ABSTRACT

EKKA, SUJITANURAG. Optimal Swale Design for Highwe§tormwatemRunoff Treatment.
(Under the direction of Diwilliam F. Hunt IlI).

Urbanized areas, transportation infrastructure, and other natural and anthropogenic
factors alter the hydrologic behavior of watersheds and degrade stormwater runoff quality,
ultimately impacting receiving waters. Highway runoff can carry a wide rangalatgntsand
allow limited opportunities fomitigation, before reaching streams and riv&sales are
common strmwater control measure (SCM3edworldwide for managingoadvay runoff.The
emphasis on clean water has ledh® evolutionof differenttypes of water quality swales for
enhanced runoff treatmerdutswale terminologyemainsambiguous in the literatur@&o
promote consistent use among practitionerstatbrfocusfuture researchpir types of water
guality swales (grass swale, infiltration swale, bioswale, wet swale) and their pollutant removal
mechanisms were definedue to limitedwater quality swale design guidand&eerature
directedrecommendations were develop#ds clear from the existing research thanoff
volume, sedirant and heavy metals can be reduced effectively by-mealhtained grass swales
and infiltration swales. Nitrogen removal is best accomplished by a wet, swdl@oswales are
most suited for removing phosphorus and bacteria.

To furtherguide optimal grass swale design, a controlled study was conducted to collect
empirical data. Eight grass swales were construct@d/estigateahe effect of threekey design
paraméersandtwo stormsizeée n swal es® hydrol ogic .Bhed water
design factos examined herein includethiannelength (33ft or 10m, 100 ft or 30m), shape
(triangular and trapezoidal), longitudinal slope (1% and 4¥tdrainfall depth ¢§maltmedium

[~0.75 inches or 19mpand largg~1.4 inches or 36mn



The pollutants tested includ#otal suspendesedimen{TSS) nitrogen, phosphorus, and
four total heavymetals (copper, lead, zinc, and cadmiuBynthetic runoff simulations were
spikedto achieveaypical highway pollutant concentratigrasd synthetic hydrographs were
generated by runoff simulation using an onsite reservoir.

Swale length, shape, and stesime were all statistically significant factors influencing
inflow volume reductionThe maximuminflow volume reductionwas provided by the 30m,
trapezoidal swaleconstructed at 1% longitudinal slope during sadidium storms. For wer
guality treatment, the overall results indicdtbat grass swales are effective for conveying
runoff and treating pollutants (sediments and metals), if designed for the water quality storm
(typically 1925mm). Swale length was a significdattor for all pollutants except for dissolved
phosphorus. The runoff volume and pollutant load reduction benefits from a 30m versus the 10m
swale suggests that designers should maximize the swale letigémtaximum extent
practicable for optimizing swale performance. A trapezoidal esesson should be the
preferred swale shape to achieve stormwater treatment goals. Swales runoff volume and
pollutant load reduction ability was slightly reduced for largemnss.

An exploratory impact assessmenfieé differentsociceconomic scenarios onnaater
guality swalein Knightdale,North Carolinawas conducted usingsaurcebased loading
stormwater qualitynodel, WinSLAMM Modeledscenarios included changing annual average
daily traffic (AADT) with different maintenance regimerepresenting different management
scenariosFive modeled scenarios included changing Annual Average Daily Traffic (AADT) and
maintenance regimes mimicking the influence of sedonomic factors ranging between
environmental protection and degradation. The madsl|calibrated satisfactorily against the

observed data for runoff volume and sedimBefsults showdan increase isediment loading



with an increase in AADT, but the swale can redsediment loadespeciallywhen maintained
regularly. In cases of increasing AADT and reduced or no maintendreswalé ability to
treatpollutants is diminishethereby increasing the sediment load to receiving waterbddies.
exploratory analysimayassist policymakers in developing appropriate swale inspection and
maintenance procedures and adaptation strategies for effectively managing highway runoff under

different socieeconomic scenarios.
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Chapter 1 : Introduction and Project Overview

1.1 Impacts of Urban Stormwater Runoff

Water pollution has long been recognized as an importantgésialy. In the United
States, iginificant improvements have been made to address both point and nonpoint sources of
pollution since the Clean Water Act of 19T7@sultingin improved water quality(Simpson et al.,
2023; Subramanian, 2016)he Clean Water Act requires industrial, municipalkl
transportation agencies to obtain a National Pollutant Discharge Elimination System (NPDES)
permit to discharge any pollutant to surface watnecent examination otormwater runoff
data fromthe past 40 yearalsoindicates a downward trend in pollutant event mean
concentrations (EMCs) aratknowledgethe role ofother environmental regulationscluding

the Clean Air Act and other source control strate@f@smpson et al., 2023).

Urban stormwater runoff typically occurs in response to rain events from urban and
constructednvironments. Although urban stormwater runoff may ova@udiffuse sources,
once water is collected through a storm sewer network and discharged to the surface waters, it is
considered a point source and as such is regulated under the NPDES permit. Urban stormwater is
challenging to manage at the soym®it mayoriginatefrom buildings, residential areas,
highways or roadwaysarrying a variety of pollutantsut with limited space available to treat
the polluted runoff. Thigroblemis especially true for areas with older infrastructure, as
stormwater was historically viewed as a nuisaaocéit was typically removeds quickly as
possible via a network of storm seweéfFhe ecotoxicological effects atdiman healtitmpacts
of untreated stormwater runoff are wathcumented in the literature, and lars® is a proven

factor impacting water qualitfRodak et al., 2020)



1.2 Urban Stormwater Management

With a continued increase in the population in urban areas, the water demand for human
consumption is also increasinthe traditional perspective of stormwater as a nuisance
requiring only flood control is being challenged, and a shift towadinig stormwater aga
valuable resource that can be usedatisfy increasingvater consumption demangsbecoming
more favoredFletcher et al., 2013; Heaney and Sansalone, 2083 result, there is a
paradigm shift fronprimarily efficient routing and coreyance of stormwater &mphaizing
treatment and reugRodak et al., 2020As an alternative to traditional stormwater control
measure designw-impact development and grestormwatelinfrastructure principles are
incorporated to manage stormwater runoff at the source by stifittgating, and treating
water(Dietz, 2007; Rodak et al., 2020)hisapproachallows for filteringof pollutantsand
groundwater rechargenaking stormwater available for reu&amples of such practices are
permeable @vements, raingardens, rainwater harvesting systems, green roofs, and vegetated

swales.

Swale as a Stormwater Control Measure

Swales andaadside drainage systemate to the RomaBmpire, whichwas known for
its superiority in roadways witproper drainagéBurian and Edwards, 2002)he purpose and
designof roadside drainageave evolved over time from combined sewerssimple flood
control to runoff water quality treatment for protecting the receiving waberales are a
common stormwater control measure (SCM) usethborth Carolina Department of
Transportation (NCDOT) and other DOTs to manage stormwater runoff due to their unique

application in linear environments with limited rigltbway, and low construction and



maintenance cos{€ALTRANS, 2004; Henderson et al., 201Bjgurel-1 shows example of a

water quality swale owned and operated by NCDOT in Wake County, North Carolina.

Figurel-1. Water QualitySwalein Wake County, North Carolina

As part of the urban landscape, swales can provide aesthetic banéétshancenatural
hydrologicalprocesses, thereby preserving thegeeelopment hydrologic functions of the site,
if designed and constructed propghiablame and Shakya, 2016; Dietz, 20@Rtensive
research is being conducted worldwidewttvance swale design aegamine effectiveness of
these practices itmeating urban runoffAhiablame and Shakya, 2016; Dietz, 2007; Jia et al.,
2016; Yu et al., 2013A regulatory demand foncreased treatment of urban stormwater has
recentlyresulted in the evolution of other swale types, includlirfigiration swales, wet swales,
and bioswale¢Ekka and Hunt, 2020However, terminologghouldinclude clear distinctions
between such terms geass swaledry swalg infiltration swale wet swale andbioswaleto
improve clarity and avoid interchangeable usboth literature and practicAs the function,
design, operation, and maintenance for each of these swale types can differigieatiyical

thatspecific guidelines be developed.



Despite their widespread use and historical role in stormwater manageméerftudree
of design parameters (e.g., channel length, slope, and shagié@aiiveness of swales is not yet
fully understood andniteddesign guidance is available for water quality treatment swales
leaving room for further improvement in swale degigardel et al., 2019)u et al (2001)
specifically identified the need for a comprehensive controlled study involving systematic data
collection to better understand the etfetdesign parameters on water quality treatment. The
need for such research that can be used to improve swale design criteria becomes more critical as

swales become increasingly popular for stormwater management.

Many studies have shown the efficiency of swales in treating small and medium storms
(typically below 25mm)Davis et al., 2012; Pitt, 1987; Yu et al., 20040t their performance
under large storm events 38mm) needs further researtorwatich et al., 2018)The runoff
volume reduction capability of a swale is largely dependent on the infiltratiofDates et al.,
2012; Revitt et al., 2017; Yu et al., 200dhich may be influenced by temperature or seasons.
Unfortunately, previous research on ttapic is conflicting.Emerson and Traver (2008)
examined two infiltration SCMs and suggested a strong seasonal influence on infiltration rates,
while Ahmed et al. (2015¢xamined roadside swales and concluded that there was no
statistically significant difference in infiltration between Fall and Spring. For water quality,
swale performance was observed to be substantially better in the summer season for sediment,
total ntrogen and total phosphor(déuan et al.,, 2019) Swal es &6 reduced abil it
nitrogen (especially nitrate) and sporadically even release nitrogen has been attributed to
seasonal differencdki et al., 2016; Stagge et al., 2013} this pattern was observed more in
the summerStagge etal. (2012) ot ed t hat a swal ebés behavior as

summer may be due to an increase in nitrogen supply from organic mategatyéss



clippings) due to increased mowing frequency. A better understanding of the differences in swale
performance due to seasonal variations is important for making management decisions about

swale inspection and maintenance frequency.

1.3 Sustainable Swale Design

Given a typical swale design life of -3® yearqAllen et al., 2015pr 50-year
operational lifecycle of swalegUda et al., 2013)a sustainable design should be considered to
maintain appropriate performance and associated level of service over these long time periods.
However, some swales have continued with good function even longer, as demonstrated by a
swale built in Sweden ih956, which continues to have good aesthetics, appropriate infiltration
rates, and high flow capacitiRujner et al., 2018)This finding highlights the importance of

designing swales for sustainable letegm function.

Typically in swale design, calculations must accountliercontributing drainage area
and impervious cover to estimate the runoff volume and pollutants that will pass through the
system. Previous studies have demonstrated that higher AADTs cause an increase in average
pollutants generated from urban highwagoati (Kayhanian et al., 2007, 2003; Rodak et al.,
2020) During the swale design process, this potential increase in AADT and resuttiegse
in pollutants is typically unaccounted for. This caad to constructing a swale that may
experience a future pollutant load greater than the design load, if rapid population growth occurs
in surrounding areas without a reliable transit system to buffer an increase in the number of

automobiles.

Wake County, North Caroling one of the fastest growing counties in the United States
(U.S. Census Buread020;2010). As Wake County continues to grow, the urban sprawl and

AADT is also likely to increase. Therefore, the average pollutant delivery to roadside swales is
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also expected to increase S€EMs arenot adequately inspected and maintained, this greater than
anticipated pollutant concentration may lead to sediment deposition in skealdtng in

decreased infiltration, impacting the intended level of sereiceausing complete failuie the
structurein future. Other possible factors contributing to a lack of proper maintenance include
collaboration, unclear responsibilitgr SCMs, inadequate technical knowledge, and financial

barriers(Blecken et al., 2017)

Severaktudies have been conducted to evaluate the impéduoé condition®on
stormwatedrainagesystemsnainly focused on the drainadailuresand floodingrisks
(Rosenberg et al., 2010; SemadBavies et al., 2008; Waters et al., 2088 to changing
climatic conditions. Other studies have also evaluated the impact of climate change on SCM
design angberformancéHathaway et al., 2014; Sharma et al., 2016; Tirpak et al., 2021; Zhang
et al., 2019)Communities have embarked on individual journyadapt to climate change by
updating intensityduration frequency curves, incorporating factor of safety or modifying design
criterion, but significant gaps remain in defining and building a resilient stormwater management

system(Hathaway et al., 2024)

In addition to proper design and constructimajntenance of stormwater assistkey to
optimal functioninggspeciallyunder changing climatic conditiofidathaway et al., 2024)
However, routine maintenance often suffers frtack of(a) proper inspection and
maintenancguidelinesand training for the stormwater crétarickson et al., 2018and (b)
available capital funds to pay for the operating expenses. The latter is typicallyadaekof
dedicated funding mechanism e.g., stormwater fe@setimes referred & r a i nthatcanx 0
pay forongoingmaintenancexpenseg¢Rodak et al.2020) The funding gap is expected to

continue widening as stormwaiefrastructurecontinue tancreasewith the greategpotential



impact on vulnerable communiti@idathaway et al., 2024These soci@conomic factors

(population growth, increased traffic, environmental policies, funding availability etc.), are

critical in development of climate change mitigation and adaptation strategies but have generally
not been considered in scenagi@luations. For exampleg impact assessments exist for

highway swales with future scenarios in which AADT is rapidly increasing while maintenance
may be decreasing due to environmental policiesahly allow low investments in advancing
environmental technology. Thus, a need exists for conducting an impact assessgiiffanent
sociceconomicmanagement scenaritisproperly evaluate sustainable performance and

management of highway swales.

It is evident that there are significatgficits inknowledgeregarding thespossible
scenariosand additional research is needethétterunderstand swale performance and advance
existing swale design guidance for effectively treating highway rumaférdifferent socie
economic scenarioé detailedliterature review is presented in Chapter 2, to identify the
existing body of knowledgand research neefts swales followed by:

1) Development of standard swale terminology for use by stormwater management

community (Chapter 3)

2) Development of scieneeased design guidance for stormwater engineers to design water

guality swales (Chapter 4)

3) Investigation of effect of key design parameters (length, slope, slaagstorm size on

the hydrologic and water quality performance of a swale (Chapter 5)

4) Modeling differentsociceconomicscenarios (change in future traffic intensities and
reduced maintenance) to understand their impact on highway runoff and sediment

treatment ability of a swale (Chapter 6)



5) The Engineering and Research significance of this dissertation with recommendations for

future research (Chapter 7)
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Chapter 2 : Literature Review

2.1 Regulatory Background

The recognition of deteriorating surface waters in the United States and the need to
protect them date back to the passage of the Refuse Act invil@igd was mainly focused on
protecting navigability and was not supported by condifess, 1995)This was followed by the
first federal water quality regulation, the Water Pollution Control Act, enacted by Congress in
1948 to protect surface waters from the rapid industrial and urban growth experienced by the
U.S.around that timeThe act was revised many times with the most comprehensive revisions in
1972, when it was renamed the Clean Water Act. This law gave the United States Environmental
ProtectionAgency (UEPA) authority to establish surface water quality standardisto
regulate and eliminate discharge of pollutants into the waters of the United States (WOTUS). In
order to regulateollutant discharge, USEPA requiredlational Pollutant Discharge
Elimination SystemNPDES permit to discharge any pollutants to the WOTUS. In many states,
USPEA has authorized state regulatory agencies to implement and enforce NPDESapermit
regulations. In North Carolina, the NC Department of Environmental Qusdues and
regulategshe NPDES permi, which indude industrial facilities, municipal governmental
agencies, and the State DepartraehfTransportation (DOT). The DOTs are unique because
they own and operate streets and highways that often transcend the municipal and watershed
boundariesThe North Carolina Department of TransportatiNCDOT) is one of the larest
DOTs in the United Stateand it operates and manages approximately 15,000 miles of primary
highways and 64,000 miles of secondary roads. As a result, N@GD@gulatedy the federal

NPDES permit and various state and local water quality regulations
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North Carolina has experienced many severe water quantity and quality issues in the past
decades, making water resources management an important topic. Some of the notable crises
include the massive eutrophication and4dls in the Neuse River and esity in the 1980s and
drought periods of 1998002(USGS, 2005)Such events greatly impact the availability of clean
water in watetsupply reservoirs and recreatiomater bodies As a result, many state and local
environmental mandates have been implaedin North Carolina to protect the surface waters
and restore the targeted impaired waterbodies. These include the Neuse River b&amlitar
basin, Falls Lake, and Jordan Lake watershed nutrient strategies. The pollutant contributors in
these watesheds have extra requirements in addition to the NPDES permitexample, Falls
Lake rules require contributors to reduce phosphorus by 77% and nitrogen by 40%, while Neuse
River rules require a 30% reduction in nitrogen lewdiSDOT owned and operateroadway
surfaces and maintenance facilitthischargestormwater runofin almostall of theregulated
basins andresubject tadifferentregulations depending on locatjonakingcompliance with
regulations cumbersome and expensive. Thus, NCDOT eoashue tadentify costeffective
ways to achieve the pollution reduction goals identified under various permits and regulations.
Highway Stormwater Management is unique, due to the specific pollutants generated and the
linear environment with limited rigk-of-way that causes challenges to implementing pollution
control measures for treating runoff at the source.

2.2 Highway Stormwater Management
Common pollutants in roadway runoff

The surrounding urbdanduseof a catchment greatly influencasignwater runoff

quality (Behrouz et al., 2024; Simpson et al., 20B8yhways andaads are largely impervious

surfaces that quickly generate runoff volumes after a rainfall, and can wash off a variety of
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pollutants that may have negative impamtsvater qualitfBarrett et al., 1998b; Han et al.,

2006) including toxicity to aquatic organisniisayhanian et al., 2008Common pollutants in
roadway runoff that have been studied include total suspended solids (TSS), total dissolved
solids (TDS), nitrate+nitrite (N&NOs), ammonia (NH-N), total kjddahl nitrogen (TKN),
ortho-phosphorus (OP), total phosphorus (TP), carbon, oil and grease, arsenic, chromium, nickel,
copper, cadmium, iron, lead, and z{Barret et al., 1998a; Han et al., 2006; Kayhanian et al.,
2007;Luell et al., 2021Wu et al., 1998)Most pollutants occur in either particulate or dissolved
forms; the latter are most bioavailable causing a quicker response by the aquatic biota
(Kayhanian et al., 2012 hus, an understanding of partitioning between particulate and
dissolved phases is critical to design effective stormwater control measures and prevent toxic
effects to aquatic life in receiving watdksuber et al., 2016)

An extensive literature review to characterize the occurrence and fate of heavy metals in
different traffic areas showed that zinc, copper, nickel, and cadmium occur mainly in the
dissolved phase while lead and chromium are mostly partidodated(Huber et al., 2016)n
another review focused on highway runoff, monitoring data revealed that most metal pollutants
(except copper, nickel, and zinc) and phosphorus are primarily associated with particulates
(Kayhanian et al., 20124 previous study conductéd partition nutrient loads from an urban
road surface in Australia showed that the dissolved component for total nitrogen (TN) ranges
between 2660% in comparison to 280% for total phosphorus (TiPYaze and Chiew, 20047
recent field monitoring study at different road sites in North Carolina showed t3d6df TP
occurred in the particulate form or partiddeund(Winston and Hunt, 2017)n contrast, nitrate
(NOz2.3), a dissolved constituent was a relatively small fractior2@%) of TN(Winston ad

Hunt, 2017) Regardless of the variations in fraction of dissolved pollutants among studies,
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researchers have agreed upon the high importance of treating dissolved pollutants in order to
protect downstream water qual{uber et al., 2016; Kayhanian et al., 2012)

Highway runoff constituentsave been characterized and quantibgdeveral
researcherg/orldwide but significant knowledge gaps exist on their occurrence an(Oipler
and Friedler, 2010)rable2-1 presents a summary of typical highway runoff pollutants and basic

statistics of the observed event mean concentrations. The units are in mg/L unless otherwise

stated.
Table2-1. Summary of typical highway runoff pollutant concentrations
Type of Pollutant Range Mean Location Source
Total Suspended 32-771 283 Charlotte, Northf Wu et al.(1998)
Solids (TSS) 9-221 93 Carolina
4-113 30
157-190 173.5 | Austin, Texas | Barrett et al(1998b)
15166 71 Lulea, Sweden | Backstrom et al(2006)
8.8-466 67.7 Los Angeles, Han et al(2006
CA
1-2,988 112.7 | California Kayhanian et al(2007)
6-312 72 North Carolina | Luell (2011)
- 13 North Carolina | Winston et al(2012)
(Site A)
- 35 Statewide, Ohig Winston et al(2023)
Total Phosphorus 0.240.55 0.40 Austin, Texas | Barrett et al(1998b)
(TP) 0.1-8.2 0.9 Los Angeles, Han et al(2006)
CA
0.034.69 0.29 California Kayhanian et al(2007)
0.030.53 0.17 North Carolina | Luell (2011)
Unpublished data
0.070.17 0.13 North Carolina | Winston and Hunf2017)
- 0.08 North Carolina | Winston et al(2012)
(Site A)
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Table 21 (continued).

Total Nitrogen (TN) 0.302.80 1.05 North Carolina | Luell (2011)
1.261.69 1.48 North Carolina | Winston and Hun€2017)
- 1.48 North Carolina | Winston et al(2012)
(Site A)
Total Copper (Cu) 0.01-0.036 0.025 | Lulea, Sweden | Backstrom et al(2006)
0.00120.27| 0.0478 | California Kayhanian et al(2007)
Total Zinc (Zn) 0.1290.347 0.238 | Austin, Texas | Barrett et al(1998b)
0.050.135 0.100 | Lulea, Sweden | Backstrom et al(2006)
0.00551.68 0.187 | California Kayhanian et al(2007)
Total Lead (Pb) 0.0930.138| 0.115 | Austin, Texas | Barrett et al(1998b)
0.0040.017| 0.011 | Lulea, Sweden | Backstrom et al(2006)
0.00%2.60 0.0478 | California Kayhanian et al(2007)
Total Cadmium (Cd), 0.2-30 0.7 California Kayhanian et al(2007)
egl/ L

Since, highway pollutant characteristics are influenced by local conditions such as

landuseclimate, traffic load, vegetatigiBarrett et al., 1998tBehrouz et al., 2024ayhanian

et al., 2007Simpson et al., 2032NCDOT has developed typical median EMCs for land use

that are unique to the roadway environment based on research studies in North Gém®lina.

research datasshows a medianTSS of 28 mg/LTN of 1.39 mg/L and median TP of D9 mg/L

for primary roadwaygpersonal communication, NCDOT, y80, 2018)while secondary roads

hada median TN of 0.54ng/L and TP of 0.16ng/L. The median concentrations for dissolved

met al s

ar e:

10. 95

egl/ L

(personal communication, NCDOT, February 9, 2017).

2.3 Health and Environmental Consequences

Stormwater runoff from urban areas has been identified as a potential source of pollutants

(copper),

69.2 ¢eg/L

to the impaired waterbodies by several researchermat and Crawfor@994)found that urban

areas were the greatest contributor of suspended sediment loads and total metals (chromium,
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copper, and lead) to three streams inRfe@montecoregion of North Carolina. Urban

stormwater runoff can also carry pathogens or chemicals that include metals, organics, endocrine

disrupting compounds, and nutrients that can eventually thekavay to drinking water

reservoirs and become part of the food clibianey and Sansalone, 200@)Los Angeles, a

study showed that the urbanized highway sites had toxic effects on both marine and freshwater

specieswhich wereprimarily attributed to copper drzinc(Kayhanian et al., 2008They also

observed algal growth in the samples suggesting nutrient availability in highway runoff samples,
which can cause eutrophication of waterbodidsummary of the possible effects of these

pollutants is presented below, primarily based on information (#oppou, 2001)

1 Suspended SolidsHigh amounts of suspended solids reduce light penetration in aguatic
systems, affecting photosynthetic activity. This impacts fish health through habitat
degradation and physiological stress, resulting in reduced feeding and growth rates
(Newcombe and Jensen, 1996; Sweka and Hartman,.2001)

1 Nitrogen: Nitrates become toxic only when reduced to nitrites. When present in high
concentrations, nitrites can cause methemoglobinemia in{iedtiafants.

1 Phosphorus Excessive amounts phosphorus can cause algae growth (eutrophication) in
waterways, causing undesirable taste and odor in water, reducing aesthetic value, and
interfering with recreational use and water treatment processes. Phosphorus is only toxic in
its elemental form.

1 Copper: Copper ishighly toxic to aquatic plants, fish, and benthic macroinvertebrates. It can
cause undesirable taste in water, and prolonged excessive quantities can lead to liver and

kidney damage. The toxicity effect is inversely related to water alkalinity.
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1 Zinc: Toxic concentrations of zinc in freshwater adversely affect physiology and
morphology of fish. Like copper, the toxicity of zinc is dependent on alkalinity of water.

1 Lead: Lead is a toxic metal with adverse human health effects. Accumulation in tissues can
occur from ingestion or inhalation of dust and fumes. Irreversible nerve and brain damage in
infants and kidney damage, blood disorders, and hypertension in adultalénghablems
caused by lead. It is less toxic to benthic invertebrates than copper, zinc, and cadmium.

1 Cadmium: Similarly to lead, cadmium can accumulate in human body tissue and can have
serious negative health effects including chronic kidney and liver disease. It is also toxic to
certain fish and benthic macroinvertebrates.

The negative effects dfirst flushd r un o f f , eanly ghiseotla rdinfall evemtae
well-documented and suggest that capturing and treatiegrly portion of highway runoff

volume may be a valuable stratagyprotecing the receiving water@arrett et al., 1998Db;

Kayhanian et al., 20087 his can be accomplished through engineered devices, referasd

stormwater control measuré€SCMs) or best management practices, which are constructed at or

nearthe sourcareas taaptue and detain srmwater.

2.4 Stormwater Control Measures

A variety of SCMs are available for the watershed managers to manage stormwater
runoff and protect the receiving waters. These tools can be broadly classifiedsisintural

and structural. Examples of nstructural SCMs includ#éhe following enhanced ordinances

focused on pollution control, public education, good housekeeping practices, street sweeping,

and illicit discharge detection and eliminatiggrbonas, 1994)Structural SCMs include but are

not limited to detention basins, constructed wetlabasetention basins, sand filters, level

spreaders, filter strips, and vegetated sw@ebonas, 1994)Each SCM haids ownadvantages
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and disadvantagelat areunique toa specificapplication. For example, a wetland may be better
suited for treating runoff from larger drainage ar@dsle a bioretentiotbasinmay be the
optimal SCM for smaller drainage areimslimited urban spasesuch as parking lots.

The dfectiveness of nostructural SCMssuch as public educatipan water quality is
difficult to quantify as these measuresaiwe behavior change of stakeholdansl are more
subjective in natur@Jrbonas, 1994) Performance of structural SCNMsimproving water
guality iseasier to measurbut the methods are not weléfined. The most common ways SCM
effectiveness is measured is either using the percent removal method or the effluent event mean
concentration (EMC)Urbonag(1994)preseneda range of pollutant removal for seven
structual SCMs based on a review of literature and input from stormwater practitioners. They
suggestdthat vegetated swalegere not highly effective in pollutant removal compared to other
structural SCMsbutswales may provide greater than 80% TSS removal, if the flow velocities
wereless than 0.15mf®.5 ft/s)and slope less than 3%.

In a separate studyu et al.(2013)comparedhe performance of six different SCMs
(grass swales, constructed wetlands, vegetated filter strips, hydrodynamic devices, media filters,
and infiltration trenches) in Korea and compared the resitlisthe BMP database developed in
the U.S Their resultssuggesthatin Koreagrass swales performed moderately by removing an
average of 58% TSS and 36% TP but performed poorly for TN removal, an average of 4.5%
when compared to other SCMs comparison with thénternational BMP database values
showed that the average removal efficiency of TSS and TN by grass swales was higher in USA
than in Korea, while swales in Korea were more effective in removin@drstructed wetlarsd
seemed to provide the best overall performance for pollutant removal. However, when factors

such as required footprint araadcosts for construction, operation and maintenance are
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considered in selecting the most appropriate S€let al.(2013)concluded that grass swales
are the preferred choice for receiving better pollution treatment in limited urban areas.
2.5 Low Impact Development/Green Infrastructure

The terms Low Impact Development (LID) and Green Infrastructure (Gl) are often used
interchangeably in practice amdliterature but aractuallytwo different concepts with a
common goal. The former tries to minimize the impact of urban developamehthe benefits of
thelatter extend beyond stormwater managen(ieletcher et al., 2015).ow Impact
Development is defined as an approaxmewdevelopmenbr redevelopment that aims at
minimizing the effects of impervious cover by mimicking the natuydrblogical processes at a
site present beforle initialland disturbanc@USEPA, 2016)LID controls including
bioretentionbasins raingardens, permeable pavements, and greés have been shown to be
effective in preserving natural hydrologic conditions and treating polluiRigsz, 2007)

Green Infrastructure refers to practices that treat stormwater pollutants at the source
through natural processeblereby providing costffective environmental, social, and economic
benefits to the communitpavies et al., 2017 50me examples of Gl ad®wnspout
disconnection, raingardens, permeable pavement, green roofs, and bioswales. Runoff volume
abatement and pollutant removal ability coupled \@igmaller area requirement construction
facilitatescosteffective integratiorof swalesnto thedeveloped urban landscapEsr example,
Willis et al. (2013)found ina comparison of streets drained by the traditional-aemdbgutter
system versus vegetated swabesotable runoff volume and pollutant reductiamtsurredrom
swale areas. Howeveanore research is needed in this relatively new field to fully understand

the effectiveness of these LID and Gl meas(ibéstz, 2007)
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2.6 Vegetated Swales

A swale is a grassed earth channel designed to capture, convey, and treat stormwater
runoff from small drainage arettwougha combination of physical and biological processes
(Ellis et al., 2015)An environmentally friendly alternative to the traditional caritgutter
system, gass swales convegttenuate peak flow ratemd treat stormwater generated primarily
by highways androadsSar a- o] | u a-Allhn, R023) There/aeelseverat physical
(e.g., sedimentation, infiltration, filtrationdhemical, and biological processes that influence the
mitigation of stormwater runoff volume and pollutant loddese pollutant removal mechanism
processes are discussed in detail in Chapter&ddition to stormwater management benefits, a
vegetated swale can also enhance biodiversity and serve as a thermal regulator by providing
contrasting surface temperatures than the air tempef&afedeFontaneda et al., 2020)
Swale design guidance and available credits

Swale design for water quality treatment is a-step process: (i) hydraulic design, and
(ii) pollutant treatment desigiiHunt et al., 2020)The current desigguidanceused by NCDOT
for swales recommesa trapezoidal or Mshaped crossection with side slopes of 3:1 or less
andlongitudinal slopes between 0.3 and 4.0%, maximum base width of 6 feet, length of 100 feet
per contributing acre of drainage area, maximum design velocity of 2.0 feet/sec feyeatwo
recurrence interval storm gand a pernsisible velocity of 4.0 feet/sec forn§{NCDOT, 2014)
These design criteria along with a minimum six inches of freeboard requirement can assist the
engineers to design a hydraulically efficient swale to convey the stormwater. However, no firm
guidance on designing a swale to treat the runoff for typicaWag pollutants is provided.
Rock check dams are included as an alternative design when site constraints do not allow the

required slopes or velocities. However, the effectiveness of rock check darosite pvater
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guality benefits is questionabessomestudies show little to no benefDavis et al., 2012;

Jamil and Davis, 2009Yu et al.(2001)through early swale field studies haatommended
including check damt® enhance swale performandéore recent research has shown the
benefits of outflow controls and check dams in improving runoff volume reduction ability and
peak flow attenuation of swale, especially from storms below 3@vantilla, 2024; Winston et
al., 2018)

Until recently, swales received a removal credit of 35% for TSS and 20% for nitrogen
and phosphorus, whickiaslower than other SCMs. The current crediting system considers
swale research conducted in North Carolina and providefflaant eventmean concentration
(EMCeffiueny for a dry swale of 1.1 mg/L and 0.14 mg/L for TN and TP, respectiBDEQ,

2018) A reduced EMGifiuent 0of 0.82 mg/L and 0.11 mg/L for TN and TP are provided for a

swale under wet conditioffSICDEQ, 2018) Since the design of required controls are influenced

by local conditions such as climate, traffic load, and native vege{@amett et al., 1998b)

NCDOT has developed typical EMCs for SCMs based on research studies in North Carolina that
are unique to thimcalroadway environmengxisting North Carolinaesearch suggestéuat

grass swake haveaneffluentEMC of 0.57 mg/L for nitrogen and 0.11 mg/L for phosphorus.

The recent guidance froMCDEQ (2018)discussed above considers swae a secondary

treatment devigevhich is in agreement witliousef et al(1987) but more recent research
recommends that swales should be treated as a primary treatmentBagkstrom, 2003)

Swale hydrologic performance

Smallstorm hydrology and effectiveness of swales in treating runoff from small storms is
well studied in the literatur@®itt, 1987) In a recent USGS study of grass swale effectiveness in

treatment of stormwater runoff from highways in Wisconsin, the results suggested that
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examining larger precipitation events is important, since rainfall depth is the primary factor in
determining runoff volume from swal@dorwatich et al., 2018) Five rainfall groupings are
presented in terms of rainfall depth impacts, and defindeitby1999)as follows:

1 extrasmall (<5 mm or 0.2 inchesthese events usually produce no runoff

1 small (513 mm or 0.20.5 inches)these events produce little to no runoff

1 medium (1325 mm or 0.51.0 inches)these events produce moderate runoff

1 large (2538 mm or 1.61.5 inches)these events produce majority of annual flows

1 extralarge (>38 mm or 1.5 inchedhese are the events that produce flooding

Grouping rainfall by depth can help stormwater managers evaluate effectiveness of grass
swales in infiltration, attenuation, and conveyance of runoff for different stormwater
performance standar@dorwatich et al., 2018)

In accordance with this concept, swale performance was described by three rainfall
regimes depending on the size of the rainfall event. Under small or minor rainfall, swales can
achieve complete infiltration and there is no runoff; for moderate or intéaiteg@333mm)
rainfalls, hydrologic abstractions by the swale (primarily infiltration) reduces the amount of
potential runoff; and for large rainfall events, swales primarily function as conveyance systems
with low attenuations of runoff volumes and peéRavis et al., 2012; Rujner et al., 201B) a
field study in Maryland, theunoff volume reduction wasbserved to be significant during storm
events with rainfall less than 3 (fDavis et al., 2012)Swales were able to completely infiltrate
the smallest 40% of the storms, whereas for the largest 20% storm events the swales essentially
performedas a stormwater conveyance systanVirginia, Yu et al.(2001)demonstrated a
275m grass swale provided complete infiltration of runoff for storms less than 12 \Afitiis.et

al. (2013)also observed a fgeient attenuation of small rain events for roads served by a swale
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system when compared to the roads drained by traditionabouakgutter systemNumerous
other researchers have provided evidence of the runoff volume reduction benefits of a swale. For
example, in Australid,ucke et al(2014)showed that a 30m long swale can attenuate the
averagdlow volume by 52%Similar runoff volume reductions between-88% were obtained
in a field study with 510m long swales in SwedéBackstrom, 2002)A 23% unoff volume
reduction benefit frona 10m long highway grass swal@s observed in the Piedmont region of
North CarolinaKnight et al., 2013)However, the optimal swale length needed for a defined
volume reduction is not clear.

Since runoff volume reduction in a swale is primarily dependent on infiltration processes,
a change in season can affect the performance. In a study of two infittased SCMs in
PennsylvaniaEmerson and Trav€R008)reported strong association between the infiltration
rate and temperature with summer season showing higher hydraulic conductivity. In another
study in Minnesota, researchers did not find a significant difference in mean saturated hydraulic
conductivity \alues of roadside swales betwealh &nd sprindAhmed et al., 2015)n Sweden,
aswale with low initial soil moisture conditions (typical of summer conditiovesd shown to
provide upto 82% runoff volume reduction, but the benefit reduced to only dBenthe initial
soil moisturewas high(Rujner et al., 2018)n summary, the effect of season on swale
performance has been noted in previous research but not fully quantified yet.

The runoff volume reduction performance of swadessoinfluenced by flow
retardance, which is a function of channel roughness, grass height, and grasgBlacisstyom,
2002; Deletic and Fletcher, 2008Yhen the flow depth is less than grass height, it experiences
higher resistance slowing down the velocity and allowing for sedimentation and filtration to

occur(Winston et al., 2017Most design guidance available for swales fesos stormwater
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conveyance and erosion control, which is typically a higher amount of flow. In an attempt to
provide additional guidance for designing fiwa
than the grass heigh€jrby et al.(2005)developed smalflow retardance curves for three
different grasses to supplement the Stillwater retardance curves. However, the curves were only
applicable to the transitional flow regime, which was an advancementtietorbulent flow
regime of Stillwater curves-urther reseahds needed on the role of vegetation complete
design guidancgirby et al., 2005)
Swale water quality performance

Water quality treatment benefits of swales are well documented with field data collected
worldwide (Backstrom, 2002; Barrett et al., 199&lniell et al., 2021Stagge et al., 2012)
Pollutant removal in swales hasenshown to be a function of their length, slope, and channel
shapegrass height and density, flow depth, and vegetation, and underlying soil characteristics
(Boger et al ., 2018; Far del et hBuckeetal220l49; Gav
Luell et al., 2021Yu et al., 2001 Lantin and Barret2005)present results from swale test sites
in Texas, where the majority of pollutant removal was observed to occur on the side slopes of the
swale instead dhemain channel. Typical research has investigated the efficieregvadle to
reduce pollutants that are common in stormwater rusoth as total suspended solids, heavy
metals, nutrients, and hydrocarboike results of swale performance for common stormwater
pollutants have been summarized infiblowing tables Table2-2 (TSS) Table 23 (TP), Table
2-4 (TN), Table 25 (Cu), Table 26 (Zn), Table 27 (Pb), andTable 28 (Cd). The values in

these tablebhave been adapted and modified froutke et al(2014)
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Table2-2. Summary of TSS removal performance of swales

Swale Performance

Study Type and for TSS Removal (%) TSS Measurement
: Source
Location Range Mef_m Method
(Median)

Field Site, Texas, 85-87 86 Barrett et al(1998b) | Event mean

USA concentration (EMC)
reduction

Field, Taiwan 67.286.3 | N.A. Yu et al.(2001) Mass removal

Field, Virginia, USA | 29.7-94 N.A. Yu et al.(2001) Mass removal

Lab and Field, 79-98 N.A. Backstrom(2002) EMC reduction

Sweden

Field, California, N.A. 49 CALTRANS (2004) | EMC reduction

USA

Field, MD, USA 44.1-82.7 | N.A. Stagge et a2012) | Mass load mean
reduction

Field, NC, USA N.A. (81) Knight et al.(2013) | Median EMC
reduction

Field, Australia 50-80 65 Lucke etal. (2014) Average
concentration

Field, France (-76)264 | -71 Leroy et al.(2016) EMC reduction

Field, China 92-99 N.A. Li et al. (2016) EMC reduction

Field, NC, USA N.A. 49 Luell et al.(202)) Load reduction

Table2-3. Summary of Total Phosphorus (TP) removal performance of swales

Swale Performance

Study Type and for TP Removal (%) TP Measurement
: Source
Location Range Megn Method
(Median)
Field, Texas, USA 34-44 39 Barrett et al(1998b) | EMC reduction
Field, Florida, USA | 3-25 14 Yousef et al(1987) | Average
concentration

Field, Taiwan 28.876.9 | N.A. Yu et al.(2001) Mass removal
Field, Virginia, USA | 73.498.6 | N.A. Yu et al.(2001) Mass removal
Field, California, N.A. (-106) CALTRANS (2004) | EMC reduction
USA
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Table 23 (continued).

Field, MD, USA (-49.2) N.A. Stagge et a(2012) Mass load mean
68.7 reduction

Field, NC, USA N.A. (-21) Knight et al.(2013) Median EMC
reduction

Field, Australia 20-23 21.5 Lucke et al(2014) Average
concentration

Field, France (-304)64 | -114 Leroy et al.(2016) EMC reduction

Field, NC, USA N.A. 7.5 Luell et al.(202]) Load reduction

Table2-4. Summary of Total Nitrogen (TN) removal performance of swales

Swale Performance

Study Type and for TN Removal (%) TN Measurement
: Source
Location Range Megn Method
(Median)
Field, Florida, USA | (-7)-11 2 Yousef et al(1987) | Average
concentration
Field, Taiwan 13.823.1 | N.A. Yu et al.(2001) Mass removal
Field, California, N.A. 30 CALTRANS (2004) | EMC reduction
USA
Field, MD, USA (-25.6) N.A. Stagge et a(2012) Mass load mean
85.6 reduction
Field, NC, USA N.A. 24 Knight et al.(2013) Median EMC
reduction
Field, Australia 0.0 0.0 Lucke et al(2014) Average
concentration
Field, NC, USA N.A. 5.3 Luell et al.(2021)) Load reduction
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Table2-5. Summary of Total Copper (Cu) removal performance of swales

Swale Performance

Study Type and for Cu Removal (%) Cu Measurement
: Source
Location Range Mean Method
(Median)

Field, Florida, USA | 8-17 12.5 Yousef et al(1987) | Average
concentration

Field, California, N.A. 63 CALTRANS (2004) | EMC reduction

USA

Field, MD, USA 42.381.1 | N.A. Stagge et a(2012) Mass load mean
reduction

Field, NC, USA N.A. (-147) Knight et al.(2013) Median EMC
reduction

Field, France (-110)}79 | 4.4 Leroy et al.(2016) EMC reduction

Table2-6. Summary of Total Zinc (Zn) removal performance of swales

Study Type and
Location

Swale Performance

for Zn Removal (%)

Zn Measurement

Range Mean Source Method
(Median)

Field Site, Texas, 7591 120.5 Barrett et al(1998b) | EMC reduction

USA

Field, Florida, USA | 62-86 74 Yousef et al(1987) | Average
concentration

Field, California, N.A. 77 CALTRANS (2004) | EMC reduction

USA

Field, MD, USA 1892.6 | N.A. Stagge et a(2012) Mass load mean
reduction

Field, NC, USA N.A. (72) Knight et al.(2013) Median EMC
reduction

Field, France (-323)80 | -58 Leroy et al.(2016) EMC reduction
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Table2-7. Summary of Total Lead (Pb) removal performance of swales

Swale Performance

Study Type and for Pb Removal (%) Pb Measurement
: Source
Location Range Mean Method
(Median)

Field, Texas, USA 17-41 29 Barrett et al(1998b) | EMC reduction

Field, Florida, USA | 0-57 28.5 Yousef et al(1987) | Average
concentration

Field, California, N.A. 68 CALTRANS (2004) | EMC reduction

USA

Field, MD, USA 26.7-61.6 | N.A. Stagge et a(2012) Mass load mean
reduction

Field, France 46-116 -24 Leroy et al.(2016) EMC reduction

Table2-8. Summary of Cadmium (Cd) removal performance of swales

Study Type and

Swale Performance
for Cd Removal (%)

Source

Cd Measurement

Location Range Mean Method
(Median)

Field, Florida, USA | - 43 Yousef et al(1987) | Average
concentration

Field, MD, USA 41.471.6 | N.A. Stagge et a(2012) Mass load mean
reduction

Field, NC, USA N.A. (29) Knight et al.(2013) Median EMC
reduction

Field, France BDL BDL Leroy et al.(2016) EMC reduction

BDL: Below Detection Limit

In addition to treating common stormwater pollutants, swales have other likely benefits
thathave notyetbeen investigated in detail. For example, a recent study demonstrated that the
vegetated swales may also provide the benefit of carbon sequestration, an important ecosystem

service for addressing climate charfBeuchard et al., 2013)
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2.7 Factors affecting swale performance

As evident from this review of literature, theneewide rangein reductions observed for
each pollutant, from negative reductiomsen swale is dmg as a pollutant source substantial
positive reductions whette swaleis removing pollutantsicting as a pollutant sinkhis
variation is due to a myriad of factors affecting swale performance such as seasons, channel
length, slope, shape, particle size, and underlying soil properties. These factors are further
discussed below:
Particle Size

The performance of a swale is dependent on the particle size, sediment fate and transport
processes occurring through the treatment system, because sedimentation or particle settling is
the primary mechanism for pollutant remoyhckstrom, 2003; Deletic, 2001; Deletic and
Fletcher, 2006; Winston and Hunt, 2017; Yu et al., 200bnhsequently, many researchers have
attempted to quantify the particle size distribution and understand the processes that affect the
pollutant buildup and washoff madwayrundf worldwide (Behrouz et al., 2024an et al.,
2006; Kayhanian et al., 2008, 2007; Li and Barrett, 2008; Li et al., 2005; Sansalone et al., 1998;
Vaze and Chiew, 2004, 200@/inston et al., 2023yinston and Hunt, 2017; Yuan et al., 2017;
Zanders, 2005Particles in highway runoff may originate from a variety of sources, such as tire
abrasion, brake pad wear, fluid leaks, atmospheric deposition, and roadway maintenance
activities(Barrett et al., 1998a; Gunawardena et al., 2013; Li et al., 2005; Zanders, ZH5)
gradation of materials dected from roadway surfaces can span a large range, from smaller than
lem to greater than 10, 000¢m, but the majorit
flush runoff from the pavement are the finer fractions betwe@re2($ansalone et al., 1998)

Another study from a lowtraffic volume roadway in Australia showed that almost all the load
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was finer than 3000em, about 70% finvaee t han 1
and Chiew, 2002)A subsequent study by researchers showed that although more than half of
surface pollutant | oad from roadways was (grea
stormwater that carried almost all particulate nutrients (TP and TN) was between 1D andril5
(Vaze and Chiew, 2004They concluded that for effective removal of TP and TN, the SCMs
should be designed to r e inafieldmpniddringsttdgant si ze d
conducted at multiple road sites in North Carolina to characterize road runoff, the median
particle sizg(dsg) varied between 32 6 7 € m gogianged between 72 9 4 ¢Winston and
Hunt, 2017)

It is difficult for a roadside swale to trap the smaller particle sizes beldvb6 & m
(Backstrom et al., 2006; Deletic, 2005; Deletic and Fletcher,;2068 et al, 2021), aproblem
that can be attributed to limited hydraulic retention times in the rgfhtgay (Winston and
Hunt, 2017) Particle size in urban stormwater runoff is generally characterized as fine sand or
smaller, median size less than 150 Belfrouz et al., 2094The smallersized particles carry
the majority of nutrient and metals loadsie to their larger surface area available for binding
(Vaze and Chiew, 2004; Zanders, 2QaBgse findings, highlight the importance of trapping
finer particles for runoff treatment. Despite the available information on particle sizes, site
specific particle size is not always considered in SCM design, leading to either ineffective
devices thatannot provide treatment, or oversized facilities that require unnecessary capital
investment and increased maintenaf\taze and Chiew, 2004, 2008)onsideringhis, Selbig
et al.(2016)used an urban pollutant loading model, WinSLAMM to demonstrate that incorrect
assumptions on the particle size entering an SCM can significantly affect the design and

performance. They emphasized the use ofspeific particle size distribution insteafla
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single value to represent all runoff conditions for designingefisttive SCMs and avoiding
underor-oversizing for treatment.
Soil properties

Another key process that affects swale performance positively is infiltration rates of
underlying soilgBarrett et al., 1998a; Yousef et al., 198A)urban development areas, soils can
be either compacted intentionally for augmenting soil strength, inadvertently due to use
construction equipmeriGregory et al., 2006pr because of improper construction techniques
(Brown and Hunt, 2010Unfortunately different degrees afompaction experienced during
construction cagause high spatiaiariability inside swaleNlantilla, 2024 andseverely limit a
soil 6s ability to infiltrate and pr ¢Gregaye key
et al., 2006Pitt et al., 2008) Soils can be defined as severely compacted if cone penetrometer
readings exceed 2070 kPa (300 psi) at a depth of 7.5cm(@night et al., 2013; Murdrock et
al., 1995; Pitt et al., 2008)

Other factors that influence infiltration rates are soil type, initial saturation, and ponded
water depti{Mantilla, 2024. Initial soil moisture conditions have shown mixed results on swale
performancgAhmed et al., 2015; Rujner et al., 201B) a field study of five swales, results
showed higher field saturated hydraulic conductivity than expected, and the authors hypothesized
that this was likely due to the grass roots creating macropores, breaking up the soil for
infiltration (Ahmed et al., 2015)Thebenefits of vegetative cover in improving soil infiltration
rates were also shown bjishra et al(2006) The conventional practice of tillage was recently
shown to be a viable option for increasing infiltration rates and reducing bulk density in

compacted urban soils of North CaroliiMohammadshirazi et al., 201 Authors also
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attributed the improvement in infiltration rates to vegetation, as the roots grow deeper creating
macropores that enhance water movement.
Seasons

Swale performance was observed to be substantially better in the summer season for
sediment, total nitrogen and total phosphdhusan et al., 2019)A reduction in the ability of a
swale to remove nitrogen (especially nitrate) and sporadically even resulting in the release of
nitrogen has been attributed to seasonal differefi¢est al., 2016; Stagge et al., 201@)th this
pattern seen more in the summer. A swal eds
due to nutrient sources as a resulinafeased mowing frequency or other organic material
(Stagge et al., 2012)

Variability in environmental field atais common, and swale studies in the literature are
limited by heterogeneity, due to differences in geography; timeframe of data collection;
differences in analytical methods; and varied swale characteristics, such as age, length, slope,
and geometryFardel et al., 2019)This variabilityreducesonfidence in the performancesults
of swalescollected from field data, making it difficult to compare results across different studies
and to synthesize an optimal sweksign Therefore, theeed for controlled plescale studies
where empirical data can be collected systematically to evaluate the effect of different design
parameters was emphasizedwayet al.(2001)

2.8 Effects of design parameters on swale performance

In addition to the factors discussed abalesign parameterfor examplechannel

length, slope, shape, vegetation type and height, mean residence time, hydraulic loading ratio,

and swalerosssectionalarea can alsonfluence swale performance.

34



Channel Length

Existing literature shows that the majoritypufllutant removalespecially TSSoccurs in
the first 1015 m of swalegLi et al., 2016; Lucke et al., 2014)iminishedremoval performance
with length but continued treatment of particulate form has been observed by several researchers
(Backstrom, 2002; Lucke et al., 2014; Mohamed et al., 2014; Yu et al.,. Z@0dEmove
dissolved forms of sediment, however, a longer swale length or downstream treatment system
with settling and filtration mechanisnsrecommendedFletcher et al., 2002)n Australia,
Lucke et al(2014)showed that a 30m long swale can attenuate the mean flow by 52% and peak
flow by 61% providing runoff reduction benefits. They also observed that the first 10m of the
swale effectively removed 50% to 80% of TSS and ZB% TP between inlet and outlet. $hi
conclusion was supported by another study which found high sediment removal performance of
swales within the first few meters, and recomnastttiat construction of a swale longer than the
required effective length may be unnecessaryia not a cosgffective solution for TSS
removal(Mohamed et al., 2014However, the findings from these research studies have not
been successfully translated to design criteria. For exarnpleGQDOT swaledesign criterion
of 30m (LOO fee} of swale length ped.40 ha(1 acre of drainage area snecdotal andeeds to
be tested.

As demonstrated above, the optimal length whger quality swale is a complex
guestion.Yu et al.(2001)recommendda minimum 75m swale lengthut design length
depend on the ultimate goalSpecifying flow attenuation or water quality treatment goals will
result in different answers. Beyond this, identifying speg@itutanttargets, such as TSS,

metals, or nutrients may also change the neceksagih
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Channel Slope

Side slopes of a swale play a key role in mitigating runoff volumes and peak flows
(Mantilla, 2024Sar a- o] | u a rAthanK2023.d-ar pohiévimgahigher pollutant
reductions, it is recommended thla¢ swales should be built with reduced or mild longitudinal
slopes(Hwang and Weng, 2015; Winston et al., 2017; Yousef et al., 1B87Yyery limitedfield
datahave beerollectedto identify an optimal slopeéXu et al.(2001)recommended a maximum
design slope of 3% for swales to provide pollutant remd&R@dults from a laboratorgcale
study using hydraulic tilt flumes showed that any negative effects of steeper slope (higher
sedimentoncentration, erosive velocities) can be mitigated by good vegetative cover in grassed
waterwaygMishra et al., 2006)The benefits of good grass cover in reducing sedimentation and
increasing infiltration were notable with an increase in longitudinal sldperole of side slopes
in water quality treatment needs to be explored.
Channel Shape

Barrett et al(1998b)suggested that triangular {8haped) channels are the optimal cross
section for highway median when pollutant treatment is desired. In contrast, more recent studies
based on field experimen@Biener and Auerswald, 200&hd modelindHwang and Weng,
2015; Winston et al., 2018uggest that a trapezoidal shape may be the optimal channel shape to
provide pollutant removal when compared to triangulasiidped) channelasthis provides a
larger crosssectionand greater hydraulic retton times Based on these conflicting
conclusions, an optimal swale geometry is still undefined.

Finally, if a swale is designed and constructed properly to achieve the desired treatment

but is not inspected and maintained thereafter, swale function may be significantly compromised.
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Postconstruction maintenance is of paramount importance for sustainable performance of swales

through their lifecycle.
2.8 Role of Inspection and Maintenance in Swale Performance

Sediment deposition, undesirable vegetation growth, erosion, debris and trash deposition
can impact a SCK$ ability to function per the intended desigtiimately affecting quality of
receiving watergLindsey et al., 1992; NCDOT, 2015)hus, all SCMs need proper inspection
and maintenance to provide the level of service and pollutant treatrtended by desigA
study of twentysix biofilters in Sweden revealed saptimal performance with high volumes of
sediment and litter accumulation in forebagsg the primary caug®eryani et al., 2021)n
Maryland, more than 250 SCMS inspections were conducted to determine their functional levels
and maintenance needs. Results showed that more thdinirehef SCMs were not functioning
per the original design and more than 67% of the SCMs needed sonmtenaacgLindsey et
al., 1992) This included minor or routine maintenance items such as mowing or sediment and
debris removalas well as a few in need inimediate corrective actions to ensure public safety
One example of concern wasgetation growtlon damghat couldead to failureof the dam It
should be noted that at the time the study was conducted, the SCM inspections were only
required once every three years. In a more recent study that involved investigation of 279
structural SCMs, swales along highwayn Pr i nce Georgebés County,
have only moderate maintenance needs compared to other highway(l9CA045). The study
showed that scouring, channelization, and erosion were the most common issues jn swales
especially whe check dams were present.

Sediment can clog the inlets or outlets, while undesirable vegetation or invasive species

can affect the biological uptake and pollutant removal perform@Beeyani et al., 2021)
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Sediment deposition on swale beds can reduce water infiltration and increase overland flow,
ultimately diminishing grass efficiengpeletic and Fletcher, 2008n a swale, while the initial
deposition of sediment is not lotigrm, subsequent runoff events trigger sediment resuspension
and redeposition ultimately impacting its trapping efficie(&Nen et al., 2015) If the grass
cover is damaged, the erodible soil surface is exposed, making the swale a sediment source, and
repairs can be costl§ricksa et al., 2018)Standard turf management is the most important
maintenance activity for swaléBlecken et al., 2017¥ith an ideal grass height of 100 to 150
mm for providing water quality treatmefiiunt et al., 2020)

A proper inspection and maintenance frequency should consider the intent of the design
i.e. conveyance vs. water quality treatm®&@DOT has recognized the need for proper
inspection and maintenance of their SCMs and recommends an annual inspection frequency for
swalegNCDOT, 2022, 2015)Others have recommended that swales should be inspected bi
annually with additional inspections following heavy rainfall evé@&LTRANS, 2004; Lantin
and Barrett, 2005and the most recent recommendation for swalpdntion by the State of
North Carolina is on a quarterly basis (NCDEQ, 20TRus, there is a disparity in the
inspection and maintenance protocols between stormwater agencies highlighting the need for a
unified, costeffective approach to maintenan®adzuk et al., 2021bYhe urgent need for
effective SCM operation and maintenance requires a dynamiegddaga approach that can
help stormwater managers measure and manage failu®ikzuk et al., 2021a)
2.9 Swale Modeling

As supported by the literature, past field experiments have provided valuabhleudata

limited resource the setting of higltostsdecrease feasibility of testing unasfery possible
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set of conditionsiinderscorethe need for modeling studies to better understand svales
performance.

Limited modeling studies have been conducteddte for swal@erformance
predictions, primarily due to the lack of empirical data from controlled experiments to verify the
model. Due to adjacent locations along highways and grass being the primary component of
pollutant settling and filtration processes, vegetaitat ttrips and swales have been often
examined together in the literatufiene first significant model to explain sediment transport and
trapping in grass swales, often referred as
(Barfield et al., 19791975; Hayes et al., 1979; Tollner et al., 1978)e model was limited to
sediment trapping by rigid, artificial grass media undersuitmerged flow conditions. Grass
was simulated by metal rods, and sedimentation was measured by high concentration of beads
instead of actual sediment. This model waggested to be inadequateDgletic(2001)for
application in urban stormwater, which is characterized by low sediment concentrations and
small particle size. Pollutants often bind to the fine sediment fraction, and a research need for
understanding sediment behavior in grass was identified.

In the next significant advancement in the fielonadimensional mathematical model,
TRAVA, was developed to simulate runoff and sediment transport processes in a hypothetical
grass strip in an urban catchméneletic, 2001) which was successfully verified against field
data collected on natural tufifthree key processes of sediment transport in grass swales, namely,
sediment deposition, sediment transport, and surface level and slope changes, were modeled.
Sensitivity analysis showed that grass skeipgth and soil hydraulic conductivity were the most
important factors in runoff reduction, and sediment reduction was also influenced by particle

size, particle density, and grass density. Exponential relationships were noted between strip
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length and runoff and sediment reductions. For example, outflow was reduced to 64% of inflow
within the first 10m and to 86% in the next 10m. Slopes and roughness coefficients were
observed to be sensitive to certain soil types with a higher permead@iitiel limitations such

as singleevent modeling@ndlack of simulation of particle trapping, resuspension, or infiltration
were notedand recommendations for model improvements were ma@elkeyic (2001) The

chief equations used in these models gowvertie physics of pollutant settling and removal are
discussed below.

Particle settling is a function éfydraulic Retention TimeHRT) described as
oYY - (2-1)
Where L is the length of swale (m) and V is the flow velocity (m/s). The Fall Number,

Ns, is anondimensional number which is defined as the ratio of time of travel for particles in the

direction of flow (x/V) and in the vertical direction (h)(Deletic, 2005) and is represented as:
6 — (2

Where,wis the length of grass stripsVs particle settling veloc
(m/s), h is the flow depth (m), and V is the flow velocity (m/s). Empirically derived Aberdeen
equation(Deletic, 2005uses the Fall Number,No predict the filter strip or grass swale

particle trapping efficiency (Tras:

8

"Y‘I 8—8 (2'3)

These equations represent the physical processes well and were recently used with the
manni ngds equation and rational method to mod
function ofcatchment area, longitudinal and side slope, length, andsecisnby Winston et

al. (2017) Modeling predictions generally agreed with previous resefoclexample, swales
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with gentle longitudinal slopes and trapezoidal cisestion removed more TS&d highest
pollutant removal was achieved in the first few meters. Although the model developed by
Winston et al(2017)combines hydrologic (rational method), hydrauan ni ngés ), and
guality components (fall number, trapping efficiengypviding a simple but robust
representation of physical processes, it does have certain limitations. The rational method
provides a static inflow to the swale, while in realtherainfall pattern is dynamic; flow
througha swale is typically not uniform and steady as assumaddyrni ngdés equati on;
atmospheric factorsuch as evapotranspiration and infiltratibave not beemodeled; and
ultimately a longterm simulation and behavior of swales is not available to understand their
performanceThe ole of critical factorssuch as initial soil moisture conditions and sediment
resuspension in swalesan only be understood if lortgrm simulations are conducted. It is clear
thatrainfall-runoff relationships become more complex in urban watershadscontinuous
simulation models are needed to model the urban water systems accurately for understanding
their longterm performancéHeaney and Sansalone, 2009)

Another predictive model for sediment transport in grass swales was developed based on
empirical results from both lab and field experiments in Tuscaloosa, Alatara 2005; Nara
and Pitt, 2005)For indoor experiments, they tested swale length, slope, vegetation type, and
flow depth by conducting controlled experiments with synthetic runoff and analyzed samples for
turbidity, total suspended solids, total dissolved solids, and particle sidbutish. These
results were validated by collecting sangpieom an outdoor swale. Based on the analytical
results, a mathematical model was developed that showed settling frequency as an important
factor to estimate the particle retention and removal in a swale. Settling frequency is defined as

the number of tiras a sediment particle of a specific size will fall to the bottom of the swale
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through the water depth while flowing through the swale. Settling frequency is dependent on
particle settling rate, flow rate, flow depth, swale length, ratio of flow depth to the grass height,
and influent sediment concentratifsara and Pitt, 2005) The model relies on

estimate the settling rate, which is commonly expressed as:

0w -— (2-4)
Where:
Vs: settling velocity of particle (cm/s)
R: Equivalent radius of a particle, considering shape (cm)
g: gravitational constant (980 cri)s
J p: density of a particle (e.g., silica=2.65gRm
} - density of fluid (e.g., water=1.0 g/érat standard temperature conditions)
U: dynamic viscosity (e.g., water=0.01 gftat standard temperature conditions)

Subsequent steps to estimate settling frequency involve calculating:

YQO 0RO EOIBEBE & @A (2-5)
Yi QDMHIOQDE & H— (2-6)
YQo 0 RIVL 0 Qe (2-7)

2.9 Available Swale Modeling Tools

There are numerous urban stormwater models avaikdudd with their strengths and
limitations, but the basic components of an urban stormwater model sapalchinimum
include rainfaltlrunoff modeling and pollutant transport modeling capabjiiyppou, 2001)A

select number of models are discussed briefly.
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Model for Urban Stormwater Improvement Conceptualization (MUSIC)

Model for Urban Stormwater Improvement Conceptazion (MUSIC) is a commonly
used model in Australia that simulates urban stormwater drainage systems and runoff pollution.
It is acontinuous simulation model that can simulate SCsh as ponds, wetlands,
bioretention basins, rainwater harvestsygtemsand vegetated swalemdcansize the device
for treating postonstruction runoffElliott and Trowsdale, 2007)n MUSIC, a swale is
represented as a series of Continuous Stirred Tank Reactors (CSTR)mixeelltreatment
facilities and pollutant reduction is calculated separately for each CSTR and tin(\é&/etepet
al., 2006, 2002)Firstorder kinetic decay €C) model isused to compute pollutant reduction
processefWong et al., 2006, 2002The lumped parameters, k (decay rate) and C* (equilibrium
concentration) represent a number of pollutant removal processes. In a recent application of
MUSIC, the model was also used to evaluate the impact of climate change on stormwater
treatment relialtity of biofilters and constructed stormwater wetlands in Melbourne, Australia
(Zhang et al., 2019While the model has been tested using multiple datasets there is further
research @eded to fully understand the effects of flow rates, particle size, influent
concentrations, and settling velocities on the model paranfe@®@avr i | et al ., 2019
2006)

Stormwater Management Model (SWMM)

SWMM is a widely used model for stormwater planning, analysis, design, and
managementorldwide. It is a dynamic hydrologileydraulic and water quality simulation
model that can be used for singleent or longterm continuous simulation of urban runoff
guantity and qualityRossman and Huber, 2018he model is capable of explicitly simulating

six LID controls: bioretention cells, rain gardens, green roofs, infiltration trenches, rooftop
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disconnection, and vegetated swales (Rossman & Huber, 2016). Stdiagion systems and
treebox filters (proprietary measures such as Filterra®) are also commonly used LID controls but
are not explitly modeled in SWMM. However, since they represent media filtration systems
closely, their treatment performance was evaluated using SWMM in a recent study in Korea, and
the model performed reasonably w@lbbio et al., 2015)The LID module of SWMM can

simulate swales but suffers from certain limitatiomfiltration from swales is unaccounted for,
baseflow prediction is too simplistic, the model does not consider the effects of vegetation on
contaminant removal, and the model does not examine the effects of runoff on the receiving
waters and ecosystefflliott and Trowsdale, 2007)

WIinSLAMM Model

WIinSLAMM (SourceLoading andManagemeniodelfor Windows, is an empirical,
processhased, continuous model that was first developeldaa970s to characterize the
relationships between sources of urban runoff pollutants and stormwater quality. The model has
been continuously updated using datasets from the Nationwide Urban Runoff Program (NURP)
study and other actual field data collecteghart of various research studi€Bitt, 2013)

WIinSLAMM is a widely used urban stormwater model in the United States for a variety
of applications and locations. For example, the model has been used for watershed modeling in
Massachusett@urley and Forman, 2011fpr evaluating the performance of grass swales in
Tennesse€Young et al., 2018andfor evaluating green infrastructure implementation scenarios
in Utah(Velasquez, 2018)r'he model has also been applied in a recent study in Europe for
understanding the impact of climate changefatare ©cio-economic conditions to assist
development of locahitigation andadaptation strategi€Borris et al., 2016Thismodeb s

application has recently gained momentum as urban stormwater managers face the challenge of
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meeting current water quality regulations with limited resoyraed surce treatment options
need to be evaluated for implementation more than ever.

WinSLAMM estimates runoff volumes and pollutant loadings for each contributing
source area and rainfall event. The model is based onstoati hydrology and particulate
washoff, sincethe majority of annual pollutant loads can be attributed to such st@titts
2013) Storms between 12mB8mm (0.5iR1.5in) are typically responsible for about 75% of the
runoff pollutant discharges and should be considered for maximum possible capture if pollutant
load reduction is the goal. For water quality, the model calculatesrslegpand dissolved
pollutant concentrations generated from individual source areas that are defined as surface types
within each land use. In WinSLAMM, the landes are described as residential, commercial,
industrial, open space or freeway; and sourea axamples include rooftops, parking lots,
sidewalks, landscaped areandstreetsParticle accumulation for the paved surfaces and
shoulder areas in freeway land use is a function of average daily traffic, freeway length, and
duration of accumulatio(PV&Associates, 2013Pollutants are modeled using buildwashoff
functions for roadway surfaces, defined by empirical equations developed from measuring direct
runoff from paved street surfaces at various locations. The model assumes an initial dghck bui
up of TSS during dry periods that gradually decreases and reaches zero. During a rain event, the
Afirst flusho 1 s pr odaffduaction(@PE&iAssaciatesn20l8ponent i a
addition, a washoff reduction coefficient is applied for situations when a particle may be
dislodged, but the raindrop force is not large enough to transport the particle to the stormwater
inlet. A high reduction applies to smaller events becauseodiiicient is dependent on rainfall

depth.
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The model contains a suite of traditional SCMs and green infrastructure practices for
evaluationsuch as hydrodynamic devices, catch basin cleaning, street sweeping, wet detention
basing bioretention basins, rain gardens, and grass svw&desce area and runoff
characteristics, size and other attributes of treatment practices are used for a mass balance and
routing of water volume and particulate mass to calculate the effectiversegsaofice(Pitt and
Voorhees, 2009Most importantly, WinSLAMM accounts for the effects of compact urban soils
and infiltration processes that are critical to performance of a grass Elmaktainty in
modeling results is inhererdandWinSLAMM represents the uncertainty in modeling parameters
by built-in Monte Carlo simulations. Thus, the output is expressed in probabilistic distributions
of pollutant concentration# sourcebased model such as WinSLAMM can help with many
important policy decision@Pitt, 2013) as listed below
1) Identifying pollutant sources in urban runoff
2) Establishing the baseline stormwater pollutant loading for a regulated entity
3) Evaluatng future scenarios with changing lansge
4) Assessing effectiveness of various SCMs in treating pollutant loads at the source and outfalls
5) Estimating the cost of reducing stormwater pollution to meet regulatory water quality targets

In a recent study, WinSLAMM was used to evaluate the effects of various future
scenarios, such as climate change, increasing traffic intensity, and changing land use on
stormwater quality from two urban catchments in Ostersund, SwBders et al., 2016)The
model successfully simulated the catchment runoff volumes and loads for TSS, copper, lead, and
zinc and applied SCMs for targeting specific pollution sources. In another pertinent application,
WIinSLAMM was used to evaluate the runoff reduction pe&tof a highway swale in

Knoxville, Tennessee, U.S., and the calibrated model performed reasonably well with a Nash
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Sutcliffe efficiency of 0.4@Young, 2017; Young et al., 2018)he model was recommended as
a tool for highway stormwater managers to effectively evaluate swale performance under a range
of infiltration rates, catchment sizes, and swale geomd¥imsng et al., 2018)
2.10 Impact Assessment

Anthropogenic activities have influenceltmate changeglobally, consequently
increasingheamountsfrequency and intensity of precipitation eveniBhese changes in
precipitation havémpacs onboth the quantity and quality of downstream water resources
(IPCC, 2014) Stormwater infrastructure is particularly susceptible to the negative impacts of
climate change becaugas typically designed using standards based on historical or stationary
precipitation data, which may differ significantly from future rainfall regifissenberg et al.,
2010) Severaktudies have been conducted to evaluate the impact of climate change on
stormwater systembutthese were typicallfocused on drainadailures and floodingrisks
(Rosenberg et al., 2010; SemadBavies et al., 2008; Waters et al., 2Q03)is can be
unarguablyjustified dueto a higher risk of life and property damage associated with increased
flooding. Subsequentlylimate change and associated variations in rainfall intensity and
duration are being considered as part of stormwater ddmiglimited information is available
aboutits impact on the performance and sustainability of SCWtcher et al., 2013)
Stormwater control measureseaalso an integral part of the urban stormwater infrastruaure,
failure of which can cause both flooding and negative water quality impacts affecting humans
and aquatic ecosystemide lack of impact studies can be attributed to a lack of reliable future
climate data, mainly precipitation data at a sufficiently low resolution to provide some

confidence in evaluating SCM performance and sustainability.
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In North Carolina, U.S., two bioretention basins were modeled under future climate
scenarios to evaluate their hydrologic performaitahaway et al., 2014The study showed
that more intense and frequent rainfall in the future will result in an increased overflow volume
from the bioretention basins, which may have negative impacts on receiving waters. The
limitations of lowresolution precipitation data amehcertainty in climate projections are noted,
but the study provides insight for policymakers omwho adapt (e.g., additional storage
requirement to mitigate increased overflow volume) under a possible future scenario of climate
change. An investigation of potential effects of climate change on a stormwater retention pond
performance in Denmark shod@a minor increase in yearly loads of sediment, but the pond was
able to attenuate the effect of climate change on pollutant loa@hgsma et al., 2016)
Performance of two LID practices (biofilters and wetlands) and rainwater harvesting under future
climate change scenarios was recently evaluated in Melbourne, Augtadiag et al., 2019)
The key indicators used to measure performance were flow reductions and load reductions of
TSS, total phosphorus, and total nitrogen. Their results show minor differences in the future
performance of these practices for pollution removal, but the autmeimend larger
footprints to ensure reliable performance of pollution removal and stormwater harvesting, which
is in agreement with recommendations frblathaway eal. (2014)and findings fronSharma et
al. (2016) The scenario assessments for evaluating SCM hydrologic or pollutant removal
performance have included climate change factors (increased rainfall intensity and antecedent
dry periods). These past studies have focused on a single axis of the climatesckaage
framework and ignored the other important axis of seconomic pathways that consider
environmental policies and funding, which will impact the future maintenance and sustainable

performance oSCMs.
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Scenarios for Impact Assessment

An impact assessment requires consideration of future climate conditions and socio
economic conditionfBerkhout et al., 2002 o develop water management strategies for
adapting withanuncertain and changing future, a comprehensive approach that includes
deterministic, proceslsased science and stochastic methods is n€btilg et al., 2015)
Despite the many uncertainties in the available climate data and modeling processes, impact
studies help to understand possible future scenarios that canradsigtlioping sound climate
adaptation strategies. For example, an assessment of the potential impact of climate change and
urbanization on stormwater flows to a receiving stream showed an increased risk of flooding, but
installation of sustainable urbaragitage systems or green infrastructure practices seemed to
provide significant flooemitigation benefit{SemadenDavies et al., 2008)This benefit of
green infrastructure practices in flood mitigation was verified in Minnesota, U.S., and the
researcheralso identified other adaptation approaches that included upsizing of undersized
drainage infrastructur@oore et al., 2016)Although advances are being mad¢hia field of
hydrologic and water quality modeling for evaluating the impacts of climate change, these past
studies typically focus on the climate conditions characterized by the radiative forcing levels of
greenhouse gas emissions that may increase future precipaatounts, frequency, and
intensity; but these models failed to include theatens in socieeconomic conditions
(Berkhout et al., 2002; Borris et al., 2016pciceconomic conditions are equally important in
evaluating the impact of climate change on future societies and will affect the development of
comprehensive and effective mitigation and adaptation strat@geshout et al., 2002)

To address this gap, a new scenario framework was developed in a matrix form with two

main axes: the radiative forcing levels described by four representative concentration pathways
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(RCPs), and a set of possible alternatives of future global development described by the shared
sociaeconomic pathways (SSRsan Vuuren et al., 2014, 2012}his framework was
developed to facilitate development of consistent and comparable research within and across the
research communities. Four RCPs were defined in terms of their radiative forcing in the year
2100, which refers to the global average fogoon the basis of greenhouse gases and air
pollutants and consequent change in climatic facsus) as temperature and precipitaiiean
Vuuren et al., 2014Five SSPs were proposed that describe future development and how it may
be influenced by population growth, economic conditions, technology change, and
environmental policiefvan Vuuren et al., 20140 key assumption in the development of SSPs
as reference pathways is absence of climate change and climatg p@ioyNe i | | ,but al
the two can be combined to develop climate change sceffaain®uuren et al., 2014)
Berkhout et al(2002)suggested that the sog@onomic future scenarios can either serve as
gualitative assessments of national or regional vulnerability to climate change or may provide
guantitative inputs for modddased assessment studies.

For example, the recent novel study in Ostersund, Sweden, examined combined effects of
climate change and soeazonomic conditions on stormwater qualitytwo urban catchments,
using a sourc®ased loading management model WinSLANBbrris et al., 2016)Socie
economic factors such as increasing traffic intensities and changing of land use patterns appeared
to be more sensitive to pollutant loads than climate change. The increase in future TSS loads
ranged between 10%0% for different scenarios, but Welesigned and maintained grass swales

and biofilters demonstrated the potential to reduce future pollutant loads to below current levels.
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2.11 Knowledge Gaps

The overall goal of this dissertation is to advance the existing swale design guidance
available for highway stormwater runoff treatment by conducting comprehensive systematic
research antb evaluatehelongterm performance of swales undkfferent socieeconomic
conditions.The following knowledge gaps were identified and addressed with this research:

1) A lack of standard definitionfor different types of swalereates communication barriers
within the research, regulatory, design, and maintenance commuahigster 3 of this
dissertation pesentstandard terminology for various swale alternatives that can be applied
consistently across all communiti@hese definitions are supported by illustration for each
swale type and their treatment mechanisms.

2) A sciencebased water quality swale design guidance docuisemavailablen the
scientific literature. This lack of water quality swale design guidance in literature is
addressed i€hapter 4 with a systematic review of refereed artidesed tesynthesie
design recommendatiofer different swale typetargeting specific pollutants.

3) Data on hydrologic and water quality functions of swales have been collected from case
studies worldwide with widely varying resul®ackstrom, 2002; Barrett et al., 1998b; Lucke
et al., 2014 uell et al., 2021Yu et al., 2001)Location, climate, design parametessale
ageand watershed characteristics all affect swale function, making a comparison between
these datasets difficult. Thus, there is a need for a comprehensive controlled study to
systematically collect empirical data that can be used for enhancing the wiéitgrsyuale
design as swales become increasingly popular for stormwater manag¥menal., 2001)

No such controlled studiegereidentified in the literaturéhatexamined the influence of key

design parameters (length, slope, and shape) on grassggrfalenance with the
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experimental units constructed sildg-side to reduce heterogeneity. Srrakdium
(<25mm)storm hydrology haalsobb e en st udi ed for decades, and
treating small storms is wellocumentedDavis et al., 2012; Pitt, 1987; Willis et al., 20,L3)
however, the call for examining the role of larger precipitation e@6t88mm)is recent
(Horwatich et al., 2018)Chapter 5 of this dissertatiosystematically examimkthe effect of
two different lengths, slopes, shapasdstorm sizepnthehydrologic and water quality
performance of eight grass swalegler controlled conditions

4) Long-term performance and sustainability of swales and other SCMs is not well understood
and use of a lonterm continuous simulation is needed over the ellased modeling and
design load concepts approdéteaney and Sansalone, 2008khough a few studies have
been conducted to evaluate the impact of climate change on drainage systems and SCMs,
these have either been limited to flooding impacts or have been developed for urban
catchments in citie@Borris et al., 2016; Hathaway et al., 2014; Sema@avies et al.,
2008) It is important to further the current research on impact assessment of future
conditions on stormwater treatment performance, and to conduct them with different models
in different locations with other common LID practices, such as ponds and $élzdes) et
al., 2019) No suchimpact assessmesitudies on swales exist in North CaroliGhapter 6
of this dissertatioffills this knowledge gap by apphg WinSLAMM for an impact

assessment on swdte evaluaing severalkocioecononic scenarios
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3.1 Introduction

Swales are one of the oldest and most common forms of urban drainage and stormwater
conveyance in the worl@Burian and Edwards, 2002prass swales are historically the most
common stormwater control measure (SCM) for managing roadway runoff due to their
distinctive application in linear environments with limited rigbfsvay and their low
construction and maintenance cq€lsirrier and Taylor, 2004)n an urban landscape, grass
swales can provide open space benefits and enhance the natural hydrotogmahents of
infiltration, evapotranspiration, and runoff, qualifying them as ailopact development or
green infrastructure practi¢Bietz, 2007)

A regulatory demand for increased treatment of urban stormwater has resulted in the
evolution of other swale types, including infiltration swales, wet swales, and bioswales.
However, terminology needs to include clear distinctions between such tegnassswaledry
swalg infiltration swale wet swale andbioswaleto improve clarity and avoid interchangeable
use. Recentlyk-ardel et al(2019)developed a database of swale performance results from 59
studies and classified the types of swales in fdfterént categories: standard, dry, wet, and
bioswales. These classifications consolidated multiple terminologies that practitioners use and
identified the lack of standard swale terminology. For example, a literature search revealed the
following terms tadentify swalesgrass swalgplanted swalgvegetated roadside swalgrassy
median bioswale biofiltration swale bioretention swalginfiltration-swale trenchandstone
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lined swale Unfortunately, these terms are not wadfined; moreover, a lack of standard

definitions creates communication barriers within the research, regulatory, design, and

maintenance communities. Standard definitions are proposed herein to undergird dpsigific
inspection, and maintenance guidelines because each of these practices differs (sometimes
greatly) in its functions and maintenance requirements. This factsheet presents standard
terminology for various swale alternatives that can bdiegppponsistently across all

communities.

3.2 Pollutant Removal Mechanisms in a Swale

To better understand the swale terminology and functional differences, it is important to
recognize the physical, chemical, and biological pollutant removal mechanisms that influence
how a swale treats stormwater. Following are key pollet@amioval mechanisms in a swale

1) Sedimentationis a fundamental physical process that helps remove primary runoff
pollutants such as sediment and particutatend heavy metals and nutrie(8CHRP,

2006; Revitt et al., 2017; Winston et al., 2Q1A)short, sedimentation describes particles
falling out of the water column.

2) Infiltration is the process of entry and downward movement of rainfall, other precipitation,
or runoff into soil(Maidment, 1993; NCHRP, 2004} plays an important role in controlling
runoff, recharging groundwater, and transporting pollutants in surface waters and subsurface
waters.

3) Filtration removes sediment and partitdeund pollutants and is defined by physical

straining through natural vegetation (often referred to as gross filtration) or engineered media

or sandNCHRP, 2006)
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4) Sorption is a chemical process necessary to treat dissolved pollutants because they exist in
both particulate (partickbound) and dissolved forms. Sorption employs two main subtypes:
a. adsorption which is defined as a physiohemical process in which ion exchange occurs
between two molecules, resulting in the adherence or bonding of one molecule onto the
surface of anothgNCHRP, 2006)and
b. absorption in which a liquid is drawn into and tends to fill permeable pores in a porous
body. For example, the water and pollutant molecules in runoff are soaked up by the
underlying soil by absorption.
5) Biological processe#volve plants, algae, and microbes in pollutant removal and are
generally divided into two types:
a. microbially mediated transformationmcluding oxidation/reduction reactions to change
the chemical state of pollutants to a more readily available or volatile(f@hRP,
2006) Nitrogen removal by the processes of nitrificatd@nitrification in natural
systems is an example of biological transformation facilitated by bacteria.
b. uptake/storagewhich refers to removal of organic and inorganic pollutants by plants and
microbes through nutrient uptake and bioaccumulgtd®HRP, 2006)
As swale types are discussed, how swales employ these pollutant removal mechanisms
will illustrate differences among them.
3.3 Swale Types and Terminology
A common misnomer for a swaledsainage ditch Although a swale and drainage ditch
may look the same, a ditch is designed solely for conveying drainage water, with no water

quality treatment intended. A swale, on the other hand, is typically a regulated and engineered
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SCM that is credited for treating and conveying stormwater. Swale types are described and
illustrated in the following sections.
Grass Swale

A grass swalés defined as an earth channel typically lined with turfgrasses designed to
capture, convey, and treat stormwater runoff from small drainage areas by a combination of
physical, chemical, and biological proces@arrett et al., 1998b)srass swales convey and
treat stormwater primarily along highways and ro@tsrett et al., 1998b; Yousef et al., 1987)
but can also be found in residential areas.

The most desirable characteristics of grasses for a swale inclugdungping form, stiff
blades, dense coverage, and some tolerance of standing water. Typical turfgrasses that may be
specified for a grass swale in North Carolina include tall fescue antuky bluegrass (cool
season) and centipede and zoysia (warm season). Grass swales may also be vegetated with a mix
of other lowgrowing herbaceous plant species. Complete guidance on different types of
vegetation is available in the North Carolina Enosand Sediment Control Planning and Design
Manual https://deqg.nc.gov/about/divisions/enemgyneratland-resources/energyineratland
permitguidance/erosiogedimentcontrolplanningdesignmanua) and the N.C. Department of
Transportationds Vegetation Management Manual
(https://connect.ncdot.gov/resources/roadside/Pages/Vegetédioagement.aspx).

Terms for this most common swale type have includtethage ditchswale dry swale
standard swaleandvegetated swalaVe recommend using the tegrass swaldecause both
stormwater treatment and conveyance are provigigdre3-1 shows a typical example of a

grass swale treating roadway runoff.
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Figure3-1. Grass swale receiving roadway runoff in Raleigh, N.C., USA

The main pollutant treatment mechanisms of a grass swale include:

1) gross filtration of particles in runoff by grass blades on a grass shoulder and swale side

slopes, and particle settling and sedimentation in the main ch@aukistrom, 2002;

Barrett et al., 1998b; Wilson, 1967)

2) modest infiltration enabling removal of dissolved fraction of pollutants via adsorption on
soil particlegYousef et al., 1987and grass bladd€8Vilson, 1967) and
3) chemical precipitation, microbial degradation, and vegetationuptaka v r i | et al

2019)

Biological uptake and storage by vegetation is a limited but important treatment process
provided by grass swales. This process involves removal of organic and inorganic pollutants by
vegetation through nutrient uptake and bioaccumulation in plant tissue.

Because their key function is to convey stormwater, swales are often sized to safely carry
flows from a 10year design storm without overtopping the channel or eroding the swale bottom.
For treating runoff, swales are constructed for a much smaller dasign, such as the tweear

storm or the water quality storm (typically a moderate intensity rainfall, for examplel @.75
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inch per hour) (Hunt et al. 2020). Maintaining flow depths below vegetation height (referred
herein as the Awater quality deptho) has | ong
ability of grass swales to remove pollutaf¢alsh et al., 1997; Wilson, 196 Bigure3-2

presents the key components and treatment processes of a grass swale.
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Figure3-2. Typical cross section of a grass swale and its stormwater treatment processes

Infiltration Swale

An Infiltration Swale is essentially a grass swale that has check dams placed along its
length to create a flatter bed for temporarily holding stormwé&igufe3-3). Incorporating a
check dam in a swale improves surface storage capacity; temporary retention increases
hydraulicretention time, thereby enhancing infiltration and the potential for evapotranspiration.
Hydrologic benefits of a check dam (defined hereuasff volume reduction) in small to
moderate storms (below 1.2 inches) are well establi@bads et al., 2012; Winston et al., 2018;
Yu et al., 2001)The advantage of enhanced infiltration due to check dams is why we propose

that the termnfiltration swalebe reserved for a grass swale that incorporates check dams.
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Figure3-3. Exampleof an infiltration swalggrass swale with check dams)

Many of the pollutant removal processes of a swale with a check dam are the same as
those of a grass swale except that enhanced infiltration and increased particle settling or
sedimentation may occur due to water ponding upslope of the check dam. Tinfitratron
swale reduces more runoff volume and pollutant load than a grass Bigale3-4 illustrates a

typical cross sectiofor an infiltration swale

Earthen Check Dam

Figure3-4. Typical crosssection of an infiltration swale
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Bioswale

A bioswaleis a swale thahcorporates bioretentionelementChristianson et al., 2004)
promoting infiltration and filtration primarily bgmployingengineered mediaith an
underdran (Purvis et al., 2018 typical bioswale design includés) a forebay or plunge pool
immediatelyupstream of the swale, (b) permeable soil mikighly permeableengineered
media,(c) geotextile fabricor layering of materiaio control flows within layersand(d) a
perforated underdrain pipe in a gravel drainage Iéyervis et al., 2018) ayering techniques
are common in landscape design of golf cosies®d help prevent potential clogging on the
surface of geotextile fabric. Designers should refer to the appropriate design manuals and
guidance, if available, to select appropriate technique and specific&iosgales have been
referred to afiltration swalesfiltration swales or filtering swalesn the literature. We
recommend using the terdnoswalewhen any type of engineeredil mix ormedia is present, as
this aligns with bioretentiarA typical exampleand cross section of a bioswale are presented in
Figure3-5 andFigure3-6, respectively

The pollutant removal processes in a bioswale are more complex than those of a grass
swale and infiltration swale primarily because water flows through engineered soil mix or media.
Permeable soil mix is composed mostly of sandy and loamy sands that allow greater infiltration.
Engineered media typically contains a high sand mix with modest amounts of organic matter that
enhances chemical transformations and allows sorption of phospheavy metals, and
petroleumbased pollutantéHunt et al., 2012)Sigrificant dissolveehitrogen removal from
stormwater, however, requires creation of anaerobic conditions for nitrifiedeioitrification
reactions to occuiHunt et al., 2012)Anaerobic conditions can be created by providing internal

water storage (IWS) zones within a bioswale, often through design modifications (for example,

71



upturned elbow) that create saturated zones to foster nitrifieddioitrification reactiongHunt

et al., 2006; Kim et al., 2003Jhe IWS zone is located within the engineered media layer above
the underdrain pipe. Enhanced conditions for nitrificatientrification reactions can also be
created with a deeper IWS and kanfiltration natural soil{Hunt et al., 2012)as well as by
including mature vegetation in the bioswéleicas and Greenway, 200@)though highly
desirable, an IWS is an optionakfare and the designer should determine appropriate

application.

Figure3-5. Bioswale in Parma, Ohio, USA. Note thaderdrain emptying into the outlet

structure.
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Wet Svale

A wet swale functions similarly to stormwater wetlands and is designed to fit in linear
environments. A wet swale includes elements similar to a grass swale in addition to wetland
soils, hydrology, and vegetatighang et al., 2016; Winston et al., 2012Phese SCMs maintain
wetland conditions by combining microtopographic pools and shallow areas in the main channel
and a high seasonal water table that expresse
presence of water associated with a wet swalgnmake it problematic employing this swale
type in urban environments due to potential interference with surrounding infrastructure.

Other terms that have been used for wet swalevatieand swalegrass swalgplanted
swale orvegetated swaléel'he termwet swalds differentiated by functioning with the likely
presence of moist or wet conditions. Different applications of wet swales are shbigore3-7

andFigure3-8. A wet swale can be erpted to:
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1) enhance gross filtration due to a thicker emergent vegetation,

2) provide greater sedimentation due to flatter slopes that increase the hydraulic retention
times,

3) uptake higher nutrient loads because of more available plant biomass, and

4) decreasaitrogenconcentrations by creating aerobicconditions that promote

nitrification-denitrification processes.

Figure3-7. Wet swale in Montreal, Canada

74



T

Figure3-8. Wet swale along Interstate 40, North Carolina, USA

Conditions in a wet swale are also favorable for chemical transformations and
volatilization processes. These numerous benefits of a wet swale were recently verified by
researchers in North America, Europe, and Alsaoy et al., 2016; Tang et al., 2016; Winston

et al., 2012)Figure3-9 illustrates a typical cross section of a wet swale and the pollutant

removal processes
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Figure3-9. Typical cross section of a wet swale and stormwiaé@tment processes

3.4 Summary

Grass swales have traditionally been employed for stormwater conveyance. However,
their ability to provide water quality treatment makes them an attractive practice for managing
roadway runoff and as part of green infrastructure in built environmentsnatitee swale
designs (for example, infiltration swale, bioswale, and wet swale) are being developed to achieve
greater reduction of runoff volume and pollutants and also to enhance the aesthetic value and
ecological diversity of urban areas. We encougagetitioners to use the standard terminology
for various swale types presented in this factsheet to foster clear and consistent distinctions as
they develop their design and maintenance guidelirase3-1 presents a summary of the

swale alternatives, their distinguishing features, and pollutant removal mechanisms.
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Table3-1. Swale Types, Distinguishing Features, and Pollutant Removal Mechanisms

Swale Type

Distinguishing Features

Pollutant Removal Mechanisms

Grass Swale

Established, dense turf
with grass height
maintained at 4 to 6
inches

Filtration, sedimentation

(modest) Infiltration, chemical
precipitation, microbial degradation,
and vegetation uptake

Infiltration Like a grass swale but | All processes of grass swale plus

Swale with addition of check enhanced infiltration and sedimentati
dams to temporarily hold
water

Bioswale Permeable soil mix or Enhanced infiltration by underdrains
high-flow engineered and permeable soil mix or media
media Enhanced chemical and biological
Underdrains may be transformations by the engineered
present media and internal water storage zon
Forebay or plunge pool is
typical

Wet Swale Emergent wetland Enhanced gross filtration,
vegetation sedimentation, anchemical/biological

microtopographic pools
and shallow areas

seasonal high water table
wetland soils

transformations
Evapotranspiration and volatilization
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4.1 Abstract

Swales are the oldest and most common stormwater control measure for conveying and
treating roadway runoff worldwide. Swales are also gaining popularity as part of stormwater
treatment trains and as crucial elements in green infrastructure to build sibeatreities. To
achieve higher pollutant reductions, swale alternatives with engineered media (bioswales) and
wetland conditions (wet swales) are being tested. However, the available swale design guidance
is primarily focused on hydraulic conveyancegedooking their function as an important water
guality treatment tool. The objective of this article is to provide scibased swale design
guidance for treating targeted pollutants in stormwater runoff. This guidance is underpinned by a
literature reviev.

The results of this review suggest that wellintained grass swales with check dams or
infiltration swales are the best optidies runoff volume reduction and removal of sediment and
heavy metals. For nitrogen removal, wet swales are the most effective swale alternative.
Bioswales are best for phosphorus and bacteria removal; both wet swales and bioswales can also
treat heavy mets. Selection of a swale type depends on the site constraints, local climate, and
available funding for design, constructiondeoperation. Appropriate siting, pdesign site
investigations, and consideration of future maintenance during design are critical to successful
long-term swale performance. Swale design recommendations based on a synthesis of the
available research apeovided, but actual design standards should be developed using local

81



empirical data. Future research is necessary to identify optimal design parameters for all swale
types, especially for wet swales.
4.2 Introduction

Water pollution is a key issue worldwide with impacts on both aquatic life and human
health(Schwarzenbach et al., 201@tormwater runoff from urban areas typically occurs in
response to rain and snowmelt events and carries pollutants to receiving waters. The pollutant
concentrations in urban stormwater runoff can often exceed those of treated wag@regtany
et al., 2015)thus degrading surface water quality and ecosyst€imang et al., 2018; Wang et
al., 2000) In the United States, significanept have been taken to address both point and
nonpoint sources of pollution since the Clean Water Act of 18hang et al., 2018)vhich
requires industrial, municipal, or transportation agencies to obtain a National Pollutant Discharge
Elimination System (NPDES) permit to discharge any pollutant to surface waters. Proactive
water protection rules along with innovative stormwatenag&ment solutions have resulted in
improved surface water quali(Chang et al., 2018put managing urban stormwater runtoff
protect both human and ecosystem health still remains a major chdBrigamanian, 2016)

Although some European countries had individual guidelines to protect surface water
guality before 2000, the most significant European legal act related to the protection of water
bodies is the 2000 EU Water Framework Directive (WFD 2000/60/EEKRaNg et al., 2018)
The WFD aims to protect and restore freshwaters by stipulating the definition ofateeal
reference conditions and, based on this, the extemétgfb o di es d devi ati on fr ol
ecological and chemical status. Other key drivers for stormwater management in Europe are
similar to those of the United States and include flood mitigation, groundwater recharge, and

compensation for lost pervious green argdlowing development and stormwateruge. While
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the motivations for stormwater management in western nations include restoring water quality,
Asian countries like Japan and China have focused on flood prevention, rainwater harvesting,
and stormwater reug€hang et al., 2018)The focus of design objectives likewise differs

among countries. Furthermore, design requirements and guidelines vary depending on national
or regional environmental legislation and hydiwnatic conditions.

One universal challenge in urban stormwater management is treating pollutants at the
source because contributing areas such as buildings, residential areas, highways or roadways
have limited space to treat the polluted runoff. Stormwater has historieaitywiewed as a
nuisance, and the primary objective was to remove it as quickly as possible via a network of
storm sewergéBrown and Farrelly, 2009; Wright, 199@Jowever, today stormwater is
increasingly considered a valuable resource to satisfy inogeasiter consumption demands
and to provide ecosystem servi¢Etetcher et al., 2013; Heaney and Sansalone, 2009; Prudencio
and Null, 2018)

A variety of nonstructural and structural stormwater control measures (SCMs) are
available for designers and watershed managers to treat stormwater. Structural SCMs include,
but are not limited to, wet or dry detention basins, constructed wetlandsebtametbasins,
sand filters, filter strips, and grass swdlgbhonas, 1994)Recently, the use of Low Impact
Development (LID) and Green Infrastructure (GI) principles in urban stormwater management
practice has also grown due to their benefits in magaginoff volumes and improving water
guality. The former tries to minimize the impact of urban development, and the benefits of the
latter extend beyond stormwater managen(Eletcher et al., 2015).ow Impact Development
is defined as an approach to new development or redevelopment that aims at minimizing the

effects of impervious cover by mimicking the natural hydrological processes at a site present
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before the initial land disturban¢gSEPA, 2016)LID controls, including bioretention basins,
raingardens, permeable pavements, and green roofs, have been shown to be effective in
preserving natural hydrologic conditions and treating pollut@ittz, 2007) Green

Infrastructure refers to practices that treat stormwater pollutants at the source through natural
processes, thereby providing cestective environmental, social, and economic benefits to the
community(Davies et al., 201750me examples @&l are downspout disconnection,
raingardens, permeable pavement, green roofs, and swales. The selection of appropriate
structural SCMs or LID/GI practices and their location in the watershed are both key factors for
effectively managing runoff volumes amdproving water qualitfBehroozi et al., 2018)he

siting of a SCM/LID practice is either done as: (i) part of Watershed Management Plans to
evaluate their longerm hydrologic and water quality improvement benefits; or (ii) in response
to stormwater gesrated from newly added impervious surfaces.

For watershegcale planning studies, SCM types and locations in a watershed can be
optimized for their hydrologic and water quality benefits using simulation models for evaluating
multiple scenarios. The plannigvel information gained from watershedale simulation
models can greatly enhance the future decisiaking capability of watershed managers. The
scenarios can be comprised of one or more critical factors such as:

0 different frequency rainfall events and design stofBehroozi et al., 2018; Damodaram et

al., 2010; Hwang and Weng, 2015)

O«

optimal location of a practice within the stormwater netw@xari and Tabesh, 2018)

0 number and types of LID/GI practicé8ehroozi et al., 2018; Luan et al., 2019)

O«

downstream impacts of a LIDamodaram et al., 201,0)
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0 climate change impac{8orris et al., 2016; Hathaway et al., 2014; Sharma et al., 2016;
Zhang et al., 2019)

0 costeffectiveness of a practice for mitigating runoff volume and water quality trea(®ent
Paola et al., 2018; Luan et al., 2019)

Developmenitspecific SCM selection and siting is typically decided by the design
engineers and limited by the site conditions. For sites in urban areas with limited spaces, grass
swales are a better choice for stormwater treatment over other options suetteads or media
filters (Yu et al., 2013)Grass swales are also the preferred SCM for managing roadway
stormwater runoff, due to their distinctive applications in linear environments with limited
rights-of-way and low construction and maintenances(3tirrier and Taylor, 2004; Henderson
et al., 2019)As part of the urban landscape, grass swales can provide aesthetic benefits and
partially mimic the natural hydrological components of infiltration, evapotranspiration, and
runoff, qualifying them as a lowwnpact development (or green infrastructurepce (Dietz,

2007) Swales have also been shown to be desirable substitutes for traditiorahdgriiter
drainage collection systems for residential subdivision streets due to their lower flowyvelocit
(providing some volume and/or peak flow mitigation) and pollutant removal capabilities, thus
supporting their effectiveness as a sotaortrol practic§Willis et al., 2013) The regular
maintenance costs for swales can be higher than a traditionadmdidutter systenfSample et

al., 2003) However, the greater environmental benefits, lower initial capital costs, and positive
aesthetic components of grass swales, make them an attractive alt€tnagiad., 1998)

Although grass swales are one of the oldest and most common forms of urban drainage
and stormwater conveyance in the wdBdirian and Edwards, 2002; Luell et al., 202hg

available design guidance from regulating agencies focuses on the stormwater conveyance
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function of swales; infiltration capacity and the water quality design aspects are limited or
generally based upon anecdotal information. Several studies have investigated swale
performance worldwide, but the parameters influencing their performancdlambiguous
(Far del et al ., 2 Bybidlogic Gedormanck of swalesanl mitigating @rio® b )
volumes, especially from small storms, is wadicumentedDavis et al., 2012; Deletic and
Fletcher, 2006; Lucke et al., 2014; Rushton, 20@fus8eFontaneda et al., 2020; Shafique et
al., 2018; Yu et al., 2001¥ppecifically, swales can reduce peak runoff rates 0y84% (Deletic
and Fletcher, 2006; Rujner et al., 20284 runoff volumes by 159%2% (Knight et al., 2013;
Lucke et al., 2014; Rujner et al., 2018; Rushton, 2001; Winston et al.,. Zbid8yide variation
observed in hydrologic performance of swales may be due to initial soil moisture conditions
(Rujner et al., 2018)0il characteristicfDavis et al., 2012; Rujner et al., 20;1&)annel
roughness, grass height and dengBgckstrom, 2002; Deletic and Fletcher, 2Q08ijltration
(Lucke et al., 2014; Rujner et al., 2018; Shafique et al., 2@b&)paction of swale bed during
construction(Gregory et al., 2006; Pitt et al., 2008hd maintenang&afnudeFontaneda et al.,
2020) Regardless of this wide range in swale performance, the evidence suggests that in urban
areas, swales can reduce runoff volumes and peaks, thereby reducing chances of localized urban
flooding and flash floodingSafiudeFontaneda et al., 2020; Shafique et al., 20A8)rief
discussion on the pollutant removal provided by swales follows in Settipbut for more
details the reader is referred to recent publications summarizing swale monitored swale function
(Ahiablame et al., 2012; Boger et al., 201&nderson et al., 2019; Lucke et al., 2014)

The recent need for enhanced water quality treatment due to regulatory demand and
restoring ecosystem services has resulted in grass swale modifications, such as infiltration

swales, wetland swales (or wet swales), and biosw@lds and Hunt, 2020; Prudencio and
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Null, 2018) A typical crosssection of each type of swale is illustratecCimapter 3of this
dissertationAlthough these new swale alternatives are evolving and being implemented
worldwide, a sciencbased guidance document for designing various types of swales is not
available. The primary purpose of this manuscript is thus to synthesize the current body of
literature on swale research and recommend a comprehensive set of-bassteesign
guidelines for stormwater engineers designing a swale tettspgcific pollutants. In addition,
this review identifies gaps in the statkethe-art swale literature, thereby providing a framework
for conducting future swale research.
4.3 Methodology

Worldwide scientific literature related to swales was systematically reviewed to develop
the water quality swale design guidelines presented in this paper. To optimize the systematic
|l iterature search, we start edonswaledhsimdarteanal |
Asnowbal | (Wahpnp20-t)eSevieral candidate articles were selected from the
bibliographies of these papers for the second round, an online search. The titles of candidate
articles were used and a set of keywords idedtfiiem the initial set of papers. The selected
keywords included: swale, grass swale, bioswale, wet swale, stormwater, low impact
development, green infrastructure, and water sensitive urban development.

The literature search was conducted in the Wecanc€ and Google Schol&r
databases accessed through the North Carolina State University libraries. In addition, a
publication alert was setup through the ScienceDirect database with similar keywords, resulting
in alerts sent via email to requesting researchers when a new poabllmecame available
online. Due to the limited literature available on bioswales and wet swales, the keywords were

expanded to include related SCMs (bioretention, stormwater wetlands) to focus onreiesegh
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articles. These combined search methods returned approximately 200 relevant articles, which
were used directly or indirectly in this manuscript. The literature search included articles
published between April 1, 1949ctober 10, 2020. An article databasesvereated in Mendeley
reference management software (Els&)iéor efficient filtering and creation of a bibliography.

The literature review focused on paewriewed articles, academic theses and
dissertations, conference proceedings, textbooks, extension factsheets and, to a limited extent,
technical reports. From the available literature, primary references were ateasfpeer
reviewed articles that were focused on (i) field or controlled swale experiments; (ii) factors
affecting swale, bioretention, and stormwater wetland performance; (iii) evaluation of swale,
bioretention, and stormwater wetland performance; andiésign recommendations for swales,
bioretention, or stormwater wetlands. Articles aiding in establishing the context for a
comprehensive swale design review (e.g., swale siting, costs, modeling, and climate change
considerations) were considered as adeaoy references. To ensure proposed design guidelines
were based on peeeviewed information, design manuals from selected jurisdictions were
reviewed but excluded when formulating design recommendations, as typical design manuals are
often anecdotal, t-specific, and are typically not pemviewed Appendix Aprovides
additional details on the methodology aationalebehind the proposed design
recommendations.
4.4 Swale Design

Swale design focuses on providing two primary functions: (i) stormwater conveyance and
(i) pollutant treatment in urban stormwater runoff for regulatory compliance. \Waildel et al.
(2019 andG a v r i i(201®H)hawe teviewed swalgrocesses impring water quality, there is

limited guidance on swale design to treat stormwater quality due to a lack of data synthesis
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(Winston et al., 2017However, as more communities implement water quality regulations,
designing swales to improve stormwater quality has become a growing need. Current swale
research allows quantification of peak runoff attenuation and water quality improvement by
physical(e.g., infiltration, sedimentation, filtration), chemical and biological proce8=esett
et al., 1998; Lucke et al., 2014; Yu et al., 200He purpose of this article is to present swale
design recommendations that are undemxhioy literature for (1) runoff volume reduction and
(2) water quality treatment.
Design forRunoff Volume Reduction

Swales can effectively convey stormwater runoff from different design storms when
sized appropriately. The most common design storm isy@afannual recurrence interval. If
peak flow mitigation and/or volume reduction is the objective of swale debgmjnfiltrating a
portion of surface runoff would increase design efficiency. However, the efficiency of grass
swales can be limited by the underlying soil characteristics, such as the infiltration capacity of
low permeability soils. Check dams increaseface storage capacity allowing greater
opportunity for infiltration and subsequent evapotranspiration. Volume reduction provided by
check dams is welllocumented especially for storms up to 30(@avis et al., 2012; Shafique
et al., 2018; Winston et al., 2018; Yu et al., 200he hydrologic benefits of including a check
dam have also been observed for a bios\iRevis, 2018pnd a wet swal€Tang et al., 2016)
Due to the maintenance concerns associated with check dams (discussed in Section 3.3), the
ideal location (to prevent damage) for a check dam is at the downstream end or at the drop inlet
(Kaighn and Yu, 1996)This will reduce interference with regular mowing and other

maintenance activities.
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Flow retardance, a function of channel roughness, grass height, and grass density, is
critical to the hydraulic and pollutant removal performance of swBlaskstrom, 2002; Deletic
and Fletcher, 2006}Fiener and Auerswal005)recommended (1) using grasses with stiff
stems and (2) preventing flow from submerging or overtopping vegetation for optimum runoff
control. The hydraulic resistance offered by grass in an open channel is usually represented by
Manni ngos r oieng(i),wlichvaries edieflbw depth in the chann@Wu et al.,
1999) A wide range of Manni RS wasestmatpd l§irbyses c o e f f
al. (2005)for the transitional flow regime in swales by extending the Stillwater retardance curves
(Temple, 1982)In a field studyBackstrom(2002)reported the roughness coefficient of grass
between 0.1® . 3 4 . Both these researchers presented
suggested previously lyhow (1959) However, both studies also used a much shorter grass
length (below 80mm). In cases where flow depths are below grass height, the hydraulic
resistance offered by grass is much highéua et al., 1999)Typical grass height in roadside
swales range between @80 mm, so the roughness coefficient between-0.25 suggested by
Backstrom(2002)may be more representative than the more extreme values calculdétedyby
et al.(2005) The proposed roughness coefficients herein are for swales designed to treat water
guality where the maximum flow depth is typigdbwer than the grass height as notedHunt
et al.(2020) When the water level in swales exceeds the grass height during high flows (i.e.,
when the grass becomes completely submerged),
considerably (from 0-.4 to <0.04 according ®arling and Moorg€1994), which has to be
considered when calculating maximum flow capacities of the swale. For suitable grass selection,
designers should refer to the opgrannel guidance bilemple(1987) local channel design

guidance, or consult local turf specialists.
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Installing a perforated underdrain pipe in soils with low permeability can also
significantly increase ability of a swale to attenuate runoff volume and, consequently, the
pollutant loadgAbida and Sabourin, 2006; Lucas, 2018pwever, addition of underdrains
should be done with caution where groundwater levels arg/Algjdia and Sabourin, 2006)
and/or frost penetrates deeper into the ground. Site soil permeability can dictate whether
designers should install check dams that increase the hydraulicaretieme (if soils are well
draining) or provide an underdrain to increase exfiltration (if soils are poorly drained).
Infiltration in roadside swales is inevitably impacted by compaction during construction
activities(Ahmed et al., 2015)Thus, the presence of an underdrain and proper construction
techniques can impact the hydraulic throughput of a swale, particularly in sites with hydrologic
soil groups C and [Henderson et al., 2019 summary of pealow mitigation guidance is
presented iTable4-1 and Table Al providesationale behind the proposed design guidance.
There are future research opportunities to determine the impact of road construction on swale
infiltration and identify the minimum distance between the road and swale that can minimize the
impact of compaction on infiltration.

Table4-1. Swale Design for Stormwater Conveyance and Volume Reduction

Design Component Common Design Guidance Supporting Literature

Main channel Increase the crossectional area to provid( Chow (1959); Winston
higher conveyance capacity. This can bg et al. (2017)

achieved by a trapezoidal channel. If righ
of-way space is limited, a longer section
triangular channel with side slopes 6:1
(H:V), or shallower is better.

Vegetation type | Select a blend of species with tall astdf | Temple et al. (1987);
grass blades Fiener & Auerswald
(2005)
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Table 41 (continued).

Grass density Non-clumping grasses with high density | Ree (1949); Temple
prevent concentrated flow. Aim fgrass | (1982); Backstrom et al
cover of gooeexcellent for selected (2006)

species (3,000,000 stems/A).
Channel roughnesss Manni ngo6s r oughnes|Kirbyetal (2005),
between 0.2®.35 for different grass type| Backstrom (2002)
Significantly lower at high flows when Barling and Moore
water depth exceeds grass height. (1994)

Check dams Add earthen or rock structures located al Kaighn and YU1996);
the downstream end of swale or at drop | Dunn et al. (1995);

inlet. Maximum height 60 cm. Winston et al. (2018)
Underdrains Install perforated pipe systems in Abida andSabourin
permeable soils with a minimum (2006)

(optional)
infiltration rate of 1 cm/h (0.5 in/h) and

maintain sufficient separation from
groundwater table

Construction Minimize compaction in the main swale | Ahmed et al. (2015)
channel to maintain soil permeability

technique

Water Quality Treatment Design

Designing swales for water quality treatment requires consideration of physical,
chemical, and biological processes in addition to the traditional capacity analysis for conveyance.
Climatic conditions also need to be considered as part of the designspfocexample, in cold
climates use of deeing salts and reduced street sweeping during winter months can cause
clogging and negatively impact swale performafdenrabatMartinez et al., 2019)The ability
of swales to provide water quality treatmentvedl-documented by researchers worldwide
(Backstrom, 2002; Barrett et al., 1998; Lucke et al., 2014; Stagge et al., 2012; Winston et al.,
2012; Yousef et al., 1987; Yu et al., 200BX)ternal conditions affecting stormwater treatment in
swales include rainfall characteristics, antecedent dry period, influent load, and impervious

surface of the catchme(®ong et al., 2019F5wales have been reported to be a sink for
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pollutants when (1) influent concentrations are high, and (2) the pollutants are attached to the
coarser particles, which can be effectively removed via the physical processes of filtration and
sedimentatioriBackstrom, 2002, 2003; Barrett et al., 1998; Fardel et al., 2019; Wilson, 1967)
Swales can also be a pollutant source when influent concentrations are low due to the process of
resuspension and mobilization of unbound pollutants deposited in the swékabkstrom,
2003; Fardel et al., 2019; Luell &., 2021; Stagge et al., 2012; Yu et al., 208i)ce dissolved
pollutants are unlikely to be trapped in a typicalbnfigured swale, effective water quality
swale design becomes more challendirardel et al., 2019)

The common design variables of a grass swale for pollutant treatment are swale surface
area, swale length, longitudinal slope, side slope, «estonal geometry, depth,
grass/vegetation height and type, roughness coefficient, soil characteristicsg)ibydtantion
time, forebays, check dams, and flow diversion sysi{@askstrom, 2003; Barfield et al., 1975;
Barrett et al., 1998; Deletic and Fletcher, 2006; Fiener and Auerswald, 2005; Wilson, 1967,
Winston et al., 2018; Yu et al., 200Point of infow to the swale (lateral or longitudinal) is also
a key factor in swale performan(eardel et al., 2020; Gong et al., 2019t the designer is
often limited because of site drainage patterns.

The main pollutant removal mechanisms of grass swales include gross filtration, settling,
and sedimentation of particles in run(Backstrom, 2002; Barrett et al., 1998; Wilson, 1967)
infiltration (Yousef et al., 1987; Yu et al., 200And chemical precipitation, microbial
degradation and vegetation uptdk& a v r i | e.FigueeB-2 preseBedaltypiba) cross
section of a grass swale with key design components and pollutant removal mechanisms.

For the design of an infiltration swale, the location of check dam, size of (optional)

underdrain pipes, depth and surface area of the ghlgdltrench, and vertical distance from
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seasonal highwvater tables are also important factors. For bioswale design, additional
considerations are the mix, or recipe, of engineered media, size of underdrain pipes, and
minimum distance from seasonal higfater table. Similarly, for a wetland swatgpe of

vegetation and permanent pool elevation near the seasonavaightable are important design
considerations. A designer should be able to adjust one or a combination of these factors to
design swales that adequately convey stormwater angutiatants. In the following sections
available design guidance in the literature for water quality swales to target specific stormwater
runoff pollutants is presented and synthesized.

Sediment

Sediment, while itself a pollutant, also conveys other attached pollutants, affecting stream
beds, aquatic life, recreational use, and drinking water trea{iiemtcombe and Jensen, 1996;
USEPA, 2017)Stormwater runoff generated from roadway (and other) surfaces transports
sediment and associated pollutants that are detrimental to the receiving(Ratert et al.,

1998)

Swales and associated filter strips have been shown to improve stormwater quality by
capturing and removing sediment with particle sizes greater th&nén and sedimesiiorne
pollutants(Backstrom, 2002; Luell et al., 2021; Mohamed et al., 2014; Winston and Hunt, 2017;
Yu et al., 2001)However, smaller particles are difficult to trap with swgdB&ckstrom et al.,

2006; Deletic and Fletcher, 200)e to limited hydraulic retention times (HR(Winston and

Hunt, 2017) Particle settling is a function die HRT, which depends on swale length and flow
velocity. Mean swale residence time or HRT between 40 and 400 s was shown to be effective for
particle removal in grass swal@ackstrom, 2002)A design that extends the HRT between 300

and 360 s (orf minutes) can enhance the trapping efficiency of a siMéleston et al., 2017)
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If swale length is insufficient, increasing HRT can be accomplished by adding daersk
(Davis et al., 2012; Stagge et al., 2012; Winston et al., 2018; Yu et al., 2001)

However, the importance and optimization of swale length in sediment reduction is not
clear.Barrett et al(1998)indicated that the role of sigdopes, which work as a vegetative filter
strip/buffer strip for low flows, is more important than the length of the swale in treating
sedimentWinston et al(2017)suggested that while an increase in swale length increases HRT
and promotes filtration and sedimentation, removal efficiency is only marginally improved. A
minimum swale length of 75m was recommehtg (Yu et al., 2001pased on field studies, but
the drainage areas were not reported, which limits this application as a design recommendation.
More recent field research has reported that the highest sediment removal occurs in the first 10
15m of a swal€Lucke et al., 2014; Mohamed et al., 2013t the simulated drainage areas
(0.01 ha or 0.02ac) were much smaller than the typicalwvedt applicationsWinston et al.
(2017)demonstrated that a swale length of 30m can consistently reduce sediroeat 0%
for a wide range of longitudinal slopes ({1.6%) and catchment areas (@.B ha or 0.28).75
acres), which is closer to reabrld scenarios. The benefit in sediment reduction by increasing
the swale length (2x) to 60m was marginal (<10%)iambt a coseffective design
improvemen{Mohamed et al., 2014; Winston et al., 2017)

Safety considerations and ease of mowing often define maximum side slopes for swales
(Hunt et al., 2020)Thus, the common rulef-thumb of 3:1 (horizontal: vertical, H:V) or
shallower side slope should be followed. For sediment removal, side slopes of 6:1 or shallower
are better for triangular channels; trapezoidal swales are less sensitive to sidattvpes,
designers to choose appropriate swale length for meeting sediment reductiqi\iyostien et

al., 2017)
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When a check dam is included in the swale, the modified design is referred as an
Infiltration Swale Figure3-4). Check dams function best when vegetated, stabilized, and located
near the downstream end of the swale or at the drop(iKdeghn and Yu, 1996)

Consensus on the effects of including check dams in swale design for improving water
quality is lacking; for examplé/u et al.(2001)recommended check dams for enhanced
pollutant removal, whil&tagge et al2012)found little benefit from adding check dams. In
addition, presence of check dams also interferes with maintenance adtiKatigisn and Yu,

1996; Winston et al., 2018)n some cases check dams were reported to be a cause of sediment
export downstream; for examplg, (2015)showed that shortcut flows occurred around the

check dam structures, causing erosion and channelization in the swale thereby increasing the
amount of sediment transported to receiving waters.

The importance of channel cressction in reducing sediment loads is also ambiguous.
Barrett et al(1998)suggested that the optimum cregxtional geometry to treat stormwater is
V-shaped (or triangular) rather than trapezoidal. Their reasoning is supported by the removal of a
significant portion of sediment, nitrogen, phosphorus, and heavy metals (amhcatel iron),
from the side slopes of medians, which they assumed were similasiiapéd grass swales.
However, trapezoidal channels are prefexdbl roadside swales due to a higher contact area,
lower flow depths below grass height, and ease of mainteif@finston et al., 2017} antin
and Barrett (2005) recommended parabolic channels, as they (1) can provide substantial water
quality improvement and (2) are easier to maintain than designs with sharp breaks in slope such
as that of a Wshaped channel. However, based on fielceegpce the parabolic channels are
constructed improperly or are often converted to a trapezoidal shape over time dndar

excluded from further consideration in this review.
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Bioswales are also an emerging practice for effective sediment load red(Euowis,
2018; Purvis et al., 2018Bioswales are a relatively new practice for highway runoff treatment
that couples both stormwater conveyance and biological filtration through engineeredlLipedia
2015) The key pollutant removal mechanisms for sediment removal in a bioswale are filtration
by the engineered mediRavis et al., 2006, 2003)nd sedimentation by forebay and vegetation
(Backstrom, 2002; Deletic and FletcherP8) A typical crosssection of bioswales and
associated pollutant removal mechanisms are presenkeguire3-6. Table4-2 lists the key
design parameters and associated design guidance that enhance sediment trapping based on the
literature reviewTableA-2 providesrationale behind the proposed design guidance.

Table4-2. Swale Design Needs for Sediment Reduction

Design Component Common Design Guidance Supporting Literature
Swale length 30m (100 ft), although shorter lengths of 1| Mohamed et al2014;
15m (3350 ft) can provide adequate Winston et al(2017)

treatment from smaller catchment areas
Longitudinal slope | Maximum 3%. In case of steeper terrains,| Yu et al.(2001)
check dam can be added to the design for
attaining the desired slopes.

Side slopes Up to 3:1 (H:V) for trapezoidal channel. 6 Barrett et al(1998)

(H:V) or shallower for triangular swales Winston et al(2017)
Crosssectional Trapezoidal channel maximizes contact tirf Winston et al(2017)
geometry and maintains flow depth below grass heig

If space is limited, a triangular swale can b
used for catchment areas 0.1 ha or less.
Vegetation type Avoid clumping grasses to prevent Ree(1949; Temple
concentrated flow. A blend of species with| (1987)

tall and stiff grass blade is recommended.
Vegetation density | Dense fully developed turf. Aim for grass | Backstrom(2002)
cover of gooekexcellent for selected specie§ Temple(1982) Luell

(3,0009,000 stems/RA). et al.(2021)
Grass height Typical mowed height c10-15 cm (46 Fiener and Auerswald,
inches). (2005)
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Table 42 (continued).

Flow depth

Below grass height (205 cm) for low flows
Can extend grass height in areas with high
flows due to very intense rainfalls

Hunt et al.(2020)

Length: 830 m (25100 ft);

Slope: 1% or less;

Maintain minimum 0.45 m (1.5 ft) between
media bottom and the seasonal high wate
table. Provide a forebay to the bioswale ar
minimum one check dam.

Hydraulicretention | Between 56 minutes Backstrom(2002)
time Winston et al(2017)
Bioswale Design Base width: 0.9..5 m (35 ft); Purvis(2018)

Bioswale
Engineered media

Minimum 0.45 m (1.5 ft) depth but 0.9 m (3
ft) recommended, if feasible;

Low to moderate organic matter (5% of tot
weight or 10% of total volume);

Media infiltration rate between 2i55.0
cm/h (£2 in/h)

Zinger et al(2007)
Hunt et al.(2012)

Check dams
(optional for grass
swale)

Add stable and weNegetated earthen or
rock structures located at the downstream
end of swale or at draplet. Maximum
height 60 cm. Prevent erosion at/around
check dams.

Kaighn and YU1996)
Dunn et al(1995)
Winston et al(2018)

!Optional because there is no consensus on benefits of check dams for sediment removal in grass
swales

Modelling-based methods developed for predicting sediment transport in urban runoff
conditions, such as the Aberdeen equatiaeletic, 2005) have been used by the research
community to determine optimal grass swale de@tgmt et al., 2020; Winston et al., 201 Byt
these methods are not yet adopted by practitioners. A lack of specific evitlsamkswale
design guidance for sediment removal underscores the need for further research and collection of
empirical data from controlled experiments as recemed byYu et al.(2001)andFardel et al.

(2019)
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Nitrogen

Great uncertainty exists in the literature regarding the effectiveness of swales in treating
nitrogen. Some researchers observed that both total and dissolved fractions of nitrogen were
reduced in grass swal@arrett et al., 1998; Deletic and Fletcher, 2006; Luell et al., 2021,
Winston et al., 2012)n contrastL.ucke et al(2014)showed no reduction in nitrogen, and in
some cases, swales served as a nitrogen source due to the extraneous organic matter from grass
clippings or other plant debris beingnisported from the swafPavis et al., 2012; Yu et al.,

2001) The dissolved component for total nitrogen accounts for between 20% and 80% of total
nitrogen load; almost all particulate nitrogen is typically attached to sediments sized between 11
and 1 bvaze anthChiew, 2004The likelihood that such fingrained sediment would

settle in swales is low due to the short residence times.

To guide design considerations for nitrogen removal and recognizing the unreliable
performance due to the absence of required mechanisms for nitrogen removal in a grass swale
designers must appeal to other SCMs. Bioretention and stormwater wetlandsutaie pop
practices for removing nitrogen from stormwater rurf@®llins et al., 2010; Yu et al., 2013)
However, in linear environments with limited rigidsway, these two SCMs are more
expensive and harder to construct than grass swales. Fortunatelii, sheiral| e cognates, 0
bioswales and wet swales, are purpbasit for linear environments and remove nitrogen better
than standard grass swales.

Nitrogen removal from stormwater requires anaerobic conditions for nitrification
denitrification reactions to occHunt et al., 2012)which can be created by providing internal
water storage (IWS) zones within a bioswale, either naturally or through design modifications

(e.g., upturned elbow). By forcing soil to saturate and eventually become (at least partly) anoxic,
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denitirifcation reactions are foster@édunt et al., 2006; Kim et al., 2003ioswales showed
significant nitrate load removals when IWS was provided; adding a forebay further improved the
load removal for TKN and N&-N (Purvis, 2018)For enhancing nitrogen removal in biofilters,
an IWS zone depth of 0.45 m was recommer{dather et al., 2007)out IWS zones deeper
than 0.9 m and lovinfiltration natural soils likely augment denitrificatigHlunt et al., 2012)
Where frozen filter media are expectedidg winter, coarser filter materials are recommended
to enable infiltration in the partly frozen s@loghadas et al., 201.6Consequently, these cold
conditions can also affect nitrogen removal negatively if no IWS is ins{@ledken et al.,
2010; Moghadas et al., 201&®ection 48 further discusses swale design in cold climates.
Nitrogen removal by a bioswale is lower than that of a typical bioretention cell because the
sloped bottom of a bioswale reduces storage volume and limits the time eXposurexic
conditions(Purvis, 2018)Although more research is needed to fully understand bioswale
performance, the established performance of biorete(tiont et al., 2012provides confidence
in recommending bioswales for nitrogen removal.

Wet Swales (or Wetland Swales) are a relatively new SCM that combines features of
both a swale and a stormwater wetl#Bka and Hunt, 2020)Vet swales remove nitrogen
better than grass swales or bioswdleeng et al., 2016; Winston et al., 201R) contrast to
bioswales, wet swales do not incorporate a filter media and drain layer underneath, which
facilitates their implementation when groundwater levels are close to the surface. Wet swales
provide the unit processes of nitrificatidenitrification, filtration, sedimentation, sorption, and
greater plant uptake similar to stormwater wetlands, thereby enhancing nitrogen removal for both
particulate and dissolved N forriBang et al., 2016; Winston et al., 201Rigure3-9 presents a

typical crosssection and associated pollutant removal mechanisms in wet swales.
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In the wet swale study byang et al(2016) the influent roadway runoff consisted of
only 12% particulate nitrogen with the balance of nitrogen being dissolved which were
significantly reduced, except dissolved organic nitrogen. These results were similar to the wet
swale study byVinston et al(2012) where organic nitrogen concentrations were not reduced
and were linked to the addition of decaying plant matter to the filter strip and $Wagton et
al. (2012)demonstrated that wet swales removeogin better than grass swales. In a separate
study, a wet swale showed no nitrogen removal, possibly due to low, irreducible, influent
concentrationgLeroy et al., 2016)

Stormwater wetlands have been watlidied, and guidance is available for their
performance, design, construction, and maintenétadlec and Wallace., 2009; Line et al.,
2008; Read et al., 200 owever, designing a wet swale is more complicated than a grass swale
due to (1) the difference in flow resistance provided by emergent wetland vegetation, and (2) the
higher vegetation density due to variable plant heifiasllec, 1990) Therefore, the traditional
use of a Manni ng6s edfioais mobapplicatdeandhisfcagidadles,p e n c h a
1990) as Manningds equat i-tiowconditienswhere@ddgfopee d f or u
exerted by the channel bottom is domin@tiow., 1959; Kadlec, 1990Yegetation drag, as
opposed to drag from channel bottom, is dominant in wet swales with wetland vegetation and
will control the desigrifKadlec,1990) | f Manni ngbés equation i s app
variable Manningdés roughness coefficient unde
complicats selection of appropriate roughness coeffici@s et al., 1999)The roughness
coefficient used for a wet swale will likely be higher, due to the submerged vegetation and
irregular channel formatior(8arling and Moore, 1994; Chow., 1959; Wu et al., 1998)ich

means that the channel cresection needs to be larger than that of a grass swale to provide
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equivalent flow capacity especially for high
used for wetland swale design, the wider range of roughness coefficientd b2 ¢alculated
by Kirby et al.(2005)should be considered.

Forebays provide pretreatment for a variety of stormwater control measures including
stormwater wetlands by dissipating the energy of concentrated flows, promoting sedimentation,
and capturing debris and tra@CDOT, 2014) Although the nitrogen removal efficiency in two
stormwater wetlands evaluated lope et al.(2008)was not associated with presence of a
forebay, they are recommended for wet swdlag et al.(2008)also determined that a surface
area to drainage area ratio of 1:20 (or lower) wamgor factor in enhancing nitrogen reduction.

The authors suggest that this ratio also be applied in wet swale design. The plant species in a wet
swale also significantly affect nutrient and pollutant rem@\ite et al., 2008; Read et al.,

2008) so an optimal mix of plants should be selected in consultation with local wetland experts.
As discussed previously, HRT is another key design parameter for particle trapping and pollutant
removal in swalegBackstrom, 2002)Design modifications that increase HRAnh be expected

to enhance water quality improvemef(int et al., 2012)Since the nitrogen removal processes

of nitrification and denitrification are more complex than sedimentation, the HRT needed to
reduce N is expected to be longer than that for sediment reme&ahigutes). However, the

current literature does not suggy an HRT value to remove nitrogen in wet swales.

Check dams in wet swales may further enhance nitrogen removal by the swale by
increasing HRT, promoting sedimentation, and creating anoxic conditions necessary for
nitrification-denitrification processes. Since wet swales should not be mowed regulagyalise
swales, check dams will not interfere with regular maintenance activities. Therefore, for

targeting nitrogen removal, a wet swale with check dams is recommended, provided site
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conditions of wetland hydrology and hydric soils to support wetland vegetation can be met.

Table4-3 summarizes swale design guidance targeting nitrogen remdtalationale behind

the guidance provided ifable A3.

Table4-3. Swale Design for Nitrogen Sequestration

Design Component

Common Design Guidance

Supporting Literature

Engineered media

ft) recommended, if feasible;
Low to moderate organic matter (5% of tot
weight or 10% of total volume);

Media infiltration rate between 2i55.0
cm/h (X2 in/h);

Underdrain with internal water storage to
allow anoxic conditions that promote
denitrification.

Side slopes Up to 3:1 for trapezoidal channel. 6:1 or | Barrett et al(1998)
shallower for triangular swales Winston et al(2017)
Bioswale Minimum 0.45 m (1.5 ft) depth but 0.9 m (3 Zinger et al(2007)

Hunt et al.(2012)
Purvis(2018)

Wet Swale High surface area to drainage area ratio | Line et al.(2008)
(~5%); Kirby et al.(2005)
High roughness coefficielfih=0.271.35); Read et al(2008)
Diverse mix of wetland vegetation for
nutrient uptake.

Forebay Provide a forebay to the bioswale or wet | Purvis(2018)
swale for diffusing flows and capturing
larger particulate & debris.

Check dams Add stable and weNegetated earthen or | Kaighn and YU1996)
rock structures located at the downstream| Dunn et al(1995)
end of swale or at drop inlet. Maximum Winston et al(2018)
height 60 cm.

Phosphorus

Similar to nitrogen, studies are inconclusive on how well swales remove phosphorus (P).

Field monitoring results show both removal and net export of phosphorus from felketsc

and Fletcher, 2006; Luell et al., 2021; Stagge et al., 2012; Yu et al., 200dadway

stormwater runoff, approximately 80% of phosphorus was found to be attached to sediments
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(Kayhanian et al., 2012; Vaze and Chiew, 2004; Winston and Hunt,.28ddmenbound
phosphorus is sequestered in the swale by processes of filtration and sedimentation, but the
dissolved fraction of phosphorus remains untreated. Dissolved P removal should also be
considered given its importance for primary productiontand eutrophication in receiving
waters.

Specific swale design criteria to remove total phosphorus from stormwater are not
available in the literature. However, forcing water to percolate through engineered media has
been documented to successfully reduce phosphorus concentrations in othdD&@Mst al.,

2006; Hatt et al., 2009; Hunt et al., 200@)imarily due to the chemical sorption ability of the
engineered media. Thus, selecting a bioswale is likely a best practice for sequestering P.
Moreover, adding a check dam can increase genetat gyaality performance of a swaMéu et

al., 2001) which is attributed to increased water storage and HRT inside swale beds that
augment evapotranspiration and infiltrati®@tagge et al., 2012Thus, it is reasonable to expect

a greater reduction in phosphorus loads (particularly dissolved forms) by adding check dams to
the bioswale design. This idea was recently corroborat@&iibyis(2018)who tested bioswales

in a controlled plot study and observed a significant reduction for both dissolvedalnd tot
phosphorus loads.

The main costs in bioswale construction are the fill media and excavation volumes, which
are similar to those of bioretentigBrown and Hunt, 2011 Hence, optimizing the design
parameters such as length and media depth of a bioswale is important-fffexiste
stormwater treatment. Towards that elAdrvis(2018)presented design guidance for optimal
bioswale geometry and recommended that a forebay and minimum of one check dam should be

included. If phosphorus and nitrogen removal are joint objectiledWS zone should be
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created below the-Bequestration portion of the engineered medimt et al.(2012)suggests
maintaining a vertical clearance of @50 m between the bottom of media and top of the IWS
layer for a bioretention. In limited but recent bioswale designs with effective phosphorus
removal, this clearance ranges betweer0043 m(Purvis, 2018)

Wet swale removal of phosphorus is weak to modéiiateg et al., 2016; Winston et al.,
2012) Therefore, bioswatearea bdter SCM for treating phosphorus in stormwater runoff.
Table4-4 summarizes design guidance for phosphorus removal from stormwater, ambff
Table A4 provides the rationale for the proposed design guiddreemedia design
specifications are based on the recommendations for a bioretention (@¢siiget al., 2009;
Hunt et al., 20123s no peereviewed guidance is available for bioswale design at this time.
Moreover, guidance is unavailable with respect to selecting appropriate volumes of bioswale
media visa-vis contributing drainage area design; thus, this remains an area ferriegearch.

Table4-4. Swale Design foPhosphorus Removal

Design Component | Common Design Guidance Supporting Literature

Side slopes Up to 3:1 for trapezoidal channel. 6:1 or | Barrett et al. (1998)
shallower for triangular swales Winston et al(2017)

Bioswale Base width: 0.91.5 m (35 ft); Purvis(2018)

Channel length: 830 m (25100 ft);
Longitudinal slope 1% or less

Bioswale: Depth between 0.0.9 m (23 ft); Hunt et al.(2012)
Engineered Media | Select media with high-Borption potential, | Purvis(2018)
low P-index;
Media infiltration rate between 2i30cm/h
(1-4 in/h);

Underdrains, if present, should provide 0.3
0.45m (11.5 ft) separation between top of
internal water storage layer and bottom of
media
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Table 44 (continued).

Check dams Add stable and welNegetated earthen or | Kaighn and Yu1996)
rock structures located at the downstream| Dunn et al(1995)
end of swale or at drop inlet. Maximum Winston et al(2018)
height 60 cm.

A variety of engineered media and amendments are available in the market to enhance
phosphorus removal rates, and new techniques are also being tested actively to treat urban road
runoff (Lee et al., 2021)Before selecting a media amendment for phosphorus removal,
designers are referred kbarvin et al.(2020)for a comprehensive review of their performance,
application, constructability, and operation and maintenance challenges.

Heavy Metals

Unli ke swalesd6 capacity to reduce nutrient
highway stormwater runoff is wetlocumented. A considerable percentage of zinc, copper,
nickel, and cadmium occur in dissolved forms, while lead and chromium are typa#itte
bound in stormwater runofHuber et al., 2016; Stagge et al., 20I)e partition between
dissolved and particulate forms of metals depends on numerous factors and is therefore highly
variable(Galfi et al., 2017)

Thus, grass swales with limited unit processes of filtration, sedimentation, and some
adsorption on soil surfaces may not provide consistently high removal rates of heavy metals but
can provide attenuation of peak metal loads generated by roadway (Backstrom, 2003;

Backstrom et al., 2006Y ousef et al(1987)showed that roadside grass swales are more
effective at removing dissolved metal concentrations than nutrients. Barrett et al. (1998) reported

a load reduction of more than 79% for zinc aneb3% reduction in lead by two swales.
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Backstrom(2003)observed that higher removal of dissolved metals is associated with a higher
influent concentration.

Other SCMs such as bioretention have shown better removal for both particulate and
dissolved metals because the media mix provides greater opportunities for adsorption of metal
ions(Hunt et al., 2012)A media pH range of-8 is ideal for adsorption of metals, and both the
organic and inorganic fractions provide complexation sites for the metabibirsd with the
soil media(Hunt et al., 2012)A study of two bioretention cells in Maryland showed reductions
of 76% for copper, 57% for lead, and 83% fimrcZ Davis, 2007) Similarly, Purvis(2018)
showed effective removal of copper, lead, zinc, and cadmium in a bioswale and found that
adding a forebay further increased the removal efficiency. Although ambient conditions
(temperature, road salt, and antecedent drying) affect metal removal inritioreteverall
metal removal usually remains sufficient (Sgberg et al, 2017).

Stormwater wetlands are also highly effective at removing heavy metals with reductions
noted between 388% for copper, 284% for zinc, 5594% for lead, and-88% for cadmium,
except for a few cases where an export was obs¢@agteton et al., 2001; Gill et al., 201 For
sedimerdbound metals, stormwater wetlands were observed to remove approximately 57% zinc,
48% copper, and 71% le&d/alker and Hurl, 2002Wet swales have likewise shown reductions
between 1745% for lead, zinc, and coppfreroy etal., 2016)

In the literature, metals removal by grass swales is reported as quite effective and often
comparable or better than what can be achieved by bioswales and wet swales (Gavric et al,
2019a). The success of a grass swale in metals removal is particularigeleipen flow depths
below grass heigh{Kirby et al., 2005) Thus, if metals are the only target pollutants, well

maintained grass swales may be the best option due to their lower capital, operation, and
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maintenance costs over their liggcles. Bioswales and wet swales can be used if multiple (non
metal) pollutants are also targeted. A summary of swale design guidance for removing heavy
metals is presented rable4-5 and rationale behind design guidance in Tabg A

Table4-5. Designing Swale for Metals Sequestration

Design Component | Common Design Guidance Supporting Literature
Crosssectional Trapezoidal (flat bottom) to increase conta Béackstrom et al.
geometry time. If space is limited, a triangular swale| (2006); (Backstrom et
can be used to treat catchment areas 0.1h al., 2006; Yousef et al.
less 1987)Yousef et al.
(1987)Winston et al.
(2017)
Grass density High. Aim for grass cover of goeexcellent | Temple(1982)
for the selected species (3,900 Backstrom et al(2006)
stems/m).
Side slopes Up to 3:1 (H:V) for trapezoidal channel. 6:] Barrett et al(1998)
(H:V) or shallower for triangular swales Winston et al(2017)
Bioswale Base width: 0.9..5 m (35 ft); Purvis(2018)

Channel length: 8:30m (25100 ft);
Longitudinal slope 1% or less;
Provide a forebay to the bioswale.
Engineered media specifications: Hunt et al.(2012)
Depth between 0-6.9 m;

Media infiltration rate between 2i510cm/h

(2-4 in/h)
Wet Swale High surface area to drainage area ratio | Line et al.(2008) Read
(~5%); et al.(2008)

Add diverse mix of wetland vegetation for
pollutant uptake;

Provide check dams fmromote and sustain
wet conditions. Provide a forebay for
diffusing flows and capturing trash/debris.

Sandbased media commonly show effective metal removal (Sgberg et al, 2017). To

further improve metals retention by bioswales, innovative engineered media mixtures (e.g.,
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granular activated charcoal, pine bark, foam glass media, and water treatment residuals) are
being tested worldwid@_ee et al., 2021; Monrab&lartinez et al., 2017; Xu et al., 2020)
Other Water Quality Benefits

Bacteria and pathogens are typically not a major pollutant of concern in highway or road
runoff, and grass swales have fewer bacteria treatment mechanisms compared to other SCMs.
Consequently, the performance of grass swales in treating bacteria is Imeseaiched.
Filtration, soil adsorption, desiccation, and predation are the most common bacteria removal
mechanismgStevik et al., 2004)and bioswales promote some of these pollutant removal
mechanisms. Recently, Purvis et al. (2018) observed thasadle removed more than 55% of
fecal indicator bacteria from stormwater runoff, supporting the concept that bioswales may be
the optimal swale type if receiving waters are impaired by pathogens.

Grass swales also provide other benefits such as reducing pesticides and hydrocarbons
that can be toxic to aquatic life in receiving watgsderson et al., 2016%imilarly, wet swales
can effectively remove organic pollutants such as polycyclic aromatic hydroc4kieoog et
al., 2016)
45 Designing Swales with Maintenance in Mind

Grass swales typically do not require substantial maintenance, making them an attractive
SCM for the linear environment along roadways and for municipalities implementing treatment
trains and green infrastructure measures. Maintenance needs and recoimmefatatwales
(and other SCMs) have been summarized by Blecken et al. (2017).

In the absence of proper maintenance at the prescribed frequency, swales can lose both
runoff conveyance and water quality treatment ability. It is not uncommon to find swales in

locations with poor maintenance access, such as steep slopes or physersl toaire
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equipment, or a lack of defined swale start and end points (personal communication, NCDOT
Highway Stormwater Program staff, February 13, 2018). Furthermore, in scenarios like the
COVID-19 pandemic when maintenance resources are limited or absent, glasscawa
experience uncontrolled vegetation growth, silt accumulation and other maintenance issues
impacting their performand&afnudeFontaneda et al., 2020)hese unprecedented factors
necessitate forethought during the design phase so that these S0M$ @vandoned pest
construction, or at least function to some extent during times of unforeseen neglect.

Standard turf management like regular mowing to maintain grass height is the most
common maintenance practice for grass sw@esken et al., 2017Keeping inlets, outlets,
and check dams cleared of trash and debris, removal of accumulated silt and nuisance vegetation
are the other common maintenance items for sw&@8udeFontaneda et al., 2020)o prevent
embankment erosion and scouring of check dams, they should be designed as earthen berms,
vegetated and we#itabilized, preferably located at the downstream end of the geaitghn and
Yu, 1996) When designing a swale, engineers should consider flat longitudinal slopes, wide
channel bottomsand geotechnical matting to prevent erosion from higher flow velocities, while
allowing vegetative cover to establi@h, 2015).

Wet Swales, like stormwater wetlands, may require forebay cleanout, removal of invasive
vegetation, and repairs of structural elements at the inlet or the (@ideken et al., 2017}-or
bioswales, the engineered media layer and forebay would require a higher level of maintenance
similar to bioretention, such as forebay cleanout; pruning of vegetation; inspection and repair of
structures at the inlet or outlet; inspection of underdraand unclogging or periodic
replacement of the engineered media (Bibecken et al., 2017Keeping the bioswale length

between 80 m as recommended Byrvis(2018)may limit the media replacement costs. The
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issue of clogging in infiltration practices is comm@&eddi et al., 2000)and a forebay can
reduce the likelihood of media clogging. However, forebays increase the initial construction
costs and require more frequent maintenance over the SChytife, so a codbenefit analysis
may be needed.
4.6 Cost and Economic Considerations

Implementation of SCMs typically involves costs for feasibility studies, topographic
survey, design, land acquisition, permitting, construction, and maintenance. Thus, SCMs require
a significant capital investment both before construction and for opeabtiosts during the
lifecycle (Wossink and Hunt, 2003Pepartments of Transportation and municipalities have
limited funds available for successful SCM implementation, operation, and maintenance
(Blecken et al., 2017; Henderson et al., 20I®us, sele@bn of a costeffective practice that
can provide the desired water quality treatment is of paramount importance foelong
success. Unfortunately, the design, construction, operation, and maintenance costs are not readily
available or documented in therature(Houle et al., 2013)Costs are also highly sipecific
due to natural topography, soil type, subsurface conditions, and utility conflicts, making it hard
for decisionmakers to apply them universa(Barrett, 2005)Land availability also lays an
important role in SCM costs, especially in linear highway environments with limited-oéhts
way.Yu et a lcompaisof df €edelal)SCMs (swales, wetlands, filter strips, media
filters) concluded that in sites with limited space, grass swales were a viable choice for
stormwater treatment. Considering the economic variability among couuies,al.(2013)
developed SCM construction and operations costs on-ailglwscale without providing specific
costs. Their results suggested a grasgeshas median construction and operation costs; a

wetland has high construction but low operation costs; and a media filter such as bioretention has
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very high construction costs and high operational costs. These subjective evaluations agree with
researchers who have attempted to quantify construction and operational costs. For example,
Barrett(2005)presented the wholée costs for seven different types of SCMs in which grass

swales had the lowest construction and maintenance costs. In more recent study, the capital costs
and annual maintenance costs for gravel wetlands were noted to be appitgxitba2.5x

higher than those of grass swales inrthetial years of operatiofHoule et al., 2013)Further,

the capital costs for a bioretention can be up to 4x higher than those of a gragsieulalet

al., 2013; Joksimovic and Alam, 2014)

Since costs for bioswales and wet swales are not readily available in the literature, we use
the conclusions from studies that included bioretention and wetland costs (respectively) to draw
inferences and, thus, these costs should be applied cautioughypatbesize that the overall
life-cycle costs will likely be highest for bioswales due to (1) the greater cost of engineered
media and underdrain construction, (2) a more complex SCM inspection process that requires
specialized training, (3) vegetation nagement, and (4) potential replacement of the media mix
and damaged underdrain pipes. Wet swale operational costs are assumed to be moderate with
initial planting of wetland vegetation; chief maintenance needs are effective vector and plant
species manag®ent(Li, 2015). Grass swales seem to have the advantage of both lower
construction costs and minimal maintenance compared to the other two swale alternatives
discussed herein. For agencies facing budgetary constraints, grass swales appear to be an
affordable stormwater treatment facility that perform reasonably well in comparison to more
expensive swale alternatives like bioswdlegrdel et al., 2020)Yet while cost considerations
are a crucial factor, target pollutants and how various swale types treat these pollutants remain

hugely important in the swale selection process.
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4.7 Climate Change Considerations

The impact of climate change (manifested as increased rainfall amounts, frequency, and
intensity) is being considered in stormwater design, but the primary focus has been on drainage
failure and flooding riskéRosenberg et al., 2010; SemadBavies et al., 2008; Waters et al.,
2003) and limited information is available on the impact of climate change on the performance
and sustainability of SCM@-letcher et al., 2013 owards this endathaway et al(2014)
evaluated the impact of future climate sa@son the hydrologic performance of two
bioretention cells and concluded that an increase in overflow volume can occur due to increased
rainfall amounts, thus recommending a larger footprint to allow for additional stdtzayeg et
al. (2019)also recommended larger footprints for future SCM designs while evaluating treatment
performance of two lovimpact development practices under future climate change scenarios.
Therefore, developing a factor of safety, based on potentially higher ruhafie® andates,
for use in swale design would (perhaps modest
stormwater conveyance and treatment function of a swale under climate change scenarios.
Further research is clearly needed to determine the appropriatedbstdety.
4.8 Designing Swales for Cold Weather Climates

Besides the functions previously described, swales in cold weather climates must perform
two more functions: roadside snow storage and melt water cBackstrom, 2003; Semadeni
Davies et al., 2008; Viklander, 1996urther, they are exposed to more demanding conditions
(e.q., shorter growing season, frozen ground, exposure to road salt), which should be considered
when designing swales for cold climates.

Depending on the climate region, the seasonal function of flow reduction and stormwater

treatment is limited to the summer season and may be prioritized differently in swale design
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compared to other regions. For warmer regions, design storm intensity and contributing area are
the common swale design factors to achieve sufficient hydraulic performance rather than the
dynamics of snow management and melt water flows. Commonly, irdenseer rains result in
higher peak flows than snow melt, although snow melt can release higher volumes, which are
usually distributed over a longer duration.

While the rainfalirunoff relationship is covered by design parameters, they do not reflect
the humansnow management interactions (e.g. snow ploughing, transport and disposal
elsewhere) that change catchment characteristics from winter to spring, sdimgnelt in
urban areas highly unpredictable. In addition to determining the swale location, local ploughing
practices also influence the snow volume, melt water flows and quality coming from traffic areas
(Marsalek, 2003; Reinosdotter and Viklander, 2006S e m8 d e n i Davies F. and
Valeo and Ho, 2004)

Given its often longer exposure time, snow can accumulate high loads of various
pollutants(Viklander, 1996) During the winter, polluted snow accumulates in swales and during
intermittent or single spring snowmelts, large volumes of meltwater, and thus pollutants, are
released. Besides traffielated pollutants and atmospheric deposition, salts fremirlg and
antiskid agents (commonly sodium chloride, NaCl) and increased amounts of particulates from
gravel accumulate in the snowpack stored in theesvilabse are subsequently released in the
melt water and the swale soil. Snow barriers and frozen soils, which prevent infiltration, can
result in ponding. In that phase, the earlier accumulated pollutants are released with some delay,
depending on varioudimatic variables and open drainage pathw@jarsalek, 2003)While
roadside meltwater has usually higher pollutant loads than stormi\Batesalone and

Buchberger, 1996; Viklander, 199@&he capacity for treatment in swales is compromised due to
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(1) diminished infiltration in frozen soilg-ach et al., 2011; Kane, 1980; Moghadas et al., 2016;
Oberts, 199Q)(2) reduced biological and chemical actiiBackstrom, 2003; Semadebavies,
2004) (3) limited sediment settling and accumulation and (4) higher flow velocities due to lower
flow resistance from a lack of vital vegetatignndwall and Hogland, 1981 An extreme water
guality impact occurs when rain falls on the snowpack that has undergone repeatethéneeze
cycles, leading to a suddenease of soluble pollutants combined with a scouring of pollutants
by rainfall (Marsalek, 2003)

TSS removal in winter was analyzed Rgseen et a{2009) They found a decline in the
TSS reduction between 22% during winter for different swale types (both sttined and
vegetated). In terms of NaCl inputs to roadside swales, the following processes were found to
affect swale functions: (i) sodium ionsatease soil permeability by impacting the soil structure
(Krauskopf and Bird, 1967ii) chloride is retained in the swale bottom soil and slowly released
over the year while contributing to deption of metals $tagge et al., 20)2and (iii) the
presence of salt in infiltrated stormwater affects the pH of the meltwater and increases metal
mobilization and releag®aus et al., 2014; Sgberg et al., 20EXcessive plant decay after
snowmelt may also lead to an increased nutrient release in swale outflow. Ponding melt water is
also retained in swales much longer due to the presence of ice in inlets, outlets, and culverts and
due to frozen grounds.

Studies about the effect of frozen soils on infiltration of meltwater found that in addition
to soil texture, the hydraulic conductivity is dependent on the initial soil moisture content at the
time of freezeup (Al-Houri et al., 2009; Fach et al., 201Relatively coarsgrained soils are
therefore recommended as they are least affected by moisture content, avoiding impervious

conditions(Zhao and Gray, 1999Fines from antskid gravels accelerate clogging of the swale
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slopes and bottom, contributing to a reduction of the infiltration capacity especially in
depressions and close to outlets. By contrast, the accumulation of remnant gravel over time
might also contribute to increased infiltration by changing the grairdsigbution of the soil,

as hypothesized Wyujner et al(2018) Infiltration tests revealed that the infiltration rates (&

=3.2 cm/h) fulfilled standard requirements (with good safety margin) even after 60 years of
operation. The accumulation of metaighe stratigraphy of the swale bottom in a cold climate
setting was reviewed b a v r i [(201®4d) Thaylfaund the highest metal concentration in

soils of the oldest swales and in those swales close to roads with higher average daily traffic.
Considering that vehicles release more metals during the cold season than in warmer seasons,
attention needs te paid to avoid toxic concentrations.

No studies have specifically investigated the performance of bioswales under cold
weather conditions, but results from bioretention research provide some iBsghken et al.
(2010)showed that the recommended coarser filter material affects nitrogen removal negatively,
leading to Nexport. However, more recent work has shown that the IWS performance regarding
N treatment is sufficient at temperatures down to 2°C (Sgberg et al tmd)mrOne drawback of
the IWS in cold climates is the freezing riskidgrlong freeze periods, which must be
considered during design. Exposure to road salt reduces the adsorption capacity of (mainly
dissolved) metal§Paus et al., 2014; Sgberg et al., 20HYwever, overall annual removal was
estimated to be sufficient. When salt is present in runoff, specific consideration should be paid to
potential groundwater pollution risks and whether purgmsk infiltrating swales are a good
idea.

Like with bioswales, no studies have been done specifically on wet swales in cold

climates. However, as wetlands have been shown to function well in cold clihbfeabaei et
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al., 2017; Larm, 2000}t is also assumed that wetland swales should function well if adapted to
the local conditions (vegetation choice, freezing risk, etc.); however, further research is needed
in this area. For all swale types, plant and grass species selection mustragnsiter the

species are adapted to the local climate and whether they are tolerant towards salt present in
winter runoff. Table4-6 synthesizes the resulting operational challenges from the above findings

and lists potential swale design options to cope with them.

Table4-6. Swale design recommendations for cold climate

Operational challenge Design options and recommendations
Mechanical impact of 1 Increased depth and width
snowpacks and snow 1 No major check dams that could encumber strosks
clearing 1 Allowing lush vegetation to recover soil structure and

maintain sufficient infiltration capacity
Snow melt runoff induced| { Larger depths and width as without winter season
reduced particle settling | § Mild slopes (i.e. 4 %) (Caraco and Claytor, 1997)

and erosion due to lack ol q Introduction of weirs or grade controls to slow fl¢@berts,
biological activity during 2003)

melting period

Reduced infiltration in 1 Modification of the grain size distribution of the turf layer,

frozen soil, additional coarser material recommended

snowmelt volumes from | § Installation of bypass for excess water

snow transfer and raion- | q |ncreased swale surface storage capacity and minimum

snow infiltration rate of 1.3 mm/hour, mild slopes to encourage
infiltration (Caraco and Claytor, 1997)

1 Gravel trench to enhance infiltration and release below th
frostline (Oberts, 2003)

Inflow of de-icing road 1 If NaCl application is required, choose salierant plant
salt; avoiding toxicity species

levels of metals by trace | 1 Consider potential groundwater pollution

metal desorption  Despite impact on removal in bioswales, overall removal

probably sufficien(Sgberg et al., 2017)
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Table 46 (continued).

Ice-clogged inlets, outlets,
culverts

Installation of heat cables around critical structures
(Backstrom, 2003)

Traffic-related pollution
surge in spring

Snow management strategy: relocation of snowpacks witl
higher pollution levels to dedicated snow disposal sites to
reduce local impadSharma et al., 1991)

Promotion of meltwater she@iow rather than channelized
flow to increase pollutant remov@Dberts, 2003)

Nutrient discharge due to
decomposition of post
seasonal vegetation

Mowing before winter if swale drains directly to receiving
waters, consider removal of plant debris

Clogging of the swale
bottom by fines (from
winter maintenance)

Planting vegetation with deep roots to enhance likelihood
infiltration (Oberts, 2003)
Adapted winter maintenance (i.e., reduced awplication)

Groundwater pollution
during major melts

Flow diffuser /flow spreader after routing through the swal
allowing meltwater to distribute over connected vegetated
areaqgOberts, 2003)

Trash accumulation

Grids in outlets to avoid clogging of downstream stormwa
conveyance elements, spring clearing

4.9 Swale Modeling Tools

For effective planning and design of SCMs in urban watersheds, engineers require robust

modeling tools that can integrate both hydrology/hydraulics and pollutant transport processes

(Zoppou, 2001)Although significant progress has been made in the last 50 years in the

development of urban drainage models, the art of water quality modeling has lagged due to the

lack of understanding of complex pollutant removal mechanfs@saa vr i | et al

Simple grass swale design models such as those appl#fthbton et al(2017)and

Hunt et al.(2020)can be considered for sikevel design, if appropriate data are available. For

watersheescale modeling, environmental managers can simulate both hydraulics and water

quality for a swale using: Model for Urban Stormwater Improvement Conceptualization

(MUSIC) (Wong et al., 2002)WIinSLAMM (Windowsbased Souremading and Management
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Model) (Pitt and Voorhees, 2009) and USEPAGs Stor mwater Managen
(Rossman and Huber, 201@&mong other tools. SWMM is freely available in the public domain,
thus promoting its application for stormwater planning, analysis, d@digai et al., 2017and
has been successfully applied for swale studies worldiMadang and Weng, 2015; Luanadt,
2019; Rezaei et al., 2019; Tobio et al., 2015; Xie et al., 2017; Zhu and Chen, 2017)
A detailed discussion of swale modeling processes and tool selection is beyond the scope
of this paper. However, a number of urban stormwater quality and green infrastructure models
have been recently reviewédE |l | i ottt and Trowsdale, 2007; Gavr
Ng, 2014; Vaze and Chiew, 2003; Zoppou, 200he reader can use these as a guide for
appropriate tool selection.
4.10 Recommended Design Guidance
Effective stormwater treatment requires selecting an appropriate SCM (or combination of
SCMs) that considers the catchment characteristics, site feasibility, target pollutant, hydrologic
transformations, ambient conditions, and other design goals. Sviteledreat runoff as part of
treatment trains and in the linear environment. However, establishing-unaibning swale
can be challenging in these settings. For maximum water quality treatment, a swale should be
located in (i) naturally low areas andt sections (without any imported soils to create slopes) to
avoid structural damage caused by burrowing animals; (ii) areas that receive sufficient sunlight
allowing grass to grow; (iii) and be easily accessible for maintern(@&beeken et al., 2017,
Lantin and Barrett, 2005)nderpinned by this literature review, the best swale design

alternative for targeting specific pollutants is presentelhinle4-7, in the order of preference.
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Table4-7. Swale Alternatives for Targeted Pollutants

Target Pollutant Swale Options
Sediment Grass Swale, Infiltration Swale, Bioswale, Wet Swa
Heavymetals Grass swale, Infiltration Swale, Bioswale, Wet Swag
Phosphorus Bioswale
Nitrogen Wet Swale, Bioswale with IWS
Bacteria Bioswale

The first swale listed is considered the likely best alternative for a given pollutant.
This review paper provides comprehensive scidrased guidance for designing water
quality swales. Pollutargpecific design guidance presented in TaBlégo 4-6 is summarized
in Table4-8 for practitioners. General design guidance that applies to all swales is presented
first, followed by specifics for Bioswales and Wet Swales.

Table4-8. Swale Design Guidance for Comprehensive Stormwater Treatment

Design Component | Design Guidance | Reason (s)
All Swales
Hydraulic retention time | Between 56 minutes Extended HRT allows particle
settling
Flow depth Below grass height (205 cm) | Treats all runoff passing belo
grass height for water quality
swale
Grass type Blend of nonclumping species | Prevents concentrated flows
with stiff blades and resulting erosion or
Adapted to ambient climate sediment contribution
conditions
Grass density Dense turf. Aim for grass cover| Greater surface area provides
of goodexcellent for the opportunity for adsorption of
selected species (3,080000 small particles and ions. Goo
stems/m). or better cover and uniform
stands of grass facilitate
filtration and sedimentation,
while limiting internal erosion.
Swale length (as functiol 75 m/ drainage ha (100 ft/ Needed for sedimentation
of drainage area) drainage ac)
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Table 48 (continued).

Longitudinal slope

Less than 3%

Pr ev entcsi ricsuhi ot

Side slopes

3:1 (H:V) or shallower for
trapezoidal channel. 6:1 (H:V) ¢
shallower for triangular swales

Providespre-treatment
increasing swale efficiency

Crosssectional geometry

Trapezoidal (Flabottomed)

Allows greater contact area
and more likely to meet flow
depth below grass height
requirements

Grass height
(Postconstruction
maintenance
requirement)

Between 1615 cm (46 inches).
Can extend grass height in arex
with high flows due to very
intense rainfalls

Proper grass height allows
sedimentation and filtration

Check dams (optional fo
grass swale)

Provide earth (stabilized and
vegetated) check dams at
locations that will not hinder
maintenance activities,
preferably at the downstream
end of swale. Maximum height
for check dam is 60 cm.

Water retention increases
infiltration and sediment
settlement

Bioswale

PreTreatment

Provide forebay anchinimum
one check dam

Forebay diffuses concentrate
flow and captures trash/debris
Check dams increase water
storage, hydraulic retention
time, and ultimately
infiltration.

Geometry

Base width: 0.9..5 m (35 ft);
Length: 830 m (25100 ft);
Slope: 1% or less.

Maintain minimum 0.45 m (1.5
ft) between media bottom and
the seasonal high water table.

Bottom width and flat slopes
allows greater contact time an
infiltration to the media
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Table 48 (continued).

Engineered media
specifications

0.450.90 m (1.53.0 ft) depth;
Low to moderate organic matte
(5% of total weight or 10% of
total volume);

fines between 8 and 12%;
phosphorussorptive material;
Coarser material for cold
weather climates

Engineered media needed fo
enhanced nutrient reduction
and bacteria removal.

Drainage

Provide perforated underdrains
wrapped in geotextile fabric, if
native soils are permeable
(infiltration rate >1 cm/h),
include IWS

Infiltration will provide runoff
reduction. The process of
infiltration will encourage
filtration and thereby enhance
pollutant reduction.

Wet Swale

PreTreatment, Swale
Area, and Vegetation

Provide high surface area to
drainage area ratio
(approximately 5%).

Add diverse mix of wetland
vegetation to reduce sediment
and associated pollutants if
wetland soils and hydrology are
present.

Provide a forebay and check

dams if not already flat slopes.

Vegetation maintains
infiltration and provides
nutrient uptake and removal
functions, especially N.
Forebaydiffuses concentrated
flow and captures trash/debris
Check dams promote and
sustain wet conditions.

Although underlying soil properties are not included in this final design table, this is an

important predesign investigation for each site. Seasonal high groundwater levels should also be

considered early in the design process, since they can prokilmpementation of (vertical

flow) bioswales. Similarly, recommended grass height e£3@m must be maintained post

construction by following proper inspection and maintenance procedures. If the swale is

designed for water quality treatment, maintairapgropriate grass height is important, and this

requirement should be included in the operation and maintenance agreement or the permit.
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4.11 Study Limitations and Future Research Opportunities

The swale alternatives presented herein are options for stormwater management in linear
environments, but all swale types (especially bioswales and wet swales) currently suffer from
inadequate design guidance and their practical limitations should bee®usin the design
process. For example, a wet swale can provide effective nitrogen removal when receiving runoff
from areas with fertilizer treatment but is likely not an optimal SCM in a residential subdivision
due to consistent wet conditions that ni@yperceived negatively from an aesthetic perspective
or promote mosquito growtfYaldelfener et al., 20195imilarly, a bioswale is an effective tool
if the receiving waters are impaired due to pathogens or phosphorus. However, the bioswale
should only be constructed in easily accessible locations with dedicated funds available for
regular maintenance, as Heocosts are anticipated to be higher than other swale alternatives.

It is worth noting that guidance such as flow depth below grass height will likely be
violated in case of a storm event larger than the water quality storm (typice2mis), and
this is acceptable. There are also conflicting findings in the literatuseme parameters that
need further research to be resolved and reach consensus. For exarmitepea ¢rossection
was recommended [Barrett et al(1998)because the side slopes act as a vegetative filter strip
providing pretreatment; whereas, a tegnidal shape is recommended by others for enhanced
treatment since it allows more contact surface area and increased hydraulic retentjbretiere
and Auerswald, 2005; Winston et al., 20IMe guidance for engineered media is based on
recommendations for design of a bioretention cell due to lack of specific biedataleso
mediaselection guidance herein should be applied with caution. Similarly, the limited wet swale
guidelines have beederived partially from stormwater wetland studies. The asthave

proposed guidance based on a review of literature, but every site has unique needs and
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constraints, and design guidance is a function of average daily traffic load, local climate, and
type of vegetatioiiBarrett et al., 1998)Therefore, local empirical data and best professional
judgment should supplement design guidance herein. Many questions remain unanswered about
the optimal design and type of swale to accomplish comprehensive stormwater treatment goals.
Grass swale enhaement options such as tillage of urban compacted soils and incorporating
compost in the topsoil should be furthevestigated. Further research in controlled experimental
settings is recommended to fully understand the influence of key design parameters on the
benefits of grass swales and other swale alternatives discussed in this article. Similarly,
innovative enginged media mixes for bioswales should be tested in field conditions and
different geographical locations. There are ample research opportunities to understand the
complex ecosystems of wet swales and to advance their design criteria. Factors affecting the
variation in performance of the different types of swales (both in terms of design features and
varying ambient conditions) need to be understood further and should motivate both laboratory
and field research.

Development of a factor of safety to accommodate potential increases in rainfall
frequency, amounts, and intensities also requires further researchytliéecost comparisons
for bioswales, wet swales, and grass swales normalized for the watersheadranedf @olume
treated are needed for effective decismaking by environmental managers. Urban stormwater
modeling tools are currently limited to grass swales and should be further enhanced to include
bioswales and wet swales as stormwater control igtio
4.12 Summary and Conclusions

This research synthesis provides design guidelines for swales that can accomplish

multiple objectives of roadway runoff management including stormwater conveyance, volume
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reduction, and water quality protection while considering climatic conditions. A primary
recommendation is to design swales based on the target pollutants, but also consider the swale
alternatives that help achieve local, multijective stormwater managent goals. Well

maintained grass swales with check dams or infiltration swales can be used for runoff volume
reduction, sediment, and heavy metal removal. Wet swales are the most effective swale
alternative for nitrogen treatment, and bioswales are miesitiek in treating phosphorus and
bacteria. Wet swales and bioswales can also remove heavy metals. Ambient conditions must be
considered when designing swales; unique attention is required when designing swales in cold

climate regions.

125



4 .13 References

Abida, H., & Sabourin, J. F. (2006). Grass SwR&forated Pipe Systems for Stormwater
Managementlournal of Irrigation and Drainage Engineering
https://doi.org/10.1061/(ASCE)073337(2006)132:1(55)

Ahiablame, L. M., Engel, B. A., & Chaubey, I. (2012). Effectiveness of Low Impact
Development Practices: Literature Review and Suggestions for Future Reg¢ateh.Air,
& Soil Pollution, 2237), 4253 4273. https://doi.org/10.1007/s112002-11892

Ahmed, F., Gulliver, J. S., & Nieber, J. L. (2015). Field infiltration measurements in grassed
roadside drainage ditches: Spatial and temporal variakidtynal of Hydrology530, 604
611. https://doi.org/10.1016/j.jhydrol.2015.10.012

Al-Houri, Z. M., Barber, M. E., Yonge, D. R., Ullman, J. L., & Beutel, M. W. (2009). Impacts of
frozen soils on the performance of infiltration treatment facilitz¥dd Regions Science and
Technology59%(1), 51 57.

Al-Rubaei, A., Engstrém, M., Viklander, M., & Blecken-G.(2017). Effectiveness of a 19
year old combined pordetland system in removing particulate and dissolved pollutants.
Wetlands37(3), 485 496.

Anderson, B. S., Phillips, B. M., Voorhees, J. P., Siegler, K., & Tjeerdema, R. (2016). Bioswales
reduce contaminants associated with toxicity in urban storm viz&ateironmental
Toxicology and Chemistyg5(12), 3124 3134. https://doi.org/10.1002/etc.3472

Azari, B., & Tabesh, M. (2018). Optimal Design of Stormwater Collection Networks
Considering Hydraulic Performance and BMPgernational Journal of Environmental
Researchl12(5), 585 596. https://doi.org/10.1007/s41 782801098

Backstrom. (2002). Sediment transport in grassed swales during simulated runoff\&adeits.
Science and Technologds(7), 41 49. https://doi.org/10.1097/000004492320600600004

Backstrom, M. (2003). Grassed swales for stormwater pollution control during rain and
snowmeltWater Science and Technolog®(9), 123 132.
https://doi.org/10.1016/j.colsurfa.2017.07.051

Backstrom, M., Viklander, M., & Malmgqvist, fA. (2006). Transport of stormwater pollutants
through a roadside grassed swalgban Water Journal3(2), 55 67.
https://doi.org/10.1080/15730620600855985

Barfield, B. J., Kao, T., & Tollner, E. W. (197%nalysis of the sediment filtering action of
grassed medid_exington, KY: University of Kentucky Water Resources Research
Institute. Retrieved from http://www.uky.edu/WaterResources/assets/docs/pdf/Research
Report No. 98 Analysis Of The Sediment Filtering Action Of Grassed Meddly
Barfield & David Kao.pd

126



Barling, R. D., & Moore, I. D. (1994). Role of buffer strips in management of waterway
pollution: A review.Environmental Managemerit8(4), 543 558.
https://doi.org/10.1007/BF02400858

Barrett, M. E. (2005). Performance Comparison of Structural Stormwater Best Management
PracticesWater Environment Research/(1), 78 86.
https://doi.org/10.2175/106143005X41654

Barrett, M., Walsh, P., Malina, J., & Charbeneau, R. (1998). Performance of Vegetative Controls
for Treating Highway Runofflournal of Environmental Engineering24(11), 11211128.
https://doi.org/11(1121)

Behroozi, A., Niksokhan, M. H., & Nazariha, M. (2018). Developing a simulaipimmisation
model for quantitative and qualitative control of urbanoffrusing best management
practicesJournal of Flood Risk Managemeftl(S1), S340S351.
https://doi.org/10.1111/jfr3.12210

Blecken, G:T . , Zinger, Y., Del eti I, A. Fl etcher,
Laboratory study on stormwater biofiltration: Nutrient and sediment removal in cold
temperatureslournal of Hydrology394(3), 507 514.
https://doi.org/https://doi.org/10.1016/j.jhydrol.2010.10.010

Blecken, G. T., Hunt, W. F., ARubaei, A. M., Viklander, M., & Lord, W. G. (2017).
Stormwater control measure (SCM) maintenance considerations to ensure designed
functionality.Urban Water Journal14(3).
https://doi.org/10.1080/1573062X.2015.1111913

Boger, A. R., Ahiablame, L., Mosase, E., & Beck, D. (2018). Effectiveness of roadside vegetated
filter strips and swales at treating roadway runoff: A tutorial revienvironmental
Science: Water Research and Technaldgtyps://doi.org/10.1039/c7ew00230k

Borris, M., Leonhardt, G., Marsalek, J., Osterlund, H., & Viklander, M. (2016). SBased
Modeling Of Urban Stormwater Quality Response to the Selected Scenarios Combining
Future Changes in Climate and SeEBiconomic Factor€Environmental Management
58(2), 223 237. https://doi.org/10.1007/s002616-07053

Brown, R. A., & Hunt, W. F. (2011)mpacts of Media Depth on Effluent Water Quality and
Hydrologic Performance of Undersized Bioretention Cdlbsirnal of Irrigation and
Drainage Engineeringl37(3), 132 143. https://doi.org/10.1061/(ASCE)IR.1943
4774.0000167

Brown, R. R., & Farrelly, M. A. (2009). Challenges ahead: social and institutional factors

influencing sustainable urban stormwater management in Austh#di@r Science and
Technology59%(4), 653 660. https://doi.org/10.2166/wst.2009.022

127



Burian, S. J., & Edwards, F. G. (2002). Historical Perspectives of Urban Draihlapel
Solutions for Urban Drainagehttps://doi.org/10.1061/40644(2002)284

Caraco, D., & Claytor, R. A. (1997%tormwater BMP Design: Supplement for Cold Climates
US Environmental Protection Agency Ellicot City, MD.

Carleton, J. N., Grizzard, T. J., Godrej, A. N., & Post, H. E. (2001). Factors affecting the
performance of stormwater treatment wetlaMdater Researct85(6), 1552 1562.
https://doi.org/https://doi.org/10.1016/S002354(00)004 16!

Chang, N:B., Lu, J:W., Chui, T. F. M., & Hartshorn, N. (2018). Global policy analysis of low
impact development for stormwater management in urban regiand.Use Policy70,
368 383. https://doi.org/https://doi.org/10.1016/j.landusepol.2017.11.024

Chow., V. Te. (1959)0penchannel hydraulics Cal dwel | , N. J. : Bl ackbu
€1959. Retrieved from http://catalog.lib.ncsu.edu/catalog/NCSU2723097

Coll ins, K. A. Lawrence, T. J ., Stander , E.
Cole Ekberg, M. L. (2010). Opportunities and challenges for managing nitrogen in urban
stormwater: A review and synthesiscological Engineering36(11), 1507 1519.
https://doi.org/https://doi.org/10.1016/j.ecoleng.2010.03.015

Currier, B., & Taylor, S. M. (2004). California Department of Transportation BMP Retrofit Pilot
Program (Vol. CTSWRT-01, pp. 110). Sacramento, CA: California Department of
Transportation. https://doi.org/10.1061/40517(2000)80

Damodaram, C., Giacomoni, M. H., Prakash Khedun, C., Holmes, H., Ryan, A., Saour, W., &
Zechman, E. M. (2010). Simulation of Combined Best Management Practices and Low
Impact Development for Sustainable Stormwater Managem&iht¥WRA Journal of the
American Water Resources Associati®(5), 907 918. https://doi.org/10.1111/j.1752
1688.2010.00462.x

Davies, C., Macfarlane, R., & Mcgloin, C. (201GREEN INFRASTRUCTURE. Retrieved
from https://www.epa.gov/grednfrastructure

Davis, A. P. (2007). Field Performance of Bioretention: Water Quaityironmental
Engineering Scien¢c@4(8), 1048 1064. https://doi.org/10.1089/ees.2006.0190

Davis, A. P., Shokouhian, M., Sharma, H., & Minami, C. (2006). Water Quality Improvement
through Bioretention Media: Nitrogen and Phosphorus Rem@atier Environment
Research78(3), 284 293. https://doi.org/10.2175/106143005X94376

Davis, A. P., Shokouhian, M., Sharma, H., Minami, C., & Winogradoff, D. (2003). Water

Quiality Improvement through Bioretention: Lead, Copper, and Zinc Remb/zaér
Environment Researgii(1), 73 82. https://doi.org/10.2175/106143003X140854

128



Davis, A. P., Stagge, J. H., Jamil, E., & Kim, H. (2012). Hydraulic performance of grass swales
for managing highway runoffVater Researcl#6(20), 6775%6786.

De Paola, F., Giugni, M., Pugliese, F., & Romano, P. (2@gimal Design of LIDs in Urban
Stormwater Systems Using a HarmeBgarch Decision Support SysteMater Resources
Management32(15), 49334951. https://doi.org/10.1007/s112698-20648

Deletic, A. (2005). Sediment transport in urban runoff over grassed doeasal of Hydrology
301(1i 4), 108 122.

Deletic, A., & Fletcher, T. D. (2006). Performance of grass filters used for stormwater
treatmend a field and modelling studylournal of Hydrology317(3i 4), 261 275.

Dietz, M. E. (2007). Low Impact Development Practices: A Review of Current Research and
Recommendations for Future Directiokgater, Air, and Soil Pollutionl86(1), 351 363.
https://doi.org/10.1007/s1120D7-9484 z

Dunn, C., Brown, S., Young, G. K., Stein, S., & Mistichelli, M. P. (1995). Current water quality
best management practices design guidah@msportation Research Recoi@D 88.
Retrieved from http://onlinepubs.trb.org/Onlinepubs/trr/1995/1483/DA83pdf

Ekka, S. A., & Hunt, W. F. (2020, February). Swale Terminology for Urban Stormwater
Treatment. Retrieved from https://content.ces.ncsu.edu/deratenologyfor-urban
stormwateitreatment

Elliott, A. H., & Trowsdale, S. A. (2007A review of models for low impact urban stormwater
drainageEnvironmental Modelling & Softwar@2(3), 394 405.

Fach, S., Engelhard, C., Wittke, N., & Rauch, W. (2011). Performance of infiltration swales with
regard to operation in winter times in an Alpine regater Science and Technology
63(11), 2658 2665.

Fardel, A., Peyneau, ¥., Béchet, B., Lakel, A., & Rodriguez, F. (2018halysis of swale
factors implicated in pollutant removal efficiency using a swale dataBasgonmental
Science and Pollution Resear@®(2), 1287 1302. https://doi.org/10.1007/s113668
35229

Fardel, A., Peyneau, P. E., Béchet, B., Lakel, A., & Rodriguez, F. (2B&fprmance of two
contrasting pilot swale designs for treating zinc, polycyclic aromatic hydrocarbons and
glyphosate from stormwater runo8cience of the Total Environmeié3 140503 (115).
https://doi.org/10.1016/j.scitotenv.2020.140503

Fiener, P., & Auerswald, K. (2005). Measurement and modeling of concentrated runoff in

grassed waterwaygournal of Hydrology301(1i 4), 198 215.
https://doi.org/10.1016/}.jhydrol.2004.06.030

129



Fletcher, T., Andrieu, H., & Hamel, P. (2013). Understanding, management and modelling of
urban hydrology and its consequences for receiving waters: A state of thdvarces in
Water Resource$1, 261 279. https://doi.org/10.1016/j.advwatres.2012.09.001

Fletcher, T. D., Shuster, W., Hunt, W. F., Ashley, R., Butler, D., Arthur, S., Viklander, M.
(2015). SUDS, LID, BMPs, WSUD and mor@&he evolution and application of
terminology surrounding urban drainagggban Water Journall2(7), 525 542.
https://doi.org/10.1080/1573062X.2014.916314

Galfi, H., Osterlund, H., Marsalek, J., & Viklander, M. (2017). Mineral and Anthropogenic
Indicator Inorganics in Urban Stormwater and Snowmelt Runoff: Sources and Mobility
PatternsWater, Air, & Soil Pollution2287), 263. https://doi.org/10.1007/s112007-
3438x

Gavril, s., Larm, T., ¥sterlund, H. , Mar sal ek
Measurement and conceptual modelling of retention of metals (Cu, Pb, Zn) in soils of three
grass swaleslournal of Hydrology574, 1053 1061.
https://doi.org/10.1016/j.jhydrol.2019.05.002

Gavril, S., Leonhardt, G., Marsalek, J., & Vi
stormwater quality in grass swales and filter strips: A review of research fin8icigace
of The Total Environmen669, 431 447.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.03.072

Gill, L. W., Ring, P., Casey, B., Higgins, N. M. P., & Johnston, P. M. (2017). Long term heavy
metal removal by a constructed wetland treating rainfall runoff from a moto8eance of
The Total Environmen601i 602 32 44.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.05.182

Gong, Y., Yin, D., Liu, C., Li, J., Shi, H., & Fang, X. (2019). The influence of external
conditions on runoff quality control of grass swale in Beijing and Shenzhen, GViater
Practice & Technologyl4(2), 482 494,
https://doi.org/https://doi.org/10.2166/wpt.2019.031

Gregory, J. H., Dukes, M. D., Jones, P. H., & Miller, G. L. (2006). Effect of urban saoil
compaction on infiltration ratdournal of Soil and Water Conservatjdi(3), 117 124.
Retrieved from
https://proxying.lib.ncsu.edu/index.php/login?url=https://www.proquest.com/docview/2209
50524?accountid=12725

Gregory, L., Paus, K., Natarajan, P., Gulliver, J. S., Novak, P., & Hozalski, R. (2015). Review of
Dissolved Pollutants in Urban Storm Water and Their Removal and Fate in Bioretention
Cells.Journal of Environmental Engineeringi41(1), 4014050.
https://doi.org/10.1061/(ASCE)EE.194870.0000876

130



Hathaway, J. M., Brown, R. A., Fu, J. S., & Hunt, W. F. (2014). Bioretention function under
climate change scenarios in North Carolina, US#urnal of Hydrology519 503 511.
https://doi.org/https://doi.org/10.1016/j.jhydrol.2014.07.037

Hatt, B. E., Fletcher, T. D., & Deletic, A. (2009). Hydrologic and pollutant removal performance
of stormwater biofiltration systems at the field scataurnal of Hydrology
https://doi.org///doi.org/10.1016/j.jhydrol.2008.12.001

Heaney, J., & Sansalone, J. (2009). Urban Stormwater Management in 205®jpAnierican
Society of Civil Engineers. https://doi.org/10.1061/41036(342)234

Henderson, D., Hayes, G., Burgis, C., & Smith, J. A. (2019). Low Impact Development
Technologies for Highway Stormwater Runoff.Hncyclopedia of Watgpp. 11 18). John
Wiley & Sons. https://doi.org/10.1002/9781119300762.wsts0009

Houle, J. J., Roseen, R. M., Ballestero, T. P., Puls, T. A., & Sherrard, J. (2013). Comparison of
Maintenance Cost, Labor Demands, and System Performance for LID and Conventional
Stormwater Managemeritournal of Environmental Engineering397), 932 938.
https://doi.org/10.1061/(ASCE)EE.194870.0000698

Huber, M., Welker, A., & Helmreich, B. (2016). Critical review of heavy metal pollution of
traffic area runoff: Occurrence, influencing factors, and partitioriegence of The Total
Environment541, 895 919. https://doi.org/https://doi.org/10.1016/j.scitotenv.2015.09.033

Hunt, W. F., Davis, A. P., & Traver, R. G. (2012). Meeting Hydrologic and Water Quality Goals
through Targeted Bioretention Desiglournal of Environmental Engineering§386), 698
707. https://doi.org/10.1360/201343-6-1064

Hunt, W. F., FassmaBeck, E. A., Ekka, S. A., Shaneyfelt, K. C., & Deletic, A. (2020).
Designing Dry Swales for Stormwater Quality Improvement Using the Aberdeen Equation.
Journal of Sustainable Water in the Built Environmé(it), 05019004L: 050190048.
https://doi.org/10.1061/JSWBAY.0000886

Hunt, W. F., Jarrett, A. R., Smith, J. T., & Sharkey, L. J. (2006). Evaluating Bioretention
Hydrology and Nutrient Removal at Three Field Sites in North Caralmanal of
Irrigation and Drainage Engineerind.326), 600 608.
https://doi.org/10.1061/(ASCE)073837(2006)132:6(600)

Hwang, C:C., & Weng, GH. (2015). Effects of rainfall patterns on highway runoff pollution
and its controlWater and Environment Journ&9(2), 214 220.
https://doi.org/10.1111/wej.12109

Jayasooriya, V. M., & Ng, A. W. M. (2014). Tools for Modeling of Stormwater Management

and Economics of Green Infrastructure Practices: a ReVilater, Air, & Soil Pollution
2258), 2055. https://doi.org/10.1007/s112004-20551

131



Joksimovic, D., & Alam, Z. (2014 ost Efficiency of Low Impact Development (LID)
Stormwater Management PracticBsocedia Engineering89, 734 741.
https://doi.org/https://doi.org/10.1016/j.proeng.2014.11.501

Kadlec, R. H. (1990). Overland Flow in Wetlands: Vegetation Resistdaogmal of Hydraulic
Engineering 116(5), 691 706. https://doi.org/10.1061/(ASCE)079329(1990)116:5(691)

Kadlec, R. H., & Wallace., S. D. (2009)eatment wetlands Boca Rat on, FL CR
c2009. Retrieved from
http://proxying.lib.ncsu.edu/index.php?url=http://site.ebrary.com/lib/ncsu/Top?id=1023700
3

Kaighn, R. J., & Yu, S. L. (1996). Testing of Roadside Vegetation for Highway Runoff Pollutant
Removal.Transportation Research Recodb23 116 123. Retrieved from
http://onlinepubs.trb.org/Onlinepubs/trr/1996/1523/1:623.pdf

Kane, D. L. (1980). Snowmelt infiltration into seasonally frozen sGitdd Regions Science and
Technology3(2i 3), 153 161.

Kayhanian, M., Fruchtman, B. D., Gulliver, J. S., Montanaro, C., Ranieri, E., & Wuertz, S.
(2012). Review of highway runoff characteristics: Comparative analysis and universal
implications.Water Researci6(20), 66096624.

Kim, H., Seagren, E. A., & Davis, A. P. (2003). Engineered Bioretention for Removal of Nitrate
from Stormwater RunofiWater Environment Researctb(4), 355 367.
https://doi.org/10.2175/106143003X141169

Kirby, J. T., Durrans, S. R., Pitt, R., & Johnson, P. D. (2005). Hydraulic Resistance in Grass
Swales Designed for Small Flow Conveyankmurnal of Hydraulic Engineerindl31(1),
65 68. https://doi.org/10.1061/(ASCE)073329(2005)131:1(65)

Knight, E. M. P., Hunt, W. F., & Winston, R. J. (2013). Sinjeside evaluation of four level
spreaddrvegetated filter strips and a swale in eastern North Carelilteurnal of Soil and
Water Conservatior68(1), 60 72. Retrieved from

Krauskopf, K. B., & Bird, D. K. (1967)ntroduction to geochemistiv/ol. 721). McGrawHill
New York.

Lantin, A., & Barrett, M. (2005). Design and Pollutant Reduction of Vegetated Strips and
Swales. Inmpacts of Global Climate Changep. I 11). American Society of Civil
Engineers. https://doi.org/10.1061/40792(173)172

Larm, T. (2000). Stormwater quantity and quality in a multiple pamdland system:

Flemingsbergsviken case studcological Engineeringly(1), 57 75.
https://doi.org/https://doi.org/10.1016/S092574(99)00035K

132



Lee, H:S., Lim, B:R., Hur, J., Kim, HS., & Shin, H-S. (2021). Combined dualze foam glass
media filtration process with mictbocculation for simultaneous removal of particulate and
dissolved contaminants in urban road runédurnal of Environmental ManagemeBfv7,
111475. https://doi.org/https://doi.org/10.1016/j.jenvman.2020.111475

Leroy, M., PorteK o |l t al o, F. Legr as, M. , Leder f, F., M
S. (2016). Performance of vegetated swales for improving road runoff quality in a moderate
traffic urban areaScience of The Total Environmgb66 567, 113 121.
https://doi.org///dx.doi.org.prox.lib.ncsu.edu/10.1016/j.scitotenv.2016.05.027

Li, H. (2015). Green Infrastructure for Highway Stormwater Management: Field Investigation
for Future Design, Maintenance, and Management Ndedsnal of Infrastructure
Systems21(4), 5015001. https://doi.org/10.1061/(ASCE)IS.1885X.0000248

Li, J., Orland, R., & Hogenbirk, T. (1998). Environmental road and lot drainage designs:
alternatives to the curputtersewer systenCanadian Journal of Civil Engineeringy(1),
261 39. https://doi.org/10.1139/19044

Lindwalll , P., & Hogland, W (1981). nAOperatio
R14: 1981 Swedish Council for Building Res.

Line, D. E., Jennings, G. D., Shaffer, M., Calabria, J., & Hunt, W. F. (2008). Evaluating the
Effectiveness of Two Stormwater Wetlands in North Carollmansactions of the ASABE
51(2), 521 528. https://doi.org/https://doi.org/10.13031/2013.24393

Luan, B., Yin, R., Xu, P., Wang, X., Yang, X., Zhang, L., & Tang, X. (2019). Evaluating Green
Stormwater Infrastructure strategies efficiencies in a rapidly urbanizing catchment using
SWMM-based TOPSISlournal of Cleaner Productiqr223 680 691.
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.03.028

Lucas, W. C. (2010). Design of Integrated Bioinfiltratidetention Urban Retrofits with Design
Storm and Continuous Simulation Methodisurnal of Hydrologic Engineerind.5(6),
486 498. https://doi.org/10.1061/(ASCE)HE.198384.0000137

Lucke, T., Mohamed, M. A. K., & Tindale, N. (2014). Pollutant removal and Hydraulic
reduction performance of field grassed swales during runoff simulation experinvenés.
(Switzerland)6(7), 1887 1904. https://doi.org/10.3390/w6071887

Luell, S. K., Winston, R. J., & Hunt, W. F. (2021). Monitoring the Water Quality Benefits of a
Triangular Swale Treating a Highway Runafturnal of Sustainable Water in the Built
Environment7(1), 5020004. https://doi.org/10.1061/JSWBAY.0000929

Marsalek, J. (2003). Road salts in urban stormwater: an emerging issue in stormwater
management in cold climateAlater Science and Technolog®(9), 61 70. Retrieved from
https://proxying.lib.ncsu.edu/index.php/login?url=https://search.proquest.com/docview/194
3411460?accountid=12725

133



Marvin, J., Passeport, E., & Drake, J. (2020). Stétne-Art Review of Phosphorus Sorption
Amendments in Bioretention Media: A Systematic Literature Reviewrnal of
Sustainable Water in the Built Environmg(tl), 3119001.
https://doi.org/10.1061/JSWBAY.0000893

Moghadas, S., Gustafsson;M., Viklander, P., Marsalek, J., & Viklander, M. (2016).
Laboratory study of infiltration into two frozen engineered (sandy) soils recommended for
bioretention Hydrological ProcesseS0(8), 1251 1264. https://doi.org/10.1002/hyp.10711

Mohamed, M. A. K., Lucke, T., & Boogaard, F. (2014). Preliminary investigation into the
pollution reduction performance of swales used in a stormwater treatmen\teder.
Science and Technologd(5), 1014 1020. https://doi.org/10.2166/wst.2013.822

MonrabatMartinez, C., llyas, A., & Muthanna, T. M. (2017). Pilot Scale Testing of Adsorbent
Amended Filters under High Hydraulic Loads for Highway Runoff in Cold Climates.
Water, 9(3), 230. https://doi.org/http://dx.doi.org/10.3390/w9030230

MonrabatMartinez, C., Meyn, T., & Muthanna, T. M. (2019). Characterization and temporal
variation of urban runoff in a cold climatelesign implications for SuD&Irban Water
Journal, 16(6), 451 459. https://doi.org/10.1080/1573062X.2018.1536758

NCDOT. (2014) Stormwater Best Management Practices ToalBateigh, North Carolina,
North Carolina. Retrieved from https://connect.ncdot.gov/resources/hydro/Stormwater
Resources/NCDOT__ BMP_Toolbox_ 2014 _April.pdf

Newcombe, C. P., & Jensen, J. O. T. (1996). Channel Suspended Sediment and Fisheries: A
Synthesis for Quantitative Assessment of Risk and Impleth American Journal of
Fisheries Management6(4), 693 727. https://doi.org/CSSAFA>2.3.CO;2

Niazi, M., Nietch, C., Maghrebi, M., Jackson, N., Bennett, B. R., Tryby, M., & Massoudieh, A.
(2017). Storm Water Management Model: Performance Review and Gap Anadysisal
of Sustainable Water in the Built Environméritps://doi.org/10.1061/JSWBAY.0000817

Oberts, G. L. (1990). Design considerations for management of urban runoff in wintry
conditions: International Conference on Urban Hydrology Under Wintry Conditions.
Narvik, Norway, 1990 Proceedings]

Oberts, G. L. (2003). Cold climate BMPs: Solving the management p\i¢ater Science and
Technology48(9), 21 32.

Paus, K. H., Morgan, J., Gulliver, J. S., Leiknes, T., & Hozalski, R. M. (2014). Effects of
temperature and NacCl on toxic metal retention in bioretention mialianal of
Environmental Engineerind40(10), 4014034.

pPitt, R., Chen, S., Clark, S. E., Swenson,
Urban StormWater Infiltration.Journal of Irrigation and Drainage Engineering34(5),

134



652 658. https://doi.org/5(652)

Pitt, R., & Voorhees, J. (2009). WinSLAMM, the Source Loading and Management Model.
PV&Associates. Retrieved from http://www.winslamm.com/Select_documentation.html

Prudencio, L., & Null, S. E. (2018%tormwater management and ecosystem services: a review.
Environmental Research Lettefs3(3), 33002. https://doi.org/10.1088/179826/aaa81a

Purvis, R. (2018)Bioswale Design Optimization for Enhanced Application and Pollutant
Removal North Carolina State University, PhD Thesis.

Purvi s, R. A. Wi nst on, R. J ., Hunt , W. F.
Libes, S. (2018). Evaluating the water quality benefits of a bioswale in Brunswick County,
North Carolina (NC), USAWater (Switzerland)L0(2). https://doi.org/10.3390/w10020134

Read, J., Wevill, T., Fletcher, T., & Deletic, A. (2008). Variation among plant species in
pollutant removal from stormwater in biofiltration systeMéater Research12(4), 893
902. https://doi.org/https://doi.org/10.1016/j.watres.2007.08.036

Reddi, L. N., Ming, X., Hajra, M. G., & Lee, I. M. (2000). Permeability Reduction of Soil Filters
due to Physical Cloggindournal of Geotechnical and Geoenvironmental Engineering
126(3), 236 246. https://doi.org/10.1061/(ASCE)1069241(2000)126:3(236)

Ree, W. O. (1949). Hydraulic characteristics of vegetation for vegetated wateAgaygsltural
Engineering30(4), 184 189.

Reinosdotter, K., & Viklander, M. (2005). A comparison of snow quality in two Swedish
municipalitie$ Luled and SundsvaNVater, Air, and Soil Pollutioril67(17 4), 3 16.

Rezaei, A. R., Ismalil, Z., Niksokhan, M. H., Dayarian, M. A., Ramli, A. H., & Shirazi, S. M.
(2019). A QuantityQuality Model to Assess the Effects of Source Control Stormwater
Management on Hydrology and Water Quality at the Catchment S¢ater, 11(7), 1415.
https://doi.org/10.3390/w11071415

Roseen, R. M., Ballestero, T. P., Houle, J. J., Avellaneda, P., Briggs, J., Fowler, G., & Wildey,
R. (2009). Seasonal performance variations for stwater management systems in cold
climate conditionsJournal of Environmental Engineerin§j35(3), 128 137.

Rosenberg, E. A., Keys, P. W., Booth, D. B., Hartley, D., Burkey, J., Steinemann, A. C., &
Lettenmaier, D. P. (2010). Precipitation extremes and the impacts of climate change on
stormwater infrastructure in Washington St&kmatic Changel02(1), 319 349.
https://doi.org/10.1007/s105810-9847-0

Rossman, L. A., & Huber, W. C. (201&tormwater Management Model Reference Manual

Washington, DC. Retrieved from
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NYRA.txt

135



Rujner, H., Leonhardt, G., Marsalek, J., PerttuMA, & Viklander, M. (2018).The effects of
initial soil moisture conditions on swale flow hydrograpHgdrological Processe82(5),
644 654. https://doi.org/10.1002/hyp.11446

Rujner, H., Leonhardt, G., Perttu,-M., Marsalek, J., & Viklander, M. (2016Advancing green
infrastructure design: Field evaluation of grassed urban drainage swales/atech

Rushton, B. T. (2001). Loskmpact Parking Lot Design Reduces Runoff and Pollutant Loads.
Journal of Water Resources Planning and Managem@mw3), 172 179.
https://doi.org/10.1061/(ASCE)0738196(2001)127:3(172)

Sample, D. J., Heaney, J., Wright, L., Far\YC.Lai, F-H., & Field, R. (2003). Costs of Best
Management Practices and Associated Land for Urban Stormwater Cooirolal of
Water Resources Planning and Managem&2®(1), 59 68.
https://doi.org/10.1061/(ASCE)0738196(2003)129:1(59)

Sansalone, J. J., & Buchberger, S. G. (1996). Characterization of metals and solids in urban
highway winter snow and spring rainfallnoff. Transportation Research Recodb231),
147 159.

SafiudeFontaneda, L. A., Rocdsarcia, J., Coupe, S. J., BarriGsespo, E., ReWahia, C.,
AlvarezRabanal, F. P., & Lashford, C. (2020). Descriptive Analysis of the Performance of
a Vegetated Swale through Loeiigrm Hydrological Monitoring: A Case Studiypm
Coventry, UK.Water, 12(10), 2781. https://doi.org/10.3390/w12102781

Schwarzenbach, R. P., Egli, T., Hofstetter, T. B., von Gunten, U., & Wehrli, B. (2010). Global
Water Pollution and Human Healthnnual Review of Environment and Resour88egl),
109 136. https://doi.org/10.1146/annurexviron-100809125342

SemadenDavies, A. (2004). Urban water management vs. climate change: impacts on cold
region waste water inflow€limatic Change64(1i 2), 103 126.

SemadenDavies, A., Hernebring, C., Svensson, G., & Gustafsson, L. G. (2008). The impacts of
climate change and urbanisation on drainage in Helsingborg, Sweden: Suburban
stormwaterJournal of Hydrology35Q(1i 2), 114 125.
https://doi.org/10.1016/j.jhydrol.2007.11.006

Sem8deni Davies F., A., & Bengtsson, L. (1999
Hydrological Processed4.3(12), 1871 1885.

Shafique, M., Kim, R., & KyungHo, K. (2018). Evaluating the Capability of Grass Swale for the
Rainfall Runoff Reduction from an Urban Parking Lot, Seoul, Kdrgarnational Journal
of Environmental Research and Public Health(3), 537.
https://doi.org///dx.doi.org/10.3390/ijerph15030537

136



Sharma, A. K., Vezzaro, L., Birch, H., ArnbjeNjelsen, K., & Mikkelsen, P. S. (2016). Effect
of climate change on stormwater runoff characteristics and treatment efficiencies of
stormwater retention ponds: a case study from Denmark using TSS and Gigasin
pollutants.SpringerPlus5(1), 1984. https://doi.org/10.1186/s4006%6-31037

Sharma, P. D., Goel, A. K., & Minhas, R. S. (199%/ater and Sediment Yields into the Sutlej
River from the High Himalayavountain Research and Developmérii(2), 87 100.
https://doi.org/10.2307/3673569

Sagberg C., L., Winston, R., Viklander, M., Blecken;TG.2019. Dissolved metal adsorption
capacities and fractionation in filter materials for use in stormwater bioretention facilities.
Water Res. X 4, 100032.

Sgberg, C. L., Viklander, M., & Blecken,-G. (2017). Do salt and low temperature impair
metal treatment in stormwater bioretention cells with or without a submerged&cieate
of the Total Environmen579, 1588 1599.

Stagge, J. H., Davis, A. P., Jamil, E., & Kim, H. (2012). Performance of grass swales for
improving water quality from highway runoffVater Researc6(20), 67316742.
https://doi.org///dx.doi.org.prox.lib.ncsu.edu/10.1016/j.watres.2012.02.037

Stevik, T. K., Aa, K., Ausland, G., & Fredrik Hanssen, J. (2004). Retention and removal of
pathogenic bacteria in wastewater percolating through porous media: a \Mtaesw.
Research38(6), 1355 1367. https://doi.org/https://doi.org/10.1016/j.watres.2003.12.024

Subramanian, R. (2016). Rained Out: Problems and Solutions for Managing Urban Stormwater
Runoff. Ecology Law Quarterly43(2), 421 448.

Tang, N. yuan, Li, T., & Ge, J. (2016). Assessing ability of a wet swale to manage road runoff: A
case study in Hefei, Chindournal of Central South Universjt23(6), 1353 1362.
https://doi.org/10.1007/s117-116-31879

Taylor, G.D., Fletcher, T.D., Wong, T.H.F., Breen, P.F., Duncan, H.P., 2005. Nitrogen
composition in urban runadf implications for stormwater management. Water Res. 39,
1982 1989.https://doi.org/https://doi.org/10.1016/j.watres.2005.03.022

Temple, D. M. (1982). Flow Retardance of Submerged Grass Channel Lifliragsactions of
the ASAE American Society of Agricultural and Biological Engineers .
https://doi.org/10.13031/2013.33717

Temple, D. M. (1987)Stability design of graskned openchannel&d gr i cul t ur e handb
667. United States Government Printing Office, Washington, DC.: U.S. Department of
Agriculture. Retrieved from http://hdl.handle.net/2027/uva.x001754796

Tobio, J. A. S., ManiquiRedillas, M. C., & Kim, L. H. (2015). Application of SWMM in
Evaluating the Reduction Performance of Urban Runoff Treatment Systems with Varying

137


https://doi.org/https:/doi.org/10.1016/j.watres.2005.03.022

Land Use. In Michael Barrett (EdIjternational Low Impact Development Conference
(pp. 11 20). Reston, Virginia: American Society of Civil Engineers.
https://doi.org/10.1061/9780784479025.002

Urbonas, B. (1994). Assessment of stormwater BMPs and their technol®ygtén Science
and Technologgol. 29, pp. 347353). https://doi.org/10.1097/NND.0b013e3182371164

USEPA. (2016). Low Impact Development. Retrieved from https://www.epa.gov/nps/urban
runoff-low-impactdevelopment

USEPA. (2017)National water quality inventory: Report to Congredgshington, DC.
Retrieved from https://www.epa.gov/sites/production/files/2017
12/documents/305brtc_finalowow_08302017.pdf

Valdelfener, M., Barraud, S., Sibeud, E., Bacot, L., Perrin, Y., Jourdain, F., & Marmonier, P.
(2019). Do Sustainable Drainage Systems favour mosquito proliferation in cities compared
to stormwater networkd3rban Water Journall6(6), 436 443.
https://doi.org/10.1080/1573062X.2018.1523442

Valeo, C., & Ho, C. L. I. (2004). Modelling urban snowmelt rundéfurnal of Hydrology
2993i 4), 237 251.

Vaze, J., & Chiew, F. H. S. (2003). Comparative evaluation of urban storm water quality models.
Water Resources Resear8(10). https://doi.org/10.1029/2002WR001788

Vaze, J., & Chiew, F. H. S. (2004). Nutrient Loads Associated with Different Sediment Sizes in
Urban Stormwater and Surface Pollutadtsurnal of Environmental Engineeringi30(4),
391 396. https://doi.org/10.1061/(ASCE)079372(2004)130:4(391)

Viklander, M. (1996). Urban snow depositpathways of pollutant$Science of the Total
Environment189, 379 384.

Walker, D. J., & Hurl, S. (2002). The reduction of heavy metals in a stormwater wetland.
Ecological Engineeringl8(4), 407 414. https://doi.org/https://doi.org/10.1016/S0925
8574(01)00104X

Wang, L., Lyons, J., Kanehi, P., Bannerman, R., & Emmons, E. (2000). Watershed Urbanization
and Changes in Fish Communities in Southeastern Wisconsin StttaMBA Journal of
the American Water Resources Associgt8fis), 1173 1189.
https://doi.org/10.1111/j.1752688.2000.tb05719.x

Waters, D., Watt, W. E., Marsalek, J., & Anderson, B. C. (2003). Adaptation of a Storm
Drainage System to Accommodate Increased Rainfall Resulting from Climate Change.
Journal of Environmental Planning & Managemgf(5), 755 770. Retrieved from
http://10.0.4.56/0964056032000138472

138



Willis, A., Cunningham, B., & Ryan, J. (2013). Grassed Swale Drainage Provides Significant
Reductions in Stormwater Pollutant LoaBkrida Scientist76(2), 275. Retrieved from
http://ncsu.summon.serialssolutions.com/2.0.0/link/0/eLVvHCXMwnV07T8MwELagLCxAe
YhCkTzCEGrn4SQTikhalqgVNIQQ6VnFij22h5f jy6OtQDAwW25EsO-éd8fQgZ
iIPRVMECN3QqpaVsifLSdaTIKXEFLwwT2Ebq6sEutlM_60dMQX3aLUhWyFOuCO0iaDO
CwgZm28thPq3cNZKSg3NpoghwhigEx_TKLtDUz5TQgsIOT

Wilson, L. G. (1967). Sediment Removal from Flood Water by Grass Filtrdiransactions of
the ASAE1((1), 35 37. Retrieved from
http://elibrary.asabe.org/abstract.asp?aid=39587&confalias=t1&t=1

Winston, R J, & Hunt, W. F. (2017). Characterizing Runoff from Roads: Particle Size
Distributions, Nutrients, and Gross Solidsurnal of Environmental Engineeringi431).
https://doi.org/10.1061/(ASCE)EE.194870.0001148

Winston, Ryan J., Anderson, A. R., & Hunt, W. F. (2017). Modeling Sediment Reduction in
Grass Swales and Vegetated Filter Strips Using Particle Settling THeamal of
Environmental Engineerind431), 04016075. https://doi.org/10.1061/(ASCE)EE.1943
7870.0001162

Winston, Ryan J, Hunt, W. F., Kennedy, S. G., Wright, J. D., & Lauffer, M. S. (2012). Field
Evaluation of StormWater Control Measures for Highway Runoff Treatmdatirnal of
Environmental Engineerind.3§1), 104 111. https://doi.org/10.1061/(ASCE)EE.1943
7870.0000454

Winston, Ryan J, Powell, J. T., & Hunt, W. F. (2018). Retrofitting a grass swale with rock check
dams: hydrologic impactslrban Water Journalli 8.
https://doi.org/10.1080/1573062X.2018.1455881

Wohlin, C. (2014). Guidelines for Snowballing in Systematic Literature Studies and a
Replication in Software Engineering. Btoceedings of the 18th International Conference
on Evaluation and Assessment in Software Engineelag York, NY, USA: Association
for Computing Machinery. https://doi.org/10.1145/2601248.2601268

Wong, T. H. F., Fletcher, T. D., Duncan, H. P., Coleman, J. R., & Jenkins, G. A. (2002). A
Model for Urban Stormwater Improvement: ConceptualizatioGlobal Solutions for
Urban Drainage(pp. 11 14). Portland, OR. https://doi.org/doi:10.1061/40644(2002)115

Wossink, A., & Hunt, W. F. (2003Y.he Economics of Structural Stormwater BMPs in North
Carolina. Raleigh, North Carolina. Retrieved from
https://repository.lib.ncsu.edu/bitstream/handle/1840.4/1943ANRIR |-
344.pdf?sequence=2

Wright, A. (1996). Urban stormwater, correctly managed, is a resource rather than a nuisance. In

Proceedings of the Water Institute of South Africa 1996 Biennial Conference & Exhibition
(pp. I 8). Port Elizabeth, South Africa: Johannesburg: Water Institute of South Africa.

139



Wu, F:-C., Shen, H. W., & Chou, YJ. (1999). Variation of Roughness Coefficients for
Unsubmerged and Submerged Vegetatiooirnal of Hydraulic Engineerind.259), 934
942. https://doi.org/10.1061/(ASCE)079329(1999)125:9(934)

Xie, J., Wu, C., Li, H., & Chen, G. (2013tudy on StorrWater Management of Grassed
Swales and Permeable Pavement Based on SWiViAter, 9(11), 840.
https://doi.org///dx.doi.org/10.3390/w9110840

Xu, D., Lee, L. Y., Lim, F. Y., Lyu, Z., Zhu, H., Ong, S. L., & Hu, J. (2020). Water treatment
residual: A critical review of its applications on pollutant removal from stormwater runoff
and future perspectivedournal of Environmental ManagemeR69, 109649.
https://doi.org/https://doi.org/10.1016/j.jenvman.2019.109649

Yousef, Y. A., HvitvedJacobsen, T., Wanielista, M. P., & Harper, H. H. (1987). Removal of
contaminants in highway runoff flowing through swalgsience of The Total Environment;
Highway Pollution 59, 391 399. https://doi.org///dx.doi.org/10.1016/008897(87)90462
1

Yu, J., Yu, H., & Xu, L. (2013). Performance evaluation of various stormwater best management
practicesEnvironmental Science and Pollution Resea)9), 61606171.

Yu, L. S., Kuo, JT., Fassman, A. E., & Pan, H. (2001). Field Test of GraSseale
Performance in Removing Runoff Pollutialnurnal of Water Resources and Management
127(3), 168 171. https://doi.org/http://dx.doi.org/10.1061/(ASCE)0733
9496(2001)127:3(168)

Zhang, K., Manuelpillai, D., Raut, B., Deletic, A., & Bach, P. M. (2019). Evaluating the
reliability of stormwater treatment systems under various future climate condiiansal
of Hydrology 568 57 66. https://doi.org/https://doi.org/10.1016/j.jhydrol.2018.10.056

Zhao, L., & Gray, D. M. (1999Estimating snowmelt infiltration into frozen soildydrological
Processesl3(12), 1827 1842.

Zhu, Z., & Chen, X. (2017). Evaluating the Effects of Low Impact Development Practices on
Urban Flooding under Different Rainfall Intensiti®gater.
https://doi.org/10.3390/w9070548

Zinger, Y., Fletcher, T., Deletic, A., Blecken,-G., & Viklander, M. (2007). Optimisation of the
nitrogen retention capacity of stormwater biofiltration systets® VATECH 200 7.
24/06/2007- 29/06/2007 Architecture and Water, Department of Civil, Environmental and
Natural Resources Engineering, Luled University of Technology: Graie. Retrieved from
http://Itu.divaportal.org/smash/get/diva2:1009132/FULLTEXTO1.pdf

Zoppou, C. (2001). Review of urban storm water mod&isironmental Modelling & Software
16(3), 195 231. https://doi.org///dx.doi.org/10.1016/S1386852(00)0008D

140



Chapter 5 : SystematicEvaluation of Swale Length, Shape, and Longitudinal Slope with
Simulated Runofffor Better Swale Design
[This chapter was finted in a revised format.]
Authors: S.A. Ekka and W.F. Hunt
Published:NCDOT ResearcfiechnicalReport
Under ReviewEnvironmental Sciences and Pollution Resed&ecial Issue

5.1 Abstract

Swales are a loswgost, conveyance and treatment system to manage roadway runoff, but
available design guidance is limited. Eight grass swales were constructed in Raleigh, North
Carolina, USA, to systematically evaluate the effects of design factors: |shgie, and
longitudinal slope under two different storm sizes. Water from an onsite reservoir was used to
generate synthetic runoff and simulate flow through the swales. Inflow volume, total suspended
sediment (TSS), nitrogen, phosphorus, and four to&dhls (copper, lead, zinc, and cadmium)
were tested. Efficiency Ratios were used to estimate the reductions in inflow volume, pollutant
concentrations, and mass loads. Swale length, shape, longitudinal slope, argizgorm
significantly influenced runof¢olume reduction. The longer (30m), trapezoidal swale
constructed on the flatter (1%) longitudinal slope provided maximum reductions in sediment,
and heavy metal concentrations during saadldium storms. Larger storms had modestly
reduced pollutant andolume mitigation. Effluent nutrient concentrations generally exceeded the
influent exporting nitrogen and phosphorus from all swale configurations. Significantly better
pollutant load reductions were provided by the longer swales for all pollutants, dissgved
phosphorus. Therefore, to optimize swale function, designers could maximize the swale length to
the greatest extent practicable, when swales receive inflow frorafgrige. The trapezoidal

crosssection was superior to the triangular cresston for stormwater treatment. Proper
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vegetation establishment and maintaining optimal grass height are key to proper swale
functioning.
5.2 Introduction

Urbanization and transportation infrastructure development without proper stormwater
management increases the risk of downstream flooding and introduces a variety of pollutants to
receiving streams, degrading their water quality and biodivegisitiablame et al., 2012; Dhakal
and Chevalier, 2016; Filazzola et al., 2019;
Petrucci et al., 2014; Wardynski et al., 2Q1#9deral and state regulations (e.g., the 1972 Clean
Water Act in the United States) promulganeasures to protect receiving water quality from
impacts of urbanizatio(Boger et al., 2018; Subramanian, 20kpwever, the limited success
of legacy government actions in managing stormwater runoff and improving surface water
quality (Pickering and Nassiri, 2021inderscores the need to advance green stormwater
infrastructure techniqugSubramanian, 20165 reen stormwater infrastructure practices (e.qg.,
bioretention, green roofs, raingardens, and swales) offset the impact of urbanization by
mimicking predevelopment hydrology, benefitting human health, and improving biodiversity in
aguatic ecosysten{Bietz, 2007; Filazzola et al., 2019; Shaneyfelt et al., 2017)

Stormwater runoff in urban areas originates from multiple sources (e.g., roadways,
parking lots, rooftops), and can transport sediment, nutrients, heavy metals, organics, and other
micropollutantdMarsalek et al., 1999; Muller et al., 2020; Petrucci et al., 2014; Winston et al.,
2023) Highway runoff, a major pollution source of receiving watétgller et al., 2020)s well-
characterized for its composition and impdétan et al., 2006; Kayhanian et al., 2012, 2008; Li
et al., 2005; Opher and FriedleQ1D; Wheeler et al., 2005; Winston et al., 2023; Winston and

Hunt, 2017; Wu and Allan, 2018Jire abrasion, brake pad wear, atmospheric deposition, and
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roadway maintenance activities are common sources of particles in highway(Baroéft et

al., 1998a; Gunawardena et al., 2013; Li et al., 2005; Zanders,. Zaffamon pollutants include
total suspended solids (TSS), total dissolved solids (TDS), nitrate+nitrite NI®&), ammonia
(NHs-N), total kjeldahl nitrogen (TKN), orthphosphorus (OP), total phosphorus (TP), carbon,
chloride, oil and grease, arsenic, chromium, nickel, copper, cadmium, iron, lead, and zinc
(Barrett et al ., 9 Hadétal.a2006Gayhanian etaé, 2003 Wuetal.2 0 1
1998)

Highway stormwater management is unique due to the variety of pollutants and their
state of occurrence, proximity to streams, and the linear environment with limited space
restricting implementation of nelimear SCMgPickering and Nassiri, 2021for example,
constructing a wet detention pond or a stormwater wetland on roadside are difficult due to
available space, the potential impact on primary function of the roadway, and the structural
stability of roadway from adjacent impoundmé@rickering and Na#s, 2021; Romnée et al.,

2015; Zhou and Beck, 2008yompaction required for roadside shoulders can limit the
effectiveness of implementing vegetative filter stifjpénston et al., 2012)

Swales are an attractive SCM to manage roadway runoff due to (i) linear design that fits
the landscape and provides dual purpose of stormwater conveyance and treatment; (ii) their
potential for attenuating highway runoff toxicity before reaching recewiigrs(Leroy et al.,

2016; Marsalek et al., 1999nd (ii) low construction and maintenance cO&EALTRANS,

2004; Henderson et al., 201®wales are also an integral part of green stormwater infrastructure
in urban areas for effectively managing staaer(Dhakal and Chevalier, 2016; Dietz, 2007;
Henderson et al., 2019; Mohamed et al., 2014; Rushton, .2801ncreased demand for

targeted treatment of urban stormwater pollutants has resulted in the evolution of other water
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guality swales such as infiltration swales, wet swales, and bios{izdks and Hunt, 2020a)
Infiltration swales (grass swale with a check dam) can provide targeted benefits for volume
mitigation and sediment reducti¢winston et al., 2018Bioswales (with engineered media and
underdrains) can be an effective tool for targeting phosphorus and béetexies, 2018) Wet
swales (with wetland plants) can provide multiple benefits of runoff volume, nitrogen, metals,
and hydrocarbon@_eroy et al., 2016; \Mston et al., 2012)These swale variants have an
increased lifecycle cost due to the special design, construction, and maintenance requirements
(EKkka et al., 2021)However, grass swale remains a simple andeaffsttive tool to manage
stormwater runoff from roadwayBardel et al., 2019; Gong et al., 2019; Wu and Allan, 2018)
Current State of Swale Design and Performance

A swaleds ability to mitigate runoff volum
differences in geometrical design, influent particle size, underlying soil properties, vegetation,
flow depth, storm size, and climgt&hiablame et al., 2012; Boger et al., 2018; Fardel et al.,
2019; Gavril et al ., .Sheihese referenced provisecarobstt al . |
summary of swale removal efficiencies, it is not discussed here. Aanalgsis of swale
performance suggested that removal efficienayesfain pollutants increased when the
geometrical design of swale increased the hydraulic residencéRardel et al., 2019)he
primary motivation of this research was to examine the role of channel length, shape,
longitudinal slope, and storm size in swale performafdwief discussion othese andther
factors e.g., underlying soil properties, season, vegetation, particle size, influent quality, and flow

depth follows but a detailed review and investigation was beyond the scope aftibia
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Channel Length
A longer swale length is often associated with greater stormwater treatment benefits
(Gong et al., 2019; Yu et al., 2001lye to the increased hydraulic retention t{wénston et al.,
2017)and swale are@ackstrom et al., 2006)n field studies in the US{u et al. (2001)
observed complete infiltration of runoff for small storms in a 275m grass swale Knijlet et
al. (2013)demonstrated a 23% runoff volume reduction from a 10m long swale. Similarly,
Lucke et al. (20143howed that a 30m long swal#enuated the mean runoff volume by 52%
and peak flow by 61% in a controlled study in Australia. In SwelBaokstrom (2002pbserved
runoff volume reductions between-88% in a field study with-20m long swales.
For pollutants, the first 20m of the swale can remove up48080 of TSS and 283%
TP between the inlet and the ouflleticke et al., 2014)Marginal removal of both particulate
and dissolved pollutants diminishes with increasing swale |§Bgttkstrom, 2002; Lucke et al.,
2014; Mohamed et al., 2014; Yu et al., 2QG&GLiggesting that constructing unnecessarily longer
swales may not be a cesffective solution. Consequently,u et alearly (2001) 6s
recommendation of minimum 75m swale length may notde¢ulito designers. A lack of
optimal swale length design criteria has led to anecdotal design requirements that require
validation. For example, the North Carolina Department of Transportation (NCDOT) design
criteria of 30m (100 feet) swale length per@®ha (1 acre) of drainage area has not been tested.
Specific swale area (ratio of swale area to contributing impervious area) can be a more
informative design factor than simply swale length, albeit limited to geographic regions with
similar hydrologic conditiongBackstréom et al., 2006)ncreasing the swalgosssectionalarea
to achieve higher treatment efficiency would require either an increase in swale length or width.

Extending length increases both capital costs and operation and maintenance expenses over the
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swal ebds | i fe cycl e b dth (trapezadal crdsseatign) gay leeanbre r b ot t

costeffective.
Channel Shape (CrosSection)

The typical crossections for roadside swales are triangular and trapeZ&iaialel et al.,
2019), but some have recommended a parabolic channel (Lantin and Barrett, 2005; Lu et al.,
2023) Field experimentgFiener and Auerswald, 200nd modeling studiggiwang and
Weng, 2015; Winston et al., 20150)ggest a trapezoidal swale may provide better treatment due
to increased contact area and greater opportunity for unit processes of filtration and
sedimentation. Limited research on optimal swale esegtonal shape for stormwater treatment
also necessitates further investigations and validation.

Channel Slope

Natural topography and site characteristics often limit the longitudinal slopes for a water
guality swale constructiofBoger et al., 2018)Steeper longitudinal slopes increase flow
velocity, reducing the contact time for infiltration and the suspended patrticles to fall out of
suspensiolfYu et al., 2001)Steep slopes can also cause erosive velocities leading to sediment
erosion and export. Overall, researchers agree that swales should be built with mild longitudinal
slopes to achieve higher pollutantwetion (Hwang and Weng, 2015; Winston et al., 2017;
Yousef et al., 1987and 3% is the maximum recommended design slope for s(ikka et al.,
2021; Yu et al., 2001)The current NCDOT swale design criteria allows a longitudinal slope of
1-4% (NCDOT, 2014) but an optimal range of longitudinal slopes is yet to be defined.

Lateral or side slopes are important in swale performance when the inflow enters from
roadway shoulders as diffuse fldwardel et al., 2019), as it may provide runoff infiltration

(GarciaSerrana et al., 2017) and filtration beneffthe benefit of side slope as a filter is more
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pronounced in a triangular swale or mediBarrett et al., 1998b; Winston et al., 201&X)recent
field study showed that swales receiving lateral inflow treated higher loads of micropollutants
compared to longitudinal infloFardel et al., 2020)'he design of side slope in a trapezoidal
swale, however, is less significant due to a larger bottom-sextenal area available for flow
to pasgWinston et al., 2017)
Storm Size

Storms between 12nm38mm (0.5iR1.5in) are typically responsible for about 75% of the
runoff pollutant dischargeg®itt, 1999) Thi s range includes the curr
stormo of 25 mm-céastal Nantlc Gadolinay alse ceferred to commonly as the
Af i r s {(NCDHQuU201U8)d&Srouping rainfall by depth can help stormwater managers evaluate
effectiveness of grass swal@stt (1999)provided five rainfall groupings based on monitored
rainfall and runoff distributions in Milwauke®Visconsin: extresmall (<5mm or 0.2 inches),
small (5mm13mm or 0.20.5 inches), medium (13m&bmm or 0.51.0 inches), large (25mm
38mm or 1.61.5 inches), and extdarge (>38 mm or 1.5 inches). The groupings were developed
based on impacts of stormsdrency and runoff pollutant discharges.

In another studyDavis et al. (20123ssessed runoff volume reduction provided by
swales in Maryland and proposed the rainfall grouping as: small or minor rainfall (<23mm),
where swales provided complete infiltration; moderate or intermediatg3{28n) rainfall
events, where hydrologic abasttions by the swale reduced the amount of potential runoff; and
larger rainfall events (>33mm), where swales primarily functioned as conveyance systems with
low attenuation of runoff volumes and pedksvis et al., 202; Rujner et al., 2018Yhe

efficiency of swales in treating smatledium storms (typically defined as below 25mm) is
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relatively weltstudied(Davis et al., 2012; Pitt, 1987; Yu et al., 20040t their performance
during large storm (>25mm) events requires further research.
Other Factors

Infiltration through underlying soils is the primary mechanism influencing runoff volume
and pollutant load reduction in a swé@avis et al., 2012; Revitt et al., 2017; Yu et al., 2001)
Ambient temperature, season, and soil charact
winter, frozen soils experience diminished infiltration, impacting runoff volume redu@€taa
et al., 2011; Moghadas et al., 2018)milarly, soil compaction during construction can reduce
infiltration rates thereby ipacting runoff volume and pollutant reduction capafsown and
Hunt, 2010; Gregory et al., 2006; Pitt et al., 200&}ial soil moisture conditions also influence
swale drainage efficiengfrujner et al., 2018)

First flush is defined as movement of the majority of the pollutant loads during the
ascending limb of the runoff hydrograf®ansalone and Buchberger, 199he usual particle
size in the first flush runoff from the pavement i8 2 ($ansalone et al., 1998), which are
difficult to trap. Furthermore, the first flush can transport up te98& of toxic pollutants within
the first 2030% of the storm duratiofiKkayhanian et al., 2008naking it detrimental to
downstream aquatic life. A swale can be a pahitisink for a higher influent concentration that
is mainly particlebound by employing physical removal processes of filtration and
sedimentatiorfBackstrom, 2002, 2003; Fardel et al., 20Mhen influent concentrations are
lower, the effectiveness of swale decreases, and the swale can act as a pollutant source
(Backstrom, 2003; Backstrom et al., 200B)is may be due tis inability in (1) trapping of
smallersized particlegBackstrom et al., 2006; Deletic, 2005; Deletic and Fletcher, 2006)

resultingfrom insufficient hydraulic retention times in the riglaway (Winston et al., 2023;
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Winston and Hunt, 2017§2) and treating dissolved pollutariEardel et al., 2019; Luell et al.,
2021; Stagge et al., 2012; Yu et al., 2001).

Vegetation provides hydraulic resistance, filtration, and sedimentation which are critical
to a grass swale performarcéGa v r i | eAppraptiate yegetaioh §/pe, height, and
density are critical for improved performance of grassed cha(ifef et al., 2020; Liu et al.,
2016; Mishra et al., 2006Regarding flow depth,nemu b mer ged condi ti ons (f
height) are preferable over the submerged con
reductionf Backstr om, 2 Q02 Hunt@ealk,2020) et a
5.3 Study Objectives

The disparity among swale performance studies in the literature limits the ability to
synthesize and compare results among field studies for optimal swale @@gdigrand Hunt,
2020b) Thus, there is a need for controlled studies where empirical data can be collected
systematically to evaluate the effect of different design paran{@&eger et al., 2018; Ekka et
al., 2021; Yu et al., 2001)

This study was designed to address this gap by collecting empirical data under controlled
trials to advance swale hydrologic and water quality design criteria of three key design
parameters: swale length, channel slope, channel shape under two different storm sizes (~small
medium (~19mm) and large (~36mm)). Pollutants tested herein includeddif total metals
(copper, lead, zinc, and cadmium), TP, Otehaissolved inorganic nitrogen (as NROs), and

TKN which includes ammonia and organic nitrogen.
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5.4 Materials and Methods
Site Design and @nhstruction

The field study was conducted between October ZDd&mber 2019 at the Sediment
and Erosion Control Research Facility (SECREF), 4000 Chi Road, Raleigh, North Carolina,
USA. This facility owned by the North Carolina State University was selected due to the
available land for construction, an onsite water supply reservoir to simulate runoff, and
proximity to the analytical laboratories.

Swale sizing calculations were performed based on a theoretical drainage area of 1 ac
(0.40ha) with a curve number of 98 representing paved roads and streets. Design runoff
computations were performed using HydroCA@. 10, HydroCAD Software Solutions LLC), a
stormwater runoff modeling software based on the techniques developed by the United States
Department of Agriculture Natural Resources Conservation Service. Flow RI@s8arBentley
Systems, Inc.) was used to verify the swale design carrying cafacihe simulated runoff.

A detailed topographic land survey was conducted using Sokkia SET530R prismless
surveying total station and Carlson Explorer data collector. NCDOTSs current design criteria
(NCDOT, 2014)was used to develop the design of experimental swales which does not include
an underdrain. Design and construction drawings were developed in AutoCAD Civil 3D 2017
software see AppendiB). In April 2018, an experienced contractor constructed eight grass
swales with different configurations of channel length, slope, ampesfiable5-1). Onsite soill
was used to manage the -ilitfor construction and no offsite material or amendments were
added. All newly constructed swales were vegetated with tall fescu€esstd¢a arundinacga

and irrigated for an initial establishment period of approximately two months. No fertilizer or
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other treatments were applied to the swale. A wooden box was installed at the inlet near the
water supply pond and at the outlet of each swale to facilitate sample coll&igore5-1).

Table5-1. Design configuration and characteristics of experimental swales constructed in
Raleigh, North Carolina, USA

Design Characteristics Experimental Swale Namé
V4- | T4- | V4- | T4- | T1- | V1- | T1- | V1-
30 30 10 10 30 30 10 10

Length (m) 30 30 10 10 30 30 10 10
Shape (T: Trapezoidal; V:| V T \% T T Vv T \%
Triangular)
Bottom Width (m) 0 0.90 0 0.90 | 0.90 0 0.90 0
Longitudinal Slope (%) 4 4 4 4 1 1 1 1
Side Slope (H:V) 3:1 3:1 3:1 3:1 3:1 3:1 3:1 3:1
Top Width (m) 069 | 119 | 069 | 1,19 | 1.33 | 0.90 | 1.33 | 0.90
Swale Flow Area () 106 | 319 | 35 | 105 | 34.0 | 13.7 | 112 | 45
Soil Characterizatich
Sand (%) 62.6 | 54.8 | 575 | 48.0 | 64.2 | 49.0 | 51.7 | 46.7
Silt (%) 143 | 114 | 157 | 151 | 119 | 154 | 140 | 16.6
Clay (%) 23.1 | 338 | 269 | 36.8 | 239 | 356 | 34.2 | 36.7

Average Field Saturated | 1.4 8.5 0.6 1.4 5.0 29 | 115 | 20
Hydraulic Conductivity
(Ksat Cm/h)2

Bulk Density (g/cnt) 1.26 | 1.30 | 1.41 | 1.40 | 1.33 | 1.29 | 1.40 | 1.35
Average Penetrometer 144 | 210 138 119 61 95 246 218
Resistance(psi)
1Swale names indicahapeSlop&ength for example, V430 is a triangular shaped swale at 4%

slope and 30m longData collected between April, 2008ine, 2018 after swat®nstruction and

before start of experiments.
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Onsite Water
Supply Pond

s Flow Control
Valve and Inlet

-

(c) Overall Site Layout
Figure5-1. Experimental swale construction and site schematic at Sediment and Erosion

Control Research and Education Facility (SECREF), North Carolina State University,
Raleigh, NC, USA
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Soil Conditions and Characterization

Prior to beginning runoff simulation experiments, soil infiltration, bulk density, and
compaction data were collected once for each swale betweerJApd| 2018Table5-1).
Infiltration data was collected from each swale using a constant head permeameter well (single
ring infiltrometer)(Dane, 20025t the inlet, miepoint, and exit point of the swale. For
measuring bulk density, soil samples were collected from the upper 10 cm of the soil using a
core sampler @m diameter) at the same three locations. For analyzing bulk density, soil
samples wereollected, cut in slices, preserved in a plastic bag and transported to the soil
laboratory. Penetration resistance was also measured at the swale infgjmhidnd exit using
a cone tipped penetrometer (Field scout SC900, Spectrum Teglasplmc., Aurora, IL)
equipped with a 1.27 cm diameter tip.

Prior to each runoff simulation event, grass height and soil moisture were measured.
Grass height was recorded at the inlet,-puiht, and exit station of each swale with
measurements at the left bank, swale centerline, and right bank. To estimateéstaien®.5
cm (Z-inch) diameter soil cores were collected as a composite sample, weighed, dried8or 24
hours in an oven at 105°C, andweighed. Soil moisture was measured as the gravimetric water
content (g/g), which was multiplied by the bulk depéitr each swale to obtain the initial
volumetric moisture content.
Study Conditions

To estimate median rainfall amount and antecedent dry periods, the precipitation data,
when greater than 2.5 mm (0.1 inches) withleo@r antecedent dry period were analyzed in the
statistical software R version 3.5.2. Historic precipitation data focake Wheeler station and

RaleighDurham International Airport (RDU) was obtained from the North Carolina Climate
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office (NCCO) from June 1, 1983eptember 30, 2018. The mean antecedent dry periods (4
days) was maintained between experiments in the same swale to the maximum extent practical.

The onsite water supply pond was filled from a nearby farm pond prior to starting an
experiment to maintain approximately the same water levi) {@r each trial. The background
concentrations of sediment and chemical constituents in the water supgdlypee measured
once on August 9, 2018 prior to beginning the experiments. The concentrations were 9.83 mg/L
(TSS), 0.052 mg/L (TP), and 0.90 mg/L (TKN), B8O and OrtheP were below detection
limits. Due to the background concentrations being subatigritwer than typical highway
runoff and absence of any active pollutant discharge, the pond water was not analyzed again
during the experiments. The slurry of sediment and synthetic chemicals were typically prepared
within 24 h of planned simulation svoid chemical reactions. But occasionally unexpected
summer storms prevented experiments from being conducted as planned (n<5), resulting in a
slightly longer shelf period.

The swales were mowed approximately eve@/vieeks during the growing season but
grass clippings were not bagged. Only a push mower was used inside the swale to avoid any
equipment compaction. Any chemical (e.qg., fertilizer, herbicide, or pesticideg)ajom was
avoided during the study and any notable trash/debris was removed before runoff simulation.
Runoff Simulatiomnd Sample Collection

Due to limitations on the water supply reservoir capacity and drainage infrastructure, the
maximum flow volume that could be generated represents runoff from approximately 0.125 ha
(0.31ac) watershed with a rational runoff coefficient of 0.95, typicdiifyilly impervious

asphalt area@NCDEQ, 2018; Rahaman, 202T)hus, 10m swales were approximately the size
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of the current NCDOT design standards i.e., 30 m (100 ft) long swale per 0.40 ha (1 ac) of
drainage area, and the 30m swales represented an oversized (3x) swale.

The runoff simulation experiments were started in August Zbigj8re5-2 (a) shows the
conceptual layout for swale testing setup. Each swale received three runoff simulations for each
of the two storm sizes. Data were collected for hydrology (expressed as runoff volume) and
water quality using ISC®6712 automatic samplers for a total of 48 runoff simulations. To
conduct an experiment, water was released from the onsite water reservoir by opening a manual
valve gradually at defined time intervals to create a synthetic hydrodfapives C1-C2). The
valve was turned every 10 minutes for samaidium storms and every 20 minutes for large
storms, to deliver the water into the swale via afughsity polyethylene (HDPE) pipe. Small
medium storm simulations typically lasted-80 minutes, and laggstom simulations lasted
approximately 1680 minutes. For water quality spikes, a pollutant dosing was prepared using
onsite soil mixed with synthetic pollutants. Onsite soil was dried in an oven (Thelco Model 17,
Precision Scientific) for 24 hours, mixed Nweith mortar and pestle to break any aggregates,
and finally sieved via ATSM#25 sieve to obtain particles<500 um. Pollutants selected for testing
included TSS, N&@NOs3, TKN, orthaphosphorus, TP, and total copper, lead, zinc, and
cadmium. These pollutasare typical in highway runoff and due to potential harmful
environmental impact, they are often reguldi@thgge et al., 2012The amount of each reagent
added for spiking runoff is presented in the supplememtatgrials TableC-1).

The premixed slurry of sediment and synthetic pollutants was poured into-&t€00
plastic mixing tank, equipped with a trolling motor (T34 Motor Guide) to create turbulence and
thoroughly mix the pollutant dos€igure5-2 (b)). A submersible pump continuously pumped

the water to the mixing tank, which discharged the spiked water to the $ahle5-2 shows
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the simulated inflow/influent concentrations and values reported in the literature. Water quality
(influent andeffluent) samples were collected as flawgighted composite samples in-tii@r

polyethylene round bottle placed inside the ISG@mpler, per the USDOT requirements

(USDOT, 2001)

200 L Tank with Mixer

Wooden Inlet

Box with V-notch
Weir and ISCO
Automatic Sampler

—
Exit Channel

Wooden Outlet Box with V-notch Weir
and ISCO Automatic Sampler

a) Conceptual Experimental Setup

(b) Mixing tank withpollutantspiked (c) Exit sample collection in Vegetated
runoff to dose the inflow. /Grass Swale

Figure5-2. Conceptual Swaléestingsetupand experimental apparatus
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Table5-2. Inflow/Influent Characteristics for Runoff Simulation Experiments

Pollutant Mean (Range) of Actual NCDOT Mean Values Reference
Simulated Values Measured Median Reported in
Values Literature ?
19mm 36mm
storm storm
Total Suspended| 42 (3349) | 35 (30641) 28 12-40 Winston et al. (2012); Winston ang
Solids (mg/L) Hunt (2017); Wu and Allan (2018)
Total Nitrogen 0.96(0.81- | 0.97 (0.83 1.39 0.491.69 Luell et al. (2021); Winston et al.
(mg/L) 1.06) 1.19) (2012); Winston and Hunt (2017);
Wu and Allan (2018)
Total Phosphorus 0.12 (0.09 | 0.10 (0.08 0.19 0.07-0.17 Luell et al. (2021); Winston et al.
(mg/L) 0.14) 0.11) (2012); Winston and Hunt (2017);
Wu and Allan (2018)
Copper (| 14(1222)| 9(812 10.95 10-33.5 Barrett et al. (1998); Kayhanian et 4
(2007)
Zi nc (&g| 78(6185) | 58 (4383) 69.2 46-187 Barrett et al(1998); Kayhanian et al
(2007)
Lead (¢g| 9(716) 5(57) 2.57 16-47.8 Barrett et al. (1998); Kayhanian et 4
(2007)
Cadmi um 4(37) 2 (2-3) 0.10 0.7-3 Kayhanian et al. (2007); Stagge et

(2012)

IAccessed from NCDOT Research Database with permission (July 20$8). TP, TNvalues reported from different

studies are a mix of highways and secondary roads in North Cafilca. no metl characterization data from roadway runoff in

North Carolina was available, the data presented are from studies in other states of USA.
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Analytical Methodsand Samm Quality Control

Once a runoff simulation was completed, samples were poured irsapgtied, pre
labeled HDPE bottles, stored on ice for transport to the laboratory (<4°C), and then stored in a
refrigerator until analyzed. All laboratories were located within 16 km B&GREF in Raleigh,

North Carolina, USA. Metals analysis was conducted by the North Carolina Department of
Environmental Quality (NCDEQ) Water Sciences Laboratory. Sediment and nutrient samples
were analyzed at the NCSU Center for Applied Aquatic Ecolalggratory using the standard
methodgAPHA, 2012)(TableC-2). Particle size distribution (PSD) analysis was conducted by
the NCSU Sedimentology Laboratory using a Becki@anlter 13320 Laser Diffraction

Particle Size Analyzer with a Universal Liquid Module.

Field duplicates allowed s s es s ment of precision and Abi a
contaminationField blanks were also collected to detect sample contamination, but with a
slightly modified procedure since a composite sample was being collected in a single 10L bottle.
Distilled water was placed in a similar 10L HDPE bottle, transported to the field, and left
uncapped close to the inlet sampling box. In addition to field duplicates and field blanks, the
analytical laboratories conducted method blankslahoratory duplicates. Further details on
QAQC procedures are availableBkka and Hunt (2028 andTableC-3.

Data Computation and\nalysis

ISCC® 6712 sampler and ISC¥30 bubble flow module was used to record the flow at
the inlet andnbohehowel etwad BOAst¥lled -inside
notch weir inside the outlet structufadqure5-2). Weir equations were used to convert stage to

flow rate using a stepwise functig@rant and Dawson, 2001Jr inlet and outlet, respectively:

0 T X @TO® (5-1)
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0O p& 1 008 (5-2)
Where, G flow rate (L/s) and & head (m)
Runoff reduction provided bgach swale was measured using an efficiency ratio (ER)

calculatedas:

oY b p T TT (5-3)

Where, ERv(%)= percent reduction in runoff volume; Indet runoff volume at the inlet

(m?); Outlekv= runoff volume at the outlet

Assessment of both pollutant event mean concentrations and pollutant loads is important

in evaluating swale performan@denderson et al., 2019 ollutant mass loads were estimated at

the inlet and outlet for each simulated storm by multiplying the pollutant event mean

concentration (EMC) with measured runoff volume. Efficiency ratio for pollutant concentrations

and loads was estimated as:

0'Yy b ) - L pnn  (5-4)

Where,ERc/ (%)= percent reduction in pollutant concentration (C) or load (L); dnket
pollutant concentration (Chilligrams per literpr load (L) at the inlet (g); Outlet= pollutant
concentration (G)milligrams per literpr load (L) at the outlet (g).

Statistical Analysis

Al field and laboratory data were tabulated in Microsoft EX@ald imported into JIMP
version 17.1 (a SAS software) for analysis. Separate analysis of variance (ANOVA) and
analysis of covariance (ANCOVA) tests were conducted for inflow volume, mean event

pollutant concentrations, and total logd$&) = 0..UBoh & visual examination of residual versus

predicted plots for each constituent, no data transformation was deemed necessary. To detect the

differences in mean responses, a pairwise comparison vstpaee means from within the
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ANOVA model was also conducted using Tukey©os
Relationships between the responses (runoff volume and each of the pollutants) were evaluated
using Spearmanés rank corr el atasdefinedasnsttdny si s .
(}>0.70), moder®@m.t®0), ddretweaek (0} 300. 30) .
5.5 Results and Discussion
Site Characteristics

Onsite soils were primarily classified as sandy clay or sandy clay(lbalohe5-1). The
average field saturated hydraulic conductivity varied widely-{@.& cm/h) among swales,
which was surprising given the proximity of swales, but this is typical in a highway environment
(Ahmed et al., 2015)These soils could be classified as Hydrologic Soil Groups B gtB0A,
2007),but groundwater depths were unknown. Bulk density values were below the threshold
values that restrict root grow{Brady and Weil, 2002)Cone penetrometer readings exceeding
2070 kPa (300 psi) at a depth of 7.5 cm (3 inches) were used as a threshold value to identify
excessively compacted soflsnight et al., 2013; Murdrock et al., 1995; Pitt et al., 2008)
Average penetrometer readings were below the 300 psi threshold indicating the swales were not
severely compacted during construction.

Grass height exceeded 6 cm (2.4 in) for all but one measurement, while 8 cm (3.2 in) was
a more typical heighflableC-4). The variability in grass height among and within swales was
primarily due to the irregular mowing frequency. The gravimetric water content varied across
swales TableC-4). The highest average gravimetric water content was observed in the Fall

(0.230.25 g/g), followed by summer (01220 g/g), and spring/early growing season ({38

9/9).
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Hydrology

The inflow volume to the swales varied among simulated events for-smadilm
storms (15,001,000 Liters or 121 n?) and for large storms (30,081,000 Liters or 3@1
m°). This variability in inflow volume occurred due to the challenge in maintaining a constant
head in the water supply pond, different personnel operating valve to release water, travel
distance of water to the swale (60 to 115 m), and increased enemgy dlngsto more fittings in
longer pipe sections. The water balance for the swatedefined as:

® B ® (5-5)

Where, \h: inflow volume, Wbyt outflow volume, and Msses water lost due to infiltration

and evapotranspiratiqiRevitt et al., 2017)Evapotranspiration as a loss in swales is important

for modeling longterm swale water balan¢Peletic, 2000) but is often neglected in field

studies due to the relatively short rainfall/runoffevén@avr i I et al ., .IR2019;

a similar plotscale study with short exposure tinRujner et al. (2018) representisd water
loss as infiltration. Evapotrapsation loss in these experimental swales was also ignored,
simplifying the water balance equation where infiltration represents the water loss. Since the
swales were designed without an underdrain, the subsurface flow (infiltrated volume) could not
be masured and the difference between inflow and outflow volume was assumed to represent
water loss via infiltration. This is recognized as an emplification, but representative of
actual fieldstudies conducted worldwidBackstrom, 2002; Davis et al.Q22; Lucke et al.,
2014; Rushton, 2001and in North CarolinglLuell et al., 2021; Winston et al., 2018, 2012; Wu
and Allan, 2018), where underdrains were not part of swale design

Figure5-3 shows the average inflow volumes percent reductions (representing

infiltration) for each swale; inflow and outflow volumes for all simulated events are presented in
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TablesC5-C11. Overall, these results agree with previous research supporting inflow volume
reduction benefits of grass swa(&avis et al., 2012; Knight et al., 2013; Rushton, 2001;

Sar a- o] | u anAthank2028,8Ningténletnal, 2018; Yousef et al., 1987; Yu et al.,

2001) Although simulated inflows were higher thiamcke et al. (2014 )volumetric reductions

of over 50% in 30m long swales was observed. On the longer (30m) swales, trapezoidal channels
generally reduced more inflow volumes thanttimngularshaped swales (Tabl€$-C12),

similar to the findings oFiener and Auerswald (2005) and Winston et al. (20idgeling

studies
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Figure5-3. Average reduction in inflow volume

Interestingly, the maximum (F20) and minimum (T4L0) inflow volume reduction
benefits were observed in trapezoidal swales constructed at a 1% slope. The highest inflow
volume reductions observed in swale3 are likely due to the maximum surface aga f
infiltration and lowest average penetrometer reading (61psi) among the swales. In contrast, swale

T1-10 had the highest average penetrometer readings (246psi) and cthyrdné surface area

162



was available for infiltration compared to-BD. This highlights the importance of not only a
longer swale, but also a greater swalesssectionalarea (facilitated by a trapezoidal cross
section) to achieve greater stormwater management benefits. Inflow volume reductions in other
10m swales, constructed at 4% slopes-{@4and T410) did not seem to differ substantially, but
the less compacted VX0 (triangular swale) infiltrated more water. The two shorter triangular
swales (V410 and V110) provided btter inflow volume reduction, perhaps due to a greater
flow depth and higher hydraulic head driving higher rates of infiltration than in a trapezoidal
channel.
Runoff volume attenuation during large storms (~36mm) decreased, but it was not
eliminated, which is different from the interpretation®aivis et al. (2012andRujner et al.
(2018) Reductions for large events ranged betwe@b% for the 10m swales and-24% for
the 30m swal es. Results showed t haotnlgyr aSsCsMos w a
during large storms (>33mm) as suggested previousyaws et al. (2012)
Statistical Analysis dhflow Volume
ANOVA results Table5-3) indicate swale length, swale shape, storm size and (length x
shape) as the significant factors (p<0.05) in
X storm size), and (slope xXx shape) became sig
values suggested that the longer (30m) swales provided approximately@ Smxore inflow
volume reduction than the shorter (10m) swalab{e C-21). Notably, a pattern of diminishing
marginal returns (approximately 10% reduction in benefit for every 10m increase in length) was

also evident.
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Table5-3. ANOVA Summary for Parameters of Interest (Inflow Volumes and Pollutant Loads)

by Design Factors

_ Parameters of Interest
pesign Factor Inflow Volume | TN | TP | TSS| Cd | Cu | Pb | Zn
Length Y Y |Y Y Y| Y|Y]|Y
Storm Size Y - - Y [ Y| Y |Y|Y
Length x Shape Y Y |Y - Y| -|Y | Z
Shape Y - - Y | Y| - |Y|Y
Slope Z Z | - Y - - - -
Length x Storm Siz¢ 4 Z |Y - - - Y | -
Slope x Shape Z - - - Y | - | -
Length x Slope - Z | Z - - - - -

Note: Y: des
significant

ign fa
at U=0

c

f tor is statisticall
= 10. Tot al Ni trogen
(TSS), Cadmium (Cd), Copper (Cu), Lead (Pb), Zinc (Zn).

The benefit of inflow infiltration provided by swales with flatter longitudinal slopes was

modestFromthe ANOVA results p-value=0.052 for slope andvyalue=0.07%or dope xshape

interactionssuggest that slope may become significant, either with a higbrea higher

significance

| evel

(e.g., U=o0.

10) .

The

LS mea

swales reduce runoff by 7.5% more than triangular swales. For storm size, the LS means

comparison showed that the inflow volume reduction beneéte W% higher during a small

medium storm than a large storm, which is consistent with previous re¢Paxdb et al., 2012;

Pitt, 1987; Winston et al., 2018; Yu et al., 2QQAthough ANCOVA results did not show a

statistically significant relationshipetween the covariates and inflow volume, a negative slope

for initial soil moisture content was noted indicating the inverse relationship with inflow volume.
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Particle Size and Swale Trapping Efficiency

Trapping suspended patrticles is an important component for stormwater treatment.

Particle trapping efficiency (%) was estimatedBackstrom, 2002)
Vi O fORANG ' RQE w6 (5-6)

where G= inlet particle concentration and<outlet particle concentration.

The mean particlesizegd i n the inflow sample was 53 ¢
among testsTableC-13), which is common in similar plot studi@gohamed et al., 2014), and
consistent with roadway monitoring sites (Knight et al., 2013; Winston et al., 2023; Winston and
Hunt, 2017) Occasional minodeposition of larger particle8 (0 0 -5¢0n0 s the)mixing
tank and conveyance pipes was observed, which reduced the particle size in the flow entering the
swale to below 264 mFor dio and ds, there was no reduction in particle size exiting a swale
showing their | imitation in trapping smaller
improved with particle size (7.5% fogsl 28% for @s, and 42% for gb).

Trapezoidal swales provided a greater meampalticle size reduction except for-BD
(Figure5-4 (a)). In 12 of 48 simulations,sglexiting the swale was higher. Ottard of these
higher do export events occurred in 330 due to the sparse grass density at the inlet of this
swale Figure5-4 (b)), allowing both resuspension and erosion of @dlen et al., 2015)

Trapping efficiency of T430 was positive during the first runoff simulation for all particle

gradations. However, in subsequent runoff simulations, a significantly higher export of sediment
probably was noted due t ohefdépbsitianlariddigodgmentt t he s
observed byMlohamed et al. (2014Dther possible reasons for increased patrticle size include (i)
organic matter growth in samples stored for a longer duration before the analysis, and (ii) particle

aggregation or dissolution when samples are stored at room tempé@ragtral., 2005).

165



80

Ef f

60

40

2

Trapgdpb)ng

V4-3 0 T430 V4-1 0 T4-1 0 V13 0 T1-1 0 V110

o

20

40

Particle

-6 0

-8 0
T1-3 0

-100
mdl Omd2 5md5 Omd7 58d9 0

(a) Average particlérapping efficiency for experimental swaled Q, d25, d50, d75, d9C
represent the percent pérticle size smaller than the measured size)

(b) Inlet conditions at Swale F20 with poorly established vegetation causing negati
particle trapping efficiency due to erosion.

Figure5-4. Average particle trapping efficiency for experimental swales inlet conditions

To prevent possible particle aggregation during storage samples should be analyzed

within 6 h of collection, and to prevent organic growth samples pretreated with hydrogen
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peroxide (Li et al., 2005). Since this anomaly was specific t8(, 1t is unlikely that these
modifications in experiments would alter these findifidse increased particle size due to poor
vegetation points to the importance of proper vegetation establishment and routine maintenance
for optimal performance. To promote effective particle trapping, fully developed dense turf
(Backstrom, 2002; Luell et al., 202&/jth tall and stiff grass bladéRee, 1949; Temple, 1987)
are recommendedtormwater managecan also combine a swale with other SCMs (e.g., dry
ponds/wetlands) and management techniques (street sweeping) to augment trapping finer
particles and achieve desired TSS g@@lsiston et al., 2023), especially when grass
establishment and maintenance are difficult
Pollutant Concentrations

Pollutant concentrations are discussed first due to their importance in understanding the
unit processes occurring in a swale. Effluent concentration is an important predictor of SCM
effectivenesgStrecker et al., 2001but limited remarks can be made within a controlled
experiment framework like this study with pletermined influent concentrations. Inflow
concentrations also varied like runoff volume and particle size, but were well within the range of
highway runoffpollutants(Backstréom et al., 200@®arrett et al., 1998a; Kayhanian et al., 2007,
Winston et al., 2012; Winston and Hunt, 2Q17)
Sediment

TSS concentration reduction in this study was similar to previous investigations
(Backstrom, 2002; Backstrom et al., 2006; Lucke et al., 2014; Mohamed et al., 2014; Wu and
Allan, 2018) For the smalmedium storms, the EMC reductions ranged betweeB658 with
observed influent EMCs between-33 mg/L and the effluent EMCs betweeidl@ mg/L (Table

5-4). Results from larger storm simulations were similar for influert4B@ng/L), and effluent
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concentrations (36 mg/L) providing EMC reductions between84%. The longer (30m),
oversized swales provided the highest TSS reductions betwek?a4Trapezoidal swales
outperformed the triangular swales, except3D1 which exported sediment in sdlegents
likely due to the poor vegetation establishment and erosion. Trapezoidal swales with shorter
lengths (T410 and T110) also performed well reducing TSS by B0, indicating the
importance of a wider channel bottom.
Nutrients

Total Nitrogen (TN) was estimated as the sum of nitriteate (NQ-NOs) and TKN
(ammonia and organic). Minor reductions28%) were observed for NONOs concentrations
in all swales with flatter (1%) slope, while steeper swales (4%) showed expairte §-4).
Highest reductions were noted in-B@ and V130, likely due to the longer travel time, which
allows enhanced infiltration, uptake by grass vegetation, and chemical/biological processes
facilitating removal of dissolved inorganic nitrogen for(Bsagge et al., 2012fror TKN and
TN, majority of swales either showed no removal or an increase in effluent concentration like
previous researcfiLucke et al., 2014; Luell et al., 2021; Winston et al., 20ER)ended length
may have allowed sufficient aerobic conditions for nitrification, but not enough anaerobic
conditions for denitrification to occur thereby limiting nitrogen remdgValylor et al., 2005)
The removal processes for TKN (consisting of dissolved and particulate organic nitrogen) are
morecomplex(Stagge et al., 2012; Taylor et al., 2008juiring enhanced filtration and
sedimentation processes, but a grass swale did not provide an optimal combination. Thus, wet
swales and bioswales (with internal water storage) may be better suited if nitrogen removal is a

water quality goa{Ekka et al., 2021)
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Compared to nitrogen, the dissolved fraction of phosphorus in stormwater runoff (20
30%) is lower(Vaze and Chiew, 2004yVhile some reductions were noted in TP concentrations
(2-16%) during larger storm simulations, the dissolved form (elthwas exported in all
simulations as expectétuell et al., 2021; Mohamed et al., 2014; Stagge et al., 20h2)
modest TP reductions likely occurred from trapping of partictdlakeu nd phosphorus (3
within the swales. Since ortH® removal from stormwater isitical to prevent downstream
eutrophication, and grass swale is not an adequate SCM, other swale variants (e.g., bioswale)
should be explored for phosphotingpaired watersheds.

Like previously evaluated swales, these pilot grass swales also demonstrated lower
nutrient removal efficiencies when compared to other SBdsrett, 2008; Winston et al., 2015,
2012) This may be due the inability of these sw
chemicals used to prepare the sgid®hamed et al., 2014)ower or irreducible influent
concentrationgBackstrom, 2003; Backstrom et al., 2006; Winston et al., 2@h2)
contributions from grass clippings after mowii8agge et al2012)

Metals

The effectiveness of the grass swales for metals rembahlg5-4) was consistent with
previous researctBackstrom, 2003; Rushton, 2001; Stagge et al., 2012; Yousef et al., 1987)
Average removal rates were highest for Zn (56%) and Cd (55%) followed by Pb (35%), and Cu
(14%) during the smalinedium simulated storms. Removal during the larger storm simulations
followed the same order, but decreased to Zn (45%), Cd (37%), Pb @84}u (1%). Among
swales, T130 showed the greatest removal rates for all nogtatentratios, except copper in
large storm simulations. Extended length and greater-sext®nalkrea of T30 once again

provided an increased opportunity for filtration and sedimentation to occur and remove
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particulate fractions of metals. This swale also featured poorly established grass and exposed soil
surface, which likely provided adsorption sites for metals. Based on similar observétiossf
et al. (1985) recommended that swales with a thin grass cover (<20%) may be more efficient at
pollutant removal than thicker grass cover (>80%). However, this recommendation conflicts with
recent studies where a thick grass cover is recommendé&&and metal removal (Backstrom,
2002; Li et al., 2008; Luell &l., 2021). Other longer (30m) swales also outperformed the 10m
swales for metal sequestration and trapezoidal swales consistently performed better than the
triangular.

Both sources and removal of heavy metals are conffdiprer and Friedler, 2010) in
part because of complex chemodynamics, where fractionation betweersalatde and
insoluble forms can change during and between runoff events (Yousef et al.,di8&%jed
metals (e.g., Zn) were better sequestered by swales than those with a zero charge or metals like
copper that form metadrganic complexefYousef et al., 1985Both Zn and Pb primarily occur
in particulate formgOpher and Friedler, 201,0facilitating reduction by the typical swale
treatment processes of filtration and sedimentation. The highest metal concentrations occur in
finer fractions (60125 um) of sedimenZanders, 2005)xand these experimental swales trapped
particles >25um. The higher removal rate for Cd was likely due to a higher influent
concentratior{Backstrom, 2003)in summary, an extended length and trapezoidal swale (i.e.
larger swalerosssectionalarea) performed better in removing total heavy metals, but a better
understanding of metals with a greater fraction in dissolved forms is needed to fully optimize

swale desigriHuber et al., 2016)

170



Table5-4. Inlet and Outlet Mean Event Mean Concentration (EMC) for pollutants tested at the experimental swales

V4-30 | T430 | V410 | T410 | T1-30 | V130 | T1-10 | V1-10
Pollutants SmalFMedium (~19 mm) Storm Simulations

In | Out | In Out | In Qut| In | Out| In Out | In OQut| In | Out| In | Out
TSS (mg/L) 41 10 45 8 33 13 45 12 49 Il 39 8 45 11 | 41 16
TP 144 | 130 | 131 | 144 | 107 | 106 | 111 | 125 | 171 | 177 | 137 | 172 | 98.4| 98.2 | 88.3 | 92.9
OrthoP 479] 60.7| 454 | 71.1| 40.8| 48.8| 554 | 73.8| 101 | 122 | 83.7| 83.7| 53.1| 61.1 | 45.6 | 51.7
NO2-NOs 134 | 138 | 138 | 145 | 153 | 145 | 204 | 181 | 248 | 139 | 244 | 189 | 169 | 153 | 146 | 143
TKN 819 | 952 | 890 | 1025| 854 | 932 | 742 | 848 | 773 | 913 | 813 | 964 | 641 | 719 | 691 | 831
TN 953 | 1090| 1028| 1170| 1007| 1077| 946 | 1030| 1021| 1051| 1057| 1153| 811 | 872 | 837 | 974
Cu 12.3] 11.7| 13.3| 10.3] 10.1] 9.30| 14.0| 9.70| 22.0| 12.0| 16.0| 12.8| 10.6| 10.2| 10.8| 10.4
Pb 7.53| 5.07| 8.03| 490| 6.90| 5.23|9.60| 5.83| 15.7| 4.97| 11.8| 5.40| 7.60| 5.43| 7.40| 6.33
Zn 60.7| 24.3| 64.7| 20.3| 65.3| 35.7|82.0| 33.3| 131 | 24.0| 85.0| 30.0| 68.7| 37.0| 65.7| 40.3
Cd 3.701 147|327 1.33| 3.07| 1.73|4.17|1.77| 7.03| 1.08| 4.70| 1.20| 3.77| 1.97 | 4.43| 2.80

Large (~36 mm) Stornsimulations
In Out |In Out | In Out |In Out | In Out |In Out |In QOut | In Out

TSS (mg/L) 32 8 30 5 38 14 | 31 | 11 | 30 8 40 7 40 | 10 | 41 | 16
TP 103 | 87 | 104 | 93.2| 109 | 106 | 77.6| 73.6| 107 | 141 | 101 | 105 | 83.7|71.1|82.8|71.4
OrthoP 18.7| 223 259|354 | 243|305|27.4| 339|198 | 67.7|29.2|479|27.7|29.2|29.4| 304
NO2-NO3 103 | 105 | 94 | 93 | 125 | 95 | 163 | 163 | 87.9| 84.9| 108 | 87.1| 164 | 155 | 140 | 138
TKN 870 | 896 | 827 | 922 | 1013 945 | 664 | 692 | 892 | 984 | 1082| 922 | 751 | 774 | 694 | 765
TN 973 11001| 921 | 1016|1137 1040| 827 | 856 | 980 | 1069 1190| 1010| 916 | 929 | 834 | 903
Cu 10.0/ 940|950 777|117 117|770, 660 | 947 ] 151| 10.3| 7.93|8.17| 7.60| 7.50| 6.73
Pb 5.03| 3.53|493| 3.03|6.80|4.77[503|3.70, 490 | 3.43| 5.23| 3.80| 5.47| 3.53| 4.83]| 3.80
Zn 55.7| 27.0| 56.7| 20.7 | 82.7 | 45.3 | 42.7| 24.7]151.0] 22.3| 70.0| 27.0| 61.7| 29.0| 43.0| 32.3
Cd 160 1.13{1.83]0.78| 213140260 147[163|0.79/1.73[1.01]2.00)1.37|2.03|157

Note: All units in pg/L except TSS (mg/L). Values shown are rounded off to the nearest decimal as appropriate for clarity@and simpl

representationRed text in shaded ceilxdicates when numerical value of EMCeffluent>EMCinfluent.
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Statistical Analysis of Pollutant Concentrations

Extended length and trapezoidal shape emerged as the only significant design factors
(p<0.05) influencing concentration reductions for TSS, Pb, Zn, and Cd, while none of the factors
were significant for copper. For nutrients, an interaction effect (lengkbpe) emerged as the
only significant factor (p<0.05) for TP demonstrating the limitations of a grass swale. ANCOVA
shows grass height as a significant factor in reducing TSS and Cu, and initial volumetric
moisture content as significant for phosphaemmoval (p<0.05). While the first finding is
expected because of the particle trapping process, the second regarding phosphorus is surprising
as in high soil moisture conditions swales are believed to function as a conveyance system with
little volume andoad attenuation benefi{fRujner et al., 2018)
Pollutant Loads

Merely concentration reduction is not a sufficient metric to evaluate SCM performance
when flow volume is attenuatédenhart and Hunt, 2011). Since volumetric reduction via
infiltration is a key pllutant removal process in swal&tagge et al., 2012it is important to
evaluate pollutant loadBarrett, 2005)A swales removal efficiency on a mass load basis is
typically greater than on a concentration b@Risshton, 2001; Stagge et al., 2012; Wu and
Allan, 2018; Yousefetal., 1987) an d t hesulis wereé no diffefest Gble5-5).
Sediment

As expected, sediment mass load reduction9@%) were higher than concentration
reductions, with 30m swales generally providing greater reductions than the 10m swales.
Trapezoidal swales (T80 and T130) sequestered more sediment than triangular s\WAe30
and V130). In all cases, the longer (30m) swales removed more TSS loads than the shorter

(10m) swales, underscoring the influence of swale length in promoting filtration and
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sedimentatiorfStagge et al., 20127 1-30 swale showed higher TSS load reductions for both
storm sizes when compared to-3@. Similarly, V30 performed better than V3D for TSS
removal (both concentrations and mass loads). These results suggest the benefits of a flatter
slope in swalefor TSS load removal, which also emerged as a significant factor in ANOVA
test, in addition to length and shape (p<0.05). Swales trapped slightly more sediment loads
during smalmedium storm simulations when comparethiose of large storms. These findings
support previous studi¢sucke et al., 2014; Mohamed et al., 2014; Wu and Allan, 2018; Yu et
al., 2001)hat found swales to effectively reduce TSS for smaller storms, and suggest that the
TSS trapping benefits of swales extend to larger storm events. The latter point is somewhat
novel, visavis previous field research avis et al. (2012)ith the caveat that the presented
results are from a controlled pistale study.

Table5-5. Average percent pollutant load reduction (%) in experimental swales

Swale | Storm | TSS | Total | Ortho- | Total | Copper | Zinc | Lead | Cadmium
Size P P N

V4-30 | Medium| 81 32 8 13 30 69 49 70
Large 78 27 4 12 19 58 40 42

T4-30 | Medium| 92 49 29 48 62 85 70 79
Large 90 47 19 35 52 78 64 75

V4-10 | Medium| 70 19 2 11 21 52 35 47
Large 67 15 15 16 9 49 39 43

T4-10 | Medium| 76 1 16 6 34 63 44 61
Large 71 15 9 9 24 48 35 47

T1-30 | Medium| 95 61 49 61 78 91 85 92
Large 85 26 101 39 13 76 61 73
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Table 55 (continued).

V1-30 | Medium| 88 24 1 33 46 73 65 77
Large 88 19 22 36 40 56 42 49
T1-10 | Medium| 78 5 9 1 10 50 33 51
Large 76 22 4 8 11 46 39 36
V1-10 | Medium| 73 24 19 16 27 55 38 54
Large 71 34 21 19 32 42 39 41

Note: Redtext in shaded cells indicates when numerical value of dsa@Loadnfuent.
Nutrients

When viewing from a load perspective, a swale's performance in reducing nutrient loads
improved substantially than on a concentration basis. As in previous qGdies et al., 2019;
Knight et al., 2013; Winston et al., 2012; Yu et al., 20@1}rient loads were reduced for all
species except orthH® (Figure5-5). In the 30m swales, TP load reductions ranged between 24
61% for medium storms and between4l® for large storms. Highest TP load reductions were
observed in T430. Load reductions for the 10m swales were slightly lower ranging between 1
24% for mediunstorms and increasing to-B8% for large storms. The performance of
trapezoidal, shorter (10m) swales for phosphorus removal was either same or less than the
triangular swales, regardless of slope or storm size. Except {b®,TIN loads were reduced
between 619% across storm sizes in the 10m swales. The longer 30m swales 6ikh 13
reductions for smalmedium storms and 120% for large storms. Similar to phosphorus;30L
swale provided the highest nitrogen load reductions.

As noted earlier, the 30m swales were 3x the current NCDOT standards. Thus, the
increased benefit of phosphorus and nitrogen load removal by extending the length and
providing a trapezoidal shape (i.e. increased swralgssectionalarea) may be an important

design consideration in nutrielnited watersheds. The findings also suggest exploring
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alternative swale types (e.g., bioswales or wet swales) if nutrient removal is tl{Eld@akt al.,
2021) Bagging of grass clippings as part of the maintenance protocol may reduce this as a

source of pollutants.
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Figure5-5. Pollutantreductionsunder two different storm simulations: smaledium

(~19mm) and large (~36mm)

175



Metals

In comparison t@oncentrations, all loads of metals (copper, zinc, lead, and cadmium)
were reduced. In the 10m swales, copper reductions ranged betBdé&h&cross all storm
sizes. Copper load reductions were better in the longer (30m) swales ranging betw8én 30
for small-medium storms and 132% for larger storms. Despite increased EMCs, highest
reduction in copper load of 78% was observed if801because this swale mitigated the most
runoff volume, underscoring the key role of infiltration in stormwater treatment.

A higher percentage of zinc loads than concentrations was removed for both storm sizes
(50-63% for smalmedium storms and 429% for large storms), with higher reductions
observed in T80 and T130. These two swales also provided the greatest load i@usiébr
lead and cadmium ranging between88% and 792%, respectively, for smathedium storms.
The flatter slope (T-B0) swale performance was much higher because it allowed a higher
infiltration of simulated runoff.

Overall, the longer (30m) trapezoidal swales provided the greatest metal load reductions.
A substantial difference exists in metal load reductions between swales of different cross
sections (1.58x) and different lengths (up to 8x). So, if the receiviraless are metampaired,
designers should consider both (1) employing trapezoidal-sexd®ns, and (2) extending the
swale length to the maximum extent practicable.
Statistical Analysis of Pollutant Load Reductions

Extended swale length was a significant factor (p<0.05) for all parameters exceg® ortho
loads Table5-3). A comparison of least squares means suggested that trapezoidal swales tend to
remove more pollutant loads than the triangular (rstiaped swales. Benefits of a trapezoidal

shape were limited to TSS and metals (except copper). However, the intesffettv®f length
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x shape was significant for TN and TP load reductions. Slope was once again the least significant
among all design factors. Storm size was a significant factor in sediment and metal load

reductions. Least squares means comparison suggests thangdialnstorms (~19mm) were

generally better treated than large storms (~36mm). No significant reduction in total nitrogen and
phosphorus loads was evident for either storm §zass height emerged as a significant factor

for TSS reduction in the ANCOVA, but wano longer effective for phosphorus and copper, as

on the concentration basis. Shorter than recommended grass heigtitsainri @or swalegHunt

etal., 20200 n t his study |ikely caused the submerge
impacted pollutant reduction ability. Since flow depth during simulations was not measured, this
assumption could not be verified.

A key finding of the Spear mawdasassoamatona&!| at i o
dissolved phosphorus (ortf®) wi t h i nfl ow volume (343 =0.46), ar
inflow volume reductions or increased particle trapping may not necggsaniide the desired
reductions in dissolved H#bleC-22).

5.6 Design Recommendations

Gong et al. (201%oncluded that when runoff enters the swale as concentrated flow and
travels the entire swale length, it enhances the pollutant removal efficiency of a swale. The
improved performance of the oversized swale (3x longer than current design criteria) for all
pollutants except dissolved phosphorus (cfh@uggests that swale length is uniformly the
most influential design factor. This study also demonstrated that for TSS and heavy metals
removal, a trapezoidal croesgction is an optimal choice as it enhanleth runoff volume
reduction(Fiener and Auerswald, 20Q5nd pollution controlHwang and Weng, 2015;

Winston et al., 2017) benefitddditionally, maintenance is key to the letggm success of a
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swale, and swale geometry matters. Since swales with a wider bottom are better for equipment
operation, designers should strongly consider the trapezoidalsgossn, when feasible. Swale
crosssectionalarea (a combination of extended length and wider €sesson) may be a future
design factor.

A flatter slope is generally recommended to enhance pollutant reWiredton et al.,
2017; Yousef et al., 1987; Yu et al., 2004)f these benefits are not widely supported via
previous studies. Similarly, in this study, channel slope was found to be statistically significant
only for TSS removal. Simple percent reduction calculations of other pollutants (nutrients and
metals) supprted this statistical finding, where no substantial reduction in runoff volumes or
pollutant loads was noted between thedfdd 4% swales. Based on the findings of this study
and previous similar research, a water quality swale design hierarchy is proposed to assist
engineers when selecting design parameleabl€5-6). These parameters are prioritized
considering costs, ease of implementation, and-teng functionality of a swale.

Table5-6. Design Hierarchy for Water Quality Swales

Design Parameter | Implementation | Implementation Impact

Cost Effort

Trapezoidal Shape | Low Low High. Greater runoff volume
and pollutant reduction; easie
to construct and maintain.
Extended Length High Medium MediumHigh. Modest runoff
volume and pollutant
reduction; potentially higher
real estate costs; increased
costs to maintain.

Flat Slopes Low Medium Medium Modest runoff
volume and pollutant
reduction; easier to maintain;
site topography may dictate
constructability.
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5.7 Study Limitations and Future Research

Optimal design of effective, yet simple, SCMs that require less maintenance, such as
swales, are of great interest to protect surface water quality from roadway runoff impacts
(Pickering and Nassiri, 2021)he complex characteristics of stormwater runoff generated from
roadways, multiple factors influencing swale performance, and inadequate design guidance for a
water quality swale laid the foundation for this controlled,-plmle study.

In comparison to field studies catching real storm ev@usis et al., 2012; Stagge et al.,
2012; Winston et al., 2018; Yu et al., 200d9ntrolled studies such with field installation and
simulated runoff conditions are more reliable, simpler, and consistent as flow and water quality
dosing are more managealiBeletic and Fletcher, 2006; Lucke et al., 20Hdwever, not all
factors can be fully controlled or eliminated in environmental studies, as was the case here. Only
swale geometry (length, shapengitudinal slope), location, climate, age, and vegetation type
were controlled. This plegcale study was limited by two main reasons: (i) availability of
resources to successfully mimic actual field conditions and examine all crucial factors
influencing swale design; (ii) intrinsic uncertainty and inaccuracies that take place in field
experiment conditions.

Regarding the first point, the runoff simulation represented a single point of inflow (pipe)
to the swale. The lateral inflows and treatment via side slopes that occurs when runoff is drained
via shoulders was not part of the study. These swales weraegggr the current North
Carolina and NCDOT design criteria, which does not require an underdrain. Consequently, the
infiltration losses as subsurface flow had to be estimated using a simple assumption. Secondly,
the variability occurring from other fagtoe.g., initial soil moisture conditions, vegetation

establishment and density, inflow volume, and pollutant dosing could not be fully eliminated.
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Swale performance is highly dependent on underlying soil characteristics and despite utilizing
onsite soils for construction a high variability in hydraulic conductivity was observed between
swales. Commonly regulated pollutants (sediment, nutrients edext sotal metals) were tested
herein, but given that pollutant removal via infiltration is a key mechanism, the benefits can be
extended to other pollutants.

Despite these limitations, this study revealed significant insights to advance water quality
swale design criteria. However, many questions remain for optimizing swale design and their
performance in treating stormwater rundkamining design and treatment potential of grass
swales (and their variants) for other highway pollutants (e.g., dissolved metals, polycyclic
aromatic hydrocarbons, bacteria) and micropollutants remains an area of future research. A wider
range of longitdinal slopes (0A0%)andpr haps a fAmi ddl ed | ength (e
controlled plot experiment may enhance the understanding of marginal changes in slope and
length on swale performance. In addition, investigating different impact of swale linings (rock
gradations, deemoted grasses and other vegetation types) and vegetation density is needed.
Proper inspection and maintenance guidance for swales also needs to be developed. This will
require a better understanding of pollutant accumulation rates in swales, benefits ) lbaglgi
removing grass clippings versus the effects of residual grass clippings from routine mowing.

5.8 Summary and Conclusions

This research addressed a key gap in water quality swale design guidance by collecting
empirical data under controlled conditions. Data suggests thafling runoff volume
reduction and treatment benefits (for sediment and heavy metals) from grass swales may be
greater than previously reported. As noted earlier, this study was a controlled plot experiment,

whereas previous studies were field experiments wheghinfluence the difference. Within the
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limitations of the experimental uncertainties noted in previous section, the following conclusions

are drawn:

1 Extended length (30m), trapezoidgdilaped swale at flatter (1%) longitudinal slope provided
the greatest runoff volume reductions during the smalllium (~19mm) storms.

Y During |l arger (~36mm) simulated storms, the
diminished but not eliminated.

1 Swale length emerged as the most significant design parameter in improving overall swale
performance for singtpoint inflow conditions.

1 A swale with a trapezoidal cresgction offers greater surface area for infiltrating runoff, and
therefore performs better than its triangtdhaped counterparts.

Thus, to optimize water quality swale design, engineers should consider (1) providing a
trapezoidal crossection, (2) siting the swale such that the longitudinal slopes are minimized, it
is easily accessible for future maintenance, and (3) maximizirgmale length (when practical)
beyond design criteria. Proper vegetation establishment and misgt@oommended grass
height is critical to enhance pollutant removal and avoid resuspension of previously deposited

sediment.
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Chapter 6 : Impact Assessment of Soci&conomic Scenarios on a Swaia North Carolina:
An Exploratory Analysis

[ This chapter wasubmitted in a revised formht
Under ReviewHydrological Sciences Journébpecial Issue)
6.1 Abstract

Sustainable longerm performance of swales, a common,-lmgt stormwater control
measure (SCM) requires a futuristic view that considers possible changes in both climatic and
sociaeconomic conditions. Climate conditions impacting SCM performance inphatienged
dry periods and increased rainfall amounts and intensities. Population growth, landuse changes,
andregular inspection and maintenance regimens are examples eesooiomic factors
impacting swale performancéhe effectof different socieeamnomic management scenarms
a water quality swale in Knightdale, North CarolibsA, were evaluated using WinSLAMM, a
stormwater qualitynodel.Five nodeled scenarios included changing Annual Average Daily
Traffic (AADT) and maintenanceegimes mimicking the influence of soegonomic factors
ranging betweeenvironmental protection and degradatiéterformance evaluation criteria
(Root Mean Square Error?Rand Mean Absolute Error) were used to determine model
suitability. The model was calibrated satisfactorily for runofimee and sediment loadResults
indicated that sedimeudeliveryto the swale increased with AADT, and reduced maintenance
negatively impacted swale performance. While the reduced AADT during the GO¥/ID
pandemic provided sheterm water quality benefits, a lack of maintenance impacted the
treatment through the swalBhus, regular inspection and maintenance is recommended to
extend these sheterm gains and enhance swale-tifgcle. Preliminary swale inspection
checklist and maintenance guidance arevigex until better specifications are available. This

impact assessment underscored the importance of sound environmental policies for sustainable
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swale performance in treating stormwater runoff. IncluNAPT as a design parameter
future swale desigshould be further explore#uture impact assessments should also evaluate
other SCMs and include the climate change axis of the scenario framework if local, high
resolution, future precipitation data are available.
6.2 Introduction

Recently, the United States Geological Survey (USGS) published a new water cycle
diagram that includes humans as part of the hydrological cycle and discusses their impact on
water availability and quality (USGS, 202%Yith a population growth of approximately 23%
between 2000 and 2020.S. Census Bureau, 20208)orth Carolinas one of the fastest
growing states in the United States. Between 2000 and 2010, Wake County, North Carolina
experienced a tremendous population growth of 19% compared to a hatiersge of 5.5%
(U.S. Census Bureau, 201@nd in 2022 was the most populous County in the @iage
Census Bureau, 2020)n average of 64 new residents move to Wake County every day making
it the second fastest growing county, with populations greater than one nmlltbe, USA
(Wake County, 2016)The population growth in the area has increased the housingipribes
heart of the Countyresulting in an urban sprawl, and raising the population of smaller
peripheramunicipalities such ahe Town of Knightdale, which grew 39% between 202017
(Town of Knightdale, 2018)This growth is expected to continue; however, the area currently
lacks an efficient public transit system and almost 87% of Knightdale residents commute in
personal automobiles for employmémown of Knightdale, 2018)rhus,the Annual Average
Daily Traffic (AADT) loadshave increasedn highways and secondary roapatticularlyfor I-
540 southboun¢NCDOT, 2019, a major highwayonnectinghe Knightdale arewith the heart

of WakeCounty(Figure6-1).
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Figure6-1. AADT trendsat NCDOT Statior0920001771,-b40, Knightdale, North
Carolina(NCDOT, 2019.

In recent studies characterizing roadway runoff in North Carolina, low concentrations for
total suspended solids (TSS) were observed in roaduweff with lower AADT (Winston and
Hunt, 2017; Wu and Allan, 201.8pther studies have demonstrated the association between
higher AADT and increased pollutant concentrations in urban highway riikefhanian et al.,
2007, 2003)Common pollutants in roadway runoff include TSS, heavy metals, nutrients, and
hydrocarbons. Tire and road wear particles (TRWP) generated by vehicle operations are
considered microplasscan emerging contaminant of concern for highway mangGaisrke et
al., 2023) TSS serves as a surrogate for TRWP since 85PRWIP particle sizeare>50um.

As Wake County continues to grow, the numbevadficles andirivers are expected to
rise Consequently, the average pollutant delivery from roadway runoff to nearby streams will
increase unless adequate structural (augter quality swales) and natructural SCMs are

implementedAdditional nonstructural mitigation strategies for reducing TSS arR§VP
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(microplastics) from roadwaytkat can be implementeadclude street cleaning, driver education
and optimal driving techniques, better tire and vehicle design, vehicle washing, traffic
management, and communication between stakehdl@etske et al., 2023).

If not properly inspected and regularly maintained, the increased sediment load can be
deposited in swales impacting their infiltration ability (a key treatment process), and ultimately
diminishing stormwater treatment benefits. Resuspension of depasiti@tesnt and associated
pollutants from swales during hightensity storms can exacerbate downstream water quality
impacts.

This projected population growth raises a key question: cagginggrass swale provide
the same level of water quality treatment in the future with an increased 2A&2ifrett et al.
(1998b)recommended that the number of traffic lanes should be considered as a minimum
design requirement for swale installation. However, North Carolina Department of
Transpor t até)ounrénsswdleNl€siDrciiteria provides limited guidance for water
guality treatment and does not consider AADThmnumber of trdic lanes as a design factor
(NCDOQT, 2014) The question of lon¢germ performance becomes complicated if the swale was
not designed properly, not constructed therspecifications, or itheabsence of proper
inspection and maintenance guidance. These factors can lead to a reduced level of service or
early failure of these stormwater assets. In recent years, the stormwater community has
recognized the need for better design standards (e.§MASH4 committee), inspection and
maintenancéBeryani et al., @21; Blecken et al., 2017; Erickson et al., 2018, 2013, 2010;
Wadzuk et al., 2021b, 2021fa)or ext endi ng st or Buisighifeantneedss et 6 s

remainin this evolving field.
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Stormwater infrastructure asset types (conveyance, treatment, and storage $ystems)
specific design and maintenance requirements. Uncertainty due to the changing climate and
stakeholder management decisions impacts thetknng performance of these assets. To
evaluate the impact of possible management scenarios, modeling studiegpaséetined tool,
becausenany possible outcomes can be evaluated. Previous impact assessment studies have
focused on stormwater drainage and flooding ri@senberg et al., 2010; SemadBavies et
al., 2008; Waters et al., 2008)d SCM performanog-owdar et al., 2021; Hathaway et al.,
2014; Sharma et al., 2016; Zhang et al., 20L@) to climate changBut an impact assessment
requires consideration dbthfuture climate conditions and soegzonomic conditions
(Berkhout et al., 2002)

Socioeconomic conditions ammparablyimportant in evaluating the impact of climate
change on future societies and affect the development of comprehensive and effective mitigation
and adaptation strategiéBerkhout et al., 2002)In two urban catchments in Ostersund,
SwedenBorris et al.(2016)examined the combined effects of climate change and-socio
economic factors on stormwater quabtydconcluded thapollutant loads were more sensitive
to socieeconomic factors, such as increasing trafficriettes and changing of land use
patternsthan climate change. The increase in future TSS loads ranged betwe&®%Ofdr
different scenarios, but wetlesigned and maintained SCMs showedpthtential to reduce
future pollutant loads tess tharcurrent levels under a possible future scenamiearly 2020,
the world experienced a global pandef@©VID-19) caused by the coronavirus SAKSV-2.
Beginning in March 202® social lockdowmmitigation strategy was implementezprevent
diseasdransmissia. In the USA, the social lockdown Gstay-athome strategies varieh type

and timingby each jurisdiction or staf®oreland et al., 2020Y he stateof North Carolina
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issued mandatory stagt-home orders between March and May, transitioning to advisory orders
easing restrictions on population movement (Moreland et al., 2020). The periods of restricted
movement disrupted global supgthains, adversely impacting dailfel and the world economy
(Nicola et al., 2020)During these times, public services were classified as essential (e.qg.,
medical personnel) and nassential (e.g., sports, tourism, construction etc). Governmental
agency staff or their contractors condaogtinspection and maintenance of stormwater
infrastructure were not considered essential service provibkange! restrictions reduced the
revenueo Departments of TransportatigpOTs)generatedrom aviation, tourism, and road
taxes leading to economic uncertainties srtlieed budgets (Nicola et al., 202Q)imitations in
regular swale maintenance activities and reduced maintenance budgets allowed uncontrolled
vegetation growtlthat @uld potentially limit the hydraulic functions of a swdgafiude

Fontaneda et al., 2020y he impact of sch socieeconomicevents orswales treatingtormwater
guality have notyetbeen evaluatedn addition, there is a lack of a systematic approach to
guantify and evaluate the impact of human intervention on the water quality.

The framework satip byBorris et al. (2016provides a valuable tool for evaluating the
impact of differensociceconomicnanagement scenariaead human interventions on water
gualityin a local context.Themaingoal of thisstudy was to evaluate the performance of a
swale in mitigating runoff volumes and sedimkadsgenerated from highway runoff under
different socieeconomic and management scenattiwsugh application odn urban stormwater
quality model. Thdindings from this studynayassist policymakers in effective planning and

decisionmaking for stormwater management.
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6.3 ModelSelection andDescription

In urban watersheds, modeling tools with robust representation of hydrology/hydraulics
and pollutant transport processes are required for effective planning of SCM selection and
placementZoppou, 2001)Several modeling tools such as SUSTAIN (System for Urban
Stormwater Treatment and Analysis), SWMM (Stormwater Management Model), MUSIC
(Model of Urban Stormwater Improvement Conceptualization), and WinSLAMM (Source
Loading and Management Model for Windevare available to stormwater professionals and are
tailored to specific purpos€Elliott and Trowsdale, 2007; Jayasooriya and Ng, 2014)
Model Selection

WIinSLAMM is an empirical, procedsased, continuous model that was first developed
in the1970sby Dr. Robert Pitt and since 2005 By & Associates, LLCto characterize the
relationships between sources of urban runoff pollutants and stormwater quaitnodehas
beencontinuously updated using datasets from the Nationwide Urban Runoff Program (NURP)
study and other actual field data collected as part of various research @rittli@913)
WIinSLAMM estimates runoff volumes and pollutant loadingisfach contributing source area
and rainfall event.

Stormwater quality is directly associated wiitle land use of the contributing catchment
(e.g., urban residential neighborhood, highway. #6nSLAMM has an explicit landise for
freeways, which includes highways, interchanges, and vegetated rigiftway, making it
desiratte for highway runoff studiesuch as those byoung et al. (2018)Freeway pollutant
accumulation is expressed as available particle residue, which is a function of average daily
traffic, freeway length, and accumulation duration. Pollubanitiup andvashoffarebased on

empirical egiations that consider traffic loads and rain characteristics. Further, the model
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includes grass swalas aSCM. The main factors influencing selection of WinSLAMM for this

study included the following

1) Ability of this quastcontinuous modeb facilitate longtermhydrology and water quality
simulationsin addition to evenbased modelingHurley and Forman, 2011)

2) Availability of various structuraland nemt r uct ur al SCMs-, f al $soawnagi 6
analysegSelbig et al., 2016)

3) Capability of modeling water quality as both a function of hydrology/hydraulics and of
pollutants, analyzing both particulate and dissolved fdiusley and Forman, 2011)

4) Access to a usdriendly interface with wde applicationand documentatiofiom both
researchers and regulatgfdam et al., 2019; Borris et al., 2016; Hurley and Forman, 2011;
Young et al., 2018)

Model Processes and Algorithms

Runoff volume is calculated for each contributing source area and rainfall event and
estimated ashown in equation-@:

Q=P*A*R, (6-1)

where:Q=runoff volume (), P=rainfall depth (inches), A=source area (acres), and
Rv=runoff coefficient

The hydrograph is routed through tB€EM (e.g., swale)Swale-effectedrunoff volume
reductions in WinSLAMM are based on infiltration losses. Wetted area and dynamic infiltration
rate of the swale for each time step of the hydrograph are used to estimate the reduction in runoff
volume(Pitt and Voorhees, 2009low estimates and swale dimensions are used to determine

the roughness coefficient (manningds n) and f
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utilizing the VR curves originally developed by USDAemple, 1987and extended biirby
et al. (2005)

Sediment yield is estimated by determining the particulate solids concentration for each
contributing source area. These concentrations are available as default model files based on
NURP data and other empirical studoemductedhroughout the United Statd<or streets,
freeways, and higkraffic urban areas, sediment buildup (available total residue) is a function of
average daily traffic, length of freeway, and pollutant buildup duration no greater than twenty
days (PV&Associates, 2013quation6-2 is used to estimate the sediment buildup:

ATR=0.007*(ADT?8)*(Lrw)*(AccumDur+CurLoad) (6-2)
where ATR = Available Total ResidyéADT = Average daily traffic (vehicles/day)rw =
Freeway lengtiimiles), AccumDur= length of time from the last washoff event (days), and
CurLoad= freeway load after the end of the washoff event (Ibs).

Sediment washoff is based on the exponential relationship that considers the duration and
amount of rainEquation6-3 is only sensitive to the total rainfall volume and is defined as:

N=Noe*R (6-3)

Where: N=residual freeway logmbstrain (Ibs), No=initial freeway loadlbs),
k=proportionality constant, R=rain volunfieches)

Sediment reduction is determined through particle trapping in the SWal8LAMM
relies upon a predictive model for sediment transport in grass swales, which was developed
based on empirical results from both lab and field experintgmara(2005 andNara and Pitt
(2005) Settling frequencys an important factor to estimate the particle retention and removal in
a swale. Settling frequency is defined as the number of times a sediment particle of a specific

size will fall to the bottom of the swale through the water depth while flowing throegiwtale.
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Settling frequency is dependent on patrticle settling rate, flow rate, flow depth, swale length, ratio
of flow depth to the grass height, and influent sediment concentfataya and Pitt, 2005)he
mo d e | relies on Stokedés | aw to estimate the

equation é4:

_2 Ry

V
ST u

(6-4)

Where:Vs= settling velocity of particle (cm/slR= Equivalent radius of a particle,
considering shape (cpg= gravitational constant (980 crys} ,= density of a particle (e.qg.,
silica=2.65g/cm), J = density of fluid (e.g., water=1.0 g/érat standard temperature
conditions) andU= dynamic viscosity (e.g., water=0.01 gftat standard temperature
conditions)

Calculatingsettling duration (equation®) and travel time through the swale (equation

6-6) are thdinal stefs for estimating particle settling frequency (equatien)6n the swale

(PV&Associates, 2013):

Settling Duration (¥, seconds) = D/Y (6-5)
Travel Time (T, seconds) = L/V (6-6)
Settling Frequency =/ITs (6-7)

Where: D=flow deptt{cm), Vs=settling velocity(cm/s) L=swale lengtiim), and V=flow
velocity (m/s).

The key input variables to model the swale in WinSLAMM include total drainage area
and the fraction served by the swale, swale density, length and bottom width, longitudinal and
side slope, retardance factor, grass height, and infiltration rates. Mopet mdiudes runoff
volume and pollutant (concentrations and loadifgisgachlanduse, control practice, and at the

outfall. Output files can be exported as a .csv or excel file for further analysis.
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6.4 Methods

Performancef agrass swalender different management scenarios assessd using
WinSLAMM, Version 105.0. The studysite and the modkelg approachare described in the
following sections.
Study Site

A grassswalewas designed and built in 2009 by NCDOT to treat highway runoff in
Knightdale, North CarolindJSA (Figure6-2). The swale receives runoff from a bridge deck and

di scharges to Mingo Creek and is referred to

Figure6-2. Mingo Creek Swale with Forebay treating runoff frof4l0 Suthbound.
Mingo Creek swale was selected for impact assessment since it hgotddensly

studied(e.g., Luell et al., 2021; Winston et al., 20t8aracterizing the swale and providing

field-monitored hydrology and water quality datable6-1).
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Table6-1. Swalecharacteristics and available data for the Mingo Creek swale

Attribute

Description

Location-*7:8

[-540 Bridge deck over Mingo Creek, Knightdale, Wake
County, NC. (35A47Nj03njN,
Total 6 lane highway (three lanes in each direction). To
Width-18.3 m (60ft)

Average Annual Daily

17,00019,000vehicles/day (southbound)

Traffic®478

Constructiof?+’ 2009
Catchment Area (h&§ 0.46 (1.13ac)
Catchmentmperviousness 100%

(%)

Bridge de& dimensioni

Approximately250m(820 ft) long andL.8m @0 ft) wide

Pretreatment with Ripap lined
forebay®

Class B erosion control stone (:300mm nominal
diameter, b=200mm)

Swale length (nf)® 33.5 (110ft)

Average swale width (m§ 6.4 (21ft)

Channel longitudinal slope (%) | 2.0

Right bank slop&® 8:1

Left bank slop&* 8:1

Shapé* Triangular

Vegetation?*8 Tall fescue sodFestuca arundinacea)

Retardance Factor D (Low for mowed, good stand)

Soil typée-® Rawlings Sandy Clay Loam

Soil infiltration raté 0.0130.034mm/min (Mean.025mm/min)

Precipitatiofi Hourly records available at the RaleiBlirham
International Airport (35° 52' 40" N, 78° 47' 15" W)

Hydrology*® Dry

Hydrology monitoring dat&®

December, 20181arch 2014: Praetrofit
April 2014-March2015: Postretrofit

Water quality monitoring data
(parametersy+8

TSS, TKN,TAN, ON, NHs, NOx, TN, TP, OrtheP; Pb,
Cu, Zn

Water quality monitoring data
(time period}?*#8

October 200Decembe010
Decembef013-March 2014: Praetrofit
April 2014-March 2015: Postretrofit

Il uell et al. (2021)2Luell (2011) SNCDOT AADT CountsNCDOT, 2019, “Powell (2015)
°State Climate Office of North Carolina, CRONOS Datab&Bemple (1987)/URS
Corporation (2012)8winston et al. (2018).
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The runoff from the bridge deck is routed to the Mingo Creek swale by a total of forty
three scuppers located along the outer edge of the(deek et al., 2021)These scuppers drain
to a 30cm (12 in) PVC pipe that ultimately conveys stormwater to the swale inlet and forebay
(Luell et al., 2021; Powell, 2019pisconnections of the PVC pipe amdnor runoff leakage was
observed previously by Powell (2015) and verified during a site visit on November 30, 2020
(Figure6-3). An active rain event during the site visit reveathdt the pipe and scupper
connections have deteriorated causing substanthalf volumeleakage resuhg in scour holes

below the deck.

leaky scuppers.

&

‘| PVC pipeto
7 convey runoff.

& | Scour holes formed |
: belowthedeck.

Figure6-3. Runoff volume leakage from PVC pipe and scuppéis540 bridge deck
(observedNovember 30, 2020
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Model Development and Setup

WinSLAMM version 105.0. software wasbtained from PV& Associates, LL@Qnder
an academic license for modeling analysis. The field setup of drainage area and the receiving
swale is represented Figure6-4. This schematic showing the flow and pollutant routing was
developed using the land use, conduits, junctions, grass swale, and outfall subrbléines.
assemblegite data Table6-1) was entered in the model for source area and swale
characterizationThe baseline AADT data used were 19,000 vehicles, a figure obtained directly
from NCDOT and a more conservative estimate. The model was initially run with the default

model input files per the recommended strategy for model appliq@ié&Associates, 2013)

Freeway 1

Junction 1

bay
OD ore

Junction 2

DS Grass Swale # 1

G5

Junction 3
Outfall

Figure6-4. Model stupshowing flow and pollutant routings showrnin Source Loading
and Management Model for Windows (WinSLAMIdgftware
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Model Input Data

WinSLAMM has been developed using empirical data collected from several regions
across North America and contains default parameters and files for use. However, if the model is
applied at a local scale, it is bgsacticeto use local data for parameters when available from
reliable sourcesthus, dserved historic rainfall dat@an hourly interval)wereobtained fronthe
North Carolina Climate office (NCCO) from Iyul, 2008 September 30, 201RaleighDurham
International Airport (KRDU) was the closesation (approximately 37km to the wegt the
site where hourly rainfall data were availaldlbe format of the hourly rainfall recordsag/then
modified to match the rainfall file (.RAN) for input inWinSLAMM. Site-specific rainfall
depth datdor select storm eventgerealso available for the simulation time period from Powell
(2015) and included in the rainfall input fil®ther modeling input data were used frtira
default parameter files available with the model for southeast United Statesinhede
pollutant probability distribution (.PPDx), particulate solids concentrations (.PSCx), runoff
coefficient ((RSVx), and street delivery (.STD) files.
Model Calibration

The model ascalibratedusing the process describedmigt (2008)starting from model
default values and adjusting parameters to olatgimod fitbetween the observed data and model
output at the swale outlet. Calibration at the inlet was not feasible due to (1) frequent backwater
conditions, weir overtopping, and full pipe flow conditigdhatwere not conduciveo accurate
monitoring with laminar, steady flow conditions at the inlet Weitrell, 2011) (2) the inlet
sampling pointocationabove the feebayand not at the entry to the swal@per(Powell,

2015) and (3) the edgef-pavement measurements not availglleung et al., 2018)

205



First, the model ascalibrated for hydrology bynodifying the modetlefault rainfall
files with local rainfall datdy aligning rainfall totals with what was recordedste, addition of
the forebay as anothelementbefore runoff enters the swabknd adjustingalues forthe
infiltration ratesand forebay volumed herunoff coefficientsvere not changed, and the model
default empirical values were assumed satisfactory in absence ebfepgeement
measurementgroung et al., 2018)The modeivascalibratedfor hydrology using rainfall data
from the 20132014 studyPowell, 2015) Next the model wascalibrated for TSS by adjusting
pollutant removal by the foreband grass heighThe model was calibrated for sediment loads
with the 20132014 observed data, since monitored hydroldaga from 2002010 were
deemed unsuitable for ufleuell, 2011; Luell et al., 2021)

The typical model calibratiemalidation (C/V) approactvasnot followed herein due to
limited availability of hydrologc and TSS data. Furthermois,senault et al. (201&uggest that
the splitsample validation approacivherea portion of the data are used for calibration and part
for validation hasiegligiblebenefit in improving model performance. Diverging from the
traditional C/V approach in hydrologic modeligsenault et al. (20)8ecommendedsing the
entire available dataset for model calibratéanit eliminates assumptions (\@tby modeler),
thereby leading to better parameter sets, and a more accurate Tinedgblitsampling strategy
canalsomask good arameter setdue todifferencesn model performance between the two
different periods. This capotentially lead to false negatives and making the validation process
misleading for interpretation of model performaij&esenault et al., 2018A recent highway
swale modeling study byoung et al. (2018)sing WinSLAMM also focused solely on model
calibration supporting the approach applied herénce the model calibration was acceptable,

the scenario analysis was performed.
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Scenarios for Impact Assessment

To assess the impact of change in daily traffic loads and maintenance regimens on
performance of Mingo Creek Swale, five management scenarios were consffatied2).
The first three (SSR to SSP3) are in accordance with the three shared secomomic
pathways (SSPs) described®y¥ Ne i | |  ednd latdr appliedarOtie 4cenario framework
developed byBorris et al. (2016)Two new scenarios were develodedthis study (1) the
Social Lockdown (COVIB19); and(2) Altered Work Culture (posCOVID 19) to evaluat¢he
impactof these significant social everasd related human activign water quality.

Table6-2. Scenarios for impacassessmermtf Mingo CreekSwale, Knightdale, NCUSA.

Scenario Name Scenario Description

EnvironmentaSustainability AADT=19,000. Swale is welnaintained with original
(SSP1), also referred as baselin infiltration rates.

scenario

Intermediate (SSP2) 30% increasé&rom baselinen AADT (24,700). Swale is
moderately maintaineavith reduced (50%) infiltration
rates.

Economic Security (SSP3), alsq 55% projected increageom baselinen AADT (29,450),
reflects Pre COVIBEL9 which aligns withpre-COVID peak traffic data (29,750).
conditions Swale is not maintained, causilogs ofinfiltration.

Social Lockdown/COVIB19 Approximatelyl5% and 45%eductionin AADT
(16,198)from SSR1 andSSR3, respectively Swale is not
maintained, causing failuf@o infiltration).

Altered WorkCulture/Post Approximately30%increase from baselinbut 20%
COVID-19 belowSSR3 pre-COVID-19 peak traffic
(AADT=24,149) Swale is welmaintained, with original
infiltration rates.

The baseline scenario or the environmental sustainability scenario (SSP1) represents a

world with high environmental awareness, rapid advancement of environmental technology, and
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stormwater quality management by wedsignecand maintaine&CMs(Borris et al., 2016;
Kriegler et al ., .JHlskeenario@ésinrebstteriurbam planaifg resimgg2 0 1 4 )
in low urban sprawl anthostly stable traffic intensities. The economic security scenario (SSP3)
tries to mimic a world where meeting the basic needs of a growing population places focus on
energy and food security, thereby prioritizing economic goals over environmental goals and
leadirg to environmental degradatipBorri s et al ., 2016; Kriegler et
2014) In SSPR3, rising home prices push people away from work locations, forcing commuting
and ultimately more vehicles on the roadwdayse intermediate scenario (SSP2) reflects an
intermediate pathway between the Sustainability and Economic Security sc@Rarigset al.,
2016; Kriegler et alAADT@unts #tom SEHsNemarid were altnosta | . ,
equal to preCOVID peak traficand based on the auttheNCBOG per son
inspection and maintenance program, the swaledweived minimal maintenandeely
resulting insubstantialoss of infiltration. Thus, SSP3 was considemedrlyequivalent to the
pre-COVID scenario for evaluation purposes.

The social lockdown scenari@QVID-19) represents 2020, a year of social lockdown
caused by globalpandemiclt could also represefriaffic patterns osimilar conditiondike
social unresand curfews that restrict population movemdhider this scenario, the traffic
volumes decreased significantly for an extended duratitth workplaces closed and social
restrictions in placgehowever this reductionwas temporaryActual traffic count data on a
monthly basis were obtained from the NCDOT &40 highway gproximately 16 km$10
miles) north of the Mingo Creek sifg-igure6-5). Traffic data indicated an approximate 45%
reduction in traffic volume along this highway once sé#nome restrictions were announced.

During such social lockdown evenitsspecton androutinemaintenance of SCMs also
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reduced or completely disrupted, leadingptdentialfailure, or at a minimum, reduced level of

swale function(SafiudeFontaneda et al., 2020)
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Figure6-5. Change inAverage Daily Traffic Preand PostCOVID-19 Pandemic,-540
Southbound, Exit 146 (Station#0920000024 source: NCDQifipublished daja

The 2020COVID-19 pandemic altexdthe workplace culture worldwidégading to
development o& new scenarid@ostCOVID) where a greater proportion of workforce is
working remotely,thereby reducing the traffic volume permanegtiynpared t@pre COVID
years PostCOVID traffic data show an approximate 18% reduction inpiteeCOVID traffic
volumesor SSP3 scenarioln the PostCOVID scenarigcritical government services and
departments typically responsible for maintenance of infrastructure assets are open. Thus, the
SCMscan bemaintainedo continue perfornmg at thér intended level of service
Statistical Analysis

The annual runoff volumes and pollutant loading data from WinSLAM#epwrocessed
and analyzed iMicrosoft Excel.The data were graphed for visual exploration and identification

of any anomalies. Statistical evaluation of WinSLAMM output for calibration was conducted
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using standard performance measures and performance evaluation criteria as ouloaddiy
et al. (2015)Model evaluation statisti¢dloriasi et al., 2015¢an be classified as: (i) standard
regression using Pearsondés correlatid() coef fi
dimensionless Nas8utcliffe efficiency (NSE); and (iii) error index statistics, which include root
mean square error (RMSE), mean absolute error (MAE) and percent bias (PBIAS).

Simple linear regressiowasused for the model calibrati@nd validatiorprocess by

evaluating goodnessf-fit indicators such as Rcalculated by equation-8):

2 —— (69

The root mean squasgror(RMSE) is the square root of the mean square error and

estimatedusingequation €9 (Alam et al., 2019; Moriasi et al., 2015)
B
2- 3% — (6-9)

Where, = number of observationsismodelsimulated runoff reductions for a particular
rainfall event (mm), andiy observed runoff reduction for a particular rainfall event (rflfigm
et al., 2019)RMSE has the same units as the model output response ffay. rumoff volume,
mg/l for TSS). MAE is typically similar in magnitude Hotverthan RMSE and is estimatég

eqguation €10 (Moriasi et al., 2015)
-1 %-B g ABES$ (6-10)
where, Obsare observed values, Siare simulated values, and n is the total number of
data points. PBIAS indicates tendency of simulated data to be greater or smaller than observed
values, a value of 0.0 suggests no bias, positive values suggest underestimation and negative

values suggesiverestimation of measured data by the m@delriasi et al., 2007)PBIAS is

estimatedusing equation4.1:
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(6-11)

NSE (Nash and Sutcliffe, 1970another common statistical parameter for hydrologic

calibrationis not applicablen WinSLAMM studies becaugbe modekstimates runoff volume

on an event bas{8orris et al, 2016) For calibration and validation efatersheescale

hydrologic and water quality moddls.g., SWAT, HSPF, and WARMFperformance measures

and performance evaluation criteria guidance are avaiiudasi et al., 2015, 2007yvhich

shouldbe applied with caution in smaltban catchment$n the absence of performance

evaludion criteria for stormwater models, the watershed modeling criteria were adaabdel

6-3). RMSE was selected as the primary objective function gnMRE, PBIAS as secondary

objective functions to evaluate the model calibration.

Table6-3. Performance evaluation critea@aptedo assess WinSLAMM

Performance Evaluation Criteria Supporting
Statistic | Parameter | Very Good Satisfactory | Not .
. Literature
Good Satisfactory
Runoff >0.85 0.750.85 | 0.600.75 <0.60 Moriasi et al.
R? Volume (2015)
Sediment | >0.80 0.650.80 | 0.400.65 <0.40 Moriasi et al.
(monthly) (2015)
Runoff - - <30% >30% Alam et al.(2019);
RMSE | Volume Young et al. (2018
Sediment | - - - - -

*All values on a daily temporal scale

6.5 Results and Discussion

Observed Data Summaayd Review

Field monitoring data collectdaly previousresearcherat the Mingo Creek swale were

examined for quality. The hydrologic data from the 2@021 study conducted hyell (2011)

were excluded due to multiple issues during data collection (e.g., backwater during monitoring,
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l eak i n pipe systems). A totaletafofnitmetieen
check dam) from the 2013014 studyPowell, 2015; Winston et al., 201&re available for

the hydrologc calibration. These precipitation events ranged fronfb2.3mm, with four in the
autumn and fifteen occurring in the win{&/inston et al., 2018)They categorized these
precipitation events, defining fourteen as small (<19mm), three as modera&@nih®, and two

as large events (>38mm). The rainfall derhm) and runoff volume (Mirelationship(Figure

6-6) shows a general agreement in pattern (higher rainfalls resulting in higher runoff volumes
and outflow volumes less than inflow volumes) exdepbne even{March 6, 2013where the

outflow volume exceeds the inflow.
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Figure6-6. RainfallFrunoff volumerelationship for monitored data at Mingo Creek Swale

This finding is likely because the rainfall event preceding this event occurred three days
prior, with substantial rainfall depth (11mm or 0.42 inches) and peak intensity (15mm/hour or
0.6 in/hour), allowing full saturation of underlying soil and limitiegention of any portion of

the new rainfall.
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The observed runoff volume data were plotted for visual analysis of anomalies followed
by an outlier analysis. Three data points (December 22, January 10, and March 6) met the outlier
criterion (less than lower bounds or greater than upper bounds) anceweneed from further
analysis. Four small storm events (December 7 and 8, January 5 and 29), less than 5mm, showed
complete infiltration in Mingo Creek swale with no measured runoff recorded at the outflow.
Complete infiltration from very small stormslikely and aligns with data frompreviousfield
studieg(Davis et al., 2012; Yu et al., 200However, the initial model runs generated outflows
for these extremely small events, pointing to the possible limitations of the model parameters in
accounting for these physical procesdésdelslimited temporal resolutiohourly rainfall
depthshlsolikely contributed to the discrepancy between observed and simulated runoff during
these small storm events. Since complete infiltration of such small stormmi® aealistic
outcome, these events were not included in the model calibration process, leaving a total of 12
storm events available for analysis. Using this method of defining the data set for calibration, the

final rainfall-swale outflow relationshiphanged from R=0.54 to 0.9QFigure6-7).
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Figure6-7. ObservedrainfallFSwaleOutflow Relationshipat Mingo Creek Swale
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In comparison to flow data, limited TSS data points (n=7) were availableFowvell
(2015)before the swale was retrofitted with a check d@able6-4). These concentrations were
multiplied by the observed runoff volume to obtain the sediment load for model calibration.
None of the sediment data were excluded from the model calibration process.

Table6-4. TSS concentrations and loaatsMingo Creek Swalesgurce: Powell, 2015)

Date TSSConcentrations (mg/L) TSS Loads (kg)

Inlet Outlet Inlet Outlet

12/09/2013 19 10 0.35 0.12
12/14/2013 47 64 0.91 1.31
01/10/2014 52 258 1.93 8.90
02/04/2014 40 26 0.73 0.32
02/19/2014 119 153 2.52 1.82
03/03/2014 91 22 0.75 0.17
03/16/2014 34 6 0.16 0.03

Red textin shaded cells indicate net export events.

The TSS concentrations sholweeinstances of sediment export from the swale, with the
January 10, 2014vent expoihg [approximatelyox (52 mg/L at the inflow and 258mg/L at the
outflow)]. Resuspension and dislodgment of previously deposited sediment from a swale is a
common phenomend@llen et al., 201% Overnighttemperatures were less than 0°C prior to
the precipitatiocommencementnd as décing salt application to roadways is typical in these
circumstances, especially on bridgége speculate thalit s e deposited sediment load in
the swale was likely comprised of deicing sadt grit a coarse, large partidieatcanrot be
mitigated by infiltrationHowever, his hypothesis remains unverified as NCDOT does not
maintain salt application data (personal communication, NCDOT Public Records request). Given
the dormant season, another plausible reason for ineffective sediment trapping could be a shorter

than optimagrass height.
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The otherxportevens on December 14, 2013, afabruary 19, 201,4howedan
increasan TSS concentration of approximately 1&8xhe swale outletyassimilar to previous
field studies showing occasional increase. Of note, the total sediment load at the outflow during
the February evemntas less than the sediment load at the swale inlet, highlighting the key role of
runoff volume infiltration in reducing pollutant loads.

WinSLAMM Calibration and Outputs

The model was first calibrated for hydrology using the selected 12 storm events. The
number of observed events available for calibration were comparable to other WinSLAMM
studies(Alam et al., 2019; Borris et al., 201@)filtration and brebay volumes were selected as
the hydrology calibration paramesewrith an AADT of 24,000 recorded in the simulation period
(NCDOT, 2019).

Infiltration was considered as an initial parameter for adjustment to test model
performance. The initial simulations were based on the mean swale infiltration rates (0.025
mm/min) reported by Winston et al. (2018). The values were gradually adjusted upwards until
themaximum observed infiltration rate (0.034 mm/min or 0.08in/hr) was reached. These values
appeared appropriate, as thltration data used for calibration weneeasuredlmost five
years after original construction, and during this timegtiass roots can create macropores that
enhance infiltration ratgqg\hmed et al., 2015; Mishra et al., 2Q0Bfiltration rates were not
adjusted beyond the observed maxima from 2015 and the model did not appear very sensitive to
changing infiltration rates in this case.

The initial simulation results did not meet the performance evaluation criteria for
satisfactory model calibratioNisual assessment ofadelfit andnegative PBIAS values

suggested the model ovestimated runoff volumeS&o, brebay volumes were selected as the
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next calibration parameterypical design volume of a forebay in North Carolina is about 20%

of the total SCM volumeéA review of the previously collected hydrology data by Powell (2015)
suggested tit a large amount of stormwater runoff was not reaching the svetleThis water

loss was attributed to the runoff volume leakage noted during the site visit and previously
reported by Powell (2015). The water loss occurring between the drainage area (bridge deck) and
the swale inlet was accounted for by adjusting the watieme (flow reduction) factor in the

forebay deviceThus, runoff volumenitigatedby theforebay was gradually increased from 5%

to a maximum 080% of SCM volumeAfter several iterations, the water volume loss was set at
65%, which yieldedsatisfactoy modelperformancdor selected objective functiorf$able6-5).

The calibrated model overestiradthe simulated runoff volume by approximately 26Plhe
relationship between observed and simulated runoff volumes for the final calibrated model at the
swale outlet is shown iRigure6-8.

Table6-5. Performance evaluation critetia determine model calibration and reliability

for runoff volume.

Statistic Performance Evaluation Criteria Value
R? 0.73 (satisfactory approaching good)
RMSE 5.66 &30, satisfactory)
MAE 3.66 KRMSE, satisfactory)
PBIAS | Negative (oveiprediction). Acceptable within £30% err{
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Figure6-8. Calibrated hydrologic model at thevale atflow.

Once the model was calibratsatisfactorilyfor hydrology, sedimentalibration process
was startedBecausetormwaterunoff volume ishe primarymeans of sediment transport,
changing parametecaninfluencethemodel 6 s response for both maki
calibration approachorebaysedimentationvas used as a first point of sediment load
calibration due to its ability afediment reduction through the process of settling and
sedimentatioriBackstrom, 2002; Deletic and Fletcher, 2008)e values were again gradually
increased from 5% to 20%. Infiltration rates and grass hpmylaimeters were also adjusted but
did not appear to influence sediment reductions, with the latter being somewhat surprising since
a taller grass height is expected to lead to better sediment tralpfudgl calibrationfor
sedimentwas deemed acceptatfRMSE= 5.66 and f0.56)at forebay sedimentation
efficiency of 10% while maintaining the water loss assumption of. GA%SE and MAE values
were less than lGnitsand applying the criteria for runoff volume, these RMSE and MAE

values spported satisfactorgediment calibration.
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Unlike runoff volumes, the modeindepredicted sedimentelivery (positive PBIAS
valueg. Figure6-9 shows the relationship between observed and simulated sediment loads at the
swale outletThe average simulated sediment load at the swale outlet was approximately 25%
less than the observed sediment loddiss may be because of model limitations to accurately

account for sediment accumulatiand transportinder the selected freeway source area.
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Figure6-9. Calibrated sediment model at theage aitflow.

Wi nSLAMM relies on Stokeds Law to deter min
optimal approach due to the shallow flows over grass surfaces (Deletic 2005, Hunt et al., 2020).
Instead, applying the Aberdeen equation (Deletic 2005) may be a betterchpjordatermine
particle trapping (removal) efficiency. The Aberdeen equation coefficients also account for
resuspension processes (Hunt et al., 2020) and may improve WinSLAMM model performance
for sediment prediction.

Scenario Analysis
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The final calibrated model was used to simulate the five management scenarios by
varying the AADT and infiltration rates as described @ble6-2. The period selected for the
scenario analysis was the same as the calibration (November 1Ag0030, 2014). A visual
examination of the TSS load at the swale inlet for each scenario and the rainfafigiata (

6-10) suggested a reasonable response of the model during the simulated period.

W SSP1 Loadln SSP2 LoadIn # SSP3 LoadIn
® Covid-19 Load In &2 Post-Covid Load In Rain (cm)
9 0
8
* * !
*
& o
6 o)
- & *
5 m _
s é . g
B 9y * o g g
& 4 ® g
i - & 4 ¢ =
=] [ ] - .
Y 1}
o * i g * 4
@ i * o ]
= +* © o
n F u - & &
o ; L] 0 gy X @ B
. e £ © a L] '
1 ” " % i ® (]
) g2 @
o &, o 000" %
0 T a & “ga o % g o 6
/5 'y 'p) 1y 2y 3y <y %y
75, T g 3 25 25 3 35
2 z z 2, 20 =7 &) 20
5 Oy 5 g > g g >

Figure6-10. Per eventadiment loads at thevale inlet for differensociceconomic senarios

Values normalized to kg/ha/year for reporting
Sediment loads generated at the swale inlet and outlet for all five impact assessment
scenarios are presentedrigure6-11. Simulated ediment loads increased from SSP1
(environmental sustainabilityp SSP3economic securityly 48%, but during the 2020 social
lockdown period a notable reduction4df%from SSP3 loadswas observedrhis sediment load
was lower than SSP scenario, supporting previous studies correlating the traffic count with

sedimen{Kayhanian et al., 2003; Wu and Allan, 201i8) the altered work culture/pe&OVID
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scenario, sediment loadsthe swale inletreturnedto pre COVID loadssimilar tothe

intermediate (SSP2) scenario.
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Figure6-11. Annual sediment loafbr different scenarios at Mingo Creek Sw4eSP1:

Environmental Sustainabilitgcenario SSP2: Intermediate; SSP3: Econo®écurity)

For the Environmental Sustainability Scenario (S$Rhe simulated average sediment
load at the swale inleteveapproximately2.11kg and 1.6 kg at the swale outletespectivelya
22% load reductionThesimulated load reduction is l@xthanthe range (3®4%) observed in
swale experimental field studiéBarrett et al., 1998; Stagge et al., 2012; Yu et al., 200i%)
noteworthy that this scenario had a lower AADT and thus lower influent loads, thereby reducing
the opportunity to treat a larger tam of the sediment loadhe sediment reduction difference
from other studies magisooccurfroomodel 6s | i mitation in assumin

to trap particles>50um, while in the field, swales have been observed to trap particles as small
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25um (Backstrom et al., 2006; Deletic and Fletcher, 2006¢ll et al. (2021 oted that the
Mingo Creek forebaygwale system detained particles between2@MOumM.

Under the economic security scenario (SSP3), with increased AADT, the average
sediment load at the swale inlet increase8.1@kg over the simulated periods noted
previously,a positive association between AADT and increase in sedimentiaadseen
observedKayhanian et al., 2003; Wu and Allan, 201Byt often, other environmental factors,
such as antecedent dry periods, rainfall intensity, and windborne dust and particulatdspmay
influence TSS concentrations generated from road\@a&ysston ¢ al., 2023) The SSF3
scenario also included an absence of proper maintenance due to reduced funding and resources,
whichlikelyi mpacted the swaleds infiltraf6bopn and se
resulting in approximately @3 kg of sediment delivered to the swale outlet. This decline in
swale performanceill have more severe consequencamiproperly maintainedwales with
high original infiltration rates. As expected, the intermediate scenaricZpB& a sediment
load at the inlet 02.67kg, between those of SSP and SSP. The average sediment reduction
ability of the swaleX9%) and the sediment load delivered at the outl@6(Rg) were also
between the two scenarios.

In the COVID-19 scenaridthatwith the lowest AADT), sediment load decreasedit83
kg at the swale inlet. This was a 13% and 41% reduction in sediment load generated at the swale
inlet relative to those dBSR1 (environmental sustainabilitgnd SSF3 (economic security)
scenarios, respectivelyhe reduced sediment load in teicial lockdowrscenariowith traffic
countslower than preCOVID periodaligns withthe improvement in environmental qualihat
occurredworldwidein 2020(Kumaravel et al.2020; Lokhandwala and Gautam, 2020).

However, a lack of maintenance (represented by loss of infiltration) in the social lockdown
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scenario resulted ithe sameverage sediment reduction ability6¢o) asthe economic security
scenario. This observation emphasizedntbed for proper maintenance, which is often enabled
by proactive inspection and maintenance programs with technical guidance and training to
facilitate longterm performance of swales. Due to its critical role, preliminary swale inspection
checklists and maintenance guidance are provided in AppBrfdixstormwater professionals.

In the PostCOVID scenario, the economic recovery process put more workers back on
the roads, but the total AADT did not reach-@®VID levelsbecause of altered/remote work
culture Sediment loads at the swale inlet under this scerzaBakg) were closer to thee of the
intermediate (SSP2) scenario. However, resumed maintenance (improved infiltegtoeq
the average sediment reduction ability of swales ba2R%, same athe Environmental
Sustainability Scenario (SSP1). Overall, histCOVID scenariademonstrated net
environmental benefit with reduced sediment loads and enhanced infiltration fuohetioo
maintenanceT hi s e mer g eada saes0 tsheee mabreisd where i ncrease
sediment loads due to future growth and development can be accommodated sustainably with a
current SCM. However, implementation of this scenanaaild require the development of sound
environmental policies/hich encourag or incentivizeemployers to allow an altered work
culture for reduced traffic loaahd provision of adequate funding for SCM inspection and
maintenance programs

It is also noteworthy that there are reasons beyond model limitations which likely
influenced swalebds | oad r ed uheinfitrationraeof | i ty i n
underlying soilds a key mechanisro optimizea s wal e 6 s (Omésrefab, 2012 Yiucee
al., 2001)and should be considered early in the design protksgeverthe Mingo Creek

swale was originally constructed in soils with low initi#ltration (hydrologic soil group C)
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that were then highly compacted during construciimpactingthe ability to reduce sediment

loads through infiltration of runoffLuell et al., 2021; Winston et al., 2018his highlights the
importance of an informed design (e.g., with soil testing), proper construction techniques (e.g.,
minimal compaction and soil tillage prior to seeding), as well as ongoing maintenance (forebay
cleaning, vegetation maintenanegc) to promoteswale performance. If the swale is constructed
in poorly draining soilsadding a check daifwinston et al., 2018)r an underdraifAbida and
Sabourin, 2006; Lucas, 201€an improve runoff mitigatioand pollutant removal. Lastlyhe

Mingo Creek swale is a triangular swale @hannel) that has a smaller cregstional area than
would a trapezoidal channel, consequently reducing the contact time and opportunities for
filtration and sedimentation of soliggkka et al., 2024)

In summary, this exploratory analysis suggestedahagffective program for inspecting
and maintaining stormwater assets is criticabttend the shotterm environmental benefits
realized during the pandemic. With proper design and maintenance, the typical swale design life
of 25-30 yearqAllen et al., 2015pr the 50year operational lifeycle of swalegUda et al.,

2013) can be extended to over 60 years with sustainable function, good aesthetics, appropriate
infiltration rates, and high flow capagi(Rujner et al., 2018)

Theresults fronthis sitelevel studysuggest thathese incremental sedimemduction
benefits resulting from managing so@oonomic factors (e.g., proper maintenance, reduction in
traffic loads, better environmental policies) could be substaatttale watershedcale NCDOT
has hundreds of swales in their SCM inventory to manage roadway runoff, and cumulative
sediment load reduction can be an important step towards protecting downstreaniStageyes
et al., 2012)To combat future water challengesing an integrated water management strategy,

and an approach emphasizing systemwide thinking is recommg@ndtxhway et al., 2024)
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6.6 Limitations and Future Research

Scenarios developed under this stuthluded one axis (socieconomic pathways) of the

climate change scenario framework. The other axis of climate change (representative

concentration pathways) that examines the impact of changing rainfall amounts and patterns

could not be evaluated dueabsence of local, sufficiently higiesolution, future precipitation

datg but can be included in future impact assessments once that data becomes .aMadable

available hydrology and water quality (TSS) data for this site were limited in both quauctity a

guality. Water loss from leaky scuppers caused an error in the hydrologic assessments.
TheMingo Creek swale compldieinfiltrated small storms, but the model simulatifmm

those days generated runoff at the swale olRledsible model improvements inclugleeview

of theswale submodule in WinSLAMM.Local rainfall and water quality daskould be

collected to develop local input parameter files and to continue to refine the model processes and

algorithms for smalktorm hydrology. Theurrentparticle trapping threshol@50um)could be

updated in the model {&25um)which appears tbetter represemtbservedswale pocessesdn

addition, incorporatinglements othe Abe deen equation instead of St

swales and filter strips may i mprove model 0s
As research on microplastics and otberergingmicropollutants evolveand stormwater

runoff specific data become availapfeodel developersanconsider including them as a

pollutant in models. Lastly, the dataset used in WinSLAMM to develop default parameters files

is betweenl0-40 years old, which may limit model application for pressanyt stormwater

quality predictions (Simpson et al., 20280 opportunityexiststo update the default parameter

files with recent water quality dathaut this may be limited by resources available to characterize

the individual source areasdifferent geographical aredsastly, WinSLAMM could be
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enhanced by including infiltration swales, bioswales, and wet swales as a treatment option.
Better swale inspection and maintenance guidelines need to be developed and supported by
organizationsuch asAmericanSociety for Testing and Materials (AS$M) or AmericanSociety
of Civil Engineer ASCE) for their global application.
6.7 Summary and Conclusions

This exploratory analysis was the first attempt to evaluate the impact of different socio
economic and management scenarios on the performance of a grass swale in North Carolina
using WinSLAMM. The model was calibrated satisfactorily for runoff volumesaaiment
loads Results suggest that if a swale is maintained, increased traffic loads can be accommodated.
Findingsalsoindicateal the importance of (1) effective urban planningritigateurban sprawl
and resultant increased AAD&Nd(2) increased fundg to propety inspect and maiain
swales. Preliminary swale inspection and maintenance guidance was developed for users until
better specifications become availaflhis study also illustratethe key role of humans and
influence of socieeconomic factors in the water cychepositive association between increasing
AADT and sediment load delivered to the swadivocates for the inclusion t&ffic counsin
future swale design. WinSLAMM may be a beneficial planning tool for highway stormwater

managers to evaluate other roadside SCMs and grigastincture practices.
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Chapter 7 : Research and Engineering Significance

7.1 Research Summary

Although swales have long been used for stormwater management, the research and
application focus has traditionally been on stormwater conveyance. With evolving water quality
regulations, the emphasis is shifting to use swales and other green infrastneasures for
stormwater treatment. Four different water quality swale types were defined as part of this
dissertation to assist the stormwater community with consistent use of terminology.

While severabwale type®xist, water qualitycentricdesign guidances limited. This
gap was filled by developing scierbased design guidance for each swale type targeting
common stormwater pollutants. Runoff volume, sediment and heavy metals can be reduced
effectively by wellmaintained grass swales amdnfiltration swales. Nitrogen removal is best
accomplished by a wet swale. Bioswales are most suited for removing phosphorus and bacteria.

Grass swales were examinedcontrolledplot-scale experiment® advancehe body of
knowledge ortheinfluence of key design parametéos optimizing swale desigi trapezoidal
shaped swale with flatter longitudinal slopes and extended length was found to be most effective
for both runoff volume mitigation andater qualitytreatmentThese findings arbopedto be
incorporaed by regulatory agenciesitaproveexistingswale design guidelines.

An exploratory analysis was conducted udimgsourcebased simulation model,
WIinSLAMM, to understandwale grformanceainder changing socieconomic scenarios.
Traffic loads and maintenance regimens were used to define the scdResioigssuggesthat
provide a swale is maintained, increased traffic loads can be accommadutee researchan
investigatehe impact otlimate changen stormwater systems, which may assist policymakers

in developing effective localdaptation strategse
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7.2Researchimpact on Policy and Practice
Theresearcltonducted herein has impacted the academic community, practitioners, and
policymakers in the following ways:

1. In 2020,NCDOT developed a Swale Policy that distinguished conveyance channels from
treatment swale€onsequently, NCDOTisspection policy wamodifiedto focus on
inspecting treatment swales, thus reducing the previous burden of inspecting all channels.

2. In 2022, NCDOT updated theSCM Inspection and Maintenance Manual. One of the
key updates involved expanding the Swale Chapter to define the four different types of
swales and their specific inspection and maintenance needs. In addition, four separate
inspection checklists were ddwped for each type of swa(BlCDOT, 2022)

3. In 2024, NCDOT plasto launchan updatediesign toolboxor engineers and designers.

In addition to updating grass swale design guidance, new chaptbredaale, and wet
swaleare being develope#ey swale design guidanceder consideration by NCDOT
for adding to the toolbox that directly linked to this researdhclude:
a. Water quality swales be dgsied to treat the water quality storm;
b. Trapezoidal crossection be preferred over a triangular (V) channel where
right-of-way allows;
c. Incorporate a cheelam close to swale outlet for enhanced infiltration and
sedimentation.
7.3Future Research Recommendations
This dissertation research has advareembmpassing optimaivale design for highway
runoff treatment. However, asvaleapplication for stormwater treatment continues to grow,

further swale researchill be needed.
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Optimal design guidance for variants of water quality swales (infiltration swales,
bioswales, wet swalesgmaingto be developed. A first step is to conduct further controlled
studies for each swale type. The literathesed design guidandevelopedn Chapter 4 for
bioswales and wet swales relies on the existing body of knowled@&€drcognates
(bioretention and stormwater wetlands). Since swales are primarily usedaadway
environment, the hydraulic loading ratio, contributing sources andtaattuare different than
those in a typical urbaor suburbarcatchment. Thus, targeted field and laboratory research for
these linear devices is needed to guide effective design antelongperation and
maintenanceDifferentfilter media mixes for bioswales should be evaluatddrotion
effectivelyandtreat typical highway pollutant&.or example augmentinghe media mix with
higher sorptive capacity matesal can | mprove a bi oswaAceassr pol | u
filter media mixmayimprove hydraulic conductivity and enalfdiltration in cold climates with
frequent frozen conditionsind reduce clogging potential of filter media in bioswales when
pretreatment is not feasibl®imilarly, for a wet swalehe vegetation typesith different
characteristics (e.g., sdttlerant,freezedroughtresistantheed to be identified as part of
advancing their design critersand implementation in different geographical locations

A broader range of longitudinal slopes A% %) and per haps a Ami ddl]l
should be evaluated under controlled conditions to further understand impact of length and slope
on swale performanc@&his author acknowledges that swales on a 4% longitudinal slope may not
have been fisteep enoughoTheroleof sidedlopesinwager t he i m
guality treatment and impact of seasons on swale performance needs investg#tian.

research can be expanded to understanding treatiotemntipl of water quality swales for
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dissolved metals, polycyclic aromatic hydrocarbons, bacteria and other emerging micropollutants
(e.g.,microplasticsCOVID-19 disinfectants and their byproducts).
The need for effectively maintaining stormwater assets (conveyance, storage, and
treatment systems) for reduced risk and-dyele costs has gained recent attention. Swales are
an important stormwater asset and must be included in fagsetmanagemenplans and
strategy. While regular maintenance is critical to lktegn performance of swales, it does
require both monetary and human resources. Thus, a better understanding of inspection and
maintenance procedutesg., frequency of inspections, routiversus specialized maintenance
needs and costs, and development of technical specificaiaoreededln-situ soils (for grass
swale and infiltration swales) and engineered media mix (for bioswales) should be evaluated to
guide longterm maintenance needs.
Althoughthe Mingo Creek swale site has bgegriodically yetextensively studiedince
201Q monitoring challenges have impacted the quality of available data for modeling
calibration. Future data collection effolieth at Mingo Creek and elsewheateuld include a
Quiality Assurance Project Plan (QAPP) to increase confidence in data collection and quality.
Scenario analyses using computer models can be useful tools to guide future-decision
making, thus similar impact assessments considering-scolmomic conditions should be
corsidered for othelISCMs As higherresolution future precipitation and other climate data
become available, the swale impact assessment conducted herein should be revisited to include
both future climate and socgronomic conditionLurrently available stormwater quality
computer modelsould be enhanced Iigcluding infiltration swdes, bioswales, and wet swales

as a treatment option.
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Appendix A: Rationale for Swale Design Recommendations

To support the swale design guidapcesentedn Chapter 4, additional justification is

presented herein. The design recommendations were developed using following general

methods:

1.

Application of directly applicable swale design recommendations, if available in the
scientific literature. Both swale modeling and field studies were considered as part of
the primary scientific literature.

Compilation of metadata (grass swale design factors and performance) from previous
studies (n=36) to analyze and draw inferences and propose design guidance.
Presence of anecdotal evidemé¢heliteraturethat can be applied to proposed design
guidance.

In the absence of direct design recommendations, suitable swale data to draw
inferences, anecdotal evidencejrocases of conflicting guidance, apply best
professional judgment.

Due to lack of literature on bioswale and wet swales, applying sté@bave to

draw guidance from bioretention and stormwater wetland studies, respectively.

Thesupportingtables on the following pages provide reasoning for tabepresented

in Chapter 4. Table A should be referred as the supplement for TatlleA+2 for 42, A-3 for

4-3, A-4 for 44, and A5 for 45.
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Table A1. Swaledesign guidance for conveyance and volume reduction

Design Component
(Guidance)

Reasoning

Main Channel (increase
crosssectional area;
trapezoid preferred but
triangular with side slopes
6H:1V or flatter in limited
linear environments)

Flat-bottom channel with lower length mitigated 40%
more runoff than WshapedFiener and Auerswald,
2005)indicating importance of crossectional area.
Swale with higher swale crosgctional area also provic
pollutant removal benefit@Backstrom et al., 2006
greater swale area can be achieved by increasing len
(potential higher costs) or width.

A comprehensive modeling study using design
configurations showed trapezoidal channel to provide
more flow area per unit depth than trianglatinston et
al., 2017)

Thus, trapezoidal shape is recommended first, but
considering site constraints with limited space for
construction, a triangular swale is also included, if
provided with flatter longitudinal slopes to increase fld
area.

Vegetation Type (mixed
with tall and stiff grass
blades)

Direct design recommendation is available based on
experiments and modeling for tall and stiff grass to
provide higher hydraulic
prevent submergence in higher flows and velocities
(Fiener and Auerswald, 2005)

Grass Density (non
clumping with high
density, gooeexcellent
grass cover)

Swale with dense turf can mitigate substantial amoun
road runoff(Backstréom et al., 2006However,
dense/good cover was not defined.

USDA Engineering field Handbook ad@mple(1987)
provides stem density of common grasses (2,750
9,200n7) for goodexcellent coverage. This was used t
develop the design recommendat(@r00G9,000
stems/m).
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Table A1 (continued).

Manni ng6&38)n

Eight field/l ab evaluat ¢
(hydraulic roughness coefficients) between 60138
reduced runoff volumes between-38% (Backstrom,
2002; Fiener and Auerswald, 2005)

Kirby et al.(2005)estimated roughness coefficients
between 0.24..35 for common grass types.

Due to typical mowed grass heightg#ch) in swales, a
range of 0.15).38 was deemed more representative, &
supported by application iHunt et al.(2020)

Check dams

Checkdams enhance runoff volume reduction benefit
(Dunn et al., 1995; Winston et al., 2018; Yu et al., 20(
To avoid common maintenance issues associated wit
checkdams(Winston et al., 2018)3esign guidance
proposes only one check damtog0cm high at the
downstream en(Kaighn and Yu, 1996)This is different
from the common design guidance of installing multip
check dams.

Underdrains (optional)
install perforated pipe
systems separated from
groundwater, in soils with
infiltration rate of 1cm/h

Direct design consideration to include underdrains for
sites with permeable native soils (1cm/h estimated
infiltration rate) to reduce runoff volume and pollutant
loadings(Abida and Sabourin, 2006)

Due to varying site conditions and other factors (costs
maintenance) associated with underdrains, this was
presented as an optional feature for designers

Construction Technique
(minimize compaction)

Soil compaction in swale channel adversely impacts
infiltration and thus runoff mitigatioAhmed et al.,
2015) Thus, a minimize compaction during constructi
recommendation was made.
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Table A2. Swaledesign guidance for sediment reduction

Design Component
(Guidance)

Reasoning

Swale Length{(30m
recommended with shorte
10-15m for smaller
catchment areas)

Yu et al.(2001)provided a direct design
recommendation ahinimum swale length of 75m.
More than thirty swale lengths between-2i#bm have
been evaluated in field and lab during actual rain and
simulated events. Reported sediment load reductions
have ranged from 289% showingno clear benefit with
only increasing length.

TSS removal performanaeeas noted tamprove
marginally (#20%)for each doubling of swale length
(Lucke et al., 2014; Winston et al., 201The cost of
constructing longer swales may lbenecessary the

first 10m of swale can provide 8% sediment
reduction(Lucke et al., 2014)

Considerindfield- and labevaluated swaldsetweerb-
100m (more practical)a 30mmedianlength was
recommended-or smaller drainage areas, a 10m leng
was deemed appropriate based on empirical results.

Longitudinal Slope
(maximum 3%, use check
dams for steeper terrains)

Yu et al.(2001)provided a direct design
recommendation ofl@gpes below 3%.
An average of 75% sediment reduction was observeo
approximately twenty field and lab swales with
longitudinal slopes between 1.0% (median) and 1.9%
(mean), supporting the recommendationvlyet al.
(2001)

Thus, a longitudinal slope of maximum 3% was
recommended. For steeper topography sites, a check
was suggested to attain the design slope.
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Table A2 (continued).

SideSlopeg(3H:1V for
trapezoidal and 6H:1V or
flatter for triangular
swales)

Twenty field and lab evaluated swales report side slo
ranging from 3H:1V8H:1V for 18 triangular swales, an
3H:1V for 2 trapezoidal swales. 12 out of the 18 swals
had batter slopes 6H:1V or flatter and reported greate
sediment removal than those wWiH:1V or steeper.

In triangular swales a lesser contact area in the main
channel (compared to trapezoidal swales) for treatme
can be supplemented by flatter side slqjBzsrett et al.,

1998; Winston et al., 2017But 3H:1V batter slopes for
trapezoidal channels were considered appropriate.

Crosssectional Geometry
(trapezoidal preferred but
triangular appropriate for
catchment areas<0.1ha)

17 of 19field and lab evaluated swaltsat reported
shapewere triangular with no direct comparisons to a
trapezoidal shap®r sediment reductiorOne field and
modeling study provided a direct design recommenda
for flatter-bottomto mitigate runofi(Fiener and
Auerswald, 2005)

Another modeling study showingapezoidal swales
provide an average of 10% more sediment reduction
than a \\swaledue to (i) flow depth<grass height; (ii)
greater contact area for filtration and sedimentation
(Winston et al., 2017)and trapezoidal channels are
easier to maintaithan the triangular.

Thus, trapezoidal shape is recommended as preferre
triangular swale is also included, if limited to smaller
drainage area. This also allows for site constraints wi
limited space for construction.

Vegetation Typédtall and
stiff, non-clumping)

Direct design recommendati@available based on fiel
experiments and modelirigr tall and stiff grass to
prevent submergence of vegetation below depth of flg
(Fiener and Auerswald, 2005)
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Table A2 (continued).

Vegetation Density

Empirical data suggest greater particle trapping
efficiency in swales with dense, fully developed turf
(Backstrom, 2002)but it was not defined quantitatively
USDA Engineering field Handbook affigmple(1987)
provides stem density of common grasses (2,750
9,200n7%) for goodexcellent coverage.

Empirical observation and technical guidance were
supported by uell (2011) andLuell et al.(2021)
reporting up to 45% reduction in sediment load in a
swale with grass blade density between 7-2@®0 per
m2,

Thus, a recommendation of good grass cover (3,000
9,000 stems/R) was formulated.

Grass Heigh¢4-6 inches)

Previous research provides direesin
recommendation of typical mowed grass height betwg¢
4-6 inches to provide resistance against submergenc
(Fiener and Auerswald, 2005; Hunt et al., 2020)

Flow depthbelow grass
height

Maintaining flow depth below grass height promotes
sedimentatiorfHunt et al., 2020)

Since flow depth will vary by swale design, a numeric
guidance was not proposed.

Hydraulic Retention Time
(5-6 minutes)

Thirteen field/lab studied swales reported HRTs betw
1 min (n=3) to 11 mins (mean=5.7 mins, median=6.7
mins).

Winston et al(2017)computed an HRT of 5 minutes fq
30m long triangular and 6 minutes for a trapezoidal
swale. An HRT of 5/ minutes can remove wp 90% of
particles>25um(Backstrom, 2003)

Considering results from field studies and modeling, &
consistent recommendation obSminutes was propose
allowing both crossections for implementation.

Bioswale Geometry Desig

Direct design recommendatidor bioswale(Purvis,
2018)were adopted based on limited research and de
recommendations for bioswale.
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Table A2 (continued).

Bioswale Media
(temporary guidance)

71 Due to limited research on bioswale media, design

recommendations for bioretention filterediaby Hunt et
al. (2012)were adopted with slight modifications. For
example, media depth was adjusted to minimum of
0.45m as in a fiekinstalled bioswal€Purvis et al.,
2018)instead of 0.30m minimum for bioretention.e&e
adjustmentsillowed same design for nitroggeatment.

Check dams (optional)

Due to no clear benefits of chedams in sediment
reduction documented in the literature, this was propd
as an optional feature.
To avoid common maintenance issues associated wit
checkdams(Winston et al., 2018)3esign guidance

proposes only one check dam up to 60cm high at the
downstream en(Kaighn and Yu, 1996)This is different
from the common design guidance of installing multip
check dams.
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Table A-3. Swaledesign guidance for nitrogen sequestration

Design Component
(Guidance)

Reasoning

Side Slopes (3:1 for
trapezoidal, 6:1 for
triangular)

Twelve ofthe field/lab evaluated swales reported tota
nitrogen load removal. Side slopes were reported for
swales with eight at greater than 6H:1V and two at
3H:1V. The only negative reductions were reported in
swale with 3H:1\(Stagge et al., 2012)

Considering nitrogesspecific results and following the
logic for sediment reduction, 3H:1V side slopes for
trapezoidal and 6H:1V for triangular swales were
proposed.

Bioswale (Engineering
Media specifications)

High removal of nitrate (100%) and TN (70%) in-ft5
deep submerged anoxic zones (engineered media) W
observed in a laboratory stu®inger et al., 2007)
For bioretention, SCM similar to a bioswaleft3
minimum media depth was recommendedHmnt et al.
(2012)

A range of media depth (:Ht) was deemed suitable fq
bioswale to allow for flexibility in selection because: (]
swale site constraints can often limit available depth 4
(2) engineered media costs can be substantial.
Bioswale within this media depth rangef(Rhas been
tested successfully in controlled studiBsirvis, 2018)
providing confidence.

Due to limited bioswale researchher design guidance
e.g., media contentpfiltration rates and underdrains
were adopted frorhlunt et al.(2012)for bioretention
design.
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Table A3 (continued).

Wet Swale (surface area:
drainage area; roughness
coefficient; vegetation)

Due to limited wetland (wet) swale design criteria,
stormwater wetland literature was referred to develop
guidance.

Higher surface area: drainage area ratio (4.7%) and
diverse plant community provided greater nitrogen oz
reduction(Line et al., 2008)Thus, a SA:DA ratio of 5%
was recommended for wet swale.

(Kirby et al., 2005estimated roughness coefficie s
between 0.24..35 for common grass types.

A range of 0.15.38is more representativia grass
swale die to typical mowed height{@inch) ingrass
swalegHunt et al., 2020)However, die totaller than
typical mowed grass height-@ginch)and emergent
wetland vegetatiom wetswalesa higherange ofn
0.26-1.35was proposed for wetland swale design.
Diverse plant species are recommended to allow for
variation in plant biomass, root architecture and
physiology, ultimately influencing nitrogen uptake ang
removal from stormwatdiRead et al., 2008) his
guidance also allows better plant survival in different
conditions.

Forebay Direct design recommendation to include forebay
(Purvis, 2018)
Check dams Direct design recommendation to include minimum ofr

check dan{Purvis, 2018)
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Table A4. Swaledesign guidance for phosphorus removal

Design Component
(Guidance)

Reasoning

Side Slopes (3:1 for
trapezoidal, 6:1 for
triangular)

Seventeerwf the field/lab evaluated swales reported tg
phosphorus load removal. Side slopes were reported
nine swales with seven at greater than 6H:1V and tw
3H:1V. The only negative reductions were reported in
swale with 3H:1\(Stagge et al., 2012)

Considering phosphortspecific results and following
the logic for sediment reduction, 3H:1V side slopes fo
trapezoidal and 6H:1V for triangular swales design
guidance was proposed.

Bioswale geometry

Direct geometry guidance available for optimal biosw
design(Purvis, 2018)

Bioswale (Engineering
Media specifications)

Due to limited bioswale researchher design guidance
e.g., medialepth,characteristicsinfiltration rates and
underdrains spacing adopted frétant et al.(2012)for
bioretention design to remove phosphorus in stormwa

Check dams

Direct design recommendation to include minimum of
check dan{Purvis, 2018)
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Table A5. Swaledesign guidance for metals sequestration

Design Component
(Guidance)

Reasoning

Crosssectional geometry
(trapezoidal preferred;
triangular for limited space
and catchment areas)

Flat-bottomed grass swaleith loading ratio of 0.50
(swale area: drainage area) can prolegdemoderate
metal remova(Backstrom et al., 2006)

Consistent with proposed design guidancestatiment,
trapezoidal was recommended as preferred «geston
(due to increased swale area) with allowance for
triangular shapes in limited space and small catchme

Grass density (goed
excellent, 3,008,000
stems/m)

Empirical data suggesinetal removain swales with
dense, fully developed tugBackstrom et al., 2006put
grass density was not defined quantitatively.

USDA Engineering field Handbook afiégmple(1987)
provides stem density of common grasses (2,750
9,200n7) for goodexcellent coverage.

Thus, the proposed grass cover design guidance (3,0
9,000 stems/R) for sediment was maintained.

Side Slopes (3:1 for
trapezoidal, 6:1 for
triangular)

Between 812 field/lab swales with 6H:1V side slope
generally provided higher metal load removals than tk
with 3H:1V. Thus, side slope guidance proposed for
sediment and nutrients was maintained for consisteng

Bioswale (Geometry and
Engineering Media
specifications)

Direct geometry guidance available for optimal biosw
design(Purvis, 2018)
Due to limited bioswale researchher design guidance
e.g., medialearacteristicsinfiltration rates adopted fron
(Hunt et al., 2012jor bioretention design to sequester
metals in stormwater.
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Table A5 (continued).

Wet Swalé (surface area: 1 Higher surface area: drainage area ratio (4.7%) and
drainage area; roughness diverse plant community provided greater pollutant lo
coefficient; vegetation; reductiongLine et al., 2008)Thus, a SA:DA ratio of 59
check dams and forebay) was recommended for wet swale.

1 Kirby et al.(2005)estimated roughness coefficie ity
between 0.24..35 for common grass typd3ue to taller
than typical mowed grass heightg#hch) and emergent]
wetland vegetation in wet swales, a higher range of
0.26:1.35 was proposed for wetland swale design.

1 Diverse plant species allow for variation in plant
biomass, root architecture, and physiology, ultimately
influencing metal uptake and removal from stormwate
(Read et al., 2008)his guidance also allows better pla
survival in different site conditions.

1 For sites with lower water table but a shallower seasq
high-water table, including a check dam as part of deg
can promote wet conditions, key to wet swale functior

1 Forebays are part of design for stormwater wet(aunte
et al., 2008¥or diffusing flows and capturing
trash/debris. Since wet swales can receive concentra
flows and roadway runoff can convey litter/debris, the
forebay was included as part of the design guidance.

*Note: WetSwal eds shoul d b ®rnmetplpdaiments withiptolonged sai t i o n
conditionsand soils becoming acidic they may release metdtsgterm
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Appendix B: Experimental Swale Design and Construction Plans
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SITE DATA TABULATION
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