
ABSTRACT 

EKKA, SUJIT ANURAG. Optimal Swale Design for Highway Stormwater Runoff Treatment. 

(Under the direction of Dr. William F. Hunt III). 

 

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 range of pollutants and 

allow limited opportunities for mitigation, before reaching streams and rivers. Swales are a 

common stormwater control measure (SCM) used worldwide for managing roadway runoff. The 

emphasis on clean water has led to the evolution of different types of water quality swales for 

enhanced runoff treatment, but swale terminology remains ambiguous in the literature. To 

promote consistent use among practitioners and better focus future research, four types of water 

quality swales (grass swale, infiltration swale, bioswale, wet swale) and their pollutant removal 

mechanisms were defined. Due to limited water quality swale design guidance, literature-

directed recommendations were developed. It is clear from the existing research that runoff 

volume, sediment, and heavy metals can be reduced effectively by well-maintained grass swales 

and infiltration swales. Nitrogen removal is best accomplished by a wet swale, and bioswales are 

most suited for removing phosphorus and bacteria. 

To further guide optimal grass swale design, a controlled study was conducted to collect 

empirical data. Eight grass swales were constructed to investigate the effect of three key design 

parameters and two storm sizes on swalesô hydrologic and water quality performance. The 

design factors examined herein included channel length (33ft or 10m, 100 ft or 30m), shape 

(triangular and trapezoidal), longitudinal slope (1% and 4%), and rainfall depth (small-medium 

[~0.75 inches or 19mm] and large [~1.4 inches or 36mm]).  



The pollutants tested included total suspended sediment (TSS), nitrogen, phosphorus, and 

four total heavy metals (copper, lead, zinc, and cadmium). Synthetic runoff simulations were 

spiked to achieve typical highway pollutant concentrations, and synthetic hydrographs were 

generated by runoff simulation using an onsite reservoir.  

Swale length, shape, and storm-size were all statistically significant factors influencing 

inflow volume reduction. The maximum inflow volume reduction was provided by the 30m, 

trapezoidal swale, constructed at 1% longitudinal slope during small-medium storms. For water 

quality treatment, the overall results indicated that grass swales are effective for conveying 

runoff and treating pollutants (sediments and metals), if designed for the water quality storm 

(typically 19-25mm). Swale length was a significant factor 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 length to the maximum extent 

practicable for optimizing swale performance. A trapezoidal cross-section should be the 

preferred swale shape to achieve stormwater treatment goals. Swales runoff volume and 

pollutant load reduction ability was slightly reduced for larger storms. 

An exploratory impact assessment of five different socio-economic scenarios on a water 

quality swale in Knightdale, North Carolina, was conducted using a source-based loading 

stormwater quality model, WinSLAMM. Modeled scenarios included changing annual average 

daily traffic (AADT) with different maintenance regimens representing different management 

scenarios. Five modeled scenarios included changing Annual Average Daily Traffic (AADT) and 

maintenance regimes mimicking the influence of socio-economic factors ranging between 

environmental protection and degradation.  The model was calibrated satisfactorily against the 

observed data for runoff volume and sediment. Results showed an increase in sediment loading 



with an increase in AADT, but the swale can reduce sediment loads, especially when maintained 

regularly. In cases of increasing AADT and reduced or no maintenance, the swaleôs ability to 

treat pollutants is diminished thereby increasing the sediment load to receiving waterbodies. This 

exploratory analysis may assist policymakers in developing appropriate swale inspection and 

maintenance procedures and adaptation strategies for effectively managing highway runoff under 

different socio-economic 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 important issue globally. In the United 

States, significant improvements have been made to address both point and nonpoint sources of 

pollution since the Clean Water Act of 1972, resulting in improved water quality (Simpson et al., 

2023; Subramanian, 2016). The Clean Water Act requires industrial, municipal, and 

transportation agencies to obtain a National Pollutant Discharge Elimination System (NPDES) 

permit to discharge any pollutant to surface waters. A recent examination of stormwater runoff 

data from the past 40 years also indicates a downward trend in pollutant event mean 

concentrations (EMCs) and acknowledges the role of other environmental regulations, including  

the Clean Air Act and other source control strategies (Simpson et al., 2023). 

Urban stormwater runoff typically occurs in response to rain events from urban and 

constructed environments. Although urban stormwater runoff may occur via diffuse 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 source, as it may originate from buildings, residential areas, 

highways or roadways carrying a variety of pollutants but with limited space available to treat 

the polluted runoff.  This problem is especially true for areas with older infrastructure, as 

stormwater was historically viewed as a nuisance, and it was typically removed as quickly as 

possible via a network of storm sewers. The ecotoxicological effects and human health impacts 

of untreated stormwater runoff are well-documented in the literature, and land use is a proven 

factor impacting water quality (Rodak et al., 2020). 
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1.2 Urban Stormwater Management 

With a continued increase in the population in urban areas, the water demand for human 

consumption is also increasing. The traditional perspective of stormwater as a nuisance or 

requiring only flood control is being challenged, and a shift toward viewing stormwater as a 

valuable resource that can be used to satisfy increasing water consumption demands is becoming 

more favored (Fletcher et al., 2013; Heaney and Sansalone, 2009). As a result, there is a 

paradigm shift from primarily efficient routing and conveyance of stormwater to emphasizing 

treatment and reuse (Rodak et al., 2020). As an alternative to traditional stormwater control 

measure designs, low-impact development and green stormwater infrastructure principles are 

incorporated to manage stormwater runoff at the source by storing, infiltrating, and treating 

water (Dietz, 2007; Rodak et al., 2020). This approach allows for filtering of pollutants and 

groundwater recharge, making stormwater available for reuse. Examples of such practices are 

permeable pavements, raingardens, rainwater harvesting systems, green roofs, and vegetated 

swales.  

Swale as a Stormwater Control Measure 

Swales and roadside drainage systems date to the Roman Empire, which was known for 

its superiority in roadways with proper drainage (Burian and Edwards, 2002). The purpose and 

design of roadside drainage have evolved over time from combined sewers for simple flood 

control to runoff water quality treatment for protecting the receiving waters. Swales are a 

common stormwater control measure (SCM) used by the North Carolina Department of 

Transportation (NCDOT) and other DOTs to manage stormwater runoff due to their unique 

application in linear environments with limited rights-of-way, and low construction and 
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maintenance costs (CALTRANS, 2004; Henderson et al., 2019). Figure 1-1 shows example of a 

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

 

Figure 1-1. Water Quality Swale in Wake County, North Carolina. 

As part of the urban landscape, swales can provide aesthetic benefits and enhance natural 

hydrological processes, thereby preserving the pre-development hydrologic functions of the site, 

if designed and constructed properly (Ahiablame and Shakya, 2016; Dietz, 2007). Extensive 

research is being conducted worldwide to advance swale design and examine effectiveness of 

these practices in treating urban runoff (Ahiablame and Shakya, 2016; Dietz, 2007; Jia et al., 

2016; Yu et al., 2013). A regulatory demand for increased treatment of urban stormwater has 

recently resulted in the evolution of other swale types, including infiltration swales, wet swales, 

and bioswales (Ekka and Hunt, 2020). However, terminology should include clear distinctions 

between such terms as grass swale, dry swale, infiltration swale, wet swale, and bioswale to 

improve clarity and avoid interchangeable use in both literature and practice. As the function, 

design, operation, and maintenance for each of these swale types can differ greatly, it is critical 

that specific guidelines be developed. 
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Despite their widespread use and historical role in stormwater management, the influence 

of design parameters (e.g., channel length, slope, and shape) on effectiveness of swales is not yet 

fully understood and limited design guidance is available for water quality treatment swales 

leaving room for further improvement in swale design (Fardel et al., 2019). Yu et al. (2001) 

specifically identified the need for a comprehensive controlled study involving systematic data 

collection to better understand the effect of design 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., 2001), but their performance 

under large storm events (25-38mm) needs further research (Horwatich et al., 2018). The runoff 

volume reduction capability of a swale is largely dependent on the infiltration rate (Davis et al., 

2012; Revitt et al., 2017; Yu et al., 2001), which may be influenced by temperature or seasons. 

Unfortunately, previous research on this topic is conflicting. Emerson and Traver (2008) 

examined two infiltration SCMs and suggested a strong seasonal influence on infiltration rates, 

while Ahmed et al. (2015) examined 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 nitrogen and total phosphorus (Yuan et al., 2019). Swalesô reduced ability to remove 

nitrogen (especially nitrate) and sporadically even release nitrogen has been attributed to 

seasonal differences (Li et al., 2016; Stagge et al., 2012), as this pattern was observed more in 

the summer. Stagge et al. (2012) noted that a swaleôs behavior as a nitrogen source during 

summer may be due to an increase in nitrogen supply from organic materials (e.g., grass 
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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 25-30 years (Allen et al., 2015) or 50-year 

operational life-cycle of swales (Uda 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 in 1956, which continues to have good aesthetics, appropriate infiltration 

rates, and high flow capacity (Rujner et al., 2018). This finding highlights the importance of 

designing swales for sustainable long-term function.  

Typically in swale design, calculations must account for the contributing 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 highway runoff (Kayhanian et al., 2007, 2003; Rodak et al., 

2020). During the swale design process, this potential increase in AADT and resulting increase 

in pollutants is typically unaccounted for. This can lead 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 Carolina, is one of the fastest growing counties in the United States 

(U.S. Census Bureau, 2020; 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. If SCMs are not adequately inspected and maintained, this greater than 

anticipated pollutant concentration may lead to sediment deposition in swales, resulting in 

decreased infiltration, impacting the intended level of service, or causing complete failure of the 

structure in future. Other possible factors contributing to a lack of proper maintenance include 

collaboration, unclear responsibility for SCMs, inadequate technical knowledge, and financial 

barriers (Blecken et al., 2017). 

Several studies have been conducted to evaluate the impact of future conditions on 

stormwater drainage systems mainly focused on the drainage failures and flooding risks 

(Rosenberg et al., 2010; Semadeni-Davies et al., 2008; Waters et al., 2003) due to changing 

climatic conditions. Other studies have also evaluated the impact of climate change on SCM 

design and performance (Hathaway et al., 2014; Sharma et al., 2016; Tirpak et al., 2021; Zhang 

et al., 2019). Communities have embarked on individual journeys to adapt to climate change by 

updating intensity-duration 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 construction, maintenance of stormwater assets is key to 

optimal functioning, especially under changing climatic conditions (Hathaway et al., 2024). 

However, routine maintenance often suffers from a lack of (a) proper inspection and 

maintenance guidelines and training for the stormwater crew (Erickson et al., 2018), and (b) 

available capital funds to pay for the operating expenses. The latter is typically due to a lack of 

dedicated funding mechanism e.g., stormwater fees (sometimes referred as ñrain taxò) that can 

pay for ongoing maintenance expenses (Rodak et al., 2020). The funding gap is expected to 

continue widening as stormwater infrastructure continue to increase with the greatest potential 
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impact on vulnerable communities (Hathaway et al., 2024). These socio-economic 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 scenario evaluations. For example, no impact assessments exist for 

highway swales with future scenarios in which AADT is rapidly increasing while maintenance 

may be decreasing due to environmental policies that only allow low investments in advancing 

environmental technology. Thus, a need exists for conducting an impact assessment of different 

socio-economic management scenarios to properly evaluate sustainable performance and 

management of highway swales.  

It is evident that there are significant deficits in knowledge regarding these possible 

scenarios, and additional research is needed to better understand swale performance and advance 

existing swale design guidance for effectively treating highway runoff under different socio-

economic scenarios. A detailed literature review is presented in Chapter 2, to identify the 

existing body of knowledge and research needs for swales, followed by: 

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

community (Chapter 3) 

2) Development of science-based design guidance for stormwater engineers to design water 

quality swales (Chapter 4) 

3) Investigation of effect of key design parameters (length, slope, shape), and storm size on 

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

4) Modeling different socio-economic scenarios (change in future traffic intensities and 

reduced maintenance) to understand their impact on highway runoff and sediment 

treatment ability of a swale (Chapter 6) 
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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 in 1899, which was mainly focused on 

protecting navigability and was not supported by congress (Poe, 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 time. The 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 

Protection Agency (USEPA) authority to establish surface water quality standards and to 

regulate and eliminate discharge of pollutants into the waters of the United States (WOTUS). In 

order to regulate pollutant discharge, USEPA requires a National Pollutant Discharge 

Elimination System (NPDES) permit to discharge any pollutants to the WOTUS. In many states, 

USPEA has authorized state regulatory agencies to implement and enforce NPDES permits and 

regulations. In North Carolina, the NC Department of Environmental Quality issues and 

regulates the NPDES permits, which include industrial facilities, municipal governmental 

agencies, and the State Departments of Transportation (DOT). The DOTs are unique because 

they own and operate streets and highways that often transcend the municipal and watershed 

boundaries. The North Carolina Department of Transportation (NCDOT) is one of the largest 

DOTs in the United States, and it operates and manages approximately 15,000 miles of primary 

highways and 64,000 miles of secondary roads. As a result, NCDOT is regulated by 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 and fish-kills in the Neuse River and estuary in the 1980s and 

drought periods of 1998-2002 (USGS, 2005). Such events greatly impact the availability of clean 

water in water-supply reservoirs and recreational water bodies.  As a result, many state and local 

environmental mandates have been implemented in North Carolina to protect the surface waters 

and restore the targeted impaired waterbodies. These include the Neuse River basin, Tar-Pamlico 

basin, Falls Lake, and Jordan Lake watershed nutrient strategies.  The pollutant contributors in 

these watersheds have extra requirements in addition to the NPDES permits. For example, Falls 

Lake rules require contributors to reduce phosphorus by 77% and nitrogen by 40%, while Neuse 

River rules require a 30% reduction in nitrogen levels. NCDOT owned and operated roadway 

surfaces and maintenance facilities discharge stormwater runoff in almost all of the regulated 

basins and are subject to different regulations depending on location, making compliance with 

regulations cumbersome and expensive. Thus, NCDOT must continue to identify cost-effective 

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 rights-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 urban landuse of a catchment greatly influences stormwater runoff 

quality (Behrouz et al., 2024; Simpson et al., 2022). Highways and roads 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 impacts on water quality (Barrett et al., 1998b; Han et al., 

2006), including toxicity to aquatic organisms (Kayhanian et al., 2008). Common pollutants in 

roadway runoff that have been studied include total suspended solids (TSS), total dissolved 

solids (TDS), nitrate+nitrite (NO2-NO3), ammonia (NH3-N), total kjeldahl nitrogen (TKN), 

ortho-phosphorus (OP), total phosphorus (TP), carbon, oil and grease, arsenic, chromium, nickel, 

copper, cadmium, iron, lead, and zinc (Barrett et al., 1998a; Han et al., 2006; Kayhanian et al., 

2007; Luell et al., 2021; Wu 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). Thus, 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 waters (Huber 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 particulate-bound (Huber et al., 2016). In 

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., 2012). A previous study conducted to partition nutrient loads from an urban 

road surface in Australia showed that the dissolved component for total nitrogen (TN) ranges 

between 20-50% in comparison to 20-30% for total phosphorus (TP) (Vaze and Chiew, 2004). A 

recent field monitoring study at different road sites in North Carolina showed that 53-84% of TP 

occurred in the particulate form or particle-bound (Winston and Hunt, 2017). In contrast, nitrate 

(NO2-3), a dissolved constituent was a relatively small fraction (16-29%) of TN (Winston and 

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 quality (Huber et al., 2016; Kayhanian et al., 2012). 

Highway runoff constituents have been characterized and quantified by several 

researchers worldwide but significant knowledge gaps exist on their occurrence and fate (Opher 

and Friedler, 2010). Table 2-1 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. 

Table 2-1. Summary of typical highway runoff pollutant concentrations. 

Type of Pollutant Range Mean  Location Source 

Total Suspended 

Solids (TSS) 

32-771 283 Charlotte, North 

Carolina 

Wu et al. (1998) 

9-221 93 

4-113 30 

157-190 173.5 Austin, Texas Barrett et al. (1998b) 

15-166 71 Lulea, Sweden Bäckström et al. (2006) 

8.8-466 67.7 Los Angeles, 

CA 

Han et al. (2006 

1-2,988 112.7 California Kayhanian et al. (2007) 

6-312 72 North Carolina Luell (2011) 

- 13 North Carolina 

(Site A) 

Winston et al. (2012) 

- 35 Statewide, Ohio Winston et al. (2023) 

Total Phosphorus 

(TP) 

0.24-0.55 0.40 Austin, Texas Barrett et al. (1998b) 

0.1-8.2 0.9 Los Angeles, 

CA 

Han et al. (2006) 

0.03-4.69 0.29 California Kayhanian et al. (2007) 

0.03-0.53 0.17 North Carolina Luell (2011), 

Unpublished data 

0.07-0.17 0.13 North Carolina Winston and Hunt (2017) 

- 0.08 North Carolina 

(Site A) 

Winston et al. (2012) 
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Table 2-1 (continued). 

 

Total Nitrogen (TN) 0.30-2.80 1.05 North Carolina Luell (2011) 

1.26-1.69 1.48 North Carolina Winston and Hunt (2017) 

- 1.48 North Carolina 

(Site A) 

Winston et al. (2012) 

Total Copper (Cu) 0.01-0.036 0.025 Lulea, Sweden Bäckström et al. (2006) 

0.0012-0.27 0.0478 California Kayhanian et al. (2007) 

Total Zinc (Zn) 0.129-0.347 0.238 Austin, Texas Barrett et al. (1998b) 

0.05-0.135 0.100 Lulea, Sweden Bäckström et al. (2006) 

0.0055-1.68 0.187 California Kayhanian et al. (2007) 

Total Lead (Pb) 0.093-0.138 0.115 Austin, Texas Barrett et al. (1998b) 

0.004-0.017 0.011 Lulea, Sweden Bäckström et al. (2006) 

0.001-2.60 0.0478 California Kayhanian et al. (2007) 

Total Cadmium (Cd), 

ɛg/L 

0.2-30 0.7 California Kayhanian et al. (2007) 

 

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

landuse, climate, traffic load, vegetation (Barrett et al., 1998b; Behrouz et al., 2024; Kayhanian 

et al., 2007; Simpson et al., 2022), NCDOT has developed typical median EMCs for land use 

that are unique to the roadway environment based on research studies in North Carolina. The 

research dataset shows a median TSS of 28 mg/L, TN of 1.39 mg/L and median TP of 0.19 mg/L 

for primary roadways (personal communication, NCDOT, July 30, 2018) while secondary roads 

had a median TN of 0.54 mg/L and TP of 0.10 mg/L. The median concentrations for dissolved 

metals are: 10.95 ɛg/L (copper), 69.2 ɛg/L (zinc), 2.57 ɛg/L (lead), and 0.1 ɛg/L (cadmium), 

(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 

to the impaired waterbodies by several researchers. Lenat and Crawford (1994) 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 in the Piedmont ecoregion of North Carolina. Urban 

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

disrupting compounds, and nutrients that can eventually make their way to drinking water 

reservoirs and become part of the food chain (Heaney and Sansalone, 2009). In Los Angeles, a 

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

species, which were primarily attributed to copper and zinc (Kayhanian et al., 2008). They also 

observed algal growth in the samples suggesting nutrient availability in highway runoff samples, 

which can cause eutrophication of waterbodies.  A summary of the possible effects of these 

pollutants is presented below, primarily based on information from (Zoppou, 2001): 

¶ Suspended Solids: High amounts of suspended solids reduce light penetration in aquatic 

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). 

¶ Nitrogen: Nitrates become toxic only when reduced to nitrites. When present in high 

concentrations, nitrites can cause methemoglobinemia in bottle-fed infants.  

¶ Phosphorus: Excessive amounts of 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. 

¶ Copper: Copper is highly 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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¶ 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. 

¶ 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 adults are health problems 

caused by lead. It is less toxic to benthic invertebrates than copper, zinc, and cadmium. 

¶ 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 of ñfirst flushò runoff, noted in the early phase of a rainfall event are 

well-documented and suggest that capturing and treating an early portion of highway runoff 

volume may be a valuable strategy in protecting the receiving waters (Barrett et al., 1998b; 

Kayhanian et al., 2008). This can be accomplished through engineered devices, referred to as 

stormwater control measures (SCMs), or best management practices, which are constructed at or 

near the source areas to capture and detain stormwater. 

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 classified as non-structural 

and structural. Examples of non-structural SCMs include the following: enhanced ordinances 

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

and illicit discharge detection and elimination (Urbonas, 1994). Structural SCMs include but are 

not limited to detention basins, constructed wetlands, bioretention basins, sand filters, level 

spreaders, filter strips, and vegetated swales (Urbonas, 1994). Each SCM has its own advantages 
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and disadvantages that are unique to a specific application. For example, a wetland may be better 

suited for treating runoff from larger drainage areas, while a bioretention basin may be the 

optimal SCM for smaller drainage areas in limited urban spaces such as parking lots. 

The effectiveness of non-structural SCMs, such as public education, on water quality is 

difficult to quantify as these measures involve behavior change of stakeholders and are more 

subjective in nature (Urbonas, 1994).  Performance of structural SCMs in improving water 

quality is easier to measure, but the methods are not well-defined. The most common ways SCM 

effectiveness is measured is either using the percent removal method or the effluent event mean 

concentration (EMC).  Urbonas (1994) presented a range of pollutant removal for seven 

structural SCMs based on a review of literature and input from stormwater practitioners. They 

suggested that vegetated swales were not highly effective in pollutant removal compared to other 

structural SCMs, but swales may provide greater than 80% TSS removal, if the flow velocities 

were less than 0.15m/s (0.5 ft/s) and slope less than 3%.  

In a separate study, Yu et al. (2013) compared the performance of six different SCMs 

(grass swales, constructed wetlands, vegetated filter strips, hydrodynamic devices, media filters, 

and infiltration trenches) in Korea and compared the results with the BMP database developed in 

the U.S.  Their results suggest that in Korea grass 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. A comparison with the International 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 removing TP. Constructed wetlands 

seemed to provide the best overall performance for pollutant removal. However, when factors 

such as required footprint area and costs for construction, operation and maintenance are 
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considered in selecting the most appropriate SCM, Yu et 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 (GI) are often used 

interchangeably in practice and in literature but are actually two different concepts with a 

common goal. The former tries to minimize the impact of urban development, and the benefits of 

the latter extend beyond stormwater management (Fletcher et al., 2015). Low 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 before the initial land disturbance (USEPA, 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 pollutants (Dietz, 2007).  

Green Infrastructure refers to practices that treat stormwater pollutants at the source 

through natural processes, thereby providing cost-effective environmental, social, and economic 

benefits to the community (Davies et al., 2017). Some examples of GI are downspout 

disconnection, raingardens, permeable pavement, green roofs, and bioswales.  Runoff volume 

abatement and pollutant removal ability coupled with a smaller area requirement for construction 

facilitates cost-effective integration of swales into the developed urban landscapes. For example, 

Willis et al. (2013) found in a comparison of streets drained by the traditional curb-and-gutter 

system versus vegetated swales, a notable runoff volume and pollutant reductions occurred from 

swale areas.  However, more research is needed in this relatively new field to fully understand 

the effectiveness of these LID and GI measures (Dietz, 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 areas through a combination of physical and biological processes 

(Ellis et al., 2015). An environmentally friendly alternative to the traditional curb-and-gutter 

system, grass swales convey, attenuate peak flow rates, and treat stormwater generated primarily 

by highways and roads (Sara­oĵlu and Kazezyēlmaz-Alhan, 2023). There are several physical 

(e.g., sedimentation, infiltration, filtration), chemical, and biological processes that influence the 

mitigation of stormwater runoff volume and pollutant load. These pollutant removal mechanism 

processes are discussed in detail in Chapter 3. In addition 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 temperature (Sañudo-Fontaneda et al., 2020). 

Swale design guidance and available credits 

Swale design for water quality treatment is a two-step process: (i) hydraulic design, and 

(ii) pollutant treatment design (Hunt et al., 2020). The current design guidance used by NCDOT 

for swales recommends a trapezoidal or V-shaped cross-section with side slopes of 3:1 or less, 

and longitudinal 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 for a two-year 

recurrence interval storm (Q2) and a permissible velocity of 4.0 feet/sec for Q10 (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 typical highway 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 dams to provide water 
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quality benefits is questionable, as some studies show little to no benefit (Davis et al., 2012; 

Jamil and Davis, 2009). Yu et al. (2001) through early swale field studies had recommended 

including check dams to enhance swale performance. More 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 38mm (Mantilla, 2024; Winston et 

al., 2018).  

Until recently, swales received a removal credit of 35% for TSS and 20% for nitrogen 

and phosphorus, which was lower than other SCMs. The current crediting system considers 

swale research conducted in North Carolina and provides an effluent event mean concentration 

(EMCeffluent) for a dry swale of 1.1 mg/L and 0.14 mg/L for TN and TP, respectively (NCDEQ, 

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

swale under wet conditions (NCDEQ, 2018). Since the design of required controls are influenced 

by local conditions such as climate, traffic load, and native vegetation (Barrett et al., 1998b), 

NCDOT has developed typical EMCs for SCMs based on research studies in North Carolina that 

are unique to the local roadway environment. Existing North Carolina research suggested that 

grass swales have an effluent EMC of 0.57 mg/L for nitrogen and 0.11 mg/L for phosphorus. 

The recent guidance from NCDEQ (2018) discussed above considers swales as a secondary 

treatment device, which is in agreement with Yousef et al. (1987), but more recent research 

recommends that swales should be treated as a primary treatment device (Backstrom, 2003). 

Swale hydrologic performance 

Small-storm hydrology and effectiveness of swales in treating runoff from small storms is 

well studied in the literature (Pitt, 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 swales (Horwatich et al., 2018).  Five rainfall groupings are 

presented in terms of rainfall depth impacts, and defined by Pitt (1999) as follows:  

¶ extra-small (<5 mm or 0.2 inches)- these events usually produce no runoff 

¶ small (5-13 mm or 0.2-0.5 inches)- these events produce little to no runoff 

¶ medium (13-25 mm or 0.5-1.0 inches)- these events produce moderate runoff 

¶ large (25-38 mm or 1.0-1.5 inches)- these events produce majority of annual flows 

¶ extra-large (>38 mm or 1.5 inches)- these 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 standards (Horwatich 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 intermediate (23-33mm) 

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 peaks (Davis et al., 2012; Rujner et al., 2018). In a 

field study in Maryland, the runoff volume reduction was observed to be significant during storm 

events with rainfall less than 3 cm (Davis 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 

performed as a stormwater conveyance system. In Virginia, Yu et al. (2001) demonstrated a 

275m grass swale provided complete infiltration of runoff for storms less than 12.7mm.  Willis et 

al. (2013) also observed a frequent attenuation of small rain events for roads served by a swale 
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system when compared to the roads drained by traditional curb-and-gutter system.  Numerous 

other researchers have provided evidence of the runoff volume reduction benefits of a swale. For 

example, in Australia, Lucke et al. (2014) showed that a 30m long swale can attenuate the 

average flow volume by 52%. Similar runoff volume reductions between 33-66% were obtained 

in a field study with 5-10m long swales in Sweden (Backstrom, 2002). A 23% runoff volume 

reduction benefit from a 10m long highway grass swale was observed in the Piedmont region of 

North Carolina (Knight 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 infiltration-based SCMs in 

Pennsylvania, Emerson and Traver (2008) 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 values of roadside swales between fall and spring (Ahmed et al., 2015). In Sweden, 

a swale with low initial soil moisture conditions (typical of summer conditions) was shown to 

provide up to 82% runoff volume reduction, but the benefit reduced to only 15% when the initial 

soil moisture was high (Rujner et al., 2018). In 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 swales is also influenced by flow 

retardance, which is a function of channel roughness, grass height, and grass density (Backstrom, 

2002; Deletic and Fletcher, 2006). When 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., 2017). Most design guidance available for swales focuses on 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 ñwater quality swalesò where the flow depth is less 

than the grass height, Kirby et al. (2005) developed small-flow 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 advancement from the turbulent flow 

regime of Stillwater curves. Further research is needed on the role of vegetation for complete 

design guidance (Kirby 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., 1998b; Luell et al., 2021; Stagge et al., 2012). 

Pollutant removal in swales has been shown to be a function of their length, slope, and channel 

shape, grass height and density, flow depth, and vegetation, and underlying soil characteristics 

(Boger et al., 2018; Fardel et al., 2019; Gavriĺ et al., 2019; Hunt et al., 2020; Lucke et al., 2014; 

Luell et al., 2021; Yu et al., 2001). Lantin and Barrett (2005) 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 of the main channel. Typical research has investigated the efficiency of a swale to 

reduce pollutants that are common in stormwater runoff, such as total suspended solids, heavy 

metals, nutrients, and hydrocarbons. The results of swale performance for common stormwater 

pollutants have been summarized in the following tables: Table 2-2 (TSS), Table 2-3 (TP), Table 

2-4 (TN), Table 2-5 (Cu), Table 2-6 (Zn), Table 2-7 (Pb), and Table 2-8 (Cd). The values in 

these tables have been adapted and modified from Lucke et al. (2014). 
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Table 2-2.  Summary of TSS removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for TSS Removal (%) 
Source 

TSS Measurement 

Method 
Range 

Mean 

(Median) 

Field Site, Texas, 

USA 

85-87 86 Barrett et al. (1998b) Event mean 

concentration (EMC) 

reduction 

Field, Taiwan 67.2-86.3 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, 

Sweden 

79-98 N.A. Backstrom (2002) EMC reduction 

Field, California, 

USA 

N.A. 49 CALTRANS (2004) EMC reduction 

Field, MD, USA 44.1-82.7 N.A. Stagge et al. (2012) Mass load mean 

reduction 

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

reduction 

Field, Australia 50-80 65 Lucke et al. (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. (2021) Load reduction 

 

Table 2-3.  Summary of Total Phosphorus (TP) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for TP Removal (%) 
Source 

TP Measurement 

Method 
Range 

Mean 

(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 28.8-76.9 N.A. Yu et al. (2001) Mass removal 

Field, Virginia, USA 73.4-98.6 N.A. Yu et al. (2001) Mass removal 

Field, California, 

USA 

N.A. (-106) CALTRANS (2004) EMC reduction 
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Table 2-3 (continued). 

 

Field, MD, USA (-49.2)-

68.7 

N.A. Stagge et al. (2012) Mass load mean 

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. (2021) Load reduction 

 

Table 2-4. Summary of Total Nitrogen (TN) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for TN Removal (%) 
Source 

TN Measurement 

Method 
Range 

Mean 

(Median) 

Field, Florida, USA (-7)-11 2 Yousef et al. (1987) Average 

concentration 

Field, Taiwan 13.8-23.1 N.A. Yu et al. (2001) Mass removal 

Field, California, 

USA 

N.A. 30 CALTRANS (2004) EMC reduction 

Field, MD, USA (-25.6)-

85.6 

N.A. Stagge et al. (2012) Mass load mean 

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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Table 2-5. Summary of Total Copper (Cu) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for Cu Removal (%) 
Source 

Cu Measurement 

Method Range Mean 

(Median) 

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

concentration 

Field, California, 

USA 

N.A. 63 CALTRANS (2004) EMC reduction 

Field, MD, USA 42.3-81.1 N.A. Stagge et al. (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 

 

Table 2-6. Summary of Total Zinc (Zn) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for Zn Removal (%) 
Source 

Zn Measurement 

Method 
 

Range Mean 

(Median) 

Field Site, Texas, 

USA 

75-91 120.5 Barrett et al. (1998b) EMC reduction 

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

concentration 

Field, California, 

USA 

N.A. 77 CALTRANS (2004) EMC reduction 

Field, MD, USA 18-92.6 N.A. Stagge et al. (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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Table 2-7. Summary of Total Lead (Pb) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for Pb Removal (%) 
Source 

Pb Measurement 

Method Range Mean 

(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, 

USA 

N.A. 68 CALTRANS (2004) EMC reduction 

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

reduction 

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

 

Table 2-8. Summary of Cadmium (Cd) removal performance of swales. 

Study Type and  

Location 

Swale Performance 

for Cd Removal (%) 
Source 

Cd Measurement 

Method 
Range 

Mean 

(Median) 

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

concentration 

Field, MD, USA 41.4-71.6 N.A. Stagge et al. (2012) Mass load mean 

reduction 

Field, NC, USA N.A. (19) 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 

that have not yet been 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 change (Bouchard et al., 2013).  
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2.7 Factors affecting swale performance 

As evident from this review of literature, there are wide ranges in reductions observed for 

each pollutant, from negative reductions when swale is acting as a pollutant source, to substantial 

positive reductions when the swale is removing pollutants acting as a pollutant sink. This 

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 removal (Backstrom, 2003; Deletic, 2001; Deletic and 

Fletcher, 2006; Winston and Hunt, 2017; Yu et al., 2001). Consequently, many researchers have 

attempted to quantify the particle size distribution and understand the processes that affect the 

pollutant buildup and washoff in roadway runoff worldwide (Behrouz et al., 2024; Han et al., 

2006; Kayhanian et al., 2008, 2007; Li and Barrett, 2008; Li et al., 2005; Sansalone et al., 1998; 

Vaze and Chiew, 2004, 2002; Winston et al., 2023; Winston and Hunt, 2017; Yuan et al., 2017; 

Zanders, 2005). Particles 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, 2005). The 

gradation of materials collected from roadway surfaces can span a large range, from smaller than 

1ɛm to greater than 10,000ɛm, but the majority of particle sizes that are associated with the first 

flush runoff from the pavement are the finer fractions between 2-8ɛm (Sansalone et al., 1998). 

Another study from a low-traffic volume roadway in Australia showed that almost all the load 
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was finer than 3000ɛm, about 70% finer than 1000ɛm, and 10% load finer than 100 ɛm (Vaze 

and Chiew, 2002). A subsequent study by researchers showed that although more than half of 

surface pollutant load from roadways was greater than 300ɛm, the dominant particle size in 

stormwater that carried almost all particulate nutrients (TP and TN) was between 11 and 150ɛm 

(Vaze and Chiew, 2004). They concluded that for effective removal of TP and TN, the SCMs 

should be designed to remove pollutant size down to 11ɛm. In a field monitoring study 

conducted at multiple road sites in North Carolina to characterize road runoff, the median 

particle size (d50) varied between 32-167ɛm and d90 ranged between 72-594ɛm (Winston and 

Hunt, 2017).  

It is difficult for a roadside swale to trap the smaller particle sizes below 6-25 ɛm 

(Bäckström et al., 2006; Deletic, 2005; Deletic and Fletcher, 2006; Luell et al., 2021), a problem 

that can be attributed to limited hydraulic retention times in the rights-of-way (Winston and 

Hunt, 2017). Particle size in urban stormwater runoff is generally characterized as fine sand or 

smaller, median size less than 150µm (Behrouz et al., 2024). The smaller-sized particles carry 

the majority of nutrient and metals loads, due to their larger surface area available for binding 

(Vaze and Chiew, 2004; Zanders, 2005); these 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 that cannot provide treatment, or oversized facilities that require unnecessary capital 

investment and increased maintenance (Vaze and Chiew, 2004, 2002). Considering this, 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 of site-specific particle size distribution instead of a 
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single value to represent all runoff conditions for designing cost-effective SCMs and avoiding 

under-or-over-sizing for treatment.  

Soil properties 

Another key process that affects swale performance positively is infiltration rates of 

underlying soils (Barrett et al., 1998a; Yousef et al., 1987). In urban development areas, soils can 

be either compacted intentionally for augmenting soil strength, inadvertently due to use 

construction equipment (Gregory et al., 2006), or because of improper construction techniques 

(Brown and Hunt, 2010). Unfortunately, different degrees of compaction experienced during 

construction can cause high spatial variability inside swale (Mantilla, 2024) and severely limit a 

soilôs ability to infiltrate and provide key runoff volume and pollutant removal services (Gregory 

et al., 2006; Pitt 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 (3 in) (Knight 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 depth (Mantilla, 2024). Initial soil moisture conditions have shown mixed results on swale 

performance (Ahmed et al., 2015; Rujner et al., 2018). In 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). The benefits of vegetative cover in improving soil infiltration 

rates were also shown by Mishra 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 Carolina (Mohammadshirazi et al., 2017). 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 phosphorus (Yuan 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 differences (Li et al., 2016; Stagge et al., 2012), with this 

pattern seen more in the summer. A swaleôs behavior as a nitrogen source during summer maybe 

due to nutrient sources as a result of increased mowing frequency or other organic material 

(Stagge et al., 2012). 

Variability in environmental field data is 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 geometry (Fardel et al., 2019). This variability reduces confidence in the performance results 

of swales collected from field data, making it difficult to compare results across different studies 

and to synthesize an optimal swale design. Therefore, the need for controlled plot-scale studies 

where empirical data can be collected systematically to evaluate the effect of different design 

parameters was emphasized by Yu et al. (2001).  

2.8 Effects of design parameters on swale performance 

In addition to the factors discussed above, design parameters, for example, channel 

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

and swale cross-sectional area, can also influence swale performance. 
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Channel Length 

Existing literature shows that the majority of pollutant removal, especially TSS, occurs in 

the first 10-15 m of swales (Li et al., 2016; Lucke et al., 2014). Diminished removal 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., 2001). To remove 

dissolved forms of sediment, however, a longer swale length or downstream treatment system 

with settling and filtration mechanisms is recommended (Fletcher et al., 2002). In 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 20%-23% TP between inlet and outlet. This 

conclusion was supported by another study which found high sediment removal performance of 

swales within the first few meters, and recommended that construction of a swale longer than the 

required effective length may be unnecessary and is not a cost-effective solution for TSS 

removal (Mohamed et al., 2014). However, the findings from these research studies have not 

been successfully translated to design criteria. For example, the NCDOT swale design criterion 

of 30m (100 feet) of swale length per 0.40 ha (1 acre) of drainage area is anecdotal and needs to 

be tested. 

As demonstrated above, the optimal length of a water quality swale  is a complex 

question. Yu et al. (2001) recommended a minimum 75m swale length, but design length 

depends on the ultimate goal. Specifying flow attenuation or water quality treatment goals will 

result in different answers. Beyond this, identifying specific pollutant targets, such as TSS, 

metals, or nutrients may also change the necessary length. 
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Channel Slope 

Side slopes of a swale play a key role in mitigating runoff volumes and peak flows 

(Mantilla, 2024; Sara­oĵlu and Kazezyēlmaz-Alhan, 2023). For achieving higher pollutant 

reductions, it is recommended that the swales should be built with reduced or mild longitudinal 

slopes (Hwang and Weng, 2015; Winston et al., 2017; Yousef et al., 1987), but very limited field 

data have been collected to identify an optimal slope. Yu et al. (2001) recommended a maximum 

design slope of 3% for swales to provide pollutant removal. Results from a laboratory-scale 

study using hydraulic tilt flumes showed that any negative effects of steeper slope (higher 

sediment concentration, erosive velocities) can be mitigated by good vegetative cover in grassed 

waterways (Mishra et al., 2006). The benefits of good grass cover in reducing sedimentation and 

increasing infiltration were notable with an increase in longitudinal slope. The role of side slopes 

in water quality treatment needs to be explored. 

Channel Shape 

Barrett et al. (1998b) suggested that triangular (V-shaped) channels are the optimal cross-

section for highway median when pollutant treatment is desired. In contrast, more recent studies 

based on field experiments (Fiener and Auerswald, 2005) and modeling (Hwang and Weng, 

2015; Winston et al., 2017) suggest that a trapezoidal shape may be the optimal channel shape to 

provide pollutant removal when compared to triangular (V-shaped) channels, as this provides a 

larger cross-section and greater hydraulic retention 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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Post-construction maintenance is of paramount importance for sustainable performance of swales 

through their life-cycle. 

2.8 Role of Inspection and Maintenance in Swale Performance 

Sediment deposition, undesirable vegetation growth, erosion, debris and trash deposition 

can impact a SCMôs ability to function per the intended design, ultimately affecting quality of 

receiving waters (Lindsey et al., 1992; NCDOT, 2015). Thus, all SCMs need proper inspection 

and maintenance to provide the level of service and pollutant treatment intended by design. A 

study of twenty-six biofilters in Sweden revealed sub-optimal performance with high volumes of 

sediment and litter accumulation in forebays being the primary cause (Beryani et al., 2021). In 

Maryland, more than 250 SCMS inspections were conducted to determine their functional levels 

and maintenance needs. Results showed that more than one-third of SCMs were not functioning 

per the original design and more than 67% of the SCMs needed some maintenance (Lindsey et 

al., 1992). This included minor or routine maintenance items such as mowing or sediment and 

debris removal, as well as a few in need of immediate corrective actions to ensure public safety. 

One example of concern was vegetation growth on dams that could lead to failure of 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 highways in Prince Georgeôs County, Maryland were shown to 

have only moderate maintenance needs compared to other highway SCMs (Li, 2015). The study 

showed that scouring, channelization, and erosion were the most common issues in swales, 

especially when 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 performance. (Beryani et al., 2021) 
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Sediment deposition on swale beds can reduce water infiltration and increase overland flow, 

ultimately diminishing grass efficiency (Deletic and Fletcher, 2006). In a swale, while the initial 

deposition of sediment is not long-term, subsequent runoff events trigger sediment resuspension 

and redeposition ultimately impacting its trapping efficiency (Allen 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 costly (Erickson et al., 2018). Standard turf management is the most important 

maintenance activity for swales (Blecken et al., 2017) with an ideal grass height of 100 to 150 

mm for providing water quality treatment (Hunt et al., 2020).  

A proper inspection and maintenance frequency should consider the intent of the design, 

i.e. conveyance vs. water quality treatment. NCDOT has recognized the need for proper 

inspection and maintenance of their SCMs and recommends an annual inspection frequency for 

swales (NCDOT, 2022, 2015). Others have recommended that swales should be inspected bi-

annually with additional inspections following heavy rainfall events (CALTRANS, 2004; Lantin 

and Barrett, 2005); and the most recent recommendation for swale inspection by the State of 

North Carolina is on a quarterly basis (NCDEQ, 2017). Thus, there is a disparity in the 

inspection and maintenance protocols between stormwater agencies highlighting the need for a 

unified, cost-effective approach to maintenance (Wadzuk et al., 2021b). The urgent need for 

effective SCM operation and maintenance requires a dynamic, data-driven approach that can 

help stormwater managers measure and manage failure risk (Wadzuk et al., 2021a). 

2.9 Swale Modeling 

As supported by the literature, past field experiments have provided valuable data, but 

limited resources in the setting of high costs decrease feasibility of testing under every possible 
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set of conditions, underscores the need for modeling studies to better understand swalesô 

performance. 

Limited modeling studies have been conducted to-date for swale performance 

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, vegetated filter strips and swales have been often 

examined together in the literature. The first significant model to explain sediment transport and 

trapping in grass swales, often referred as the ñKentucky Modelò, was developed in the 1970s 

(Barfield et al., 1979, 1975; Hayes et al., 1979; Tollner et al., 1976). The model was limited to 

sediment trapping by rigid, artificial grass media under non-submerged flow conditions. Grass 

was simulated by metal rods, and sedimentation was measured by high concentration of beads 

instead of actual sediment. This model was suggested to be inadequate by Deletic (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 field, a one-dimensional mathematical model, 

TRAVA, was developed to simulate runoff and sediment transport processes in a hypothetical 

grass strip in an urban catchment (Deletic, 2001), which was successfully verified against field 

data collected on natural turf. Three 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 strip length 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 permeability. Model limitations, such 

as single-event modeling and lack of simulation of particle trapping, resuspension, or infiltration 

were noted, and recommendations for model improvements were made by Deletic (2001). The 

chief equations used in these models governing the physics of pollutant settling and removal are 

discussed below. 

Particle settling is a function of Hydraulic Retention Time (HRT) described as: 

ὌὙὝ   (2-1) 

Where L is the length of swale (m) and V is the flow velocity (m/s). The Fall Number, 

Nf, is a non-dimensional 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/Vs) (Deletic, 2005), and is represented as: 

ὔ
ᶻ

ᶻ
 (2-2) 

Where, ὼ is the length of grass strip, Vs is particle settling velocity or Stokeôs velocity 

(m/s), h is the flow depth (m), and V is the flow velocity (m/s). Empirically derived Aberdeen 

equation (Deletic, 2005) uses the Fall Number, Nf, to predict the filter strip or grass swale 

particle trapping efficiency (Trs) as: 

Ὕὶ 
Ȣ

Ȣ Ȣ
  (2-3) 

These equations represent the physical processes well and were recently used with the 

manningôs equation and rational method to model sediment reduction in grass swales as a 

function of catchment area, longitudinal and side slope, length, and cross-section by Winston et 

al. (2017). Modeling predictions generally agreed with previous research; for example, swales 
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with gentle longitudinal slopes and trapezoidal cross-section removed more TSS, and highest 

pollutant removal was achieved in the first few meters. Although the model developed by 

Winston et al. (2017) combines hydrologic (rational method), hydraulic (Manningôs), and water 

quality components (fall number, trapping efficiency), providing 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 reality, the rainfall pattern is dynamic; flow 

through a swale is typically not uniform and steady as assumed by Manningôs equation; 

atmospheric factors, such as evapotranspiration and infiltration, have not been modeled; and 

ultimately a long-term simulation and behavior of swales is not available to understand their 

performance. The role of critical factors, such as initial soil moisture conditions and sediment 

resuspension in swales, can only be understood if long-term simulations are conducted. It is clear 

that rainfall-runoff relationships become more complex in urban watersheds, and continuous 

simulation models are needed to model the urban water systems accurately for understanding 

their long-term performance (Heaney 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, Alabama (Nara, 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 size distribution. These 

results were validated by collecting samples from 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 times a sediment particle of a specific size will fall to the bottom of the swale 



   

42 

 

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 concentration (Nara and Pitt, 2005). The model relies on Stokeôs law to 

estimate the settling rate, which is commonly expressed as: 

                  ὠ                   (2-4) 

Where: 

Vs: settling velocity of particle (cm/s) 

R: Equivalent radius of a particle, considering shape (cm) 

g: gravitational constant (980 cm/s2) 

ɟp: density of a particle (e.g., silica=2.65g/cm3) 

ɟf: density of fluid (e.g., water=1.0 g/cm3 at standard temperature conditions) 

U: dynamic viscosity (e.g., water=0.01 g/cm3 at standard temperature conditions) 

Subsequent steps to estimate settling frequency involve calculating: 

ὛὩὸὸὰὭὲὫ ὨόὶὥὸὭέὲ ίὩὧέὲὨί
 

 
  (2-5) 

ὝὶὥὺὩὰ ὸὭάὩ ίὩὧέὲὨί
 

 
                (2-6) 

ὛὩὸὸὰὭὲὫ ὪὶὩήόὩὲὧώ
 

 
                (2-7) 

2.9 Available Swale Modeling Tools 

There are numerous urban stormwater models available, each with their strengths and 

limitations, but the basic components of an urban stormwater model should, at a minimum, 

include rainfall-runoff modeling and pollutant transport modeling capability (Zoppou, 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 Conceptualization (MUSIC) is a commonly 

used model in Australia that simulates urban stormwater drainage systems and runoff pollution. 

It is a continuous simulation model that can simulate SCMs, such as ponds, wetlands, 

bioretention basins, rainwater harvesting systems, and vegetated swales, and can size the device 

for treating post-construction runoff (Elliott and Trowsdale, 2007). In MUSIC, a swale is 

represented as a series of Continuous Stirred Tank Reactors (CSTR) or well-mixed treatment 

facilities and pollutant reduction is calculated separately for each CSTR and time step (Wong et 

al., 2006, 2002). First-order kinetic decay (k-C*) model is used to compute pollutant reduction 

processes (Wong et al., 2006, 2002). The 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 reliability of biofilters and constructed stormwater wetlands in Melbourne, Australia 

(Zhang et al., 2019). While the model has been tested using multiple datasets there is further 

research needed to fully understand the effects of flow rates, particle size, influent 

concentrations, and settling velocities on the model parameters (Gavriĺ et al., 2019; Wong et al., 

2006). 

Stormwater Management Model (SWMM) 

SWMM is a widely used model for stormwater planning, analysis, design, and 

management worldwide. It is a dynamic hydrologic-hydraulic and water quality simulation 

model that can be used for single-event or long-term continuous simulation of urban runoff 

quantity and quality (Rossman and Huber, 2016). The 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). Storage-infiltration systems and 

treebox filters (proprietary measures such as Filterra®) are also commonly used LID controls but 

are not explicitly 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 well (Tobio et al., 2015). The LID module of SWMM can 

simulate swales but suffers from certain limitations. Infiltration 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 ecosystem (Elliott and Trowsdale, 2007). 

WinSLAMM Model  

WinSLAMM (Source Loading and Management Model for Windows), is an empirical, 

process-based, continuous model that was first developed in the 1970s 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 collected as part of various research studies  (Pitt, 2013).  

WinSLAMM 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 

Massachusetts (Hurley and Forman, 2011), for evaluating the performance of grass swales in 

Tennessee (Young et al., 2018), and for evaluating green infrastructure implementation scenarios 

in Utah (Velasquez, 2018). The model has also been applied in a recent study in Europe for 

understanding the impact of climate change and future socio-economic conditions to assist 

development of local mitigation and adaptation strategies (Borris et al., 2016).This modelôs 

application has recently gained momentum as urban stormwater managers face the challenge of 



   

45 

 

meeting current water quality regulations with limited resources, and source 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 on small-storm hydrology and particulate 

wash-off, since the majority of annual pollutant loads can be attributed to such storms (Pitt, 

2013). Storms between 12mm-38mm (0.5in-1.5in) 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 calculates suspended and dissolved 

pollutant concentrations generated from individual source areas that are defined as surface types 

within each land use. In WinSLAMM, the land uses are described as residential, commercial, 

industrial, open space or freeway; and source area examples include rooftops, parking lots, 

sidewalks, landscaped areas, and streets. Particle accumulation for the paved surfaces and 

shoulder areas in freeway land use is a function of average daily traffic, freeway length, and 

duration of accumulation (PV&Associates, 2013). Pollutants are modeled using buildup-washoff 

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 quick build-

up of TSS during dry periods that gradually decreases and reaches zero. During a rain event, the 

ñfirst flushò is produced using an exponential wash-off function (PV&Associates, 2013). In 

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 because the coefficient is dependent on rainfall 

depth. 
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The model contains a suite of traditional SCMs and green infrastructure practices for 

evaluation, such as hydrodynamic devices, catch basin cleaning, street sweeping, wet detention 

basins, bioretention basins, rain gardens, and grass swales. Source 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 effectiveness of a practice (Pitt and 

Voorhees, 2009). Most importantly, WinSLAMM accounts for the effects of compact urban soils 

and infiltration processes that are critical to performance of a grass swale. Uncertainty in 

modeling results is inherent, and WinSLAMM represents the uncertainty in modeling parameters 

by built-in Monte Carlo simulations. Thus, the output is expressed in probabilistic distributions 

of pollutant concentrations. A source-based model such as WinSLAMM can help with many 

important policy decisions (Pitt, 2013), as listed below:  

1) Identifying pollutant sources in urban runoff 

2) Establishing the baseline stormwater pollutant loading for a regulated entity 

3) Evaluating future scenarios with changing land use  

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, Sweden (Borris 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, 

WinSLAMM was used to evaluate the runoff reduction potential of 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 0.46 (Young, 2017; Young et al., 2018). The 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 geometries (Young et al., 2018). 

2.10 Impact Assessment 

Anthropogenic activities have influenced climate change globally, consequently 

increasing the amounts, frequency, and intensity of precipitation events. These changes in 

precipitation have impacts on both the quantity and quality of downstream water resources 

(IPCC, 2014). Stormwater infrastructure is particularly susceptible to the negative impacts of 

climate change because it is typically designed using standards based on historical or stationary 

precipitation data, which may differ significantly from future rainfall regimes (Rosenberg et al., 

2010). Several studies have been conducted to evaluate the impact of climate change on 

stormwater systems, but these were typically focused on drainage failures and flooding risks 

(Rosenberg et al., 2010; Semadeni-Davies et al., 2008; Waters et al., 2003). This can be 

unarguably justified due to a higher risk of life and property damage associated with increased 

flooding. Subsequently, climate change and associated variations in rainfall intensity and 

duration are being considered as part of stormwater design, but limited information is available 

about its impact on the performance and sustainability of SCMs (Fletcher et al., 2013). 

Stormwater control measures are also an integral part of the urban stormwater infrastructure, a 

failure of which can cause both flooding and negative water quality impacts affecting humans 

and aquatic ecosystems. The 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 performance (Hathaway et al., 2014). The 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 low-resolution precipitation data and uncertainty in climate projections are noted, 

but the study provides insight for policymakers on how to 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 showed a minor increase in yearly loads of sediment, but the pond was 

able to attenuate the effect of climate change on pollutant loadings (Sharma et al., 2016). 

Performance of two LID practices (biofilters and wetlands) and rainwater harvesting under future 

climate change scenarios was recently evaluated in Melbourne, Australia (Zhang 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 authors recommend larger 

footprints to ensure reliable performance of pollution removal and stormwater harvesting, which 

is in agreement with recommendations from Hathaway et al. (2014) and findings from Sharma 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 climate change scenario 

framework and ignored the other important axis of socio-economic pathways that consider 

environmental policies and funding, which will impact the future maintenance and sustainable 

performance of SCMs.  
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Scenarios for Impact Assessment 

An impact assessment requires consideration of future climate conditions and socio-

economic conditions (Berkhout et al., 2002). To develop water management strategies for 

adapting with an uncertain and changing future, a comprehensive approach that includes 

deterministic, process-based science and stochastic methods is needed (Milly et al., 2015). 

Despite the many uncertainties in the available climate data and modeling processes, impact 

studies help to understand possible future scenarios that can assist in developing 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 urban drainage systems or green infrastructure practices seemed to 

provide significant flood-mitigation benefits (Semadeni-Davies et al., 2008). This benefit of 

green infrastructure practices in flood mitigation was verified in Minnesota, U.S., and the 

researchers also identified other adaptation approaches that included upsizing of undersized 

drainage infrastructure (Moore et al., 2016). Although advances are being made in the 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 precipitation amounts, frequency, and 

intensity; but these models failed to include the variations in socio-economic conditions 

(Berkhout et al., 2002; Borris et al., 2016). Socio-economic 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 strategies (Berkhout 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 

socio-economic pathways (SSPs) (van Vuuren et al., 2014, 2012). This 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 forcing on the basis of greenhouse gases and air 

pollutants and consequent change in climatic factors, such as temperature and precipitation (van 

Vuuren et al., 2014). Five SSPs were proposed that describe future development and how it may 

be influenced by population growth, economic conditions, technology change, and 

environmental policies (van Vuuren et al., 2014). A key assumption in the development of SSPs 

as reference pathways is absence of climate change and climate policy (OôNeill et al., 2014), but 

the two can be combined to develop climate change scenarios (van Vuuren et al., 2014). 

Berkhout et al. (2002) suggested that the socio-economic future scenarios can either serve as 

qualitative assessments of national or regional vulnerability to climate change or may provide 

quantitative inputs for model-based assessment studies. 

For example, the recent novel study in Ostersund, Sweden, examined combined effects of 

climate change and socio-economic conditions on stormwater quality in two urban catchments, 

using a source-based loading management model WinSLAMM (Borris et al., 2016). Socio-

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%-70% for different scenarios, but well-designed 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 and to evaluate the long-term performance of swales under different socio-economic 

conditions. The following knowledge gaps were identified and addressed with this research: 

1) A lack of standard definitions for different types of swale creates communication barriers 

within the research, regulatory, design, and maintenance communities. Chapter 3 of this 

dissertation presents standard terminology for various swale alternatives that can be applied 

consistently across all communities. These definitions are supported by illustration for each 

swale type and their treatment mechanisms.  

2) A science-based water quality swale design guidance document is unavailable in the 

scientific literature. This lack of water quality swale design guidance in literature is 

addressed in Chapter 4 with a systematic review of refereed articles used to synthesize 

design recommendations for different swale types targeting specific pollutants.  

3) Data on hydrologic and water quality functions of swales have been collected from case-

studies worldwide with widely varying results (Backstrom, 2002; Barrett et al., 1998b; Lucke 

et al., 2014; Luell et al., 2021; Yu et al., 2001). Location, climate, design parameters, swale 

age and 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 water quality swale 

design as swales become increasingly popular for stormwater management (Yu et al., 2001). 

No such controlled studies were identified in the literature that examined the influence of key 

design parameters (length, slope, and shape) on grass swale performance with the 
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experimental units constructed side-by-side to reduce heterogeneity. Small-medium 

(<25mm) storm hydrology has also been studied for decades, and swalesô effectiveness in 

treating small storms is well-documented (Davis et al., 2012; Pitt, 1987; Willis et al., 2013); 

however, the call for examining the role of larger precipitation events (25-38mm) is recent 

(Horwatich et al., 2018). Chapter 5 of this dissertation systematically examined the effect of 

two different lengths, slopes, shapes, and storm size, on the hydrologic and water quality 

performance of eight grass swales under controlled conditions.  

4) Long-term performance and sustainability of  swales and other SCMs is not well understood 

and use of a long-term continuous simulation is needed over the event-based modeling and 

design load concepts approach (Heaney and Sansalone, 2009). Although 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 cities (Borris et al., 2016; Hathaway et al., 2014; Semadeni-Davies 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 swales (Zhang et 

al., 2019). No such impact assessment studies on swales exist in North Carolina. Chapter 6 

of this dissertation fills  this knowledge gap by applying WinSLAMM for an impact 

assessment on swale for evaluating several socio-economic 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 world (Burian and Edwards, 2002). Grass swales are historically the most 

common stormwater control measure (SCM) for managing roadway runoff due to their 

distinctive application in linear environments with limited rights-of-way and their low 

construction and maintenance costs (Currier and Taylor, 2004). In an urban landscape, grass 

swales can provide open space benefits and enhance the natural hydrological components of 

infiltration, evapotranspiration, and runoff, qualifying them as a low-impact development or 

green infrastructure practice (Dietz, 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 terms as grass swale, dry 

swale, infiltration swale, wet swale, and bioswale to improve clarity and avoid interchangeable 

use. Recently, Fardel et al. (2019) developed a database of swale performance results from 59 

studies and classified the types of swales in four different 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 to identify swales: grass swale, planted swale, vegetated roadside swale, grassy 

median, bioswale, biofiltration swale, bioretention swale, infiltration-swale trench, and stone-
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lined swale. Unfortunately, these terms are not well-defined; moreover, a lack of standard 

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

maintenance communities. Standard definitions are proposed herein to undergird specific design, 

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 be applied consistently 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 pollutant-removal mechanisms in a swale: 

1) Sedimentation is a fundamental physical process that helps remove primary runoff 

pollutants such as sediment and particulate-bound heavy metals and nutrients (NCHRP, 

2006; Revitt et al., 2017; Winston et al., 2017). In 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, 2006). It plays an important role in controlling 

runoff, recharging groundwater, and transporting pollutants in surface waters and subsurface 

waters. 

3) Filtration  removes sediment and particle-bound pollutants and is defined by physical 

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

or sand (NCHRP, 2006). 
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4) Sorption is a chemical process necessary to treat dissolved pollutants because they exist in 

both particulate (particle-bound) and dissolved forms. Sorption employs two main subtypes:  

a. adsorption, which is defined as a physico-chemical process in which ion exchange occurs 

between two molecules, resulting in the adherence or bonding of one molecule onto the 

surface of another (NCHRP, 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 processes involve plants, algae, and microbes in pollutant removal and are 

generally divided into two types:  

a. microbially mediated transformations, including oxidation/reduction reactions to change 

the chemical state of pollutants to a more readily available or volatile form (NCHRP, 

2006). Nitrogen removal by the processes of nitrification-denitrification in natural 

systems is an example of biological transformation facilitated by bacteria. 

b. uptake/storage, which refers to removal of organic and inorganic pollutants by plants and 

microbes through nutrient uptake and bioaccumulation (NCHRP, 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 swale is drainage 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 swale is 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 processes (Barrett et al., 1998b). Grass swales convey and 

treat stormwater primarily along highways and roads (Barrett et al., 1998b; Yousef et al., 1987) 

but can also be found in residential areas. 

The most desirable characteristics of grasses for a swale include non-clumping 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 and Kentucky bluegrass (cool 

season) and centipede and zoysia (warm season). Grass swales may also be vegetated with a mix 

of other low-growing herbaceous plant species. Complete guidance on different types of 

vegetation is available in the North Carolina Erosion and Sediment Control Planning and Design 

Manual (https://deq.nc.gov/about/divisions/energy-mineral-land-resources/energy-mineral-land-

permit-guidance/erosion-sediment-control-planning-design-manual) and the N.C. Department of 

Transportationôs Vegetation Management Manual 

(https://connect.ncdot.gov/resources/roadside/Pages/Vegetation-Management.aspx).  

Terms for this most common swale type have included drainage ditch, swale, dry swale, 

standard swale, and vegetated swale. We recommend using the term grass swale because both 

stormwater treatment and conveyance are provided. Figure 3-1 shows a typical example of a 

grass swale treating roadway runoff.  
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Figure 3-1. 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 channel (Backstrom, 2002; 

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

2) modest infiltration enabling removal of dissolved fraction of pollutants via adsorption on 

soil particles (Yousef et al., 1987) and grass blades (Wilson, 1967), and  

3) chemical precipitation, microbial degradation, and vegetation uptake (Gavriĺ 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 10-year design storm without overtopping the channel or eroding the swale bottom. 

For treating runoff, swales are constructed for a much smaller design storm, such as the two-year 

storm or the water quality storm (typically a moderate intensity rainfall, for example, 0.75-1.0 
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inch per hour) (Hunt et al. 2020). Maintaining flow depths below vegetation height (referred 

herein as the ñwater quality depthò) has long been identified as a critical factor influencing the 

ability of grass swales to remove pollutants (Walsh et al., 1997; Wilson, 1967). Figure 3-2 

presents the key components and treatment processes of a grass swale. 

 

Figure 3-2. 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 stormwater (Figure 3-3). Incorporating a 

check dam in a swale improves surface storage capacity; temporary retention increases 

hydraulic-retention time, thereby enhancing infiltration and the potential for evapotranspiration. 

Hydrologic benefits of a check dam (defined here as runoff volume reduction) in small to 

moderate storms (below 1.2 inches) are well established (Davis 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 term infiltration swale be reserved for a grass swale that incorporates check dams. 
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Figure 3-3. Example of an infiltration swale (grass 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. Thus, an infiltration 

swale reduces more runoff volume and pollutant load than a grass swale. Figure 3-4 illustrates a 

typical cross section for an infiltration swale. 

 

Figure 3-4. Typical cross section of an infiltration swale. 
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Bioswale 

A bioswale is a swale that incorporates a bioretention element (Christianson et al., 2004), 

promoting infiltration and filtration primarily by employing engineered media with an 

underdrain (Purvis et al., 2018). A typical bioswale design includes (a) a forebay or plunge pool 

immediately upstream of the swale, (b) permeable soil mix or highly permeable engineered 

media, (c) geotextile fabric or layering of material to control flows within layers, and (d) a 

perforated underdrain pipe in a gravel drainage layer (Purvis et al., 2018). Layering techniques 

are common in landscape design of golf courses and 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 specifications. Bioswales have been 

referred to as infiltration swales, filtration swales, or filtering swales in the literature. We 

recommend using the term bioswale when any type of engineered soil mix or media is present, as 

this aligns with bioretention. A typical example and cross section of a bioswale are presented in 

Figure 3-5 and Figure 3-6, 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 phosphorus, heavy metals, and 

petroleum-based pollutants (Hunt et al., 2012). Significant dissolved-nitrogen removal from 

stormwater, however, requires creation of anaerobic conditions for nitrification-denitrification 

reactions to occur (Hunt et al., 2012). Anaerobic conditions can be created by providing internal 

water storage (IWS) zones within a bioswale, often through design modifications (for example, 
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upturned elbow) that create saturated zones to foster nitrification-denitrification reactions (Hunt 

et al., 2006; Kim et al., 2003). The IWS zone is located within the engineered media layer above 

the underdrain pipe. Enhanced conditions for nitrification-dentrification reactions can also be 

created with a deeper IWS and low-infiltration natural soils (Hunt et al., 2012), as well as by 

including mature vegetation in the bioswale (Lucas and Greenway, 2008). Although highly 

desirable, an IWS is an optional feature and the designer should determine appropriate 

application. 

 

 

Figure 3-5. Bioswale in Parma, Ohio, USA. Note the underdrain emptying into the outlet 

structure. 
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Figure 3-6. Typical cross section of a bioswale and stormwater treatment processes. 

Wet Swale 

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 vegetation (Tang et al., 2016; Winston et al., 2012). These SCMs maintain 

wetland conditions by combining microtopographic pools and shallow areas in the main channel 

and a high seasonal water table that expresses itself at the wet swaleôs surface. The regular 

presence of water associated with a wet swale may make it problematic employing this swale 

type in urban environments due to potential interference with surrounding infrastructure. 

Other terms that have been used for wet swale are wetland swale, grass swale, planted 

swale, or vegetated swale. The term wet swale is differentiated by functioning with the likely 

presence of moist or wet conditions. Different applications of wet swales are shown in Figure 3-7 

and Figure 3-8. A wet swale can be expected 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) decrease nitrogen concentrations by creating anaerobic conditions that promote 

nitrification-denitrification processes. 

 

 

Figure 3-7. Wet swale in Montreal, Canada. 
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Figure 3-8. 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 Asia (Leroy et al., 2016; Tang et al., 2016; Winston 

et al., 2012). Figure 3-9 illustrates a typical cross section of a wet swale and the pollutant 

removal processes. 
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Figure 3-9. Typical cross section of a wet swale and stormwater treatment 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 environments. Alternative 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 encourage practitioners 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 guidelines. Table 3-1 presents a summary of the 

swale alternatives, their distinguishing features, and pollutant removal mechanisms. 
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Table 3-1. 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 

Swale 

Like a grass swale but 

with addition of check 

dams to temporarily hold 

water 

All processes of grass swale plus 

enhanced infiltration and sedimentation 

Bioswale Permeable soil mix or 

high-flow engineered 

media 

Underdrains may be 

present 

Forebay or plunge pool is 

typical 

Enhanced infiltration by underdrains 

and permeable soil mix or media 

Enhanced chemical and biological 

transformations by the engineered 

media and internal water storage zone 

Wet Swale Emergent wetland 

vegetation 

microtopographic pools 

and shallow areas 

seasonal high water table 

wetland soils  

Enhanced gross filtration, 

sedimentation, and chemical/biological 

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 more resilient cities. 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 conveyance, overlooking their function as an important water 

quality treatment tool. The objective of this article is to provide science-based swale design 

guidance for treating targeted pollutants in stormwater runoff. This guidance is underpinned by a 

literature review. 

The results of this review suggest that well-maintained grass swales with check dams or 

infiltration swales are the best options for 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 metals. Selection of a swale type depends on the site constraints, local climate, and 

available funding for design, construction, and operation.  Appropriate siting, pre-design 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 are provided, but actual design standards should be developed using local 
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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., 2010). Stormwater 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 wastewater (Gregory 

et al., 2015), thus degrading surface water quality and ecosystems (Chang et al., 2018; Wang et 

al., 2000). In the United States, significant steps have been taken to address both point and 

nonpoint sources of pollution since the Clean Water Act of 1972 (Chang et al., 2018), which 

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 stormwater management solutions have resulted in 

improved surface water quality (Chang et al., 2018), but managing urban stormwater runoff to 

protect both human and ecosystem health still remains a major challenge (Subramanian, 2016).  

Although some European countries had individual guidelines to protect surface water 

quality 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/EEC) (Chang et al., 2018). 

The WFD aims to protect and restore freshwaters by stipulating the definition of near-natural 

reference conditions and, based on this, the extent of water bodiesô deviation from ógoodô 

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 areas following development and stormwater re-use. While 

http://www.chemspider.com/Chemical-Structure.937.html
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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 reuse (Chang 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 hydro-climatic 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 historically been viewed as a 

nuisance, and the primary objective was to remove it as quickly as possible via a network of 

storm sewers (Brown and Farrelly, 2009; Wright, 1996). However, today stormwater is 

increasingly considered a valuable resource to satisfy increasing water consumption demands 

and to provide ecosystem services (Fletcher et al., 2013; Heaney and Sansalone, 2009; Prudencio 

and Null, 2018). 

A variety of non-structural 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 wetlands, bioretention basins, 

sand filters, filter strips, and grass swales (Urbonas, 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 managing runoff volumes and improving water 

quality. The former tries to minimize the impact of urban development, and the benefits of the 

latter extend beyond stormwater management (Fletcher et al., 2015). Low 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 disturbance (USEPA, 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 pollutants (Dietz, 2007). Green 

Infrastructure refers to practices that treat stormwater pollutants at the source through natural 

processes, thereby providing cost-effective environmental, social, and economic benefits to the 

community (Davies et al., 2017). Some examples of GI 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 and improving water quality (Behroozi et al., 2018). The 

siting of a SCM/LID practice is either done as: (i) part of Watershed Management Plans to 

evaluate their long-term hydrologic and water quality improvement benefits; or (ii) in response 

to stormwater generated from newly added impervious surfaces.  

For watershed-scale 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 planning-level information gained from watershed-scale simulation 

models can greatly enhance the future decision-making capability of watershed managers. The 

scenarios can be comprised of one or more critical factors such as:  

ǒ different frequency rainfall events and design storms (Behroozi et al., 2018; Damodaram et 

al., 2010; Hwang and Weng, 2015); 

ǒ optimal location of a practice within the stormwater network (Azari and Tabesh, 2018); 

ǒ number and types of LID/GI practices (Behroozi et al., 2018; Luan et al., 2019); 

ǒ downstream impacts of a LID (Damodaram et al., 2010); 
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ǒ climate change impacts (Borris et al., 2016; Hathaway et al., 2014; Sharma et al., 2016; 

Zhang et al., 2019); 

ǒ cost-effectiveness of a practice for mitigating runoff volume and water quality treatment (De 

Paola et al., 2018; Luan et al., 2019).  

Development-specific 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 such as wetlands 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 maintenance costs (Currier 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 low-impact development (or green infrastructure) practice (Dietz, 

2007). Swales have also been shown to be desirable substitutes for traditional curb-and-gutter 

drainage collection systems for residential subdivision streets due to their lower flow velocity 

(providing some volume and/or peak flow mitigation) and pollutant removal capabilities, thus 

supporting their effectiveness as a source-control practice (Willis et al., 2013). The regular 

maintenance costs for swales can be higher than a traditional curb-and-gutter system (Sample et 

al., 2003). However, the greater environmental benefits, lower initial capital costs, and  positive 

aesthetic components of grass swales, make them an attractive alternative (Li et al., 1998). 

Although grass swales are one of the oldest and most common forms of urban drainage 

and stormwater conveyance in the world (Burian and Edwards, 2002; Luell et al., 2021), the 

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 performance are still ambiguous 

(Fardel et al., 2019; Gavriĺ et al., 2019b). Hydrologic performance of swales in mitigating runoff 

volumes, especially from small storms, is well-documented (Davis et al., 2012; Deletic and 

Fletcher, 2006; Lucke et al., 2014; Rushton, 2001; Sañudo-Fontaneda et al., 2020; Shafique et 

al., 2018; Yu et al., 2001). Specifically, swales can reduce peak runoff rates by 4%-87% (Deletic 

and Fletcher, 2006; Rujner et al., 2018) and runoff volumes by 15%-82% (Knight et al., 2013; 

Lucke et al., 2014; Rujner et al., 2018; Rushton, 2001; Winston et al., 2018). This wide variation 

observed in hydrologic performance of swales may be due to initial soil moisture conditions 

(Rujner et al., 2018); soil characteristics (Davis et al., 2012; Rujner et al., 2016); channel 

roughness, grass height and density; (Backstrom, 2002; Deletic and Fletcher, 2006), infiltration 

(Lucke et al., 2014; Rujner et al., 2018; Shafique et al., 2018); compaction of swale bed during 

construction (Gregory et al., 2006; Pitt et al., 2008); and maintenance (Sañudo-Fontaneda 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 flooding (Sañudo-Fontaneda et al., 2020; Shafique et al., 2018). A brief 

discussion on the pollutant removal provided by swales follows in Section 4.4, but for more 

details the reader is referred to recent publications summarizing swale monitored swale function 

(Ahiablame et al., 2012; Boger et al., 2018; Henderson 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 bioswales (Ekka and Hunt, 2020; Prudencio and 
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Null, 2018). A typical cross-section of each type of swale is illustrated in Chapter 3 of this 

dissertation. Although these new swale alternatives are evolving and being implemented 

worldwide, a science-based 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 science-based design 

guidelines for stormwater engineers designing a swale to target specific pollutants. In addition, 

this review identifies gaps in the state-of-the-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 

literature search, we started with a small set of ñstart papersò published on swales similar to a 

ñsnowball approachò (Wohlin, 2014). Several 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 identified from 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 Web of Science® and Google Scholar® 

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 publication became 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 on design-related 
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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, 1949-October 10, 2020. An article database was created in Mendeley 

reference management software (Elsevier®) for efficient filtering and creation of a bibliography. 

The literature review focused on peer-reviewed articles, academic theses and 

dissertations, conference proceedings, textbooks, extension factsheets and, to a limited extent, 

technical reports. From the available literature, primary references were identified as peer-

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; and (iv) design 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 secondary references. To ensure proposed design guidelines 

were based on peer-reviewed information, design manuals from selected jurisdictions were 

reviewed but excluded when formulating design recommendations, as typical design manuals are 

often anecdotal, site-specific, and are typically not peer-reviewed. Appendix A provides 

additional details on the methodology and rationale behind the proposed design 

recommendations. 

4.4 Swale Design 

Swale design focuses on providing two primary functions: (i) stormwater conveyance and 

(ii) pollutant treatment in urban stormwater runoff for regulatory compliance. While Fardel et al. 

(2019) and Gavriĺ et al. (2019b) have reviewed swale processes improving 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., 2017). However, 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 processes (Barrett 

et al., 1998; Lucke et al., 2014; Yu et al., 2001). The purpose of this article is to present swale 

design recommendations that are underpinned by literature for (1) runoff volume reduction and 

(2) water quality treatment. 

Design for Runoff Volume Reduction 

Swales can effectively convey stormwater runoff from different design storms when 

sized appropriately. The most common design storm is a 10-year annual recurrence interval.  If 

peak flow mitigation and/or volume reduction is the objective of swale design, then infiltrating 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 increase surface storage capacity allowing greater 

opportunity for infiltration and subsequent evapotranspiration. Volume reduction provided by 

check dams is well-documented especially for storms up to 30mm (Davis et al., 2012; Shafique 

et al., 2018; Winston et al., 2018; Yu et al., 2001). The hydrologic benefits of including a check 

dam have also been observed for a bioswale (Purvis, 2018) and a wet swale (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 swales (Backstrom, 2002; Deletic 

and Fletcher, 2006). Fiener and Auerswald (2005) 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 

Manningôs roughness coefficient (n), which varies with flow depth in the channel (Wu et al., 

1999). A wide range of Manningôs roughness coefficients (0.26-1.35) was estimated by Kirby et 

al. (2005) for the transitional flow regime in swales by extending the Stillwater retardance curves 

(Temple, 1982). In a field study, Backstrom (2002) reported the roughness coefficient of grass 

between 0.15-0.34. Both these researchers presented much higher Manningôs n values than those 

suggested previously by Chow (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 higher (Wu et al., 1999). Typical grass height in roadside 

swales range between 100-150 mm, so the roughness coefficient between 0.15-0.35 suggested by 

Backstrom (2002) may be more representative than the more extreme values calculated by Kirby 

et al. (2005). The proposed roughness coefficients herein are for swales designed to treat water 

quality where the maximum flow depth is typically lower than the grass height as noted by Hunt 

et al. (2020).  When the water level in swales exceeds the grass height during high flows (i.e., 

when the grass becomes completely submerged), the Manningôs roughness coefficient drops 

considerably (from 0.2-0.4 to <0.04 according to Barling and Moore (1994), which has to be 

considered when calculating maximum flow capacities of the swale. For suitable grass selection, 

designers should refer to the open-channel guidance by Temple (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 loads (Abida and Sabourin, 2006; Lucas, 2010). However, addition of underdrains 

should be done with caution where groundwater levels are high (Abida 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 hydraulic retention time (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 D (Henderson et al., 2019). A summary of peak-flow mitigation guidance is 

presented in Table 4-1 and Table A-1 provides rationale 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.  

Table 4-1.  Swale Design for Stormwater Conveyance and Volume Reduction. 

Design Component Common Design Guidance Supporting Literature  

Main channel Increase the cross-sectional area to provide 

higher conveyance capacity. This can be 

achieved by a trapezoidal channel. If right-

of-way space is limited, a longer section of 

triangular channel with side slopes 6:1 

(H:V), or shallower is better. 

Chow (1959); Winston 

et al. (2017)  

Vegetation type Select a blend of species with tall and stiff 

grass blades 

Temple et al. (1987); 

Fiener & Auerswald 

(2005) 
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Table 4-1 (continued). 

 

Grass density Non-clumping grasses with high density to 

prevent concentrated flow. Aim for grass 

cover of good-excellent for selected 

species (3,000-9,000 stems/m2). 

Ree (1949); Temple 

(1982); Bäckström et al. 

(2006) 

Channel roughness Manningôs roughness coefficient (n) 

between 0.26-0.35 for different grass types. 

Significantly lower at high flows when 

water depth exceeds grass height. 

Kirby et al. (2005); 

Backstrom (2002); 

Barling and Moore 

(1994) 

Check dams Add earthen or rock structures located at 

the downstream end of swale or at drop 

inlet. Maximum height 60 cm. 

Kaighn and Yu (1996); 

Dunn et al. (1995); 

Winston et al. (2018) 

Underdrains 

(optional) 

Install perforated pipe systems in 

permeable soils with a minimum 

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

maintain sufficient separation from 

groundwater table 

Abida and Sabourin 

(2006) 

Construction 

technique 

Minimize compaction in the main swale 

channel to maintain soil permeability 

Ahmed et al. (2015) 

 

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 design process; for example, in cold 

climates use of de-icing salts and reduced street sweeping during winter months can cause 

clogging and negatively impact swale performance (Monrabal-Martinez et al., 2019). The ability 

of swales to provide water quality treatment is well-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., 2001). External conditions affecting stormwater treatment in 

swales include rainfall characteristics, antecedent dry period, influent load, and impervious 

surface of the catchment (Gong et al., 2019). Swales 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 

sedimentation (Backstrom, 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 swale bed (Backstrom, 

2003; Fardel et al., 2019; Luell et al., 2021; Stagge et al., 2012; Yu et al., 2001). Since dissolved 

pollutants are unlikely to be trapped in a typically-configured swale, effective water quality 

swale design becomes more challenging (Fardel et al., 2019). 

The common design variables of a grass swale for pollutant treatment are swale surface 

area, swale length, longitudinal slope, side slope, cross-sectional geometry, depth, 

grass/vegetation height and type, roughness coefficient, soil characteristics, hydraulic retention 

time, forebays, check dams, and flow diversion systems (Backstrom, 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., 2001). Point of inflow to the swale (lateral or longitudinal) is also 

a key factor in swale performance (Fardel et al., 2020; Gong et al., 2019), but 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 runoff (Backstrom, 2002; Barrett et al., 1998; Wilson, 1967); 

infiltration (Yousef et al., 1987; Yu et al., 2001); and chemical precipitation, microbial 

degradation and vegetation uptake (Gavriĺ et al., 2019b). Figure 3-2 presented a typical 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 gravel-filled trench, and vertical distance from 
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seasonal high-water 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 high-water table. Similarly, for a wetland swale, type of 

vegetation and permanent pool elevation near the seasonal high-water table 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 and treat pollutants. 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 treatment (Newcombe and Jensen, 1996; 

USEPA, 2017). Stormwater runoff generated from roadway (and other) surfaces transports 

sediment and associated pollutants that are detrimental to the receiving waters (Barrett et al., 

1998).  

Swales and associated filter strips have been shown to improve stormwater quality by 

capturing and removing sediment with particle sizes greater than 6-15 µm and sediment-borne 

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 swales (Bäckström et al., 

2006; Deletic and Fletcher, 2006) due to limited hydraulic retention times (HRT) (Winston and 

Hunt, 2017). Particle settling is a function of the 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 swales (Backstrom, 2002). A design that extends the HRT between 300 

and 360 s (or 5-6 minutes) can enhance the trapping efficiency of a swale (Winston et al., 2017). 
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If swale length is insufficient, increasing HRT can be accomplished by adding check-dams 

(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 side-slopes, which work as a vegetative filter 

strip/buffer strip for low flows, is more important than the length of the swale in treating 

sediment. Winston 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 recommended by (Yu et al., 2001) based 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 swale (Lucke et al., 2014; Mohamed et al., 2014), but the simulated drainage areas 

(0.01 ha or 0.02ac) were much smaller than the typical real-world applications. Winston et al. 

(2017) demonstrated that a swale length of 30m can consistently reduce sediment by over 50% 

for a wide range of longitudinal slopes (0.5-10%) and catchment areas (0.1-0.3 ha or 0.25-0.75 

acres), which is closer to real-world scenarios. The benefit in sediment reduction by increasing 

the swale length (2x) to 60m was marginal (<10%) and is not a cost-effective design 

improvement (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 rule-of-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 side slopes, allowing 

designers to choose appropriate swale length for meeting sediment reduction goals (Winston 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 (Figure 3-4). Check dams function best when vegetated, stabilized, and located 

near the downstream end of the swale or at the drop inlet (Kaighn and Yu, 1996). 

Consensus on the effects of including check dams in swale design for improving water 

quality is lacking; for example, Yu et al. (2001) recommended check dams for enhanced 

pollutant removal, while Stagge et al. (2012) found little benefit from adding check dams. In 

addition, presence of check dams also interferes with maintenance activities (Kaighn and Yu, 

1996; Winston et al., 2018). In some cases check dams were reported to be a cause of sediment 

export downstream; for example, Li (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 cross-section in reducing sediment loads is also ambiguous. 

Barrett et al. (1998) suggested that the optimum cross-sectional 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 (zinc, lead, and iron), 

from the side slopes of medians, which they assumed were similar to V-shaped grass swales. 

However, trapezoidal channels are preferable for roadside swales due to a higher contact area, 

lower flow depths below grass height, and ease of maintenance (Winston et al., 2017). Lantin 

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 V-shaped channel. However, based on field experience the parabolic channels are 

constructed improperly or are often converted to a trapezoidal shape over time and are thus 

excluded from further consideration in this review.  
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Bioswales are also an emerging practice for effective sediment load reductions (Purvis, 

2018; Purvis et al., 2018). Bioswales are a relatively new practice for highway runoff treatment 

that couples both stormwater conveyance and biological filtration through engineered media (Li, 

2015). The key pollutant removal mechanisms for sediment removal in a bioswale are filtration 

by the engineered media (Davis et al., 2006, 2003) and sedimentation by forebay and vegetation 

(Backstrom, 2002; Deletic and Fletcher, 2006). A typical cross-section of bioswales and 

associated pollutant removal mechanisms are presented in Figure 3-6. Table 4-2 lists the key 

design parameters and associated design guidance that enhance sediment trapping based on the 

literature review. Table A-2 provides rationale behind the proposed design guidance. 

Table 4-2. Swale Design Needs for Sediment Reduction. 

Design Component Common Design Guidance Supporting Literature  

Swale length 30m (100 ft), although shorter lengths of 10-

15m (33-50 ft) can provide adequate 

treatment from smaller catchment areas 

Mohamed et al. (2014; 

Winston et al. (2017) 

Longitudinal slope Maximum 3%. In case of steeper terrains, a 

check dam can be added to the design for 

attaining the desired slopes. 

Yu et al. (2001) 

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

(H:V) or shallower for triangular swales  

Barrett et al. (1998); 

Winston et al. (2017) 

Cross-sectional 

geometry 

Trapezoidal channel maximizes contact time 

and maintains flow depth below grass height. 

If space is limited, a triangular swale can be 

used for catchment areas 0.1 ha or less. 

Winston et al. (2017) 

Vegetation type Avoid clumping grasses to prevent 

concentrated flow. A blend of species with 

tall and stiff grass blade is recommended. 

Ree (1949); Temple 

(1987) 

Vegetation density Dense fully developed turf. Aim for grass 

cover of good-excellent for selected species 

(3,000-9,000 stems/m2). 

Backstrom (2002); 

Temple (1982); Luell 

et al. (2021) 

Grass height Typical mowed height of 10-15 cm (4-6 

inches). 

Fiener and Auerswald, 

(2005) 
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Table 4-2 (continued). 

 

Flow depth Below grass height (10-15 cm) for low flows 

Can extend grass height in areas with high 

flows due to very intense rainfalls 

Hunt et al. (2020) 

Hydraulic retention 

time 

Between 5-6 minutes  Backstrom (2002); 

Winston et al. (2017) 

Bioswale Design Base width: 0.9-1.5 m (3-5 ft);  

Length: 8-30 m (25-100 ft); 

Slope: 1% or less;  

Maintain minimum 0.45 m (1.5 ft) between 

media bottom and the seasonal high water 

table. Provide a forebay to the bioswale and 

minimum one check dam. 

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 total 

weight or 10% of total volume);  

Media infiltration rate between 2.5 ï 5.0 

cm/h (1-2 in/h) 

Zinger et al. (2007); 

Hunt et al. (2012);  

Check dams 

(optional for grass 

swale1) 

Add stable and well-vegetated earthen or 

rock structures located at the downstream 

end of swale or at drop inlet. Maximum 

height 60 cm. Prevent erosion at/around 

check dams. 

Kaighn and Yu (1996); 

Dunn et al. (1995); 

Winston et al. (2018) 

1Optional 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 equation (Deletic, 2005), have been used by the research 

community to determine optimal grass swale design (Hunt et al., 2020; Winston et al., 2017), but 

these methods are not yet adopted by practitioners. A lack of specific evidence-based swale 

design guidance for sediment removal underscores the need for further research and collection of 

empirical data from controlled experiments as recommended by Yu et al. (2001) and Fardel et al. 

(2019). 

 



   

99 

 

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 swales (Barrett et al., 1998; Deletic and Fletcher, 2006; Luell et al., 2021; 

Winston et al., 2012). In contrast, Lucke 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 being transported from the swale (Davis 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 150 ɛm (Vaze and Chiew, 2004). The likelihood that such fine-grained 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 wetlands are popular 

practices for removing nitrogen from stormwater runoff (Collins et al., 2010; Yu et al., 2013). 

However, in linear environments with limited rights-of-way, these two SCMs are more 

expensive and harder to construct than grass swales. Fortunately, their ñswale cognates,ò 

bioswales and wet swales, are purpose-built for linear environments and remove nitrogen better 

than standard grass swales. 

Nitrogen removal from stormwater requires anaerobic conditions for nitrification-

denitrification reactions to occur (Hunt 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 fostered (Hunt et al., 2006; Kim et al., 2003). Bioswales showed 

significant nitrate load removals when IWS was provided; adding a forebay further improved the 

load removal for TKN and NO2-3-N (Purvis, 2018). For enhancing nitrogen removal in biofilters, 

an IWS zone depth of 0.45 m was recommended (Zinger et al., 2007), but IWS zones deeper 

than 0.9 m and low-infiltration natural soils likely augment denitrification (Hunt et al., 2012). 

Where frozen filter media are expected during winter, coarser filter materials are recommended 

to enable infiltration in the partly frozen soil (Moghadas et al., 2016). Consequently, these cold 

conditions can also affect nitrogen removal negatively if no IWS is installed (Blecken et al., 

2010; Moghadas et al., 2016). Section 4.8 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 exposure for anoxic 

conditions (Purvis, 2018). Although more research is needed to fully understand bioswale 

performance, the established performance of bioretention (Hunt et al., 2012) provides 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 wetland (Ekka and Hunt, 2020). Wet swales remove nitrogen 

better than grass swales or bioswales (Tang et al., 2016; Winston et al., 2012). In 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 nitrification-denitrification, filtration, sedimentation, sorption, and 

greater plant uptake similar to stormwater wetlands, thereby enhancing nitrogen removal for both 

particulate and dissolved N forms (Tang et al., 2016; Winston et al., 2012). Figure 3-9 presents a 

typical cross-section and associated pollutant removal mechanisms in wet swales. 
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In the wet swale study by Tang 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 by Winston 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 swale. Winston et 

al. (2012) demonstrated that wet swales remove nitrogen better than grass swales. In a separate 

study, a wet swale showed no nitrogen removal, possibly due to low, irreducible, influent 

concentrations (Leroy et al., 2016). 

Stormwater wetlands have been well-studied, and guidance is available for their 

performance, design, construction, and maintenance (Kadlec and Wallace., 2009; Line et al., 

2008; Read et al., 2008). However, 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 heights (Kadlec, 1990). Therefore, the traditional 

use of a Manningôs equation used for open channel flow is not applicable in this case (Kadlec, 

1990), as Manningôs equation was developed for uniform-flow conditions where drag force 

exerted by the channel bottom is dominant (Chow., 1959; Kadlec, 1990). Vegetation drag, as 

opposed to drag from channel bottom, is dominant in  wet swales with wetland vegetation and 

will control the design (Kadlec, 1990). If Manningôs equation is applied to a wet swale, a 

variable Manningôs roughness coefficient under submerged and unsubmerged conditions further 

complicates selection of appropriate roughness coefficients (Wu et al., 1999). The roughness 

coefficient used for a wet swale will likely be higher, due to the submerged vegetation and 

irregular channel formations (Barling and Moore, 1994; Chow., 1959; Wu et al., 1999), which 

means that the channel cross-section needs to be larger than that of a grass swale to provide 
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equivalent flow capacity especially for high flows after intense rains. If Manningôs equation is 

used for wetland swale design, the wider range of roughness coefficients (0.27-1.35) calculated 

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 trash (NCDOT, 2014). Although the nitrogen removal efficiency in two 

stormwater wetlands evaluated by Line et al. (2008) was not associated with presence of a 

forebay, they are recommended for wet swales. Line et al. (2008) also determined that a surface 

area to drainage area ratio of 1:20 (or lower) was a major 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 removal (Line 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 swales (Backstrom, 2002). Design modifications that increase HRT can be expected 

to enhance water quality improvements (Hunt 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 removal (5-6 minutes). However, the 

current literature does not suggest 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 regularly like grass 

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. 

Table 4-3 summarizes swale design guidance targeting nitrogen removal with rationale behind 

the guidance provided in Table A-3. 

Table 4-3. Swale Design for Nitrogen Sequestration. 

Design Component Common Design Guidance Supporting Literature  

Side slopes Up to 3:1 for trapezoidal channel. 6:1 or 

shallower for triangular swales 

Barrett et al. (1998); 

Winston et al. (2017) 

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 total 

weight or 10% of total volume);  

Media infiltration rate between 2.5 ï 5.0 

cm/h (1-2 in/h);  

Underdrain with internal water storage to 

allow anoxic conditions that promote 

denitrification.  

Zinger et al. (2007); 

Hunt et al. (2012); 

Purvis (2018) 

Wet Swale High surface area to drainage area ratio 

(~5%); 

High roughness coefficient (n=0.27-1.35); 

Diverse mix of wetland vegetation for 

nutrient uptake. 

Line et al. (2008); 

Kirby et al. (2005); 

Read et al. (2008) 

Forebay Provide a forebay to the bioswale or wet 

swale for diffusing flows and capturing 

larger particulate & debris. 

Purvis (2018) 

Check dams  Add stable and well-vegetated earthen or 

rock structures located at the downstream 

end of swale or at drop inlet. Maximum 

height 60 cm. 

Kaighn and Yu (1996); 

Dunn et al. (1995); 

Winston et al. (2018) 

 

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 swales (Deletic 

and Fletcher, 2006; Luell et al., 2021; Stagge et al., 2012; Yu et al., 2001). In roadway 

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, 2017). Sediment-bound 

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 production and thus 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 other SCMs (Davis et al., 

2006; Hatt et al., 2009; Hunt et al., 2006), primarily 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 general water quality performance of a swale (Yu et 

al., 2001), which is attributed to increased water storage and HRT inside swale beds that 

augment evapotranspiration and infiltration (Stagge et al., 2012). Thus, 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 corroborated by Purvis (2018) who tested bioswales 

in a controlled plot study and observed a significant reduction for both dissolved and total 

phosphorus loads.  

The main costs in bioswale construction are the fill media and excavation volumes, which 

are similar to those of bioretention (Brown and Hunt, 2011). Hence, optimizing the design 

parameters such as length and media depth of a bioswale is important for cost-effective 

stormwater treatment. Towards that end, Purvis (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 objectives, the IWS zone should be 
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created below the P-sequestration portion of the engineered media. Hunt et al. (2012) suggests 

maintaining a vertical clearance of 0.45-0.60 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 between 0.3-0.45 m (Purvis, 2018). 

Wet swale removal of phosphorus is weak to moderate (Tang et al., 2016; Winston et al., 

2012). Therefore, bioswales are a better SCM for treating phosphorus in stormwater runoff. 

Table 4-4 summarizes design guidance for phosphorus removal from stormwater runoff, and 

Table A-4 provides the rationale for the proposed design guidance. The media design 

specifications are based on the recommendations for a bioretention design (Hatt et al., 2009; 

Hunt et al., 2012) as no peer-reviewed guidance is available for bioswale design at this time. 

Moreover, guidance is unavailable with respect to selecting appropriate volumes of bioswale 

media vis-à-vis contributing drainage area design; thus, this remains an area for future research. 

Table 4-4. Swale Design for Phosphorus Removal. 

Design Component Common Design Guidance Supporting Literature  

Side slopes Up to 3:1 for trapezoidal channel. 6:1 or 

shallower for triangular swales 

Barrett et al. (1998); 

Winston et al. (2017) 

Bioswale Base width: 0.9 -1.5 m (3-5 ft);  

Channel length: 8 -30 m (25-100 ft); 

Longitudinal slope 1% or less 

Purvis (2018) 

Bioswale: 

Engineered Media 

Depth between 0.6 -0.9 m (2-3 ft);  

Select media with high P-sorption potential, 

low P-index;  

Media infiltration rate between 2.5 ï10 cm/h 

(1-4 in/h);  

Underdrains, if present, should provide 0.30-

0.45m (1-1.5 ft) separation between top of 

internal water storage layer and bottom of 

media 

Hunt et al. (2012); 

Purvis (2018) 
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Table 4-4 (continued). 

 

Check dams  Add stable and well-vegetated earthen or 

rock structures located at the downstream 

end of swale or at drop inlet. Maximum 

height 60 cm. 

Kaighn and Yu (1996); 

Dunn et al. (1995); 

Winston et al. (2018) 

 

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 to Marvin et al. (2020) for a comprehensive review of their performance, 

application, constructability, and operation and maintenance challenges. 

Heavy Metals 

Unlike swalesô capacity to reduce nutrients, how well swales treat heavy metals in 

highway stormwater runoff is well-documented. A considerable percentage of zinc, copper, 

nickel, and cadmium occur in dissolved forms, while lead and chromium are typically particle-

bound in stormwater runoff (Huber et al., 2016; Stagge et al., 2012). The 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 runoff (Backstrom, 2003; 

Bäckström et al., 2006). Yousef 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 and 31-52% 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 6-7 is ideal for adsorption of metals, and both the 

organic and inorganic fractions provide complexation sites for the metal ions to bind 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% for zinc (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 in bioretention, overall 

metal removal usually remains sufficient (Søberg et al, 2017).  

Stormwater wetlands are also highly effective at removing heavy metals with reductions 

noted between 31-88% for copper, 23-84% for zinc, 55-94% for lead, and 0-88% for cadmium, 

except for a few cases where an export was observed (Carleton et al., 2001; Gill et al., 2017). For 

sediment-bound metals, stormwater wetlands were observed to remove approximately 57% zinc, 

48% copper, and 71% lead (Walker and Hurl, 2002). Wet swales have likewise shown reductions 

between 17-45% for lead, zinc, and copper (Leroy et al., 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 particularly dependent on flow depths 

below grass height (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 life-cycles. 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 in Table 4-5 and rationale behind design guidance in Table A-5. 

Table 4-5. Designing Swale for Metals Sequestration. 

Design Component Common Design Guidance Supporting Literature  

Cross-sectional 

geometry 

Trapezoidal (flat bottom) to increase contact 

time. If space is limited, a triangular swale 

can be used to treat catchment areas 0.1ha or 

less 

Bäckström et al. 

(2006) ; (Bäckström et 

al., 2006; Yousef et al., 

1987)Yousef et al. 

(1987) Winston et al. 

(2017) 

Grass density High. Aim for grass cover of good-excellent 

for the selected species (3,000-9,000 

stems/m2). 

Temple (1982) 

Bäckström et al. (2006) 

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

(H:V) or shallower for triangular swales 

Barrett et al. (1998); 

Winston et al. (2017) 

Bioswale 

 

Base width: 0.9-1.5 m (3-5 ft);  

Channel length: 8m-30m (25-100 ft);  

Longitudinal slope 1% or less;  

Provide a forebay to the bioswale. 

Purvis (2018) 

Engineered media specifications: 

Depth between 0.6-0.9 m;  

Media infiltration rate between 2.5 ï 10 cm/h 

(1-4 in/h) 

Hunt et al. (2012) 

Wet Swale High surface area to drainage area ratio 

(~5%); 

Add diverse mix of wetland vegetation for 

pollutant uptake; 

Provide check dams to promote and sustain 

wet conditions. Provide a forebay for 

diffusing flows and capturing trash/debris. 

Line et al. (2008); Read 

et al. (2008) 

 

Sand-based media commonly show effective metal removal (Søberg 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 worldwide (Lee et al., 2021; Monrabal-Martinez 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 not well researched. 

Filtration, soil adsorption, desiccation, and predation are the most common bacteria removal 

mechanisms (Stevik et al., 2004), and bioswales promote some of these pollutant removal 

mechanisms. Recently, Purvis et al. (2018) observed that a bioswale 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 waters (Anderson et al., 2016). Similarly, wet swales 

can effectively remove organic pollutants such as polycyclic aromatic hydrocarbons (Leroy et 

al., 2016).  

4.5 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 recommendations for swales 

(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 physical barriers to the 
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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, grass swales can 

experience uncontrolled vegetation growth, silt accumulation and other maintenance issues 

impacting their performance (Sañudo-Fontaneda et al., 2020). These unprecedented factors 

necessitate forethought during the design phase so that these SCMs are not abandoned post-

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 swales (Blecken et al., 2017). Keeping inlets, outlets, 

and check dams cleared of trash and debris, removal of accumulated silt and nuisance vegetation 

are the other common maintenance items for swales (Sañudo-Fontaneda et al., 2020). To prevent 

embankment erosion and scouring of check dams, they should be designed as earthen berms, 

vegetated and well-stabilized, preferably located at the downstream end of the swale (Kaighn and 

Yu, 1996). When designing a swale, engineers should consider flat longitudinal slopes, wide 

channel bottoms, and geotechnical matting to prevent erosion from higher flow velocities, while 

allowing vegetative cover to establish (Li, 2015). 

Wet Swales, like stormwater wetlands, may require forebay cleanout, removal of invasive 

vegetation, and repairs of structural elements at the inlet or the outlet (Blecken et al., 2017). For 

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 underdrains; and unclogging or periodic 

replacement of the engineered media mix (Blecken et al., 2017). Keeping the bioswale length 

between 8-30 m as recommended by Purvis (2018) may limit the media replacement costs. The 
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issue of clogging in infiltration practices is common (Reddi 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 SCM life-cycle, so a cost-benefit 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 operational costs during the 

lifecycle (Wossink and Hunt, 2003). Departments of Transportation and municipalities have 

limited funds available for successful SCM implementation, operation, and maintenance 

(Blecken et al., 2017; Henderson et al., 2019). Thus, selection of a cost-effective practice that 

can provide the desired water quality treatment is of paramount importance for long-term 

success. Unfortunately, the design, construction, operation, and maintenance costs are not readily 

available or documented in the literature (Houle et al., 2013). Costs are also highly site-specific 

due to natural topography, soil type, subsurface conditions, and utility conflicts, making it hard 

for decision-makers to apply them universally (Barrett, 2005). Land availability also plays an 

important role in SCM costs, especially in linear highway environments with limited rights-of-

way. Yu et al.ôs (2013) comparison of several 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 countries, Yu et al. (2013) 

developed SCM construction and operations costs on a low-high scale without providing specific 

costs. Their results suggested a grass swale has 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 whole-life 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 approximately 1.5x-2.5x 

higher than those of grass swales in their initial years of operation (Houle et al., 2013). Further, 

the capital costs for a bioretention can be up to 4x higher than those of a grass swale (Houle et 

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 cautiously. We hypothesize 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 management, 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 management (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 bioswales (Fardel 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 risks (Rosenberg et al., 2010; Semadeni-Davies et al., 2008; Waters et al., 

2003), and limited information is available on the impact of climate change on the performance 

and sustainability of SCMs (Fletcher et al., 2013). Towards this end, Hathaway et al. (2014) 

evaluated the impact of future climate scenarios on 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 storage. Zhang et 

al. (2019) also recommended larger footprints for future SCM designs while evaluating treatment 

performance of two low-impact development practices under future climate change scenarios. 

Therefore, developing a factor of safety, based on potentially higher runoff volumes and rates, 

for use in swale design would (perhaps modestly) enlarge the SCMôs footprint to maintain the 

stormwater conveyance and treatment function of a swale under climate change scenarios. 

Further research is clearly needed to determine the appropriate factor of safety. 

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 control (Backstrom, 2003; Semadeni-

Davies et al., 2008; Viklander, 1996). Further, they are exposed to more demanding conditions 

(e.g., 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, intense summer 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 rainfall-runoff relationship is covered by design parameters, they do not reflect 

the human- snow management interactions (e.g. snow ploughing, transport and disposal 

elsewhere) that change catchment characteristics from winter to spring, making snow melt 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, 2005; Sem§deni Davies F. and Bengtsson, 1999; 

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 traffic-related pollutants and atmospheric deposition, salts from de-icing and 

anti-skid agents (commonly sodium chloride, NaCl) and increased amounts of particulates from 

gravel accumulate in the snowpack stored in the swale; these 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 various climatic variables and open drainage pathways (Marsalek, 2003). While 

roadside meltwater has usually higher pollutant loads than stormwater (Sansalone and 

Buchberger, 1996; Viklander, 1996), the capacity for treatment in swales is compromised due to 
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(1) diminished infiltration in frozen soils (Fach et al., 2011; Kane, 1980; Moghadas et al., 2016; 

Oberts, 1990), (2) reduced biological and chemical activity (Backstrom, 2003; Semadeni-Davies, 

2004), (3) limited sediment settling and accumulation and (4) higher flow velocities due to lower 

flow resistance from a lack of vital vegetation (Lindwall and Hogland, 1981). An extreme water 

quality impact occurs when rain falls on the snowpack that has undergone repeated freeze-thaw 

cycles, leading to a sudden release of soluble pollutants combined with a scouring of pollutants 

by rainfall (Marsalek, 2003). 

TSS removal in winter was analyzed by Roseen et al. (2009). They found a decline in the 

TSS reduction between 22-72% during winter for different swale types (both stone-lined and 

vegetated). In terms of NaCl inputs to roadside swales, the following processes were found to 

affect swale functions: (i) sodium ions decrease soil permeability by impacting the soil structure 

(Krauskopf and Bird, 1967); (ii) chloride is retained in the swale bottom soil and slowly released 

over the year while contributing to desorption of metals (Stagge et al., 2012); and (iii) the 

presence of salt in infiltrated stormwater affects the pH of the meltwater and increases metal 

mobilization and release (Paus et al., 2014; Søberg et al., 2017). Excessive 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 freeze-up (Al -Houri et al., 2009; Fach et al., 2011). Relatively coarse-grained soils are 

therefore recommended as they are least affected by moisture content, avoiding impervious 

conditions (Zhao and Gray, 1999). Fines from anti-skid 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 grain size distribution of the soil, 

as hypothesized by Rujner et al. (2018). Infiltration tests revealed that the infiltration rates (Ø 

=3.2 cm/h) fulfilled standard requirements (with good safety margin) even after 60 years of 

operation. The accumulation of metals in the stratigraphy of the swale bottom in a cold climate 

setting was reviewed by Gavriĺ et al. (2019a). They found 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 to be 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 insight. Blecken et al. 

(2010) showed that the recommended coarser filter material affects nitrogen removal negatively, 

leading to N-export. However, more recent work has shown that the IWS performance regarding 

N treatment is sufficient at temperatures down to 2°C (Søberg et al, submitted). One drawback of 

the IWS in cold climates is the freezing risk during long freeze periods, which must be 

considered during design. Exposure to road salt reduces the adsorption capacity of (mainly 

dissolved) metals (Paus et al., 2014; Søberg et al., 2017). However, 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 purpose-built 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 climates (Al -Rubaei et 
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al., 2017; Larm, 2000), it 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 must consider whether the 

species are adapted to the local climate and whether they are tolerant towards salt present in 

winter runoff. Table 4-6 synthesizes the resulting operational challenges from the above findings 

and lists potential swale design options to cope with them. 

Table 4-6. Swale design recommendations for cold climate. 

Operational challenge Design options and recommendations 

Mechanical impact of 

snowpacks and snow 

clearing 

¶ Increased depth and width  

¶ No major check dams that could encumber snow trucks 

¶ Allowing lush vegetation to recover soil structure and 

maintain sufficient infiltration capacity 

Snow melt runoff induced 

reduced particle settling 

and erosion due to lack of 

biological activity during 

melting period 

¶ Larger depths and width as without winter season 

¶ Mild slopes (i.e. 1-4 %) (Caraco and Claytor, 1997) 

¶ Introduction of weirs or grade controls to slow flow (Oberts, 

2003) 

Reduced infiltration in 

frozen soil, additional 

snowmelt volumes from 

snow transfer and rain-on-

snow 

¶ Modification of the grain size distribution of the turf layer, 

coarser material recommended 

¶ Installation of bypass for excess water 

¶ Increased swale surface storage capacity and minimum 

infiltration rate of 1.3 mm/hour, mild slopes to encourage 

infiltration (Caraco and Claytor, 1997) 

¶ Gravel trench to enhance infiltration and release below the 

frostline (Oberts, 2003) 

Inflow of de-icing road 

salt; avoiding toxicity 

levels of metals by trace 

metal desorption 

¶ If NaCl application is required, choose salt-tolerant plant 

species 

¶ Consider potential groundwater pollution 

¶ Despite impact on removal in bioswales, overall removal 

probably sufficient (Søberg et al., 2017) 
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Table 4-6 (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 with 

higher pollution levels to dedicated snow disposal sites to 

reduce local impact (Sharma et al., 1991) 

¶ Promotion of meltwater sheet-flow rather than channelized 

flow to increase pollutant removal (Oberts, 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 of 

infiltration (Oberts, 2003) 

¶ Adapted winter maintenance (i.e., reduced grit application) 

Groundwater pollution 

during major melts 

¶ Flow diffuser /flow spreader after routing through the swale 

allowing meltwater to distribute over connected vegetated 

areas (Oberts, 2003) 

Trash accumulation ¶ Grids in outlets to avoid clogging of downstream stormwater 

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 mechanisms (Gavriĺ et al., 2019b).  

Simple grass swale design models such as those applied by Winston et al. (2017) and 

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

watershed-scale 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), WinSLAMM (Windows-based Source-loading and Management 
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Model) (Pitt and Voorhees, 2009), and USEPAôs Stormwater Management Model (SWMM) 

(Rossman and Huber, 2016), among other tools. SWMM is freely available in the public domain, 

thus promoting its application for stormwater planning, analysis, design (Niazi et al., 2017) and 

has been successfully applied for swale studies worldwide (Hwang and Weng, 2015; Luan et al., 

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 reviewed (Elliott and Trowsdale, 2007; Gavriĺ et al., 2019b; Jayasooriya and 

Ng, 2014; Vaze and Chiew, 2003; Zoppou, 2001). The 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. Swales often treat runoff as part of 

treatment trains and in the linear environment. However, establishing a well-functioning swale 

can be challenging in these settings. For maximum water quality treatment, a swale should be 

located in (i) naturally low areas and cut 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 maintenance (Blecken et al., 2017; 

Lantin and Barrett, 2005). Underpinned by this literature review, the best swale design 

alternative for targeting specific pollutants is presented in Table 4-7, in the order of preference. 
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Table 4-7. Swale Alternatives for Targeted Pollutants. 

Target Pollutant Swale Options1 

Sediment Grass Swale, Infiltration Swale, Bioswale, Wet Swale 

Heavy metals Grass swale, Infiltration Swale, Bioswale, Wet Swale 

Phosphorus Bioswale 

Nitrogen Wet Swale, Bioswale with IWS 

Bacteria Bioswale 

1The first swale listed is considered the likely best alternative for a given pollutant. 

This review paper provides comprehensive science-based guidance for designing water 

quality swales. Pollutant-specific design guidance presented in Tables 4-1 to 4-6 is summarized 

in Table 4-8 for practitioners. General design guidance that applies to all swales is presented 

first, followed by specifics for Bioswales and Wet Swales. 

Table 4-8. Swale Design Guidance for Comprehensive Stormwater Treatment. 

Design Component Design Guidance Reason (s) 

All Swales 

Hydraulic retention time Between 5-6 minutes Extended HRT allows particle 

settling 

Flow depth Below grass height (10-15 cm) Treats all runoff passing below 

grass height for water quality 

swale 

Grass type Blend of non-clumping species 

with stiff blades 

Adapted to ambient climate 

conditions 

Prevents concentrated flows 

and resulting erosion or 

sediment contribution 

Grass density Dense turf. Aim for grass cover 

of good-excellent for the 

selected species (3,000-9,000 

stems/m2). 

Greater surface area provides 

opportunity for adsorption of 

small particles and ions. Good 

or better cover and uniform 

stands of grass facilitate 

filtration and sedimentation, 

while limiting internal erosion. 

Swale length (as function 

of drainage area) 

75 m/ drainage ha (100 ft/ 

drainage ac) 

Needed for sedimentation 
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Table 4-8 (continued). 

 

Longitudinal slope Less than 3% Prevents ñshort-circuitingò 

Side slopes 3:1 (H:V) or shallower for 

trapezoidal channel. 6:1 (H:V) or 

shallower for triangular swales 

Provides pre-treatment 

increasing swale efficiency 

Cross-sectional geometry Trapezoidal (Flat-bottomed) Allows greater contact area 

and more likely to meet flow 

depth below grass height 

requirements 

Grass height  

(Post-construction 

maintenance 

requirement) 

Between 10-15 cm (4-6 inches). 

Can extend grass height in areas 

with high flows due to very 

intense rainfalls 

Proper grass height allows 

sedimentation and filtration 

Check dams (optional for 

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 

 

Pre-Treatment 

Provide forebay and minimum 

one check dam 

Forebay diffuses concentrated 

flow and captures trash/debris. 

Check dams increase water 

storage, hydraulic retention 

time, and ultimately 

infiltration. 

Geometry Base width: 0.9-1.5 m (3-5 ft); 

Length: 8-30 m (25-100 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 and 

infiltration to the media 
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Table 4-8 (continued). 

 

Engineered media 

specifications 

0.45-0.90 m (1.5-3.0 ft) depth; 

Low to moderate organic matter 

(5% of total weight or 10% of 

total volume);  

fines between 8 and 12%; 

phosphorus-sorptive material; 

Coarser material for cold 

weather climates 

Engineered media needed for 

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 

Pre-Treatment, 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. 

Forebay diffuses 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 pre-design investigation for each site. Seasonal high groundwater levels should also be 

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

flow) bioswales. Similarly, recommended grass height of 10-15 cm must be maintained post-

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

designed for water quality treatment, maintaining appropriate 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 be considered in 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 may be perceived negatively from an aesthetic perspective 

or promote mosquito growth (Valdelfener et al., 2019). Similarly, 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 those costs 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 (typically 19-25mm), and 

this is acceptable. There are also conflicting findings in the literature on some parameters that 

need further research to be resolved and reach consensus. For example, a V-shape cross-section 

was recommended by Barrett et al. (1998) because the side slopes act as a vegetative filter strip 

providing pre-treatment; whereas, a trapezoidal shape is recommended by others for enhanced 

treatment since it allows more contact surface area and increased hydraulic retention time (Fiener 

and Auerswald, 2005; Winston et al., 2017). The guidance for engineered media is based on 

recommendations for design of a bioretention cell due to lack of specific bioswale-data, so 

media-selection guidance herein should be applied with caution. Similarly, the limited wet swale 

guidelines have been derived partially from stormwater wetland studies. The authors have 

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 vegetation (Barrett 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 enhancement options such as tillage of urban compacted soils and incorporating 

compost in the topsoil should be further investigated. 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 engineered 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 research. Life-cycle cost comparisons 

for bioswales, wet swales, and grass swales normalized for the watershed area or runoff volume 

treated are needed for effective decision-making 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 options. 

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 



   

125 

 

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, multi-objective stormwater management 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 most effective 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.  
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5.1 Abstract 

Swales are a low-cost, 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: length, shape, 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 total metals (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, and storm-size 

significantly influenced runoff volume reduction. The longer (30m), trapezoidal swale 

constructed on the flatter (1%) longitudinal slope provided maximum reductions in sediment, 

and heavy metal concentrations during small-medium storms. Larger storms had modestly 

reduced pollutant and volume 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, except dissolved 

phosphorus. Therefore, to optimize swale function, designers could maximize the swale length to 

the greatest extent practicable, when swales receive inflow from end-of-pipe. The trapezoidal 

cross-section was superior to the triangular cross-section 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 biodiversity (Ahiablame et al., 2012; Dhakal 

and Chevalier, 2016; Filazzola et al., 2019; Henderson et al., 2019; OôDriscoll et al., 2010; 

Petrucci et al., 2014; Wardynski et al., 2014). Federal and state regulations (e.g., the 1972 Clean 

Water Act in the United States) promulgate measures to protect receiving water quality from 

impacts of urbanization (Boger et al., 2018; Subramanian, 2016). However, the limited success 

of legacy government actions in managing stormwater runoff and improving surface water 

quality (Pickering and Nassiri, 2021) underscores the need to advance green stormwater 

infrastructure techniques (Subramanian, 2016). Green stormwater infrastructure practices (e.g., 

bioretention, green roofs, raingardens, and swales) offset the impact of urbanization by 

mimicking pre-development hydrology, benefitting human health, and improving biodiversity in 

aquatic ecosystems (Dietz, 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 

micropollutants (Marsalek et al., 1999; Müller et al., 2020; Petrucci et al., 2014; Winston et al., 

2023). Highway runoff, a major pollution source of receiving waters (Müller et al., 2020) is well-

characterized for its composition and impacts (Han et al., 2006; Kayhanian et al., 2012, 2008; Li 

et al., 2005; Opher and Friedler, 2010; Wheeler et al., 2005; Winston et al., 2023; Winston and 

Hunt, 2017; Wu and Allan, 2018). Tire abrasion, brake pad wear, atmospheric deposition, and 
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roadway maintenance activities are common sources of particles in highway runoff (Barrett et 

al., 1998a; Gunawardena et al., 2013; Li et al., 2005; Zanders, 2005). Common pollutants include 

total suspended solids (TSS), total dissolved solids (TDS), nitrate+nitrite (NO2-NO3), ammonia 

(NH3-N), total kjeldahl nitrogen (TKN), ortho-phosphorus (OP), total phosphorus (TP), carbon, 

chloride, oil and grease, arsenic, chromium, nickel, copper, cadmium, iron, lead, and zinc 

(Barrett et al., 1998a; Gavriĺ et al., 2019; Han et al., 2006; Kayhanian et al., 2007; Wu et al., 

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 non-linear SCMs (Pickering and Nassiri, 2021). For 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 impoundment (Pickering and Nassiri, 2021; Romnée et al., 

2015; Zhou and Beck, 2005). Compaction required for roadside shoulders can limit the 

effectiveness of implementing vegetative filter strips (Winston 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 receiving waters (Leroy et al., 

2016; Marsalek et al., 1999); and (iii) low construction and maintenance costs (CALTRANS, 

2004; Henderson et al., 2019). Swales are also an integral part of green stormwater infrastructure 

in urban areas for effectively managing stormwater (Dhakal and Chevalier, 2016; Dietz, 2007; 

Henderson et al., 2019; Mohamed et al., 2014; Rushton, 2001). An increased demand for 

targeted treatment of urban stormwater pollutants has resulted in the evolution of other water 
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quality swales such as infiltration swales, wet swales, and bioswales (Ekka and Hunt, 2020a).  

Infiltration swales (grass swale with a check dam) can provide targeted benefits for volume 

mitigation and sediment reduction (Winston et al., 2018). Bioswales (with engineered media and 

underdrains) can be an effective tool for targeting phosphorus and bacteria (Purvis, 2018). Wet 

swales (with wetland plants) can provide multiple benefits of runoff volume, nitrogen, metals, 

and hydrocarbons (Leroy et al., 2016; Winston et al., 2012). These swale variants have an 

increased lifecycle cost due to the special design, construction, and maintenance requirements 

(Ekka et al., 2021). However, grass swale remains a simple and cost-effective tool to manage 

stormwater runoff from roadways (Fardel et al., 2019; Gong et al., 2019; Wu and Allan, 2018). 

Current State of Swale Design and Performance 

A swaleôs ability to mitigate runoff volume and pollutants varies substantially due to 

differences in geometrical design, influent particle size, underlying soil properties, vegetation, 

flow depth, storm size, and climate (Ahiablame et al., 2012; Boger et al., 2018; Fardel et al., 

2019; Gavriĺ et al., 2019; Henderson et al., 2019). Since these references provide a robust 

summary of swale removal efficiencies, it is not discussed here. A meta-analysis of swale 

performance suggested that removal efficiency of certain pollutants increased when the 

geometrical design of swale increased the hydraulic residence time (Fardel et al., 2019). The 

primary motivation of this research was to examine the role of channel length, shape, 

longitudinal slope, and storm size in swale performance. A brief discussion of these and other 

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 of this article. 
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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., 2001), due to the increased hydraulic retention time (Winston et al., 

2017) and swale area (Bäckström et al., 2006). In field studies in the US, Yu et al. (2001) 

observed complete infiltration of runoff for small storms in a 275m grass swale, while Knight et 

al. (2013) demonstrated a 23% runoff volume reduction from a 10m long swale. Similarly, 

Lucke et al. (2014) showed that a 30m long swale attenuated the mean runoff volume by 52% 

and peak flow by 61% in a controlled study in Australia. In Sweden, Backstrom (2002) observed 

runoff volume reductions between 33-66% in a field study with 5-10m long swales.  

For pollutants, the first 10m of the swale can remove up to 50-80% of TSS and 20-23% 

TP between the inlet and the outlet (Lucke et al., 2014). Marginal removal of both particulate 

and dissolved pollutants diminishes with increasing swale length (Backstrom, 2002; Lucke et al., 

2014; Mohamed et al., 2014; Yu et al., 2001), suggesting that constructing unnecessarily longer 

swales may not be a cost-effective solution. Consequently, Yu et al. (2001)ôs early 

recommendation of minimum 75m swale length may not be useful to 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 0.40 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 conditions (Bäckström et al., 2006). Increasing the swale cross-sectional area 

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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swaleôs life cycle but providing greater bottom width (trapezoidal cross-section) may be more 

cost-effective. 

Channel Shape (Cross-Section) 

The typical cross-sections for roadside swales are triangular and trapezoidal (Fardel et al., 

2019), but some have recommended a parabolic channel (Lantin and Barrett, 2005; Lu et al., 

2023). Field experiments (Fiener and Auerswald, 2005), and modeling studies (Hwang and 

Weng, 2015; Winston et al., 2017) suggest 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 cross-sectional 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 

quality swale construction (Boger et al., 2018). Steeper longitudinal slopes increase flow 

velocity, reducing the contact time for infiltration and the suspended particles to fall out of 

suspension (Yu 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 pollutant reduction (Hwang and Weng, 2015; Winston et al., 2017; 

Yousef et al., 1987), and 3% is the maximum recommended design slope for swales (Ekka 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 flow (Fardel et al., 2019), as it may provide runoff infiltration 

(García-Serrana et al., 2017) and filtration benefits. The benefit of side slope as a filter is more 
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pronounced in a triangular swale or median (Barrett et al., 1998b; Winston et al., 2017). A recent 

field study showed that swales receiving lateral inflow treated higher loads of micropollutants 

compared to longitudinal inflow (Fardel et al., 2020). The design of side slope in a trapezoidal 

swale, however, is less significant due to a larger bottom cross-sectional area available for flow 

to pass (Winston et al., 2017).  

Storm Size 

Storms between 12mm-38mm (0.5in-1.5in) are typically responsible for about 75% of the 

runoff pollutant discharges (Pitt, 1999). This range includes the current ñwater quality design 

stormò of 25 mm (1 inch) used in non-coastal North Carolina, also referred to commonly as the 

ñfirst flushò (NCDEQ, 2018). Grouping rainfall by depth can help stormwater managers evaluate 

effectiveness of grass swales. Pitt (1999) provided five rainfall groupings based on monitored 

rainfall and runoff distributions in Milwaukee, Wisconsin: extra-small (<5mm or 0.2 inches), 

small (5mm-13mm or 0.2-0.5 inches), medium (13mm-25mm or 0.5-1.0 inches), large (25mm-

38mm or 1.0-1.5 inches), and extra-large (>38 mm or 1.5 inches). The groupings were developed 

based on impacts of storms frequency and runoff pollutant discharges. 

In another study, Davis et al. (2012) assessed 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 intermediate (23-33mm) rainfall 

events, where hydrologic abstractions 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 peaks (Davis et al., 2012; Rujner et al., 2018). The 

efficiency of swales in treating small-medium storms (typically defined as below 25mm) is 
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relatively well-studied (Davis et al., 2012; Pitt, 1987; Yu et al., 2001), but 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 swale (Davis et al., 2012; Revitt et al., 2017; Yu et al., 2001). 

Ambient temperature, season, and soil characteristics can affect a swaleôs infiltration capacity. In 

winter, frozen soils experience diminished infiltration, impacting runoff volume reduction (Fach 

et al., 2011; Moghadas et al., 2016). Similarly, soil compaction during construction can reduce 

infiltration rates thereby impacting runoff volume and pollutant reduction capacity (Brown and 

Hunt, 2010; Gregory et al., 2006; Pitt et al., 2008). Initial soil moisture conditions also influence 

swale drainage efficiency (Rujner et al., 2018).  

First flush is defined as movement of the majority of the pollutant loads during the 

ascending limb of the runoff hydrograph (Sansalone and Buchberger, 1997). The usual particle 

size in the first flush runoff from the pavement is 2-8ɛm (Sansalone et al., 1998), which are 

difficult to trap. Furthermore, the first flush can transport up to 40-90% of toxic pollutants within 

the first 20-30% of the storm duration (Kayhanian et al., 2008), making it detrimental to 

downstream aquatic life. A swale can be a pollutant sink for a higher influent concentration that 

is mainly particle-bound by employing physical removal processes of filtration and 

sedimentation (Backstrom, 2002, 2003; Fardel et al., 2019). When influent concentrations are 

lower, the effectiveness of swale decreases, and the swale can act as a pollutant source 

(Backstrom, 2003; Bäckström et al., 2006). This may be due to its inability in (1) trapping of 

smaller-sized particles (Bäckström et al., 2006; Deletic, 2005; Deletic and Fletcher, 2006) 

resulting from insufficient hydraulic retention times in the rights-of-way (Winston et al., 2023; 
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Winston and Hunt, 2017); (2) and treating dissolved pollutants (Fardel 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 performance (Gavriĺ et al., 2019). Appropriate vegetation type, height, and 

density are critical for improved performance of grassed channels (Hunt et al., 2020; Liu et al., 

2016; Mishra et al., 2006). Regarding flow depth, non-submerged conditions (flow depth Ò grass 

height) are preferable over the submerged conditions (flow depth Ó grass height) for pollutant 

reductions (Backstrom, 2002; Gavriĺ et al., 2019; Hunt et al., 2020). 

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 design (Ekka and Hunt, 

2020b). Thus, there is a need for controlled studies where empirical data can be collected 

systematically to evaluate the effect of different design parameters (Boger 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 included TSS, four total metals 

(copper, lead, zinc, and cadmium), TP, Ortho-P, dissolved inorganic nitrogen (as NO2-NO3), and 

TKN which includes ammonia and organic nitrogen.  
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5.4 Materials and Methods 

Site Design and Construction 

The field study was conducted between October 2018-December 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 HydroCAD® (v. 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 Master® (V8i, Bentley 

Systems, Inc.) was used to verify the swale design carrying capacity for the simulated runoff. 

A detailed topographic land survey was conducted using Sokkia SET530R prismless 

surveying total station and Carlson Explorer data collector. NCDOTs 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 Appendix B). In April 2018, an experienced contractor constructed eight grass 

swales with different configurations of channel length, slope, and shape (Table 5-1). Onsite soil 

was used to manage the cut-fill for construction and no offsite material or amendments were 

added. All newly constructed swales were vegetated with tall fescue sod (Festuca arundinacea) 

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 collection (Figure 5-1). 

Table 5-1. Design configuration and characteristics of experimental swales constructed in 

Raleigh, North Carolina, USA. 

Design Characteristics Experimental Swale Name1 

V4-

30 

T4-

30 

V4-

10 

T4-

10 

T1-

30 

V1-

30 

T1-

10 

V1-

10 

Length (m) 30 30 10 10 30 30 10 10 

Shape (T: Trapezoidal; V: 

Triangular) 

V T V T T V T V 

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) 0.69 1.19 0.69 1.19 1.33 0.90 1.33 0.90 

Swale Flow Area (m2) 10.6 31.9 3.5 10.5 34.0 13.7 11.2 4.5 

Soil Characterization2  

Sand (%) 62.6 54.8 57.5 48.0 64.2 49.0 51.7 46.7 

Silt (%) 14.3 11.4 15.7 15.1 11.9 15.4 14.0 16.6 

Clay (%) 23.1 33.8 26.9 36.8 23.9 35.6 34.2 36.7 

Average Field Saturated 

Hydraulic Conductivity 

(Ksat, cm/h)2 

1.4 8.5 0.6 1.4 5.0 2.9 11.5 2.0 

Bulk Density2 (g/cm3) 1.26 1.30 1.41 1.40 1.33 1.29 1.40 1.35 

Average Penetrometer 

Resistance2 (psi) 
144 210 138 119 61 95 246 218 

1Swale names indicate ShapeSlope-Length, for example, V4-30 is a triangular shaped swale at 4% 

slope and 30m long. 2Data collected between April, 2018-June, 2018 after swale construction and 

before start of experiments. 
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(a) Excavation for swale construction 

 
(b) Sod placement in swale 

 

 
(c) Overall Site Layout 

 

Figure 5-1. 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 between April-June, 2018 (Table 5-1). 

Infiltration data was collected from each swale using a constant head permeameter well (single-

ring infiltrometer) (Dane, 2002) at the inlet, mid-point, 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 (6-cm diameter) at the same three locations. For analyzing bulk density, soil 

samples were collected, cut in slices, preserved in a plastic bag and transported to the soil 

laboratory. Penetration resistance was also measured at the swale inlet, mid-point, and exit using 

a cone tipped penetrometer (Field scout SC900, Spectrum Technologies, Inc., 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, mid-point, and exit station of each swale with 

measurements at the left bank, swale centerline, and right bank. To estimate soil moisture, 2.5-

cm (1-inch) diameter soil cores were collected as a composite sample, weighed, dried for 24-48 

hours in an oven at 105°C, and re-weighed. Soil moisture was measured as the gravimetric water 

content (g/g), which was multiplied by the bulk density for 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) with a 6-hour antecedent dry period were analyzed in the 

statistical software R version 3.5.2. Historic precipitation data for the Lake Wheeler station and 

Raleigh-Durham International Airport (RDU) was obtained from the North Carolina Climate 



   

154 

 

office (NCCO) from June 1, 1982-September 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 level (2-ft) for each trial. The background 

concentrations of sediment and chemical constituents in the water supply pond were 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), NO3-NO2 and Ortho-P were below detection 

limits. Due to the background concentrations being substantially lower 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 to avoid 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 every 1-2 weeks 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.g., fertilizer, herbicide, or pesticides) application was 

avoided during the study and any notable trash/debris was removed before runoff simulation. 

Runoff Simulation and 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, typical for highly impervious 

asphalt areas (NCDEQ, 2018; Rahaman, 2021). Thus, 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 2018. Figure 5-2 (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 ISCO® 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 hydrograph (Figures C1-C2). The 

valve was turned every 10 minutes for small-medium storms and every 20 minutes for large 

storms, to deliver the water into the swale via a high-density polyethylene (HDPE) pipe. Small-

medium storm simulations typically lasted 80-90 minutes, and large storm simulations lasted 

approximately 160-180 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 well with mortar and pestle to break any aggregates, 

and finally sieved via ATSM#25 sieve to obtain particles<500 µm. Pollutants selected for testing 

included TSS, NO2-NO3, TKN, ortho-phosphorus, TP, and total copper, lead, zinc, and 

cadmium. These pollutants are typical in highway runoff and due to potential harmful 

environmental impact, they are often regulated (Stagge et al., 2012). The amount of each reagent 

added for spiking runoff is presented in the supplementary materials (Table C-1).  

The pre-mixed slurry of sediment and synthetic pollutants was poured into a 200-liter 

plastic mixing tank, equipped with a trolling motor (T34 Motor Guide) to create turbulence and 

thoroughly mix the pollutant dose (Figure 5-2 (b)). A submersible pump continuously pumped 

the water to the mixing tank, which discharged the spiked water to the swale. Table 5-2 shows 
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the simulated inflow/influent concentrations and values reported in the literature. Water quality 

(influent and effluent) samples were collected as flow-weighted composite samples in 10-liter 

polyethylene round bottle placed inside the ISCO® sampler, per the USDOT requirements 

(USDOT, 2001).  

 
(a) Conceptual Experimental Setup 

 
(b) Mixing tank with pollutant-spiked 

runoff to dose the inflow. 

 

 

 
(c) Exit sample collection in Vegetated 

/Grass Swale 

 

Figure 5-2. Conceptual Swale testing setup and experimental apparatus. 
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Table 5-2. Inflow/Influent Characteristics for Runoff Simulation Experiments. 

Pollutant Mean (Range) of Actual 

Simulated Values 

NCDOT 

Measured Median 

Values1 

Mean Values 

Reported in 

Literature 2 

Reference 

19mm 

storm 

36mm 

storm 

Total Suspended 

Solids (mg/L) 

42 (33-49) 35 (30-41) 28 12-40 Winston et al. (2012); Winston and 

Hunt (2017); Wu and Allan (2018) 

Total Nitrogen 

(mg/L) 

0.96 (0.81-

1.06) 

0.97 (0.83-

1.19) 

1.39 0.49-1.69 Luell et al. (2021); Winston et al. 

(2012); Winston and Hunt (2017); 

Wu and Allan (2018) 

Total Phosphorus 

(mg/L) 

0.12 (0.09-

0.14) 

0.10 (0.08-

0.11) 

0.19 0.07-0.17 Luell et al. (2021); Winston et al. 

(2012); Winston and Hunt (2017); 

Wu and Allan (2018) 

Copper (ɛg/L) 14 (11-22) 9 (8-12) 10.95 10-33.5 Barrett et al. (1998); Kayhanian et al. 

(2007) 

Zinc (ɛg/L) 78 (61-85) 58 (43-83) 69.2 46-187 Barrett et al. (1998); Kayhanian et al. 

(2007) 

Lead (ɛg/L) 9 (7-16) 5 (5-7) 2.57 16-47.8 Barrett et al. (1998); Kayhanian et al. 

(2007) 

Cadmium (ɛg/L) 4 (3-7) 2 (2-3) 0.10 0.7-3 Kayhanian et al. (2007); Stagge et al. 

(2012) 

1Accessed from NCDOT Research Database with permission (July 2018). 2TSS,  TP, TN  values reported from different 

studies are  a mix of highways and secondary roads in North Carolina. Since no metal characterization data from roadway runoff in 

North Carolina was available, the data presented are from studies in other states of USA.



   

158 

 

Analytical Methods and Sample Quality Control 

Once a runoff simulation was completed, samples were poured into lab-supplied, 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 from SECREF 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 Ecology laboratory using the standard 

methods (APHA, 2012) (Table C-2). Particle size distribution (PSD) analysis was conducted by 

the NCSU Sedimentology Laboratory using a Beckman-Coulter 13-320 Laser Diffraction 

Particle Size Analyzer with a Universal Liquid Module. 

Field duplicates allowed assessment of precision and ñbias sample accuracyò in sample 

contamination. Field 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 blanks and laboratory duplicates. Further details on 

QAQC procedures are available in Ekka and Hunt (2020b) and Table C-3. 

Data Computation and Analysis 

ISCO® 6712 sampler and ISCO® 730 bubble flow module was used to record the flow at 

the inlet and the outlet. A 30  V-notch weir was installed inside the inlet structure, and a 60  V-

notch weir inside the outlet structure (Figure 5-2). Weir equations were used to convert stage to 

flow rate using a stepwise function (Grant and Dawson, 2001) for inlet and outlet, respectively: 

ὗ πȢφχφπὌȢ   (5-1) 
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ὗ ρȢττσὌȢ   (5-2) 

Where, Q= flow rate (L/s) and H= head (m)  

Runoff reduction provided by each swale was measured using an efficiency ratio (ER) 

calculated as: 

ὉὙ Ϸ ρππ (5-3) 

Where, ERRV (%)= percent reduction in runoff volume; InletRV= runoff volume at the inlet 

(m3); OutletRV= runoff volume at the outlet (m3) 

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

in evaluating swale performance (Henderson et al., 2019). Pollutant 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: 

ὉὙȾ Ϸ
Ⱦ Ⱦ

Ⱦ
ρππ (5-4) 

Where, ERC/L (%)= percent reduction in pollutant concentration (C) or load (L); InletC/L= 

pollutant concentration (C), milligrams per liter, or load (L) at the inlet (g); OutletC/L= pollutant 

concentration (C), milligrams per liter, or load (L) at the outlet (g). 

Statistical Analysis 

All field and laboratory data were tabulated in Microsoft Excel® and imported into JMP® 

version 17.1 (a SASÊ 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 loads (Ŭ=0.05). Upon a 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 of least square means from within the 
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ANOVA model was also conducted using Tukeyôs Honestly Significant Difference (HSD) test. 

Relationships between the responses (runoff volume and each of the pollutants) were evaluated 

using Spearmanôs rank correlation analysis. The strength of correlation was defined as strong 

(ɟ>0.70), moderate (ɟ between 0.30-0.70), or weak (ɟ <0.30).  

5.5 Results and Discussion 

Site Characteristics 

Onsite soils were primarily classified as sandy clay or sandy clay loam (Table 5-1). The 

average field saturated hydraulic conductivity varied widely (0.6-11.5 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 and C (USDA, 

2007), but groundwater depths were unknown. Bulk density values were below the threshold 

values that restrict root growth (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 soils (Knight 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 height (Table C-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 (Table C-4). The highest average gravimetric water content was observed in the Fall 

(0.23-0.25 g/g), followed by summer (0.12-0.20 g/g), and spring/early growing season (0.08-0.18 

g/g). 
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Hydrology 

The inflow volume to the swales varied among simulated events for small-medium 

storms (15,000-21,000 Liters or 15-21 m3) and for large storms (30,000-41,000 Liters or 30-41 

m3). 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 energy losses due to more fittings in 

longer pipe sections. The water balance for the swale was defined as: 

ὠ Вὠ ὠ   (5-5) 

Where, Vin: inflow volume, Vout: outflow volume, and Vlosses: water lost due to infiltration 

and evapotranspiration (Revitt et al., 2017). Evapotranspiration as a loss in swales is important 

for modeling long-term swale water balance (Deletic, 2000), but is often neglected in field 

studies due to the relatively short rainfall/runoff events (Gavriĺ et al., 2019; Marsalek, 2008). In 

a similar plot-scale study with short exposure time, Rujner et al. (2018) represented the water 

loss as infiltration. Evapotranspiration 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 measured and the difference between inflow and outflow volume was assumed to represent 

water loss via infiltration. This is recognized as an over-simplification, but representative of 

actual field-studies conducted worldwide (Backstrom, 2002; Davis et al., 2012; Lucke et al., 

2014; Rushton, 2001), and in North Carolina (Luell et al., 2021; Winston et al., 2018, 2012; Wu 

and Allan, 2018), where underdrains were not part of swale design. 

Figure 5-3 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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Tables C5-C11. Overall, these results agree with previous research supporting inflow volume 

reduction benefits of grass swales (Davis et al., 2012; Knight et al., 2013; Rushton, 2001; 

Sara­oĵlu and Kazezyēlmaz-Alhan, 2023; Winston et al., 2018; Yousef et al., 1987; Yu et al., 

2001). Although simulated inflows were higher than Lucke 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 than the triangular-shaped swales (Tables C5-C12), 

similar to the findings of Fiener and Auerswald (2005) and Winston et al. (2017) modeling 

studies. 

 

Figure 5-3. Average reduction in inflow volume. 

Interestingly, the maximum (T1-30) and minimum (T1-10) inflow volume reduction 

benefits were observed in trapezoidal swales constructed at a 1% slope. The highest inflow 

volume reductions observed in swale T1-30 are likely due to the maximum surface area for 

infiltration and lowest average penetrometer reading (61psi) among the swales. In contrast, swale 

T1-10 had the highest average penetrometer readings (246psi) and only one-third of surface area 
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was available for infiltration compared to T1-30. This highlights the importance of not only a 

longer swale, but also a greater swale cross-sectional area (facilitated by a trapezoidal cross-

section) to achieve greater stormwater management benefits. Inflow volume reductions in other 

10m swales, constructed at 4% slopes (V4-10 and T4-10) did not seem to differ substantially, but 

the less compacted V4-10 (triangular swale) infiltrated more water. The two shorter triangular 

swales (V4-10 and V1-10) provided better 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 interpretations of Davis et al. (2012) and Rujner et al. 

(2018). Reductions for large events ranged between 9-25% for the 10m swales and 14-44% for 

the 30m swales. Results showed that grass swales can be more than a ñconveyance-only SCMò 

during large storms (>33mm) as suggested previously by Davis et al. (2012). 

Statistical Analysis of Inflow Volume 

ANOVA results (Table 5-3) indicate swale length, swale shape, storm size and (length x 

shape) as the significant factors (p<0.05) influencing volume reduction (Ŭ=0.05). Slope, (length 

x storm size), and (slope x shape) became significant at Ŭ=0.10. A comparison of the LS Means 

values suggested that the longer (30m) swales provided approximately 2.5x-10x more inflow 

volume reduction than the shorter (10m) swale (Table 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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Table 5-3. ANOVA Summary for Parameters of Interest (Inflow Volumes and Pollutant Loads) 

by Design Factors. 

Design Factor 
Parameters of Interest 

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 Size Z Z Y - - - Y - 

Slope x Shape Z - - -  Y - - 

Length x Slope - Z Z - - - - - 

Note: Y: design factor is statistically significant at Ŭ=0.05; Z: design factor is statistically 

significant at Ŭ=0.10. Total Nitrogen (TN), Total Phosphorus (TP), Total Suspended Solids 

(TSS), Cadmium (Cd), Copper (Cu), Lead (Pb), Zinc (Zn). 

 

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

modest. From the ANOVA results, p-value=0.052 for slope and p-value=0.079 for slope x shape 

interactions suggest that slope may become significant, either with a higher n or a higher 

significance level (e.g., Ŭ=0.10). The LS means comparison for shape suggests that trapezoidal 

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

comparison showed that the inflow volume reduction benefits were 7% higher during a small-

medium storm than a large storm, which is consistent with previous research (Davis et al., 2012; 

Pitt, 1987; Winston et al., 2018; Yu et al., 2001). Although ANCOVA results did not show a 

statistically significant relationship between 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 particles is an important component for stormwater treatment. 

Particle trapping efficiency (%) was estimated as (Backstrom, 2002): 

ὝὶὥὴὴὭὲὫ ὉὪὪὭὧὭὩὲὧώϷ   (5-6) 

where Ci= inlet particle concentration and Co= outlet particle concentration.  

The mean particle size (d50) in the inflow sample was 53 ɛm with a variation of up to 2x 

among tests (Table C-13), which is common in similar plot studies (Mohamed et al., 2014), and 

consistent with roadway monitoring sites (Knight et al., 2013; Winston et al., 2023; Winston and 

Hunt, 2017). Occasional minor deposition of larger particles (300 ɛm-500 ɛm) in the mixing 

tank and conveyance pipes was observed, which reduced the particle size in the flow entering the 

swale to below 264 ɛm. For d10 and d25, there was no reduction in particle size exiting a swale 

showing their limitation in trapping smaller particles (<25ɛm). Trapping efficiency of swales 

improved with particle size (7.5% for d50, 28% for d75, and 42% for d90). 

Trapezoidal swales provided a greater mean d50 particle size reduction except for T1-30 

(Figure 5-4 (a)). In 12 of 48 simulations, d50 exiting the swale was higher. One-third of these 

higher d50 export events occurred in T1-30 due to the sparse grass density at the inlet of this 

swale (Figure 5-4 (b)), allowing both resuspension and erosion of soil (Allen et al., 2015). 

Trapping efficiency of T1-30 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 to ñflushingò of the swale, similar to the deposition and dislodgment 

observed by Mohamed et al. (2014). Other possible reasons for increased particle 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 temperature (Li et al., 2005). 
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(a) Average particle trapping efficiency for experimental swales (d10, d25, d50, d75, d90 

represent the percent of particle size smaller than the measured size) 

 

 

(b) Inlet conditions at Swale T1-30 with poorly established vegetation causing negative 

particle trapping efficiency due to erosion. 

Figure 5-4. Average particle trapping efficiency for experimental swales and inlet conditions.  
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peroxide (Li et al., 2005). Since this anomaly was specific to T1-30, it is unlikely that these 

modifications in experiments would alter these findings. The 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., 2021) with tall and stiff grass blades (Ree, 1949; Temple, 1987) 

are recommended. Stormwater managers can 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 goals (Winston 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 

effectiveness (Strecker et al., 2001), but limited remarks can be made within a controlled 

experiment framework like this study with pre-determined influent concentrations. Inflow 

concentrations also varied like runoff volume and particle size, but were well within the range of 

highway runoff pollutants (Bäckström et al., 2006; Barrett et al., 1998a; Kayhanian et al., 2007; 

Winston et al., 2012; Winston and Hunt, 2017). 

Sediment 

TSS concentration reduction in this study was similar to previous investigations 

(Backstrom, 2002; Bäckström et al., 2006; Lucke et al., 2014; Mohamed et al., 2014; Wu and 

Allan, 2018). For the small-medium storms, the EMC reductions ranged between 58-86% with 

observed influent EMCs between 33-49 mg/L and the effluent EMCs between 7-16 mg/L (Table 

5-4). Results from larger storm simulations were similar for influent (30-41 mg/L), and effluent 
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concentrations (5-16 mg/L) providing EMC reductions between 61-84%. The longer (30m), 

oversized swales provided the highest TSS reductions between 74-86%. Trapezoidal swales 

outperformed the triangular swales, except T1-30, which exported sediment in select events 

likely due to the poor vegetation establishment and erosion. Trapezoidal swales with shorter 

lengths (T4-10 and T1-10) also performed well reducing TSS by 67-76%, indicating the 

importance of a wider channel bottom. 

 Nutrients 

Total Nitrogen (TN) was estimated as the sum of nitrite-nitrate (NO2-NO3) and TKN 

(ammonia and organic). Minor reductions (1-25%) were observed for NO2-NO3 concentrations 

in all swales with flatter (1%) slope, while steeper swales (4%) showed exports (Table 5-4). 

Highest reductions were noted in T1-30 and V1-30, 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 forms (Stagge et al., 2012). For TKN and 

TN, majority of swales either showed no removal or an increase in effluent concentration like 

previous research (Lucke et al., 2014; Luell et al., 2021; Winston et al., 2012). Extended length 

may have allowed sufficient aerobic conditions for nitrification, but not enough anaerobic 

conditions for denitrification to occur thereby limiting nitrogen removal (Taylor et al., 2005). 

The removal processes for TKN (consisting of dissolved and particulate organic nitrogen) are 

more complex (Stagge et al., 2012; Taylor et al., 2005), requiring 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 goal (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, 2004). While some reductions were noted in TP concentrations 

(2-16%) during larger storm simulations, the dissolved form (ortho-P) was exported in all 

simulations as expected (Luell et al., 2021; Mohamed et al., 2014; Stagge et al., 2012). The 

modest TP reductions likely occurred from trapping of particulate-bound phosphorus (>25ɛm) 

within the swales. Since ortho-P removal from stormwater is critical to prevent downstream 

eutrophication, and grass swale is not an adequate SCM, other swale variants (e.g., bioswale) 

should be explored for phosphorus-impaired watersheds. 

Like previously evaluated swales, these pilot grass swales also demonstrated lower 

nutrient removal efficiencies when compared to other SCMs (Barrett, 2008; Winston et al., 2015, 

2012). This may be due the inability of these swales in trapping particles <25ɛm, solubility of 

chemicals used to prepare the spike (Mohamed et al., 2014), lower or irreducible influent 

concentrations (Backstrom, 2003; Bäckström et al., 2006; Winston et al., 2012), and 

contributions from grass clippings after mowing (Stagge et al., 2012). 

Metals 

The effectiveness of the grass swales for metals removal (Table 5-4) was consistent with 

previous research (Backstrom, 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 small-medium simulated storms. Removal during the larger storm simulations 

followed the same order, but decreased to Zn (45%), Cd (37%), Pb (29%), and Cu (1%). Among 

swales, T1-30 showed the greatest removal rates for all metal concentrations, except copper in 

large storm simulations. Extended length and greater cross-sectional area of T1-30 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 observations, Yousef 

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 recommended for TSS and metal removal (Backstrom, 

2002; Li et al., 2008; Luell et al., 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 complex (Opher and Friedler, 2010) in 

part because of complex chemodynamics, where fractionation between water-soluble and 

insoluble forms can change during and between runoff events (Yousef et al., 1985). Charged 

metals (e.g., Zn) were better sequestered by swales than those with a zero charge or metals like 

copper that form metal-organic complexes (Yousef et al., 1985). Both Zn and Pb primarily occur 

in particulate forms (Opher and Friedler, 2010), facilitating reduction by the typical swale 

treatment processes of filtration and sedimentation. The highest metal concentrations occur in 

finer fractions (60-125 µm) of sediment (Zanders, 2005), and these experimental swales trapped 

particles >25µm. The higher removal rate for Cd was likely due to a higher influent 

concentration (Backstrom, 2003). In summary, an extended length and trapezoidal swale (i.e. 

larger swale cross-sectional area) 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 design (Huber et al., 2016). 
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Table 5-4. Inlet and Outlet Mean Event Mean Concentration (EMC) for pollutants tested at the experimental swales. 

Pollutants 

V4-30 T4-30 V4-10 T4-10 T1-30 V1-30 T1-10 V1-10 

Small-Medium (~19 mm) Storm Simulations 

In Out In Out In Out In Out In Out In Out In Out In Out 

TSS (mg/L) 41 10 45 8 33 13 45 12 49 7 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 

Ortho-P  47.9 60.7 45.4 71.1 40.8 48.8 55.4 73.8 101 122 83.7 83.7 53.1 61.1 45.6 51.7 

NO2-NO3  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 4.90 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  3.70 1.47 3.27 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) Storm Simulations 

In Out In Out In Out In Out In Out In Out In Out 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 

Ortho-P  18.7 22.3 25.9 35.4 24.3 30.5 27.4 33.9 19.8 67.7 29.2 47.9 27.7 29.2 29.4 30.4 

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 1001 921 1016 1137 1040 827 856 980 1069 1190 1010 916 929 834 903 

Cu  10.0 9.40 9.50 7.77 11.7 11.7 7.70 6.60 9.47 15.1 10.3 7.93 8.17 7.60 7.50 6.73 

Pb  5.03 3.53 4.93 3.03 6.80 4.77 5.03 3.70 4.90 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 51.0 22.3 70.0 27.0 61.7 29.0 43.0 32.3 

Cd  1.60 1.13 1.83 0.78 2.13 1.40 2.60 1.47 1.63 0.79 1.73 1.01 2.00 1.37 2.03 1.57 

Note: All units in µg/L except TSS (mg/L). Values shown are rounded off to the nearest decimal as appropriate for clarity and simple 

representation. Red text in shaded cells indicates 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 (length x slope) 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 phosphorus removal (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 and load attenuation benefits (Rujner et al., 2018). 

Pollutant Loads 

Merely concentration reduction is not a sufficient metric to evaluate SCM performance 

when flow volume is attenuated (Lenhart and Hunt, 2011). Since volumetric reduction via 

infiltration is a key pollutant removal process in swales (Stagge et al., 2012), it is important to 

evaluate pollutant loads (Barrett, 2005). A swales removal efficiency on a mass load basis is 

typically greater than on a concentration basis (Rushton, 2001; Stagge et al., 2012; Wu and 

Allan, 2018; Yousef et al., 1987), and this studyôs results were no different (Table 5-5). 

Sediment 

As expected, sediment mass load reductions (67-95%) were higher than concentration 

reductions, with 30m swales generally providing greater reductions than the 10m swales. 

Trapezoidal swales (T4-30 and T1-30) sequestered more sediment than triangular swales (V4-30 

and V1-30). 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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sedimentation (Stagge et al., 2012). T1-30 swale showed higher TSS load reductions for both 

storm sizes when compared to T4-30. Similarly, V1-30 performed better than V4-30 for TSS 

removal (both concentrations and mass loads). These results suggest the benefits of a flatter 

slope in swales for 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 small-medium storm simulations when compared to those of large storms. These findings 

support previous studies (Lucke et al., 2014; Mohamed et al., 2014; Wu and Allan, 2018; Yu et 

al., 2001) that 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, vis-à-vis previous field research by Davis et al. (2012) with the caveat that the presented 

results are from a controlled plot-scale study.  

Table 5-5. Average percent pollutant load reduction (%) in experimental swales.  

Swale Storm 

Size 

TSS Total 

P 

Ortho-

P 

Total 

N 

Copper Zinc Lead Cadmium 

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 5-5 (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: Red text in shaded cells indicates when numerical value of Loadeffluent>Loadinfluent. 

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 studies (Gong et al., 2019; 

Knight et al., 2013; Winston et al., 2012; Yu et al., 2001), nutrient loads were reduced for all 

species except ortho-P (Figure 5-5). In the 30m swales, TP load reductions ranged between 24-

61% for medium storms and between 19-47% for large storms. Highest TP load reductions were 

observed in T1-30. Load reductions for the 10m swales were slightly lower ranging between 1-

24% for medium storms and increasing to 15-34% 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 for T1-10, TN loads were reduced 

between 6-19% across storm sizes in the 10m swales. The longer 30m swales had 13-61% 

reductions for small-medium storms and 12-30% for large storms. Similar to phosphorus, T1-30 

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 swale cross-sectional area) may be an important 

design consideration in nutrient-limited watersheds. The findings also suggest exploring 
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alternative swale types (e.g., bioswales or wet swales) if nutrient removal is the goal (Ekka et al., 

2021). Bagging of grass clippings as part of the maintenance protocol may reduce this as a 

source of pollutants. 

  

  

  

Figure 5-5. Pollutant reductions under two different storm simulations: small-medium 

(~19mm) and large (~36mm). 
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Metals 

In comparison to concentrations, all loads of metals (copper, zinc, lead, and cadmium) 

were reduced. In the 10m swales, copper reductions ranged between 9-34% across all storm 

sizes. Copper load reductions were better in the longer (30m) swales ranging between 30-78% 

for small-medium storms and 13-52% for larger storms. Despite increased EMCs, highest 

reduction in copper load of 78% was observed in T1-30, because 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 small-medium storms and 42-49% for large storms), with higher reductions 

observed in T4-30 and T1-30. These two swales also provided the greatest load reductions for 

lead and cadmium ranging between 70-85% and 79-92%, respectively, for small-medium storms. 

The flatter slope (T1-30) 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 (1.5x-3x) and different lengths (up to 8x). So, if the receiving waters are metal-impaired, 

designers should consider both (1) employing trapezoidal cross-sections, 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 except ortho-P 

loads (Table 5-3). A comparison of least squares means suggested that trapezoidal swales tend to 

remove more pollutant loads than the triangular (or V-) shaped swales.  Benefits of a trapezoidal 

shape were limited to TSS and metals (except copper). However, the interactive effect of 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 that small-medium storms (~19mm) were 

generally better treated than large storms (~36mm). No significant reduction in total nitrogen and 

phosphorus loads was evident for either storm size. Grass height emerged as a significant factor 

for TSS reduction in the ANCOVA, but was no longer effective for phosphorus and copper, as 

on the concentration basis. Shorter than recommended grass height of 10-15cm for swales (Hunt 

et al., 2020) in this study likely caused the submerged conditions (flow depth Ó grass height) and 

impacted pollutant reduction ability. Since flow depth during simulations was not measured, this 

assumption could not be verified.   

A key finding of the Spearmanôs correlation analysis was a moderate-weak association of 

dissolved phosphorus (ortho-P) with inflow volume (ɟ=0.46), and TSS (ɟ=0.32), implying higher 

inflow volume reductions or increased particle trapping may not necessarily provide the desired 

reductions in dissolved P (Table C-22). 

5.6 Design Recommendations 

Gong et al. (2019) concluded 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 (ortho-P) suggests that swale length is uniformly the 

most influential design factor. This study also demonstrated that for TSS and heavy metals 

removal, a trapezoidal cross-section is an optimal choice as it enhances both runoff volume 

reduction (Fiener and Auerswald, 2005), and pollution control (Hwang and Weng, 2015; 

Winston et al., 2017) benefits. Additionally, maintenance is key to the long-term 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 trapezoidal cross-section, when feasible. Swale 

cross-sectional area (a combination of extended length and wider cross-section) may be a future 

design factor. 

A flatter slope is generally recommended to enhance pollutant removal (Winston et al., 

2017; Yousef et al., 1987; Yu et al., 2001), but 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) supported this statistical finding, where no substantial reduction in runoff volumes or 

pollutant loads was noted between the 1% and 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 parameters (Table 5-6). These parameters are prioritized 

considering costs, ease of implementation, and long-term functionality of a swale. 

Table 5-6. Design Hierarchy for Water Quality Swales. 

Design Parameter Implementation 

Cost 

Implementation 

Effort  

Impact 

Trapezoidal Shape  Low Low High. Greater runoff volume 

and pollutant reduction; easier 

to construct and maintain. 

Extended Length High Medium Medium-High. 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). The 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, plot-scale study.  

In comparison to field studies catching real storm events (Davis et al., 2012; Stagge et al., 

2012; Winston et al., 2018; Yu et al., 2001), controlled studies such with field installation and 

simulated runoff conditions are more reliable, simpler, and consistent as flow and water quality 

dosing are more manageable (Deletic and Fletcher, 2006; Lucke et al., 2014). However, not all 

factors can be fully controlled or eliminated in environmental studies, as was the case here. Only 

swale geometry (length, shape, longitudinal slope), location, climate, age, and vegetation type 

were controlled. This plot-scale 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 were designed per 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 factors e.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, and select total 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 runoff. Examining 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 longitudinal slopes (0.5-10%) and perhaps a ñmiddleò length (e.g., 20m) in a future 

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, deep-rooted 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 of bagging and 

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 that the inflow 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 which may influence the difference. Within the 
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limitations of the experimental uncertainties noted in previous section, the following conclusions 

are drawn: 

¶ Extended length (30m), trapezoidal-shaped swale at flatter (1%) longitudinal slope provided 

the greatest runoff volume reductions during the small-medium (~19mm) storms.  

¶ During larger (~36mm) simulated storms, the swalesô runoff volume reduction ability was 

diminished but not eliminated.  

¶ Swale length emerged as the most significant design parameter in improving overall swale 

performance for single-point inflow conditions.  

¶ A swale with a trapezoidal cross-section offers greater surface area for infiltrating runoff, and 

therefore performs better than its triangular-shaped counterparts.  

Thus, to optimize water quality swale design, engineers should consider (1) providing a 

trapezoidal cross-section, (2) siting the swale such that the longitudinal slopes are minimized, it 

is easily accessible for future maintenance, and (3) maximizing the swale length (when practical) 

beyond design criteria. Proper vegetation establishment and maintaining recommended grass 

height is critical to enhance pollutant removal and avoid resuspension of previously deposited 

sediment.  
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Chapter 6 : Impact Assessment of Socio-Economic Scenarios on a Swale in North Carolina: 

An Exploratory Analysis 

[This chapter was submitted in a revised format.] 

Under Review: Hydrological Sciences Journal (Special Issue) 

6.1 Abstract 

Sustainable long-term performance of swales, a common, low-cost stormwater control 

measure (SCM) requires a futuristic view that considers possible changes in both climatic and 

socio-economic conditions. Climate conditions impacting SCM performance include prolonged 

dry periods and increased rainfall amounts and intensities. Population growth, landuse changes, 

and regular inspection and maintenance regimens are examples of socio-economic factors 

impacting swale performance. The effects of different socio-economic management scenarios on 

a water quality swale in Knightdale, North Carolina, USA, were evaluated using WinSLAMM, a 

stormwater quality model. Five modeled scenarios included changing Annual Average Daily 

Traffic (AADT) and maintenance regimes mimicking the influence of socio-economic factors 

ranging between environmental protection and degradation.  Performance evaluation criteria 

(Root Mean Square Error, R2, and Mean Absolute Error) were used to determine model 

suitability. The model was calibrated satisfactorily for runoff volume and sediment loads. Results 

indicated that sediment delivery to the swale increased with AADT, and reduced maintenance 

negatively impacted swale performance. While the reduced AADT during the COVID-19 

pandemic provided short-term water quality benefits, a lack of maintenance impacted the 

treatment through the swale. Thus, regular inspection and maintenance is recommended to 

extend these short-term gains and enhance swale life-cycle. Preliminary swale inspection 

checklist and maintenance guidance are provided 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. Including AADT as a design parameter in 

future swale design should be further explored. Future 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, 2022). With a population growth of approximately 23% 

between 2000 and 2020 (U.S. Census Bureau, 2020), North Carolina is 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 national average of 5.5% 

(U.S. Census Bureau, 2010), and in 2022 was the most populous County in the state (U.S. 

Census Bureau, 2020). An average of 64 new residents move to Wake County every day making 

it the second fastest growing county, with populations greater than one million, in the USA 

(Wake County, 2016). The population growth in the area has increased the housing prices in the 

heart of the County, resulting in an urban sprawl, and raising the population of smaller, 

peripheral municipalities such as the Town of Knightdale, which grew 39% between 2010-2017 

(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 employment (Town of Knightdale, 2018). Thus, the Annual Average 

Daily Traffic (AADT) loads have increased on highways and secondary roads, particularly for I-

540 southbound (NCDOT, 2019), a major highway connecting the Knightdale area with the heart 

of Wake County (Figure 6-1).  
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Figure 6-1. AADT trends at NCDOT Station-0920001771, I-540, Knightdale, North 

Carolina (NCDOT, 2019). 

In recent studies characterizing roadway runoff in North Carolina, low concentrations for 

total suspended solids (TSS) were observed in roadway runoff with lower AADT (Winston and 

Hunt, 2017; Wu and Allan, 2018). Other studies have demonstrated the association between 

higher AADT and increased pollutant concentrations in urban highway runoff (Kayhanian 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 microplastics, an emerging contaminant of concern for highway managers (Gehrke et 

al., 2023). TSS serves as a surrogate for TRWP since 85% of TRWP particle size are >50µm. 

As Wake County continues to grow, the number of vehicles and drivers are expected to 

rise. Consequently, the average pollutant delivery from roadway runoff to nearby streams will 

increase unless adequate structural (e.g., water quality swales) and non-structural SCMs are 

implemented. Additional non-structural mitigation strategies for reducing TSS and TRWP 
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(microplastics) from roadways that can be implemented include street cleaning, driver education 

and optimal driving techniques, better tire and vehicle design, vehicle washing, traffic 

management, and communication between stakeholders (Gehrke 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 deposited sediment and associated 

pollutants from swales during high-intensity storms can exacerbate downstream water quality 

impacts.  

This projected population growth raises a key question: can an aging grass swale provide 

the same level of water quality treatment in the future with an increased AADT?  Barrett 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 

Transportationôs (NCDOTôs) current swale design criteria provides limited guidance for water 

quality treatment and does not consider AADT or the number of traffic lanes as a design factor 

(NCDOT, 2014). The question of long-term performance becomes complicated if the swale was 

not designed properly, not constructed per the specifications, or in the absence 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.g., ASTM E64 committee), inspection and 

maintenance (Beryani et al., 2021; Blecken et al., 2017; Erickson et al., 2018, 2013, 2010; 

Wadzuk et al., 2021b, 2021a) for extending stormwater assetôs useful life. But significant needs 

remain in this evolving field. 
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Stormwater infrastructure asset types (conveyance, treatment, and storage systems) have 

specific design and maintenance requirements. Uncertainty due to the changing climate and 

stakeholder management decisions impacts the long-term performance of these assets. To 

evaluate the impact of possible management scenarios, modeling studies are the preferred tool, 

because many possible outcomes can be evaluated. Previous impact assessment studies have 

focused on stormwater drainage and flooding risks (Rosenberg et al., 2010; Semadeni-Davies et 

al., 2008; Waters et al., 2003) and SCM performance (Fowdar et al., 2021; Hathaway et al., 

2014; Sharma et al., 2016; Zhang et al., 2019) due to climate change. But an impact assessment 

requires consideration of both future climate conditions and socio-economic conditions 

(Berkhout et al., 2002).  

Socio-economic conditions are comparably important in evaluating the impact of climate 

change on future societies and affect the development of comprehensive and effective mitigation 

and adaptation strategies (Berkhout et al., 2002).  In two urban catchments in Ostersund, 

Sweden, Borris et al. (2016) examined the combined effects of climate change and socio-

economic factors on stormwater quality and concluded that pollutant loads were more sensitive 

to socio-economic factors, such as increasing traffic intensities and changing of land use 

patterns, than climate change. The increase in future TSS loads ranged between 10%-70% for 

different scenarios, but well-designed and maintained SCMs showed the potential to reduce 

future pollutant loads to less than current levels under a possible future scenario. In early 2020, 

the world experienced a global pandemic (COVID-19) caused by the coronavirus SARS-CoV-2. 

Beginning in March 2020, a social lockdown mitigation strategy was implemented to prevent 

disease transmission. In the USA, the social lockdown or ñstay-at-homeò strategies varied in type 

and timing by each jurisdiction or state (Moreland et al., 2020). The state of North Carolina 
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issued mandatory stay-at-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 supply-chains, adversely impacting daily life and the world economy 

(Nicola et al., 2020). During these times, public services were classified as essential (e.g., 

medical personnel) and non-essential (e.g., sports, tourism, construction etc). Governmental 

agency staff or their contractors conducting inspection and maintenance of stormwater 

infrastructure were not considered essential service providers. Travel restrictions reduced the 

revenue to Departments of Transportation (DOTs) generated from aviation, tourism, and road 

taxes leading to economic uncertainties and reduced budgets (Nicola et al., 2020). Limitations in 

regular swale maintenance activities and reduced maintenance budgets allowed uncontrolled 

vegetation growth that could potentially limit the hydraulic functions of a swale (Sañudo-

Fontaneda et al., 2020). The impact of such socio-economic events on swales treating stormwater 

quality have not yet been evaluated. In addition, there is a lack of a systematic approach to 

quantify and evaluate the impact of human intervention on the water quality.  

The framework set up by Borris et al. (2016) provides a valuable tool for evaluating the 

impact of different socio-economic management scenarios and human interventions on water 

quality in a local context.  The main goal of this study was to evaluate the performance of a 

swale in mitigating runoff volumes and sediment loads generated from highway runoff under 

different socio-economic and management scenarios through application of an urban stormwater 

quality model. The findings from this study may assist policymakers in effective planning and 

decision-making for stormwater management. 
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6.3 Model Selection and Description 

In urban watersheds, modeling tools with robust representation of hydrology/hydraulics 

and pollutant transport processes are required for effective planning of SCM selection and 

placement (Zoppou, 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 Windows) are available to stormwater professionals and are 

tailored to specific purposes (Elliott and Trowsdale, 2007; Jayasooriya and Ng, 2014).  

Model Selection 

WinSLAMM is an empirical, process-based, continuous model that was first developed 

in the 1970s by Dr. Robert Pitt and since 2005 by PV & Associates, LLC, 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 collected as part of various research studies (Pitt, 2013).  

WinSLAMM estimates runoff volumes and pollutant loadings for each contributing source area 

and rainfall event.  

Stormwater quality is directly associated with the land use of the contributing catchment 

(e.g., urban residential neighborhood, highway etc). WinSLAMM has an explicit land use for 

freeways, which includes highways, interchanges, and vegetated rights-of-way, making it 

desirable for highway runoff studies such as those by Young 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. Pollutant buildup and washoff are based on 

empirical equations that consider traffic loads and rain characteristics. Further, the model 
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includes grass swales as a SCM. The main factors influencing selection of WinSLAMM for this 

study included the following: 

1) Ability of this quasi-continuous model to facilitate long-term hydrology and water quality 

simulations in addition to event-based modeling (Hurley and Forman, 2011). 

2) Availability of various structural and non-structural SCMs, allowing for ñwhat-ifò scenario 

analyses (Selbig et al., 2016). 

3) Capability of modeling water quality as both a function of hydrology/hydraulics and of 

pollutants, analyzing both particulate and dissolved forms (Hurley and Forman, 2011).  

4) Access to a user-friendly interface with wide application and documentation from both 

researchers and regulators (Alam 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 as shown in equation 6-1: 

Q = P*A*Rv (6-1) 

where: Q=runoff volume (ft3), P=rainfall depth (inches), A=source area (acres), and 

Rv=runoff coefficient 

The hydrograph is routed through the SCM (e.g., swale). Swale-effected runoff 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, 2009). Flow estimates and swale dimensions are used to determine 

the roughness coefficient (manningôs n) and flow depth to grass height ratio for each time step, 
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utilizing the n-VR curves originally developed by USDA (Temple, 1987) and extended by Kirby 

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 studies conducted throughout the United States. For streets, 

freeways, and high-traffic 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, 2013). Equation 6-2 is used to estimate the sediment buildup: 

ATR=0.007*(ADT0.89)*(LFW)*(AccumDur+CurLoad)      (6-2) 

where: ATR = Available Total Residue, ADT = Average daily traffic (vehicles/day), LFW = 

Freeway length (miles), AccumDur = length of time from the last washoff event (days), and 

CurLoad = freeway load after the end of the washoff event (lbs). 

Sediment washoff is based on the exponential relationship that considers the duration and 

amount of rain. Equation 6-3 is only sensitive to the total rainfall volume and is defined as: 

N=N0 e
-kR  (6-3) 

Where: N=residual freeway load post-rain (lbs), N0=initial freeway load (lbs), 

k=proportionality constant, R=rain volume (inches).  

Sediment reduction is determined through particle trapping in the swale. WinSLAMM 

relies upon a predictive model for sediment transport in grass swales, which was developed 

based on empirical results from both lab and field experiments by Nara (2005) and Nara and Pitt 

(2005). Settling frequency is 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 through the swale. 
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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 concentration (Nara and Pitt, 2005). The 

model relies on Stokeôs law to estimate the settling rate, which is commonly expressed as 

equation 6-4: 

VS=
2

9
 
R2g(ɟp-ɟf)

U
             (6-4)     

Where: Vs= settling velocity of particle (cm/s), R= Equivalent radius of a particle, 

considering shape (cm), g= gravitational constant (980 cm/s2), ɟp= density of a particle (e.g., 

silica=2.65g/cm3), ɟf= density of fluid (e.g., water=1.0 g/cm3 at standard temperature 

conditions), and U= dynamic viscosity (e.g., water=0.01 g/cm3 at standard temperature 

conditions) 

Calculating settling duration (equation 6-5) and travel time through the swale (equation 

6-6) are the final steps for estimating particle settling frequency (equation 6-7) in the swale 

(PV&Associates, 2013): 

Settling Duration (Ts, seconds) = D/Vs (6-5) 

Travel Time (Tt, seconds) = L/V  (6-6) 

Settling Frequency = Tt/Ts  (6-7) 

Where: D=flow depth (cm), Vs=settling velocity (cm/s), L=swale length (m), 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. Model output includes runoff 

volume and pollutant (concentrations and loadings) for each landuse, 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 

Performance of a grass swale under different management scenarios was assessed using 

WinSLAMM, Version 10.5.0. The study site and the modeling approach are described in the 

following sections. 

Study Site 

A grass swale was designed and built in 2009 by NCDOT to treat highway runoff in 

Knightdale, North Carolina, USA (Figure 6-2). The swale receives runoff from a bridge deck and 

discharges to Mingo Creek and is referred to as ñMingo Creek Swaleò hereafter.  

 

Figure 6-2. Mingo Creek Swale with Forebay treating runoff from I-540 Southbound. 

Mingo Creek swale was selected for impact assessment since it had been previously 

studied (e.g., Luell et al., 2021; Winston et al., 2018) characterizing the swale and providing 

field-monitored hydrology and water quality data (Table 6-1).  
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Table 6-1. Swale characteristics and available data for the Mingo Creek swale. 

Attribute  Description 

Location1,4,7,8 I-540 Bridge deck over Mingo Creek, Knightdale, Wake 

County, NC. (35Á47ǋ03ǌN, 78Á30ǋ50ǌW) 

Total 6 lane highway (three lanes in each direction). Total 

Width-18.3 m (60 ft) 

Average Annual Daily 

Traffic3,4,7,8 

17,000-19,000 vehicles/day (southbound) 

Construction1,2,4,7 2009 

Catchment Area (ha)1,8 0.46 (1.13ac) 

Catchment Imperviousness 

(%)1,8 

100% 

Bridge deck dimension7 Approximately 250m (820 ft) long and 18m (60 ft) wide 

Pretreatment with Rip-rap lined 

forebay1,8 

Class B erosion control stone (130-300mm nominal 

diameter, d50=200mm) 

Swale length (m)4,8 33.5 (110ft) 

Average swale width (m)1,8 6.4 (21ft) 

Channel longitudinal slope (%)1 2.0 

Right bank slope1,4 8:1 

Left bank slope1,4 8:1 

Shape1,4 Triangular 

Vegetation1,2,4,8 Tall fescue sod (Festuca arundinacea) 

Retardance Factor6 D (Low for mowed, good stand) 

Soil type1,8 Rawlings Sandy Clay Loam 

Soil infiltration rate8 0.013-0.034mm/min (Mean=0.025mm/min) 

Precipitation5 Hourly records available at the Raleigh-Durham 

International Airport (35° 52' 40'' N, 78° 47' 15'' W) 

Hydrology4,8 Dry 

Hydrology monitoring data4,8 December, 2013-March 2014: Pre-retrofit 

April 2014-March 2015: Post-retrofit 

Water quality monitoring data 

(parameters)1,2,4,8 

TSS, TKN, TAN, ON, NH4, NOx, TN, TP, Ortho-P; Pb, 

Cu, Zn 

Water quality monitoring data 

(time period)1,2,4,8 

October 2009-December 2010 

December 2013-March 2014: Pre-retrofit 

April  2014-March 2015: Post-retrofit 
1Luell et al. (2021), 2Luell (2011); 3NCDOT AADT Counts (NCDOT, 2019); 4Powell (2015); 
5State Climate Office of North Carolina, CRONOS Database; 6Temple (1987); 7URS 

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 deck (Luell 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, 2015). Disconnections of the PVC pipe and minor runoff leakage was 

observed previously by Powell (2015) and verified during a site visit on November 30, 2020 

(Figure 6-3). An active rain event during the site visit revealed that the pipe and scupper 

connections have deteriorated causing substantial runoff volume leakage resulting in scour holes 

below the deck. 

 

Figure 6-3. Runoff volume leakage from PVC pipe and scuppers of I-540 bridge deck 

(observed November 30, 2020). 

 

 

PVC pipe to 

convey runoff. 

Scour holes formed 

below the deck. 

Active rain from 

leaky scuppers. 
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Model Development and Setup 

WinSLAMM version 10.5.0. software was obtained from PV& Associates, LLC, under 

an academic license for modeling analysis. The field setup of drainage area and the receiving 

swale is represented in Figure 6-4. This schematic showing the flow and pollutant routing was 

developed using the land use, conduits, junctions, grass swale, and outfall subroutines. The 

assembled site data (Table 6-1) was entered in the model for source area and swale 

characterization. The 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 application (PV&Associates, 2013). 

 

Figure 6-4. Model setup showing flow and pollutant routing as shown in Source Loading 

and Management Model for Windows (WinSLAMM) software. 
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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 best practice to use local data for parameters when available from 

reliable sources. Thus, observed historic rainfall data (on hourly interval) were obtained from the 

North Carolina Climate office (NCCO) from July 1, 2008-September 30, 2018. Raleigh-Durham 

International Airport (KRDU) was the closest station (approximately 37km to the west) to the 

site where hourly rainfall data were available. The format of the hourly rainfall records was then 

modified to match the rainfall file (.RAN) for input into WinSLAMM. Site-specific rainfall 

depth data for select storm events were also available for the simulation time period from Powell 

(2015) and included in the rainfall input file. Other modeling input data were used from the 

default parameter files available with the model for southeast United States. These included 

pollutant probability distribution (.PPDx), particulate solids concentrations (.PSCx), runoff 

coefficient (.RSVx), and street delivery (.STD) files. 

Model Calibration 

The model was calibrated using the process described by Pitt (2008) starting from model 

default values and adjusting parameters to obtain a good fit between 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 conditions that were not conducive to accurate 

monitoring with laminar, steady flow conditions at the inlet weir (Luell, 2011); (2) the inlet 

sampling point location above the forebay and not at the entry to the swale proper (Powell, 

2015); and (3) the edge-of-pavement measurements not available (Young et al., 2018). 
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First, the model was calibrated for hydrology by modifying the model-default rainfall 

files with local rainfall data by aligning rainfall totals with what was recorded on-site, addition of 

the forebay as another element before runoff enters the swale, and adjusting values for the 

infiltration rates and forebay volumes. The runoff coefficients were not changed, and the model 

default empirical values were assumed satisfactory in absence of edge-of-pavement 

measurements (Young et al., 2018). The model was calibrated for hydrology using rainfall data 

from the 2013-2014 study (Powell, 2015). Next, the model was calibrated for TSS by adjusting 

pollutant removal by the forebay and grass height. The model was calibrated for sediment loads 

with the 2013-2014 observed data, since monitored hydrology data from 2009-2010 were 

deemed unsuitable for use (Luell, 2011; Luell et al., 2021). 

The typical model calibration-validation (C/V) approach was not followed herein due to 

limited availability of hydrologic and TSS data. Furthermore, Arsenault et al. (2018) suggest that 

the split-sample validation approach, where a portion of the data are used for calibration and part 

for validation has negligible benefit in improving model performance. Diverging from the 

traditional C/V approach in hydrologic modeling, Arsenault et al. (2018) recommended using the 

entire available dataset for model calibration as it eliminates assumptions (varied by modeler), 

thereby leading to better parameter sets, and a more accurate model. The split-sampling strategy 

can also mask good parameter sets due to differences in model performance between the two 

different periods. This can potentially lead to false negatives and making the validation process 

misleading for interpretation of model performance (Arsenault et al., 2018). A recent highway 

swale modeling study by Young et al. (2018) using WinSLAMM also focused solely on model 

calibration, supporting the approach applied herein. Once 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 constructed (Table 6-2). 

The first three (SSP-1 to SSP-3) are in accordance with the three shared socio-economic 

pathways (SSPs) described by OôNeill et al. (2014), and later applied in the scenario framework 

developed by Borris et al. (2016). Two new scenarios were developed for this study: (1) the 

Social Lockdown (COVID-19); and (2) Altered Work Culture (post-COVID 19) to evaluate the 

impact of these significant social events and related human activity on water quality. 

Table 6-2. Scenarios for impact assessment of Mingo Creek Swale, Knightdale, NC, USA. 

Scenario Name Scenario Description 

Environmental Sustainability 

(SSP1), also referred as baseline 

scenario 

AADT=19,000. Swale is well-maintained with original 

infiltration rates. 

Intermediate (SSP2)  30% increase from baseline in AADT (24,700). Swale is 

moderately maintained, with reduced (50%) infiltration 

rates. 

Economic Security (SSP3), also 

reflects Pre COVID-19 

conditions 

55% projected increase from baseline in AADT (29,450), 

which aligns with pre-COVID peak traffic data (29,750). 

Swale is not maintained, causing loss of infiltration. 

Social Lockdown/COVID-19 Approximately 15% and 45% reduction in AADT 

(16,198) from SSP-1 and SSP-3, respectively. Swale is not 

maintained, causing failure (no infiltration). 

Altered Work-Culture/Post 

COVID-19 

Approximately 30% increase from baseline, but 20% 

below SSP-3 pre-COVID-19 peak traffic 

(AADT=24,149). Swale is well-maintained, 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 well-designed and maintained SCMs (Borris et al., 2016; 

Kriegler et al., 2014; OôNeill et al., 2014). This scenario assumes better urban planning resulting 

in low urban sprawl and mostly 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 

leading to environmental degradation (Borris et al., 2016; Kriegler et al., 2014; OôNeill et al., 

2014). In SSP-3, rising home prices push people away from work locations, forcing commuting 

and ultimately more vehicles on the roadways. The intermediate scenario (SSP2) reflects an 

intermediate pathway between the Sustainability and Economic Security scenarios (Borris et al., 

2016; Kriegler et al., 2014; OôNeill et al., 2014). AADT counts from SSP-3 scenario were almost 

equal to pre-COVID peak traffic, and based on the authorsô personal knowledge of the NCDOT 

inspection and maintenance program, the swale had received minimal maintenance, likely 

resulting in substantial loss of infiltration. Thus, SSP3 was considered nearly equivalent to the 

pre-COVID scenario for evaluation purposes. 

The social lockdown scenario (COVID-19) represents 2020, a year of social lockdown 

caused by a global pandemic. It could also represent traffic patterns of similar conditions like 

social unrest and curfews that restrict population movement. Under this scenario, the traffic 

volumes decreased significantly for an extended duration, with workplaces closed and social 

restrictions in place; however, this reduction was temporary. Actual traffic count data on a 

monthly basis were obtained from the NCDOT for I-540 highway approximately 16 kms (10 

miles) north of the Mingo Creek site (Figure 6-5). Traffic data indicated an approximate 45% 

reduction in traffic volume along this highway once stay-at-home restrictions were announced. 

During such social lockdown events, inspection and routine maintenance of SCMs is also 
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reduced or completely disrupted, leading to potential failure, or at a minimum, reduced level of 

swale function (Sañudo-Fontaneda et al., 2020).  

 

Figure 6-5. Change in Average Daily Traffic Pre- and Post-COVID-19 Pandemic, I-540 

Southbound, Exit 14-16 (Station#0920000024 source: NCDOT, unpublished data). 

The 2020 COVID-19 pandemic altered the workplace culture worldwide, leading to 

development of a new scenario (Post-COVID) where a greater proportion of workforce is 

working remotely, thereby reducing the traffic volume permanently compared to pre-COVID 

years. Post-COVID traffic data show an approximate 18% reduction in the pre-COVID traffic 

volumes or SSP-3 scenario. In the Post-COVID scenario, critical government services and 

departments typically responsible for maintenance of infrastructure assets are open. Thus, the 

SCMs can be maintained to continue performing at their intended level of service. 

Statistical Analysis 

The annual runoff volumes and pollutant loading data from WinSLAMM were processed 

and analyzed in Microsoft 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 outlined by Moriasi 

et al. (2015). Model evaluation statistics (Moriasi et al., 2015) can be classified as: (i) standard 

regression using Pearsonôs correlation coefficient (r) and coefficient of determination (R2); (ii) 

dimensionless Nash-Sutcliffe efficiency (NSE); and (iii) error index statistics, which include root 

mean square error (RMSE), mean absolute error (MAE) and percent bias (PBIAS). 

Simple linear regression was used for the model calibration and validation process by 

evaluating goodness-of-fit indicators such as R2 (calculated by equation 6-8): 

2
В

В
        (6-8) 

The root mean square error (RMSE) is the square root of the mean square error and 

estimated using equation 6-9 (Alam et al., 2019; Moriasi et al., 2015):  

2-3%
В

  (6-9) 

Where, n= number of observations, xi=model-simulated runoff reductions for a particular 

rainfall event (mm), and yi= observed runoff reduction for a particular rainfall event (mm) (Alam 

et al., 2019). RMSE has the same units as the model output response (e.g., m3 for runoff volume, 

mg/l for TSS). MAE is typically similar in magnitude but lower than RMSE and is estimated by 

equation 6-10 (Moriasi et al., 2015): 

-!%  В ȿ/ÂÓ3ÉÍȿ (6-10) 

where, Obsi are observed values, Simi are 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 suggest overestimation of measured data by the model (Moriasi et al., 2007). PBIAS is 

estimated using equation 6-11: 
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NSE (Nash and Sutcliffe, 1970), another common statistical parameter for hydrologic 

calibration is not applicable in WinSLAMM studies because the model estimates runoff volume 

on an event basis (Borris et al., 2016). For calibration and validation of watershed-scale 

hydrologic and water quality models (e.g., SWAT, HSPF, and WARMF), performance measures 

and performance evaluation criteria guidance are available (Moriasi et al., 2015, 2007), which 

should be applied with caution in small urban catchments. In the absence of performance 

evaluation criteria for stormwater models, the watershed modeling criteria were adapted (Table 

6-3). RMSE was selected as the primary objective function and R2, MAE, PBIAS as secondary 

objective functions to evaluate the model calibration. 

Table 6-3. Performance evaluation criteria adapted to assess WinSLAMM. 

Statistic Parameter 

Performance Evaluation Criteria 
Supporting 

Literature  
Very 

Good  

Good Satisfactory Not 

Satisfactory 

R2 

Runoff 

Volume 

>0.85 0.75-0.85 0.60-0.75 <0.60 Moriasi et al. 

(2015) 

Sediment 

(monthly) 

>0.80 0.65-0.80 0.40-0.65 <0.40 Moriasi et al. 

(2015) 

RMSE 

Runoff 

Volume 

- - <30% >30% Alam et al. (2019); 

Young et al. (2018) 

Sediment - - - - - 

*All values on a daily temporal scale 

6.5 Results and Discussion 

Observed Data Summary and Review 

Field monitoring data collected by previous researchers at the Mingo Creek swale were 

examined for quality. The hydrologic data from the 2009-2011 study conducted by Luell (2011) 

were excluded due to multiple issues during data collection (e.g., backwater during monitoring, 
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leak in pipe systems). A total of nineteen (19) hydrologic events (ñpre-retrofitò i.e. without a 

check dam) from the 2013-2014 study (Powell, 2015; Winston et al., 2018) were available for 

the hydrologic calibration. These precipitation events ranged from 2.5-51.3mm, with four in the 

autumn and fifteen occurring in the winter (Winston et al., 2018). They categorized these 

precipitation events, defining fourteen as small (<19mm), three as moderate (19-38mm), and two 

as large events (>38mm). The rainfall depth (mm) and runoff volume (m3) relationship (Figure 

6-6) shows a general agreement in pattern (higher rainfalls resulting in higher runoff volumes, 

and outflow volumes less than inflow volumes) except for one event (March 6, 2014) where the 

outflow volume exceeds the inflow. 

 

Figure 6-6. Rainfall-runoff volume relationship 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 limiting retention 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) and were removed 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 storms is likely and aligns with data from previous field 

studies (Davis et al., 2012; Yu et al., 2001). However, 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 processes. Models limited temporal resolution (hourly rainfall 

depths) also likely contributed to the discrepancy between observed and simulated runoff during 

these small storm events. Since complete infiltration of such small storms is a more realistic 

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 relationship changed from R2=0.54 to 0.90 (Figure 6-7). 

 

Figure 6-7. Observed Rainfall-Swale Outflow Relationship at Mingo Creek Swale. 
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In comparison to flow data, limited TSS data points (n=7) were available from Powell 

(2015) before the swale was retrofitted with a check dam (Table 6-4). 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. 

Table 6-4. TSS concentrations and loads at Mingo Creek Swale (source: Powell, 2015).  

Date TSS Concentrations (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 text in shaded cells indicate net export events. 

The TSS concentrations show three instances of sediment export from the swale, with the 

January 10, 2014, event exporting [approximately 5x (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 phenomenon (Allen et al., 2015). Overnight temperatures were less than 0°C prior to 

the precipitation commencement, and as de-icing salt application to roadways is typical in these 

circumstances, especially on bridges. We speculate that this eventôs deposited sediment load in 

the swale was likely comprised of deicing salt and grit, a coarse, large particle that cannot be 

mitigated by infiltration. However, this 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 optimal grass height. 
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The other export events on December 14, 2013, and February 19, 2014, showed an 

increase in TSS concentration of approximately 1.3x at the swale outlet, was similar to previous 

field studies showing occasional increase. Of note, the total sediment load at the outflow during 

the February event was 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., 2016). Infiltration and forebay volumes were selected as 

the hydrology calibration parameters with 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 

the maximum observed infiltration rate (0.034 mm/min or 0.08in/hr) was reached. These values 

appeared appropriate, as the infiltration data used for calibration were measured almost five 

years after original construction, and during this time the grass roots can create macropores that 

enhance infiltration rates (Ahmed et al., 2015; Mishra et al., 2006). Infiltration 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 calibration. Visual assessment of model fit and negative PBIAS values 

suggested the model over-estimated runoff volumes. So, forebay volumes were selected as the 
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next calibration parameter. Typical design volume of a forebay in North Carolina is about 20% 

of the total SCM volume. A review of the previously collected hydrology data by Powell (2015) 

suggested that a large amount of stormwater runoff was not reaching the swale inlet. This 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 water volume (flow reduction) factor in the 

forebay device. Thus, runoff volume mitigated by the forebay was gradually increased from 5% 

to a maximum of 80% of SCM volume. After several iterations, the water volume loss was set at 

65%, which yielded satisfactory model performance for selected objective functions (Table 6-5). 

The calibrated model overestimated the simulated runoff volume by approximately 26%. The 

relationship between observed and simulated runoff volumes for the final calibrated model at the 

swale outlet is shown in Figure 6-8. 

Table 6-5. Performance evaluation criteria to determine model calibration and reliability 

for runoff volume. 

Statistic Performance Evaluation Criteria Value 

R2 0.73 (satisfactory approaching good) 

RMSE 5.66 (<30, satisfactory) 

MAE 3.66 (<RMSE, satisfactory) 

PBIAS Negative (over-prediction). Acceptable within ±30% error 
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Figure 6-8. Calibrated hydrologic model at the swale outflow. 

Once the model was calibrated satisfactorily for hydrology, sediment calibration process 

was started. Because stormwater runoff volume is the primary means of sediment transport, 

changing parameters can influence the modelôs response for both making it a somewhat parallel 

calibration approach. Forebay sedimentation was used as a first point of sediment load 

calibration due to its ability of sediment reduction through the process of settling and 

sedimentation (Backstrom, 2002; Deletic and Fletcher, 2006). The values were again gradually 

increased from 5% to 20%. Infiltration rates and grass height parameters 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 trapping. Model calibration for 

sediment was deemed acceptable (RMSE= 5.66 and R2=0.56) at forebay sedimentation 

efficiency of 10% while maintaining the water loss assumption of 65%. RMSE and MAE values 

were less than 10 units and applying the criteria for runoff volume, these RMSE and MAE 

values supported satisfactory sediment calibration.  
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Unlike runoff volumes, the model underpredicted sediment delivery (positive PBIAS 

values).  Figure 6-9 shows the relationship between observed and simulated sediment loads at the 

swale outlet. The average simulated sediment load at the swale outlet was approximately 25% 

less than the observed sediment loads. This may be because of model limitations to accurately 

account for sediment accumulation and transport under the selected freeway source area. 

 

Figure 6-9. Calibrated sediment model at the swale outflow. 

WinSLAMM relies on Stokeôs Law to determine settling rate, but this may not be an 

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 better approach to determine 

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 in Table 6-2. The period selected for the 

scenario analysis was the same as the calibration (November 1, 2013-April 30, 2014). A visual 

examination of the TSS load at the swale inlet for each scenario and the rainfall data (Figure 

6-10) suggested a reasonable response of the model during the simulated period.  

 

Figure 6-10. Per event sediment loads at the swale inlet for different socio-economic scenarios. 

Values normalized to kg/ha/year for reporting. 

Sediment loads generated at the swale inlet and outlet for all five impact assessment 

scenarios are presented in Figure 6-11. Simulated sediment loads increased from SSP1 

(environmental sustainability) to SSP3 (economic security) by 48%, but during the 2020 social 

lockdown period a notable reduction of 41% from SSP-3 loads was observed. This sediment load 

was lower than SSP-1 scenario, supporting previous studies correlating the traffic count with 

sediment (Kayhanian et al., 2003; Wu and Allan, 2018). In the altered work culture/post-COVID 
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scenario, sediment loads at the swale inlet returned to pre-COVID loads similar to the 

intermediate (SSP2) scenario. 

 

Figure 6-11. Annual sediment load for different scenarios at Mingo Creek Swale. (SSP1: 

Environmental Sustainability Scenario, SSP2: Intermediate; SSP3: Economic Security). 

For the Environmental Sustainability Scenario (SSP-1), the simulated average sediment 

load at the swale inlet were approximately 2.11 kg and 1.65 kg at the swale outlet, respectively a 

22% load reduction. The simulated load reduction is lower than the range (30-94%) observed in 

swale experimental field studies (Barrett et al., 1998; Stagge et al., 2012; Yu et al., 2001). It is 

noteworthy that this scenario had a lower AADT and thus lower influent loads, thereby reducing 

the opportunity to treat a larger faction of the sediment load. The sediment reduction difference 

from other studies may also occur from modelôs limitation in assuming that a swale is only able 

to trap particles>50µm, while in the field, swales have been observed to trap particles as small as 
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25µm (Bäckström et al., 2006; Deletic and Fletcher, 2006). Luell et al. (2021) noted that the 

Mingo Creek forebay-swale system detained particles between 100-2000µm.  

Under the economic security scenario (SSP3), with increased AADT, the average 

sediment load at the swale inlet increased to 3.12 kg over the simulated period. As noted 

previously, a positive association between AADT and increase in sediment loads has been 

observed (Kayhanian et al., 2003; Wu and Allan, 2018). But often, other environmental factors, 

such as antecedent dry periods, rainfall intensity, and windborne dust and particulates, may also 

influence TSS concentrations generated from roadways (Winston et al., 2023). The SSP-3 

scenario also included an absence of proper maintenance due to reduced funding and resources, 

which likely impacted the swaleôs infiltration and sediment trapping ability (down to 16%), 

resulting in approximately 2.63 kg of sediment delivered to the swale outlet. This decline in 

swale performance will  have more severe consequences in improperly maintained swales with 

high original infiltration rates. As expected, the intermediate scenario (SSP-2) had a sediment 

load at the inlet of 2.67 kg, between those of SSP-1 and SSP-3. The average sediment reduction 

ability of the swale (19%) and the sediment load delivered at the outlet (2.16 kg) were also 

between the two scenarios. 

In the COVID-19 scenario (that with the lowest AADT), sediment load decreased to 1.83 

kg at the swale inlet. This was a 13% and 41% reduction in sediment load generated at the swale 

inlet relative to those of SSP-1 (environmental sustainability) and SSP-3 (economic security) 

scenarios, respectively. The reduced sediment load in this social lockdown scenario with traffic 

counts lower than pre-COVID period aligns with the improvement in environmental quality that 

occurred worldwide in 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 in the same average sediment reduction ability (16%) as the economic security 

scenario. This observation emphasized the need for proper maintenance, which is often enabled 

by proactive inspection and maintenance programs with technical guidance and training to 

facilitate long-term performance of swales. Due to its critical role, preliminary swale inspection 

checklists and maintenance guidance are provided in Appendix D for stormwater professionals. 

In the Post-COVID scenario, the economic recovery process put more workers back on 

the roads, but the total AADT did not reach pre-COVID levels because of altered/remote work 

culture. Sediment loads at the swale inlet under this scenario (2.62kg) were closer to those of the 

intermediate (SSP2) scenario. However, resumed maintenance (improved infiltration) restored 

the average sediment reduction ability of swales back to 22%, same as the Environmental 

Sustainability Scenario (SSP1). Overall, this post-COVID scenario demonstrated a net 

environmental benefit with reduced sediment loads and enhanced infiltration function due to 

maintenance. This emerged as the ñbest-caseò scenario where increased traffic and associated 

sediment loads due to future growth and development can be accommodated sustainably with a 

current SCM. However, implementation of this scenario would require the development of sound 

environmental policies which encourage or incentivize employers to allow an altered work 

culture for reduced traffic load and provision of adequate funding for SCM inspection and 

maintenance programs. 

It is also noteworthy that there are reasons beyond model limitations which likely 

influenced swaleôs load reduction ability in this study. For example, the infiltration rate of 

underlying soils is a key mechanism to optimize a swaleôs performance (Davis et al., 2012; Yu et 

al., 2001) and should be considered early in the design process. However, the Mingo Creek 

swale was originally constructed in soils with low initial infiltration (hydrologic soil group C) 
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that were then highly compacted during construction, impacting the ability to reduce sediment 

loads through infiltration of runoff (Luell et al., 2021; Winston et al., 2018). This 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 maintenance, etc.) to promote swale performance. If the swale is constructed 

in poorly draining soils, adding a check dam (Winston et al., 2018) or an underdrain (Abida and 

Sabourin, 2006; Lucas, 2010) can improve runoff mitigation and pollutant removal. Lastly, the 

Mingo Creek swale is a triangular swale (V- channel) that has a smaller cross-sectional area than 

would a trapezoidal channel, consequently reducing the contact time and opportunities for 

filtration and sedimentation of solids (Ekka et al., 2024). 

In summary, this exploratory analysis suggested that an effective program for inspecting 

and maintaining stormwater assets is critical to extend the short-term environmental benefits 

realized during the pandemic. With proper design and maintenance, the typical swale design life 

of 25-30 years (Allen et al., 2015) or the 50-year operational life-cycle of swales (Uda et al., 

2013), can be extended to over 60 years with sustainable function, good aesthetics, appropriate 

infiltration rates, and high flow capacity (Rujner et al., 2018).  

The results from this site-level study suggest that these incremental sediment-reduction 

benefits resulting from managing socio-economic factors (e.g., proper maintenance, reduction in 

traffic loads, better environmental policies) could be substantial at the watershed-scale. 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 downstream waters (Stagge 

et al., 2012). To combat future water challenges using an integrated water management strategy, 

and an approach emphasizing systemwide thinking is recommended (Hathaway et al., 2024). 
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6.6 Limitations and Future Research 

Scenarios developed under this study included one axis (socio-economic 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 due to absence of local, sufficiently high-resolution, future precipitation 

data, but can be included in future impact assessments once that data becomes available. The 

available hydrology and water quality (TSS) data for this site were limited in both quantity and 

quality. Water loss from leaky scuppers caused an error in the hydrologic assessments. 

The Mingo Creek swale completely infiltrated small storms, but the model simulation for 

those days generated runoff at the swale outlet. Possible model improvements include a review 

of the swale sub-module in WinSLAMM. Local rainfall and water quality data should be 

collected to develop local input parameter files and to continue to refine the model processes and 

algorithms for small-storm hydrology. The current particle trapping threshold (>50µm) could be 

updated in the model to (<25µm) which appears to better represent observed swale processes. In 

addition, incorporating elements of the Aberdeen equation instead of Stokeôs Law, for grass 

swales and filter strips may improve modelôs sediment prediction abilities. 

As research on microplastics and other emerging micropollutants evolves and stormwater 

runoff specific data become available, model developers can consider including them as a 

pollutant in models. Lastly, the dataset used in WinSLAMM to develop default parameters files 

is between 10-40 years old, which may limit model application for present-day stormwater 

quality predictions (Simpson et al., 2023). An opportunity exists to update the default parameter 

files with recent water quality data, but this may be limited by resources available to characterize 

the individual source areas in different geographical areas. Lastly, 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 

organizations such as American Society for Testing and Materials (ASTM) or American Society 

of Civil Engineers (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 volume and sediment 

loads. Results suggest that if a swale is maintained, increased traffic loads can be accommodated. 

Findings also indicated the importance of (1) effective urban planning to mitigate urban sprawl 

and resultant increased AADT, and (2) increased funding to properly inspect and maintain 

swales. Preliminary swale inspection and maintenance guidance was developed for users until 

better specifications become available. This study also illustrates the key role of humans and 

influence of socio-economic factors in the water cycle. A positive association between increasing 

AADT and sediment load delivered to the swale advocates for the inclusion of traffic counts in 

future swale design. WinSLAMM may be a beneficial planning tool for highway stormwater 

managers to evaluate other roadside SCMs and green infrastructure 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 infrastructure measures 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 several swale types exist, water quality-centric design guidance is limited. This 

gap was filled by developing science-based design guidance for each swale type targeting 

common stormwater pollutants. Runoff volume, sediment and heavy metals can be reduced 

effectively by well-maintained grass swales and/or infiltration swales. Nitrogen removal is best 

accomplished by a wet swale. Bioswales are most suited for removing phosphorus and bacteria. 

Grass swales were examined in controlled plot-scale experiments to advance the body of 

knowledge on the influence of key design parameters for optimizing swale design. A trapezoidal 

shaped swale with flatter longitudinal slopes and extended length was found to be most effective 

for both runoff volume mitigation and water quality treatment. These findings are hoped to be 

incorporated by regulatory agencies to improve existing swale design guidelines.  

An exploratory analysis was conducted using the source-based simulation model, 

WinSLAMM, to understand swale performance under changing socio-economic scenarios. 

Traffic loads and maintenance regimens were used to define the scenarios. Results suggest that 

provide a swale is maintained, increased traffic loads can be accommodated. Future research can 

investigate the impact of climate change on stormwater systems, which may assist policymakers 

in developing effective local adaptation strategies. 
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7.2 Research Impact on Policy and Practice 

The research conducted 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 swales. Consequently, NCDOTs inspection policy was modified to focus on 

inspecting treatment swales, thus reducing the previous burden of inspecting all channels.  

2. In 2022, NCDOT updated their SCM 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 developed for each type of swale (NCDOT, 2022). 

3. In 2024, NCDOT plans to launch an updated design toolbox for engineers and designers. 

In addition to updating grass swale design guidance, new chapters for bioswale, and wet 

swale are being developed. Key swale design guidance under consideration by NCDOT 

for adding to the toolbox that is directly linked to this research include: 

a. Water quality swales be designed to treat the water quality storm; 

b. Trapezoidal cross-section be preferred over a triangular (V) channel where 

right-of-way allows; 

c. Incorporate a check-dam close to swale outlet for enhanced infiltration and 

sedimentation. 

7.3 Future Research Recommendations 

This dissertation research has advanced encompassing optimal swale design for highway 

runoff treatment. However, as swale application for stormwater treatment continues to grow, 

further swale research will be needed. 
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Optimal design guidance for variants of water quality swales (infiltration swales, 

bioswales, wet swales) remains to be developed. A first step is to conduct further controlled 

studies for each swale type. The literature-based design guidance developed in Chapter 4 for 

bioswales and wet swales relies on the existing body of knowledge for SCM cognates 

(bioretention and stormwater wetlands). Since swales are primarily used in the roadway 

environment, the hydraulic loading ratio, contributing sources and pollutants are different than 

those in a typical urban or suburban catchment. Thus, targeted field and laboratory research for 

these linear devices is needed to guide effective design and long-term operation and 

maintenance. Different filter media mixes for bioswales should be evaluated to function 

effectively and treat typical highway pollutants. For example, augmenting the media mix with 

higher sorptive capacity materials can improve a bioswaleôs pollutant removal ability. A coarser 

filter media mix may improve hydraulic conductivity and enable infiltration in cold climates with 

frequent frozen conditions, and reduce clogging potential of filter media in bioswales when 

pretreatment is not feasible. Similarly, for a wet swale the vegetation types with different 

characteristics (e.g., salt-tolerant, freeze/drought-resistant) need to be identified as part of 

advancing their design criteria and implementation in different geographical locations. 

A broader range of longitudinal slopes (0.5-10%) and perhaps a ñmiddleò length of 20m 

should be evaluated under controlled conditions to further understand impact of length and slope 

on swale performance. This author acknowledges that swales on a 4% longitudinal slope may not 

have been ñsteep enoughò to truly test the impact of slope. The role of side slopes in water 

quality treatment and impact of seasons on swale performance needs investigation. Future 

research can be expanded to understanding treatment potential of water quality swales for 
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dissolved metals, polycyclic aromatic hydrocarbons, bacteria and other emerging micropollutants 

(e.g., microplastics, COVID-19 disinfectants and their byproducts).  

The need for effectively maintaining stormwater assets (conveyance, storage, and 

treatment systems) for reduced risk and life-cycle costs has gained recent attention. Swales are 

an important stormwater asset and must be included in future asset management plans and 

strategy. While regular maintenance is critical to long-term performance of swales, it does 

require both monetary and human resources. Thus, a better understanding of inspection and 

maintenance procedures, e.g., frequency of inspections, routine versus specialized maintenance 

needs and costs, and development of technical specifications, is needed. In-situ soils (for grass 

swale and infiltration swales) and engineered media mix (for bioswales) should be evaluated to 

guide long-term maintenance needs. 

Although the Mingo Creek swale site has been periodically yet extensively studied since 

2010, monitoring challenges have impacted the quality of available data for modeling 

calibration. Future data collection efforts both at Mingo Creek and elsewhere should include a 

Quality 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 socio-economic conditions should be 

considered for other SCMs. As higher-resolution future precipitation and other climate data 

become available, the swale impact assessment conducted herein should be revisited to include 

both future climate and socio-economic conditions. Currently available stormwater quality 

computer models could be enhanced by including infiltration swales, bioswales, and wet swales 

as a treatment option. 
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Appendix A: Rationale for Swale Design Recommendations 

To support the swale design guidance presented in 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. 

2. Compilation of metadata (grass swale design factors and performance) from previous 

studies (n=36) to analyze and draw inferences and propose design guidance. 

3. Presence of anecdotal evidence in the literature that can be applied to proposed design 

guidance. 

4. In the absence of direct design recommendations, suitable swale data to draw 

inferences, anecdotal evidence, or in cases of conflicting guidance, apply best 

professional judgment. 

5. Due to lack of literature on bioswale and wet swales, applying steps 1-4 above to 

draw guidance from bioretention and stormwater wetland studies, respectively. 

The supporting tables on the following pages provide reasoning for tables 1-5 presented 

in Chapter 4. Table A-1 should be referred as the supplement for Table 4-1, A-2 for 4-2, A-3 for 

4-3, A-4 for 4-4, and A-5 for 4-5. 
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Table A-1. Swale design guidance for conveyance and volume reduction 

Design Component 

(Guidance) 

Reasoning 

Main Channel (increase 

cross-sectional 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 V-shaped (Fiener and Auerswald, 

2005) indicating importance of cross-sectional area.  

¶ Swale with higher swale cross-sectional area also provide 

pollutant removal benefits (Bäckström et al., 2006). A 

greater swale area can be achieved by increasing length 

(potential higher costs) or width. 

¶ A comprehensive modeling study using design 

configurations showed trapezoidal channel to provide 

more flow area per unit depth than triangular (Winston 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 flow 

area. 

Vegetation Type (mixed 

with tall and stiff grass 

blades) 

¶ Direct design recommendation is available based on field 

experiments and modeling for tall and stiff grass to 

provide higher hydraulic roughness (manningôs n) and 

prevent submergence in higher flows and velocities 

(Fiener and Auerswald, 2005). 

Grass Density (non-

clumping with high 

density, good-excellent 

grass cover) 

¶ Swale with dense turf can mitigate substantial amount of 

road runoff (Bäckström et al., 2006). However, 

dense/good cover was not defined. 

¶ USDA Engineering field Handbook and Temple (1987) 

provides stem density of common grasses (2,750-

9,200m2) for good-excellent coverage. This was used to 

develop the design recommendation (3,000-9,000 

stems/m2). 
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Table A-1 (continued). 

 

Manningôs n (0.26-0.38) ¶ Eight field/lab evaluated swales with manningôs 

(hydraulic roughness coefficients) between 0.15-0.38 

reduced runoff volumes between 33-90% (Backstrom, 

2002; Fiener and Auerswald, 2005).  

¶ Kirby et al. (2005) estimated roughness coefficients 

between 0.26-1.35 for common grass types.  

¶ Due to typical mowed grass height (4-6inch) in swales, a 

range of 0.15-0.38 was deemed more representative, and 

supported by application in Hunt et al. (2020). 

Check dams ¶ Check-dams enhance runoff volume reduction benefits 

(Dunn et al., 1995; Winston et al., 2018; Yu et al., 2001). 

¶ To avoid common maintenance issues associated with 

check-dams (Winston et al., 2018), design guidance 

proposes only one check dam up to 60cm high at the 

downstream end (Kaighn and Yu, 1996). This is different 

from the common design guidance of installing multiple 

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 mitigation (Ahmed et al., 

2015). Thus, a minimize compaction during construction 

recommendation was made. 
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Table A-2. Swale design guidance for sediment reduction 

Design Component 

(Guidance) 

Reasoning 

Swale Length (30m 

recommended with shorter 

10-15m for smaller 

catchment areas) 

¶ Yu et al. (2001) provided a direct design 

recommendation of minimum swale length of 75m. 

¶ More than thirty swale lengths between 5m-275m have 

been evaluated in field and lab during actual rain and 

simulated events. Reported sediment load reductions 

have ranged from 23-99% showing no clear benefit with 

only increasing length.  

¶ TSS removal performance was noted to improve 

marginally (7-20%) for each doubling of swale length 

(Lucke et al., 2014; Winston et al., 2017). The cost of 

constructing longer swales may be unnecessary if  the 

first 10m of swale can provide 50-80% sediment 

reduction (Lucke et al., 2014).  

¶ Considering field- and lab-evaluated swales between 5-

100m (more practical), a 30m median length was 

recommended. For smaller drainage areas, a 10m length 

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 of slopes below 3%. 

¶ An average of 75% sediment reduction was observed in 

approximately twenty field and lab swales with 

longitudinal slopes between 1.0% (median) and 1.9% 

(mean), supporting the recommendation by Yu et al. 

(2001). 

¶ Thus, a longitudinal slope of maximum 3% was 

recommended. For steeper topography sites, a check dam 

was suggested to attain the design slope. 
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Table A-2 (continued). 

 

Side Slopes (3H:1V for 

trapezoidal and 6H:1V or 

flatter for triangular 

swales) 

¶ Twenty field and lab evaluated swales report side slopes 

ranging from 3H:1V-8H:1V for 18 triangular swales, and 

3H:1V for 2 trapezoidal swales. 12 out of the 18 swales 

had batter slopes 6H:1V or flatter and reported greater 

sediment removal than those with 5H:1V or steeper. 

¶ In triangular swales a lesser contact area in the main 

channel (compared to trapezoidal swales) for treatment 

can be supplemented by flatter side slopes (Barrett et al., 

1998; Winston et al., 2017). But 3H:1V batter slopes for 

trapezoidal channels were considered appropriate. 

Cross-sectional Geometry 

(trapezoidal preferred but 

triangular appropriate for 

catchment areas<0.1ha) 

¶ 17 of 19 field and lab evaluated swales that reported 

shape were triangular with no direct comparisons to a 

trapezoidal shape for sediment reduction. One field and 

modeling study provided a direct design recommendation 

for flatter-bottom to mitigate runoff (Fiener and 

Auerswald, 2005). 

¶ Another modeling study showing trapezoidal swales 

provide an average of 10% more sediment reductions 

than a V-swale due to (i) flow depth<grass height; (ii) 

greater contact area for filtration and sedimentation 

(Winston et al., 2017), and trapezoidal channels are 

easier to maintain than the triangular. 

¶ Thus, trapezoidal shape is recommended as preferred, but 

triangular swale is also included, if limited to smaller 

drainage area. This also allows for site constraints with 

limited space for construction. 

Vegetation Type (tall and 

stiff, non-clumping) 

¶ Direct design recommendation is available based on field 

experiments and modeling for tall and stiff grass to 

prevent submergence of vegetation below depth of flow 

(Fiener and Auerswald, 2005). 
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Table A-2 (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 and Temple (1987) 

provides stem density of common grasses (2,750-

9,200m2) for good-excellent coverage. 

¶ Empirical observation and technical guidance were 

supported by Luell (2011) and Luell et al. (2021) 

reporting up to 45% reduction in sediment load in a 

swale with grass blade density between 7,200-9,400 per 

m2. 

¶ Thus, a recommendation of good grass cover (3,000-

9,000 stems/m2) was formulated. 

Grass Height (4-6 inches) ¶ Previous research provides direct design 

recommendation of typical mowed grass height between 

4-6 inches to provide resistance against submergence 

(Fiener and Auerswald, 2005; Hunt et al., 2020). 

Flow depth below grass 

height 

¶ Maintaining flow depth below grass height promotes 

sedimentation (Hunt 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 between 

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 for 

30m long triangular and 6 minutes for a trapezoidal 

swale. An HRT of 5-7 minutes can remove up to 90% of 

particles>25µm (Backstrom, 2003). 

¶ Considering results from field studies and modeling, a 

consistent recommendation of 5-6 minutes was proposed 

allowing both cross-sections for implementation. 

Bioswale Geometry Design  ¶ Direct design recommendation for bioswale (Purvis, 

2018) were adopted based on limited research and design 

recommendations for bioswale. 
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Table A-2 (continued). 

 

Bioswale Media 

(temporary guidance) 

¶ Due to limited research on bioswale media, design 

recommendations for bioretention filter media by Hunt et 

al. (2012) were adopted with slight modifications. For 

example, media depth was adjusted to minimum of 

0.45m as in a field-installed bioswale (Purvis et al., 

2018) instead of 0.30m minimum for bioretention. These 

adjustments allowed same design for nitrogen treatment.  

Check dams (optional) ¶ Due to no clear benefits of check-dams in sediment 

reduction documented in the literature, this was proposed 

as an optional feature. 

¶ To avoid common maintenance issues associated with 

check-dams (Winston et al., 2018), design guidance 

proposes only one check dam up to 60cm high at the 

downstream end (Kaighn and Yu, 1996). This is different 

from the common design guidance of installing multiple 

check dams. 
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Table A-3. Swale design guidance for nitrogen sequestration 

Design Component 

(Guidance) 

Reasoning 

Side Slopes (3:1 for 

trapezoidal, 6:1 for 

triangular) 

¶ Twelve of the field/lab evaluated swales reported total 

nitrogen load removal. Side slopes were reported for ten 

swales with eight at greater than 6H:1V and two at 

3H:1V. The only negative reductions were reported in a 

swale with 3H:1V (Stagge et al., 2012). 

¶ Considering nitrogen-specific 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 1.5-ft 

deep submerged anoxic zones (engineered media) was 

observed in a laboratory study (Zinger et al., 2007).  

¶ For bioretention, SCM similar to a bioswale, 3-ft 

minimum media depth was recommended by Hunt et al. 

(2012). 

¶ A range of media depth (1.5-3ft) was deemed suitable for 

bioswale to allow for flexibility in selection because: (1) 

swale site constraints can often limit available depth and 

(2) engineered media costs can be substantial.  

¶ Bioswale within this media depth range (2-ft) has been 

tested successfully in controlled studies (Purvis, 2018) 

providing confidence. 

¶ Due to limited bioswale research, other design guidance 

e.g., media content, infiltration rates and underdrains 

were adopted from Hunt et al. (2012) for bioretention 

design. 
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Table A-3 (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 load 

reduction (Line et al., 2008). Thus, a SA:DA ratio of 5% 

was recommended for wet swale. 

¶ (Kirby et al., 2005) estimated roughness coefficients (n) 

between 0.26-1.35 for common grass types.   

¶ A range of 0.15-0.38 is more representative in grass 

swale due to typical mowed height (4-6inch) in grass 

swales (Hunt et al., 2020). However, due to taller than 

typical mowed grass height (4-6inch) and emergent 

wetland vegetation in wet swales, a higher range of n 

0.26-1.35 was 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 and 

removal from stormwater (Read et al., 2008). This 

guidance also allows better plant survival in different site 

conditions. 

Forebay ¶ Direct design recommendation to include forebay 

(Purvis, 2018). 

Check dams ¶ Direct design recommendation to include minimum one 

check dam (Purvis, 2018). 
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Table A-4. Swale design guidance for phosphorus removal 

Design Component 

(Guidance) 

Reasoning 

Side Slopes (3:1 for 

trapezoidal, 6:1 for 

triangular) 

¶ Seventeen of the field/lab evaluated swales reported total 

phosphorus load removal. Side slopes were reported for 

nine swales with seven at greater than 6H:1V and two at 

3H:1V. The only negative reductions were reported in a 

swale with 3H:1V (Stagge et al., 2012). 

¶ Considering phosphorus-specific results and following 

the logic for sediment reduction, 3H:1V side slopes for 

trapezoidal and 6H:1V for triangular swales design 

guidance was proposed. 

Bioswale geometry ¶ Direct geometry guidance available for optimal bioswale 

design (Purvis, 2018). 

Bioswale (Engineering 

Media specifications) 

¶ Due to limited bioswale research, other design guidance 

e.g., media depth, characteristics, infiltration rates and 

underdrains spacing adopted from Hunt et al. (2012) for 

bioretention design to remove phosphorus in stormwater. 

Check dams ¶ Direct design recommendation to include minimum one 

check dam (Purvis, 2018). 
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Table A-5. Swale design guidance for metals sequestration 

Design Component 

(Guidance) 

Reasoning 

Cross-sectional geometry 

(trapezoidal preferred; 

triangular for limited space 

and catchment areas) 

¶ Flat-bottomed grass swale, with loading ratio of 0.50 

(swale area: drainage area) can provide low-moderate 

metal removal (Bäckström et al., 2006). 

¶ Consistent with proposed design guidance for sediment, 

trapezoidal was recommended as preferred cross-section 

(due to increased swale area) with allowance for 

triangular shapes in limited space and small catchments. 

Grass density (good-

excellent, 3,000-9,000 

stems/m2) 

¶ Empirical data suggests metal removal in swales with 

dense, fully developed turf (Bäckström et al., 2006), but 

grass density was not defined quantitatively.  

¶ USDA Engineering field Handbook and Temple (1987) 

provides stem density of common grasses (2,750-

9,200m2) for good-excellent coverage. 

¶ Thus, the proposed grass cover design guidance (3,000-

9,000 stems/m2) for sediment was maintained. 

Side Slopes (3:1 for 

trapezoidal, 6:1 for 

triangular) 

¶ Between 8-12 field/lab swales with 6H:1V side slope 

generally provided higher metal load removals than those 

with 3H:1V. Thus, side slope guidance proposed for 

sediment and nutrients was maintained for consistency. 

Bioswale (Geometry and 

Engineering Media 

specifications) 

¶ Direct geometry guidance available for optimal bioswale 

design (Purvis, 2018). 

¶ Due to limited bioswale research, other design guidance 

e.g., media characteristics, infiltration rates adopted from 

(Hunt et al., 2012) for bioretention design to sequester 

metals in stormwater.  
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Table A-5 (continued). 

 

Wet Swale*  (surface area: 

drainage area; roughness 

coefficient; vegetation; 

check dams and forebay) 

¶ Higher surface area: drainage area ratio (4.7%) and 

diverse plant community provided greater pollutant load 

reductions (Line et al., 2008). Thus, a SA:DA ratio of 5% 

was recommended for wet swale. 

¶ Kirby et al. (2005) estimated roughness coefficients (n) 

between 0.26-1.35 for common grass types. Due to taller 

than typical mowed grass height (4-6inch) and emergent 

wetland vegetation in wet swales, a higher range of n 

0.26-1.35 was proposed for wetland swale design. 

¶ Diverse plant species allow for variation in plant 

biomass, root architecture, and physiology, ultimately 

influencing metal uptake and removal from stormwater 

(Read et al., 2008). This guidance also allows better plant 

survival in different site conditions. 

¶ For sites with lower water table but a shallower seasonal 

high-water table, including a check dam as part of design 

can promote wet conditions, key to wet swale function. 

¶ Forebays are part of design for stormwater wetland (Line 

et al., 2008) for diffusing flows and capturing 

trash/debris. Since wet swales can receive concentrated 

flows and roadway runoff can convey litter/debris, the 

forebay was included as part of the design guidance. 

*Note: Wet Swaleôs should be applied with caution for metal treatment as with prolonged wet 

conditions and soils becoming acidic they may release metals in long-term. 
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Appendix B: Experimental Swale Design and Construction Plans 
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