (mm)
Dm: tipping rain gauge depth measured over sampling period (mm)
2.3.4.2Water Balance
Outflow volumes were recorded using an ISCO™38ubbler module. Details for weir
and orifice equations to calculate flow are detailed in this section. Exact inflow volumres fro

MOV1 and WS were not recorded, but rather calculated using a water balance, presented herein.

As stated previoug) an AVM was installed at MOV2N recorded both level and velocity to
calculate flow rates. However, with variable storm flows and often high turbidity in influent,
validity of some ofthese data are quesable. MOV2 inflow volumesvere recordetb be
between11 and 100%igreateo than outflow volumes. Based amnimal evaporative and
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infiltration lossesit is unlikely that these inflow rategerethat much higher than outflow rates.

Thus, inflow volumes were calculateding the water balance presented for asviiO

A water balance was created to assess volume of flow enterihigavinghe dry ponds.
Possible inputiclude precipitationinflow, and groundwater inflow. Possible outputs include
evapotranspiration, infiltration, and runoff. The water balanes i®llows:

Vin = Vout, OF (Eg. 2.9
P +Rin + Gn = ET + Gut+ Rout (Ea. 2.3
where
Rin: inflow
P: precipitation
Gin: groundwater inflow
ET: evapotranspiration
Rout: outflow
Gout infiltration

Outflow was calculated directly at all sites, anflow was calculated using Equation 2.3,
as described in the following sectiobirect inflow from the banks near the basins that did not
enter through the inlets were not included in influent water quality measureiBaciactor of

the equation wilbe dscussed.
Morrisville (MOV1 and MOV2)

Groundwater inflowPervisual observations, wasassumed that the groundwaseepageat

this site wa negligible Baseflow from the inlet wasonsidered as direct inflow.

Infiltration: As mentioned irSection 3.2.1the majority of the soils in both MOVhd MOV2

watersheds are D sailwhich characteristically havew infiltration rates. However, infiltration
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tests were performed to account for water loss from infiltration. A modified Hbilipne (MMD)
infiltrometer from Upstream Technologi&swas used to calculate infiltration rates in the mond
Both infiltration rates of MOV1 and MOV2 were found to be negligible. Details of these tests

can be found iMppendix A

Evapotranspirationn Morrisville, ET rates were calculated by using a reference crop

evapotranspiration from the onlitdorth Carolina Climate Officeerver(NCCO, 2018) The
selected site, KRDU, was locatatiRaleighDurham International Airport.9 km from the
Morrisville ponds Datawerereported as dailET. For the five longest storms in MOV1 and
MOV?2, ET as a percentage of total outflow volume was calculated. This was basedeon stag
storage information. In all cases, expected ET was found to be @:3i&%s of total volumeET
was considered negligibland was ndhcluded in the water balance. Details of this analysis are

in Appendix A

Precipitation Volume of precipitation can be calculated by multiplying the depth of rainfall
during a storm by the area on which it fell. In this case, the arba ofy pond is the only area

of the watershed receiving rainfall that has not first traveled through the culverii®as

Based orthis information the water balance can be reduced to:
P +Rin = Rout (Eq. 2.9

whereinflow wascalculated from measured precipitation and known outflow volumes.

Outflow: Each monitored dry pond has autlet structure through which effluent water flows.
Outlet structures in both MOV1 and MOV2 were designed waiitlorifice anda broadcrested
weir for larger flows. These outlets were all equipped with an ISCO bubbler module, which read

the water level near the outlet every two minutes during storm events. Thig/éstben used
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to calculate flowrateand subsequently volumiey utilizing the orifie equatio{Eqgs. 35 and 3

6) andthe weir equatiofEq. 2.7)

Whenthe level in the pond did not exceed orifice diameter, the following equation was used
(Malcom, 1989)
0 18 e&x 08 (Eq. 2.5

where

Q: dischargécfs)

Cq: discharge coefficient, 0.6

D: orifice diamete(ft)
When the pond level exceeded the orifice diameter,rifieebequation (Malcom, 1989) was

used:

~

0 6086 M (Eq. 2.6
where

Cq: discharge coefficient, 0.6

A: orifice area(m?)

g: gravitational acceleratiqim/s)

h: depth of orifice center from water surfgoe)
A broadcrested weir was a component of both riser structiigsire 2-7C and 28C). The

equationis as follows:

0 6 0Q7 (Eq. 2.7)
where

Cq: 1.49for a broadcrested weir
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L: length of weir(m)
h: height above the weir (m)

By subtracting precipitation volume from calculated discharge volume, total inflow
volumes can be calculat¢flg. 2.3) In MOV1, inflow was divided between two inlets, with
watesheds of unequal sizes. Both subwatersheds were characterized by percent impervious
cover. Using the Simple Methd8chueler, 187), the proportion of the total inflow volume
contributed by each subwatershed was calculated.

Rv = 0.05 + 0.9%A (Eq 2.9
Rv: runoff coefficient
Ia: impervious fraton
and
Qv = 10*Rp*Rv*A (Eq 2.9
Qv: inflow volume(mq)
Rop: rainfall depth(mm)
A: drainage area (ha)
The entire volume (Q) for the watershed of MOW4as
Q=0Qu1+ Q2 (Eq. 2.10
where
Q1,1 volume ofinflow from MOV1_IN1
Q1,2 volume ofinflow from MOV1_IN2

Theproportion ofinflow from MOV1_IN1 was

L (Eq. 2.1}

or
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S L (Eq 2.12)

Reducing this formula leaves

LG R (Eq 2.13

where proportion oinflow is a function of the runoff coefficient and watershed area. These
values are reported ifable 24.

Table 24: Characteristics ofubwatersheslthat contribute inflow through IN1 and IN2 sOV1 using
the Simple Method

Rational Method for MOV1
MOV1 IN1 | MOV1 IN2
la 0.34 0.38
A (ha) 1.27 2.68
Rv 0.35 0.39
RVA (ha) 0.45 1.04
% of inflow 30% 70%

WinstonSalem:

The WS watershed was only 18% impervious and produced little outflow for storms less
than13 mm. From observations and measured infiltration testing using the Upstream
Technologie§" MPD Infiltrometer, infiltration could not be considered negligighpperlix A).
Therefore, ¢tal inflow volume in WS was calculateding a different methodology than that
used for MOV1 and MOV2

Vin = ET + Gout + Rout (Eq. 2.14)

To estimate total volume loss due to infiltration and &ta collectedrom after the
monitoring periodwereutilized. On March 23, 2018, the 16.5 cm orifice at the base of the pond
was capped, allowing for up to 150 mm of ponding within the basin. After storm events, it was
observed that this pool of water wowlchw downwithin a few days. A HOBQvater level

logger installed at the base of the basin was utilized to deteduragon of basimrawdown.
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Usingthese datand a stagstorage relationship developed for WS, average hourly drawdown
rate was calculated in cubic meters/hour. This rateessated using five storm evenfdable

2-5). Though the number of events used to estimate drawdown ratelatagelysmall, standard

error was much less than the estimated mean, rendering the mean an acceptable estimation for
drawdown rate. Drawdowntein WS was assumed to include both infiltratiod &T. This rate

mayvary slightlyon a seasonal basis.

Table 25: Drawdown ate of WSamong five monitored events

Starting Drawdown

Date Elevation Duration Rate
mm h:m mm/hr

3/25/2018 153 36:46 2.46
4/7/2018 97 20:42 4.45
4/16/2018 123 25:58 3.64
4/25/2018 155 32:24 2.36
4/26/2018 177 49:54 2.32
Mean 3.05
Std. Error 0.96

Runoff was calculated using®8°® v-notchweir installed inside the riser structure of WS
and an ISCO 760" bubbler module. The equation for a 96Aatch weir is(Malcom, 1989)
0 671Qf (Eq. 2.15
where
Cq: 1469(constant)
h: heightof waterabove the weir (m)
2.3.5: Water Quality Data Analysis
Influent and effluent water quality of each dry pond was monitored. There are several

methods fomssessing how an SCM treatater quality Reduction irpollutant event mean
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concentration (EMCis the most direct way to compare water quality of influent and effluent of

the dry pond. EMC reductias found by:

YO

ZP T T (Eg. 2.16

where
Ci: influent concentratiofmg/L)
Co: effluent concentratiofmg/L)
REc: removal efficiency%o)
However, this equation does not account for total volume of water of influent or effluent,
i.e. waterassociated withainfall, infiltration, or ET.Theonly volume change considerbdrein
is due toprecipitation falling directly on the dry pond, paetwater balance described in Section
3.2.4 The second method for evaluating water quality performance, pollutant load reduction,
incorporateyolumes toevaluate system performance. These volumematiplied byinfluent
and effluent EMCs in the equat®n
00 0 Zw (Eq. 217)
00 0 zZw (Eq.2.18)
where
EL: event loadQg)
V: volume (m®)
In WS, perthe method focalculatingVin, measured influent concentration vedsibuted
to the entire inflow volume. In MOV1 and MOV2, any difference in inflow and outflow volumes
was attributed to precipitation. Assuming that concentrations of pollutants in rainfall were equal
to inflow concentrations would likely be an overesiis of total inflow loadsTypically,

measured concentrations of TSS, TP, Gfhand ON in rainfall are much lowgkndersonand
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Downing 2006 Wu et al., 1998thantheinfluent concentrations recordéérein.However, dry
and wet depositionf nitrogen contributes to TAN and N@N loads(Line et al, 2002; Wu et

al., 1998) At the Morrisville sites, rainfall was a large percentage of incoming water volume,
ranging from 8 19% of total volume at MOV1 and 1143% at MOV2. Therefore, comparing
influent and effluent nitrogen loads in these ponds without considering loads contributed from

direct deposition would underestimate pollutant removal performance frotite

In both MOV1 and MOV2, a portion of outflow was directly attributed to precipitation.
The literature has shown that direct deposition of nitrogen contribute substantially to nitrogen
load(Line et al, 2002; Wu et a].1998) To quantify the portion of nitrogen load that was
attributed to direct deposition, precipitation sampling stations were set up at the Morrisville sites
after the initial monitoring period’ heincorporationof rainwatemitrogendeposition

concentrations more accurtestimates load

Bulk deposition was measured along with storm event water quality beginning on
5/14/2018. Oil pans were installed at ground level at both MOV1 and MOWIéatcbulk
deposition of nitrogen. Due to potential contamination issues from surface pollutants, the oll
pans were raised 0.3 m off the ground (5/23/20118) and covered with a nylon wire mesh
(6/12/2018). Within 24 houifframeachpohdwereevent os
composited into one acidified bottle and transported on ice to CAAE to be analyzed within 48
hours. Oil pans were cleaned in the field with deionized water before the next event. Median
concentrations of nitrogen forms associated wéhosition were combined over all storm events

and used as a representative concentration. Total influent loads were calculated as follows:

OO0 0600 0 w (Eg.2.19)

where
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ELin: total influent pollutant load (g)

Cp: concentration from direct rainfall (mg/L)

A: area of the dry pond (ha)

P: rainfall depth (mm)

Cin: concentration from the dry pond inlet (mg/L)

Vin: runoff volume (m)

Annual event loading can also be determipgdumming total influent and effluent

loads over the monitoring periadehese loads are then normalized for total storm flow from
hydrologic events throughout the monitoring period and also normalized-f@a3thormal

rainfall (Eq. 2.20, NOAA, 2018:

d & & GQDIQE & N £ 1 HD— 1 7 (Eq 2.20

z

where
ELo: Event load out ()
DA: Drainage area (ha)
Bw i :Sum of outflow volumes from storm everfor &
month period (r#)
Bw [ :Sum of outflow volumes from events monitored for
water quality for 8nonth period (r#)
Pannual Normal 12month precipitation for local aréenm)
Pobserved Observed rainfall during-Bhonth monitoring periomm)
In MOV1, a constant baseflow flowed through the pond-yeand. This made it
challenging to separate stormflow and baseflow. For consistency, stormwater runoff wasme

included in calculationg/hen the leveht the outlet orifice exceed®d046 m. Thislevationwas
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chosen because it was observed that baseflow never extbesdeight Outflow samples were

collectedwhenwater levelexceeded.046 m to avoid erroneous sampling.
3.26 Statistical Analysis

Paired inflow/outflow water quality data for each pond were tested for normality and log
normality using ShapirdVilk, Kolmogorow+Smirnov, and AnderseBarling normality tests.
Tests that were normally or legprmally distributed were analyzed usiing St d e n-tesd st
Tests that were not normally or lkogrmally distributed were analyzed using fparametric
statistics. For noparametric tests, data sets were first tested for symmetry usingdbeafin
bootstrap symmetry te@tliao et al.,2006) The Wilcoxon signed rank test was used for
symmetrcal nonparametric datasets, and reymmetrical datasets were compared using the
paired samples sign test. Analysis was performeamyuRi3.4.1 statistical softwgre and U = 0.

was used to test statistical significance.

2.4 Results and Discussion

2.4.1: Morrisville Hydrology

Hydrologic monitoring of MOV1 and MOV2 in their existing condition took place for a
7.5-month period between 1/26/2017 and 9/12/2017. Rainfall during this period was 118% of the
30-year normal precipitation during this periodRaleigh, NC as reported by the NOAA
National Centers for Environmental InformatiMOAA, 20183). Seasonal rainfall was

separated based on the solstices and equinoxedugattbn of the saple period isas follows:

1 Winter: 1/27/17% 3/19/17 (60% of total period)
1 Spring: 3/20/17 6/20/17 (100% of total period)

1 Summer: 6/21/17 9/13/17 (89% of total period)

82



M Fall: no data collected

During thismonitoringperiod, 42 discrete events occurré&adlfle 26), with amaximum
5-minute peak intensity of 123.7 mable 27), which is similar to a storm with a otyear
return intervabf 120 mm/hi(NOAA, 2018&). A 60+ hour storm occurred in April 2017, but it
was not adequately captured doelogging of rain gauge$he secod largest storm totaled
47.8mm in 29 hours, which is smalléran theoneyear, 24-hour, which is 71.9 mm (NOAA,

2018).

Table 26: Seasonatainfall in Morrisville for monitoring periodcompared to 3§earnormalrainfall.

Rainfall 0 Adjusted normal | |
Season | Observed /0 .Of rainfall * % of Normal
Period Rainfall
mm mm
Winter 70.1 60% 149.9 47%
Spring 515.1 100% 261.6 197%
Summer 233.2 89% 283.2 82%
Fall - - - -
Total 818.4 63% 694.8 118%

*Adjusted normal rainfall is the percentage of the seasonal normal raedalsted to fithe sampling
period

Peak outflows, runoff volumes, anehinute peak rainfall intensities were monitored for
both MOV1 and MOV2 Table2-7 andTable2-8). Total event outflow from MOV1 reached
13357 cubic meters, which was more tHareé times than that of MOVZhis difference is
likely due to the larger atershed of MOV1 and the contribution of baseflow during storm
events.The highest pak outflowfrom MOV1 was260.3 L/s in April 2017. Although tipping
rain gauges clogged during this event, manual rain gauges collected 178 mm of rainfall during
the storm(4/237 4/26). This depth of rainfall is nearly equivalent to afur, 25year event in
Raleigh, NC(NOAA, 201&). A runoff volume of 4630.4n° was also attributed to this event, a

third of the total runoff during the monitoring period. During the sddargest storm, outflow
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volume was 1032.in° and peak outflow reached 124.2 L/s, much higher than the meBjan.
including baseflowoutflow from MOV1occurredn every storm event. Runoff for storms

between 9/6/17 and 9/12/17 were not recorded dueuipragnt failure.

Table 27: Rainfall eventcharacteristics andydrologic mitigation provided byMOV1.

Rainfall | Storm | 2Min | Peak | Runoff
Parameter Depth | Duration Peal_< Outflow | Volume
Intensity | MOV1 | MOV1

mm hr:min mm/hr L/s m’

Min 2.54 1:06 3.05 1.8 7.6
Median 9.14 8:34 25.9 13.8 126.3
Mean 13.97 10:18 36.6 22.7 333.9
Max 47.75* 72:02 123.7 260.3 | 4630.4
Sum 724.39 - - - 13357

*Second largest storm. A large amount of rain fell over the course of three days in April 2017, but

clogging of thdipping bucket rain gauge prevented characterization of the storm(s) during this time
In MOV2, peak outflows reachetD6.3L/s and runoff volume was 1873 for the 3

day storm in April Table 28). Runoff volume from the second largest stovas414.6m?3, with

a peak runofbf 11.9L/s. This peak outflow is much lower than the peak outflow for the same

storm in MOV 1,because the latt@vertopped the riser structure. In MOV2, water stored

remaine below the top of the outlet structure for the duration of the stodrallowed the basin

to better mitigate flowsThere were many storms that produced no outflow in MOV2. Outflow

from several storms between 7/23/17 and 8/8/17 was not properly recoreléal equipment

failure.
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Table 28: Rainfall eventcharacteristics ankydrologic mitigation provided byMOV2.

Rainfall | Storm 5-min Peak | Runoff
Parameter Depth | Duration Peal_< Outflow | Volume
Intensity | MOV2 | MOV2**
mm hr:min | mm/hr Lis m?
Min 2.54 1:00 3.05 0 0
Median 9.14 5:58 25.91 4.6 10.1
Mean 13.97 8:28 36.58 6.8 96.6
Max 47.75* 70:44 123.70 106.3 1873.4
Sum 724.39 - - - 4059.0*

*Second largest storm. A large amount of rain fell over the course of three days in April 2017, but
clogging of the tipping bucket rain gauge prevented characterization of the storm(s) during this time
**Qutflow volume for storms between 7/23/17 and 8/8/17 may be underpredictedaluty tequipment

2.4.2: Morrisville Water Quality Analysis

Although 42 events were monitored for hydrologmter quality samples were collected
for fewer eventsWater qualiy samples were taken for 14 storai$IOV1. However, during the
storm event on 5/22/2017, a bubbler was used in lieuahayauge for sampling at MOVIN2
in an effort to take capture fleplaced samples. It is believed that flow rates were greatly
oveestimated during the latter portion of the storm when water was ponded in thdthasin.
likely thatsamples were taken from ponded water after inflow cedses issue could
potentially dilute the composite water quality samples and render themnaigcso the

samples from MOVL1 for this stormere not included in the analysis

Water quality samples were collected for 10 storm evaW8OV2. However, during the
storm event on 7/23(A7, the bubbler module on MOVQUT was not functioning and likely
did not properly calculate total flow volume, therefore possibly wedéecting samples. This
based on evidendbatsimilarly-sized storm®r smaller storms with similar-&in peak
intensities had much larger calculated outflow volumes. This erroidwoeate concentration

data thatverenot representative of the entire storm. For this reason, this storclisgasded

85



from theanalysis Eight of the nine events sampled from MOV2 were paired with samples from
the same storm event from MOVIgble 29).

Table 29: Total number of eentsmonitored forhydrology andwaterquality in MOV1 and MOV2

Rainfall Rainfall
Location Total Winter Spring Summer Fall Median Sum
mm mm
Hydrology 42 4 20 18 - 9.1 5685
Water Quality
MOV1/MOV2 13/9 2/1 5/4 6/4 21.6 287.2
(paired) (8) (1) (3) (4) - (24.4 (224.9

The dry pondsvere analyzed using four metriisenhartandHunt, 2011)

1 Concentration reduction efficiency
1 Cumulative load reduction
1 Comparison to ambient watquality conditions

1 Comparison tary pond effluent concentratiarsedoy NCDEQ(20170)

Ambient TSS conditions are compared to a target concentration of 25 mg/L suggested by
Barrett et al(2004) Ambient water qualityonditions for nutrients were taken from median
concentrations in the piedmont ecoregion reported by McNett et al. (2010) in streams with a
Agoodo rati ng f anduseteprevicuslyaytereshold batues byeKoryto et al.

(2017)and Brown and Hun2011)

Dry pond water quality treatment was compared to NCDEQ regulatory standards
(20171. For influent concentrations between 35 and 100 mg@DBEQ states that SCMs must
reduce TSS too more thar25 ng/L to be considered primary practicethe best appraisal
(201M). Based on previous studies, dry ponds are not given this classificatiddCDEQ

SCM crediting documer{2017b) establishesffluent TP and TNconcentration$or various
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SCM types per maitoring studies centric to North Carolirtéach pondvasanalyzed

individually and ponds were also directly compared
2.4.2.1MOV1

Although impervious percentage of the two inlet watersloé#40OV1 was similar, land
use distribution was na@qual Concetrations of MOV1 IN2 were genglly higher than those
of MOV1_IN1. Based on the Simple Method, the IN2 watershed contribii@dof the flow

Pollutant concentration boxplots@ach sampling station are presenteBigure 2-10.

As mention€, sediment buildup on the MOVOUT sample intake was an issue in
several storms. In response to this error, the two storms (4/3/2017 and 7/23/2017) with the
highest outflow TSS concentrations were eliminated, as they were considered outliers using
Cookdés Distance. dMdhefollowisgsegtom BothrOdland @R y z e
concentrations are composed in part by particulate maitieassess sample contamination based
on inaccurately high TSS concentrationinaar regression was performed for TP, ON, TKN,
and TN with the log of TS as a predictor variable and the tdgeach aforementioned pollutant
as response variables. ON and TKN were found to be significantly related t6 FI806).
There was no significant relationship between TSS and TN or TSS and TP. For analysis, TSS,

ON, and TKN concentrations were riatluded for these two storms.
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Figure 2-10: EMCs for all locations in MOV1 during the monitoring period

The combined inlet EMC was compared to outlet EMC to test fotiatstal difference Table
2-10). A significant difference was found only for TN, with a medtancentratiomemoval
efficiency (RE) of -24.5%. This indicates that nitrogemsexported from the pond rather than
removedNo significant differences were found for any other forms of nitrogeeggestinghat

the type of nitrogen being exported was variable.

In MOV1, which remained constantly wet due to baseflow, there was a large buildup of
organic sediment neardltenter of the pond. It is possible that this organic matter was stirred up
in the pond during storm events. Additionally, the primary outlet was at tieeobése pond, so

sediment dislodged by flow from the basin bottom had no opportunity to resettle
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For most parameters, median s negative, with the exception of TAN, though not
signi fi canTablet210). Qverall, RE suggssts (that a large percentage of pollutants
were exported from MOV2While dry ponds are natredited withhigh remwal rategStanley,

1996) they are not expected to expsediments and nutrients either

Table 210 Median nfluent andeffluent EMCs of MOV1 (mg/L) an@oncentratiomemoval efficiencies
(RE).

Location Significance
Inflow
MOV1 to
Pollutant Rain MOVIINL MOVLINZ = "5 7= Outflow .o pregian RE
(n=13) (n=13) _ (n=13)
(n=13) 0-
value**
TSS* - 34 42 54 0592 Paired ttest -7.6%
TP - 0.20 0.25 0.41 0.202 Paired ttest -45%
Wilcoxon
O-PQOg2- - 0.08 0.14 0.21 0.168 Sigred Rank -43%
Wilcoxon
TN 0.37 1.85 2.75 2.85 0.0398 Sigred Rank -25%
TAN 0.16 0.24 0.27 0.17 0.254 Paired {test 26%
Wilcoxon
TKN* 0.24 1.19 1.73 1.88 0.0830 Sigred Rank -23%
Wilcoxon
ON* 0.035 0.96 1.45 1.68 0.102 Sigred Rank -42%
NO, N 0.13 0.60 0.70 0.69 0.792 Pairedt-test -7.0%

n=11
**polded values are significant

In MOV1 and MOV?2, nitrogen loads from direct deposition were included in the influent
load estimations. Deposition rates were taken over four storm events due to issues with
contamination and a lack of storms, and the median concentration was takeprasemtative
precipitation concentration. Total rainfall volume was considered depth of rainfall over the

horizontalarea of the basin.

Analysesusing cumulative load reduction account for volume differences between the

inflow and outflow thatire not inorporatedvhen comparing concentrations. Additionally,
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cumulative loading accounts for variabilaynongstorms. Cumulativenflow and outflowloads
were compared for paired statistical differendesb{e 211). Event load reductions (ELRyere
only positve for OrtheP and TAN. Event loading changes were significant for-ITBP%), TN ¢
26%), and ON-@46%), indicating that there was an annual export of these polluBantiles
and other pollutants built up in the pond could be resuspended during losvaitmizdischarged
from the pond. No deep pgathich would promote stilling and limit particle resuspenswn,

setting mechanism existeglear the outlet to prevent discharge of pollutants.

Table 211 Cumulativeinfluent and effluentoads an@nnual gentloading ofpollutants in MOV1

MOV Annual Event Load
Pollutant Location Cumulative : ) Test Significance
Loading Reduction

Load
g kg/halyr % p-value**

TSS* Inflow 217000 199 -22% Student's-test 0.467
Outflow 265000 243

TP Inflow 1700 1.4 -11% Log Student's 0.0161
Outflow 1880 1.59 t-test

O-PO* Inflow 1120 0.9 10% Wilcoxon 0.0942
Outflow 1010 0.85 Signed Rank

TN Inflow 10500 8.9 -25% Student's-test 0.0152
Outflow 13100 11.1

TAN Inflow 1680 14 27% Wilcoxon 0.216
Outflow 1230 1.0 Signed Rank

TKN* Inflow 6880 6.3 -22% Student's-test 0.0857
Outflow 8400 7.7

ON* Inflow 5320.0 4.9 -37% Student's-test 0.0378
Outflow 7270.0 6.7

NO2sN Inflow 2950 2.5 -11% Student's-test 0.258
Outflow 3270 2.8

*n=11 5
**pold values are significant to U = 0.05

TSS loads in MOV1 were initially reduced, but an uptick in sediment export in May and
June 2017 greatly increased TSS expdiigure 2-11). Nitrogen export loads of nitrogen

consistently exceeded import loads. Import and export loads of TP were relatively similar.
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Figure 2-11: Cumulative loads of TSS, TN, and TP in MOV1 for am8nth monitoring periad

Althoughwater qualityperformancef an SCM can be measurbgRE: and ELR it is

also important to consider how effluent conditions compasaaribient water quality conditions.

Elevated pollutant concentrations discharged into streams can create conditoas

concentrations are higher than whaappropriate for aquatic lifBarbour et al., 1999)n this

section, effluent concentrations of TSS, TN, and TP are compared to ambient water quality

conditiorsin Figure 2-12, 2-13, and2-14, respectively.
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Effluent concentratiomredits from the NC Stormwater Contfdleasure Credit Removal
document for TN and TP were also incorporated in the comparison. These concentrations can be
usedto directly compare dry pond treatment herdinese values are indicated by the green
dashed line ifrigure 2-13 and2-14. Nearlyall influent and effluent samples were less than 0.66
mg/L [NCDEQ (2017b)TP concentration ascribed doy pond$; this result is likely due to
rel at i v enflugnt iatet geaditylFor all parameters, thteresholdfor ambient conditions

was exceeded in the majority of sample evé€hible 212).

—— MOV1-IN1 —&— MOV1-IN2 MOV1-OUT = = = Effluent Target
200.0

150.0
100.0

50.0
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Excgg%)ance Protﬁé}%ity (%)
Figure 2-12: TSSexceedance probabilities MOV 1 with respect testreamambientwater quality
threshold(Barett et al, 2004)

—#— MOV1-IN1 —a&— MOV1-IN2 MOV1-OUT

— — — Effluent Target = - - NCDEQ Credit 12.0
g
l0.0g’
/. 805
<
6.0 £
@
(&)
40§
@)
165mgll —=— 2"~ o =0 . 20Z

0.99mg/L oo
100% 80% 60% 40% 20% 0%

Exceedance Probability (%)

Figure 2-13:MOV 1 exceedance probabilities for TN with respedtteamambientwater quality
thresholdgMcNett et al., 2010and NCDEQ2017b)ascribed credit
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Figure 2-14: MOV1 exceedance probabilities for TP with respedtteamambientwater quality
threshold§McNett et al., 20@) and NCDEQ2017b)ascribed credit.

Table 212 Exceedance probabilities of EMCs at all samplitagisns atMOV1 with respect to ambient
water quality thresholds proposed by Barrett et al. (2004)$& and by McNett et al. (201Lfbr other
analytes.

T ¢ Expected Probability of
Parameter & 9° EMC Exceeding Target

mol N1 N2 ouT
TSS 25 50%  79% _ 86%
TP 011  79%  100% 100%
™ 099  93%  100% 100%
TAN 004  93%  100% 100%
TKN 04  100% 100% 100%

NO2,5N 0.59 57% 71%  57%

Based on all four metrics, pollutant removal performance of MOV1peas This SCM
showedittle ability to reduce pollutants and often exporting th&®causehis dry pond did not
provide any volume reduction, load expaefiected those dEMCs. Effluent concentrations

from this pondexceeded all water quality thresholds associated wititsee aquatic life.
2.4.2.2MOV2

Unlike MOV1, MOV2 had ndobaseflow, resulting in a more typical dry pond hydrologic
regime. Concentrations ofitrogen species sampled for MOV2 wérighly variable In the
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storm sampled from 3/1/2017, EMGf all forms of N were found to actorshigher than in all
subsequent storm events. It is possible that these high concentrations were due to a loading of
pollen(Line et al, 2002) Also, organic matter in the form of dead grass and atteerial was
present in the dischargeé MOV2 (Figure 2-15). These inordinately high concentrationsnfro

the 3/1 event were not obseniedViOV1. Box plotsof EMCs for allpollutantsmeasured in

MOV?2 aredisplayed a$igure 2-16.

Figure 2-15: Buildup of organic matter like pollen and grass clippings may have contributed to high N
concentrations on 3/1/17
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Figure 2-16: Boxplots of influent and effluent concentrations in MOV2 showed reductions in i8S an
TAN.

RE: of both TSS and TN were significafitable 213). TSS removal wa consistent with
REc reported for other dry pondis the literaturgTable2-23; Birch et al., 2006; Carpenter et al.,
2014; Stanley, 1996; U.S. EPA, 198Bhe median effluent TSS EMC was less thani2bhmg/L
threshold suggested IBarrettet al. (20@d). MOV2 was a long, gently sloping dry pond with a
high length to width ratio. It is likelthat plug flow conditions existed in the poftiarleton et
al.,, 2001) increasing hydraulic efficiency arsettling potential of partidates. The proportional
volume storage and length to width ratio in MOV2 were much higher than those in MOV1,

increasing treatment time.
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Therewasno statistically significant difference ebluble pollutants of any species,
including TAN, again, similato the literaturé€Birch et al, 2006; Carpenter et ak014; Stanley
1996) It is likely that this lack of treatment wdsie to thaninimal numbeiof pollutant removal
mechanisms present in dry por{&anley 1996) MOV2 was ineffective tatreating soluble

pollutants in runoff

Table 213 Median influent andf@uent EMCs of MOV2 anatoncentratiomemoval efficiencie$RE).

Location Significance
Rain MOV2_IN Movz out nflowto .
_ - Outflow Median
Pollutant (n=9) (n=9) _ Test
(n=9) RE:
mg/L mg/L "
p-value
TSS - 44 18 0.01173 St udetast 6 52%
TP - 0.42 0.44 0.5218 Studetest 6 3.7%
O-PQs3- - 0.29 0.25 0.1081 Studetest 6 -11%
TN 0.37 2.52 2.17 0.04733 St udetast 6 10%
TAN 0.16 0.25 0.11 0.2944 St udetest 0 37%
TKN 0.24 1.49 1.37 0.05254 St udetast 6 11%
ON 0.035 1.27 1.23 0.3248 St udetest 6 3.6%
NO. N 0.13 0.99 0.96 0.2256 Studetest 6 6.9%

*bold values are significant

Effluent awwmulative pollutant loadaere higher than those of inflow, except féable 2
14). Likely due tothe TSS load associated wihect rainfall on the pond, median TSS load
reduction was legsronouncedhan TSRE:. Additionally, the reduction was no loag
significant. HoweverELR was approximately 46, which indicateshe pond was able to trap
TSS.Significant pollutant loads of TP and OrtRowere both exported, with ELRs-&2% and
43%, respectively. Particularly later in the monitoring perio@/ iaflow TSS loads were much
greater than those of outflow. Several storms in June and July with depths exceeding 24 mm and

5-minute peak intensities exceeding 86 mm/hr contributed proportionally large TSS loads. It is
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likely that many particles from thesntense storms were larger and were more easily settled out

in the pond, greatly reducing effluent loads. This was not true for either TN &igiRe2-17).

Table 214: Cumulativeinfluent and effluentoads an@nnualevent bading ofpollutantsat MOV?2.

. MOVZ. Annual Event Load ———
Pollutant  Location  Cumulative . X Test Significance
Load Loading Reduction
g ka/halyr % p-value*

TSS Inflow 43748 80.2 40% Student's 0.0997
Outflow 26294 48.2 t-test

TP Inflow 386 0.7 -32% Student's 0.0101
Outflow 509 0.9 t-test

O-PQO#* Inflow 267 0.5 -43% Student's 0.0133
Outflow 383 0.7 t-test

TN Inflow 4180 7.7 -14% Wilcoxon 0.164
Outflow 4770 8.7 Signed Rank

TAN Inflow 604 1.11 -4% Wilcoxon 0.129
Outflow 626 1.15 Signed Rank

TKN Inflow 2990 5.5 -13% Wilcoxon 0.359
Outflow 3390 6.2 Signed Rank

ON Inflow 2360 4.3 -17% Wilcoxon 0.0742
Outflow 2760 5.1 Signed Rank

NO.,sN Inflow 1170 2.1 -18% Student's 0.200
Outflow 1380 2.5 t-test

*bold values are significant

TSSexceedancprobability plot Figure 2-18) shows that TSS was greatly reduced in
this practice and met the water quatthyesholdof 25 mg/L in 7 of 9 events. When comparing
influent and effluent TN concemtions to ambient water qualjtylOV2 did not meet
thresholdsit also performegboorly rdative to concentrations assigned by NCDEQ (2017b) to
dry pondgqFigure 219). Inflow and outflow concentrations of TP uniformly exceeded ambient
water quality conditions; however, TP outflow concentrations in MOV2 were much lower than
those of other drygnds in North Carolina. This was likely due to low influent concentrations

(Figure 2-20).
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Figure 2-18: TSSexceedance probabilities MOV2 with respect tstreamambientwater quality
threshold (Barett et al, 2004)
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Figure 2-19: MOV2 exceedance probabilities for th respect tstreamambientwater quality
thresholdgMcNett et al., 2010and NCDEQ (2017b) ascribed credit.
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Figure 2-20: MOV2 exceedance probabilities for TP with respedtteamambientwater quality
thresholdgMcNett et al., 2010and NCDEQ (2017b) ascribed credit.

The frequency at which MOV2 influent and effluent EMfailed to meet target
concentrations for apollutantsis reported infable 215. While influent TSS concentrations
exceeded the water qualityreshold67% of the time, exceedance probability at the outlet was
reduced to 22%. This is an indicationttMOV2 effectively rediced TSS a majority of the time,
but alsothat33% of influentTSSconcentrations et standards before treatmedther results

indicate that this dry pond was ineffective at treating nutrients.
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Table 215. Exceedancerobabilities of EMCs at all sampling stations at MOV2 with respect to ambient
water quality thresholds proposed by Barrett et al. (2004) for TSS and by McNett et @).f@2@ther
analytes.

Expected Probability of
Parameter | 2'9€t  EMC Exceeding Taget

mg/L

IN ouT
TSS 25 67% 22%
TP 0.11 100% 100%
TN 0.99 100% 100%
TAN 0.04 100% 100%
TKN 0.4 100% 100%
NO2.3N 0.59 100% 89%

2.4.3: WS Hydrology

WS was monitoredrom February 2017 February 2018. Fifty storms were monitored
during this period, though outflow was only produced ire@&ntsdueto high initial abstraction
in the watershedn general, no outflow was produced in storms less than 11.4 mm. In 19 of the
22 stoms with nooutflow, rainfall rangedetween 2.4 and 11 mi8easonal collection of

rainfall wasas follows:

1 Winter: 2/4/177 3/19/17 and 1/10/18 3/19/18 (approximately 126% of a season)
1 Spring: 3/20/17 6/6/17 and 3/20/18 3/23/18 (89% of total period)

1 Summer: 25/177 9/21/17 (62% of total period)
1 Fall: 9/21/17 10/24/17 (36% of the total period)

In threeseasons, there was less rainfall in the monitored period than-freaB@ormal

rainfall (Table 216). However, more than double the normahfall fell in the spring.
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Table 216: Rainfall at WS duringhe nonitoringperiodcompared to 3§earnormalrainfall at Smith
Reynolds Airport in Winstotsalem, NC (NCCO,2018)

Adjusted
. % of
Rainfall | % of normal
Season . . Normal
mm Period rainfall )
Rainfall
mm
Winter 259.8 | 126% 328.27 79%
Spring 597.2 89% 263.18 227%
Summer| 164.1 62% 222.88 74%
Fall 63.2 36% 98.89 64%
Total 1084.3 | 63% 913.23 119%

Table 217is a summary of the hydrologic mitigation provided by \WWBere was little to no

outflow 44% ofstorms. Clogging of a rain gage from a storm between 4/24/2017 and 4/26/2017
prevented accurate rainfall intensity and depth of that storm. From the manwgdgaireading,

this storm was approximately 1560 mm,a 16 25 annual return interval for a@ay event.

Outflow volumes were not properly recorded for at least two storm events because the bubbler

tubeunattached

Table 217: Rainfalleventcharaceristics and ydrologic mitigation provided by WS

. 5-min
Intensity | Outflow
mm hrs mm/hr L/s m’

Min 2.4 0:02 4.3 0.0 0.0
Median 11.8 11:21 16.4 0.0 0.20
Mean 15.7 15:02 28.7 4.61 25.2
Max 123.8 55:30 192.4& 54.8 487.8
Sum 10261 - - - 1410.9

*Rainfall intensity from 4/24/17 storm was not adequately captured
Characteristics of storms monitored for hydrology and water quality are detailatle
2-18. Rain gauge failure led to loss of monitoring data between 6/7/2017 and 7/24/2017. A hard

freeze on 1/9/2018 caused a reset on monitoring equipment at both sampling locations that led to

a loss of data between 10/25/2017 and 1/10/2018.
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Table 218 Numberof eventsmonitoredby seasoifior hydrology and \aterquality in WS

Rainfall Rainfall
Location Total Winter Spring Summer Fall Median Sum
mm mm
Hydrology 56 18 23 11* 4* 11.8 1026.1
WQ WS 10 4 4 1 1 28.4 278.1

*loss ofstorms due to equipment malfunction

2.4.4 WS Water QualitAnalysis

In general, WS appead effective in reducingollutantsfrom stormwater. These results
have been analyzed using the fpugviously usednetrics.From visual inspection of influent
andeffluent pollutant concentrations in Wi§appears that all pollutants were reduced in the
outflow (Figure 2-21). In most cases, apart from TAN, the range of effluent concentrations was
also narrower than that of influent concentrations. WS was consistent in its removal of

pollutants, except when influent concentrations were too low to be properly treated indhe po

For nearly all tested parameters,;REs significant, with removal percentages ranging
between 22 and 49%. Only-PQ:* was not reduced to significant levels. TSS removal rates
(median RE49%) were consistent with those found in previous studies and similar to that of
MOV?2 (Birch et al, 2006; Carpenter et al., 2014SUHPA, 1983) Removal rates of all other
pollutants wee much greater than those in MOV1 and MOV2, excluding TAN.fBEboth

dissolved forms of nitrogen were substantial and significeaible 219).
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Figure 2-21: Box plots of influent and effluent pollutanbncentrations in WS

Table 219 Median nfluent andeffluent EMCs of WS and edianconcentratiomemovalefficiencies

(RE).

Location

Significance
Inflow to Outflow

WS IN WS OUT _ Median
Pollutant (n=10) (n=10) (n=10) Test RE
p-value

TSS 105 53 0.0022 Paired itest 49%
TP 0.52 0.43 0.0148 Paired itest 22%
O-PQ?- 0.15 0.12 0.189 Paired itest 31%
TN 2.09 1.25 0.00195 Wilcoxon Sign 41%
TAN 0.18 0.13 0.0161 Paired itest 29%
TKN
(n=9) 1.87 1.06 0.00391 Wilcoxon Sign 38%
ON 1.67 0.98 0.00195 Wilcoxon Sign 42%
NOzsN 0.21 0.14 0.00195 Wilcoxon Sign 34%

*pbold values are significant

Unlike MOV1 and MOV?2, soil conditions of WS allowed for some infiltration of runoff,

resulting in lower effluent volumes than influent volumes. This generally contributed to overall
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load reduction of pollutants. In most cases, ELR was higher than medidinadie 220),

suggesting that a representative median performance estimate, particularly one based on
concentrations, does not wholly describe basin performance. ELR accounts differences in load
reductions among storms and weights storms proportionaNyplime. Volume reductions from

storm events contributed to total load reduction.

Based on load removal, WS treated TSS less similarly to what was found for other dry
ponds (Stanley, 1996; Birch et al., 2006; Carpenter et al., 2014). The opposite was true for TP
and TN, where ELR was 55% and 25%, respectively. Rate of pollutant loastakeof TSS, TN,

and TP was relatively consistent across stoffigufe 2-22).

Table 220: Influent and effluent emulativeloads andnnualevent bading ofpollutants in WS

WS Annual Event Load
Pollutant  Location Cumulative : ) Test Significance
Loading Reduction

Load
g kg/halyr % p-value

TSS Inflow 55400 206 43% Student's-test 0.004387
Outflow 31500 118

TP Inflow 396 1.47 61% Paired Samples  0.00195
Outflow 153 0.57 Sign Test

O-POZ Inflow 89.6 0.33 22% Wilcoxon 0.0644
Outflow 69.0 0.26 Signed Rank

TN Inflow 776 2.89 49% Wilcoxon 0.00195
Outflow 394 1.48 Signed Rank

TAN Inflow 70.8 0.26 39% Wilcoxon 0.00586
Outflow 42.9 0.16 Signed Rank

TKN Inflow 670 2.67 52% Student's-test 0.0313

(n=9) Outflow 328 1.29

ON Inflow 639 2.38 51% Wilcoxon 0.00195
Outflow 308 1.16 Signed Rank

NO. >N Inflow 65.6 0.24 35% Student's-test 0.00450
Outflow 42.4 0.16

*pbold values are significant
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Although TSS concentration and load reductions were large and signifidAt8,

effluent concentrations in general did not meet water qualigsholdgFigure 2-23). Nearly all

ef f

in the piedmont of NCHowever, in nearly all sampled events, both TN and TP concentrations

uent

concentr at

ons

f

or

TSS,

TN, and

were reduced to a lower level than is assigned to dry ponds by NCZIHQ@(Figure 2-24 and

2-25).
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Figure 2-23: WS exceedance probabilities foSBwith respect tstreamambientwater quality
thresholdgBarrett et al., 2004)
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Figure 2-24: WS exceedance probabilities foNTwith respect tstreamambientwater qualitythresholds
(McNett et al., 2010and NCDEQ (2017b) ascribed credit.
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Figure 2-25: WS exceedance probabilities for TP with respecdttteamambientwater qualitythresholds
(McNett et al., 2010and NCDEQ (2017b) ascribed credit.

A summary of exceedance probabilitssed on the standard from Barrett et al. (2004)
andMcNett et al. (2010) is displayed Trable 221. Only NO,>-N concentrations met standards,
but they were below acceptable levels for both influent and effllieatpossible that pollutant
removal mechanisms other than sedimentation were present in this pond. Vegetation, which was
often overgrown, may have provided some nutrient uptake and filtration of particles. Riprap
present near the inlet may have providedtamithl filtration and energy dissipation to aid in

sedimentation.

Table 221: Exceedance probabilities of EMCs at all sampling stations in WS with respect to ambient
water quality thresholds proposed by Barrett et al. (2004) for TSS and by McNetgeét@).for other
analytes.

Expected Probability
Target of EMC Exceeding

Parametel mg/L Target

IN ouT
TSS 25 100% 90%
TP 0.11 100% 100%
TN 0.99 100% 100%
TAN 0.04 100% 100%
TKN 0.4 100% 100%
NO2,3-N 0.59 0% 0%
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2.4.5: Comparison of Studied Dry Ponds

Performancemong dry ponds was highly variable. Sometimes pollutants were trapped,;
others were exportedlleither length to width ratio nor basin configuration predicted
performance. In part, REvas dependent on influenbricentration, which is consistent with the

literature(Lenhart and Hunt 2011; Strecker et al. 2001)

Expected effluent concentrations in dry ponds (NCDEQ/BPfor TN and TP are 1.65
mg/L and 0.66 mg/L, respectivelgndinfluent concentrations lower than these valmeght be
consideredrreducibleby dry pondsWhen influent concentratiorsge near irreduciblievels,
concentration removal efficiencies have been shown to be a poor representation of SCM
performancélLenhartandHunt, 2011) Influent concentrations of TSS and Térehigher than
dry pond irreducible leveldNCDEQ, 2017b)which should have allowed for treatmekigure
2-26 and 2-28). However, it appeared that only MOV2 and WS were capable of removing TSS,
and TN was only reduced in WEB. most storm events among all ponidéluent TP
concentrations were lower than expected dry pondegffluonentrations (NCDEQ, 2017b),

which limited treatment potential in these dry porig\ire 2-27).

WhenusingRE: as the metric of comparison, WS outperformed the other pdiadibe(
2-22). Thoughfew articles report fosoluble pollutantreatment by dry pondshosethat do have
generdly lower removal efficienciethan thabf WS, especially for Nex-N (Rosenzweig et al.
2011; Stanley1996; & BPA, 1983) MedianRE: of TAN amongponds was most similar,
though neither MOVhor MOV2 showed significant improvement. However, influent
concentrations of TAN were muchwer in WS tharthose ofMOV1 and MOV2.0n a load

removal basis, WS yielded the best results. In part, load removal of WS can be attributed to
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volume reduction; the Morrisville ponds did not appreciably reduce voluhadde(222). In all

cases of signifiant change, both MOV1 and MOV2 exported loads rather than reduce them.

Table 222 Median oncentratiorremoval dficiency/eventload reductionat each dry pon(o).

Basin | TSS TP POs#* TN TAN | TKN ON NO2.3N
MOV1 | -8/-22 | -45/-11 | -43/10 | -25/25 | 26/27 | -23FF22 | -42}F37 | -7/-11
MOV2 | 52/40 | 4/-32 | -11/43 | 10+14 | 37/4 | 1113 | 4/-17 7/-18

WS 49/43 | 22/61 | 3122 | 41/49 | 29/39| 38/52 | 42/51 34/35

*Bold values are significant

REss and ELRslone donot sufficiently characterize dry pond performance. Often, WS
influentconcentrations were much hghthan those of MOV1 and MOV2, allowingore
opportunity forremoval before concentrations reached irreducible leViis was the case for
TSS(Figure 2-26) andTP (Figure 2-27). However, influent concentrations of Tatl WSwere
similar to or lower than those of MOV1 and MOMVRdure 2-28). Still, RE: of TN, NGOz >N,

TKN, and ON in WS waee significant andjreater than those tfe other ponds.

—#— MOV1 IN1—e— MOV1 IN2—e— MOV2 IN WS IN= = =25 mg/L

450
400 ~

40% 20%
Exceedance Probability (%)

100% 80% 60%

Figure 2-26: Exceedance probabilities of influent TSS concentrations at both MOV1 inlets, MOV2, and
WS with respect tavater quality threshold proposed by Barrett et al. (2004)
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—a&— MOV1IN1 —o— MOV1IN2 —e— MOV2 IN
WS IN - = =0.66 mg/L

0.8

TP Concentration (mg/L)

100% 80% 60% 40% 20% 0%
Exceedance Probability (%)

Figure 2-27: Exceedance probabilities mifluent TP concentrations at both MOV1 inlets, MOV2, and
WS with respect to NCDEQ ascribed credit for dry ponds (BP17

—m— MOV1IN1 —e— MOV1 IN2 —e— MOV2 IN
WS IN - = =1.65mg/L

TN Concentration (mg/L)

100% 80% 60% 40% 20% 0%
Exceedance Probability (%)

Figure 2-28. Exceedance probabilities of influent TN concentrations at both MO¥1sifiOV2, and
WS with respect to NCDEQ ascribed credit for dry ponds (B017

Assessing performance usiambient water qualitthresholds provides a modestly
different outcomeMOV?2 appeared to be the most successful dry pond, as TSS concentrations
wereless than 25 mg/L ii8% ofevents TSSeffluent concentrations were less than 25 mg/L for
only 18% and 10% of casesMOV1 and WS, respectively. Effluent concentrations of TN and

TP always exceeded thresholds at all poRfifuent concentrations of N&x-N in WS met water
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guality threshold¢McNett et al., 2010jnost often, though influent concentrations were also
below these level®espite low NQ 3N concentrations at WS, both R&nd ELR of NQzN in
WS were much higher than ithe Morrisville ponds, indicating a high ability to reduce JNO.

It is possible that other pollutant removal mechanisms were present in WS that aided in
treatment. Vegetation that was often overgrown may have provided filtration or an uptake of

nutrierts in the pond.

TP influent concentrations at all ponds wgemerallylower thanthe NCDEQ-assigned
(2017b)effluentconcentration$or dry pondsof 0.66 mg/L However, effluent TP
concentrations were never lower than the 0.11 mg/L water qttaigghotl proposed by McNett
et al. (2010)Reported exports of TP in MOV 1 weelikely duein part to influent concentrations
that were below dry pond treatment threshold (NCDEQ, 2017b), limiting removal (Lenhart and
Hunt, 2011). Partickbound TP may also havedeexported with sediment that was discharged
from the basin. This apparent export was likely due to TSS and TP that were exported during
large storm events. It is likely that there was deposition of these pollutants in the basin during

smaller storm evestand baseflow periods.

Pollutant effluenEMCs of the studied dry ponds arempared to treatment of other
SCMs inTable 223. Effluent TSS concentrationseresimilar to those of other dry ponds but
much higher than those of other SCMs. Concentratibimsoaganic nitrogerspecies in the
studied pondsveremuchhigherthan those of any other SGdndmost comparable to other dry
ponds. Additionally, the majority of the nitrogen exported from the basins was in the form of
organic nitrogenfor which TKNwas used as a comparison due to a lack of reporting of ON
concentrations in other studies. These effluent concentrations were high in the studied dry ponds,

though comparable to other dry ponds.
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Table 223: Effluentwaterquality of dry ponds studied herein comparedi@mious SCMdgrom the
literature

SCM Reference Name/Location Mean Effluent EMC (mg/L)

Type TSS TP PO3> TN TKN NO2zN TAN
Dry Pond herein MOV1 80 041 0.22 3.38 266 0.71 0.32
Dry Pond herein MOV2 22 044 033 401 277 1.24 0.48
Dry Pond herein WS 85 048 0.18 129 1.13 0.14 0.14
Dry Pond Birch et al.(2006) Sydney Australia 93 0.23 - 291 113 1.82 -
Dry Pond Stanley(1996) Greenville NC 32 - 0.10 - - 0.36 0.12
Dry Pond Caltrang(2004) California? 39 0.32 0.14 283 185 0.98 -
Dry Pond Carpentef2014) Quebec City, Canada 75 - - - - - 0.19
CsSw Lenhart & Hunt(2011) River Bend NC 41 023 0.09 1.11 094 0.17 0.08
CSw Line et al.(2008) Lhce PiedmontRegion, 15 99 013 1.00 087 013  0.14
CSWr Line et al. (2008) Asheville, NC 31 012 0.01 0.94 0.79 0.15 0.08
Csw Hathaway & Hun{2010) Mooresville, NC 9 0.10 - 0.72 0.67 0.07 0.03
Wet Pond Winston et al(2013) DOT/Durham, NC 30 0.17 0.12 1.05 0.97 0.08 0.11
Wet Pond  Winston et al. (2013) Museum/Durham, NC 24  0.11 0.07 041 0.35 0.06 0.05
WetPond  Wu et al.(1996) ‘,(lvgte”ordCha”o“e' 44 011 - - 073 - ;
Wet Pond  Wu et al.(1996) g;;‘/‘é";]’g{lone’ Ne | 22 008 - - 063 - -
Wet Pond  Wu et al. (1996) LakesidéCharlotte, NC 7 0.08 - - 059 - -
Bioretention Hunt et al(2008) Charlotte, NC 20 0.13 - 1.14 0.0 0.43 0.10
Bioretention Brown & Hunt(2011) ﬁ%”dy/ RockyMount, 47 53 010 1.31 082 049 0.07

Bioretention Brown & Hunt (2011) SLC/Rocky Mount, NC 16.9 0.09 0.01 0.43 0.31 0.12 0.06

*medianeffluent EMC
#Compilation of six basins

In general, hese results are surprising, considering dry pond designutes WShad a
very lowlength to width ratioproportionallylittle storage volume, and anutlet structure with a
large orifice that did not detain flows for long periodéth theseattributes, pthutant removal
opportunities were expected to tmnimal. In some cases, higher inflow concentrations in WS
made percent removal more likeWolume loss from infiltrationn WS among storms ranged
from 0.4 nito 7.3 mi, providing additionaload reductiomot present in MOV1 akiOV2.
Additional filtration and sedimentation may have occurred aided by the riprap and vegetation

present at the pondds inl et
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Additionally, this study analyzed the perf
(MOV1). Several studies have quantified water quality changes diiaitedo SCMs that have
taken on wetland features, including dry poff@esenzweig et al., 201and infiltration basins
(NatarajarandDavis, 2016)with positive results. Howevek]OV1 was different; it was the
worstperforming dry pond examined hereltvidence indicatethatthis basinwasa source of
nitrogen.Perhap®organic maeraccumulatedn the basininter-eventwas resuspended by storm
flows and exported from the pond.dny pondsno permanent poad present tanaintain
stability d thepond bottom; a permanent poalould have limited resuspensioBedimentvas
observe toaccumulatenear the outlet, but no deep paas present at the outket prevent
resuspesionand export. Perhassessin§lO2,z-N reductionis the most relevant measure of
wetlandlike performancélLeeet al, 2009) Concentratiorfremovab efficiencies ranged
between65 and 76%thuswerehighly variabde. While mean concentratiaemoval was
essentially zerocumulative load wereaddedby 13% ovethe entire period\either result was
significant.This studytook placebetweenJanuaryand Septmber of 2017almost the entirety of
the growing season. Periods of dormancy, where ptamdecomposeexportNO2,z-N from
SCMs (Rosenzweig et al., 2011t)is possible thalNO,>N export rates would increasering

winter months.

Based on these dataotential exists for performance enhancement of these basins
through retrofitting by implementing features that enhance pollutant removal mechanisms in
other SCMs. For example, MOV1 alreadyfiae i nt s of 0 wet |l and charact e
this drypond more wetlantlke would enhancepollutantremoval. CSWs provide much better
water quality treatment than dry pondable 223), and such a conversion would not greatly

decrease storage volume. NCDEXD17b) assignstormwater wetlands with effluent
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concentrations of 1.12 mg/L for TN and 0.18 mg/L for TP, both of which are must lower than

expected concentrations of dry ponds.

2.5 Summary and Conclusions
This study assessed water quality treatment in three dry ponds in the Piedmont Region of

North Caplina. The major findings of the assessment are as follows:

1 There were significant increases in effluent concentrations and loads over inflow at
MOV1. At MOV2, REs were significant for TSS and TN, but effluent loads of TP and
O-PQ:* significantly increased over influent loads. WS was the most successful dry
pond, with large and significant REfor TSS, TP, TN, TAN, TKN, ON, and N@&N,
and significant ELRs for all pollutants sampled.

1 Adeal 0 d e sdidgat effecively pudictereatmentLength to width ratio,
detention time, and storage volume were proportionally lower in WS than in the
Morrisville ponds, but treatmeptrovided byWS was the best. There may have been
additional pollutant removal mechanisms provided byapmnd vegetation in WS that
improved treatment.

1 The presence of wetland vegetation ahdllow pools ostanding water in MOV1 did
not improve treatment. Without a permanent pool near the outlet to settle particles, loose
sediment and organic matter acauated in the basin was exported from the pond during
storm events

1 Largely, influent concentratiorsf TSS, TP, and TN wereadicatoss for concentration
and load removaJespeciallyn WS ard MOV2.

1 Dry pond effluent concentratiom&reinwere similarto or higher than those of other dry

ponds. These concentrationsre much higher #n those of other types of SCMs.
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Structures that provide pollutant removal in other S@Mgy providea template to

retrofit dry ponds for treatmeenhhanceent

Dry pond vater quality treatment is poand does not match that of other SCMs.
Retrofitting dry ponds to function more like other SCMs may improve dry pond effluent

water quality.
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CHAPTER 3: A Dry Pond to Constructed Stormwater Wetland Conversion to Enhance
Water Quality

3.1: Abstract

A dry pond is a stormwater control measure (SCM) known for poor runoff water quality
treatment because its design does not provide amgthanisms for pollutant removal. Altering,
or retrofitting, dry ponds to incorporate more pollutant removal mechac@nmisprove
treatment. In this study, two dry ponds (MOV1 and WS) were converted to constructed
stormwater wetlands (CSWSs). Underlyindlsin the MOV1 watershed [4.15 ha, 35% directly
connected impervious area (DCIA)] were in hydrologic soil group D, and those of the WS
watershed (0.93 ha, 0% DCIA) were in group C. Two retrofits were instélledutlet structure
modification to creata permanent pool and increase detention time and (2) wetland vegetation
installation. The water quality storage capacity was 65% of the design volume, the volume
required to treat the first 25 mm of runoff, in MOV1 and 5% in WS. Water quality treatment was
monitored in dry ponds in their original and retrofitted states, and effluent concentrations were
compared. The MOV1 retrofihcreasecffluent concentration reductiofrt®m original dry pond
removal rates b$8%, 65%, 69%, 64%, 82%, 71%, and 80%t&dal suspended solid§§9),
total phosphorugTP), orthophosphateQd-PQs*), total nitrogen (TN), total Kjeldahl nitrogen
(TKN), total ammoniacal nitrogen (TAN), and organic nitrogen (ON), respectiMelgs exports
werereducedrom those of praetrofit by 89%, @%, 57%, 71%, 75%, 69%, and 7366 TSS,
TP O-PQO2, TN, TKN, TAN, and ONyespectivelyWhile nitratenitrite nitrogen (NQ3s-N) was
not significantly reduced during storm events, 99% removal rates during baseflow periods
suggested denitrificain potential. Few storms were monitored pestofit in WS; there were

no significant changes detected in effluent concentrations or beddeen monitoring periods
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This study shows that incorporating wetland features can improve water quality traatorgnt

ponds, but these enhancements are limited by detention time and storage capacity.

3.2 Introduction

Urban stormwater runoff has become a large contributor of pollution in water bodies
throughout the US, increasing sediment and nutrient loads that affect water quality of drinking
water supply and recreational waters. Increased sediment loads can lkeaddostream
dynamics and habitat degradation. High nutrient concentrations can lead to eutrophication, which

can have significant ecological and economic effects.

National regulations have been enforced to reduce nonpoint source pollution, which
includes urban stormwater runoff. In sensitive watersheds that serve as drinking water supply or
critical habitat, pollutant limits are even more stringent. Pollutant load limits in urban settings
require developers building new constructions to minimize their@mmental impacts.

Currently, developers in North Carolina can reduce pollutant loads in new developments either
by paying offset fees or by implementing stormwater control measures (SCMs). Fees are
typically paid to a third party that creates offsitdigaition at a hefty cost to the developer.

Offsite mitigation is often far from the project site and may not directly benefit the watershed.
SCM implementation is used ite to mitigate flooding, control pedevelopment hydrology,

and treat runoff fronurban developments. This option of management provides more direct

watershed benefits.

There are many types of SCMs, and each is unique in its design, functions, and costs.
With stricter regulations, there is more pressure on developers to implemenwsiGMgh
treatment capabilities. In the near future, some existing SCMs may not be sufficient to meet

pollutant reduction requirements. Dry ponds, for example, are a commonly implemented SCM,
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used historically for peak flow mitigation and flood controtiwlittle water quality treatment.

Dry ponds are often preferentially implemented due to low costs and ease of implementation.
Because of this, dry ponds are nearly ubiquitous, including throughout the Mountains and
Piedmont Ecoregions of North Carolinaowever, their water quality treatment ability falls far

below that of other SCMs.

Because of their pervasive presence and underperformance, dry ponds are a large
contributor of stormwater pollutant loads. Replacing every dry pond with more effective SCMs
would be cosprohibitive and time consuming; however, features within dry ponds may be

altered or improved to enhance pollutant treatment.

Retrofitting, or making alterations within an SCM to make it work better, may be an
effective way to improve drygnd performance. Several studies have tested various dry pond
retrofits, like orifice reduction on the outlet to increase detention(@aepenter et gl2014)
batchtype treatmst (Middleton and Barret2008) and the effects of natural alterations made to
these pondéRosenzweig et gl2011) Though results throughout these studies vary, some
factors remain consistent. Longer detention times can enhance pollutant removal, particularly if
particle resuspension is mmized. Introducing wetland plants into SCMs has also been found to

be effective in removing pollutan{slatarajan and Davj2016)

The effectiveness of these retrofits has Haegely based on the exposure of runoff to
pollutant removal mechanisms. The sole mechanism for pollutant removal in dry ponds is
sedimentation, which is limited by short detention times and resuspension of particles near the
outlet(Shammaa et al2002) Sedimentation also fails to reduce concentrations of dissolved
pollutants. As previous retrofits have shown, introducing other mechanisms of pollutant removal

by emulating other SCMmay be a viable option to improve dry pond performance.
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Amongst SCMs, the components of dry ponds are most similar to those in wet ponds and
constructed stormwater wetlands (CSWs). Both wet ponds and CSWs treat pollutants more
effectively than dry pondsnaking them ideal templates for dry pond enhancement. However,
the deep permanent pools required to create a wet pond environment would drastically reduce
storage availability in dry ponds. Alternatively, CSWs are designed with a much shallower
permanenpool that would minimally alter dry pond storage capacity. Available storage volume
affects both treatment capacity and flood control, making a wetland conversion a more viable

option.

Many features of CSWs contribute to pollutant removal, includingawetVegetation, a
small orifice to extend detention times, a permanent pool of water, and a flow path to prevent
short circuiting. Many of these features can be utilized in existing dry ponds to make them more
effective. Alterations must be chosen cargftdl maximize benefits without requiring huge
financial investments. Additionally, certain aspects of dry pond design may limit treatment in
converted ponds. CSW design guidelines limit allowable ponding depth for the water quality
treatment volume that vatd lead to higher loading ratios in converted dry ponds and limit
function. CSW features must be selected carefully to create the most effective dry pond retrofit

design.

The objectives of this study were to (1) create a simple aneeffestive retrofi design
to convert dry ponds to constructed stormwater wetlands, (2) quantify pollutant removal changes

associated with the retrofit, and (3) assign monetary values to a retrofit of this type.

3.3 Methods
Three sites were used to quantify the impact ofetland retrofit on dry pond water

quality. Two separate studies took place, located in MorrisvilleraldimstorSalem. Each
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study washased on calibration and treatment periods, where both initial conditions and retrofit

conditions were monitored.

3.3.1 Morrisville Study Design
3.3.1.1 Site Description
Two dry ponddMOV1 and MOV2)monitored in this studwere located in Providence
Place, a residential area in Morrisville, North CaroliR@(re 3-1). These dry ponds were
monitored in a paired watershed study design, with a control and a retrofitTposd.
neighborhoodhadc o or di nat es 35A516 10 .vOVA \baddershetds 7 8 A5 0 6 4
appoximately 4.1 ha, 35% of which wampervious surfaces, including roof, sidewalk and
driveway,androadway. MOV® s wa t e6&hahadsimitarfland use percentag@able
3-1). The majorityof underlyingsoilsin this regionwere considered urban lariny the Natural
Resaurce Conservation Servi¢BlRCS,2018) Existing underlyng soils wee largely in

hydrologic soil group D, which are highly impermealA@gendix A

Table 31: Watershed learacteristics of theudieddry ponds

MOV1 MOV?2 WS

Latitude (N) 355106011/35A5106/36A060
Longitude (W) 7850049785006 4/80A 1856
Watershed aregna) 4.15 2.52 0.93
Roof (ha) 0.48 0.16 0
Sidewalk/Driveway(ha) 0.40 0.09 0.16
Roadway(ha) 0.57 0.38 0
Landscapedha) 0.48 1.22 0.76

% impervious 35% 28% 18%
Composite Curve Numbe 86 85 78
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Figure3-1: Watershed area for dry ponds MOV1 and MOV2 in Providence Place

MOV16 surface arewas 0.29 ha, draining a 4.4% watershe@Figure 3-2). Water
flowedinto the pond through two culvert inlgts 60-cm inlet onthe south end of the pdn
(MOV1_IN1) and a B-cm inlet on the northwest edge (MOVINZ2, Figure 3-3). The pond ha
one outlet riser structure with 41.5cm orifice and a 5-81 emergency broadrested weiata
height of 5 cm. Therewas aconsistent basiew from MOV1_IN2 from groundwater
infiltration and intrusion into the culvert before entering the hagimch cause portions otthe
pond to be constantly wethere wet agas ofthe dry pondook on wetland characteristics,

including thegrowth of wetland vegetation.

MOV?2 (Figure 3-2 and 3-3) had a surface area @.21 hawith a watershed of 2.68 ha. A
90-cm concrete pipenteredhe pond withan oulet riser structure orifice of 8&m. A 4.9m
broadcrested weiata height of 1.22 m conveydarge storms. The podds g e wasrigr y
and thin,with length to with ratio of 4.5;landthe Town of Morrisville assumetiat water
guality treatment in the pond is higly dry pond standard$his pond drid out between storms,
except for a spot aftanding water in the inlet pigfeom poorgrading. Nowetland vegetation

was present iMOV2 during the study
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Figure 3-3: MOV1 and MOV?2 are located within the same neighborhood block in Providence Place.

3.3.1.2 MOV1 Monitoring Set up

Both a paired watershed study design (ClaasetSpooner, 1993) and an
upstream/downsteam design (Spooner et al., 1985) were utilized for this monitoring study. The
paired watershed approach requires two watersheds to be analyzbgside, with two
phases: calibration and treatment. A linear relationship between the two watersheateds cre
during the calibration phase, and changes from the retrofit can be detected when this linear

relationship is altered. One watershidtliis case dry pond) remains as the control for the
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duration of the study while the other is modified after tHbion phase. The

upstream/downstream approach utilizes the same methodology, except that the upstheam (

case ary pond inlet) station is considered the control, and changes made during the study occur

between the upstream and downstream sttibne complete model that combines the

upstream/downstream and paired watershed designs can be found in Section 4.3.5. Monitoring

took place between January 2017 and July 28a&1pling stations were installed at ea€lthe

inlet and outlet locatianin MOV1 and at the outlet of MOVZ2T'able 32).

Table 32: Monitoring ®tup of sampling stationgat MOV1 and MOVZn Morrisville.

Site Monitoring Equipment Trigger to Enable = SamplePacing Collection
ISCO 6712M water quality rainfall exceeded rainfall-paced, 110L
MOV1 IN1 sampler . _ 3.05 mm in 6 hours ev_ery 0.76 mm of composite
- 2 HOBO™ tipping bucket rain rain bottle
gauges
ISCO 6712 water quality rainfall exceeded rainfall-paced, 110L
MOV1 IN2 sampler o . 3.05 mm in 6 hours e\{ery 0.76 mm of composite
- 1 HOBO™ tipping bucket rain rain bottle
gauge
ISCO 6712M water quality water level flow-paced, every 24 %L
MOVL OUT sampler ) exceeded.6cm 17.0 n¥(11.n¥) of  bottles
- ISCO 730M bubbler flow module (1.5 cm)from runoff
orifice invert
ISCO 6712M water quality water levelreached flow-paced, every 1 10L
MOV2 IN sampler 18.3 cm above 5.66 n¥of runoff composite
- ISCO 750M area velocity flow culvert invert bottle
module
ISCO 6712M water quality None flow-paced, every 24 %L
MOV2_OuUT sampler 5.66 n¥ of runoff bottles

ISCO 7306M bubbler flow module

*sample was changed on some occasions to capture extreme events
**pre- and postretrofit enable angacing were not equivalent. Numbers in parenthesis pertain te post

retrofit
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Rainfall depth and intensity were measured using a manual rain gauge and aMHOBO
tipping bucket rain gauge locatadMOV1 1.5 m above the ground free from any obstructions
to rainfall (Figure 3-4A). This rain gauge was considered valid for precipitation depth of both
ponds.The two inletsn MOV1 were equipped with ISCO 671 water quality samplers
(Figure 3-4B, 3-4E) with tipping bucket rain gauge attachments for raiffalted sampling
(Figure 3-4A, 3-4D), where rainfall intensitand accumuationdictated when water quality
samples were taken. At each of these stations, a composite sample was created based on rainfall
intensitythat collected a sample every 0.76 rafter an initial minimum rainfall deptbf 3.05
mm. It was assumed thatflow ratesin MOV1 were proportional to theinfall intensity of the
storm. Both MOV1_OUT and MOVDUT wereequipped with ISCO 67T¥ water quality
samples with ISCO 730M bubbler flow moduls (Figure 3-4C, 3-5). In each pond, the sample
intake was located in the same position during @nel postretrofit monitoring, whichmeant the
sample intake of MOV1OUT was near the base of the water colu®@utflow rates were

determined using the recorded level and stiigeharge equations provide8€ction3.3.32).

¥
Figure 3-4: MOV1 (A)IN1 sampling station, with manual and tipping rain gauge, (B) IN2 inlet pipe, (C)
outlet riser postetrofit, (D) IN2 sampling station with irgfall-paced sampling, and (E) IN2 inlet pipe.

S
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Figure3-5: MOV2 outlet riser structure with HOBO water level logger.

Flow-proportional, composite samples were taken at each sampling stationsiaring
events using ISCO 671" automated samplers to represent the event mean concentration
(EMC). Samples at each inlet location were collected in onke d@mposite bottle during storm
events. During sample collectiothese bottles were agitated by hémdreate a homogenous
mixture,which was then poured into sample bottles. Ogt@tples were collected in 241
bottles during storm events that weralsgtn and composited in a-2dottle. Asubsample
from this composite bottle was theallected foranalysisas the representative sample from the
storm. Samples were collected within 48 hours of a storm event and transported on ice to the
Center of Applied Aquatic Ecology (CAAE) in Raleigh, NC. Samples from all sites were
analyzed fototal suspended$ids (TSS), nitratenitrite nitrogen NO- 3-N), total Kjeldahl
nitrogen(TKN), total ammoniacal nitrogeAN), total phosphorusI{P), andorthophosphate

(O-PQ:*, Table 33).
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Table 33: Reporteddetection iimits andanalysismethods fompollutantsmonitored

Parameter PQL Units Method
TSS dependent on volume filtered mg/L Std Method 2540D
TKN 280 pg/L  EPA Method 351.1
TKN 280 pug/L  EPA Method 351.1
TAN 17.5 ug/L  EPA Method 3561
NOzsN 11.2 pg/L  EPA Method 353.2
TP 10 ug/L  EPAMethod 365.1
O-PO* 12 pug/L  EPA Method 365.1*
*samples were filtered to 0.45 &m

PQL.: Practical quantitation limit, below which the accuracy of the test is no longer valid

3.3.1.3 MOV1 Retrofit

After an initial Zmonth calibration monitoring period, MOV1 was retrofitted to include
wetland features. MOV2 remainedchangedo serve as the control. MOV1 was modified in the

following ways:

1. The outletorifice was raised 230 mm using a 100 mm Ry@urnedstreettee with a
threaded cafo create a permanent pool of water covering 60% of the Hagiuré 3-6B
and3-7).

2. A cap was placed on the lower end of upturned elbow, anehan®@rifice was drilled in
the cap to crate 48 hours of dention for the water quality volume (WQWigure 3-6D
and3-7). The costof all materials required for the PVC installation veggroximately
$30.

3. Three 300 mm orifices were drillédto the concrete riser structuséth inverts 380 mm
above the invert of the installed upturned elbow to allow for ponding of wateryqualit
events and maintain pretrofit peak attenuation rates for the-yi€ar storm event.

(Figure 3-6A). Total cost was $900.
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4. Approximately 1500 plugs of wetland plants were instalhezbnes to promote pollutant

remova and stabilize the ecosysterfigure 3-6B). Total cost of plants was $1000.

The outlet orifice was raised by installing add PVC upturned elbow on the inside of
the outlet structure of MOV1. This elbow includeB¥C cleanout cap to facilitate maintenance.
The PVC pipe on the wetland side was covered with-eri®VC cap with a-sm orifice
drilled in it for drawdown controlRigure 3-6D and3-7). The elbow was secured in place with

hydraulic cement.

When the orifice waseduced and elevated t he wet |l andds ability t
was somewhat compromisbdcause of icreased detention time and decreased stoflage
maintain original peak flow attenuation requirements, three 30 cm orifices were drilled with
inverts 38 cm above the invert of the water quality orifice. In North Carolina, wetlands are
required to have maxium ponding depths of 30 cm for the W@QVCDEQ, 20173). Penhall

Company was contracted to drill these orifideig(re 3-8A).

Wetland vegetation was selected in accordance with the Rarthlina Stormwater
Design ManualN\CDEQ, 2017a). Most vegetation was bought from Mellow Marsh Farm in
Chatham County, NC, located 45 km WSW of the §ltmtederia cordatdpickerelweed) was
harvested and transplanted from SmithfiSkelma High School idohnston County, NC,
approximately 59 km southeast of the site. Planting and orifice modification took place in
September 201 F{gure 3-8B). A second round of vegetation was installed by BMP East in

October 2017.

All retrofits totaled less than $2000. The newly converted wetlandb#asof ideal for a
CSW per NCDEQ (2014. Area loading ratio, the ratio of the watershed area to the CSW area,

was 40:1. After initial conversion, the MOV1 wetland was left to stabiizvene month.
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Monitoring of the retrofit began on 10/24/2017. Both MOV1 and MOV2 were monitored
through July 2018, and pestdtrofit performancéFigure 3-9) was compared to pietrofit

performance, discussed in diégin Chapter 2.

Figure 3-6:(A) Original orifice, (B) installedupturnedstreet teg(C) upturned elbow design before
installation, and (D) installed PVC orifice within wetlaodtlet structuréor MOV 1.

FEE—RETRQFIT PNC CAP WITH DRILLED BOST—RETROFIT
§§\ 51 CM ORIFICE
B | L. . ..l‘ -'1-.'4__| ] OVERFLOW WEIR _I | OWVERFLOW WEIR
- 1';.- . - o _l,‘ L=
. oL Ay .
R PR J : - TOVERFLOW WEIR
Lo ceod INVERT ELEY: 98.91 M
- 4 & :l £ - A
;_1; o '-l‘ | DRIGINAL 11.4 CM ORIFICE fﬂﬁz[ﬂ UPTURNED STREET TEE
: ad el | NVERT: 9B.30 M - | INVERT ELEV: 98.53 M

Figure 3-7: MOV 1 outlet structure schematic for pend postretrofit conditions. The upturned street tee
set the permanent pool elevation in the converted.pond
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Figure 3-8: (A) A core drill was used to create peak attenuation orifices in the outlet structure, (B)
wetland vegetation, provided by Mellow Marsh Farm, was planted on 0.6 m centers

i

I;igur(;—g: The newlyconvertedi wet | andod as o f vMa 2018
3.3.1.4 Baseflow Sampling
Baseflow samples were collected in MOV1 during the treatment period to analyze water
guality treatment during thiater-eventperiod. Baseflow samples were collected with a
minimum antecedent dry period of three days to allow for complete drawdown of thedwetlan
Samples were taken from MOV1_IN2 and MOVAUT. At each sampling station, a.lsample
bottle was filled directly from th&5CO 6712M sampler. Before sampling, the ISCO sample
tubes were first rinsed to minimize collection of any sediment built up on the sample intake. At
each site, 1000 mL was collected in a single sample. The samples were distributed into separate
bottles br nitrogen and @ Qs> sampling. All samples were transported on ice to the Center for

Applied Aquatic Ecology (CAAE).
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3.3.2 WinstonSalemStudy Design

3.3.2.1 Site Description

The dry pond in Winstotsalem, North Carolina (WS) was monitored at Sherwood
Forest Elementary Scho@tigure 310). Latitude and longitude codinates of the school wne
36A060622.500 N and -hafohidn®fahe Brop8riy draindd the 804 Ba. 9 3
dry pond. The majority of this watersheds a playground area at the school, with 0.17 ha of
impervious surfaces (paved areas only) and 0.76 ha of landscap€tadniea31). The majoriy

of the WS wat d@dorthénes oh yslrolagic sofroupvGNRCS, 2018)

Figure 3-10: WS is a kidneyshaped dry pond that sits on the eastern edge of Sherwood Forest
Elementary

This dry pond hda 3G¢cm concrete pipe inlet and an outlet riser structure witBrend
orifice as well as twd.5m broadcrested weirs for larger storm eve(fsgure 3-11). The
length to with ratio of the pond wal:8, with inlet and olét located on the short end of the pond

(Figure 3-11), which is generally considered poor degiNICDEQa, 2017)
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Figure 3-11: Inlet and outlet are located at the shortest part of WS, with a length to width ratio of 1:8
3.3.2.2 WS Monitoring

WS was monitored utilizing the upstream/downstream dé€Sigamer et al. 1985Table
3-4). The upstreamilet) station (WSIN, Figure 3-12A) was used as the contsihtion, and the
downstreamdutle) data setKigure 3-12C) wascompared to the contrdDuring calibration, a
linear relationship was created between the two stations. After the calibration period, changes
were made at the downstream station, which altered the relationship between the two stations.

Differences in relaonships between the two periogsre thercompared.

Table 34: Monitoring setup of sampling bcations at WS

Site Monitoring Equipment Trigger to Enable SamplePacing©  Collection
ISCO 6712M water quality sampler rainfall exceeded 10.: rainfall-paced, 24 1L
WS_IN 1 HOBO™ tipping bucket rain gauge mm in 6 hours every 0.76 mm of bottles
rain
ISCO 6712M water quality sampler  None flow-paced, every 241-L
WS OUT  ISCO 730M bubbler flow module 0.71 n¥of runoff  bottles

90° wnotch weir
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Monitoring occurred between February 2017 and July 2018. Two sampling locations
were installed at WSA manual rain gauge and a HOB®tipping bucket rain gauge were
located on site, approximately 1.5 m above the ground, clear from any obstru€iiume (
3-12B). The outlet (WSOUT) was equipped with an ISCO 67¥2automated sampler and an
ISCO 730™ bubbler module. A0° v-notchweir was used to measuoatflow (Figure 3-12D).

An ISCO 6713 connected to a tipping bucketin gauge was installed at WS and was used
to take ranfall proportional samples as a surrogate for flow proportional sampling. Flow
proportional (or rainfall proportional) composite samples wetkectedat both the inlet and
outlet of the pond. There were 24 bottles at each sampling statittratwereshaken and
composited into one 24 bottle before being transferred to the final sample bottle. These
samples wereetrieved within 48 hoursf a storm event and transported on ice to CAAE to be

analyzed for TSS, N&-N, TKN, TAN, TP, and GPQ:> (Table 33).

Figure3-122 WS (A) inlet pipe, (B) ISCO tippingucketrain gauge and sampling box at WH, (C)
outlet structure with HOBO water level logger and (D) installed weduitet structure with bubbler tube
for level measurements.
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3.3.2.3 WS Retrofit

After calibration monitoring, WS was converted to a CSW on 3/23/2018, modified as follows:

1. The 16cm orifice was blocked using hydraulic cemdfig(re 3-13), costing $20.
2. Approximately 500 wtland plants were installed at surface elevations up to 23 cm above
the overflow weirsd level that was set as the temporary inundation zone as detention

above the overfiw weirs was limitedFigure 3-14), costing $450.

Wetland plants were purchased from Mellow Marsh Farms located 93 km ESE of the site
and planted orhe same dayontederia cordatgpickerelweed) was transplanted from
SmithfieldSelma High SchooFigure 3-14) located 190 km ESE of the sifeotal retrofit costs
were less than $500. Plants were installed on 3/28/28ut asnow storm and freezing weather
conditions on 3/24/2018 may have inhibited survivability of many of the plant plugs. Some of
the pickerel weed planted appeared to survive. However, existingefpoéit) vegetation

persisted throughout the summe

Additionally, ponded water from storm events was observed to infiltrate or evaporate
within 48 hours. The riser structure only allowed for up to 15 cm of ponded water in the basin

after which detention of water was minimal

[ § i AN & SRR

in WS (left) was blocked to allow for a ponding zone (right)
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Figure 3-14: Several species of wetlapthnts were installed according to elevation in.WS

3.3.3 Hydrologic Data Analysis
3.3.3.1 Precipitation

Any storm with precipitation depth greater than 2.5 mm and antecedent dry pelésd no
than 6 hours was characterized as a discrete rainfall @estoll et al., 1989)Rainfall depths

from tipping bucket rain gauges were adjusted by a scaling factor th&irigllowing equation:
O —zZU (Eq. 3.2
where
Pa: corrected depth of rainfall per interval (mm)
Pm: measured depth of rainfall per interval (mm)

Da: manual rain gaugeepthmeasureaver sampling period (mm)

Dnm: tipping rain gaugeepth measureover sampling period (mm)
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3.3.3.2 Water Balance

Outflow volumes werealculated andecorded using an ISCO 78bbubbler module.
Details for weir and orifice equations to calcultiev are detailed in this section. Exact inflow
volumes from MOV1 and WS were not recorded. However, amtiance was created to
calculate inflowand outflowvolumes ofthe dry pond$Eq. 3.2) Possible sources afiput
include precipitationinflow, and groundwater infloEq. 3.3) Possible outputs include
evapotranspiration, infiltration, and runoff. The water balance is as follows:

Vin = Vout, OF (Eq. 3.9
P+ Rn+ Gin = ET + Gut+ Rout (Eq. 3.3
where
Rin: inflow
P: precipitation
Gin: groundwater inflow
ET: evapotranspiration
Rout outflow
Gout. infiltration (groundwater out)

Outflow was calculated directly at all sites, anflow was calculated using Equati®.3
Direct inflow from the banks near the besthat did not enter through the inlets were not
included in influent water quality measuremeintsthe following section, each factor of the

equation will bediscussed
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Morrisville (MOV1 and MOV2)

Groundwater inflowPervisual observationst wasassumed that the groundwaseepage into

the basin at this sit@as negligible Baseflow in MOV1, which was concentrated to one inlet,

was considered inflow.

Infiltration: As mentioned in Sectioh3.1, the majority of soils ithe MOV1watershedire D
soils,which are associated witbw infiltration rates. However, infiltration tests were performed
to account for water loss from infiltration. A modified Phiiunne (MPD) infiltrometer from
Upstream Technologi&¥ was used to calculatsfilt ration rates in the pondsfiltration rates

of MOV1 were found to be negligible. Details of these tests can be foukmpbendix A

Evapotranspirationn Morrisville, ET rates were calculated using a reference crop

evapotranspiration from the oné North Carolin&limate Office serve(NCCO,2018) using

the KRDU site located at Raleigburham International Airporiocated 5.9 km from the site

Data was rgorted as daily ET. For the five storms with the longest duration in MOV1 in the
calibration phaseET as a perceage of total outflow volume was calculated. This was based on
stagestorage information. In all cases, expected ET was found to be 0.31% or less of total
volume. ET was considered negligible and was not included in the water balance. Details of this

analysis are iPAppendix A

Precipitation Volume of precipitation can be calculated by multiplying the depth of rainfall
during a storm by the area on which it fell. In thése, the area of the dry pondswhe only

area of the watershed receiving raintatithadnot been routedhrough the culverts asflow.

Based on this information, the water balamesreduced to:

P + Rn = Rout (Eq. 3.9
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whereinflow wascalculated from measured precipitation and known outflow volumes.

Outflow: Each monitored dry pond hasoutlet structure through which effluent flows. Outlet
structures in both MOV1 and MOV2 were designed with @iterand a broadrested weir to
pasdarger flows. These outlets were all equipped with an ISCO bubbler module, which read the
water level near the outlet every two minutes during storm events. Thisvas#tlen used to
calculate flowrateand subsequently volumiey utilizing the orifce equation (Eq. 3.5 and 3.6)

andthe weir equation (E®.7).

When an orificevasnot completely submergethe following equation was uséhllalcom
1989)
0 18 & 0?8 (Eq 3.9
where
Q: discharge (&)
Cq: discharge coefficient, 0.6
D: orifice diameter (ft

When the orifice we.submerged, the orifice equation may be {sadcom 1989)

~

0 606 (M (Eq 36)
where

Q: discharge (rifs)

Cq: discharge coefficient, 0.6

A: orifice area ()

g: gravitational acceleration (n)s

h: depth of orifie center from water surface (m)
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A broadcrested weir was a component of both riser struciigsire 3-4C, 3-5, and3-7). The
equation is as follows:
0 6 0Qf (Eq 37)
where
Cq: 1.49for a broadcrested weir
L: length of weir (m)
h: height above the weir (m)

By subtracting precipitation volume from calculatadflow volume, totainflow
volumescouldbe calculatedEq. 3.4) In MOV1, inflow was divided between two inlets, with
watersheds of unequal sizes. Both subwatersheds were characterized by perceiatisnper
cover. Using the Simple Methd8chueér, 1987) the proportion of the total inflow volume
contributed by each subwatershed was calcul@q.8i 3.14)

Rv = 0.05 + 0.9*h (Eg. 3.8
Rv: runoff coefficient
Ia: impervious fraction
and
Qv = 10*Rp*Rv*A (Eq. 3.9
Qv: inflow volume (n¥)
Rop: rainfall depth(mm)
A: drainage area (ha)
The entiranflow volume (Q) fromthe watershed of MOV1 shall be
Qu=Quit Q2 (Eq 3.10

where
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Q1,2 volume ofinflow from the watershed of MOVIN1
Q1,2 volume of inflowfrom the watershedf MOV1_IN2

The proportion ofnflow from MOV1_IN1 was

— (Eq. 3.1)
h h
or
— R (Eq. 3.13
h h h h
Reducing this formula leaves
b (Eq. 3.13

where proportion oinflow is a function of the runoff coefficient and watershed area. These

values are reported ifable 35.

Table 35: Characteristics of subwatersheds that contribute inflow through IN1 and MWL using
the Simple Method.

Rational Method for MOV1
MOV1 IN1 | MOV1 IN2
la 0.34 0.38
A (ha) 1.27 2.68
Rv 0.35 0.39
RvA (ha) 0.45 1.04
% of inflow 30% 70%

3.3.3.4 WinstonSalem:

The WS watershed was only 18% impervious and produced little outflow for storms less
than 13 mm. Frorfield observation&nd measured infiltration ratesing the Upstream
Technologie§" MPD Infiltrometer, infiltration could not be considered negligitA@gendix A
Therefore, total inflow volumein WS werecalculated using a different methodology tllaat

used forMOV sites.(Eq. 3.15)
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Vin = ET + Gout + Rout (Eq. 3.19

To estimate total volume loss due to infiltration and ET, datacetectedfrom a HOBO
water level logger installed near tfttemeroutlet orifice, which recorded temperatures and
alsolute pressures at the pond outlet. A second HOBO logger was placed in one of the sample
boxes to record atmospheric pressdepth of water above the senseafer levelywere
determined by the difference in pressure between the two loggers. During the treatment phase, up
to 150 mm of water, thieeightof the overflow weirs, was ponded within the basin during storm
eventsbeforeoutflow commencedDrawdown rates from 150 mm pbnding were estimated for
the first five storms during the treatment phakab{e 36). Average drawdown rate was applied
to all storms for which there was outflow during the calibratio@spito calculate losses from ET
and infiltration (ET&I). Drawdownrate in WS was assumed to include both infiltration and ET.

It should be noted that this rate mavevaried slightly on a seasonal basis.

Volumes wereestimated for individual storms based on data recorded from the HOBO
water level loggerand a stagsatorage survey of the pon8or each storm, drawdown was
estimated by calculating thiiration ofdrawdownof a known volumeyp to berm crest) after
inflow had ceasednaterlevel no longer increased). This drawdown rate was applied to the

entirety of theevent b calculate total volume lost to ET&I.

Table 36: Drawdownrate of WSfor storms used to calculate volume reductionrpteofit.

Date  Starting Elevation Duration Drawdown Rate
mm h:m mm/hr

3/25/2018 153 36:46 2.46
4/7/2018 97 20:42 4.45
4/16/2018 123 25:58 3.64
4/25/2018 155 32:24 2.36
4/26/2018 177 49:54 2.32
Mean 3.05
Std. Error 0.96
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Outflow was calculated using®0° v-notchweir installed inside the riser structure of WS
and an ISCO 760 bubbler modul€Eq. 3.16) The equation for a 90%rotch weir iMalcom
1989)

0 67Qf (Eq. 3.17
where

Cq: 1469(constant)

h: heightof waterabove the weir (m)
Total inflow volumes were estimated by adding calculated ET&I to total measured outflow

volumes.

3.3.4Water Quality Data Analysis

Concentration and load estimations were made utilizing collected concentration and
volume dataConcentrations from MOV1N1 and MOV1_IN2 were compiled using
methodology fromTable 35 in Section 33.3. Representative EMCs for MONN were
calculated as follows:

Op ™20\, TXZ20p (Eq. 3.18)
where
Cu,in= composite MOVIN EMC (mg/L)
Concentration removal efficiencies were estimated during each phase of monitoring with the

following equation:

YO

ZPp T (Eqg. 3.19)

where
Ci: influent concentration (mg/L)

Co: effluent concentration (mg/L)
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REc: removal efficiency (%)

REc does not account for changes in water volumes between sampling stations due to
rainfall, ET, or infiltration. Pollutant removal is also analyzed by total mass removed. To
determine these rates, influent and efflueats must be calculated (Eq. 3.23.21).

00 0 zZw (Eq. 3.20)
00 0 zw (Eq. 3.21)
where
EL: event load (Q)
V: volume(m?)

In WS, based on the method for\Mneasured influent concentration was attributed to
the entire inflow volume. In MOV1, any difference in inflow and outflow volumes was attributed
to precipitation. Assuming concentrations of pollutants in rainfall were equdldw
concentrations wouldKely be an overestimate of total inflow loads. Typically, measured
concentrations of TSS, TP-PD.*, andorganic nitrogen®N) in rainfall are much lower than
the influent concentrations recorded in this st(&lydersonandDowning, 2006; Wu et al.,

1998) ard were considered negligible. However, dry and wet deposition of nitrogen can be a
large contributor to loadsf TAN and NQ 2N (Line et al., 2002; Wu et al., 1998t the
Morrisville sites, rainfall was a large percentage of incoming water volume, rangin@ from
19% of total volume in MOV1 during the calibration phaleerefore, comparing influent and
effluent nitrogen loads in these ponds without consideriadd@ontributed from direct
deposition would underestimate pollutant removal performance in the pond. To quantify the

portion of nitrogen loaslthat wereattributed to direct deposition, precipitation sampling stations
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were set up at the Morrisville sitafter the initial monitoring period. The addition of nitrogen

concentrations in rainwater from deposition creates a more actftate load estimation.

During the study, bulk deposition was measured along with water quality from storm
events beginning 08/14/2018. Oil pans were installed in each MOV1 and MOV2 at ground
level to collect bulk deposition of nitrog€Rigure 315). Due to contamination issues from
surface pollutantike grass and insectthe oil pans were raised 0.3 m off the ground
(5/2320118) and covered with a nylon wire mesh to prevent contamination from large particles
(6/12/2018). Withir24 hours of the end of storm eventi#ect depositiorsamples from each
pond were composited into one acidified bottle and transported on ice to CAAE to be analyzed
within 48 hours. Oil pans were cleaned in the field with deionized water and replaced for the

next event.

- ’/K\‘ 8

Figure 3-15: Qil pans were used to collect water quality samples direct rainfall on the basins in
Morrisville.

ik Al
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Medianconcentration of nitrogen forms in rainwater was combined over all storm events

and used as a representative concentrafiotal influent loadgor MOV1 and MOV2were
combined as follows:
OO0 000 0 w (Eqg. 3.22

where

ELin: total influent pollutant load (g)

Cp: concentration from direct rainfall (mg/L)

A: area of the dry pond (ha)

P: precipitation (mm)

Cin: concentration from the dry pond inlet (mg/L)

Vin: inflow volume (n¥)

Annual event loading can also be determingdumming total influent and effluent

loads over the monitoring periadEhese loads are then normalized for total storm flow from
hydrologic events throughout the monitoring period and also normalized-f@a8thormal

rainfall (Eq. 3.23NOAA, 2018)

o & & OQDIQE M £ 1 H— 1 7 (Eq 3.23

where
ELo: Event load out (g)
DA: Drainage areéha)
Bw i :Sum of outflow volumes from storm events fer 8
month period (r#)
Bw [ :Sum of outflow volumes from events monitored for

water quality for 8nonth period (r#)
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Pannual Normal 12month precipitation for local ar€enm)
Poberved Observed rainfall during-Bhonth monitoring periodmm)

In MOV1, there was aonstant baglew through the pond yeaobund. This made it
challenging to separate stormflow and baseflow. For consistency, stormwater runoff volume was
included in calcwdtions when the level at the outlet orifice exceeded 0.0éwationpre
retrofit and 0.015 m posetrofit. These levels were chosen because it was observed that
baseflow never exceedtheseheights Outflow samples were takewhenwater levelsexceedd

theseheightsto avoid erroneous sampling.

3.3.5 Statistical Analysis
Effects of the MOV1 retrofit were determined using both the paired watershed design and
the upstream/downstream des{@lausen and Spoondr993; Spooner et all985; Spooner and
Harcum 2014) A multiple linear regression was run between coranal treatment sampling
stations to determine if significant correlations existed between varigirledictor variables are
MOV1_IN and MOV2_OUT and MOVIOUT as the response) (Eq. 4.24). If so, variables with
significant relationships were used as covagdppendix H. In MOV1, the general model for
this regression equation is as follows:
U r 19 19 1799 (Eq.3.24)

Where

w1 expecteatoncentration/loadf MOV1 OUT

x1: MOV1 upstreantoncentration/load

x2: MOV2_OUT concentration/load

bo: intercept

bl: partial regression coefficienf MOV1 upstream
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b2: partial regression coefficient MOV2
bl,2 interaction between MOV1 upstream and MOV2
The upstream/downstream design required a test airtifge linear regression of
WS _IN and WSOUT (Eq. 4.25,Spoonett al, 1985)
u r 1@ (EqQ. 325)
where
W : expectedoncentration/loadf WS _OUT
x1: WS_IN concentration/load
bo: intercept
bl1: regression coefficieraf WS_IN
An analysis of covariance (ANCOVA) was run on determined models to detect
differences between the calibration and treatment periods. Full models were run initially with
interaction effects between the treatment period and covariates. Models were analyzed for
significantly different intercepts and slopes between periods. Thodelsrior which interaction
coefficients were not significant were reduced and retested. Significance level was considered as
U = 0.05. Residuals were visually inspected f
(Appendix H. These tests wereilized for both concentration and load comparison in MOV1

and WS.

Least squaresneangLSM) were also calculated using R softwdt8Ms were used over
means to correct for unbalanced data (different sample sizes between monitoring periods).
Percent reduains in pollutant export between periods was calculated using the following

equation (Eq. 4.26):

P'YQQO6 MO QE &~ zZpTm (Eq.3.26)
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where
® : response variable LSM during Treatment phase
 : response variable LSM during Calibration phas
When no variables were appropriate covariates for the effluent water quality, ANCOVA
was not per f or me-testswere ssedacaddtect dferanckeim efflGest water

quality between treatment periods.

3.4: Results and Discussion

3.4.1 Hydrology

The study can be divided into three period=slibration, installation, and treatment
(Table 37). In Morrisville, the treatment periodeganone month aftemodificationallow for
site stabilization in MOV1Because plantsere installed irSgtember, they remained dormant
until the spring growing seasdudeally, each monitoring period would have continued for a
year, but both time and funding limited study duration. However, there were sufficient storms
sampled in both periods to establiskatienships needed for the ANCOVA model. Due to time

constraints, treatment period monitoring began immediately after retrofit installation at WS.

Table 37: Monitoring periodphass ofthe dry mndretrofit study.

MOV WS
Calibration Monitoring 1/27/17- 9/11/17 2/5/17- 3/22/18
Retrofit Installation 9/21/17- 10/5/17 3/23/2018
Treatment Monitoring 10/23/17- 8/1/18 3/24/18i 4/30/2019

In Morrisville, there were eight paired water quality events during the calibration phase
and sixteen during the treatment phase. Precipitation during the monitoring periods is
summarized imable 38. The distribution of rainfall deptfor water quality gentswas similar

for both periods in MOV1 and WStorms within a different depth ranges were analyzed for this
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assessmenOnly four storms were monitored for water quality in WS in the treatment period,
which limits analysisMonitoring is ongoing at ik site. The results reported herein are

preliminary and may not reflect the final analysis of this retrofit.

Table 38: Precipitationcharacterization duringoth phases ahonitoringat MOV1 and WSwhere n =
number of storms monitorddll depths in mm

Period n Range <12.7 12.7<x<25.4 >25.4 Mean Median Total
MOV1

Calibration

Hydrology 39 2.4-47.8% 25(64%) 8(21%) 6 (15%) 14.00 8.6  546.1
WQ 8 7.9-478 1(13%) 5(63%) 2(25%) 231 229 184.9

Hydrology 45 2.4-935 20 (44%) 15(33%) 10 (22%) 18.8 14.0 844.0

Treatment ““\vo "' 16 7.4-376 2(25%) 9(56%) 5(31%) 211 206 335.8
WS

Calibration, HYArology 56 24-123.7¢ 20(52%) 17(30%) 10 (18%) 157* 1L7* 10323

WQ 10 13.7i 475 0 5(506)  5(506) 27.8 260 2781

Treatment HYOI00Y 25 25-640  15(60%) 6(24%)  4(16%) 139 94 3625

WQ 4  1.18-252 0 0 4(100%) 40.6 356 1623

*Larged storms at both sites in April 2017 were excluded due to equipment failure
Peak rainfall intensity can affect pollutant concentrations and runoff flow rates in SCMs
(Deletic 1998) Five-minute mean and median peak intensities werepeoaile between phases

at both monitoring sitesT@ble 39).

Table 39: 5-min peakrainfall intensity duringooth phases of monitoring at MOV1 and (8 rates in
mm/hr).

Dry Pond Period n Range Mean Median
Calibration 39 3.1-123.8 37.2 25.9

MOV1 Treatment 45 3.7-289.7 32.0 16.7
Change -14% -36%
WS Calibration 53 4.3-192.4 29.5 16.7

Treatment 25 3.2-217.3 304 194
Change* 3% 16%
*Negative sign =reduction

After the retrofit, drawdown times in MOMhcreased due to reduced orifice diameter.
As a result, baseflow became a larger proportion of total outflow volumes in MOV1;
consequently, outflow volumes increased in the treatment pératddg 310). Therefore, total

effluent volumes between monitoripgriods in MOV1 were not directly compared.
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Capping the principal orifice in WS created 4.¥ohstorage during storm events; all
captured water infiltrated within 48 hours. Of storms that produced outflow during the
calibration period, 21% produced leban 4.7 M. Median runoff volume of storms with outflow
was 20.5 My, which is four times greater than available stordgdble 310). This suggests that
total outflow may have been slightly reduced from the retrofit, though there ssiffictent

treatment period data to verify thegatistically

Table 310 Inflow andoutflow volume characterizatioturing storm events at MOV1 and WS fmth
phases ofmonitoring (all volumes in ).

Period Range Mean Median Total
MOV1
Calibration Inflow 3-4337 304 113 12166
Outflow 8-4630 334 126 13357
Treatment Inflow 0-3234 372 234 16730
Outflow 5-3387 403 263 18117
WS
Calibration Inflow 0-493 26.4 0.74 1481
Outflow 0-488 25.3 0.15 1418
Treatment  Inflow 0-84 9.2 0 239
Outflow 0-74 7.2 0 187

In Morrisville, the peak attenuation orificdsigure 3-8) were designed to match the
original out |l et 6 s pye 24krstdarm(@ppéndix FgThe eteaatior s f o r
these orifices and the reduced size of the water quality ordtheced storage capacity for water
guality treatment and peak flow attenuation, eadsed increased peaidtflows for medium
sized storm eventg &ble 311). Because MOV1 wsaonly sized to captugs% of the water

quality (25mm) event, a portion of runoff volume bypassed treatment in medium storms.

In WS, the princigl orifice was covered in the retrofit, which couldveded to increased

peak flows andiolate principal design requirementghough it has not yeBased on analysis
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using Hydraflow from AutoCAD Civil 3D, 1§ear, 24hour peak flows increased by 56% due to

the retrofit Appendix F.

Table 311 Calibration andreatmenphasepeakflow characteristis for retrofitted pondsat MOV1 and
WS(reported in L/s)

Dry Pond Period n Range Mean Median
Calibration 40 1-260 22.7 13.8
MOVl Treatment 45 1-295 26.6 2.81
Change* 17% -80%
WS Calibration 54 0-54.8 4.8 0
Treatment 25 0-17.4 2.45 0
Change -49% 0%

*Negative sign = reduction

Design regulations of CSWs limit ponding depttatmaximum of 0.38 m (NCDEQ),

20173. Hence, CSWs have a larger footprint than dry ponds designed for the same WQV. These

designeels dry pondsvere retrofitted to meet CSW design criteria to the extent possible. In

MOV1, the ponding depth limit allowed for storage of only 65% of runoffipced by a 25 mm

storm event (WQV). In WS, the available ponding storage was only 5% of the WQV. Both dry

pondsbecame undersizdry CSW standardgpon conversionT{able 312).

Table 312 Watershed surface area3€M surface area ratio (loading ratioidgpercentage of the WQV
that can be treated (storage capacity) at the converted MOV1 and WS basins.

MOV1 WS
Loading Ratio 40:1 113:1
Storage Capacity 65% 5%

3.4.2 Water Quality Analysis

3.4.2.1 MOV

During samplingthere were issues withbaiildup of sediment on the MOVDUT

sample intake, leading to an overestimation of TSS concentrations in some events. To minimize

t

hi

S

ssue

storm events

wi t h

TSS

concentrat.
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excluded from analysi&im and Storerl1996) Using this method, TSS concentrations from two

storm events during the treatment phase were omitted from analysis.

Median EMCs for all sampling locations at the MOV site were compared between
monitoring periodsTable 313). Direct EMC comparison showsduction of TSS, TKN, TN,
ON, TP, and @PQ:* from the calibration to the treatment phase. Mean REc is also reported for
all analytes. However, this simple comparison does not account for variability among storms,

seasons, or pollutant concentrations.

Table 313 Median event mean coentrations at aMOV sampling locationand concentration removal
efficiencies (RE) during bothmonitoring phases

Period Location TSS TKN  NO2zN TAN TN ON TP O-PO#*
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

MOV2_OUT 18 1.26 0.85 0.11 2.12 1.15 0.38 0.31

Calibration  MOV1_IN1 39 1.13 0.61 0.18 1.68 0.96 0.20 0.11

n=8 MOV1_IN2 57 1.86 0.68 0.26 2.57 1.47 0.32 0.15

MOV1_OuUT 67 1.92 0.61 0.17 2.69 1.75 0.41 0.22

MOV1 RE -45.2% -288%  -6.2% 23.9% -27.2% -45.0% -38.9% -48.8%

p-valueg** 0.544 0.23% 0.671* 0.823* 0.505° 0.195° 0.442° 0.382

MOV2_OUT** 17* 1.66 1.24 0.13 2.84 1.41 0.4 0.29

Treatment MOV1_IN1 22* 1.46 0.65 0.22 2.07 1.14 0.25 0.10

n=16 MOV1_IN2 72* 1.75 0.78 0.24 2.66 15 0.4 0.15

MOV1_OUT 26* 1.23 0.65 0.14 1.90 1.08 0.23 0.12

MOV1 RE 58.9% 28.0% 30.0% 39.2% 245% 21.8% 228% 22.9%
p-valug~* 0.005* 0.0571° 0.05% 0.001° 0.001° 0.08% 0.062 0.318
*n = 14 to minimize issues thisediment buildup on the MOMQUT sample intake
* MOV2_OUT remained unchanged as the control
*** hold values are significant
****REC = (Cin T Cou)/Cin
pbval ue calcul attestd wi th Studentds t
%-val ue calcul ated witdestlog transform of Studentods
‘p-value calculated with the Wilcoxon signed rank test

ANCOVA was used to account for variability among samplkere applicableThere
were correlations between TSS concentratiodd@V1 OUT and MOV1IN or MOV2 OUT,
preventing the use of ANCOV.Adowever, ANCOVA was applied to albther parametersnd
showedsignificantreductiondn outlet EMCs for all pollutantexceptNO2,s-N (Figure 3-16).

An interaction effect was present in both TKN and ON analisiast squares meahS§M)
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differencesdhetween monitoring periodgere 636, 76%, 786, and77% for TP, TN, TKN, and

ON, respectiely. In analysis of @PQ* and TAN EMCs, linear relationships existed between
MOV1_OUT and both MOV1_IN and MOV2_OUT. The regression models for these parameters
reflect these relationship$dble 314). LSM differences between monitoring periods were

632% for OPQ* and 73.0% for TAN.
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Figure 3-16: ANCOVA for log of MOV1 concentrations for TP, TN, N@N, TKN, and ON with
respect to indicated covariate

Load estimations were affected by total inflow and outflow voluies. to baseflow
and increased drawdown times within MOV1, storm inflow and outflow volume calculations
significantly increased in the treatment phase. Increased volumes led to incrésdeddo
estimates, making direct comparisons between monitoring periods difficult. However, ANCOVA

and LSM analysis adjusted for variability in influent and control pond concentrations between
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periods effectively compare effluent concentrations. Fomallydes except N&x-N, significant
decreases were detected, withMLEeductions ranging from 6089% of annual loadsTable 3
14). A significant linear relationship detected between effluent TSS loads at the MOV1 and
MOV?2 outlets allowed for ANCOVA in TS load comparisons . TSS effluent load reduction

was the greatest among all analytes.
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Table 314 MOV1 influent and effluent loads during both phases of monitoring periods with annual
loading and event load reductions. Tierence between MOV1 efflueradds were detected using
LSM.

Pollutant Period Location Culr_rz) L;Iggve I/_Ao nar:jtijr?é E\ézgt Pre-Post
g kg/halyr  Reduction ~ —oMS
Pre Inflow 78618 106 4%
Outflow 75668 102 0
TSS Post Inflow 191823 208 64% 88.5%
Outflow 68790 75
Pre Inflow 1386 1.87 6%
Outflow 1301 1.76 0
TP post Inflow 2597 229  18% 60.0%
Outflow 2118 1.86
Pre Inflow 968 1.31 25%
Outflow 728 0.98
- 3- 0
O-PQy post Inflow 1136 1.06  16% 61.7%
Outflow 952 0.89
Pre Inflow 6784 9.15 -14%
Outflow 7743 10.5 0
™ Post Inflow 19261 17.0 27% 70.9%
Outflow 13966 12.3
Pre Inflow 1037 1.40 31%
Outflow 710 0.96 0
TAN post Inflow 3764 331  66% 68.9%
Outflow 1266 1.11
Pre Inflow 4962 6.69 -16%
Outflow 5751 7.76
0,
TKN Post Inflow 14700 12.9 35% 74.5%
Outflow 9538 8.39
Pre Inflow 3913 5.28 -29%
Outflow 5029 6.79
0,
ON Post Inflow 10915 9.61 24% 74.7%
Outflow 8250 7.26
Pre Inflow 1823 2.46 -9%
Outflow 1992 2.69 0
NOzzN Post Inflow 4561 4.01 3% 39.3%
Outflow 4428 3.90
*bold values are significant to a | evel of U = 0.

Regression equations for ANCOVA were developed for all but one parameter in MOV1,
for both concentration and load data s&wble 315). All equations were developed on a-og

scale.T and pvalues are also reported.
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Table 315: Regressiorquations of MOV 1defining the relationship between the covariate(s) and MOV1

effluent EMC/load during both monitoring periofids all pollutants using ANCOVA

Pollutant Regression Equations ANCOVA
Intercept LSM
Calibration Period (n = 8) Treatment Period (n = 16) t p-value Difference*
LogR = 0.3307LogUsS +
TSS* LogR = 0.0682LogUS + 3.41C 1.9311 3.41 0.0047 58.9%
TP LogR = 0.5508LogG 0.4222  LogR = 0.5508LogC 0.8764 421  0.0004 64.9%
c LogR =0.7706LogC + LogR =0.7706LogC +
% O-POs* 0.2666.0gUS-0.23095 0.2666.0gUS- 0.73469 459  0.0002 68.6%
sd LogR =0.9414LogUS+
8 g’ TN LogR = 0.9414LogUS + 0.265 0.2995 5.46 <0.0001 75.7%
§ NO2,sN LogR=0.5929L0ogC 0.4175  LogR= 0.5929L0ogC 0.6163 103 0.3141 36.7%
TKN LogR= 0.9002LogUS + 0.308: LogR= 0.1447LogUS + 0.168: 5.60 <0.0001 81.8%
LogR = 0.2754LogC + LogR =0.2754LogC +
TAN 0.5053LoguUsS0.3821 0.5053LogUS 0.9161 229 0.0328 70.8%
ON LogR = 0.792 LogUS + 0.411 LogR =0.1278 LogUS + 0.07¢ 5.21 <0.0001 79.8%
TSS LogR = 0.5062LogC + 6.2755 LogR = 0.5062LogC +5.3356  4.02  0.0007 88.5%
TP LogR =0.7525LogC + 2.0923 LogR = 0.7525LogC + 1.6940 2.82 0.0103 60.0%
LogR = 1.080LogC + LogR = 1.080LogC +
0.543LoguS 0.543.0gUS
O-POs* -0.109.09C*LogUS-0.15533 - 0.103.0gC*LogUS- 0.51651 298 0.000 56.5%
» S LogR =0.7857LogUsS +
g E TN LogR = 0.7857LogUS + 1.727 1.1904 3.86  0.0009 70.9%
5o LogR = 0.3272LogC + LogR = 0.3272LogC +
NO2,sN 0.7197LogUsS + 0.0593 0.7197LogUS 0.15742 248 0.2501 39.3%
TKN LogR = 0.6525LogUS + 2.54C LogR = 0.6525LogUS +1.946  3.39  0.0028 74.5%
LogR =0.2944LogC + LogR = 0.2944LogC +
TAN 0.5480LogUsS + 1.0098 0.5480LogUsS 0.50211 226 0.0353 68.9%
LogR = 0.6639LogUS +
ON LogR = 0.6639LogUS + 2.492 1.8948 3.483  0.0022 74.7%

C = MOV2 Ouitlet (control pond), US = MOV1 inlet, R = MOV1tieu
*neither MOV2_OUT nor MOV1IN were significantovariates to predict MOVDUT. A paired
St u d etestwasused to compare influent and effluent concentrations of MOV1 in the treatment
period. Median REis reported.
**hold values indicate significance at a ld\afh = 0.05

Retrofit implementation altered the trajectory of MOV1 cumulative loads. For example,
TSS effluent loads had been higher than those of the inflow at the end of the calibration period.
By January 2018 of the treatment period, the inversenwag¢Rigure 317). Similar trends were
seen for TP, TN, and TKN. Differences in influent and effluent pollutant loads were most

apparent for TAN; cumulative effluent loads were less than half of those of influent at the end of
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the treatment period. Thus, mechanisms (pligtéke and nitrification) to remove soluble
nitrogen were present. Visual observations of increased total mass of live plant material post
retrofit suggestethe potential for plant uptak& AN may also have been converted toJN®
through nitrificationwhich can occur when turbulent inflows increase dissolved oxygen (DO)

concentrationgKadlec and Wallace, 2009)

The lack of change in NN removal requires further investigation. Denitrification,
which convertdNO2 >N to N> or N2O, may have been lited in MOV1 during storm events. It
is also possible that N3N was denitrified, but concentrations remained static due to
conversion of N though nitrificatiomn soil samples taken piretrofit, total organic carbon
(TOC) content ranged from 0i61.5%, which is a sufficient carbon source for denitrification
(Webster and Gouldind.989) TOC was lower in samples taken from nearly peenédy
inundated soils, while higher TOC content was found in soils that were intermittently inundated
(Appendix G, suggesting that denitrification occurred in inundated soils during the calibration

period.
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Figure 3-17: Cumulative loads at all Morrisville sites for the entire monitoring period. The vertical line
indicates when the pond was retrofitted in September.2017

ANCOVA plots used to detect differences in mass export rateBOdf1 for both phases
of the retrofit have visible reductions for TSS, TP, TN, TKN, and Biyure 3-18). No
significant changes were detected forN®. O-PQ:* and TAN loads significantly reductions
were detected wh both MOV1_IN and MOV20UT as explanatory variables, for which

visualization is more challengind\pendix H.
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Figure 3-18: ANCOVA of the log of MOV1 TSS, TP, TN, TKN, and ON loads with respect to the
indicated covariate

Calibration and treatment perioffleent EMCsof MOV1 were also compared to
ambient water quality targets. Barrett et(2004)suggested that effluent TSS concentrations
should not exceed 25 mg/L to maintdiownstreanecosystem health. Median nutrient
concentrations in streams with a fAigoodo
were used as target ambient conditifvisNett et al. 2010) MOV1 effluent EMCs from both
periods were compared to these thresholds, BMICs atMOV2_OUT during the treatment
periodas a referencd-{gures 319 to 3-21). MOV2 effluent met TSS targets more frequently

than that of MOV1 from igher monitoring period. While clearly perfaing better postetrofit,
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MOV1_OUT in the treatment period still only met TSS targets in 53% of storms. Calibration
outflows of MOV1 were never less than TSS targets.
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Figure 3-19; Exceedance probabilities of effluent concentrations at MOV1 for both monitoring periods
and MOV2 postetrofit with respect to TSS target concentrati(®Barrett et al., 2004)

Additionally, pre- and postretrofit MOV1 effluent nutrient EMCs were compared to
those assigned to dry ponds and CSWs by NCOHE®@se concentrations are based on North
Carolinacentric studiesDry ponds have assigned TP and TN effluent concentrations of 0.66
mg/L and 1.65 mg/L, respectiveg{fMCDEQ, 201B). These values for dry ponds are subject to
change because dry ponds studied in the state are limited téssigned CSW effluent
concentrations for TP and TN are 0.18 mg/L and 1.12 mg/L, respediNEDEQ,2017). The
majority of TP samples were lower than that assigned by NCDEQ (@1 dry ponds. Effluent

TP concentrations in MOV1 never me t t he McNet

CSW assigned value in 94% of storrirgg(ire 3-20).
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Figure 3-20: Exceedance probabilities for effluent concentrations of TP at MOV1 for both monitoring
periods and MOV2 posetrofit with respect to ambient water quality thresholds (McNett et al., 2010)
and NCDEQ (201B) assigned concentrations for dry poaatsl wetlands

Effluent MOV1 TN EMCs substantially decreased pestofit (Figure 3-21). However
only 44% of these concentrations were less than NCDEQ (2@%gignediry pond effluent
concentrations. All effluent concentrations were much higher than ambient water quality

thresholds.

—a— MOV2 Out Post MOV1 Out Post 10

-

Es)

E

6 c

§el

S

4c

)

2

1.65 mg/L S
2 O

0.99 mglL
100% 80% 60% 40% 20% 0%

Exceedance Probability (%)

Figure 3-21: Exceedance probabilities of effluent concentrations for TN at MOV1 during both
monitoring periods and MOV?2 pesttrofit with respect to ambient water quality thresholds (McNett et
al., 2010) and NCDE@O01 ) assigned concentrations for dry poaasl wetlands
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Exceedance probabilities of water quality targets only changed for TSS and TN between

monitoring periodsTable 316). In general, the converted MOV1 did not treat pollutants to a

level thatmet ambient water quality thresholds. In the treatment period, fli ef

concentrationef MOV1 were belowNCDEQ valuesassigned to dry ponder creditmore

frequentlythan in the calibration periodhe probability that TRIOV1 effluent concentrations

were | ower

than NCDEQO6s

a s R01dpjfrendpreaoapbst e s

for

retrofit. In general, postetrofit MOV1 treated pollutants to effluent EMCs that were better than

those of dry ponds and approaching those of CSWs. Limitations ofeign, including lack of

storage capacitgnd a lack of CSW bathymetry may have limited treatment potential of this

conversion. However, it islearthat the retrofit improved effluent water quality.

Table 316. Exceedancerpbabiities of MOV 1 effluent EMG during both phases of monitoring with
respect to the indicated water quality targets.

Parameter WQ Target WQ Target Exceedance Probability

Reference mg/L Calibration Treatment

TSS Barrett et al(2004) o5 86% 50%

n TP McNett et al.(2010) 0.11 100% 100%

2 TN McNett et al. (200) 0.99 100% 100%

S NO,sN  McNettetal. (201p 0.59 57% 56%

TKN McNett et al. (201p 0.4 100% 100%

TAN McNett et al. (201P 0.04 100% 88%

23 TP NCDEQ (2011) 0.66 7% 6%

a5 TN NCDEQ (201D) 1.65 93% 56%

=5 TP NCDEQ (2011) 0.18 100% 94%

OGC TN NCDEQ (2011) 1.12 100% 100%
3.4.2.2 WS

The lowdirectly connected impervious areBWS created a high runoff threshold. An

extended calibration period was required to capture a sufficient numberretqafeg storms.
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Since retrofitting in March 2018, only four storms have been sampled for water quality. The

results reported are pmglinary and may change as new data are collected.

Median EMCs during both phases of monitoring are reportédlie 317. WS influent

water quality was used as a covariate to detect changes between calibration and treatment period

water quality. Signifiant correlations were found between influent and effluent concentrations
of all analytes, allowing for ANCOVA. This analysis detected no significant changes in effluent
water qualitybetween monitoring periods, but the poatrofit sample size was too shin@

easily detect differences (n = Preretrofit water quality treatment was also relatively good in
WS, especially compared to other dry ponds
on water quality in WS was moved to Appentibecase the treatment period sample size was

very small.

Table 317: Medianinfluent and effluenevent mean concentrations of Ve8d concentration removal
efficiencies (RE) during both phases of monitoring

Period Location TSS TKN NO23N TAN TN ON TP O-POs&*
mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Calibration WS_IN 105 1.87* 0.21 0.18 2.09 1.67 0.52 0.15

n=10 WS_OUT 53  1.06* 0.14 0.13 1.25 0.98 0.43 0.12

WS RE*  49%*  38%" 34%°  29%2  41%°  42%°  22%? 319
p-value 0.002 0.004 0.002 0.016 0.002 0.002 0.015 0.189

Treatment  WS_IN 170  2.32 021 026 253 187 0.69 0.17
n=4 WS OUT 90 1.30 0.14 0.2 143 110 035 0.11
WS RE 35%  19% 16%  11%  19% 17%  31% 34%

p-value 0.238 0.288 0.244 0.195° 0.273 0.386® 0.101° -

*n = 9, data with quality control issues indicated by the V&re removed
**pold values are significant

St udetest 6s t

PWilcoxon Signed Rank test
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3.4.3 SCM Effluent Concentration Comparison

Dry pond effluent EMC has been highlgiriable in previous research, particularly for
TSS and N@z-N. Preretrofit concentrations of both MOV1 and WS were within the ranges of
those for other dry pond$SS mean EMC of MOV1 from the treatment period was similar to
those of constructed wetlamffom previous studie§ éble 318). NO -N concentrations
leaving WS from both periods were more similar to CSWs than dry ponds, whileMO
concentrations in the retrofitted MOV1 remained similar to those of other dry ponds. Effluent
concentrationsfol SS and TKN in WS remained high and comparable to those of other dry
ponds. Differences detectable in effluent concentrations between monitoring periods at WS are

limited due to few data.

Generally, TN concentrations from CSWs are slightgvated due to levels of organic
matter, which cannot be easily treatelbwever MOV1 TN effluent EMCs were much higher
thanthose of CSWs, suggestingthfdOV1 f ai l ed to treat nitrogen
wetland.This may be due, in part, tow levels of denitrification (Greenway, 2004 effluent
NO23N EMCs ofthe MOV1 postretrofit were much highethan those o€SWs Postretrofit
MOV1 effluent concentrations oFAN were also somewhat hightranthose ofCSWsfrom the
literature As CSWs are designed to treat both of these polluttmdack of treatment in MOV1
suggests limited capability of the retrofitis likely thatundersizingand the lack of wetland

bathymetrymay limit treatment potential of the poturnedwetland(Tucker, 2007)
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Table 318 EffluentEMCsof MOV1 and WS preand postetrofit for pollutants monitored compared to
those of previously studiadty ponds andtonstructedstormwater vetlands

SCM Reference Name/Location Mean Effluent Concentration (mg/L)
Type TSS TP O-PG* TN TKN NO2zN TAN

MOV1 OUT
(pre-retrofit)

Dry Pond  herein 80 0.41 0.22 3.38 266 0.71 0.32

Dry . MOV1 OUT
Pond/CSW herein (postretrofit) 33 030 0.14 195 135 0.61 0.16
Dry Pond  herein WS_OUT. 85 048 018 129 113 014 0.4
(pre-retrofit)
Dry . WS_OUT
Pond/CSW herein (postretrofit) 101 0.50 0.22 1.74 155 0.19 0.20
Dry Pond Carpente2014) Quebec City, Caada 75 - - - - - 0.19
Dry Pond  Birch et al.(2006) Sydney Australia 93 0.23 - 291 113 1.82 -
Dry Pond  Caltrang(2004) Californig? 39 0.32 0.14 283 185 0.98 -
Dry Pond  Stanley(1996) Greenville NC 32 - 0.10 - - 0.36 0.12
CcsSw Lenhart & Hunt(2011)  River Bend NC 41 0.23 0.09 1.11 094 0.17 0.08
CSW Z%trg;/vay & Hunt Mooresville, NC 9 001 - 0.72 067 007  0.03
CSwW Line et al.(2008y Asheville, NC 31 0.12 o0.01 0.94 0.79 0.15 0.08
Csw Line et al.(2008y Piedmont Region, NC 18 0.99 0.13 1.00 0.87 0.13 0.14

#Compilation of six basins
’median effluent EMC

3.44: Wetland Chemistry

Nitrogen and phosphorus are two nutrients of concern. Changes in soil and water
chemistry, induced by the retrofit, can affect TN and TP effluent concentrations. In aerobic
conditions, phosphorus can be stored in the soil, attached padales through iron bridging
(Stumm and Morgarl996) When soils become anaerobron that bonds phosphorus to soil
particles is reduced and becomes soluble, releasing available soil phosphorus, creating higher
dissolved phosphorus concentratiomsvater. In this study, much of MOV1 was transitioned to
permanently inundated conditions, which could potentially release soil phosg&trosn and
Morgan 1996) Soil samples were taken during the calibration phase to determineritiex?a
measure oftte saturation of phosphorus in soils, of which there is a limited cafHeitgy et al.
2009) Both in MOV1 and WS, The-index was found to be very low-@) in both MOV1 and

WS (Appendix G, with a high capaty for P storage and low potential to release P in anaerobic
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conditions. These levels were similar tanélices from Hunt et al. (2006), which resulted in high
rates of P removal in bioretention cells, another vegetdétazed SCM. Removal rates of TP and
O-PQs* greatly increased during the treatment phase, indicating that soil phosphorus levels did

not inhibit pollutant removal.

Treatment wetlands are commonly implemented to reduce nitrogen concentrations,
particularly NQ >-N. Yet, this was thenly pollutant for which the retrofit in MOV1 did not
significantly reduce effluent concentrations. N€&N is most commonly removed in wetlands
through plant uptake and denitrificati@@reenway2004) For denitrification to occur, both
anaerobic conditions and an organic carbon source mustlexiistre et al.2015) Preretrofit,
soil samples were taken MOV1, apercent TOC in the soil was found range from 0.4762%
(Appendix G. These rates are considered sufficient for some denitrificAt@ser and

Goulding 1989)

Water chemistry during baseflow can help to characterize dynamics in MOV1. Longer
intereventr esi dence times may have alREefbasallont he basi
NO2>N was found to be consistently high and sigaift (Table 319). Effluent concentrations
of NO2 >N were below the practical quantitation limit (PQL) in 75% of samples, and mean
effluent concentration was 0.008 mg/L. It is likely that this removal was due to denitrification
because, in MOV1, residemtime ranged from 2 to 19 days. Maximum denitrification rates

occur after 5 days of soil contact tirfiue et al, 1999)

There were significant reductions in baseflow contiggions of GPQ:>. This reduction
further illustrates that soil phosphorus content did negatively impact dissolved P in the dry pond
turnedwetland. There were significant increases in concentrations of TKN, ON, arichble (

3-19). However, ON was thgreatest contributor to TN in MOV1, and mean TN effluent EMC
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was consistent with typical CSW TN effluent concentratidrable 318). Mean effluent
concentration of TAN was only 0.057 mg/L, much less than effluent concentrations associated
with storm everd. These concentrations were also similar to effluent water quality thresholds for

TAN (McNett et al., 2010).

Table 319 Concentratiomemovalefficiency (RE:) of pollutantsduringbaseflowat MOV1(n = 7)

TKN NO23N TAN TN ON TP P(()):@‘ TSS
Mean GCi - Co mg/L -0.85 1.13 -0.017 0.29 -0.83 -0.080 0.022 -7.17
Median RE** % -241.9% 99.4% -88.8% 33.3% -291.2% -43.0% 18.4% -51.1%
Mean Co mg/L 1.12 0.008 0.057 1.13 1.06 0.23 0.10 25.0
p-value <0.0001 <0.0001 0.0613 0.297 <0.0001 0.011 0.0490 0.462

*bold values significant
**Negative sign indicates an increase in concentration from inlet to outlet

NO2,>N removal rates in baseflow suggest that conditions exist for denitrification. These
removal rates are notflected during storm events. During baseflow, there was no evidence to
suggest that TAN was nitrifiedvhich could be manifested through an increase ip ND
concentrationsHowever, during storm events, TAN loads were greatly reduced, which could
havebeen in part though nitrification. This is likely, as turbulent flows during storm events can
increase DO concentrations, increasing nitrification pote(f@hdriest Environmental 2013)
Nitrification yields increased N£2-N concentrations, which conseqily limits the ability to
detect NQzN treatmentAdditionally, denitrification occurs with increased residence time
(Zarnetske et al2011) Storm duration of sampled events from initial precipitation to final
drawdown ranged from 17 to 76 hours, with an average duration of 51 hours. Outflow
overtopped the WQV height in 38% of storms, with overflow volumes ranging frodb2b6 of
total effluent volumes in these events. No significant correlations were found between effluent
nitrate concentration and storm duration or peak flow(rgppendix J. Often, seasonality has an

effect on nitrate removal, but there were no seasonal trends deBated. on these differences
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and observations, a lack of nitrate removal could be due to a lack of anaerobic conditions and
contact time with the soil. It isgssible that a reduced orifice size, which would increase

residence time of the WQV, could improve denitrification rates.
3.45: Cost Benefits

In many areas of North Carolina, regulations for allowable loads reaching rivers and
lakes are stringent. The burden of reducing pollutant loads in existing develogrhergs
SCMs are already in placdten falls to municipalities. Implementing new SCM& decome
expensivgWeisset al.,2007) When developing, some water quality treant must be on site
(implementation of local SCMs), while the balance can be nutrient credits from the NC
Department of Mitigation Services (DM$able3-20) or another source to offset nutrient loads

(NCDEQ, 2018b)

To quantify the return on investment of the MOV 1 retrofit, ib&ient offsetredit
equivalent of the loackduction of the 4.15 ha waterstdee to the retrofibver 30 years was
calculated for three major watersheds in North Caroliiadle 321). Credit valuesvere
estimated at the rate charded nutrient offset creditby DMS (NCDEQ, 2018a) Credit
equivalent valug ranged from $48( to $365,000which wasprovided by the $2,000 retrofit
installation Thewide range is attributed to unequal costs of offset credits awaibersheds

(Table 320).

Table 320: Nutrient offset credit cosis listed by DMS (NCDEQ, 2018 three majoiNC watersheds.
NC DMS Cost ($/kg)

Falls Jordan Tar-Pamlico
TP $ 413 $ 757 $ 260
TN $ 23 $ 290 $ 18
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Table3-21: Cost of nutrient credits equivalent to the pollutant reduaifdhe MOV1 retrofit.

Effluent Loads* Buy Down Credit Equivalency**
Calibration Difference Reduction| Falls Jordan Tar-Pamlico
TP Load (kglyr) 7.29 60% 437| $54,000 $ 99,100 $ 34,000
TN Load (kg/yr) 43.4 71% 30.7| $21,300 $ 268,000 $ 16,800
Total Savings $75400 $ 366,900 $ 50,800
- Investment $ -2000 $ -2000 $ -2000
Totals $73,400 $ 364,900 $ 48,800

*Calibration period loads reported previously were multiplied by watershed area for total load
**Credits were calculated by multiplying unit costs in Tab{20 by total load reduction over a 3@ear
period

With such low cost of implementation, the sagrwould pay for retrofit costs between 1
and 6 years. Such low retrofit costs were due in part to the exclusion of earthwork required by
retrofit design. The evidence suggests that despite the lack of a flow path and designated wetland
zones, typical of @anstructed stormwater wetland designs, the wetland retrofit of MOV1 still

improved water quality treatment.

Data still needs to be collected in WS for a proper evaluation of this retrofit. However,
limited storage capacity and a lack of a control orifikely limit the effectiveness of this

retrofit.

3.5 Summary and Conclusions
This study examined the viability of implementing a dry pond retrofit to create a quasi
stormwater wetland. Both water quality treatment enhancement and retrofit cost were

considered. Two dry ponds were evaluated in this study, but only one of which thoroughly.

1 Using a combination of a paired watershed and upstream/downstream desigitr,afit
in MOV1 showed significaneffluent EMCreductions of 58%, 65%, 69%, 64%, 82%,
71%, and 80% for TSS, TP-PQ:>, TN, TKN, TAN, and ON, respectively.

Concentrations of N&x-N were not significantly reduced.
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Load reductions in MOV1 due to the retrofit were significant for TSS, IS, TN,
TKN, TAN, and ON with reductions of 89%0%, 57%, 71%, 75%, 69%, and 75%,
respectively. Export loads of N@N did not change significantly.

Although greatly improved, effluent water quality in the converted MOV1 did not meet
ambient water qualitthresholds proposed by McNett et al. (20fdd)most analytes
Exceedance probabilitied these thresholdsereless tharl00% for TSS, N@s-N, and
TAN, at 50%, 56%, and 88%, respectively.

In MOV1, effluent TP concentrations pestrofit (0.30 mg/L)were much lower than
expected effluent concentians for dry ponds (0.66 mg/L). These concentrations
approachedbut did notmatch expected CSW effluent concentrations (0.18 mg/L).
Effluent TN concentrationgl.95 mg/L)from the retrofitthat ranged fromexceeded
expected dry pond concentratsfi.65 mg/L) in 56% of storms. These concentrations
were much higher than expected effluent CSW concentrations (1.12 migi\)1

storage volume was only 65% of design requirements for Q8MBEQ, 2017a), which
may have limited treatment.

Baseflow sampleth MOV1 during the treatment period showed significant reductions in
NO2,z-N, indicating denitrification potentiah the converted basihack of NQ N

remowal during storm events may have been due to laskoodgeor short detention

times However, high reductions of TABuggest nitrification during storm events. A lack
of apparent removal of NN during storm events may be due in gartheproduction

of NO2,>-N in the basinlf so, denitrification also occurred during storm events.
Preliminary data daot show any significant differenae effluent concentrations in WS

between the calibration and treatment periods. No signifdifietences were detected in
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total mass exported between monitoring peridcds any significant findings are nearly
impossible here due to a very small sample.size

The retrofits in MOV1, a single dry pongenerated nutrient reductioequivalent to
nutrient creds worth$34,0001 $99,000 and$17,000- $268,000 for TN. Pollutant loads
were greatly reduced downstream with simple anddost retrofit designs. Potential
exists to replicate such retrofits in dry ponds throughout North Carolina and the United

Statedo improve water quality.
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CHAPTER 4: Dry Pond Retrofit Design Recommendations and Future Research
Considerations

NCDEQ(2017a)no longerallowsadry pondto be implemented as a staaldne
stormwater control measure (SChHcause it does not efficiently remou8S from stormwater
Additionally, low nutrient remwaal rates assigned to dry ponds (NCDEQ, 2017a) may often
require developers to implement other forms of mitigation. This may often include purchasing
buy down credits. There is potential to enhance water quality treatment of dry ponds by
modifying (or retofitting) them.One potential dry pond retrofit is the incorporation of wetland

features.

Recommendations for design of such a retrofit are detailed herein. These modifications

are prioritized by effectiveness for conversion, ease of implementationpsind c

4.1 Outlet structure modification

4.1.1 Creation of a permanent pool

One of the main differences between a CSW and a dry pond is the existence of a
permanent poadf waterin a CSWabove the bottom of the bagifigure 4-1 and4-2). A
permanent pool facilitates sedimentation, reduces resuspension of particles, and creates zones for
nitrification/denitrification Diverse wetland bathymetry, including deep pools and shallow water
zonesmay additionallyenhance pollutant neoval. Exact specifications of depth and zone
requirements vary by state, but the designer may be able to optimize permanent pool depth to
emulate standards for CSWs. However, as the level of permanent pool is raised, pond storage
volume decreases, whichasbasin hydraulicsThe extent to which these alterations are
acceptable will vary by pond. Finally, verifying that the new permanent pool depth does not

negatively influence hydraulic grade line is important.
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Figure 4-2: MOV1 was retrofitted to include a permanent pool. Wetland vegetation had not yet matured.

In some cases, the riser stwre need not be directly modified establish a permanent
pool. A structure setting new permanent pool elevation, orifice diameter, and water quality
volume (WQV) elevation can built around the original orifice. Avoiding direct modification of

outlets mhimizes costs.

When directly modifying the outlet structure, means of altering the elevation of the water
guality orifice is dictated by the outlet structure itself. An upturned elbow can be a simple and
costeffective way to alter the elevation of theteraquality orifice. Upturned elbow orientation

must be considered carefully, as orifice placement can affect both performance and maintenance
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(Hunt et al, 2011) Upturned elbow retrofits have previously been installed on bioretention cells
for nutrient removal and infiltration enhancem@itown andHunt, 2011) No evidence
suggests a preferential orientation. However, there are some common practices in outlet design,

which may be applied to these retrofits. In CSW designs, dovwedweioows are often installed

to limit clogging from floating debrisHigure 4-3).

e =

Figure 4-3: CSWs can have downturned elbows to limit clogging from floating debris (NCDEQ, 2017).

Somes and Wong (1997) studied a siphon outlet, which was reported to perform well
hydrologically, including a relatively steady drawdovate Eigure 4-4). With modifications of

this outlet type, clogging from both floating debris and sediment is potentially minimized.

N — < = CONVERTED STRUCTURE

41 < ¢ | PERMANENT POOL ELEV.
<1 ORIGINAL DRY POND
IR, 4 | .. | OUTLET ELEV.

Figure 4-4: A siphon outlet structure can improve hydrologic effectiveness and may reduce clogging
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No matter the configuration, clogging within the upturned elbow can be a concern. A tee
can be installed over an elbow with an attached removable cap to allow for ease of cleanout in
case of cloggingCovering the original orifice and drilling a new oréishould be avoided if

possible. This alternativeould greatly increase costs and potentially lead to maintenance issues.

4.1.2 Drawdown Optimization

In addition to raising the permanent pool, drawdown times must be adjusted to meet
water quality regulations for CSWs. Although the principal orifice in dry ponds must be sized for
a drawdown time of 2 5 days Figure 4-5; NCDEQ 2007 2017b), many dry ponds exist that do
not meet this criterion. Some dry ponds may not be sized for water quality volumes, often
predating newer design standards; the orifice does not detain water for a sufficient period of time
to meet water quality regations. When retrofitting a dry pond into a CSW for water quality,
detention time is essential, and the orifice size should be reduced to meet newer detention time
standards. Orifice size can be modified by incorporating an orifice plate or cap witfi@n ori
diameter as small as 25 mm; however, Hoyt and Br@005)suggested 75 mm be the

minimum orifice size to prevent clogging.

Figure 4-5: A dry pond's 118nm orifice provided little detention tinfer the watershed area (left). The
orifice was reduced to 50 mm to increase detention time to 2 days (right).
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4.1.3 Peak Flow Mitigation’ Maintaining Flood Control

Because changing the principal drawdown orifice will alter hydraulics in the basin, flood
control concerns must be addressed. Reduced storage volume for runoff and a restricted
drawdown rate will likely increase peakitflows for larger storm events. Addihally, it may be
necessary to modify the outlet structure (e.g. with new orifices and weirs) after adjusting the
initial orifice.

4.2 Adding Plants to EnhancePollutant Removal

Although increased hydraulic retention time (HRT) and a permanent poel lzdme
been found to be highly correlated with pollutant rem¢Madidieton and Barret2008;

Shammaa et al2002) other design features asgated with CSWs can be implemented to

enhance pollutant reduction.

Greenway(2004)demonstrated that plants have been shown to play a big part in
pollutant removai both for particulate and dissolved pollutants. In CSWs,tplean provide
surface area for particle adhesion, enhance sedimentation, promote uniform flows, and stabilize
existing soils within the basiM(ong et al., 1999Permanent inundation will kill turf grass
(most typical vegetation of a dry pond), destahbilj the dry pond bottom. Barren areas will
need vegetation that are adapted to wetland conditions. While shallow open water will attract
certain wetland species, ultimately, mosquito habitat could be created if vegetation is not

carefully considere¢Hunt et al. 2006)This is especially a concern near urban areas.

Many ecosystem services beyond hydrologic and water quality benefits have been
attributed to wetland plants. There is potential for additional habitat, educational and recreational
opportuwnities, carbon sequestration, air quality improvement, and resource harvédtioge

andHunt 2012 De Groot 2006 MEA, 2005)by including plants in a dry pond retrofit.
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Although incorporating select plants may require investment, there are likely sufficient benefits

to merit the effort. Plant selection, spacing, and placement shmaitth those required for

CSWs. Facultative plants should be selected in areas where a permanent pool is not guaranteed.
This is possible imreas with infiltrating soils and basins where deep poals not existo

maintain stanihg water in times of drought.

4.3 Altering Basin Topography

Another signature design feature of CSWs is wetland bathymetry, which is usually a mix
of shallow water, deep pools, and temporary inundation zones along a designated flowpath
(NCDEQ,2017b) Varied topography is intended to create multiple opportunities for pollutant
removal, while the flowpath increases HRT, maximizing hydrologic effectiveness, which is the

interaction between storage volume, runoff capture detehtion time (Wong et al., 1999).

Both hydrologic effectiveness and hydraulic efficiency, which quantifies mixing and the
proportion of basin volume used, contribute to treatment efficiency of a wéWamly et al.
1999) While a flowpath that prevemshoricircuiting in a CSW can increase hydraulic
efficiency(Persson et al1,999) the vegetationwetland bathymetric interface is the greatest
factor affecting hydraulic efficiency (Wong et al., 1999). Proper placement of vegetation and
calculation of the correct proportion of thend zones may enhance the efficiency by providing a
stable ecosystem with many pollutant removal mechani@reenway2004) These
modifications (previously discussed) are relagnakexpensive compared to flowpath
modification, which could require substantial earthwork and mobilization costs. High costs could

deter retrofitting.

In North Carolina, nutrient offset credits can be purchased whglace SCMs do not

meet required phitant load removal. Proposed retrofits must be lower than the cost of offset
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credits to merit investment. Therefore, it is ideal that retrofit costs are optimized with respect to
pollutant removal. From this retrofit study, it has been shdvaheénhancegollutant removal

can occumwithout expensive earthworksmall investments likeutlet modification and plant
installationled to large improvements in water quality treatment in the basin without the need for

excavating.

There are some cases where Aspoto earthwor
ponds are often not designed with a deep pool or sump near the outlet. In these cases, it may be
beneficial to add this feature to minimize sediment build up near theeoffersson et al. (1999)
found that adding a small island or submerged berm near the inlet can greatly increase hydraulic
efficiency. Both modifications require minimal earthwork and could enhance performance. Also,
largeslopes between the inlet and letimay limit coverage of a permanent pool, in which case,
low-lying berms may be installed on grades across the basin to promote ponding throughout the

SCM (Figure 4-6).
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Figure 4-6: Berms may be constructed to increase permanent pool area when basin elevation changes are

drastic

This study only addressed retrofits without earthwork. More investigation is needed to
better understand how modifying bathymetry affects pollutant removal relative to simpler
modifications. The retrofit studied substantially improved nutrient capture,veitieout

earthwork.
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4.4. Other Design Considerations

4.4.1 Effects of Sizing

In addition to these design considerations, other factors may affect the success of dry
pond retrofits and should be considered before investing in changes. Standard ptwaders
the WQYV is often specified to include runoff from the first 25 mm of an event (NCDEQ, 2017b;
VDEQ, 2013 CWP, 2009) By limiting maximum ponding depth requirements, CSWs have
larger surface areas than other SCMs. Maximum ponding depth of the WQV is not a limitation
for dry ponds, which may result in undersized CS}ysn conversion, potentially limiting
pollutant removal potential. Several studies have quantified pollutant removal capabilities of
undersized wetlands, with varying successe(Table 47). For example, Hathaway and Hunt
(2010 found that a wetland sized to treat 27% of the WQV reduced pollutants wis$hoRE
84%, 52%, and 62% for TSS, TN, and TP, respectively. In the conversion studied in this thesis,
the resulting CSW treated 82% of the WQV, with significant pollutant removal increases from
the original dry pond. More research is needed to determinmpaet of sizing ratio on

retrofitted dry ponds.

4.4.2 Maintenance

Maintenance of the pond peastrofit should resemble that for CS\l¢CDEQ,2017;
Blecken et al.2017; Hunt et a).2011) When a deep pool does not exist near the outlet, special
attention should be paid to sediment buildup near and around the orifice. Vegetation should be
monitored to exelde cattails and other mosqujtootecting species from the baghhunt et al,

2006)
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Appendix A: Evaporation and Infiltration

Daily evaporation rates were taken from the NC Cronos for the monitoring period. Using a

surface created in AutoCAD Civil 3D, water surface area was estimated in time steps based on

water level Total evaporation was estimated for storm events using averagevepibyation

rates and water surface areas determined using a rendered surface in AutoCAD Civil 3D. Total

volume evaporated was estimated for the five storms with the longest duration (those assumed to

be most influenced by evaporation). Estimated evajporablumes and these volumes as a

percentage of total runoff volume were estimated for MOV1 and MQ¥BIé Al andA-2).

Based on these estimates, evaporation volumes were excluded from the water balance in

Chapter and3.

Table Al: Evaporation Volumes as a percentage of total volume in MOV1

Duration  Voutflow VET ET % of
Vout
h cf cf
72:02 163521 152 0.09%
35:02 25989 73 0.28%
28:00 14047 13 0.09%
21:30 17423 54 0.31%
21:22 13011 17 0.13%

Table A2: Evaporation Volumes as a percentage of total volume in MOV1

Duration  Voutflow VET ET % of
Vout
h cf cf
24:50 2838 <0.0 0.00%
70:44 77411 87 0.11%
32:46 9078 11 0.12%
24:44 87 <0.0 0.00%
21:48 2857 0.1 0.00%
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An MPD infiltrometer from Upstream Technologi¥s was used to estimate infiltration rates in
all studied dry pondsT@ble A3).

Table A3: Infiltration rates ofstudied dy ponds

Std
Pond | n| Mean | 25% | Median | 75% Error

cm/hr| cm/hr| cm/hr | cm/hr
MOV1 | 7| 1.6 0 0.10 2.8 2.2
MOV2 | 5| 6.64 0 0 0 149

WS |4| 1.70 | 0.6 1.9 2.9 14.2

Many of the tests were considered NULL because of a lack of drawdown in the device. All tests
were left for 24 hours, and infiltration was considered to be 0 cm/hr when water was still present

in the infiltrometer upon completion of the test. Detailedltef these tests are reported in

Table A4.
Table A4: Results of allmeasurednfiltration tests during thetudy.
Inf. Rate
Test Date Pond Test Name mm/hr Comments
6/9/2017| Wet MDPWET1 NULL
*Test only lasted 2 hours, drew down to 2
6/9/2017| Wet MDPWET1.1 37| cm
6/9/2017| Wet MDPWET3
6/28/2017| Wet Morrisville Wet Out 54 | *drew down to 12.72 cm in 1 hour
7/6/2017| Wet Morrisville Wet NULL
7/10/2017| Wet MDPWET3 1 | *moisture content adjusted lmyanufacturer
7/11/2017| Wet MDPWET4 0 | *didn’'t draw down by the next day
7/17/2017| Wet MDPWET4.2 0 | *didn’'t draw down by the next day
7/18/2017| Wet MDPWET5 19 | *7-hour test. Drew down to 15 cm
9/10/2017| Wet MDPWET7 0 | *didn’'t draw down by the next day
7/31/2017| Dry MDPDRY1 332 | *drew down to 4.8 cm in 21 min
8/1/2017| Dry MDPDRY2 NULL | *test ripped up by maintenance guys
10/3/2017| Dry MDPDRYOCT2 0 | *didn't draw down by the next day
10/5/2017| Dry MDPDRYOCT5 0 | *didn't draw down by the next day
10/17/2017| Dry MDPDRYOCT17 0 | *didn't draw down by the next day
10/18/2017| Dry MDPDRYOCT18 0 | *didn't draw down by the next day
6/14/2017| WS WsS1 NULL
10/27/2017] WS WSOCT27 0 | *didn't draw down by the next day
6/28/2018| WS SherwoodForestElem1l 26
6/28/2018| WS SherwoodForestElem2 11
6/28/2018] WS SherwoodForestElem3 31
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. T = /oY T
Figure A1 Infiltration tests were left for 24 hours, and many had water remaining in this column after
this period.

Web Soil Survey was used to identify underlying soil conditions in Morrisville (NRCS, 2018).

Table A5: Soil types of Morrisville catchment area, taken from Web Soil Survey

Symbol | Soil Type Rating % of Area

CaB CarbontorBrickhaven complex,-B % slopes D 16.0%

CaC CarbontorBrickhaven complex,40 % slopes D 12.0%

ChA Chewacla and Wehadkee soil2®% slopes, frequently B/D 4.2%
flooded

Ur Urban land 67.8%
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Figure A2: The majority of soils within the watersheds of MOV1 and 2 are considered urban land or in
hydrologic soil group D.
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Appendix B: Infiltrometer Report

Ksat best-fit site average could not be calculated with these tests

GPS Infiltration Test Site Map

Ml Imacerv ©2017 . DisitalGlobe U.S. Geolozical Survev ) Témis!of Use 3

Map Pin Ksat Ksat RMS Error of
# Test# | Test Name (cm/sec) (in/hr) C (cm) Regression
1 mdpwet4 NULL NULL NULL NULL

* NULL: Test Data collected was not viable. Ksat cannotdleulated
** NULL tests were removed from the site average calculation

This report summarizes the results of a set of Modified Philip Dunne (MPD) Infiltrometer tests
performed at the above referenced site. North Carolina State Uniyesstynnel performed the
field tests. The software used to compute saturated hydraulic conductisggyafi€i generate this
report assumes that the field personnel used infiltrometers manufactured by Upstream
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Technologies Inc. and followed the proceduresol i n e d i ModiffedvRhitipu Buhne
I nfiltrometero by Ahmed, Gulliver, and Nieber

The following paragraphs describe the individual tests, input values used in the analysis, and
methods used to compute thexalue.

After individual Ksatvalueswere calculated, the method used to determine the overall site
Ksavalue (Koestfit) is described in "Effective Saturated Hydraulic Conductivity of an Infiltration
Based Stormwater Control Measure" by Weiss and Gulliver 2015, "A relationship to more
consigently and accurately predict the béisvalue of saturated hydraulic conductivity used a
weighted sum of 0.32 times the arithmetic mean and 0.68 times the geometric mean."

METHOD USED TO COMPUTE K sat

The MPD Infiltrometer software uses tfedlowing procedure described in "The Comparison of
Infiltration Devices and Modification of the Philipunne Permeameter for the Assessment of
Rain Gardens" by Rebecca Nestigen, University of Minnesota, November 2007.

The steps are as follows:

1. For each masurement of head, use the following equation to find thecorresponding
distance to the sharp wetting front.
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2. Estimate the change in head with respect to time and the change inwetting front
distance with respect to time by using the backward
difference fo all values of R(t) equal to or greater than the

\/ﬁ distance
1 + maT - .-, . =

3. Make initial guesses for K and C.

R(t)[ro+Lmas)
_ 7 f o g [BOPI RO s dr 5\ Pl e
APt} =g (B~ K dt L H
E mas T ’
AP(t) = C — H(t) — Lnas + —32=— N

4.Solve the following equat:.
value of t.

5. Minimize the absolute difference between the two solutio
foundin Step 4 bwdjusting the values of K and C.
[Ho ~ H(®lr? = 22 2 RIROP + SROP Lunas — Ly — 473

Parameters for Equations
U, = volumetric water content of soil before MPD test
U, = volumetric water content of soil after MPD test

mdpwet4 mdpwet4 Results
Date 7/11/2017 Map Pin # 1
Time 7:46 AM Test Numbe
Latitude 35.853346 Ksat- cm/seg NULL
Longitude -78.847319 Ksat- in/hr NULL
Initial Volumetric Moisture | 3.00 % Capillary Pressure C ¢ NULL
Final Volumetric Moisture |100.00 % RMS Error of Regression NULL
Cylinder Size 3 Liter
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Readings

# Time
1 Os
2 378 s
3 2B8198s
4 28528s
5 28678s
G 28948 s
T 2927ds
8 29638s
9 29938s
10 30358s
11 30838s
12 31198s
13 31558 s
14 31798 s
15 32008 s
16 32218s
17 32428s
18 32638s
19 32938s
20 33478s
21 34108 s
22 34558 s
23 35128s
24 35698 s
25  36178s

Head

312 cm
2913 cm

29.0 cm
2875 cm
28.62 cm
28.36 cm
28.09 cm
27.98 cm
27.85 cm
27.71 cm
27.58 cm
27.45 cm
27.32 cm
27.19 cm
27.07 cm
26.94 cm
26.81 cm
26.68 cm
26.55 cm
26.42 cm
26.29 cm
26.17 cm
26.04 cm
2591 cm
2577 cm

mdpwet4 - Wake County, NC

#
26
27
28
Pt

3

32

33

35

37

Infiltration Report

A&

Upstreamw.

e

North Carolina State University

Time

36688 3
37078 3
37678 3
38578 s
39268 =
39748 s
40198 =
40558 3
41098 =
41638 3
4278 3
42658 3
43108 =

Head
25.64 cm
25.51 cm
2538 cm
25.26 cm
25.13 cm

250 cm
24 87 cm
24.74 cm
24.61 cm
2448 cm
2435 cm
24.23 cm

241 em

chnologies
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Appendix C: Hydrology of Storm Events for all Dry Ponds

Table A6: Hydrology of discrete storms for MOV1

5-min Peak Runoff Peak  Runoff

Start Date Duration  Precipitation  Intensity Depth  Runoff Volume
(hr:min) (in) (in/hr) (in) (cfs) (cf)

2/15/2017 4:14 0.36 0.44 0.10 0.47 3714
3/1/2017 8:34 0.85 2.07 0.35 0.65 13190
3/13/2017 28:00 0.80 0.24 0.38 0.43 14047
3/18/2017 14:22 0.20 0.24 0.09 0.26 3322
3/21/2017 1:32 0.13 0.46 0.02 0.36 922
3/28/2017 10:10 0.21 1.80 0.07 0.50 2678
3/31/2017 8:32 0.48 1.28 0.18 0.50 6598
4/3/2017 5:16 0.49 2.94 0.18 0.57 6689
4/5/2017 5:22 0.31 0.33 0.11 0.48 4254
4/21/2017 1:12 0.17 0.9 0.03 0.44 957
4/23/2017 72:02 0.94 0.3 4.39 9.19 163521
5/1/2017 3:20 0.29 0.54 0.06 0.41 2312
5/4/2017 16:22 1.79 3.66 0.98 438 36449
5/10/2017 3:54 0.46 1.72 0.13 0.54 4853
5/12/2017 8:42 0.23 0.63 0.06 0.43 2305
5/22/2017 21:22 111 1.20 0.35 0.56 13011
5/24/2017 16:28 0.86 2.23 0.45 0.60 16763
5/29/2017 10:14 0.13 0.14 0.03 0.11 1055
6/4/2017 35:02 1.88 3.15 0.70 0.71 25989
6/15/2017 3:42 0.19 0.99 0.03 0.41 1074
6/16/2017 13:52 1.79 4.67 0.64 0.75 23871
6/17/2017 4:54 0.10 0.63 0.06 0.46 2379
6/18/2017 2:28 0.12 0.63 0.05 0.47 1862
6/19/2017 19:02 0.58 1.41 0.36 0.67 13392
6/21/2017 8:48 0.31 0.31 0.14 0.39 5179
6/24/2017 21:30 0.96 3.95 0.47 0.76 17423
6/30/2017 6:30 0.40 1.27 0.08 0.50 3090
7/3/2017 1:28 0.11 0.45 0.01 0.26 544
7/4/2017 9:32 1.19 3.42 0.42 0.80 15628
7/17/2017 1:06 0.12 0.70 0.01 0.10 269
7/23/2017 5:36 0.77 1.40 0.16 0.55 5953
8/7/2017 13:50 0.29 1.02 0.12 0.47 4328
8/8/2017 19:10 0.34 1.02 0.12 0.54 4591
8/11/2017 11:16 0.98 3.00 0.36 0.67 13450
8/13/2017 5:48 0.53 1.76 0.20 0.61 7620
8/14/2017 5:04 0.20 0.66 0.06 0.45 2088
8/23/2017 2:28 0.11 0.42 0.02 0.33 756
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