
ABSTRACT 

KORYTO, KEVIN M.  Evaluation of the Hydrologic and Water Quality Benefits of 
Regenerative Stormwater Conveyance. (Under the direction of Dr. William F. Hunt III). 

Regenerative stormwater conveyance (RSC) is a stormwater control measure built in a 

channel that uses a series of riffles and pools with an underlying sand media layer to detain 

and treat stormwater runoff.  As a recently developed practice, RSC performance evaluations 

are needed to improve the design and guide regulatory accreditation.  Field monitoring of an 

RSC installed to stabilize an eroded headcut in Durham, NC and runoff simulations on a test 

RSC at the NCSU Lake Wheeler Field Labs were conducted to examine hydrologic and 

water quality metrics.  Both studies analyzed the treatment provided by media outflow which 

had not been done in previous field evaluations.  

The RSC in Durham, NC, was installed in an eroded ephemeral/intermittent channel of 10% 

grade.  The practice was monitored for 14 months post-construction.  System undersizing   

(6-mm design event) and groundwater intrusion led to minimal volume retention and 

pollutant removal.  Only storms less than 12.7 mm resulted in hydrologic mitigation (8% 

median volume reduction, 49% median peak flow reduction).  Event mean concentration 

reductions were minimal at 17% total suspended sediment (TSS), 17% total phosphorus (TP), 

and 3% total nitrogen (TN).  Significant reductions occurred primarily between the upstream 

and second of five cells, indicating sedimentation in the first two cells was the primary 

removal mechanism.  Flow through the media flow did not appear to improve event 

concentrations.  Inter-event grab samples compared to event outflow concentrations indicated 

a 47% median increase in TN concentrations during baseflow conditions due to the presumed 

release of ammoniacal nitrogen.  Decomposition of mulch (20% by volume) included in the 



sand media likely contributed to nitrogen leaching.  The practice was successful in 

preventing additional sediment loss by headcut stabilization; however, the incorporation of 

media provided minimal additional treatment.  Hydrologic and water quality benefits were 

only achieved in the upper half of the practice where groundwater intrusion was minimal.  A 

small capture volume, excessive mulch in the media, and construction intersecting the 

seasonal high water table negatively impacted system performance.  

The RSC at the NCSU Lake Wheeler Field Labs was subjected to simulated storm events by 

mixing dissolved nitrogen and phosphorus into inflow from a managed retention pond.  

Twelve simulations were conducted under varying conditions of rainfall depth (25 mm and 

38 mm) and antecedent dry period (1 day and 3 days).  The simulated watershed was sized 

for a capture volume equivalent to the 25-mm event.  Simulations confirmed the substantial 

conversion of surface inflow to media outflow by well-drained RSCs.  The RSC reduced 

mean surface flow volumes by 80% for the 25-mm design event and 40% for the 38-mm 

event.  Reductions in dissolved pollutant concentrations in surface flow were insignificant or 

very minor for all analytes.  Media outflow reduced dissolved pollutant concentrations by a 

mean 79% for TKN and 81% for O-PO4
3-, presumably due to sorption with the sand media.  

However, aerobic conditions between events led to ammonification then nitrification of TKN 

to NO2,3-N.  Media outflow nitrate concentrations increased over the course of the 12-week 

study from 0.39 mg/L to 2.55 mg/L, causing TN subsurface removal efficiencies to decline 

from 69% to 27%.   Media outflow contributed substantially to pollutant load discharged: 

66% TN and 42% TP for the 25-mm event.  Results from the simulation study indicate that 

well-drained RSC conditions are optimal for hydrologic mitigation and phosphorus removal 



but nitrification limits nitrogen retention.  Enhanced media and differentiated 

aerobic/anaerobic zones could optimize subsurface flow treatment in future designs.  
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Chapter 1: Literature Review: Regenerative Stormwater Conveyance, An Integrated 
Approach to Ecological Engineering 

1.1 Abstract 

Urban streams have been altered due to increases in surface runoff from urban areas causing 

altered flow regimes, degraded water quality, incised banks, and poor habitat.  A particularly 

costly example of this process is the formation of headcuts where concentrated stormwater 

outfalls have resulted in eroded gullies due to the erosive forces of increased water volume 

and velocity.   Legislation enacted to protect nutrient sensitive watersheds has brought 

urgency in investigating stormwater control measures (SCMs) that can address a variety of 

hydrologic and water quality concerns.  Regenerative stormwater conveyance (RSC) is a new 

SCM installed as a retrofit in eroded gullies to restore the natural flow regime and provide 

treatment benefits.  RSC incorporates step-pool sequences, a stream restoration technique, 

and media filtration, a stormwater management strategy, in a series of riffles and pools 

capable of retaining small events and conveying larger flows.  As a recently developed 

practice, few monitoring studies have investigated RSC performance.  Expected RSC 

processes are presented in this review through an investigation of similar concepts found 

within stream restoration and stormwater management practices.  

1.2 Introduction to Regenerative Stormwater Conveyance 

Regenerative stormwater conveyance (RSC) is an innovative approach to low impact 

development (LID) that connects the fields of stormwater management and stream 

restoration.  RSCs are a series of shallow pools connected by boulder riffles and a subsurface 

sand seepage layer (Brown et al., 2010).  The design of an RSC system is intended to capture 
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and treat the first 25 mm (1 in) of rainfall within the pools and sand layer and convey without 

overtopping storm events up to the 100-year recurrence interval (Flores et al., 2012).  Figure 

1-1 depicts the suggested dimensions of an RSC cross section with the number of pools and 

riffles changing based on site conditions.   

 
Figure 1-1. Typical RSC cross section, from (Flores et al., 2012) 

The terms step-pool storm conveyance and biofiltration conveyance are synonymous with 

RSC (Flores et al., 2012).  However, there is an important distinction between two different 

types of RSCs (Berg et al., 2014): 

• Dry channel RSC:  Built within ephemeral upland gullies with no base flow. 

• Wet channel RSC:  Built within lowland streams creating stream-wetland complexes.  

Dry channel RSCs are often installed as a retrofit to eroded stormwater outfalls where high 

slopes have caused incision, with the following design objectives (Brown et al., 2010): 

• Regenerate a headwater stream system 

• Remove stormwater pollutants 
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• Restore natural flow regime of the receiving stream 

• Provide microhabitat zones 

The boulder riffles and dug out pools allow for energy dissipation and sedimentation.  When 

water fills a pool, a hydraulic gradient is created forcing water downward into the sand 

seepage layer providing added filtration (Brown et al., 2010).  This interaction between the 

surface and subsurface, the hyporheic zone (Figure 1-2; Boulton, 2007; Lawrence et al., 

2013), is a hotspot for microbial growth and nutrient transformations (Groffman et al., 2005).  

The hyporheic zone is a critical component of both the hydrology and water quality benefits 

of an RSC.   

 
Figure 1-2. Cross section of theoretical stream hyporheic flow paths, from (Boulton, 2007) 

RSC is a relatively new technology and Filoso (2012) and Cizek (2014) are the only known 

monitoring studies of dry channel RSCs.  Though the literature on RSC is sparse, large 

bodies of work have investigated similar processes within the fields of stormwater 

management and stream restoration.  The objective of this review is to provide a background 

on the effects of urbanization on water resources, set up the necessity for ecological design, 

and describe the methodologies RSC borrows from other practices to address this need.      
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1.3 Urbanization Hydrology Impacts 

The world population is expected to increase by 2.3 billion people from 2009 to 2050 and 

become centered in urban areas, with 69% of the population living in cities by 2050 (UNPD, 

2009).  Consequently, the natural hydrology of an area is altered by impervious surfaces, 

such as roads and roofs, when urban areas are constructed.  Runoff fractions increase from 

5% in undeveloped watersheds (Swank & Crossley, 1988) to 55% in highly urbanized areas 

(Tourbier & Westmacott, 1981), corresponding with decreases in evapotranspiration and 

infiltration. 

To mitigate the effects of flooding, conventional urban drainage plans have focused on 

quickly conveying stormwater using sewers and ditches from paved surfaces to downstream 

waters (Roesner et al., 2001).  This strategy has caused problems for receiving water bodies 

ill-suited to deal with the following hydrograph alterations: 

• Increased volume of runoff (Tourbier & Westmacott, 1981) 

• Increased peak discharge, faster water velocity (Leopold, 1968) 

• Decreased lag time, time between rainfall and peak discharge (Leopold, 1968), 

exacerbated if drainage is directly connected to receiving stream (Hatt et al., 2004) 

• Reduced base flow caused by decrease in shallow infiltration (Hardison et al., 2009) 

These hydrologic changes cause negative effects on water quality and erosion, leading to 

ecological degradation of streams and receiving water bodies. 
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1.4 Urbanization Water Quality Impacts 

Increased runoff volume and pollutant concentrations contribute to increased pollutant loads; 

causing eutrophication (Novotny, 2003) and organism toxicity (Beasley & Kneale, 2002).  

The 2004 National Water Quality Inventory, in an analysis of the nation’s surface water 

health, found a significant portion of water bodies impaired beyond their intended use; the 

impairment directly associated with urban runoff is given in parenthesis (U.S. EPA, 2009): 

• Streams and rivers: 44% (8%) 

• Lakes and reservoirs: 64% (7%) 

• Estuaries: 30% (12%) 

Water body impairment is caused by the following urban pollution sources: 

• Wet and dry atmospheric deposition (Wu et al., 1998) 

• Soil and bank erosion (Novotny, 2003) 

• Pesticides, fertilizers, and household chemicals (Novotny, 2003) 

• Decomposition of vegetation, animals, and fecal matter (Wilber & Hunter, 1977) 

• Gross solids from leaf fall and yard waste (Pitt et al., 2004) 

• Hydrocarbons from vehicle leaks (Novotny, 2003) 

• Heavy metals from corrosion of vehicles and metal roofs (Wilber & Hunter, 1977) 

• Salts from winter road clearing (Kaushal et al., 2005) 
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During a rainfall event, these pollutants are washed off the landscape.  Presented in Table 1-1 

is a summary of monitoring results for nutrient and metal pollutant concentrations found in 

rainfall and runoff.  Land use and geography can cause significant variation in concentrations 

(Table 1-1; Pitt et al., 2004).  

Table 1-1. Nutrient and metal pollutant concentrations in rainwater and stormwater runoff (mg/L) 

Stormwater Pollutant Rainwater a Main Road a Residential b NC Parking Lot c 

TSS 12 163 49 - 
TN     2.2 1.57 
TKN     1.4 1.19 
NO2,3-N 1.54 5.0 0.60 0.38 
TAN 0.80 0.9 0.32 0.22 
TP 0.09 0.29 0.30 0.19 
O-PO4

3-     0.17 0.07 
Cu 0.011 0.097 0.012 - 
Pb 0.009 0.170 0.012 - 
Zn 0.080 0.407 0.073 - 

a Mean event mean concentrations (EMCs) based on a review of 300 publications documenting rainfall and 
runoff from highly trafficked main roads (Göbel, 2007). 
b Median EMC values from 1069 studies recorded in the National Stormwater Quality Database (Pitt et al., 
2004) 
c Mean EMC values from a study of eight North Carolina parking lots (Passeport & Hunt, 2009).  

Wet deposition, the concentration of pollutants in rainfall, encompasses a significant portion 

of the pollutant concentration in runoff (Table 1-1; Göbel et al., 2007).  In a study measuring 

atmospheric deposition at a highway bridge deck in the North Carolina Piedmont, Wu et al. 

(1998) found that significant pollutant loadings (10-20% of TSS, 30-50% of Cu and Pb, and 

70-90% of TN) in highway runoff can be attributed to deposition.  The deposition measured 

by Wu et al. (1998) was the combination of wet deposition and dry deposition, the settling of 

high-density dust particles.  
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Pollutants from dry deposition and anthropogenic sources are expected to build-up on 

impervious surfaces between rainfall events, the antecedent dry period, and wash off during 

the initial fraction of runoff, the first flush (Deletic, 1998).  The extent to which this 

phenomenon exists is debated in the literature in part due to the lack of a uniform definition 

(Lee et al., 2002).  Bertrand-Krajewski et al. (1998) defined a significant first flush as 80% of 

loading occurring in the first 30% of the volume.  However, their results indicated 74% of the 

volume was required for 80% of loading to occur with significant variability among 

pollutants (Bertrand-Krajewski et al., 1998). Other studies have corroborated these findings 

of a weak/moderate first flush.  Miguntanna et al. (2013) observed highest nutrient 

concentrations during the first 5 minutes of a rainfall event, and Schiff and Tiefenthaler 

(2011) found highest metal concentrations during the first rainfall after a dry season.  

However, Helmreich et al. (2010) found no evidence of a first flush for metal concentrations 

from a highly trafficked road in Germany and attribute street sweeping, wind, and air 

turbulence from traffic as potential reasons for a lack of pollutant buildup.  There is evidence 

indicating the build-up and wash off of pollutants on impervious surfaces to a moderate 

extent, though the precision has not been clearly defined.   

Pollutants can be transported in both dissolved and particulate forms with wash-off 

characteristics determined by the pollutants solubility properties.  Table 1-2 shows the 

percentage of a pollutant in stormwater being transported in dissolved form.  Built-up 

nitrogen will dissolve into soluble forms upon impact of rainfall (Miguntanna et al., 2013).  

Phosphorus and metals, however, are predominantly particulate-bound and mobilized 

attached to sediment (Helmreich et al., 2010) causing concentrations to be dependent on 
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rainfall intensity.  High-intensity events cause increased concentrations of phosphorus and 

metals due to the mobilization of larger particles (Miguntanna et al., 2013).  Differences in 

dissolved characteristics have significant implications for removal within SCMs.  Particulate-

bound pollutants can be removed by physical processes such as filtration and sedimentation, 

but dissolved constituents are harder to remove, requiring sorption or biological mechanisms. 

Table 1-2. Dissolved pollutants in stormwater runoff 

Pollutant Percent Dissolved Constituents in Dissolved Form Source 
Nitrogen 76% DON, NH3-N, NO2,3-N  (Taylor et al., 2005) 
Phosphorus 29% O-PO4

3-  (Miguntanna et al., 2013) 
Zinc 27% Dissolved Zn   (Helmreich et al., 2010) 
Copper 21% Dissolved Cu  (Helmreich et al., 2010) 
Lead 0%  -  (Helmreich et al., 2010) 

Through calculation of load, the product of concentration and flow rate integrated over time, 

the amount of pollutant exported from a watershed to downstream waters can be calculated.  

Line and White (2007) compared the loading rates using a paired watershed approach 

between an undeveloped and developed watershed in the North Carolina Piedmont.  Their 

findings indicate significant increases in runoff volume and pollutant loads from the 

residential watershed.  The most dramatic load increase is for sediment, caused by increased 

stream bank erosion and incision due to changes in urban hydrology (Table 1-3). 

Table 1-3. Pollutant loads from an undeveloped and residential watershed (Line and White, 2007)  

Region Impervious 
Cover 

Watershed 
Area (ha) 

TSS 
(kg/ha/yr) 

TN 
(kg/ha/yr) 

TP 
(kg/ha/yr) 

Undeveloped 0% 3.3 349 6.3 0.4 
Residential 53% 4.0 6270 15.5 1.3 
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1.5 Effects of Urbanization on Erosion 

The primary mechanisms associated with changes in stream channel morphology are erosion 

(removal of sediment), deposition (addition of sediment), and mass bank failure (landslides; 

Thorne, 1998).  Whether erosion exceeds deposition is dependent on two processes: 

1. Stream competence:  Maximum particle size a stream can transport (Wilcock, 1971) 

2. Critical shear stress:  The erosional force required to cause erosion of bank material 

(Nelson et al., 2006).   

The increased discharge velocities and volumes associated with urbanization increase stream 

competence and cause more frequent exceedance of the critical shear stress leading to bank 

incision (Nelson et al., 2006).  The effects of urban development on stream bank erosion over 

time occurs in three stages (Wolman, 1967): 

1. Predevelopment (equilibrium):  Stream channel is initially stable. 

2. Construction (deposition dominant):  Increase in sediment load from construction 

causes deposition of lateral and point bars within stream comprised of fine sediment. 

3. Urban (erosion dominant):  Impervious land cover causes coarse sediment inputs to 

decrease dramatically and frequent exceedance of bank critical shear stress due to 

increased water velocity.  

Urbanization does not necessarily decrease the sediment load for the entire watershed, only 

the impervious surfaces.  In developing a sediment budget comparing an urban landscape to a 

forested reference, Nelson and Booth (2002) found urbanization increased the annual 

sediment yield by 50%, with the increase primarily attributed to channel bank erosion.  Based 
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on watershed monitoring of an urban watershed in Pennsylvania, Fraley et al. (2009) estimate 

that bank erosion accounted for 43% of total suspended sediment loading.   

Negative consequences of increased sediment loads on downstream waters include lost 

storage capacity, covered aquatic habitat, and transport of particulate-bound pollutants 

(Novotny, 2003).  Bank erosion causes increased pollutant loading from nutrients carried 

with the eroded soil.  Though there may be regional variation, stream bank sediments in SE 

Pennsylvania were found to contain 1.14 kg of TN and 0.53 kg of TP per metric ton of 

sediment (Walter et al., 2007).  Bank erosion from urban streams is a significant source of 

both sediment and nutrients and load reductions can be attained if banks are stabilized. 

Standard practice in stormwater control regulation is to require SCMs attenuate peak flow 

rates for a particular storm frequency, commonly a 10-year recurrence interval, to 

predevelopment conditions (Nehrke et al., 2004; NCDEQ, 2007).  Water is detained within a 

catchment basin and slowly released out of an outlet orifice to reduce the peak flow rate and 

control downstream flooding, resulting in a flattened hydrograph (Roesner et al., 2001).  

However, the frequency and duration of sub-bankfull discharges within the catchment stream 

increases.  These flows often exceed the bank critical shear stress causing a longer period of 

erosion (Nehrke et al., 2004; Tillinghast et al., 2011).  The duration of flows exceeding the 

critical shear stress required for mobilization of coarse gravel was 50% greater than 

predevelopment conditions even when stormwater detention practices were in place 

(Bledsoe, 2002).  Tillinghast et al. (2011) measured critical discharges in North Carolina 

finding that 94% occurred in discharges below the 2-year event.  This indicates the need for 
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more stringent design standards and innovative practices because conventional SCMs, as 

currently designed, are not reducing stream bank erosion (Nehrke & Roesner, 2004).    

1.6 The Formation of Headcuts 

A specific type of erosion relevant to urban landscapes is the formation of headcuts, steep 

eroded walls within ephemeral or perennial channels (Flores-Cervantes et al., 2006).  These 

frequently occur where runoff has been concentrated by ditches or pipes to a discrete outfall 

point followed by a change in slope.  The formation of headcuts can be described in four 

phases:   

1. Failure of vegetated cover at an abrupt change in channel steepness or soil hardness 

(Temple & Hanson, 1994). 

2. The concentration of flow, causing increased velocity and erosion due to exceedance 

of critical shear stress (Temple & Hanson, 1994). 

3. Falling water over a vertical scarp causes plunge pool erosion resulting in the scour of 

a deep downstream hole (Flores-Cervantes et al., 2006). 

4. Continued headcut migration upstream and deepening of the plunge pool (Bennett et 

al., 2000). 

In uniform soil conditions, laboratory experiments have shown that headcuts will continue to 

migrate upstream at a constant rate (Bennett et al., 2000).  When soil conditions are non-

uniform, headcuts will still migrate, but not a constant rate.  An erodible layer below a 

resistant clay layer will wash out resulting in landslide events in which the clay layer falls in, 

and the headcut expands (Stein & LaTray, 2002).  When left unstabilized, a headcut will 
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continue to migrate backward causing damage to roads and structures, and deposit large 

sediment loads downstream (Bennett et al., 2000).  An inventory of failed outfalls in Anne 

Arundel County, Maryland indicated $600 million dollars in damages to streams, wetlands, 

and steep slopes (Brown et al. 2010).  Though not all outfalls resulted in headcut formation, 

the damaging cost of headcut erosion is evident.  Installing an RSC in an eroded headcut 

allows for the dual benefit of restoring a potential liability and providing treatment benefit. 

1.7 Urbanization Stream Morphology and Ecology Impacts 

The effects of hydrologic modification, increased pollutant loads, and increased bank 

erosion, have led to well-documented degradation of urban streams to the point Walsh et al. 

(2005) have coined the phenomenon the “urban stream syndrome.”  In the initial study 

investigating the effects of urbanization on stream morphology Hammer (1972) found urban 

streams to have significantly greater widths and cross-sectional areas compared to 

undeveloped reference reaches.  Many subsequent studies have looked at the link between 

watershed urbanization and the impact on receiving streams (Table 1-4). 
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Table 1-4. The effects of urbanization on streams 

Category Effect of Urbanization Citation 
Channel Morphology   
 ↑ Width (Hammer, 1972) 
 ↑ Cross sectional area (Hammer, 1972) 
 ↑ Bankfull dimensions (Doll et al., 2002) 
 ↑ Incision and scour (Nelson et al., 2006) 
 ↑ Pool depth (Cianfrani et al., 2006) 
 ↓ Sinuosity and complexity (Pizzuto et al., 2000) 
 ↓ Channel roughness (Pizzuto et al., 2000) 
 ↓ Water table (Hardison et al., 2009) 
Water Quality   
 ↑ Nutrients (N, P) (Shields et al., 2010) 
 ↑ Turbidity (Shields et al., 2010) 
 ↑ Temperature (Van Buren et al., 2000) 
 ↑ Toxic contaminants (Beasley & Kneale, 2002) 
 ↑ Chlorophyll-a (Walsh et al., 2005) 
 ↓ Retention of organic matter (Groffman et al., 2002) 
Ecology   
 ↑ Eutrophic algae (Walsh et al., 2005) 
 ↑ Tolerant macroinvertabrates (Walsh et al., 2005) 
 ↓ Sensitive macroinvertabrates (Walsh et al., 2005) 
 ↓ Sensitive fish (Klein, 1979) 

In early studies, 10% impervious cover was determined as the level at which significant 

stream degradation would occur (Klein, 1979; Novotny, 2003).  However, adverse impacts 

on streams have been observed at as low as 0.5% imperviousness (King et al., 2010).  Hatt et 

al. (2004) proposed and verified that direct connection, the portion of impervious cover 

directly connected to a stream by pipes, is a better predictor of stream degradation.  The 

importance of this distinction is that restoration of urban streams by reducing direct 

connection may be possible without reducing impervious cover and promoting sprawling 

development.  Instead, stormwater best management practices (BMPs) may provide an 
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opportunity for stream restoration through planned prevention or retrofit removal of the 

direct connection (Walsh et al., 2005).   

1.8 Stormwater Regulation and Policy 

The Clean Water Act, first enacted in 1972, is the primary regulatory driver regarding water 

pollution in the United States.  The National Pollution Discharge Elimination System 

(NPDES) framework laid out in Section 208 of the Clean Water Act monitors, prohibits, and 

enforces surface water degradation from point and nonpoint sources.  Requirements of the 

three phases of the NPDES program are provided in Table 1-5. 

Table 1-5. History of the Clean Water Act NPDES regulations 

Year NPDES Program Requirements 
1972 Enactment of NPDES Permitting and enforcement of point source pollution, direct 

disposal to water bodies 
1990 Phase 1  

Stormwater NPDES 
Extends enforcement to nonpoint sources requiring permitting 
and the development of a stormwater management program for 
three categories: 
   (1)  Municipal separate sewer systems (MS4s) operated      
          by cities with populations of 100,000 or more 
   (2)  Construction activities disturbing more than 5 acres 
   (3)  Industrial activities   

1995 Phase 2  
Stormwater NPDES  
(Final Rule) 

Extension of Phase 1 program to: 
   (1)  MS4s in municipalities with less than 100,000 people 
   (2)  Construction activities disturbing more than 1 acre 

In regards to stormwater management, Phase 1 and Phase 2 rules require the construction of 

permanent SCMs in new development and redevelopment, when more than 0.4 ha (1 ac) of 

land is disturbed (NCDEQ, 2007).  Required practices and design standards are not specified 

and are left to the discretion of state and local ordinances.  Regulations for North Carolina in 

compliance with the NPDES Phase 2 program are laid out in Session Law 2006-246 and 
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require the following based on development density (NCDEQ, 2007; Session Law 2006-246, 

2005): 

1. Low-density development:  Less than 24% built upon area (12% in coastal counties) 

a. Must use vegetated conveyance to the maximum extent possible, no 

requirement for structural BMPs 

b. No requirements for maintaining pre-development peak discharge 

c. No requirements for nutrient removal   

2. High-density development:  More than 24% built upon area (12% in coastal counties) 

a. Mandatory use of structural BMPs that control and treat 25 mm (1 in) of 

runoff, 38 mm (1.5 in) for coastal counties 

b. Match pre-development peak discharge rates for a one-year 24-hour storm 

with the drawdown of storage volume occurring between two and five-days 

c. Remove 85% of TSS load  

The Clean Water Act and subsequent amendments include measures for the maintenance and 

restoration of surface waters to an intended use (U.S. EPA, 2004).  Section 303 of the Clean 

Water Act requires surface water monitoring at the state level to identify impaired waters, the 

303(d) list, and the creation of a total maximum daily load (TMDL) for water bodies found to 

be impaired (Novotny, 2003).  In North Carolina, high nitrogen and phosphorus 

concentrations in stormwater runoff are of particular concern, leading to eutrophication of 

nutrient sensitive waters and impacting drinking water sources (NCDEQ, 2007).  Regulations 

for TMDL watersheds in North Carolina are presented in Table 1-6. 



 

16 

Table 1-6. North Carolina regulations for nutrient sensitive waters 

Watershed: Neuse River  Tar-Pamlico 
River Jordan Lake a Falls Lake 

Year Enacted: 1997 2000 2009 2010 

Reduction Goals: 
N: 30% N: 30% N: 35% N: 40% 

P: 0% P: 1991 Levels P: 5% P: 77% 
Load 
Requirements 
(kg/ha/yr): 

N: 4.0 N: 4.5 N: 2.5 N: 2.5 

P: N/A P: 0.5 P: 0.9 P: 0.4 
Peak Flow 
Requirements: 1 yr - 24 hr 1 yr - 24 hr 1 yr - 24 hr 1 yr - 24 hr 

Regulation/ 
Citation: 

 (15A NCAC 02B 
.0235, 1997) 

 (15A NCAC 02B 
.0258, 2000) 

 (15A NCAC 
02B .0265, 2009) 

 (15A NCAC 02B 
.0277, 2010) 

a Values for Upper New Hope sub-watershed of Jordan Lake 

With minor variations between rules, residential developments greater than 0.4 ha (1 ac) and 

commercial developments greater than 0.2 ha (0.5 ac) are required to meet the load and peak 

flow requirements listed in Table 1-6 or purchase off-site nutrient credits (NCDEQ, 2007).  

When comparing the load requirements to those measured by Line and White (2007; Table  

1-3) the strictness of the regulations becomes apparent.  The load requirements for nitrogen 

in all four regulations are below the 6.3 kg/ha/yr that Line and White (2007) measured from 

an undeveloped site; thus, requiring loading rates below a predevelopment condition.  The 

Jordan Lake Rules also place requirements on local municipalities to address nutrient loading 

from existing development; including but not limited to: water quality monitoring, mapping 

of stormwater infrastructure, maintenance of government owned BMPs, and identification of 

opportunities for retrofit projects (15A NCAC 02B .0266, 2009).   

The application of constructing an RSC within a stream channel brings in further regulation 

under Section 404 of the Clean Water Act.  Section 404 regulates the dredging and filling of 

waterways including wetlands and streams under the oversight of the U.S. Army Corps of 
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Engineers (Lave et al., 2008).  Disturbances that are not preventable are required to mitigate 

the construction impacts either through onsite restoration or purchasing mitigation bank 

credits (Lave et al., 2008).  This has two applications to RSC: 

1. Required permitting to install an RSC in a perennial or intermittent channel. 

2. The application of RSC as a potential restoration technique receiving stream 

mitigation credits in certain situations.  

1.9 Opportunities to Meet Policy Objectives through Ecological Engineering 

The discussion presented previously on the degradation of water bodies, and subsequent 

legislation leads to the challenge of designing and implementing successful strategies.  

Presented in Bernhardt et al. (2008) are four possibilities for reducing nutrient loads: 

1. Reduce urban nutrient use and associated disposal loads 

2. Increase efficiency of wastewater treatment plants 

3. Promote nutrient processing through restoration of wetlands, floodplains, and streams 

4. Utilize upland controls (BMPs) for retention and processing of runoff 

The combination of stormwater management and restoration ecology has been accomplished 

previously in the design of stormwater wetlands (Moore & Hunt, 2012).  RSC provides a 

similar opportunity by pairing the benefits of stormwater management with stream 

restoration.  The discussion that follows highlights the design aspects, nutrient processes, and 

monitoring results from both fields with the objective of determining what translates to RSC. 
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1.10 Stormwater Best Management Practices (BMPs) 

Structural BMPs have been a common approach to addressing the impacts of urbanization.  

Traditionally these systems, examples being wet ponds and dry detention basins, focus on 

peak flow reduction to release water at a slower rate, preventing downstream flooding 

(Roesner et al., 2001).  Wet and dry detention basins have been shown to remove TSS and 

particulate-bound metals/nutrients by sedimentation (Mallin et al., 2002; Stanley, 1996), but 

lack mechanisms to remove dissolved constituents (Erickson et al., 2011).  Additionally, 

these practices require large spaces, provide little volume reduction benefit, and maintain 

erosive flows in streams (NCDEQ, 2007; Roesner et al., 2001; Tillinghast et al., 2011).  Due 

to these limitations, the concept of low impact development (LID) emerged with the 

objective of matching predevelopment hydrology by retaining water and associated 

pollutants using infiltration, evapotranspiration, or reuse (Holman-Dodds et al., 2003).   

BMPs that utilize LID concepts include bioretention, pervious pavement, green roofs, and 

grassed swales.  These practices have been proven effective to varying degrees at retaining 

stormwater and pollutants onsite (Dietz, 2007).  Those approved for use in North Carolina 

are included in the Stormwater BMP Manual and have been assigned removal credits based 

on a review of monitoring studies (NCDEQ, 2007).  The six practices that share attributes 

with an RSC system are included in Table 1-7.          
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Table 1-7. Removal efficiencies of BMPs similar to RSC (NCDEQ, 2007) 

BMP Quantity 
Control 

TSS Removal 
Efficiency 

TN Removal 
Efficiency 

TP Removal 
Efficiency 

Dry Extended Detention Basin Yes 50% 10% 10% 
Wet Detention Basin Yes 85% 25% 40% 
Sand Filter Possible 85% 35% 45% 
Bioretention Basin Possible 85% 40% 45% 
Stormwater Wetland Yes 85% 40% 40% 
Water Quality Swale No 35% 20% 20% 

Taken regarding combining Stormwater BMPs, an RSC is effectively a series of detention 

basins with a sand filter beneath and vegetated elements of a bioretention basin/stormwater 

wetland above.  The state of Maryland has credited both wet and dry RSC systems with 

removal efficiencies of TSS =70%, TN = 57%, and TP = 66% for RSCs designed with a 

capture volume equivalent to the 25-mm event (Maryland Department of the Environment, 

2014).  These removal efficiencies for TN and TP are higher than all BMPs present in the 

North Carolina BMP Manual (NCDEQ, 2007), and monitoring results are needed to provide 

guidance on including RSC systems in the NCDEQ list.  Though it is used for regulation 

purposes, the use of a removal efficiency to describe a BMP performance may be an over-

simplification as influent concentration and variation in rainfall events cause this metric to be 

highly variable (Strecker et al., 2001).     

1.11 The Use of Porous Media in Stormwater BMPs 

A major component of an RSC system is the underlying sand seepage layer (Figure 1-1).  

Sand filters themselves are standalone BMPs in which stormwater enters a sedimentation 

basin followed by percolation through porous media, commonly ASTM C33 coarse masonry 

sand (Barrett, 2003).  Design options include surface or subsurface installation, dependent on 
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available space, and effluent discharge or infiltration, dependent on soil conditions and depth 

to the water table (NCDEQ, 2007).  Sizing of a sand filter is based on determining the 

treatment runoff volume and then applying Stoke’s Law and Darcy’s Law to size the 

sedimentation basin and sand filter, respectively (NCDEQ, 2007).  A primary concern with 

sand filters is clogging as fines accumulate at the surface, reducing permeability and 

requiring replacement of the top layer (Kandra et al., 2014).  Pollutant removal using a sand 

filter occurs through three primary mechanisms: 

1. Sedimentation:  Governed by Stoke’s Law, removal is relative to the size of particles 

and requires low water velocities and standing pools of water (Davis et al., 2010). 

2. Filtration:  Governed by Darcy’s Law, finer particles are filtered out as water flows 

through the porous media (Davis et al., 2010). 

3. Sorption:  Governed by the media cation exchange capacity (CEC) and the organic 

matter content, dissolved PAHs, heavy metals, phosphate, and possibly ammonia bind 

to soil particles via sorption sites (Davis et al., 2010). 

Sand filters using coarse sand media perform poorly in removing dissolved constituents.  

Possible modifications have been investigated, though careful design is necessary as each 

proposal has associated pros and cons: 

1. Media amendments:  Several materials have been analyzed to increase CEC or 

microbial growth: 
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a. Organic material:  Added as compost or mulch, the organic matter increases 

adsorption and microbial growth; however, it can leach phosphate and nitrate 

when decomposed (LeFevre et al., 2014).   

b. Phosphate adsorbents:  Several amendments specifically targeting phosphate 

adsorption have been used, with examples being fly ash (Zhang et al., 2008), 

iron fillings (Erickson et al., 2012), and water treatment residuals (O’Neill & 

Davis, 2011).  Phosphate retention has been achieved, but lifespan is limited 

as sorption sites fill over time (LeFevre et al., 2014).     

2. Creation of an anaerobic zone: Anaerobic zones have been created in bioretention 

cells by forcing a layer of saturation using an upturned elbow, resulting in increased 

denitrification (Brown and Hunt, 2011).  However, creation of an anaerobic zone can 

cause phosphorus to leach from the media due to the reduction of Fe(III) to soluble 

Fe(II) carrying bound phosphate (Clark & Pitt, 2012)  

3. Planting vegetation: The addition of plants has been shown to increase nutrient 

(Barrett et al., 2012) and heavy metal removal (Read et al., 2008), though a 

harvesting plan is necessary to prevent reentry after decomposition (Davis et al., 

2010). 

The use of each of these mechanisms, except for the addition of phosphate adsorbents, is 

incorporated into the design of a dry channel RSC.  In initial design guidelines, Flores et al., 

(2012) recommend a 20% mulch and 80% coarse sand media.  Determining the effectiveness 

of this media and possibly integrating amendment optimization studies may allow for an 

improvement in the RSC design.   
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1.12 Urban Stream Restoration Methods 

The re-establishment of stream structure and function to pre-disturbance conditions 

constitutes stream restoration (Doll et al., 2003).  In constrained urban environments the 

stream corridor can be narrow and the hydrologic condition significantly altered.  This makes 

the process of restoring an urban stream to the natural state of a migrating and meandering 

waterway within a broad floodplain extremely difficult (Kondolf, 2011).  The most common 

stream restoration methodology is the natural channel design in which stabilization of stream 

bank geometry is based on comparison to reference reaches (Rosgen, 1994) and utilization of 

grade control structures (Rosgen, 2011).  The Rosgen Methods have been successfully 

adapted for use in constrained urban environments (Doll et al., 2003).  However, the 

literature on stream restoration is highly contested, and significant differences of opinion 

exist in regards to adopting natural channel design as a successful standard (Dufour & 

Piégay, 2009; Lave, 2009).  The main variation of natural channel design to other 

methodologies is a focus on restoring the processes of erosion and deposition opposed to the 

overall form of the system that natural channel design is based on (Beechie et al., 2010).   

Step-pool sequences are common natural features within high slope headwater streams (Chin 

& Wohl, 2005) and have been used in restoration projects within steep confined channels 

when connection to the floodplain is not an option (Chin et al., 2009).  The falling of water 

over the boulder steps into pools dissipates potential energy and counteracts the steep slopes 

that would otherwise increase stream competence and erosion.  Furthermore, dissolved 

oxygen concentrations vary along the step with anaerobic zones found within the pools and 
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aerobic zones downstream of riffles promoting differentiated microbial transformations 

(Lautz & Fanelli, 2008).  Restoration design is based on emulating the spacing, geometry, 

and step size of a natural reach.  As the slope increases the frequency and size of steps 

increase (Chin et al., 2009).  RSC design guidelines provide minimum and maximum 

recommended geometries but do not attempt to reference natural step-pool geometries 

(Flores et al., 2012).  The following geometry relationships have been approximated for step-

pool sequences and may apply to RSC: 

• Spacing: length (l) = 1 to 4 x channel width (w) (Chin, 1999) 

• Geometry: height (h) / length (l) = 1.5 x steepness (s) (Abrahams et al., 1995) 

• Step particle size: height (h) = 1.2 x average diameter of the five largest particles 

creating the step (Chin, 1999) 

1.13 Design Guidelines for Regenerative Stormwater Conveyance 

Two design guideline publications are available for the design of RSC systems, one from 

Anne Arundel County, Maryland (Flores et al., 2012) and the other from State of West 

Virginia (West Virginia Department of Environmental Protection, 2012).  RSC design 

incorporates two main components: 

1. Filter sizing:  The same procedure as sizing a standalone sand filter is applied. A 25-

mm (1-in) water quality volume is utilized, and through relationships between the 

porosity, permeability, and dimensions of the sand media, the required filter area is 

determined (Flores et al., 2012).  The filter volume includes both the pools and the 

underlying sand seepage layer.   
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2. 100-year storm conveyance: The design of the step-pool geometry is an iterative 

process based on the following steps (Flores et al., 2012): 

a. Estimate pool/riffle number and size based on site constraints and threshold 

values.  

b. Determine 100-year storm discharge based on watershed modeling. 

c. Size the riffle cross section to have the parabolic area capable of passing a 

100-year event. 

d. Use Manning’s Equation to verify design discharge is equal to or greater than 

the 100-year discharge.  

e. Verify that pool and riffle geometry does not exceed the maximum allowable 

velocity for the cobble material selected. 

The design guidelines provide further recommendations and clarity on the hydraulic 

calculations not included in this discussion.  However, the main idea is that the two main 

components of the design bring together a stormwater management and stream restoration 

technique.   

1.14 Urban Stream Restoration as a Nutrient Reduction Strategy 

A possible strategy for meeting nutrient sensitive water regulations is the restoration of urban 

streams.  Compared to upland BMPs, stream restoration has the advantage of being located 

on public lands and capturing discharges from entire catchments.  Commonly stated goals for 

stream restoration include enhancing water quality, improving biota habitat, and stabilizing 
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stream banks, with over a billion dollars spent every year on projects (Bernhardt and Palmer, 

2007).  Stream restoration can improve water quality through three primary mechanisms: 

1. Stabilize banks reducing sediment and particle-bound nutrient export. 

2. Promote denitrification processes by creating structures that enhance and improve 

exchange with the hyporheic zone (Groffman et al., 2005). 

3. Reconnect floodplains allowing for nutrient processing within the wetland zone 

(Richardson et al., 2011) 

Bank stabilization has the potential to reduce sediment and nutrient loading by preventing 

erosion.  The preferred way to measure bank erosion is by installing bank pins and 

completing bank cross-section surveys before restoration (Doll et al., 2003).  When this is not 

possible, estimation of bank erosion through field determination of the Bank Erosion Hazard 

Index (BEHI) and Near Bank Stress (NBS), as described in Rosgen (2001), can be utilized 

(Van Eps, 2004).  A methodology for crediting load reductions associated with stream bank 

stabilization is in place for the restoration projects occurring within the Chesapeake Bay 

Watershed (Berg et al., 2014).  Load reduction credits for the Chesapeake Bay are based on 

bank erosion estimates, nutrient content values reported by Walter et al. (2007), and pollutant 

load reductions per linear foot developed from a pre/post monitoring study (Stewart, 2008).  

However, in a study of 6 stream reaches in Mississippi with bank stabilization measures 

installed, Shields (2009) found reduced sediment loads in only one of six reaches.  

Nevertheless, this methodology of an additional credit for prevented erosion may be 
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applicable to dry channel RSCs that stabilize eroded headcuts, when the rate of incision is 

estimated before construction.   

The primary pollutant studied in stream restoration has been nitrogen, primarily because of 

its effect as the limiting nutrient in coastal waters (Craig et al., 2008).  To achieve nitrogen 

reductions within the stream environment, either plant uptake or denitrification needs to 

occur, of which denitrification alone results in permanent removal.  Craig et al. (2008) have 

proposed three design goals to promote denitrification in restoration projects by increasing 

the following: 

1. Carbon availability 

2. Contact with the hyporheic zone 

3. Connection to the floodplain or adjacent wetlands 

The presence of nitrate, organic matter, denitrifying bacteria, and anaerobic conditions are 

the four essential components for denitrification to occur.  When in abundance, decomposing 

organic matter promotes the formation of anaerobic zones through the depletion of oxygen 

by aerobic heterotrophs (Bernhardt and Likens, 2002).  Groffman et al. (2005) measured 

denitrification rates in different stream environments and found the highest rates present near 

organic debris dams with mucky gravel bars; riffle-pool sequences also exhibited 

denitrification potential.  These locations created denitrification “hot spots” due to slower 

water velocity behind structures and the presence of organic matter (Groffman et al., 2005).  

The addition of 20% mulch into the underlying sand layer of an RSC is intended to provide 

available carbon for microbial growth (Brown et al., 2010).     
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The hyporheic zone is the area of active mixing of groundwater and surface water below and 

adjacent to a stream (Lawrence et al., 2013).  Characterized by varied nutrient cycling across 

small spatial zones, the hyporheic zone takes its name from the hyporheos, the diverse group 

of resident microorganisms (Merill & Tonjes, 2014).  Upwelling and downwelling zones 

promote exchange between stream water and the subsurface horizon (Figure 1-2) and are 

induced by variations in the hydraulic gradient around stream steps, riffles, and pools 

(Endreny et al., 2011).  Nutrient cycling within the hyporheic zone is highly variable because 

of the hydraulic gradients as well as non-uniform sediment size, dissolved oxygen 

concentrations, available organic carbon, and biofilm presence (Craig et al., 2010).  This 

complexity creates distinct aerobic and anaerobic zones capable of nitrification followed by 

denitrification.  Therefore, the complete removal of ammonia is possible through the 

transformation of dissolved ammonia to nitrate (aerobic nitrification) and nitrate to 

dinitrogen gas (anaerobic denitrification), collectively labeled anammox.   

The hyporheic zone is frequently degraded in urban catchments (Table 1-4).  Thus, 

restoration techniques that reestablish connection and function of the hyporheic zone could 

promote anammox pathways (Hester and Gooseff, 2010).  The design of a dry channel RSC 

includes aspects of all three objectives presented in Table 1-8: the use of step-pools, the 

addition of mulch and bank plantings, and the use of coarse sand for the subsurface layer 

(Flores et al., 2012).   Furthermore, the removal of fines may prove to be an important aspect 

of the maintenance of RSC systems as buildup occurs within the pools.   
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Table 1-8. Stream restoration techniques to enhance the hyporheic zone (Hester and Gooseff, 2010) 

Objective Technique Effect 
Create hydraulic 
gradients 

Creation of steps, riffles, pools, or 
meanders 

Slows water velocity and promotes 
hyporheic exchange 

Increase available 
carbon 

Construction of woody debris dams or 
riparian plantings 

Promotes microbial growth and 
redox reactions 

Increase hydraulic 
conductivity 

Addition of coarse sediment or removal 
of fines from channel bottom 

Improves habitat and promotes 
hyporheic exchange 

Monitoring of restored stream reaches has been approached using two methodologies: 

measuring nutrient flux with upstream-downstream sampling (Filoso & Palmer, 2011), and 

quantifying nutrient processing using tracer studies (Bukaveckas, 2007) or denitrification 

assays (Kaushal et al., 2008).  Results from nutrient processing evaluations indicate that 

increased nutrient cycling is achieved in restoration projects that use reconnected floodplains 

or enhancement of the hyporheic zone: 

• 30x increase in nitrogen uptake and 3x increase in phosphorus uptake was quantified 

in before and after measurements of a restoration project using a connected floodplain 

and riffle-pool sequences (Bukaveckas, 2007). 

• Higher denitrification rates were found in restored streams with connected floodplains 

opposed to high stabilized banks (Kaushal et al., 2008) 

• Net uptake of total dissolved nitrogen (TDN) and net source of dissolved organic 

carbon (DOC) was measured in a restored reach opposed to net release of TDN and 

net uptake of DOC in an adjacent unrestored reach (Sivirichi et al., 2011) 

However, very few studies have measured nutrient flux through upstream/downstream, or 

pre/post-restoration sampling with only two peer-reviewed publications found: Richardson et 

al. (2011) and Filoso and Palmer (2011).  A summary of known monitoring studies 



 

29 

investigating stream restoration as a nutrient management strategy is provided in Table 1-9.  

Stewart (2008), Filoso (2012), and Browning (2008) are non-peer reviewed reports for a 

county government, a non-profit organization, and a master’s thesis, respectively.  Due to the 

varied restoration techniques investigated and monitoring designs utilized, a direct 

comparison between the studies is difficult.  Key findings are presented for the purpose of 

understanding the general scope and providing opportunities for future comparison. 

Table 1-9. Summary of stream restoration monitoring studies 

Author/ Year Length (ft) Restoration Technique Monitoring 
Design Key Findings 

Stewart (2008) 12500 
Bank stabilization, 
structures, and floodplain 
connection 

Pre/post High load reductions: TSS = 
83%, TN = 42%, TP = 43% 

Richardson 
(2011) 2625 Connected wetland Pre/post 

Significant sediment 
retention, load reductions: 
nitrate-N = 64%, TP = 28% 

Filoso (2012) 400 Dry channel RSC Paired 
watershed 

Evidence of peak flow, TSS, 
TN, and TP load reductions 

Filoso and 
Palmer (2011) Multiple Unrestored, NCDa, and 

wet channel RSC 
Upstream/ 
downstream 

Evidence of peak flow  and 
TN load reduction 
improvements comparing 
wet channel RSC to NCD 

Browning 
(2008) Multiple Hard designb, soft designc, 

and wet channel RSC 
Upstream/ 
downstream 

Hard/soft designs increased 
TSS, nitrate-N load 
reductions highest for wet 
channel RSC 

a NCD refers to the use of natural channel design i.e. Rosgen Methods. 
b Hard design refers to the use of cross vanes, j-hooks, step-pools, regraded banks, and riprap. 
c Soft design refers to the use of meanders, varying rock size step-pools, riparian buffers, and live stakes. 

Evident in all five of the studies is that load reductions can be achieved through stream 

restoration though the extent is highly variable.  Reported TSS reductions appear to be highly 

dependent on monitoring scheme.  The pre/post design utilized in Stewart (2008) indicated 

elevated TSS reductions because of high bank erosion before restoration.  Results from 

restoration projects that slow water velocity by using pool structures, including both wet and 
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dry channel RSCs, showed improved load reductions over straight channels (Browning, 

2008; Filoso & Palmer, 2011)   

Though all of these monitoring projects can be considered stream restoration, it is important 

to note the variation between designs.  Specifically, a dry channel RSC has significant 

differences in approach, location, and objectives than a traditional stream restoration or even 

a wet channel RSC.  They are different practices, and monitoring results need to be 

developed and compared for each.  Initial dry channel RSC monitoring studies indicate 

favorable performance (Cizek, 2014; Filoso, 2012; Palmer et al., 2014); however, few field 

installations have been evaluated.   

Hydrologic monitoring studies of dry channel RSCs in Brunswick and Alamance County, 

North Carolina, indicated that 77% and 86% of inflow volumes exit the systems as seepage 

(shallow interflow), respectively (Cizek, 2014).  The Alamance County RSC reduced median 

surface flow volumes by 84% and median peak flows by 77% (Cizek, 2014).  Comparing a 

headwater RSC in the Maryland Coastal Plain to that of an adjacent degraded reach 

demonstrated a reduction in runoff-producing events for rainfall depths below 25 mm 

(Filoso, 2012; Palmer et al., 2014).  The hydrologic performance of RSC appears to be 

dictated by the conversion of surface flow to lateral seepage (Cizek, 2014).   

Water quality monitoring has indicated the pollutant removal in dry channel RSCs by 

sedimentation and filtration.  The Alamance County, NC, RSC reduced surface flow 

concentration by 30% for TN, 28% for TP and 72% for TSS (Cizek, 2014).  The significant 

conversion of surface flow to shallow interflow resulted in surface load reductions of 94% 
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TSS, 81% TN, and 84% TP (Cizek, 2014).  Similar treatment of particle-bound pollutants 

occurred at the Maryland Coastal Plain RSC reducing TSS load by 70% comparing the RSC 

to a control reach (Filoso, 2012).  These initial studies indicate that dry channel RSC can 

remove pollutants from the surface flow.  However, to truly quantify RSC water quality 

performance, studies characterizing media flow are needed. 

1.15 Conclusions 

The future design of stream restoration hinges on a question of ethics and practicality in 

regards to what the design goals and expectations of urban stream restoration should be.  

Walter and Merritts (2008) used historical mapping to show that before human impact and 

agricultural drainage, streams in the mid-Atlantic were extensively small braided streams 

with large adjacent wetlands.  The stream channels and adjacent terraced floodplains of 

which natural channel design reference reaches are based on, likely are not what was present 

before agricultural drainage.  Restoring a stream to its original state, especially in confined 

degraded urban reaches, is a monumental task and likely impossible.  If restoring the stream 

to a predevelopment state is impractical, what do we deem reasonable?  Restoration projects 

using RSC-like design methodologies including step-pools and connected wetlands, can 

result in water features that no longer resemble what is normally thought of as a stream 

ecosystem.  The objective of designing for the predevelopment condition compared to the 

highest function using hydrology, water quality, and biological indicators as metrics, is a 

debate watershed planners have looming and impacts the extensive application of RSC. 
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There is a significant body of literature, examples being Walsh et al. (2005), Bernhardt and 

Palmer (2007), and Wenger et al. (2009), calling for action at the catchment scale to address 

the degradation of urban streams.  It is impractical that restoring a stream in an urban 

catchment will be successful in the long term without addressing the changes in hydrology 

caused by increased impervious cover (Booth et al., 2005).  Thus, stream restoration and 

stormwater management techniques need to be utilized cohesively as parts of larger scale 

watershed planning.  RSC research has the potential to address this call for integrated stream 

restoration and upland stormwater management in two regards: 

1. Developing effective designs: RSC takes optimal strategies from both fields; step-pool 

sequences and hyporheic zone enhancement from stream restoration and sand 

filtration and vegetative uptake from stormwater management. 

2. Geographically linking the upland and lowland zones: RSC provides a strategy as a 

standalone practice or as part of a treatment train to address the issue of eroded 

outfalls and limit the direct connection of stormwater infrastructure and receiving 

streams.    

As nutrient sensitive regulations are extended, there is growing demand for practices that can 

be implemented into varied landscapes at low costs with successful metrics for both 

hydrology and water quality.  The research that follows in this thesis is aimed at the objective 

of assessing the benefits of RSCs to provide recommendations for future use and design. 
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Chapter 2: Hydrologic and Water Quality Performance of Regenerative Stormwater 
Conveyance Installed to Stabilize an Eroded Outfall 

2.1 Abstract 

Conveying concentrated urban runoff to outfall locations frequently leads to stream bank 

erosion and the formation of headcuts.  Installed in an eroded channel, regenerative 

stormwater conveyance (RSC) is a grade-control and retention system that uses a series of 

pools and riffles with an underlying sand bed.  As a recently developed practice, RSC 

performance evaluations are needed to improve the design and guide regulatory 

accreditation.  An eroded channel with a 10% overall slope was stabilized with an RSC and 

monitored for a 14-month period.  A small capture volume (6-mm design event) and 

groundwater intrusion led to minimal hydrologic benefit.  Hydrologic mitigation was attained 

only for storms less than 12.7 mm (8% volume retention and 49% median peak flow 

reduction).  The RSC converted a substantial 50% of inflow to media flow at the second cell; 

however, the media flow entirely reemerged as surface flow in the saturated downstream 

pools.  Significant reductions in event mean concentrations occurred, but removal was 

minimal: 17% total suspended sediment (TSS), 17% total phosphorus (TP), and 3% total 

nitrogen (TN).  Water quality improvements occurred primarily between the upstream and 

second cell, indicating limited removal by the wetter downstream pools.  Comparisons 

between inter-event outflow grab samples and storm event outflow concentrations show 

nitrogen export during inter-event periods (47% increase in TN concentration).  Due to 

elevated inter-event concentrations, overall mass loading of nitrogen increased.  Hydrologic 

and water quality benefits were garnered only in the first three cells where groundwater 
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intrusion was minimal.  Future implementations of RSC are encouraged to account for 

seasonal high water table elevations that intrude in the RSCs and adequately size pool and 

sand layer capture volumes. 

2.2 Introduction 

Conventional urban drainage plans have focused on conveying stormwater using sewers and 

ditches from paved surfaces to river networks to reduce flooding impacts (Roesner et al. 

2001).  The associated increase in runoff velocity and volume causes stream bank erosion 

(Booth et al., 2005): reducing stream ecological function (Walsh et al., 2005), increasing 

sediment loading (Voli et al., 2013), and releasing bound pollutants (Walter et al. 2007).  At 

stormwater outfalls, concentrated flow and changes in channel slope can result in headcut 

formation.  If unstabilized, a headcut will continue to migrate upstream potentially causing 

infrastructure damage (Bennett et al., 2000).  Stabilizing eroded outfalls provides a water 

quality and economic benefit by retaining sediment.  

Federal mandates require the use of stormwater control measures (SCMs) to meet water 

quantity and quality targets (US EPA, 2009).  An emphasis on pollutant removal in nutrient 

sensitive watersheds has driven the creation of SCMs that incorporate media treatment; 

including permeable pavement, sand filters, and bioretention (Collins et al., 2010; Passeport 

et al., 2013).  Regenerative stormwater conveyance (RSC) is a recently-developed SCM that 

incorporates a media layer and step-pool sequences, allowing installation within sloped linear 

channels.  Installing RSC in eroded channels addresses both bank stabilization and runoff 

treatment (Brown et al., 2010).    
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RSC is a series of shallow pools connected by boulder riffles and a subsurface media layer 

(Figure 2-1).  Design guidelines recommend a capture volume equivalent to runoff from the 

25-mm rainfall event (Flores et al., 2012; West Virginia Department of Environmental 

Protection, 2012).  By design, events smaller than 25 mm are detained within the pools and 

sand layer allowing for energy dissipation and sedimentation (Flores et al., 2012).  During 

high flow events (such as the 100-year average recurrence interval) the RSC functions as a 

conveyance system with the boulder parabolic weirs serving as grade control (Flores et al., 

2012).  Filtration occurs as water percolates through the sand layer, exiting the system as 

infiltration or seepage (lateral subsurface flow).  The channel and subsurface interface, the 

hyporheic zone (Lawrence et al., 2013), is a hotspot for microbial growth and nutrient 

transformations (Groffman et al., 2005).  Flores et al. (2012) recommend amending the RSC 

sand layer with 20% hardwood mulch to serve as a carbon source to promote denitrification.  

The detention and slow release of seepage is intended to restore the baseflow regime of the 

receiving stream by mimicking predevelopment shallow interflow (Brown et al., 2010; Cizek 

& Hunt, 2013).   
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Figure 2-1. Cross section of as-built Durham RSC compared to pre-existing grade 

Interest in RSC is growing due to installation flexibility, and the State of Maryland has 

credited RSC as an applicable best management practice (BMP) to meet total maximum daily 

load (TMDL) requirements (Berg et al., 2014).  Initial RSC monitoring studies indicate 

favorable performance (Cizek, 2014; Filoso, 2012; Palmer et al., 2014); however, few field 

installations have been evaluated.  An RSC adjacent to an interstate on-ramp in Alamance 

County, North Carolina, reduced median surface flow volumes by 84% and median peak 

flows by 77% (Cizek, 2014).  Seventy-seven percent of inflow was converted to seepage, 

substantially reducing surface flow (Cizek, 2014).  Surface flow pollutant concentrations 

were reduced by 30% for TN, 28% for TP, and 72% for TSS, attributed primarily to 
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sedimentation within the pools (Cizek, 2014).  Comparing a headwater RSC in the Maryland 

Coastal Plain to that of an adjacent degraded reach demonstrated a reduction in runoff-

producing events for rainfall depths below 25 mm (Filoso, 2012; M. A. Palmer et al., 2014).  

The restored reach reduced sediment loading by an estimated 70% (Filoso, 2012).  Two key 

results are evident from these studies: 

1. RSCs can remove particulate-bound pollutants from surface flow via sedimentation 

and bank stabilization (Cizek, 2014; Filoso, 2012; Palmer et al., 2014) 

2. The conversion of large fractions of inflow to seepage drives RSC hydrologic 

mitigation (Cizek, 2014).   

Critical to accurately describing the nutrient transformations and hydrologic retention of RSC 

is characterizing seepage (media outflow), which previous monitoring studies have not 

addressed (Cizek, 2014).  As RSC gains popularity in the Eastern United States, field 

evaluations are needed to improve future designs and support regulatory accreditation.  A 

recently constructed RSC was monitored and evaluated with the following objectives:  

1. Quantify, using a water balance approach, the flow pathways of runoff entering the 

RSC and how these vary along the length of the practice.   

2. Determine hydrologic performance by comparing surface flow rates and volumes in 

and out. 

3. Assess water quality performance by comparison of inflow and outflow pollutant 

concentrations and loads. 
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4. Identify the effect of media treatment on pollutant removal by comparing water 

quality metrics along the length of the practice and differences between stormflow 

and baseflow composition.  

2.3 Methodology 

2.3.1 Site Description 

The project site is located adjacent to Southern Boundaries Park (35.95º N, 78.93º W) in 

Durham, North Carolina, within the Piedmont region.  Southern Boundaries Park lies within 

the Third Fork Creek Watershed, 303(d) listed for exceeding turbidity standards by 12.2% 

(NCDENR, 2005).  Third Fork Creek drains to Jordan Lake and is within the larger Cape 

Fear River Basin.  Stormwater channels along the length of Third Fork Rd convey 

stormwater runoff from the 2.83-ha watershed to an outfall pipe at the top of a forested 

riparian zone with a 10% slope. Figure 2-2 shows the incised ephemeral channel before RSC 

installation and the 2.4-m headcut near the forest entrance.   

 
Figure 2-2. Photographs of pre-existing eroded channel (left) and 2.4-m headcut (right) 
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Figure 2-3. Arial view of Southern Boundaries Park showing the watershed area and RSC location  

The athletic facilities, parking lots, and forested areas of Southern Boundaries Park comprise 

the 2.83-ha drainage area (Figure 2-3).  The watershed is 38% impervious with hydrologic 

soil group D soils.  The Triassic underlying soil (White Store Urban Complex) has an 

estimated infiltration rate of 0 to 1.5 mm/hr due to a restrictive clay layer at a depth of 15 to 

90 cm (NRCS Soil Survey Staff, 2014).  An additional 0.23-ha of forested area is part of the 

RSC watershed below the eventual upstream monitoring location (Figure 2-3). 

The installed RSC consisted of five step-pool sequence; a boulder cascade followed by a pool 

creates a cell (Figure 2-1).  ASTM C33 coarse sand (80% by volume) and shredded mulch 

(20% by volume) was mixed on site and placed in the 3.5-m wide channel, media depths 

varied between 0.3 and 0.9 m to create a consistent grade (Figure 2-4).  The media was used 

to create structure embankments and was overlain with geotextile matting before placement 

¯

RSC Area

2.83-ha Watershed: 38% Impervious

0.23-ha Run-On Area 0 30 60 9015
Meters
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of boulder cascades (diameter = 0.4 to 1.2 m, Figure 2-4).  The downstream ends of pools 

one through four were backfilled with a 0.3-m deep cobble layer (d50=0.15 m) and the gaps 

between boulder cascades were filled with cobble.  Additional construction photographs are 

provided in Appendix A.   

 
Figure 2-4. Photographs of underlying sand media fill (left) and boulder cascade construction (right) 

The design of the Durham RSC emphasized limiting the construction area to the existing 

channel, avoiding disturbances to established trees, which resulted in an undersized system.  

Design guidelines suggest a cumulative media and pond storage equivalent to the 25-mm 

runoff volume (Flores et al., 2012).  Using the SCS Discrete Curve Number Method (NRCS, 

2004) with a watershed curve number of 88, the 25-mm runoff volume is 168 m3.  The 

calculated media and sand layer storage volume of 43 m3 (Table 2-1) is equivalent to the 

runoff volume for a 6-mm event, 25% of suggested design.  The large watershed area and 
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small practice footprint resulted in a high system loading ratio of 160:1.  Due to channel 

curvature and slope variations, each cell had different dimensions (Table 2-1).  

Table 2-1. Dimensions and storage volumes for each cell based on as-built measurements 

Parameter Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 System 
Cell Length 9.0 m 6.9 m 9.0 m 5.3 m 7.0 m 40.5 m 
Cell Slopea 8.6% 8.5% 7.1% 12.8% 11.2% 10% 
Cell Surface Area 39.8 m2 43.4 m2 43.0 m2 30.0 m2 31.7 m2 187.8 m2 
Run-On Areab 890 m2 530 m2 46 m2 580 m2 22 m2 2070 m2 
Pool Depth 1.3 m 0.87 m 0.67 m 0.58 m 0.58 m Varies 
Media Depth 0.83 m 0.72 m 0.55 m 0.48 m 0 m Varies 
Pond Storagec 12.8 m3 7.80 m3 8.10 m3 3.10 m3 1.35 m3 33.1 m3 
Media Storaged 2.6 m3 3.2 m3 2.4 m3 1.8 m3 0 m3 9.9 m3 

aCell elevations measured at the invert of the rock cascade 
bRun-on areas beyond the upstream monitoring station (Figure 2-3), delineated to the outlet of each cell  
cStorage volumes determined by stage-storage relationships (Appendix B) 
dMedia storage volumes assume a 40% sand layer porosity 

2.3.2 Monitoring Design 

An upstream/downstream monitoring design as described in Spooner et al. (1985) with the 

addition of two mid-structure monitoring stations was used to evaluate hydrologic and water 

quality parameters.  The upstream station (US) was used as the control data set and compared 

to the downstream treatments (Figure 2-5).  The use of monitoring stations after Cell 2 (C2) 

and Cell 4 (C4) provided a method for determining the presence of subsurface (intra-media) 

flow.  The media layer extended below the C2 and C4 weir plates, allowing subsurface flow 

to pass underneath (Figure 2-6).  The flow measurement weir at the downstream end of the 

project (C5) extended into the soil and was not underlain with media (Figure 2-1). 



 

53 

 
Figure 2-5. Plan view of Durham RSC monitoring equipment 

Hydrologic and water quality monitoring was conducted from February 1st, 2015, to March 

31st, 2016.  Manual and HOBOTM tipping bucket rain gauge located 1.2-m above the ground 

in an area free from overhanging branches measured rainfall depth and intensity. ISCO 

6712TM water quality samplers with ISCO 730TM bubbler flow modules initially recorded 

stages over the weirs at 2-minute intervals and collected flow-composite samples at the US, 

C4, and C5 stations.  A Hobo U20TM water level logger installed as a well in the sand media 

recorded stage over the C2 weir.  Bubbler module drift and fouling of sensors within the sand 

layer led to the installation of additional Hobo U20TM water level loggers at each of the four 

monitoring stations in June 2015 and were used for the remainder of the study.  Linear drift 

corrections were applied using Aquarius Time Series (Aquatic Informatics) to hydrologic 
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data from February through May 2015.  A contracted weir above a v-notch weir, were used at 

each monitoring location (Table 2-2).  Complex geometries using multiple v-notch weirs and 

multiple contractions were used at the C2 and C4 locations to avoid preferential flow paths 

and maintain the parabolic shape of the boulder cascades.  Flow rates were determined using 

the stage-discharge equations provided in Appendix C. 

Table 2-2. Compound weir geometries at the four monitoring locations 

Location V-notch Weir 1st Contracted Weir 2nd Contracted Weir 

US 120˚ 
height = 0.15 m 

length = 0.91 m 
height = 0.37 m NA 

C2/C4 3 - 120˚ 
height = 0.15 m 

length = 2.13 m 
height = 0.15 m 

length = 3.35 m 
height = 0.15 m 

C5 90˚ 
height = 0.30 m 

length = 1.83 m 
height = 0.24 m NA 

  
Figure 2-6. Photographs of media below C2 weir plate (left) and C4 station during flow event (right) 

Hobo U20TM water level loggers measured stage within the pools/sand layer and adjacent 

hillslope at 2-minute intervals. A well and piezometer were installed to the bottom of the 

sand mulch media in pools 1 through 4, 0.48-m to 0.83-m below the pool bottom.  The well 

configuration included drilled holes in 25-mm PVC with a sock covering.  Alternatively, the 

piezometer was only open at the base.  The wells frequently clogged due to a build-up of fine 

sediment above the Hobo U20TM loggers, causing data drift.  As a result, the piezometric 
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stage was used to estimate water level when well data were errant.  Transect wells at 5-m and 

10-m off the center of C3 and C4 recorded groundwater stage on the hillslope (Figure 2-5).  

Pressure measured by the Hobo U20TM loggers was offset by barometric pressure measured 

onsite.   

Flow-proportional, composite samples, representative of event mean concentrations (EMCs) 

were collected during storm events using ISCO 6712TM automated samplers at the four 

monitoring stations (Figure 2-5).  Sample collection initially occurred at only the US, C4, 

and C5 locations.  To characterize treatment happening in the first two cells, an additional 

sampler was added at C2 in October 2015.  The C2 sampler was located in Pool 2, but was 

paced based on flow over the C4 weir.  This facilitated water collection during low flow 

events when surface flow was not present at C2, but media flow was occurring.  Samples 

were collected within 48-hours of a storm event and transported on ice to lab facilities in 

Raleigh, NC.  TSS, NO2,3-N, TKN, TAN, TP, and O-PO4
3- were analyzed at the North 

Carolina Center for Applied Aquatic Ecology (CAAE) and Cu, Pb, and Zn were analyzed at 

the NCDEQ Environmental Chemistry Lab.  To characterize baseflow conditions, monthly 

grab samples were taken at the C5 station from May 2015 to January 2016 (n = 8).  A Hobo 

U26TM dissolved oxygen data logger installed in Pool 5 recorded dissolved oxygen 

concentrations on a 5-minute basis from September 2015 to March 2016.  Table 2-3 specifies 

the methods used for laboratory analysis.   
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Table 2-3. Laboratory analytical methods and reporting limits 

Pollutant Pollutant Name Analytical Method Reporting Limit (mg/L) 
NO2,3-N Nitrate/Nitrite Nitrogen SM 4500-NO3-Fa 0.0056 
TKN Total Kjeldahl Nitrogen SM 4500 N Org Da 0.28 
TAN Total Ammoniacal Nitrogen SM 4500-NH3-Ga 0.007 
ON Organic Nitrogen TKN - TAN - 
TN Total Nitrogen TKN + NO2,3-N - 
O-PO4

3- Orthophosphate SM 4500 P Fa 0.006 
TP Total Phosphorus SM 4500 P Fa 0.01 
TSS Total Suspended Solids SM 2540 Da 1 
Cu Copper EPA 200.8b 0.002 
PB Lead EPA 200.8b 0.01 
Zn Zinc EPA 200.8b 0.01 

a(APHA 2012) 
b(U.S. EPA, 1994) 

2.3.3 Hydrologic Data Analysis 

Upstream Flow Calibration 

A small ponding zone and non-uniform channel geometry behind the upstream weir caused 

high inflow rates to be under-predicted due to non-zero flow velocities (Figure 2-7).  Water 

flowing over the weir with velocity caused the flow to compress (Figure 2-7) violating the 

assumptions of the weir equation.  Several techniques were investigated to calibrate the weir:  

1. Directly measuring low flows over the weir using a bucket and timer. 

2. Adjusting the coefficient of discharge using correction equations for channel 

geometry (Bagheri & Heidarpour, 2009; Swamee, 1988). 

3. Developing a weir rating curve by measuring velocity and cross-sectional area 

(Hively et al., 2006). 

4. Implementing a second flow monitoring structure to duplicate the weir measurement.  
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Techniques one through three were trialed; however, due to large water volumes direct 

measurement of high flows was not possible, and an irregular channel geometry made 

gauging measurements using a flow meter inaccurate.  Measurements of low flows (H < 0.1 

m) using a bucket and timer accurately matched the v-notch discharge equation.  The 

maximum difference between measured values and the weir equation was 13% for 46 

measurements, likely within the error of hand timing, and both values greater than and less 

than the weir equation were observed (Appendix D).  In February 2016, a smooth wall plastic 

pipe (diameter = 0.61 m, length = 4.5 m) was installed downstream of the weir with an ISCO 

750TM area velocity meter (AVM) installed at the center (Figure 2-7). 

 
Figure 2-7. Photographs of US station during a high flow event (left) and pipe used for area velocity 
measurements (right) 

Flow measurements for nine events from February 22 to April 1, 2016, confirmed that at 

stages above the top of the v-notch (H > 0.15 m), AVM measurements exceeded the stage-

discharge relationship for the weir, indicating the weir was under predicting discharge.  A 

corrected stage-discharge relationship for the weir was developed by relating the weir stage 

to the presumed to be correct AVM flow rate (Figure 2-8).  At flow rates above 125 L/s      

(H > 0.265 m), the relationship between stage and discharge deviated back towards the 
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contracted weir equation and a two-step regression was found to best fit the data (Figure 2-8).  

The corrected stage-discharge relationship (Figure 2-8) was used to calculate the upstream 

flow rate for all stages exceeding 0.15 m. 

High flow events post-AVM installation enabled the calibration of a majority of monitored 

events.  Two events (6/18/15 and 12/22/15) recorded stages above the maximum calibration 

of 0.371 m and were removed from event analysis.  For water balance calculations, flow rates 

above 0.371 m were set equal to downstream values, thus assuming a flow-through system.  

Further discussion of upstream flow calibration is provided in Appendix D. 

 

 
Figure 2-8. Corrected stage-discharge relationship for upstream weir based on regression using AVM 
flow rates compared to the contracted weir equation 

Cell Water Balance 

Water balance calculations were completed for three segments of the RSC based on the 

positioning of flow monitoring equipment: C1 & C2 combined, C3 & C4 combined, and C5.  
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The water balance was aggregated on a seasonal basis and for the entire 14-month 

monitoring period to determine the net change in subsurface flow (∆Subsurface, Eq. 2.1).  

Due to observed groundwater inflow along the length of the practice, exfiltration was 

assumed to be negligible and not estimated.  A ∆Subsurface > 0 was attributed to media 

outflow, and a ∆Subsurface < 0 was attributed to groundwater inflow.   

∆𝑆𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒,- + 𝑅𝑂 + 𝑃 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒345 − 𝐸𝑇 + ∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒 Eq. 2.1 

Where, 

 ∆Subsurface  = Sum of groundwater/media inflow and exfiltration/media outflow (m3) 

 Surfacein = Surface inflow, directly measured by US, C2, C4, and C5 weirs (m3) 

 RO = Run-on, estimated by SCS curve number method (m3) 

 P = Precipitation, estimated by direct rainfall on cell surface area (m3) 

 Surfaceout = Surface outflow, directly measured by C2, C4, and C5 weirs (m3) 

 ET = Exfiltration estimated using daily Penman-Monteith reference values (m3)   

     (Allen et al., 1998) 

 ∆Storage = Change in subsurface and surface storage, measured by pool stage (m3) 

Precipitation 

Precipitation depths greater than 2.5-mm and an antecedent dry period longer than 6-hours 

characterized discrete rainfall events (Driscoll, 1989).  Tipping bucket rain gauge depths 

were adjusted by a scaling factor using the manual rain gauge depth over the same time step.   
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Run-On 

The 0.23-ha run-on area not captured at the US station was separated into watershed areas for 

each cell based on a site survey (Table 2-1).  Cell run-on volumes were determined for each 

discrete event using the SCS Curve Number Method (Cronshey et al., 1986): 

𝑄 = <=>.@A B

<=>.@A CA
∙ 𝐴 ∙ 𝐶 Eq. 2.2 

𝑆 = 25.4 ∙ J>>>
KL

− 100  Eq. 2.2.1 

Where, 

 Q  = Runoff volume (m3) 

 P = Storm event precipitation depth (mm) 

 A = Cell watershed area (m2) 

 S = Potential maximum retention (mm) 

 CN = Curve number 

 C = Conversion factor: J	P
J>>>	PP

 

A curve number of 77 was applied to the forested run-on area (HSG D, good condition) 

(NRCS, 2001).  Antecedent moisture (AM) corrections (Table 2-4) were applied to the CN 

for wet and dry conditions (NRCS, 2004).    

Table 2-4. Curve number for forested run-on area based on antecedent moisture conditions 

AM 
Condition 

Antecedent 
Dry Period 

Curve 
Number 

Dry > 120 h 59 
Average 48 to 120 h 77 
Wet 6 to 48 h 89 
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Evapotranspiration 

The RSC surface area was unvegetated for the duration of the monitoring period.  Daily open 

water Penman-Monteith evaporation depths (Allen et al., 1998) were retrieved from the 

North Carolina State Climate Office (site ID: DURH), 11 km from the project site (NCSCO, 

2015).  Daily evaporation depths were multiplied by the median daily ponded area, 

determined by stage-area relationships (Appendix B).   

Volume and Peak Flow Metrics 

For each precipitation event, changes in surface flow volume and peak flow were compared 

cumulatively from inflow to C2, C4, and C5 and on a per cell basis from C2 to C4, and from 

C4 to C5.  Runoff generated from inflow, direct precipitation, and the contributing watershed 

(Eq. 2.2) were summed to determine the inflow volume for each cell: 

 𝑉,-,S = 𝑉TA + 𝑄S +
<

J>>>
∙ 𝐴S Eq. 2.3 

Where, 

 Vin = Cell inflow volume (m3) 

 l  = Location along RSC: US, C2, C4, or C5 

 Vus = Runoff volume at US weir (m3) 

 Q = Run-on volume (m3) 

 P = Direct precipitation (mm) 

 A = RSC surface area (m2) 

Due to constant low flow (less than 0.2 L/s) at C4 and C5, 24-hour outflow volumes (Vout-24) 

were compared to inflow volumes; a cutoff previously used in bioretention cell evaluation 

(Brown & Hunt, 2011; Davis, 2008).  The 24-hour effluent/influent volume ratio (Eq. 2.4, 
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Davis, 2008) and cumulative stormflow percent volume reductions (VR, Eq. 2.5) were 

compared for all monitored events.     

𝑓U@V =
UWXYZB[,\
U]^,\

 Eq. 2.4 

𝑉𝑅 = U]^,\,]=^
]_` UWXYZB[,\,]^

]_`
U]^,\,]^

]_`
∙ 100 Eq. 2.5 

Where, 

 fV24 = 24-hour effluent/influent volume ratio 

 Vin = Cell inflow volume, Eq. 2.3 (m3) 

 Vout-24 = 24-hour outflow volume (m3) 

 i = storm event 1, 2, 3, …, n 

 VR = Percent storm flow volume reduction at location l (%) 

Percent peak flow reduction (Eq. 2.6), peak flow reduction ratio (Eq. 2.7, Davis, 2008), and 

lag to peak (Eq, 2.8) metrics were calculated for each surface flow monitoring location. 

𝑄a𝑅 =
bc]^,\=bcWXY,\

bc]^,\
∙ 100 Eq. 2.6 

𝑅adef,S =
bcWXY,\
bc]^,\

 Eq. 2.7 

𝑡g = 𝑡aWXY,\ − 𝑡a]^ Eq. 2.8 

Where, 

 l = Location along RSC: C2, C4, C5 

 QpR = Percent peak flow reduction (%) 

 Qp,in = Peak inflow rate (L/s) 

 Qp,out = Peak outflow rate (L/s) 

 Rpeak = Peak flow reduction ratio 
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 tL = lag to peak (min) 

 tp,out = time of peak outflow 

  tp,in = time of peak inflow 

Drawdown Analysis 

The media flow rate as a function of pool stage, when surface flow was not present, was 

analyzed using a routing method.  Due to a lack of drawdown in C4 and C5, this analysis was 

only completed for C1 and C2.  The flow rate through the media was determined by the sum 

of surface inflow from the US weir and change in C1 and C2 storage at 2-min intervals (Eq. 

2.9).  For every event that produced surface flow at C2, media flow rates were calculated 

during each 48-hour recession period after surface flow at C2 ended.  

𝑄Pdh,e = 𝑉i53jekd] − 𝑉i53jekd]Z` + 𝑉TA]Z` ∙ 2	𝑚𝑖𝑛 ∙ 𝐶 Eq. 2.9 

Where, 

 Qmedia = Flow rate through the media(L/s) 

 Vstorage = Storage volume in C1 and C2 determined by stage-storage relationships  

     (m3) 

 Vus = Runoff volume during 2-min interval at US weir (m3) 

 i = Time at 2-min intervals 

 C = 16.67, conversion from m3/min to L/s 

2.3.4 Water Quality Data Analysis 

Concentration 

Paired differences in pollutant EMCs were compared cumulatively for inflow to outflow and 

among adjacent cell stations.  A value of one-half the reporting limit (Table 2-3) was used for 

measured concentrations below minimum detection (Clausen & Spooner, 1993).  Median 
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system removal efficiencies (REs) were calculated for each event (Eq. 2.10).  C4 samples 

were used as outflow EMCs for the two events without C5 samples.  The proximity between 

stations and lack of flow below the C4 weir led to similar measurements at both C4 and C5.  

Outflow EMCs were compared to ambient water quality targets (McNett et al., 2010) using 

cumulative probability plots.   

 𝑅𝐸, =
opK]^]=opKWXY]

opKWXY]
∙ 100 Eq. 2.10 

Where, 

 REi = Removal efficiency (%)  

 i  = sampled event 1, 2, 3, …, n 

 EMCin = Inflow event mean concentration (mg/L) 

 EMCout = Outflow event mean concentration (mg/L) 

Pollutant Load 

Influent and effluent event loads (EL) were calculated for each monitored event (Eq. 2.11 

and Eq. 2.12).  The cumulative event load was determined by summing event loads over the 

monitoring period and used to determine event load reduction (ELR, Eq. 2.13).  The annual 

event loading export (kg/ha/yr) was determined by scaling the cumulative outflow event load 

by the total measured outflow for the 14-month period and normalizing by annual rainfall 

depth (Eq. 2.14).   

𝐸𝐿,-] = 𝐸𝑀𝐶,-] ∙ 𝑉,-,Ks] Eq. 2.11 

𝐸𝐿345] = 𝐸𝑀𝐶345] ∙ 𝑉345=@V] Eq. 2.12 

𝐸𝐿𝑅 =
og]^]=

^
]_` ogWXY]

^
]_`

ogWXY]
^
]_`

∙ 100 Eq. 2.13 
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𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑣𝑒𝑛𝑡	𝐿𝑜𝑎𝑑	𝐸𝑥𝑝𝑜𝑟𝑡 =
ogWXY	∙	

yWXYZB[,YWYz\
yWXYZB[,{|

J>>>∙}~
∙ <z^^Xz\
<W�������

 Eq. 2.14 

Where, 

 EL = Event load (g) 

 DA = Drainage area (ha) 

 ∑Vout-24,total = Sum of 24-hour outflow volumes for 14-month period (m3) 

 ∑Vout-24,WQ = Sum of 24-hour outflow volumes for water quality monitored events (m3) 

 Pannual = Normal 12-month precipitation for Durham, NC (1093 mm;  

     NCSCO, 2015) 

 Pobserved = Observed rainfall during 14-month study period (1463 mm)   

Segregating outflow volumes on a 24-hour basis omitted a portion of flow volumes.  The 

volume measured outside of the 24-hour event window was defined as inter-event flow.  The 

median baseflow grab sample concentration was multiplied by the measured inter-event 

volume to estimate inter-event loading (Eq. 2.15).  The total effluent load was estimated by 

summing the inter-event and event load. 

𝐼𝑛𝑡𝑒𝑟𝑒𝑣𝑒𝑛𝑡	𝐿𝑜𝑎𝑑	 𝑘𝑔 = 𝑥	 ∙ 	 𝑉,-5dj=d�d-5 ∙ 	1000 Eq. 2.15 

Where, 

 𝑥 = Median inter-event grab sample concentration (mg/L) 

 ∑Vinter-event = Sum of inter-event outflow volumes for 14-month period (m3) 

2.3.5 Statistical Analysis 

Paired hydrologic and water quality data were tested for normality and log-normality by 

visual inspection of histograms and quantile-quantile plots and three normality tests: 

Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov.  Volume and peak flow 
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datasets were neither normal nor log-normal.  Water quality data distributions frequently 

varied for different location pairings of the same analyte.  Non-parametric statistics were 

used to maintain uniformity between locations and across analytes.  Paired differences were 

tested for symmetry using the m-out-of-n bootstrap symmetry test (Miao et al., 2006).  The 

Wilcoxon signed rank test was used for symmetric datasets and the Wilcoxon rank sum test 

for asymmetric datasets.  All data analysis was completed in the statistical software R 3.1.2 

(R Core Team, 2015), and significant differences were determined using a Type 1 error (a) 

of 0.05.   

Ratio datasets for hydrologic (fV24 and Rpeak) and water quality (EMC ratio: inflow 

EMC/outflow EMC) parameters were used to test the effects of seasonality using the 

Kruskal-Wallis non-parametric ANOVA.  Post hoc multiple comparisons were completed 

using Dunn’s test with Bonferroni correction.  Simple linear regression (SLR) was used to 

assess the effect of rainfall depth on EMC ratio.  If SLR assumptions of residual normality or 

non-constant variance were violated, values were log-transformed and refitted.  

2.4 Results and Discussion 

2.4.1 Precipitation 

For the 14-month period from February 1, 2015, to March 31, 2016, the site received 1463 

mm of rainfall, 114% of the normal annual precipitation for Durham, NC (NCSCO, 2015).  

The Spring and Summer had below average rainfall followed by a wet Fall and Winter: 
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• February 2015 to August 2015: 82% of normal precipitation 

• September 2015 to March 2016: 147% of normal precipitation 

During this period, 81 discrete rainfall events occurred.   The largest recorded 24-hour 

rainfall depth of 93.7 mm and 5-min peak intensity of 138 mm/hr both had 2-year recurrence 

intervals.  Table 2-5 provides a summary of rainfall parameters.  Six events were removed 

from the event analysis due to snowmelt (4) or US peak flow rates exceeding calibration 

values (2), resulting in 75 events analyzed for hydrologic parameters.  Volumes from these 

events were included in load and water balance calculations; snowmelt volumes were 

measured directly, and when inflow rates exceeded calibration values, outflow discharges 

were assumed for that portion of the event. 

Table 2-5. Rainfall event summary for 81 rainfall events  

Parameter Depth 
(mm) 

Duration 
(hrs) 

Average 
Intensity 

(mm) 

5-min Peak 
Intensity 
(mm/hr) 

Antecedent 
Dry Period 

(days) 
Range 2.5 - 93.7 0.2 - 65.5 0.3 - 39.4 3.1 - 138 0.25 - 19.7 
Median 11.8 6.9 2.0 28.1 4.0 
Sum 1445  - - - - 

Twenty-two rainfall events were sampled for water quality, 28% of the rainfall depth.  The 

range of water quality events (6.4-mm to 50-mm) was narrower than the overall range (2.5-

mm to 94-mm) due to equipment constraints (Table 2-5).  Water quality events were evenly 

distributed throughout seasons with six winter, five spring, six summer, and four fall samples 

collected. 
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Table 2-6. Comparison of hydrologic to water quality rainfall depths for 3/1/2015 to 2/29/2016    

Monitoring 
Type 

Events 
Recorded 

Rainfall 
Range (mm) 

Rainfall 
Median (mm) 

Rainfall 
Sum (mm) 

Hydrology 81 2.5 - 94 11.8 1445 
Water Quality 22 6.4 - 50 16 408 

2.4.2 Water Balance 

Results from the 14-month water balance (Eq. 2.1) indicated a 10% increase in surface flow 

from US to C5 due to groundwater intrusion and run-on from the surrounding forested area.  

Run-on and direct precipitation accounted for approximately 4.5% of total inflow volume.  

Groundwater intrusion occurred in the lower cells and accounted for approximately 5.5% of 

total inflow volume.  The system was surface flow dominant except for the conversion of 

surface flow to media flow in Cells 1-2 which then reemerged as surface flow in Cells 3-4 

(Figure 2-9).  Media flow accounted for 49% of the outflow volume at the C2 weir.  High 

water table elevations leading to groundwater intrusion inhibited media flow in the lower 

pools. 

Groundwater intrusion existed throughout the monitoring period, though accounted for 

slightly less (3.4% of total inflow) during the summer season (Appendix E).  The prominence 

of groundwater intrusion vs. media flow at C4 varied seasonally with evidence of minor 

media flow during the summer (2.2%); whereas, groundwater intrusion impacted the fall 

(0.3%), winter (4.2%), and spring (2.0%, Appendix E).  Statistical assessment of event 

volume ratios (fV24, Eq 2.4) indicated significantly lower ratios during the summer compared 

to the winter at both C4 and C5 (Kruskal-Wallis non-parametric ANOVA with Bonferonni 

correction, α = 0.05).  The combination of increased ET and below normal precipitation led 
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to a decrease in groundwater elevation during the summer season.  A fluctuating groundwater 

stage influenced hydrologic performance on a seasonal basis; however, observed seasonal 

variations were minimal. 

 
Figure-2-9. Fourteen-month water balance showing flow pathways based on location 

A negligible 42-m3 of water was calculated to have evaporated due to ponded water in the 

pools.  The large watershed loading ratio of 160:1 and lack of vegetation provided limited 

opportunity for evapotranspiration.  Built underneath the tree canopy with wet pools and 

steep banks, the Durham RSC was a particularly difficult environment for plant 

establishment.  Estimated yearly evapotranspiration for the unvegetated Alamance, NC, RSC 

was 24 m3 (Cizek, 2014), slightly less than the 37-m3 on a yearly basis herein.  The Durham 

RSC evaporated slightly more water due to longer periods of saturation.  Improving pool 
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drainage, increasing sun exposure, and reducing side slopes could aid in vegetation 

establishment during future implementations. 

2.4.3 Groundwater Influence 

In upland riparian zones, hydrogeologic variables including soil stratification, topography, 

and seasonality dictate the extent and direction of recharge/discharge conditions (Vidon & 

Hill, 2004; Rassam et al., 2006).  At abrupt changes in valley slope, the water table will 

intersect the land surface creating a seepage face (Winter, 1988).  Hillslopes with a restrictive 

layer, i.e. stratified clay soils, can experience large spatial fluctuations in water table 

elevations due to the formation of perched water tables (Hill, 1996).  Governed by Darcy’s 

Law, a hydraulic gradient that decreases moving downslope to surface water indicates 

groundwater from the hillslope is flowing into the water body (Schilling et al., 2004; Winter, 

1999).  A positive downslope hydraulic gradient was observed comparing the 10-m and 5-m 

transect wells (Figure 2-10).  During summer months, decreased precipitation and increased 

evapotranspiration led to lower groundwater stages (Figure 2-10).  The C4 10-m transect well 

appeared to be heavily influenced by seasonality with stages dropping below the C4 5-m 

transect during summer months, possibly due to surrounding tree roots increasing 

transpiration (Ridolfi et al., 2006). 
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Figure 2-10. Transect well head and daily rainfall over the course of the monitoring period 

The comparison of transect well heads to pool stage (Figure 2-11) confirmed discharge 

conditions.  A downslope hydraulic gradient caused the RSC to act as a drain, dewatering the 

surrounding hillslope.  The first three cells would only partially draw down with median 

stages over the monitoring period relative to a full pool of 52% at C1, 46% at C2, and 27% at 

C3.  Cells four and five remained saturated to or near the weir invert for a majority of the 

monitoring period with overflow durations of 78% at C4 and >99% at C5.  Due to a lack of 

drawdown, system storage at the median stage was reduced by 40% from 43 m3 to 26 m3, 

further limiting the system’s capacity to retain surface runoff.  The point of intermittency at 

the C4 riffle (Figure 2-1) directly related to observed groundwater influence.  A system 

constructed entirely above the point of intermittency would not have had completely 

saturated pools.  Future designs and regulations perhaps should account for water table 

elevations and point of intermittency designations; these are critical design constraints. 
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Figure 2-11.  Exceedance probability plot comparing transect well and pool hydraulic head  

2.4.4 Volume and Peak Flow Metrics 

The Durham RSC did not significantly change surface flow volumes on an event basis (Table 

2-7) and provided minimal peak flow reduction, median QpR of 21% (Table 2-8).  At C2, a 

significant VR of 50% and QpR of 40% was due to the presence of media flow which 

reemerged before C4.  Comparing C4 and C5, no detectable difference in volume or peak 

flow were evident, suggesting minimal subsurface flow at C4.  Grouping rainfall events by 

storm depth it was clear that the Durham RSC provided hydrologic mitigation only for small 

events.  Figure 2-12 provides 24-hour effluent/influent volume ratio (fV24, Eq 2.4) and peak 

flow reduction ratio (Rpeak, Eq 2.7) box plots separated by rainfall depth for: 

• Small events (n = 42): 2.5 mm (0.1 in) – 12.7 mm (0.5 in) 

• Medium events (n = 17): 12.7 mm (0.5 in) – 25.4 mm (1 in) 

• Large events (n = 16): 25.4 mm (1 in) – 94 mm (3.7 in) 
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Table 2-7. Volume retention: statistical tests of between cell and cumulative differences for 75 events 

Location Inflow 
Volume 

24-h Outflow 
Volume 

Cell  
VR 

Significance  
(p-value) 

Cumulative 
VR 

Significance 
 (p-value) 

  m3 m3 %   %   
C2 15013 7484 50 <0.001a - - 
C4 7697 15014 -95 <0.001a 1.4 0.099b 
C5 15063 15516 -3.0 0.823a -1.6 0.939b 

aWilcoxon rank sum test – asymmetric data set 
bWilcoxon signed rank test – symmetric data set 
Table 2-8. Peak flow reduction: statistical tests of between cell and cumulative differences for 75 events 

Location Median 
Peak Flow 

Median 
Cell QpR 

Significance 
(p-value) 

Median 
Cumulative QpR 

Significance  
(p-value) 

  L/s %   %   
US  27.72     
C2 13.38 40 0.003a - - 
C4 14.84 -11 <0.001b 24 0.031a 
C5 15.67 -1.4 0.913a 21 0.042a 

aWilcoxon rank sum test – asymmetric data set 
bWilcoxon signed rank test – symmetric data set 

 
Figure 2-12. Hydrologic mitigation based on rainfall depth: cell location box plots for fV24 (left) and Rpeak 
(right) 
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The RSC attenuated peak flow and volume only for small events (less than 12.7 mm), 

measured VR of 8% (p = 0.033, Wilcoxon signed rank test) and QpR of 49% (p < 0.001, 

Wilcoxon rank sum test).  For events greater than 12.7 mm, the RSC functioned solely as a 

conveyance structure with no significant changes in volume or peak flow.  Analysis of time 

to peak (tL, Eq. 2.8) further illustrates hydrologic mitigation only for small events.  The 

median tL for events less than 12.7 mm was 40 min compared to 4 min for events greater than 

12.7 mm.  State and local regulations target peak flow mitigation of larger events, i.e. the     

1-year 24-hour event (NCDEQ 2007; Session Law 2006-246) for which the Durham RSC 

provided no benefit.  Coupling RSC with an upstream detention practice could allow for 

larger storm mitigation and maximize RSC performance as a low flow treatment practice.  

Though hydrologic mitigation on a system scale was minimal, the top cells subjected a 

substantial portion of the flow to media filtration even during large events (Figure 2-12).  At 

C2, the RSC reduced surface flow volumes by 78% for events less than 12.7 mm, 56% for 

events 12.7 to 25.4 mm, and 41% for events greater than 25.4 mm.  These reductions would 

be expected to increase if a portion of the media flow area had not been blocked by the 

monitoring weir plate (Figure 2-4).  

Comparing the Durham RSC to the previously monitored Piedmont RSC in Alamance 

County, NC, (Cizek, 2014) the impact of landscape position and sizing are further illustrated.  

The overall Alamance RSC VR of 84% and QpR of 80% far exceeded that of the Durham 

RSC (Cizek, 2014).  The Alamance RSC was proportionally three times larger than the 

Durham RSC with an equivalent rainfall capture volume of 18 mm compared to 6 mm and 
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was located in an upland environment, not under the tree canopy.  Even with varied overall 

performance, two similarities are evident: 

• Media flow: The conversion of surface flow to media flow in the top two cells of the 

Durham RSC was similar to that of the first cell of the Alamance RSC (VR of 30% 

and QpR of 55%, Cizek, 2014).   

5. Volume and peak flow increases in downstream pools: Increases in volume and peak 

flow were also observed in the last cell of the Alamance RSC where saturated 

conditions were present (Cizek, 2014).  

Results from both studies indicate that RSCs can convert large portions of surface flow to 

media flow when flow paths are uninhibited by groundwater stage.  The capture volume 

above the saturated zone appears to dictate RSC hydrologic performance.  

2.4.5 Discussion of Media Flow Dynamics 

The media flow dynamics in the first three cells differed from the last two.  Assessment of 

event temperature readings at the bottom of the media layer showed an event response for 

C1, C2, and C3, but only minimally at C4 (Figure 2-13); confirming that media flow was 

present thru C3 before reemerging in C4.  The receding limb of the hydrograph ended at C2 

before that of the US, C4, or C5 stations (Figure 2-13).  Flow duration indicates that flow at 

C2 was entirely media flow for inflow rates below 5.2 L/s (Figure 2-14).  The photograph of 

an event on 8/31/15 shows the reemergence of media flow before the C4 weir (Figure 2-14).  

The top cells worked to convert surface flow to media flow with similarities to hyporheic 

flow paths (Lawrence et al., 2013) as surface and subsurface flow exchanged.  However, 
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media flow, in this case, differed from predevelopment shallow interflow because flow 

reemerged after a short flow path and was not appreciably delayed (Cizek & Hunt, 2013; 

DeBusk et al., 2011). 

 
Figure 2-13. Comparison of surface flow hydrograph and sand layer thermograph response during 9/2/15 
11-mm event 

 
Figure 2-14. Flow duration curve for each monitored location (left) and photograph of a flow event 
depicting reemergence of media flow (right) 

Instantaneous Flow 
8/31/15, 8:34 AM: 
US = 5.2 L/s 
C2 = 0.5 L/s 
C4 = 7.0 L/s 
C5 = 7.2 L/s 
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Plotting the drawdown rate after surface flow ends as a function of pool stage (Eq. 2.9), a 

media flow rate that increased with stage was evident (Figure 2-15).  Media flow rates of 4 to 

6 L/s occurred when the C2 pool was full to the weir invert (Figure 2-15).  The steep practice 

slope (10%) and deep pools (C1 = 1.3 m and C2 = 0.87 m) aided in the formation of a 

hydraulic gradient forcing water through the media layer.  The relationship between stage 

and media flow rate in August/September differed from that measured in February/March 

(Figure 2-15).  The media flow rates during February/March were lower than 

August/September when the pool stage was between 0.5 and 0.7 m.   After the 48-hour 

drawdown, as seen by the lowest stages on the far left of the graphs, pool stages were 

approximately 0.15 m greater in February/March than in August/September (Figure 2-15).  

Possible factors influencing drawdown include: (1) higher winter groundwater stage or (2) 

clogging occurred over time.  Lateral seepage in the top three cells was evident after manual 

pumping of pools on 2/11/15 revealed minor amounts of groundwater inflow.  Water balance 

calculations did not indicate groundwater intrusion in the top cells because it exited entirely 

as media flow (i.e. it was never measured).  Thus, groundwater inflow in the top cells did not 

appear to inhibit media flow but likely contributed to seasonal variations in flow rates. 
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Figure 2-15. Comparison of media flow rate at C2 as a function of pool 2 stage for August/September and 
February/March with C3 10-m mean transect well stage designated 

Hydraulic conductivity (Ksat) measurements of media soil cores using a constant head 

permeameter (Klute & Dirksen, 1986) were completed for 12 soil cores collected on 2/12/15 

from the surface, 15-cm depth, and 30-cm depth in C2 and C3.  Ksat values ranged from 1 to 

55 cm/hr with a median value of 18 cm/hr and no apparent differences between depths.  The 

variation in Ksat measurements can be attributed to the heterogeneity of the media (80% sand, 

20% mulch, Figure 2-16) which was mixed onsite likely causing variability in mulch content.  

The shredded mulch used did not have a uniform size.  Large differentiation in mulch particle 

sizes (d60/d10) in bioretention media has been previously shown to cause clogging as smaller 

components disperse into the pores of larger particles (Arias et al., 2001; Hsieh & Davis, 

2005b).  The Durham RSC media had a “woven” characteristic as mulch fibers intertwined, 

likely contributing to low hydraulic conductivity zones.  Ponded water above unsaturated 

media was observed at the time of soil core collection (Figure 2-16).  Preferential flow paths 

around cobble fill material could have contributed to high flow rates at C2.  However, field 

observations indicated minimal media wash out at this location.  Even with potential 
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clogging and low hydraulic conductivity, the riffle-pool configuration promoted media flow 

by creating a hydraulic gradient.  Designers are encouraged to consider both the composition 

and particle size distribution of fill media to maximize conductivity and treatment potential.  

Hardwood chips have been used successfully in denitrifying bioreactors to treat agricultural 

runoff (Moorman et al., 2010; Robertson, 2010) and are recommended opposed to shredded 

mulch. 

 
Figure 2-16. Sand mulch media composition before installation (left) and a pool two media bed soil core 
location showing ponding above unsaturated media (right)  

Pool filling by debris, bank slumping, and media wash out were evident from site surveys 

and field observations (Figure 2-17).  The filling was particularly evident in the first pool 

which functioned as a forebay collecting the majority of coarse debris; the pool bottom raised 

0.15 m over one-year.  Efforts to preserve adjacent trees and work entirely within the existing 

channel caused bank slumping due to steep pool side slopes ranging from 1.6H:1V to 

2.5H:1V (Figure 2-17).  Design guidelines suggest maximum side slopes of 3H:1V (Flores et 

al., 2012) and observations herein reinforce that constraint.  When site conditions allow, 

gradual side slopes could promote floodplain connection, improving runoff retention and 
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nutrient cycling (Bukaveckas, 2007; Kaushal et al., 2008; Richardson et al., 2011).  Media 

washout was evident underneath boulder cascades due to preferential flow paths; this led to 

downstream deposition.  Reductions in permeability of filtration practices due to the surface 

build-up of fines have been well documented (Barrett et al., 2012; Kandra et al., 2014; Le 

Coustumer et al., 2012).  Removal of material build-up within the pools and riffle repair is 

necessary to prevent clogging of the Durham RSC.  The establishment of vegetation with 

thick roots can mitigate clogging by promoting root macropores (Le Coustumer et al., 2012).  

Within-pool vegetation establishment was inhibited at the Durham RSC due to saturated 

pools and shaded conditions.  Maintenance access points for removal of fines, the addition of 

within-pool vegetation, and shallower side slopes are recommended to promote the 

functional longevity of future designs.  

 
Figure 2-17. Durham RSC maintenance concerns, from left to right: filling of C1 pool with debris, 
slumping of C5 bank, and media wash out at C3 riffle 

2.4.6 Water Quality Analysis 

The RSC significantly reduced pollutant concentrations for a majority of analytes (Table     

2-9); however, removal efficiencies were minimal (17% TSS, 17% TP, and 3% TN).  

Physical treatment mechanisms of pool sedimentation and sand layer filtration explains 

improved removal of particulate and particulate-bound pollutants (TSS, TP, metals).  Except 
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O-PO4
3-, significant reductions were only observed between the US and C2 location (Table 

2-9). Surprisingly, noticeable pollutant concentration reductions between C2 and C4 were not 

evident, even though a substantial fraction of inflow volume (49%, Figure 2-9) flowed 

subsurface at C2.  Treatment primarily occurred in the first one-half of the practice indicating 

that sedimentation was the primary removal mechanism and that subsequent sand layer 

filtration provided minimal benefit.  The following factors possibly contributed to the lack of 

pollutant removal: 

1. Transport of particulate-bound pollutants by high-intensity flows, bypassing the sand 

layer (Helmreich et al., 2010; Miguntanna et al., 2013) 

2. Lack of residence time within the sand layer limiting sorption and microbial 

transformation mechanisms (Davis et al., 2010) 

3. Sand wash out, scour, and bank slumping, resulting in added sediment (Figure 2-17) 

4. Flushing of nitrogen leached during inter-event periods (Table 2-10) 

5. Below normal inflow concentrations limiting removal, especially for nitrogen species. 
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Table 2-9. Median storm EMC's (mg/L) for four monitoring locations and cumulative removal efficiency 

Pollutant 
Location Significance: 

Inflow to 
Outflow (n=22)a 

(p-value) 

Median  
RE US  

(n=22) 
C2  

(n=8) 
C4 

(n=20) 
C5  

(n=20) 

TSS 55 35* 34 36 0.027 17% 
TP 0.20 0.14* 0.16 0.16 0.001 17% 
O-PO4

3- 0.031 0.038* 0.017* 0.018 0.001 43% 
TN 1.1 0.87 0.93 0.93 0.021 3.0% 
TAN 0.084 0.072 0.071 0.068 0.366 8.3% 
TKN 0.95 0.76 0.80 0.80 0.058 5.2% 
ON 0.85 0.68 0.74 0.73 0.047 9.0% 
NO2,3-N 0.14 0.12* 0.12 0.12 0.123 10% 
Cu 0.0071 0.0064 0.0071 0.0066 0.029 5.4% 
Pb 0.0031 0.0027 0.0029 0.0027 0.004 13% 
Zn 0.027 0.020 0.021 0.022 0.001 21% 

Bold* Indicates significant difference in concentration compared to preceding cell 
(Wilcoxon Signed Rank Test, α = 0.05) 
aC4 EMC used as outlet EMC for two events that C5 was not sampled 

The proportion of flow subjected to media treatment at C2 decreased as rainfall depth 

increased (Figure 2-12).  Thus, it was expected that removal of particulate-bound pollutants 

would improve for smaller rainfall depths, as higher proportions of flow were subjected to 

media filtration.  To a limited extent, this was observed in regression analysis with TSS, TP, 

and Cu analytes showing a positive correlation between log EMC ratio and log rainfall depth 

at the α = 0.10 significance level (Figure 2-18).  High data set variability made it difficult to 

detect trends.  The slight improvement in particle-bound pollutant EMC for small events can 

be attributed to either more media filtration or increased pool residence time (promoting 

sedimentation).  An undersized sand layer and groundwater inflow both could have 

minimized the effect of media flow on water quality. 
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Figure 2-18. Regression analysis comparing log depth to log EMC ratio for TSS, TP, and Cu. 

Influent pollutant concentrations were frequently cleaner than median values reported in the 

National Stormwater Quality Database (Pitt et al., 2004).  Median values from 1069 studies 

for residential land use (TSS = 49 mg/L, TN = 2.2 mg/L, TP = 0.3 mg/L; Pitt et al., 2004) 

exceeded inflow values for 60%, 91%, and 87% of TSS, TN, and TP measurements, 

respectively.  However, even with low influent concentrations, effluent concentrations 

frequently exceeded water quality targets (Figure 2-19).  TSS effluent concentrations were 

compared to a target concentration of 25 mg/L proposed by Barret et al. (2004).  TN and TP 

effluent concentrations were compared to thresholds developed by McNett et al. (2010) for 

“good” ambient water quality based on in-stream benthic macroinvertebrate health in the 

North Carolina Piedmont (TN = 0.99 mg/L, TP = 0.11 mg/L).  Effluent concentrations were 

below the target threshold for 20% of TSS, 50% of TN, and 16% of TP measurements 

(Figure 2-19).  The median RSC nitrogen effluent of 0.93 mg/L was less than the water 

quality target indicating that only nitrogen removal was limited by low influent 

concentrations.     

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

−0.3

−0.2

−0.1

0.0

1.00 1.25 1.50
Depth Log(mm)

Lo
g(

In
/O

ut
 E

M
C)

TSS

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

−0.3

−0.2

−0.1

0.0

1.00 1.25 1.50
Depth Log(mm)

Lo
g(

In
/O

ut
 E

M
C)

TP

●

●

●

●

●●

●

●

●

●
●

●

●
● ●

●

●

●

●

●

●

●

−0.15

−0.10

−0.05

0.00

0.05

1.00 1.25 1.50
Depth Log(mm)

Lo
g(

In
/O

ut
 E

M
C)

Cu

R2 = 0.24  
y = 0.19x – 0.36 
p-value = 0.048 

R2 = 0.17  
y = 0.12x – 0.22 
p-value = 0.058 

R2 = 0.07  
y = 0.06x – 0.11 
p-value = 0.071 



 

84 

 
Figure 2-19. Cumulative probability plots for influent and effluent TSS, TP, and TN concentrations 
compared to effluent water quality targets 

The leaching of nitrogen during inter-event periods was observed when comparing inter-

event grab sample concentrations to storm event EMCs (Table 2-10).  The eight inter-event 

grab samples were collected between 0.6 and 11 days after rainfall events (median = 3.8 

days) allowing time for groundwater inflow and biological transformations to occur.  TN, 

TAN, and TKN concentrations in baseflow were significantly greater than storm event 

EMCs.  The most substantial increase (390%) was for TAN (increasing from 0.06 mg/L 

during event flow to 0.31 mg/L during baseflow, Table 2-10).  Nitrate/nitrite concentrations 

were significantly lower (0.09 mg/L to 0.02 mg/L) during inter-event flow.  Anaerobic 

concentrations were confirmed by dissolved oxygen measurements in Pool 5; aerobic 

conditions were present during event flow but returned to anaerobic conditions (dissolved 

oxygen concentration ≈ 0 mg/L) within 48 to 72 hours.  Elevated nitrogen concentrations 

during inter-event flow likely led to a release during the beginning stages of event flow, 

contributing to low nitrogen REs (Table 2-9) and counteracting media filtration. 
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Table 2-10. Comparison of baseflow grab sample concentrations to outlet EMCs  

Pollutant 
Median 

Baseflow 
(n=8) 

Median 
Outlet EMC 

(n=22)a 

Percent 
Difference 

TSS 43 34 29 
TP 0.15 0.16 -8 
O-PO4

3- 0.018 0.016 9 
TN 1.42 0.96 47 
TAN 0.31 0.06 390 
TKN 1.40 0.90 55 
ON 0.95 0.85 12 
NO2,3-N 0.02 0.09 -81 
Cu 0.003 0.007 -60 
Pb 0.001 0.003 -61 
Zn 0.018 0.025 -27 

Bold baseflow concentrations significantly different than event EMC (Wilcoxon Rank Sum Test, α = 0.05) 

Inter-event nitrogen cycling within the saturated pools and sand layer was likely influenced 

by two factors: media composition and groundwater intrusion.  The 20% mulch by volume 

was included to be a carbon source (an electron donor) to reduce nitrate to nitrogen gas 

(Brown et al., 2010).  Though denitrification was observed, it appears mineralization of 

mulch organic matter to ammoniacal nitrogen led to a nitrogen release during baseflow.  The 

decomposition of organic matter by microbes will result in mineralization when the C:N ratio 

of the substrate is less than the microbial biomass, typically 25:1 (Hodge, et al., 2000).  

Organic matter that degrades faster than assimilation or reduction processes will result in 

nitrogen export (Kim et al., 2003).  TKN release has been observed previously in field SCMs 

with high media organic content (Bratieres et al., 2008; Hunt et al., 2006).  Mulch 

specifically, has been attributed to an initial spike in nitrate that decreased with time (Brown 

& Hunt, 2011; Hsieh & Davis, 2005a).  A spike was not observed at the Durham RSC as 

baseflow sampling did not begin until six months after installation.  Anaerobic conditions 
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likely slowed the decomposition process and prevented nitrification; thus ammoniacal 

nitrogen was released rather than nitrate, as observed in previous studies.  Hardwood mulch 

is not especially labile, with typical C:N ratios greater than 50:1 (Tiquia et al., 2002); 

however, because (1) the mulch was finely shredded and (2) so much mulch was used, 

decomposition and subsequent leaching was likely.  The use of shredded wood chips appears 

to have had negative consequences, causing both clogging and nitrogen export; future 

designs are encouraged to use coarse wood chips and carefully consider material 

composition. 

Groundwater inflow confounds the discussion of inter-event nitrogen transformations.  

Interflow/shallow groundwater flow in riparian zones is expected to undergo media filtration, 

plant uptake, and denitrification (Craig et al., 2008; Peterjohn & Correll 1984).  Groundwater 

transport of nitrogen is primarily in the form of nitrate, which is anionic and soluble 

(DeSimone & Howes, 1998).  Potential groundwater nitrogen sources include soil 

contamination from prior land use or leaky septic/sewer lines (Wakida & Lerner, 2005).  

Elevated nitrate concentrations were not observed indicating groundwater contamination was 

unlikely at Southern Boundaries Park; however, could not be ruled out because groundwater 

was not sampled. 

Due to volume increases, mass reduction was not as pronounced as that of EMC.  Significant 

event load reductions (ELRs) were only observed for TP (6.8%), O-PO4
3 (40%), and Zn 

(12%, Table 2-11).  The 1.6% volume increase for the 22-events used to characterize event 

loading was equal to the volume increase for hydrologic events (Table 2-7).  Considering 
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groundwater intrusion during inter-event periods (Eq. 2.15), nitrogen pollutant loads 

effectively increased (Table 2-11).  Except for NO2,3-N, which was likely denitrified inter-

event, baseflow led to reduced total load reductions (TLRs) compared to ELRs (Table 2-11).  

The Durham RSC did not retain pollutant mass because of a lack of volume reduction and 

inter-event nitrogen leaching. 

Table 2-11. Inflow and outflow comparison of event and total load 

Analyte Location Cumulative 
Load (g) 

Event 
Loading 

(kg/ha/yr) 

Event Load 
Reduction 
(ELR) (%) 

Significant 
Change 

(p-value) 

Total 
Loading 

(kg/ha/yr) 

Total Load 
Reduction 
(TLR) (%)  

TSS 
Inflow 349000 299 

10 0.147 
303 

7.8 
Outflow 316000 270 279 

TP 
Inflow 1200 1.03 

6.8 0.050 
1.04 

4.9 
Outflow 1120 0.96 0.99 

O-PO4
3- 

Inflow 257 0.22 
40 <0.001 

0.22 
39 

Outflow 155 0.13 0.14 

TN 
Inflow 5460 4.68 

4.4 0.176 
4.73 

-0.8 
Outflow 5220 0.13 4.77 

TAN 
Inflow 388 0.33 

0.2 0.865 
0.34 

-19 
Outflow 387 0.33 0.4 

TKN 
Inflow 4740 4.06 

4.0 0.388 
4.11 

-2.1 
Outflow 4550 3.89 4.2 

ON 
Inflow 4120 3.53 

6.2 0.103 
3.58 

1.7 
Outflow 3870 3.31 3.51 

NO2,3-N 
Inflow 718 0.61 

7.2 0.098 
0.62 

7.9 
Outflow 666 0.57 0.57 

Cu 
Inflow 37.3 0.032 

2.2 0.225 
0.032 

1.7 
Outflow 36.5 0.031 0.032 

Pb 
Inflow 21.4 0.018 

10 0.126 
0.019 

11 
Outflow 19.1 0.016 0.017 

Zn 
Inflow 151 0.13 

12 <0.001 
0.13 

10 
Outflow 133 0.11 0.14 

Bold values indicate significant decrease in event loading (Wilcoxon Signed Rank Test, α = 0.05) 
 
A primary design goal of the Durham RSC was to stabilize an eroding headcut (Figure 2-2).  

From this standpoint, the project was successful, and no further structural failure was 
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observed.  The Durham RSC prevented the release of sediment from the headcut, but this 

treatment was not quantified.  Taking the “global” view of the RSC, retained sediment and 

associated particle-bound nitrogen and phosphorus (Walter et al., 2007) likely resulted in 

pollutant load reductions when considering an untreated gully.  Despite the media layer 

providing minimal direct treatment, the benefits provided by RSC stabilization alone may be 

sufficient to warrant RSC installation.  Similar to research efforts assessing the impact of 

stream restoration on sediment retention (Palmer et al., 2014; Shields, 2009); further research 

evaluating the impact of headcut stabilization is needed to completely quantify the water 

quality benefits of RSC.  

Table 2-12 compares the attained load reduction herein to the Alamance RSC (Cizek, 2014) 

and reduction credits set by the State of Maryland (Maryland Department of the 

Environment, 2014).  While a limited reduction in pollutant load was expected due to a small 

capture volume, load reductions exceeding 50% of full system design have been observed for 

undersized bioretention cells with capture volumes ranging from 6-mm to 8-mm (Brown & 

Hunt, 2011; Luell et al., 2011).  Scaling load removal by design event depth, the Durham 

RSC does not achieve an equivalent TSS, TN, or TP reduction to that measured at the 

Alamance RSC.  Therefore, optimization of system design and landscape position, especially 

for an undersized system, likely could improve performance. 
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Table 2-12. Comparison of load reduction and design event depth at North Carolina Piedmont RSCs to 
State of Maryland regulations  

Regulation/Study Design 
Event Depth 

TSS Load 
Reduction 

TN Load 
Reduction 

TP Load 
Reduction 

State of Marylanda 25.4 mm 70% 57% 66% 
Alamance RSCb 18 mm 72% 28% 30% 
Durham RSCc 6 mm 10% 4.4% 7% 

a(Maryland Department of the Environment, 2014) 
bSurface flow REs applied to media flow (Cizek, 2014) 
cEvent load reductions (Table 2-11)  

2.5 Summary and Conclusions 

This study evaluated the performance of an RSC installed to stabilize an eroded channel.  

Minimal hydrologic attenuation and pollutant removal were achieved due to system 

undersizing (6-mm design event) and groundwater intrusion.  Hydrologic mitigation was 

only evident for events smaller than 12.7 mm (VR = 8% and QpR = 49%).  The amount of 

water flowing through the media layer was substantial in the upstream cells (49% at C2).   

The presence of media flow did not correspond with pollutant removal; system concentration 

reductions were 17% for TSS, 17% for TP, and 3% for TN, with treatment occurring in the 

first two of five cells.  Hydrologic and water quality benefits were only present in the top half 

of the RSC where groundwater intrusion was minimal.  The practice was successful in 

headcut stabilization and preventing additional sediment loss; however, a minimal benefit 

was derived from the media layer.  Results indicate that the following landscape and design 

considerations are vital to optimizing RSC performance: 
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1. Capture volume:  RSC design guidelines suggest a pool and sand layer capture 

volume equivalent to the 25-mm event (Flores et al., 2012).  Due to installation 

restricted to an eroded channel, the Durham RSC had a capture volume equivalent to 

the 6-mm event.  The construction of large pools was impractical because of the 

desire to limit riparian disturbance.  Thus, a ¼-sized system and the consequently 

limited storage partially led to minimal hydrologic and water quality mitigation.  For 

large watershed outfalls, coupling RSC (for conveyance and low flow treatment) with 

an upstream detention practice (peak flow mitigation) could optimize performance. 

2. Water table identification:  Groundwater intrusion inhibited pool drawdown, limited 

runoff access to the media layer, and increased outflow volume.  Groundwater inflow 

effectively eliminated the hydrologic and water quality benefits of cells four and five; 

each constructed below the intermittent stream designation.  Shifting the practice 

upslope, ending at or upstream of the intermittent stream designation, would have 

limited groundwater intrusion and improved performance.  Design guidelines for sand 

filters suggest a 0.3-m separation between the seasonal high water table and the 

bottom of the practice (NCDEQ, 2007).  A similar designation may be appropriate for 

RSCs that have a media treatment layer.  

3. Fill media:  The 20% mulch addition potentially contributed to both clogging and 

nitrogen release.  The high particle size variation of the shredded mulch may have 

caused areas of low permeability as smaller pieces filled available pore spaces (Arias 

et al., 2001; Hsieh & Davis, 2005b).  The use of coarse uniform woodchips is 

recommended when using wood as a carbon source in SCMs.  The inter-event release 
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of nitrogen in ammoniacal form was possibly due to mineralization of finer mulch 

organic matter.  Future designs are encouraged to consider media amendments that 

both promote surface infiltration and minimize nutrient release.  

4. Pool geometry:  The effort to contain the practice footprint within the existing 

channel and minimize tree removal resulted in pool banks exceeding the 

recommended 3H:1V (Flores et al., 2012).  Where slopes exceeded 2H:1V, bank 

slumping was observed.  Steep, unvegetated, and containing clay, erosion from the 

pool banks may have contributed to clogging of the media layer.  The use of gradual 

side slopes is recommended to reduce erosion and increase storage capacity.  

The adaptability of RSC, allowing installation in constrained environments such as riparian 

buffers, is a critical benefit of the practice, and RSC can be an appropriate technology for 

retrofitting eroding channels.  However, the use of media filtration in these instances requires 

careful attention to media composition, system drainage, and long-term maintenance.  To 

understand the benefits of RSC compared to only channel stabilization, the water quality 

implications of retained sediment needs to be quantified.  As the use of RSC gains 

popularity, performance expectations should be approached with guarded optimism.  Results 

herein indicate that stretching design flexibility too far can severely restrict system 

performance.  Evaluation studies accounting for proper sizing and water table identification 

are needed as the RSC technology improves through design iteration. 
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Chapter 3: Performance of Regenerative Stormwater Conveyance on the Removal of 
Dissolved Pollutants – A Field Scale Simulation Study 

3.1 Abstract 

Regenerative stormwater conveyance (RSC) is a stormwater control measure (SCM) built in 

a channel that uses a series of riffles and pools with an underlying sand media layer to detain 

and treat stormwater runoff.  A purpose-built experimental field RSC was subjected to 

simulated hydrographs by mixing dissolved nitrogen and phosphorus into inflow from a 

managed retention pond.  Twelve storm simulations were conducted under varying 

conditions of storm depth (25 mm and 38 mm) and antecedent dry period (1 day and 3 days).  

Simulations confirmed that RSC can convert large portions of flow volumes from surface to 

subsurface flow; mean reductions in surface flow volumes were 80% for the 25-mm event 

and 40% for the 38-mm event.  Reductions in dissolved pollutant concentrations in surface 

flow were insignificant or very minor for all analytes.  However, mean reductions in 

subsurface flow concentrations were high for both total Kjeldahl nitrogen (TKN, 79%) and 

orthophosphate (81%).  Due to well-drained subsurface conditions, nitrification of TKN to 

nitrate was observed leading to a 250% increase in nitrate concentration.  Results of the 

simulation study indicate that microbial transformation and sorption mechanisms are present 

in RSC subsurface outflow.  Subsurface flow contributed 66% of the total nitrogen load and 

42% of the total phosphorus load for the 25-mm event.  As implementation of RSC 

continues, regulators and designers are encouraged to consider RSC subsurface flow as an 

important contribution to downstream pollutant load.  Proper media selection and 
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differentiated aerobic/anaerobic conditions are essential to optimize subsurface flow 

treatment.  

3.2 Introduction 

Urban stormwater runoff contains pollutants that have been directly associated with the 

degradation of surface water quality (National Research Council, 2008; U.S. EPA, 2005).  

Compacted and impervious urban areas increase runoff volumes, degrading receiving water 

bodies due to bank erosion and enlarged pollutant loads (Booth et al., 2005; Walsh et al., 

2005).  In nutrient sensitive watersheds, nitrogen and phosphorus concentrations are of 

particular concern causing eutrophication and impacting drinking water sources (NCDEQ, 

2007).  Eutrophication is the driver of multiple environmental concerns including algal 

blooms, habitat loss, and hypoxic/anoxic conditions (National Research Council, 2008).   

The primary focus of traditional stormwater control measures (SCMs) has been peak flow 

attenuation and removal of particulates through sedimentation or filtration processes (Clark 

& Pitt, 2012; Kayhanian et al., 2012). Compared to particle-bound pollutants, dissolved 

pollutants are more mobile, bioavailable, and difficult to remove, quickly impact receiving 

water bodies (Correll, 1998; Kayhanian et al., 2012).  Dissolved phosphorus is present in 

stormwater as orthophosphate (HXPO4
X-3), also referred to as soluble reactive phosphorus 

(SRP) (Stumm & Morgan, 2012).  Phosphorus is often assumed to be primarily particle-

bound; however, a substantially dissolved fraction in the range of 30 to 45% is typically 

found in urban runoff (Kayhanian et al., 2007; Miguntanna et al., 2013).  Dissolved nitrogen 

species include nitrate/nitrite (NO2,3
-), ammonia/ammonium (NH3, NH4

+), and organic 
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nitrogen.  Nitrogen, unlike phosphorus, is predominantly dissolved with the sum of all 

dissolved species accounting for approximately 75% of total nitrogen loading in urban runoff 

(Taylor et al., 2005).  A limited emphasis has been placed in stormwater management on the 

removal of dissolved pollutants (LeFevre et al., 2014).   

SCMs such as permeable pavement, sand filters, and bioretention have begun to address 

dissolved pollutant removal by incorporating media treatment (Davis et al., 2009; Passeport 

et al., 2013).  Research on bioretention has highlighted two critical design factors (media 

selection and differentiated aerobic/anaerobic zones) to treat dissolved pollutants in 

infiltration practices: 

1. Media selection:  Both field (Hunt et al., 2006) and laboratory studies (Davis et al., 

2006) have shown strong removal of total Kjeldahl nitrogen (TKN) and total 

phosphorus (TP) when media with a high cation exchange capacity (CEC) and low P-

Index (measure of phosphorus saturation) was used.  Treatment mechanisms on 

dissolved pollutants within the media layer include sorption, precipitation, plant 

uptake, and biological transformation (Davis et al., 2009).  The inclusion of organic 

matter can improve CEC and microbial growth, however, can leach phosphate and 

nitrate when decomposed (Bratieres et al., 2008).  Several amendments have been 

shown to improve dissolved phosphate retention with examples being water treatment 

residuals (O’Neill & Davis, 2011), iron fillings (Erickson et al., 2012), and fly ash 

(Zhang et al., 2008). 
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2. Differentiated aerobic and anaerobic zones:  Nitrate removal in bioretention has 

frequently been found to be poor due to high solubility, limited capacity for sorption, 

and occurrence of nitrification under aerobic conditions (Davis et al., 2009).  The 

modification to include an anaerobic zone by creating water storage in the media has 

shown significant improvement in nitrate removal by promoting denitrification 

(Brown & Hunt, 2011b; Kim et al., 2003).   

Regenerative stormwater conveyance (RSC) is a recently-developed SCM that uses media-

based treatment in a similar fashion to bioretention; however, as a new practice has not 

undergone the same vetting regarding media selection and drainage configuration.  An RSC 

is an open channel system built following the slope of the landscape and is comprised of a 

series of shallow pools connected by cobble riffles and a subsurface sand layer (Figure 3-1).  

The boulder riffles and dug-out pools allow for energy dissipation and sedimentation.  When 

water fills a pool, a hydraulic gradient is created forcing water downward into the sand 

seepage layer underlying the pools and riffles (Brown et al., 2010).  By design during small 

rain events, less than 25 mm (1 in), water is expected to percolate through the sand media 

bed and exit the system as infiltration or lateral subsurface flow, also known as seepage.  

During larger events surface conveyance will occur within the riffle and pool geometry once 

the subsurface pathway has been saturated (Flores et al., 2012).  RSC is growing in interest 

within the Mid-Atlantic Region of the United States, with the State of Maryland crediting 

RSC as a nutrient reduction strategy to meet TMDL requirements (Berg et al., 2014) and 

design guidance’s available from Anne Arundel County, Maryland (Flores et al., 2012) and 

West Virginia (West Virginia Department of Environmental Protection, 2012).  As the 
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practice of RSC gains popularity, it is critical to monitor system performance metrics to 

determine locations of acceptable use and refine design guidance.   

 
Figure 3-1. Cross section of Lake Wheeler RSC  

Field monitoring results of RSC are limited, and except for previous simulations on the test 

RSC described in this study, what is available has focused on surface flow (Cizek, 2014; 

Filoso, 2012; Palmer et al., 2014).  Hydrologic monitoring studies of RSCs in Brunswick and 

Alamance County, North Carolina, indicated that 77% and 86% of inflow volumes exit the 

systems as seepage, respectively (Cizek, 2014).  Over a range of storm depths, seepage 

accounted for between 50 and 100% of outflow volumes for these two well-drained RSCs 

(Cizek, 2014).  The comparison of a Maryland headwater RSC to a control reach showed 

similar reductions in surface flow; the RSC reach had fewer events producing runoff than the 

control for events smaller than 25 mm (Filoso, 2012; Palmer et al., 2014).  The seepage 

fraction will be slowly delivered to the stream and is subjected to added treatment compared 

to surface flow.  Water exiting bioretention cells after filtration, drainage, has been shown to 
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resemble the receding limb of undeveloped stream hydrographs, replicating the shallow 

interflow pathway of undeveloped watersheds (DeBusk et al., 2011).  The seepage portion of 

RSC outflow shares similarities in treatment potential and delivery as bioretention drainage, 

contributing flow and pollutant load to the receding limb of the stream hydrograph (Cizek & 

Hunt, 2013). 

Surface flow monitoring of RSC has shown the presence of sedimentation and filtration 

mechanisms.  The Alamance County, NC, RSC reduced concentration by 30% for TN, 28% 

for TP and 72% for TSS (Cizek, 2014).  Reductions were attributed to sedimentation and 

possibly filtration as subsurface and surface flow exchanged through the riffles (Cizek, 

2014).  Similar treatment of particle-bound pollutants occurred at the Maryland Coastal Plain 

RSC reducing TSS load by 70% comparing the RSC to a control reach (Filoso, 2012).  

Except for seasonal ponding at the Alamance, NC, RSC, both of these systems were well-

drained.  As seen in bioretention design, the incorporation of saturated zones may be vital for 

nitrate removal from RSC systems via biological transformations.  Previous simulations 

measuring the change in nitrogen concentrations within the media layer of RSC show 

significant reductions in both TKN and nitrate during the 14 hours after inflow when the 

media layer is saturated, indicating the presence of both biological and physical treatment 

processes (Cizek, 2014).  However, the effect of repeated saturation and drawdown, 

including treatment of pore water during inter-event periods within RSC media remains 

uninvestigated.    
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The purpose of this study is to build off previous field monitoring and simulation studies to 

determine RSC’s ability to treat dissolved pollutants.  Based on bioretention studies it is 

expected that both the media selection and presence/absence of oxygen within the media 

zone have significant ramifications on dissolved contaminant removal.  A field scale RSC 

with the capability of simulated storm events using water from a managed retention pond was 

used to test the following experimental objectives:     

1. Hydrologic metrics: Determine the ability of a well-drained RSC to meet targets for 

volume capture and peak flow mitigation under varied event conditions. 

2. The fate of dissolved pollutants: Quantify the impact of RSC treatment mechanisms 

on dissolved pollutant concentrations in surface and subsurface flow.   

3. Load contribution of subsurface flow: Determine the expected contribution of 

seepage on dissolved pollutant loading.   

3.3 Methodology 

3.3.1 RSC Design and Monitoring Setup 

A field-scale RSC was constructed at the Lake Wheeler Field Labs Sediment and Erosion 

Control Research and Extension Facility (SECREF) on the campus of North Carolina State 

University in the Fall of 2013.  Pool and riffle design were based on guidelines set by Anne 

Arundel County, MD (Flores et al., 2012).  Design characteristics for the Lake Wheeler RSC 

are representative of a well-drained practice on a gradual slope (Table 3-1).  A media bed of 

ASTM C33 coarse sand underlain the pools and riffles (Figure 3-1).  The riffles were set with 

0.15-m of #57 stone (2-cm diameter) above the media layer.  Boulder parabolic weir drops 
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using class 2 riprap (15-cm to 40-cm diameter) connected the riffles and pools.  At the time 

of construction, the RSC was hydroseeded with a stabilization grass mix and covered with 5-

cm of hardwood mulch.   The pools were 100% vegetated at the date of experimentation, two 

years after construction (Figure 3-2).    

Table 3-1. Design characteristics of Lake Wheeler RSC 

Design Characteristic Value 
Project Length 38.1 m 
Project Slope 1.2% 
Number of Pools 4 
Pool Depth 0.46 m 
Pool Surface Area 35.8 m2 
Pool Storage Volume 14.2 m3 
Number of Riffles 3 
Riffle Slope 4.3% 
Riffle Depth 0.15 m 
Riffle Surface Area 5.8 m2 
Media Depth 0.46 m (pool) 0.76 m (riffle) 
Media Storage 16.3 m3 (40% porosity) 
P-Index Media 17 
CEC Media 3 meq/100 cm3 

 

 
Figure 3-2. Photograph of Lake Wheeler RSC at time of simulations, fall 2015 



 

107 

A 10-cm perforated underdrain (Figure 3-1) enabled monitoring of subsurface flow 

representative of the seepage pathway observed in field studies (Cizek, 2014).  The 

functioning of the Lake Wheeler RSC underdrain is similar to a conventional bioretention 

design without an anaerobic zone.  A waterproof plastic liner under the sand layer inhibited 

groundwater exchange and infiltration. 

ISCO 6712 Automated Samplers with ISCO 730 Bubbler Module Flowmeters were used to 

monitor discharge and collect flow-proportional samples.  Sample collection occurred at 

three locations (Figure 3-3): inflow (IN), surface outflow (OUT), and underdrain subsurface 

outflow (U/D).  Baffled weir boxes with 90° v-notch weirs measured flow at the upstream 

and downstream end of the RSC.  Upon exiting the RSC, the 10-cm perforated underdrain 

was connected to a 10-cm unperforated drainpipe.  The drainpipe surfaced 30 m downslope 

at a weir box fitted with a 60° v-notch weir to monitor underdrain flow.  At this outlet, a 

flexible cap was used to prevent underdrain short circuiting.  The cap was removed during 

simulations once surface outflow occurred allowing unrestricted flow from the 10-cm 

underdrain. 
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Figure 3-3. Plan view of Lake Wheeler RSC showing monitoring locations 

Flow composite samples were used to determine event mean concentrations (EMCs) at the 

three monitoring locations.  Samples were collected 24-hours after the completion of a storm 

simulation and transferred on ice to the NCSU Center for Applied Aquatic Ecology (CAAE) 

for chemical analysis using the analytical methods shown in Table 3-2.  Sample analysis 

followed analytical methods described in Standard Methods for the Examination of Water 

and Wastewater (APHA, 2012). 

Table 3-2. Summary of pollutants and analytical methods for water quality analysis 

Pollutant Pollutant Name Analytical Method 
NO2,3-N Nitrate/Nitrite Nitrogen SM 4500-NO3-F 
TKN Total Kjeldahl Nitrogen SM 4500 N Org D 
TAN Total Ammoniacal Nitrogen SM 4500-NH3-G 
TN Total Nitrogen TKN + NO2,3-N 
O-PO4

3- Orthophosphate SM 4500 P F 
TP Total Phosphorus SM 4500 P F 
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3.3.2 Storm Simulation 

The storage capacity of the Lake Wheeler RSC was 30.5 m3, based on a pool volume of 14.2 

m3 and sand layer storage of 16.3 m3, assuming 40% porosity (Table 3-1).  This volume was 

used to back-calculate a theoretical watershed that would result in a runoff volume of 30.5 m3 

for the 25-mm event, thus simulating an RSC constructed per current design guidelines 

(Flores et al., 2012).  Runoff volumes were calculated with the SCS Discrete Curve Number 

Method (NRCS, 2004).  The resulting watershed had a 0.3-ha area and composite curve 

number of 92, representative of a paved surface with open ditches (McCuen, 2004).  The 

theoretical watershed would be representative of a common application for RSC near a 

roadway or parking lot with an upstream conveyance swale. 

Peak discharges were calculated using the TR 55 Graphical Peak Discharge Method 

(Cronshey et al., 1986), using a watershed time of concentration (Tc) of 0.1 hours and a Type 

II SCS rainfall distribution.  A center-weighted hydrograph was generated based on the peak 

discharge and runoff volumes using Malcolm’s Small Watershed Method (Malcom, 1989).  

The center-weighted hydrographs were averaged at 10-minute intervals to create a target 

step-function hydrograph that could be simulated using onsite flow controls.  Appendix H 

provides equations for the calculation of runoff volumes, peak discharges, and center-

weighted hydrographs. 

The step-function hydrograph was simulated using water delivered from the retention pond.  

Opening or closing a ball valve on the 20-cm delivery pipe just upstream of the inflow weir 

box controlled flow rates (Figure 3-3).  The ball valve was adjusted until the target flow rate 
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for the 10-minute step was achieved based on inspection of the stage over the upstream weir.  

Storm simulations lasted 100 minutes.  Simulated hydrograph flows and corresponding weir 

stages for each 10-minute step are provided in Appendix H.  The observed hydrograph 

differed slightly from the step-function, particularly in the beginning of a 10-minute step, due 

to the lag in manually adjusting the ball valve (Figure 3-4).    

 
Figure 3-4. Theoretical, simulated, and observed hydrograph comparison for November 18th, 25-mm 
event inflow 

To maintain consistent inflow concentrations of analytes throughout the hydrograph, a 

spiking solution was mixed into the flow.  Previous field-scale simulation studies have 

employed spiked nutrient inflows at constant flow rates (Deletic & Fletcher, 2006) and 

following theoretical hydrographs (Lucke et al., 2014); however, a mixing protocol to 

simulate large volume events through SCMs has not been done.  The addition of nutrients to 

water from the retention pond occurred at the upstream weir box using a trolling motor to 

thoroughly mix the two streams (Figure 3-5).  Ten nutrient spikes were used for each 

simulation, one for every flow rate in the step-function hydrograph.  When the flow rate was 

adjusted, the nutrient spike was simultaneously replaced.  Target concentrations and 
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chemical additions (Table 3-3) followed levels described by Davis et al. (2006) to represent 

urban/roadway runoff.  Nutrient spikes were prepared by dissolving the chemical additions in  

10-L of deionized water and pumping the concentrated mixture into the weir box at a rate of 

1 L/min using a peristaltic pump.  Appendix I provides further explanation and calculation of 

nutrient mass additions. 

 
Figure 3-5. Photograph and schematic of mixing technique at upstream weir box 

Table 3-3. Target inflow concentrations for dissolved nutrient additions (following Davis et al. 2006) 

Nutrient Chemical Concentration 
(mg/L) 

Nitrate Sodium Nitrate (NaNO3) 0.4 (as N) 
Organic Nitrogen Glycine (C2H5NO2) 4.0 (as N) 
Phosphorus Sodium Phosphate (Na2HPO4) 0.5 (as P) 

3.3.3 Experimental Design 

Storm simulation using the managed retention pond allowed for controlled runs and 

replication of experimental factors.  Two factors, storm depth (25 mm and 38 mm) and inter-

event period (1 day and 3 days) were varied while testing the RSC.  A 25-mm storm depth 

was selected based on current design guidelines for RSC sizing (Flores et al., 2012).  The 

larger 38-mm storm created a surface flow dominant event while remaining monitorable.  
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Varying the inter-event period allowed testing of the antecedent dry period (ADP).  A 3-day 

separation is the median number of days between rainfall events in North Carolina (Hunt & 

Doll, 2000).  A 1-day separation, common during wet periods, limited in contrast dewatering 

of the soil matrix.  Direct rainfall did occur during the inter-event periods, modestly 

impacting the true ADP.  Since the watershed was simulated, inter-event volume additions 

were only from direct precipitation.  A rainfall event of 25 mm resulted in 0.9 m3 of inflow 

opposed to 31 m3 for a simulated watershed event.  Hourly rainfall during the study period 

was retrieved from the North Carolina State Climate Office (NCSCO) for the Lake Wheeler 

monitoring station, site ID: LAKE (NCSCO, 2015), and used in the final accounting of ADP.   

The two experimental factors (rainfall depth and ADP) were crossed in a two-by-two 

factorial design for a total of 12 storm simulations, three replicates for each rainfall depth by 

ADP pairing.  The order of the runs was randomized such that the three simulations of the 

same type were not run subsequently (Table 3-4).  Once the experiment began, the next 

simulation took place either 1 day or 3 days after without breaks from October 26th, 2015, to 

November 21st, 2015.  Sample collection for the November 8th simulation did not occur due 

to equipment failure; the simulation was repeated on November 11th and the remainder of the 

runs delayed keeping the original randomization. 

Table 3-4. Simulation number and date with factorial grouping for rainfall depth and ADP 

Rainfall Depth 
Antecedent Dry Period 

1 day 3 days 

25 mm 
Run # 1 8 11 2 4 7 
Date 10/26/15 11/15/15 11/18/15 10/29/15 11/4/15 11/14/15 

38 mm 
Run # 5 9 10 3 6 12 
Date 11/5/15 11/16/15 11/17/15 11/1/15 11/11/15 11/21/15 
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3.3.4 Statistical Analysis 

A repeated measures ANOVA with between subject factors was used to tests for significance 

changes in concentration, volume, and peak flow based on rainfall depth, ADP, and 

monitoring location with the following structure: 

• Between subject factors: 

– Rainfall depth (two levels): 25 mm and 38 mm 

– ADP (two levels): 1 day and 3 days 

• Within-subject (repeated) factors: 

Location (three levels): IN, OUT, U/D  

The analysis was completed using Proc Mixed in SAS 9.4 (SAS Institute, 2014) using an 

unstructured covariance matrix for the repeated locations.  Violation of residual normality 

and independence was assessed by visual inspection of the studentized residual histogram 

and QQ-plot.  Tests for autocorrelation of residuals across event trials was completed by 

plotting residuals vs. one event residual lag.  Statistical significance for pairwise lsmean 

differences were determined using the Tukey-Kramer adjustment for multiple comparisons at 

a significance level of a=0.05.  Appendix J provides a description of the model variables and 

example SAS code. 

3.4 Results and Discussion 

3.4.1 Validation of Simulation Method 

The objective of the storm simulation procedure was to create repeated events with minimal 

variation in inflow volume and nutrient concentrations.  The developed mixing protocol was 
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successful in creating repeatable events as evident by the low variation for both inflow 

hydrologic metrics and concentrations (Table 3-5).  

Table 3-5. Comparison of target to observed (mean ± std. dev) inflow metrics organized by experimental 
factor 

Factor Level Volume Peak  TKN  NO2,3-N O-PO4
3- TAN TP 

    m3 L/s mg/L mg/L mg/L mg/L mg/L 

Target 
25 mm 31.0a       

30.3b 
13.1a         

12.2b 4.0 0.4 0.5 - - 
38 mm 61.7a          

60.5b 
26.3a         

24.6b 
Overall 
(n=12) - - - 3.93±0.21 0.40±0.02 0.49±0.06 1.24±0.90 0.56±0.02 

Rainfall 
Depth 
(n=6) 

25 mm 30.8±0.20 12.5±0.35 3.98±0.28 0.40±0.02 0.50±0.07 1.08±1.05 0.57±0.03 

38 mm 60.4±0.75 25±0.31 3.88±0.09 0.40±0.02 0.48±0.04 1.39±0.78 0.55±0.01 
a Center-weighted hydrograph (Malcolm’s Small Watershed Method) 
b Step-function hydrograph 

Inflow EMCs for the three nutrients directly added to the system (TKN, NO2,3-N, and         

O-PO4
3-) reflected the target concentrations and had low variations, indicating adequate 

mixing at the inflow.  To determine if nutrient concentrations were consistent across the 

different flow rates of the stepped hydrograph, five grab samples at evenly spaced 20-min 

intervals for O-PO4
3- were taken from the inflow weir box during the November 18th, 25-mm 

event.  The mean O-PO4
3- concentration for the five grab samples was 0.56 mg/L with a 

standard deviation of 0.02 mg/L; each time step had consistent concentrations.  The variation 

in inflow EMCs observed in this experiment, with the introduction of a non-standard flow 

rate, were comparable to those observed in column studies using a constant flow rate (Davis 

et al., 2006; Henderson et al., 2007).  Thus, the mixing protocol and step-function 

hydrograph approach afforded control of environmental factors and repeatability of 

measurements not usually present in the field scale investigation of SCMs. 
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Ammoniacal nitrogen (TAN) and total phosphorus (TP) were measured analytes but not 

directly added to the system.  Mean TP EMC was slightly higher than O-PO4
3- due to the 

minimal amount of sediment-bound phosphorus transported from the managed retention 

pond.  The large variation in TAN concentration appeared to either be due to disassociation 

or analytical interference.  Glycine (NH2CH2COOH) cleavage to form ammonia and carbon 

dioxide is the result of a mitochondrial process requiring cellular enzymes (Kikuchi & 

Hiraga, 1982) and would not be expected when dissolved in water.  Ammonia was measured 

using Standard Method 4500-NH3-G (APHA, 2012) which indicates glycine can cause 

sample interference.  Likely, the analytical method employed measured a portion of the 

dissolved glycine in solution as ammonia, accounting for the high variation in sample 

measurements.  Interference is an important consideration in future simulation studies using 

nitrogen species.  TAN was not compared between monitoring stations due to possible 

interference and measurement uncertainty. 

3.4.2 Hydrologic Metrics 

Surface volume and peak flow reductions were substantial (Table 3-6) and appear in line 

with previously monitored well-drained RSCs in Brunswick and Alamance Counties, North 

Carolina (Cizek, 2014).  The design storm, corresponding with the 25-mm 3-day event, 

resulted in a mean volume retention of 26.5 m3, 4 m3 less than the design capacity of 30.5 m3 

(Table 3-6).  The design capacity calculated the available storage based on an assumed 40% 

porosity.  However, soil moisture conditions likely caused a portion of that available space to 

be comprised of pore water.  After three days of free-drainage, the soil matrix was 



 

116 

approximately at field capacity (Nachabe, 1998).  A representative sandy soil (88% sand, 5% 

clay, and 2.5% organic matter) has a volumetric moisture content of 46% at saturation and 

10% at field capacity (Saxton and Rawls, 2006).  Thus, approximately 36% of the media 

volume was available for storage, 28.9 m3 system capacity.  During longer antecedent dry 

periods, increased storage could be attained in the root zone as the soil moisture conditions 

progress to wilting point (Davis et al., 2011).  This finding supports including the sand layer 

storage volume as part of design capacity (Flores et al., 2012), though accounting for soil 

moisture conditions could improve accuracy compared to a porosity estimate.   

Table 3-6. Mean differences and percent reductions in surface flow volume and peak flow by 
experimental factor 

Experimental Factor Volume Peak Flow 
Depth ADP Retained Reduction Difference Reduction 

mm days m3 ± st. dev % L/s ± st. dev % 

25 
1 22.9±1.32 74 10.92±0.16 86 
3 26.5±1.58 87 11.53±0.18 93 

38 
1 22.3±1.67 37 10.1±1.08 40 
3 27.3±3.38 45 12.6±0.81 50 

The main effects of location, depth, and ADP were significant for both volume and peak flow 

(Table 3-7).  Location-by-depth and depth-by-ADP interactions were not significant for 

either analyte.  Higher flows caused subsurface pathways to become saturated, and additional 

inflow did not increase infiltrated volume (Table 3-6).  Inflow volume more than the storage 

capacity yielded an equivalent increase in surface outflow volume.   The simulated events in 

this study represent approximately the 80th percentile (25 mm) and 90th percentile (38 mm) 

events on a yearly basis for Raleigh, NC (Bean, 2005).  Thus, these were rather large events, 
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and volume and peak flow reductions would be expected to increase when including events 

smaller than the design storm. 

Table 3-7. Surface flow significance tests based on location, depth, and ADP model parameters 

Model Parameter 
Significant Difference (p-value) 

Volume Peak Flow 
Main Effects   
Location (In, Out) <0.001 <0.001 
Depth (25-mm, 38-mm) <0.001 <0.001 
ADP (1-day, 3-days) 0.023 0.003 
Interaction Effects   
Location-by-Depth 0.944 0.787 
Depth-by-ADP 0.631 0.129 
Location-by-ADP 0.008 0.005 
Location-by-Depth-by-ADP 0.594 0.047 

For the volume metric, the significant location-by-ADP interaction indicated that soil 

moisture conditions impacted surface outflow volume.  A 3-day ADP was estimated to retain 

4.7 m3 (p = 0.056) more than a 1-day ADP.  A p-value greater than 0.05 may be attributed to 

the fact that rainfall occurred for four of the 3-day ADP events.  Recorded inter-event rainfall 

depths were 4.1 mm (11/1/15), 8.6 mm (10/29/15), 22.1 mm (11/4/15), and 32.3 mm 

(11/11/15).  When the 3-day “ADP” was “interrupted” by rainfall exceeding 20 mm, volume 

reductions matched those of 1-day ADPs (Figure 3-6).  Thus, the actual decrease in outflow 

volume based on ADP was likely greater than the 4.7 m3 recorded.  Utilizing rainfall as a 

covariate in the repeated measures ANOVA was significant for both the volume (p=0.022) 

and peak flow models (p=0.036).  However, rainfall was not included as a covariate in the 

significance test ANOVA (Table 3-7) because of model sensitivity.  Adjusted means at the 

mean value of the covariate (rainfall) were unrepresentative of field measurements. 
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Figure 3-6. Impact of rainfall on volume retained: Measured and mean ± st. dev. volume retained (left), 
volume retained to inter-event rainfall depth regression (right)   

For the peak flow metric, in addition to the location-by-separation interaction, a significant 

location-by-depth-by-ADP interaction was also present (Table 3-6); indicating that 

mitigation of peak flow depended on both storm size and soil moisture (ADP).  An increase 

in storm size with 1-day ADP yielded less peak flow reduction, while an increase in storm 

size with 3-days ADP more substantially reduced peak flow (Table 3-6).  Because of rainfall 

confounding the test, it is unknown if this effect is a result of measurement variation or due 

to system dynamics. 

The previous discussion considers only surface outflow while omitting subsurface 

(underdrain) analysis.  The underdrain substituted for shallow interflow or infiltration, with 

complete drawdown occurring between 20 and 28 hours after cessation of outflow.  Figure   

3-7 compares the outflow hydrographs for a 25-mm and 38-mm event with a 3-day ADP to 

their respective inflow and target predevelopment hydrographs.  Total outflow is the sum of 

flow from the surface (OUT) and subsurface (U/D) monitoring locations.  The 

predevelopment hydrograph was created using a curve number of 74, representative of a 
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hydrologic soil group C grassland (McCuen, 2004).  The RSC provided substantial 

reductions in flow rates with the subsurface pathway providing an extended drawdown 

(Figure 3-7).  The RSC “behaved” as if it had a curve number of 76 for the 25-mm event and 

83 for the 38-mm event.  

 
Figure 3-7. 25-mm and 38-mm outflow hydrographs compared to inflow and predevelopment goal 

Shallow interflow plays an important role in undeveloped watersheds; as water percolates 

through the upper layers of permeable hillslopes, it is subjected to both increased treatment 

and slower delivery to receiving streams (Craig et al., 2008).  The extended drawdown 

illustrated by Figure 3-7 shares characteristics with bioretention outflow and likely produces 

a similar match to undeveloped stream flow for the 24 hours after a storm event (DeBusk et 

al. 2011).  As runoff increases, the proportion of flow associated with shallow interflow 

decreases.  Results herein and field monitoring studies (Cizek, 2014) indicate that subsurface 

flow is the dominant flow pathway in well-drained RSCs for inflows smaller than the 25-mm 

design storm. 

0.0

0.5

1.0

1.5

0 2 4 6 8
Duration (hrs)

Fl
ow

 (L
/s

)

Developed/Inflow (CN: 92)

Predevelopment (CN: 74)

Surface Outflow

Total Outflow

25−mm Event

0

4

8

12

0 2 4 6 8
Duration (hrs)

Fl
ow

 (L
/s

)
Developed/Inflow (CN: 92)

Predevelopment (CN: 74)

Surface Outflow

Total Outflow

38−mm Event

- Peak at 13.1 L/s - Peak at 26.3 L/s 



 

120 

Total subsurface flow volume for the twelve events was 146 m3 (27% of the 550 m3 inflow 

volume, Appendix K).  Including surface and subsurface outflow, 151 m3 of outflow was not 

measured (27% volume reduction), though the system was lined with an impermeable liner 

(Figure 3-1).  Three elements contributed to the volume reduction: evapotranspiration (ET), 

exfiltration, and drainpipe leaks.  Four test runs were completed in the week before the first 

experimental run, eliminating a change in soil moisture as a factor.  ET was estimated using 

daily Penman-Monteith reference values (ETo) from the North Carolina State Climate Office 

(site ID: Lake, NCSCO, 2015) with a crop coefficient (kc = 1.00) for late season rye grass 

(Allen et al., 1998).  Daily ET depth was summed over the length of the study and multiplied 

by the RSC surface area (35.8 m2, Table 3-1) to determine ET volume (Appendix K).  

Estimated ET loss was only 1.5 m3 (1% of unmonitored outflow), indicating substantial 

losses due to exfiltration or leaks.  The liner prevented vertical exfiltration, however, was not 

placed on the sides of the practice and lateral exfiltration likely occurred.  Evidence of leaks 

at drainpipe connections were also observed.  Thus, the monitored underdrain flow was a 

representative sample of subsurface flow used to characterize water quality but not a true 

representation of subsurface flow volume.   

3.4.3 Fate of Dissolved Pollutants 

Surface Flow 

The effect of location, depth, and separation parameters on concentration was tested using a 

repeated measures ANOVA analysis with IN, OUT, and U/D locations as repeated factors.  

At a 95% confidence level (a=0.05), all analytes had non-significant effects for depth, ADP, 
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and interaction effects (p > 0.05).  Location was the only experimental factor that 

significantly impacted concentration.  Removal efficiencies (REs) using EMCs were 

calculated for surface flow (Eq. 3.1) and subsurface flow (Eq. 3.2). 

𝑅𝐸i4j�e�d	�S3� =
opK]^�\W�=opKWXY�\W�

opK]^�\W�
 Eq. 3.1 

 
𝑅𝐸i4�i4j�e�d	�S3� =

opK]^�\W�=opKX^�����z]^
opK]^�\W�

 Eq. 3.2 

 
Significance tests for location effects were based on differences in least square means 

estimates from the ANOVA repeated measures model using the Tukey-Kramer adjustment 

for multiple comparisons (Table 3-8).  Significant differences at the 0.05 significance level 

were found across all analytes for subsurface flow; whereas, only one analyte, TKN, was 

significantly reduced in surface flow (p = 0.021). 

Table 3-8. Average pollutant EMCs (mg/L ± standard deviation), removal efficiencies, and statistical 
differences for surface and subsurface flow 

Analyte Inflow 
Effluent   Range and Mean 

 Removal Efficiency (%)   Significance  
(p-value) 

Surface Subsurf.   Surface Subsurf.   Surface Subsurf. 

NO2,3-N 0.40±0.02 0.41±0.03 1.37±0.62  -18 to 12 
(-3.0) 

-22 to -500* 
(-250)  0.458 0.003 

TKN 3.93±0.21 3.78±0.26 0.81±0.13  -1.8 to 11  
(3.8) 

72 to 83 
(79)  0.021 <0.001 

TN 4.33±0.20 4.19±0.27 2.17±0.58  -3.1 to 11 
(3.2) 

27 to 69* 
(50)  0.069 <0.001 

O-PO4
3- 0.49±0.06 0.49±0.08 0.05±0.01  -10 to 23 

(0.7) 
77 to 91 

(87)  0.966 <0.001 

TP 0.56±0.02 0.56±0.04 0.09±0.01   -10 to 4 
(1.1) 

76 to 86 
(83)   0.646 <0.001 

Bold efficiency ratios indicate significant difference from zero at a=0.05 
*removal efficiencies indicate decrease in efficiency over time   
 
Removal of dissolved pollutants in surface flow either did not occur or was very minor 

(TKN).  The riffle-pool sequences appeared not to impact dissolved nutrients.  As water 
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flows through the RSC, a portion of the flow will move laterally through the riffle and 

reemerge as surface flow in the next pool (Figure 3-8).  A portion of the flow volume, 

proportionally more during low intensity, is subjected to filtration by the sand layer 

underlying the riffle.  However, dissolved nutrients are not significantly affected due to: 

1. Limited residence time within the media 

2. Relatively weak ion exchange of nitrogen and phosphorus (Clark & Pitt, 2012), and 

3. Small fraction of surface flow subjected to media treatment and reemergence  

The conditions of this RSC are representative of a system built on a low slope with well-

drained conditions.  Surface flow dynamics of different RSC configurations could increase 

treatment of surface flow by employing one of the following design features: 

1. Increase riffle slope:  A system with larger rock weir drops could increase the 

hydraulic gradient at the step, forcing a larger fraction of surface flow through the 

riffle and reemerging in the downstream pool (Hester & Doyle, 2008) 

2. Wet conditions:  Partially saturated and vegetated pools could promote inter-event 

nitrogen reduction and plant uptake (Greenway, 2010; Hathaway & Hunt, 2010).  
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Figure 3-8. Event flow over riffle sequences as surface flow (left) and reemerging lateral flow (right) 

The limited effect of surface flow treatment on dissolved nutrients was expected as biological 

transformation, plant uptake, and sorption mechanisms require longer residence times and 

media contact (Davis et al., 2010).  Findings investigating rock check dams in swales 

corroborate the limited treatment of dissolved pollutants provided by riffle-type structures.  

Sedimentation is the only removal mechanism employed behind the rock structures (Powell, 

2015; Stagge, et al., 2012; Yu et al., 2001).   

3.4.4 Subsurface Phosphorus 

Phosphorus removal efficiencies for subsurface flow from the RSC media were excellent 

(87% for O-PO4
3- and 83% for TP).  Similar reductions in phosphorus concentrations, 70 – 

85%, have been found in biofilter column studies (Davis et al., 2006; Hsieh et al., 2007).  

Phosphorus retention is driven by sorption with the media mineral structure and in aerobic 

conditions (presented herein) phosphorus should not be released from the soil matrix (Clark 

& Pitt, 2012; Correll, 1998). A target ambient phosphorus concentration (0.11-mg/L) was 

established for healthy benthic stream communities in the North Carolina Piedmont 

Ecoregion (McNett et al., 2010).  Even with a high influent concentration of 0.56 mg/L, 

subsurface TP concentrations were below 0.11 mg/L for 92% of simulation runs, 11 of 12 

events.  Thus, for small rainfall events (i.e. less than 25-mm) in which all water exits the 

RSC as subsurface flow, target phosphorus concentrations are expected to be met.  The well-

drained conditions of the RSC and sand fill media provided strong treatment and retention of 

dissolved phosphorus. 
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3.4.5 Subsurface Nitrogen 

Effluent subsurface flow TKN and TN concentrations were significantly reduced while those 

for NO2/3-N significantly increased.  The mean TKN reduction of 79% was on the high range 

of removal efficiencies found in bioretention media box studies, 60 to 80%  (Davis et al., 

2001; Davis et al., 2006).  The organic nitrogen added in this study as glycine exists 

primarily in aqueous form as a charged zwitterion (pKa=9.60 for the amino group) at 

moderate temperature and pH (Jensen & Gordon, 1995).  Glycine zwitterions, or ammonium 

cations, will adsorb to the soil matrix with affinity based on the soil cation exchange capacity 

(CEC) (Clark & Pitt, 2012; Dietz & Clausen, 2006).  However, provided a sufficiently long 

residence time, the primary removal of nitrogen in media filtration of storm water is expected 

to be through microbial transformations or plant uptake (LeFevre et al., 2014).  Removal of 

TKN accompanied by increases in NO2/3-N demonstrate that aerobic biological processes 

were dominant.  Bioretention cells designed without anaerobic zones have converted organic 

and ammoniacal nitrogen to nitrate via nitrification in a similar manner observed herein 

(Dietz & Clausen, 2006; Hunt et al., 2006; Line & Hunt, 2009).   

Subsurface outflow nitrate concentrations increased over the course of the study from an 

initial concentration of 0.39 mg/L on October 26th, to 2.55 mg/L on November 21st (Figure  

3-9).  TKN concentrations remained fairly consistent (0.66 mg/L to 1.06 mg/L).  Thus, TN 

removal efficiency decreased due to nitrate export, from 69% (10/26/15) to 27% (11/21/15).  

An initial spike in nitrate concentrations has been previously observed in both laboratory 

column experiments (Hsieh & Davis, 2005) and field studies (Brown & Hunt, 2011a).  In the 

study by Hsieh and Davis (2005), synthetic stormwater was applied to media columns for 12 
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weeks.  Nitrate removal efficiencies progressively declined from week one (RE = 10%) to 

week five (RE = -60%), but improved and remained consistent between weeks six and twelve 

(10% to 30%).  The spike in nitrate was attributed to export from the mulch top layer, 91% of 

the original nitrate contained in the mulch was lost (Hsieh & Davis, 2005).  For two 

bioretention cells, Brown and Hunt (2011a) observed a similar spike in nitrate concentrations 

from months three to eight of a one-year monitoring study with the likely cause also 

attributed to mulch degradation.  Due to experimental runs being completed over a four-week 

duration, it is unknown whether nitrate concentrations would continue to increase (Figure 3-

9) or eventually return to a baseline.  Construction of the Lake Wheeler RSC was completed 

two years before experimental runs herein and no new mulch had been added since original 

construction.  The first two trials of February 2013 simulations observed increased NO2/3-N 

and TKN concentrations attributed to flushing, which decreased in subsequent runs (Cizek, 

2014).  While the mulch top layer may be a potential source for effluent nitrate, it is unlikely 

the sole cause of the continued NO2/3-N concentration increase. 

   
Figure 3-9. Time series of nitrate concentrations based on run date for inflow and subsurface outflow 
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During the time between Cizek (2014) and this study, the RSC was essentially offline, only 

receiving water from direct precipitation.  A likely explanation for the continued increase in 

nitrate concentrations discharged from the RSC is the rapid growth of autotrophic microbial 

communities due to this study’s highly concentrated nitrogen and phosphorus inflow.  The 

TKN present in the soil matrix was increasingly subjected to ammonification and subsequent 

nitrification as the microbial community grew (Hodge et al., 2000).  TKN would convert to 

NO2/3-N and then be subsequently washed out in the next simulation.  This is illustrated 

when comparing the 1-day and 3-day ADP events (Figure 3-9).  The final four events with  

1-day ADP (Nov. 15 thru Nov. 18) had subsurface outflow NO2/3-N concentrations between 

1.47 mg/L and 1.59 mg/L.  The 3-day ADP runs immediately preceding (Nov. 14) and 

following (Nov. 21) yielded outflow nitrate concentrations of 2.24 mg/L and 2.55 mg/L, 

respectively.  Therefore, the increase in ADP likely resulted in an increase in subsurface 

nitrate concentrations.  The additional 48-hours allowed aerobic conditions to prevail; 

available TKN in pore water was converted to nitrate via nitrification and then flushed by the 

next event.  

3.4.6 Well-Drained vs. Saturated Conditions 

The February 2013 simulations (Cizek, 2014) reduced NO2/3-N concentrations, a striking 

contrast to what was found in this study (Table 3-9).  The 2013 simulations used UV-Visual 

spectrometers and a pumped system from monitoring wells to collect water every 15 minutes 

from the media layer under the RSC pools and at the underdrain outlet (Cizek, 2014).   

NO2/3-N and TKN concentrations were monitored throughout the simulation.  Significant 
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reductions for NO2/3-N and TKN were observed beginning 6-hours after the start of the storm 

simulation.  After 10 hours, median reductions of 30% NO2/3-N and 20% TKN were found in 

both the sampling wells and underdrain outlet. Table 3-9 compares the differences in 

monitoring set up, drainage configuration, and results between the two studies. 

Table 3-9. Comparison of study methodology and results to previous simulation experiment (Cizek, 2014) 

Study  
Date 

Sampling 
 Method 

Drainage 
Configurationa 

Mean Inflow 
 Conc. (mg/L) 

Mean 
Reduction (%) 

Feb-2013 Surface: Grab samples 
Subsurface: Instantaneous 

8 hours: 
partially opened 

TKN: 1.41         
NO2,3-N: 0.38 

TKN: 20%         
NO2,3-N: 30% 

Oct-2015 Surface: Flow composite 
Subsurface: Flow composite 

0.5 - 2 hours: 
fully opened 

TKN: 3.93          
NO2,3-N: 0.40 

TKN: 79%         
NO2,3-N: -250% 

aTime after start of inflow that 10-cm underdrain cap/valve was opened 

Differences between simulation methods led to differences in what was being monitored.  

The inflow TKN concentration herein (3.93 mg/L) was much greater than in 2013 (1.41 

mg/L, Table 3-9).  This may have contributed to the larger TKN removal efficiency observed 

in 2015 and provided a source for nitrification leading to NO2,3-N release.  In the 2015 

simulations, the 10-cm underdrain was fully opened once surface outflow occurred, 0.5 to 2 

hours after the beginning of the simulation.  In 2013, the underdrain remained closed for 8 

hours at which point it was only partially opened.  Thus, the 2015 simulations modeled a 

faster drainage condition.  The instantaneous monitoring in Cizek’s (2014) simulation 

continued for 14 hours at which time flow rates became too low to sample.  In contrast, this 

study sampled flow from the underdrain for 24 hours.  Consequently, what was monitored in 

2013 was predominantly saturated subsurface conditions opposed to unsaturated conditions 

in 2015.  The 2013 results indicate that when the media layer is saturated denitrification can 
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occur.  However, once the soil matrix drains below field capacity, aerobic conditions allow 

for nitrification and release of nitrate in subsequent events as seen in the 2015 simulations.  

3.4.7 Load Contribution of Subsurface Flow 

To determine the impact of subsurface flow on single event loading rates, inflow and outflow 

masses were determined as the product of flow volume and EMC (Figure 3-10).  Due to 

system leaks, subsurface outflow volumes were assumed to be the difference in inflow and 

surface outflow volume.  The minimal 1.5-m3 of estimated evapotranspiration was thus 

unaccounted for, and the system was assumed to have no volume reduction.  

Evapotranspiration and exfiltration losses would result in improved load reductions 

compared to what is presented herein. 

 
Figure 3-10. Pollutant event load with standard deviation error bars comparing inflow to outflow 
pathways for 25-mm (left) and 38-mm (right) events 

As the event size increased, load reduction decreased due to a smaller proportion of 

subsurface outflow (Table 3-10).  TN and TP load reductions decreased from a median of 
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46% and 68% for the 25-mm event, respectively, to 20% and 33% during the 38-mm event.  

The subsurface pathway contributed 90% and 71% of the nitrate load for the 25-mm and 38-

mm event, respectively, due to presumed nitrification in the media layer.  The substantial 

proportion of load that is attributed to subsurface flow illustrates the necessity to estimate 

both surface and subsurface flow volumes for load calculations.   

Table 3-10. Pollutant load reduction and subsurface load contribution based on event size 

Pollutant  
Load Reduction 

Range and Median (%)   Subsurface Load Contribution 
Range and Median (%) 

25-mm Event 38-mm Event   25-mm Event 38-mm Event 

NO2,3-N  -460 to -17 (-150)  -250 to -46 (-110)  83 to 98 (90) 57 to 85 (71) 
TKN 57 to 72 (63) 30 to 43 (34)  32 to 70 (48) 8.3 to 21 (12) 
TN 31 to 55 (46) 14 to 25 (20)  54 to 85 (59) 19 to 43 (26) 
O-PO4

3- 55 to 83 (72) 28 to 45 (35)  24 to 52 (32) 6.3 to 14 (8.2) 
TP 54 to 76 (68) 28 to 41 (33)   30 to 57 (36) 7.6 to 16 (10) 

 

3.5 Conclusions and Recommendations 

The difference between saturated and unsaturated conditions in RSC subsurface flow 

influences nitrogen removal.  Extensive research on bioretention design has led to specific 

recommendations for both the media selection and drainage configuration of bioretention 

cells to optimize nitrogen removal (Hunt et al., 2012).  A well-drained RSC performs well in 

terms of hydrologic metrics and treatment of phosphorus but poorly regarding nitrate 

removal, similar to a bioretention cell without a designed anaerobic zone.  In contrast, an 

RSC with saturated pools provides opportunities for denitrification, however, at the expense 

of storage volume and subsurface flow (Chapter 2).  RSC designers may consider systems 

that include both saturated and unsaturated conditions.  The following design options are 

suggested:  
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1. Exfiltration trenches: Specify deeper media zones under the pool geometry that 

remain saturated and promote infiltration (Cizek, 2014) 

2. Artificial drainage: Incorporate highly porous media or tile drainage configurations, 

similar to a bioretention underdrain, in designed aerobic zones that have the potential 

to drain poorly or clog. 

3. SCM in series: Use RSC in either well-drained or saturated conditions as dictated by 

site constraints.  Then couple it with an SCM that incorporates the opposite 

conditions. 

RSC design guidelines recommend a 20% by volume woodchip addition to the media to 

provide a carbon source for microbial growth (Flores et al., 2012).  The media tested herein 

was 100% coarse sand, with only a mulch top layer.  Past research on woodchip bioreactors 

has shown wood chips to be an excellent electron donor for denitrification when anoxic 

(Ergas et al., 2010).  This again illustrates the need to create distinct aerobic and anaerobic 

zones in RSCs. The Lake Wheeler RSC likely would not have benefited from a large 

woodchip addition and nitrate leaching concerns could be magnified (Brown & Hunt, 2011a; 

Hsieh & Davis, 2005).  In expected aerobic conditions, current bioretention media 

specifications: 85-88% sand, 8-12% silt/clay, and 3-5% organic matter (NCDEQ, 2007), 

could be appropriate for RSC.  The use of RSC subsurface flow as an anaerobic woodchip 

bioreactor needs further investigation and different fill media specifications likely are 

appropriate in different RSC applications.    
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The use of RSC as a SCM is gaining popularity in the Eastern United States, despite a limited 

number of studies on RSC performance.  As demonstrated herein, substantial removal of 

dissolved pollutants, except for nitrate, occurred when a well-drained RSC yielded 

subsurface flow.  Even with media layer treatment, subsurface flow can contribute 

substantially to total outflow load (Figure 3-10) and needs to be considered in terms of 

loading rates to downstream waterways (Cizek, 2014).  As RSCs gain popularity, designers 

and regulators should consider optimal strategies for nutrient removal in RSC subsurface 

flow, taking into account both aerobic/anaerobic conditions and media specifications.  
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Chapter 4: Summary and Recommendations 

4.1 Study Comparison 

The objective of both the field monitoring (Chapter 2 – Durham RSC) and simulation 

(Chapter 3 – Lake Wheeler RSC) studies was to evaluate hydrologic and water quality 

performance to determine the impact of RSC design characteristics.  Previous RSC 

evaluations found that the conversion of large fractions of inflow to media flow drives RSC 

hydrologic mitigation (Cizek, 2014).  A focus of both the Durham and Lake Wheeler RSC 

monitoring plans was to determine the extent and treatment of media flow.  Comparing the 

difference in volume retention and pollutant removal between the systems illustrates the 

importance of sizing, media selection, and drainage configuration. 

The undersized Durham RSC (6-mm capture volume) did not significantly change event 

surface flow volumes.  A volume reduction of 51% occurred by the end of the second cell; 

however, groundwater intrusion limited access to the media layer in the downstream cells 

and subsurface flow reemerged.  The last two cells of the Durham RSC were constructed 

below the seasonal high water table and remained saturated at or near the weir invert for the 

entire monitoring period, inhibiting event storage.  In contrast, the Lake Wheeler RSC 

reduced surface flow volumes by 80% for the 25-mm event simulations.  The Lake Wheeler 

RSC capture volume followed current design guidelines (25-mm capture volume, Flores et 

al., 2012).  The use of an underdrain at the bottom of the sand layer, not typical to RSC 

design, ensured dewatering of the pools and sand layer.  The combination of a larger storage 

volume and well-drained conditions led to improved hydrologic mitigation by the Lake 

Wheeler RSC.  
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The ability of RSC to provide media treatment also varied between the two systems due to 

different oxygen conditions and media composition.  The Durham RSC significantly reduced 

event pollutant concentrations; however, removal was minimal at 17% TSS, 17% TP, and 3% 

TN.  Concentration comparisons along the length of the practice indicated that pollutant 

removal occurred primarily between the inflow and second cell, before the reemergence of 

media flow.  Sedimentation in the top two cells was likely the primary removal mechanism, 

and media flow appeared to provide little additional benefit.  Comparison of event outflow to 

baseflow grab sample concentrations indicated inter-event denitrification, evidenced by a 

81% reduction in NO2,3-N concentration.  However, inter-event export of nitrogen occurred 

due to the release of ammoniacal nitrogen, leading to a 47% increase in TN concentration.  

The 20% mulch addition to the media and groundwater intrusion likely influenced inter-event 

nitrogen transformations.  Sampling underdrain flow at the Lake Wheeler RSC allowed for 

discretizing surface and media outflow concentrations.  Media outflow reduced dissolved 

pollutant concentrations by 79% for TKN and 81% for O-PO4
3-, presumably through sorption 

by the sand media.  However, aerobic inter-event conditions led to mineralization and 

subsequent nitrification of TKN to NO2,3-N causing TN subsurface removal efficiencies to 

decline from 69% to 27% over the course of the 12-week study.  The well-drained Lake 

Wheeler RSC performed well regarding phosphorus removal and hydrologic metrics but 

aerobic inter-event conditions causing nitrification limited nitrogen retention.  In contrast, the 

saturated pools of the Durham RSC provided denitrification but limited storage volume.  

Neither configuration appears to provide optimal treatment and future designs may consider 

methods for incorporating both saturated and unsaturated conditions.     
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4.2 Design Considerations and Future Research 

In retrofit scenarios, RSC is appealing because of the ability to construct the system within 

constrained linear channels, improving water quality thru bank stabilization and practice 

treatment.  However, when stretching design flexibility beyond intended limits, RSC 

performance declines (Chapter 2).  The adaptability of RSC complicates strictly-defining 

RSC guidelines because systems built within perennial or intermittent streams may be vastly 

different than drier upland systems.  The following recommendations are specific to dry 

channel RSCs.  Future research questions expand on ways to improve the design 

recommendation and consider wet channel systems.   

1. Capture volume: Calculation of capture volume is recommended to be the 

unsaturated pool storage volume and sand layer storage accounting for soil moisture 

conditions. 

Existing RSC design guidelines suggest a pool and sand layer capture volume equivalent 

to the 25-mm event (Flores et al., 2012).  Sizing based on a design storm can be adapted 

to regional regulations, i.e. 38 mm in the North Carolina Coastal Plain (NCDEQ, 2007).  

The Lake Wheeler RSC simulations indicated that a 40% porosity likely led to an 

overestimation of available storage (Chapter 3).  Current design guidelines for 

bioretention cells consider capture volume to be only the bowl volume excluding the 

media layer (NCDEQ, 2007).  Including the entire porosity of the sand layer likely results 

in an overestimate of storage volume while considering only the pool volume gives an 

underestimate.  Accounting for soil moisture conditions of the media layer, average 

retention = saturation – field capacity (Davis et al., 2011), could improve media storage 
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estimation.  Results from the Durham RSC indicate that hydrologic mitigation and access 

to the sand layer was only achieved in the cells where groundwater inflow was minimal 

(Chapter 2).  While saturated pools may improve RSC water quality treatment, it is 

recommended that only well-drained cells be counted in capture volume calculation for 

hydrologic mitigation. 

 
Figure 4-1. Depiction of unsaturated pools and available sand layer storage 

o What are the impacts of media depth and saturation conditions on media flow and 

storage capacity? 

The antecedent dry period variable (1 day vs. 3 days) in the Lake Wheeler RSC 

simulations showed that saturation conditions impact media flow beyond a simple 

estimate of porosity (Chapter 3).  Research on the bioretention abstraction volume (BAV) 

for bioretention cells has begun to explore the impact of saturated conditions on media 

storage (Davis et al., 2011).  Similar to bioretention, the processes of evapotranspiration 

and exfiltration govern the available storage volume of RSC media layers, however, 

RSC’s are built on a slope.  Hydrologic modeling of RSC validated with field studies is 

needed to understand the effect of media depth and saturation conditions on access to the 
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media layer.  In systems that are permanently saturated the addition of coarse media to 

the channel bottom could improve hyporheic exchange (Hester & Gooseff, 2010).  

Monitoring studies of wet channel RSCs analyzing the presence of media flow are also 

needed.   

o Can RSC be utilized in series with a detention structure to provide storage and 

maximize low flow treatment? 

In situations where constrained environments do not allow the installation of an RSC 

with a proper capture volume (e.g. Durham RSC), it may be possible to utilize an 

upstream detention practice to provide storage.  This scenario could maximize RSC 

media flow treatment by providing longer low discharge durations in turn allows a larger 

portion of inflow to undergo media treatment.  Analysis of RSC in series with another 

SCM has not yet been investigated. 

2. Water table identification: The bottom of media treatment layers is recommended to 

be 0.3 m above seasonal high water table elevations. 

Current RSC guidelines do not place a constraint on water table elevations (Flores et al., 

2012; West Virginia Department of Environmental Protection, 2012).  Groundwater 

inflow limited media layer access to runoff and caused pools to remain full in cells four 

and five of the Durham RSC.  These cells were constructed below the intermittent stream 

designation (Chapter 2).  Locating the practice upslope of the point of intermittency 

would have limited groundwater intrusion and improved hydrologic performance.  Sand 

filter design guidelines require a 0.3-m separation between the seasonal high water table 
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(NCDEQ, 2007) and the excavated bottom of the practice.  In absence of a targeted study, 

a similar designation is recommended for RSC media treatment layers. 

 
Figure 4-2. Sketch showing the bottom of media layers 0.3 m above the water table 

o Can RSC systems be designed to include both aerobic and anaerobic subsurface 

conditions? 

Comparing the Durham and Lake Wheeler RSC results showed that neither completely 

aerobic nor anaerobic systems were ideal for nitrogen removal.  Bioretention cell design 

has addressed this with internal water storage zones using an upturned elbow at the 

underdrain outlet (Hunt et al., 2012).  RSC design guidelines do not recommend an 

underdrain; however, it may be appropriate for certain applications.  Incorporating a drain 

pipe shifts RSC away from being a restoration technique more toward a strict stormwater 

control device; a trade-off designers and regulators must consider.  Other possibilities 

include the use of exfiltration trenches or constructing cells above and below the water 

table elevation.  Exfiltration trenches are deeper media zones under the pool geometry 

that remain saturated and promote infiltration (Cizek, 2014).  Though the Durham RSC 

included areas above and below the water table, the system was undersized.   It is 
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possible that future designs with proportionally larger well-drained storage volumes 

could benefit from downstream pools that remain anaerobic and promote denitrification. 

3.  Fill media: The use of coarse uniform wood chips is recommended to serve as a 

carbon source in the fill media.  

The 20% volume addition of mulch to the Durham RSC media followed current design 

guidelines (Flores, 2012); however, this higher fraction likely contributed to clogging 

concerns and possible nitrogen leaching.  Variation in shredded mulch particle sizes can 

cause decreased permeability due to smaller components filling pore spaces (Arias et al., 

2001; Hsieh & Davis, 2005).  The observed inter-event release of ammoniacal nitrogen 

was possibly due to mineralization of mulch organic matter.  The use of woodchips of 

uniform size and high C:N ratio is recommended to minimize leaching concerns.  

o What is the optimal fill media specification for RSC? 

The two systems studied herein used 80% sand and 20% woodchips (Chapter 2) and 

100% sand (Chapter 3).  In anaerobic conditions, high volume wood chip additions to the 

media layer could function similar to a woodchip bioreactor promoting denitrification 

(Ergas et al., 2010).  However, in aerobic conditions, e.g. the Lake Wheeler RSC, a wood 

chip addition would likely have minimal benefit.  Different fill media specifications are 

likely appropriate for different RSC applications.  For well-drained RSCs, a media 

specification similar to bioretention media, 85-88% sand, 8-12% silt/clay, and 3-5% 

organic matter  (NCDEQ, 2007), could be appropriate to maximize pollutant retention.  

Studies comparing carbon sources and various volume additions are needed to improve 

media recommendations for both saturated and unsaturated RSC designs.   
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4. Pool geometry: Pool side slopes are recommended not to exceed 3H:1V.   

Steep side slopes at the Durham RSC resulted in bank slumping where side slopes 

exceeded 2H:1V.  The use of gradual side slopes can promote vegetation establishment, 

reduce clogging concerns, and increase pool storage.  It is recommended that side slope 

constraints be adhered to for the entire practice length.  If physical constraints do not 

allow for gradual slopes, then the project location should be adjusted.     

o What is the benefit of headcut stabilization alone vs. RSC implementation in high 

slope scenarios? 

Design guidelines suggest that RSC slopes should not exceed 5% when using RSC for 

water quality treatment (Flores et al., 2012).  The Durham RSC was built on a 10% slope, 

causing the formation of hydraulic gradients to “push inflow through” the media layer in 

the top half of the practice.  Though hydrologic and water quality performance of the 

Durham RSC was minimal, it does not appear that it being constructed on a steep slope 

hindered treatment.  However, in eroded gully installations, sediment retention by simple 

headcut stabilization alone may provide a better cost-benefit then RSC implementation 

due to minimal media layer treatment. 
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Appendix A: Durham RSC Construction Photos 

 
Figure A-1. Sand mulch media mixed onsite and installed in base of raked channel 

 
Figure A-2. Boulder cascades placed above media using geotextile liner  

 
Figure A-3. Mid-structure weir plates installed above sand media layer at time of cascade construction  
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Figure A-4. Cascades backfilled with cobble and banks seeded and stabilized with coir matting and straw 

 
Figure A-5. Weir plates and monitoring equipment (stage and sampler intake) installed at four locations 

 
Figure A-6. Water level loggers installed using PVC wells at pool and transect locations 
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Appendix B: Durham RSC Stage-Storage Relationships and As-Built Survey 
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Figure A-7. Relationship between pool stage and area/storage based on as-built survey data 
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Figure A-8. Durham RSC as-built survey plan view 
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Figure A-9. Durham RSC as-built survey profile view  
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Appendix C: Durham RSC Weir Equations 

4. Upstream (US): Compound, 120˚ v-notch, height = 0.5 ft, 

Contracted length (L) = 3 ft, height = 1.2 ft: 

 

5. Cell 2 and Cell 4 (C2/C4): Compound, three 120˚ v-notches height = 0.5 ft,  

1st contracted length (L1) = 7 ft, height = 0.5 ft,  

2nd contracted length (L2) = 11 ft, height = 0.5 ft:

 

• Downstream (C5): Compound, 90˚ v-notch, height = 1 ft, 

Contracted length (L) = 6 ft, height = 0.8 ft: 

 

Where, 

 Q = Flow rate (cfs) 

 L = Contracted crest length (ft)   

 H  = Stage above weir invert (ft) 

All flow rates converted to metric units: 1 cfs = 28.317 L/s 

Q = �4.33H
@.s, 																																																																																											0 ≤ H ≤ 0.5

0.765 + 3.33[L − 0.2(H − 0.5)](H − 0.5)J.s, 																						0.5 < H ≤ 1.7
 

Q = �
3×4.33H@.s, 																																																																																				0 < H ≤ 0.5
2.296 + 3.33[LJ − 0.2(H − 0.5)](H − 0.5)J.s, 																				0.5 < H ≤ 1
2.296 + 8.124 + 3.33[L@ − 0.2(H − 1)](H − 1)J.s, 												1 < H ≤ 1.5

 

Q = �2.5H
@.s, 																																																																																																0 ≤ H ≤ 1

2.5 + 3.33[L − 0.2(H − 1)](H − 1)J.s, 																																				1 < H ≤ 1.8
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Appendix D: Durham RSC Weir Calibration  

Direct measurement of flow rates over the US and C5 weir were made during a period of 

snowmelt on January 26, 2016, using a bucket and timer.  Direct measurements matched the 

v-notch weir equations indicating accurate measurements at low flow rates (Figure A-10). 

 

 

Figure A-10. Comparison of US and C5 weir equations to direct measurements 
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Comparing the AVM measurements to the 120˚ v-notch weir for stages below 0.15 m 

showed a high level of scattering (Figure A-11).  The AVM measurement required a high 

enough stage to calculate velocity using the Doppler meter.  Low flow measurements were 

expected to have a greater level of inaccuracy.  Based on field observations indicating steady 

flow behind the weir for stages within the v-notch and AVM measurements not indicating 

under-prediction (Figure A‑11), the stage-discharge relationship for stages below 0.15 m was 

not altered.  

 

Figure A-11. Comparison of AVM measurement to US weir equation for stages within the v-notch weir 

A corrected stage-discharge relationship was applied for stages within the contracted 

rectangular weir (Figure 2‑8).  To illustrate how the correction equation affected the 

hydrograph, comparisons between the weir, AVM, and correction equation are provided in 

Figure A‑12.  For flow events with peak flow rates below 50 L/s the correction equation 
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predicted peak flow rates greater than what was measured by the AVM.  During high flow 

rates the correction equation more closely matched the flow rates measured by the AVM.  

Thus, the calibration method for the upstream weir added error to the inflow measurements, 

especially during smaller events (peak flow less than 50 L/s) where AVM measurements 

were more variable. 
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Figure A-12. Comparison of AVM, weir, and correction equation hydrographs for four events 
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Appendix E: Durham RSC Seasonal Water Balance 

Seasonal water balance calculations were aggregated for the following dates: 

• Spring: 3/20/2015 – 6/21/2015, 3/20/2016 – 3/31/2016 

• Summer: 6/22/2015 – 9/22/2015 

• Fall: 9/23/2015 – 12/21/2015 

• Winter: 2/1/2015 – 3/19/2015, 12/22/2015 – 2/29/2016 

Table A-1. Durham RSC seasonal and 14-month water balance volumes for each cell location  

Location Season 
Inflow (m3) Outflow (m3) 

Surface Run-On Media 
Flow 

GW 
Intrusion Surface ET Media 

Flow 

Cell 1 & 
Cell 2 

Spring 2448 71 - 0 1242 4 1272 

Summer 1259 26 - 0 747 4 534 

Fall 5522 195 - 0 2800 2 2915 

Winter 8471 187 - 0 4388 4 4267 

Total 17700 479 0 0 9177 13 8988 

Cell 3 & 
Cell 4 

Spring 1242 41 1272 51 2599 7 0 

Summer 747 20 534 0 1265 7 29 

Fall 2800 102 2915 19 5835 2 0 

Winter 4388 101 4267 388 9139 4 0 

Total 9177 263 8988 458 18839 19 29 

Cell 5 

Spring 2599 9 0 174 2779 4 0 

Summer 1265 7 29 40 1338 3 0 

Fall 5835 17 0 184 6034 1 0 

Winter 9139 18 0 150 9306 2 0 

Total 18839 51 29 549 19459 10 0 

System 

Spring 2448 121 - 225 2779 15 0 
Summer 1259 53 - 40 1338 13 0 

Fall 5522 314 - 203 6034 5 0 
Winter 8471 306 - 538 9306 9 0 

Total 17700 794 0 1007 19459 42 0 
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Table A-2. Durham RSC seasonal and 14-month water balance fractions for each cell location  

Location Season 
Inflow (m3) Outflow (m3) 

Surface Run On Media 
Flow 

GW 
Intrusion Surface ET Media 

Flow 

Cell 1 & 
Cell 2 

Spring 0.97 0.03 - 0.00 0.49 0.00 0.51 
Summer 0.98 0.02 - 0.00 0.58 0.00 0.42 

Fall 0.97 0.03 - 0.00 0.49 0.00 0.51 
Winter 0.98 0.02 - 0.00 0.51 0.00 0.49 
Total 0.97 0.03 0.00 0.00 0.50 0.00 0.49 

Cell 3 & 
Cell 4 

Spring 0.48 0.02 0.49 0.02 1.00 0.00 0.00 
Summer 0.57 0.02 0.41 0.00 0.97 0.01 0.02 

Fall 0.48 0.02 0.50 0.00 1.00 0.00 0.00 
Winter 0.48 0.01 0.47 0.04 1.00 0.00 0.00 
Total 0.49 0.01 0.48 0.02 1.00 0.00 0.00 

Cell 5 

Spring 0.93 0.00 0.00 0.06 1.00 0.00 0.00 
Summer 0.94 0.01 0.02 0.03 1.00 0.00 0.00 

Fall 0.97 0.00 0.00 0.03 1.00 0.00 0.00 
Winter 0.98 0.00 0.00 0.02 1.00 0.00 0.00 
Total 0.97 0.00 0.00 0.03 1.00 0.00 0.00 

System 

Spring 0.88 0.04 - 0.08 0.99 0.01 0.00 
Summer 0.93 0.04 - 0.03 0.99 0.01 0.00 

Fall 0.91 0.05 - 0.03 1.00 0.00 0.00 
Winter 0.91 0.03 - 0.06 1.00 0.00 0.00 
Total 0.91 0.04 - 0.05 1.00 0.00 0.00 
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Appendix F: Durham RSC Hydrology Statistics and Raw Data 

Table A-3. Durham RSC storm event cell and cumulative volume reductions based on storm size 

Location Inflow 
Volume 

Outflow 
Volume 

Cell 
Reduction 

Significance 
(p-value) 

Cumulative 
Reduction 

Significance 
(p-value) 

  m3 m3 %   %   
All Events (n = 74) 
Cell 2 15013 7484 50 <0.001a 50 <0.001a 
Cell 4 7697 15014 -95 <0.001a 1.4 0.099b 
Cell 5 15063 15516 -3.0 0.823a -1.6 0.939b 
0 to 12.7 mm (n = 42) 
Cell 2 2052 446 78 <0.001b 78 <0.001b 
Cell 4 470 1867 -298 <0.001a 10.0 0.002b 
Cell 5 1877 1912 -1.9 0.263b 8.3 0.033b 
12.7 to 25.4 mm (n = 17) 
Cell 2 3859 1715 56 <0.001b 56 <0.001b 
Cell 4 1753 4078 -133 <0.001b -3.1 0.207b 
Cell 5 4089 4144 -1.3 0.711b -4.5 0.098b 
> 25.4 mm (n  = 15) 
Cell 2 9044 5323 41 <0.001b 41 <0.001b 
Cell 4 5475 9069 -66 <0.001b 1.4 0.376b 
Cell 5 9098 9460 -4.0 0.018b -2.6 0.298b 

aWilcoxon rank sum test – asymmetric data set 
bWilcoxon signed rank test – symmetric data set  
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Table A-4. Durham RSC storm event cell and cumulative peak flow reductions based on storm size 

Location Median 
Median 

Cell 
Reduction 

Significance 
(p-value) 

Median 
Cumulative 

Reduction 

Significance 
 (p-value) 

  L/s %   %   

All Events (n = 74) 
Inflow  27.72     
Pool 2 13.38 40 0.003a 40 0.003a 
Pool 4 14.84 -10.9 <0.001b 24 0.031a 
Pool 5 15.67 -1.4 0.913a 21 0.042a 
0 to 12.7 mm (n = 42) 
Inflow  12.36     
Pool 2 0.00 100 <0.001a 100 <0.001a 
Pool 4 3.89 NA <0.001b 49 <0.001a 
Pool 5 4.14 -0.4 0.989a 49 <0.001a 

12.7 to 25.4 mm (n = 17) 
Inflow  35.86     
Pool 2 34.94 12 0.006b 12 <0.001b 
Pool 4 40.93 -4.9 0.098b 9.0 0.120b 
Pool 5 36.12 -1.9 0.407b 4.8 0.378b 

25.4 to 94 mm (n  = 15) 
Inflow  81.87     
Pool 2 79.37 8.1 0.009b 10 0.010b 
Pool 4 79.80 -4.1 0.021b 2.6 0.231b 
Pool 5 86.47 -1.8 0.083b -0.3 0.940b 

aWilcoxon rank sum test – asymmetric data set 
bWilcoxon signed rank test – symmetric data set 
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Volume R Code 
 
Volume R Set Up 
 
# Load needed packages 
library("nortest") 
library("ggplot2") 
library("lawstat") 
library("PMCMR") 
 
# Read in Data Set 
data <- read.csv("volume.csv", header = TRUE) 
data1 <- read.csv("volume.low.csv", header = TRUE) 
data2 <- read.csv("volume.med.csv", header = TRUE) 
data3 <- read.csv("volume.high.csv", header = TRUE) 
 
Volume Example Normality Assessment Code  
 
## Inflow Volume: Raw ## 
# Normality Tests 
shapiro.test(data$In.Volume) 
lillie.test(data$In.Volume) 
ad.test(data$In.Volume)  
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.Volume, xlab = "Vol", main="Raw In Volume - 
Histogram")  
qqnorm(data$In.Volume, ylab = "Vol", main = "Raw In 
Volume - QQPlot")  
qqline(data$In.Volume, col= "red") 
 

 
 
Shapiro-Wilk: W = 0.96925, p-value = 0.06805 
Kolmogorov-Smirnov: D = 0.10107, p-value = 0.05885 
Anderson-Darling: A = 0.68885, p-value = 0.06915 
 
## Inflow Volume: Log Transformed ## 
# Normality Tests 
shapiro.test(data$In.Volume.Log10) 
lillie.test(data$In.Volume.Log10) 
ad.test(data$In.Volume.Log10)  
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.Volume.Log10, xlab = "Vol. (L/s)", main="Log10 
In Volume - Histogram")  
qqnorm(data$In.Volume.Log10, ylab = "Vol. (L/s)", main = 
"Log10 In Volume - QQPlot")  
qqline(data$In.Volume.Log10, col= "red") 
 
 

 
 

 
Shapiro-Wilk: W = 0.96925, p-value = 0.06805 
Kolmogorov-Smirnov: D = 0.10107, p-value = 0.05885 
Anderson-Darling: A = 0.68885, p-value = 0.06915 
 
## Paired Difference: Inflow – Outflow ## 
# Normality Tests 
shapiro.test(data$In.to.P5.Volume) 
lillie.test(data$In.to.P5.Volume) 
ad.test(data$In.to.P5.Volume) 
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.to.P5.Volume, xlab = "Vol.", main="In-P5 
Volume Paired - Histogram")  
qqnorm(data$In.to.P5.Volume, ylab = "Vol.", main = "In-P5 
Volume Paired - QQPlot")  
qqline(data$In.to.P5.Volume, col= "red") 
 

 
Shapiro-Wilk: W = 0.87192, p-value = 2.083e-06 
Kolmogorov-Smirnov: D = 0.19171, p-value = 3.961e-07 
Anderson-Darling: A = 3.3661, p-value = 1.665e-08 
 
## Ratio: Inflow / Outflow ## 
# Normality Tests 
shapiro.test(data$In.P5.Volume.Ratio) 
lillie.test(data$In.P5.Volume.Ratio) 
ad.test(data$In.P5.Volume.Ratio) 
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.P5.Volume.Ratio, xlab = "Vol.", main="In-P5 
Volume Ratio - Histogram")  
qqnorm(data$In.P5.Volume.Ratio, ylab = "Vol.", main = "In-
P5 Volume Ratio - QQPlot")  
qqline(data$In.P5.Volume.Ratio, col= "red") 
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Shapiro-Wilk: W = 0.84295, p-value = 2.235e-07 
Kolmogorov-Smirnov: D = 0.24151, p-value = 1.319e-11 
Anderson-Darling: A = 5.0966, p-value = 1.015e-12 
 
Volume Normality Assessment Results 
 
Volume and peak flow datasets found to be non-normal for 
all raw, log10, paired, and ratio datasets, non-parametric 
statistics used. 
 
Volume Example Symmetry Assessment Code 
 
# Test for Symmetry 
# In to P2 
symmetry.test(data$In.to.P2.Volume) 
boxplot(data$In.to.P2.Volume) 

 
Test statistic = 5.9989, p-value < 2.2e-16 
alternative hypothesis: the distribution is asymmetric. 
 
Volume Symmetry Assessment Results  
 
# Full Datasets 
In to P2: asymmetric, T = 5.9989, p-value < 2.2e-16 
P2 to P4: asymmetric, T = -5.8529, p-value < 2.2e-16 
P4 to P5: asymmetric, T = -3.6294, p-value < 2.2e-16 
In to P4: symmetric, T = 0.73288, p-value = 0.612 
In to P5: symmetric, T = -1.4404, p-value = 0.254 
 
# Storms Less than 12.7 mm 
In to P2: symmetric, T = 1.6317, p-value = 0.164 
P2 to P4: asymmetric, T = -2.5629, p-value = 0.034 
P4 to P5: symmetric, T = -0.32636, p-value = 0.764 
In to P4: symmetric, T = 0.76865, p-value = 0.392 
In to P5: symmetric, T = 2.3206, p-value = 0.056 
 
 
 
 
 

 
# Storms 12.8 mm to 25.4 mm 
In to P2: symmetric, T = -0.25232, p-value = 0.838 
P2 to P4: symmetric, T = -0.86504, p-value = 0.418 
P4 to P5: symmetric, T = -0.83165, p-value = 0.578 
In to P4: symmetric, T = -0.35487, p-value = 0.768 
In to P5: symmetric, T = -1.64, p-value = 0.092 
 
# Storms > 25.4 mm 
In to P2: symmetric, T = 1.2073, p-value = 0.252 
P2 to P4: symmetric, T = -2.0313, p-value = 0.07 
P4 to P5: symmetric, T = -1.2769, p-value = 0.318 
In to P4: symmetric, T = -0.97592, p-value = 0.492 
In to P5: symmetric, T = 0.076734, p-value = 0.972 
 
Volume Significance Test Example Code 
 
# In to P2 – Asymmetric – Wilcoxon Rank Sum Test 
summary(data$In.P2.Volume) 
sum(data$In.P2.Volume) 
summary(data$P2.Volume) 
sum(data$P2.Volume) 
wilcox.test(data$In.P2.Volume, data$P2.Volume) 
 
# In to P5 – Symmetric – Wilcoxon Signed Rank Test 
summary(data$In.P5.Volume)   
sum(data$In.P5.Volume)   
summary(data$P5.Volume) 
sum(data$P5.Volume) 
wilcox.test(data$In.P5.Volume, data$P5.Volume, 
paired=TRUE) 
 
Volume Significance Test Results 
 
# Full Datasets 
In to P2: Rank Sum, W = 3945, p-value = 2.001e-05 
P2 to P4: Rank Sum, W = 1766, p-value = 8.436e-05 
P4 to P5: Rank Sum, W = 2753, p-value = 0.8245 
In to P4: Signed Rank, V = 1738, p-value = 0.09891 
In to P5: Signed Rank, V = 1440, p-value = 0.939 
 
# Storms Less than 12.7 mm 
In to P2: Signed Rank, V = 903, p-value = 4.547e-13 
P2 to P4: Rank Sum, W = 271, p-value = 4.714e-08 
P4 to P5: Signed Rank, W = 847, p-value = 0.7588 
In to P4: Signed Rank, V = 694, p-value = 0.001927 
In to P5: Signed Rank, V = 621, p-value = 0.03361 
 
# Storms 12.7 mm to 25.4 mm 
In to P2: Signed Rank, V = 153, p-value = 1.526e-05 
P2 to P4: Signed Rank, V = 0, p-value = 3.052e-05 
P4 to P5: Signed Rank, V = 68, p-value = 0.7119 
In to P4: Signed Rank, V = 49, p-value = 0.2069 
In to P5: Signed Rank, V = 41, p-value = 0.09837 
 
# Storms Greater than 25.4 mm 
In to P2: Signed Rank, V = 136, p-value = 3.052e-05 
P2 to P4: Signed Rank, V = 0, p-value = 6.104e-05 
P4 to P5: Signed Rank, V = 23, p-value = 0.01825 
In to P4: Signed Rank, V = 86, p-value = 0.3755 
In to P5: Signed Rank, V = 47, p-value = 0.2979 
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Volume Seasonality Test Example Code 
 
# In to P5 – Kruskal Wallis Test 
kruskal.test(In.P5.Volume.Ratio~Season, data=data) 
posthoc.kruskal.dunn.test(x=ratio, g=season, 
p.adjust.method="bonferroni") 
 
Volume Seasonality Test Results 
 
In to P2 Ratio: chi-squared = 0.4921, df = 3, p-value = 0.921 
 
In to P4 Ratio: chi-squared = 11.915, df = 3, p-value = 
0.0077 
Post Hoc Analysis 
               Fall      Spring  Summer 
Spring    1.0000          -           -      
Summer 1.0000 1.0000          -      
Winter    0.4493 0.0865 0.0059 

 
 
 
In to P5 Ratio: chi-squared = 8.4298, df = 3, p-value = 
0.03792 
Post Hoc Analysis 
               Fall      Spring  Summer 
Spring    1.0000          -           -      
Summer 1.0000 1.0000          -      
Winter    0.456    0.235    0.039  
 

 
 
 
 
 

Peak Flow R Code 
 
Peak Example Normality Assessment Code  
 
## Inflow Peak - Raw ## 
# Normality Tests  
shapiro.test(data$In.Peak) 
lillie.test(data$In.Peak) 
ad.test(data$In.Peak)  
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.Peak, xlab = "Flow (L/s)", main="Raw In Peak - 
Histogram")  
qqnorm(data$In.Peak, ylab = "Flow (L/s)", main = "Raw In 
Peak - QQPlot")  
qqline(data$In.Peak, col= "red") 
 

 
 
Shapiro-Wilk: W = 0.80058, p-value = 1.091e-08 
Kolmogorov-Smirnov: D = 0.19827, p-value = 9.306e-08 
Anderson-Darling: A = 4.9269, p-value = 2.626e-12 
 
## Inflow Peak - Log Transformed ## 
# Normality Tests  
shapiro.test(data$In.Peak.Log10) 
lillie.test(data$In.Peak.Log10) 
ad.test(data$In.Peak.Log10)  
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.Peak.Log10, xlab = "Flow (L/s)", main="Log10 
In Peak - Histogram")  
qqnorm(data$In.Peak.Log10, ylab = "Flow (L/s)", main = 
"Log10 In Peak - QQPlot")  
qqline(data$In.Peak.Log10, col= "red") 
 

 
Shapiro-Wilk: W = 0.97825, p-value = 0.2238 
Kolmogorov-Smirnov: D = 0.070595, p-value = 0.4698 
Anderson-Darling: A = 0.37158, p-value = 0.4134 
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## Paired Difference: Inflow – Outflow ## 
# Normality Tests  
shapiro.test(data$In.to.Out.Peak) 
lillie.test(data$In.to.Out.Peak) 
ad.test(data$In.to.Out.Peak) 
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.to.Out.Peak, xlab = "Flow (L/s)", main="In-Out 
Peak Paired - Histogram")  
qqnorm(data$In.to.Out.Peak, ylab = "Flow (L/s)", main = "In-
Out Peak Paired - QQPlot")  
qqline(data$In.to.Out.Peak, col= "red") 
 

 
Shapiro-Wilk: W = 0.91438, p-value = 8.804e-05 
Kolmogorov-Smirnov: D = 0.1887, p-value = 5.442e-07 
Anderson-Darling: A = 2.6787, p-value = 8.134e-07 
 
## Ratio: Inflow / Outflow ## 
# Normality Tests 
summary(data$In.to.Out.Peak.Ratio) 
# Normality Tests 
shapiro.test(data$In.to.Out.Peak.Ratio) 
lillie.test(data$In.to.Out.Peak.Ratio) 
ad.test(data$In.to.Out.Peak.Ratio) 
# Histogram and QQ Plot 
par(mfrow=c(2,2)) 
par(mar=c(4,5,4,1)) 
par(oma=c(2,1,2,1)) 
hist(data$In.to.Out.Peak.Ratio, xlab = "Flow (L/s)", main="In-
P5 Peak Ratio - Histogram")  
qqnorm(data$In.to.Out.Peak.Ratio, ylab = "Flow (L/s)", main 
= "In-P5 Peak Ratio - QQPlot")  
qqline(data$In.to.Out.Peak.Ratio, col= "red") 
 

 
Shapiro-Wilk: W = 0.92076, p-value = 0.0001886 
Kolmogorov-Smirnov: D = 0.1268, p-value = 0.004918 
Anderson-Darling: A = 1.8712, p-value = 7.989e-05 
 
 
 

 
Peak Normality Assessment Results 
 
Peak flow datasets found to be non-normal for all raw, 
log10, paired, and ratio datasets, except for inflow Log10, 
non-parametric statistics used. 
 
Example Symmetry Assessment Code 
# Test for Symmetry 
# In to P2 
symmetry.test(data$In.to.P2.Peak) 
boxplot(data$In.to.P2.Peak) 

 
Test statistic = 3.0051, p-value < 2.2e-16 
alternative hypothesis: the distribution is asymmetric. 
 
Peak Symmetry Assessment Results  
 
# Full Datasets 
In to P2: asymmetric, T = 3.6944, p-value < 2.2e-16 
P2 to P4: symmetric, T = -1.9186, p-value = 0.098 
P4 to P5: asymmetric, T = -3.7254, p-value < 2.2e-16 
In to P4: asymmetric, T = 4.5013, p-value < 2.2e-16 
In to P5: asymmetric, T = 3.7465, p-value < 2.2e-16 
 
# Storms Less than 12.7 mm 
In to P2: asymmetric, T = 3.6944, p-value < 2.2e-16 
P2 to P4: symmetric, T = -1.8138, p-value = 0.414 
P4 to P5: asymmetric, T = -2.9787, p-value = 0.018 
In to P4: asymmetric, T = 4.2642, p-value < 2.2e-16 
In to P5: asymmetric, T = 4.1431, p-value < 2.2e-16 
 
# Storms 12.7 mm to 25.4 mm 
In to P2: symmetric, T = -0.23093, p-value = 0.842 
P2 to P4: symmetric, T = 0.08457, p-value = 0.92 
P4 to P5: symmetric, T = -0.2992, p-value = 0.798 
In to P4: symmetric, T = 1.3551, p-value = 0.156 
In to P5: symmetric, T = 1.1214, p-value = 0.284 
 
# Storms > 25.4 mm 
In to P2: symmetric, T = 0.80939, p-value = 0.456 
P2 to P4: symmetric, T = 0.50081, p-value = 0.742 
P4 to P5: symmetric, T = -1.7652, p-value = 0.266 
In to P4: symmetric, T = -1.6212, p-value = 0.186 
In to P5: symmetric, T = 1.5315, p-value = 0.206 
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Peak Significance Test Example Code 
 
# In to P2 – Asymmetric – Wilcoxon Rank Sum Test 
summary(data$In.Peak) 
summary(data$P2.Peak) 
wilcox.test(data$In.Peak, data$P2.Peak) 
 
# In to P2 < 12.8 mm – Symmetric – Wilcoxon Signed Rank 
Test 
summary(data$In.P5.Volume)   
sum(data$In.P5.Volume)   
summary(data$P5.Volume) 
sum(data$P5.Volume) 
wilcox.test(data$In.P5.Volume, data$P5.Volume, 
paired=TRUE) 
 
Peak Significance Test Results 
 
# Full Datasets 
In to P2: Rank Sum, W = 3588.5, p-value = 0.003481 
P2 to P4: Signed Rank, V = 438, p-value = 1.896e-07 
P4 to P5: Rank Sum, W = 2783, p-value = 0.9132 
In to P4: Rank Sum, W = 3386.5, p-value = 0.03111 
In to P5: Rank Sum, W = 3354, p-value = 0.042 
 
# Storms Less than 12.7 mm 
In to P2: Rank Sum, W = 1455.5, p-value = 2.047e-07 
P2 to P4: Signed Rank, W = 456, p-value = 0.0001145 
P4 to P5: Rank Sum, W = 884, p-value = 0.9893 
In to P4: Rank Sum, W = 1305, p-value = 0.000157 
In to P5: Rank Sum, W = 1304, p-value = 0.0001627 
 
# Storms 12.7 mm to 25.4 mm 
In to P2: Signed Rank, V = 133, p-value = 0.005569 
P2 to P4: Signed Rank, V = 41, p-value = 0.09837 
P4 to P5: Signed Rank, V = 58.5, p-value = 0.4074 
In to P4: Signed Rank, V = 110, p-value = 0.1202 
In to P5: Signed Rank, V = 96, p-value = 0.3778 
 
# Storms Greater than 25.4 mm 
In to P2: Signed Rank, V = 117, p-value = 0.009186 
P2 to P4: Signed Rank, V = 24, p-value = 0.02139 
P4 to P5: Signed Rank, V = 34, p-value = 0.08325 
In to P4: Signed Rank, V = 92, p-value = 0.2312 
In to P5: Signed Rank, V = 66, p-value = 0.9399 
 
Peak Seasonality Test Example Code 
 
# In to P5 – Kruskal Wallis Test 
kruskal.test(In.to.Out.Peak.Ratio~Season, data=data) 
posthoc.kruskal.dunn.test(x=ratio, g=season, 
p.adjust.method="bonferroni") 
 
Peak Seasonality Test Results 
 
In to P2 Ratio: chi-squared = 2.8599, df = 3, p-value = 
0.4137 
In to P4 Ratio: chi-squared = 7.6077, df = 3, p-value = 
0.05485 
In to P5 Ratio: chi-squared = 6.0796, df = 3, p-value = 
0.1078 
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Table A-5. Durham RSC hydrologic event data: Rainfall with flagged and water quality events listed 

Storm 
Number Flagged Date Season Depth Duration Average 

Intensity 

5 Min 
Peak 

Intensity 

Antecedent 
Dry Period 

Water 
Quality 
Sample 

- - - - mm hrs mm/hr mm/hr Days - 
1  2/2/15 Winter 8.89 10.20 0.87 14.12 8.54 1 
2  2/9/15 Winter 22.61 19.35 1.17 NA 7.18  
3  2/17/15 Winter 8.38 4.33 1.93 NA 7.09  
4 Snow 2/18/15 Winter 4.32 5.37 0.80 NA 0.70   
5  2/22/15 Winter 5.33 2.13 2.50 NA 3.52  
6 Snow 2/27/15 Winter 19.30 8.03 2.40 NA 5.14   
7  3/1/15 Winter 12.19 9.37 1.30 NA 1.48  
8 Snow 3/2/15 Winter 4.32 14.60 0.30 NA 0.47   
9  3/5/15 Winter 24.13 15.20 1.59 18.61 2.52 2 
10  3/13/15 Winter 6.85 20.17 0.34 6.32 7.94 3 
11  3/19/15 Spring 17.53 15.93 1.10 13.42 5.04 4 
12  3/26/15 Spring 3.56 0.83 4.27 7.62 5.92  
13  3/27/15 Spring 6.35 8.83 0.72 7.62 1.16 5 
14  3/30/15 Spring 4.32 1.23 3.50 NA 2.65  
15  4/9/15 Spring 8.38 1.53 5.47 NA 9.72  
16  4/9/15 Spring 8.12 1.20 6.77 40.86 0.66  
17  4/14/15 Spring 6.58 4.73 1.39 37.86 4.91 6 
18  4/15/15 Spring 11.83 26.20 0.45 5.07 0.32  
19  4/19/15 Spring 24.23 9.43 2.57 15.22 3.09  
20  4/20/15 Spring 25.40 10.33 2.46 50.28 0.69 7 
21  4/25/15 Spring 8.55 10.77 0.79 8.27 4.39  
22  4/30/15 Spring 27.43 20.43 1.34 93.37 4.82  
23  5/21/15 Spring 7.11 6.53 1.09 27.31 19.73  
24  6/9/15 Spring 11.98 2.93 4.08 30.19 18.48  
25  6/18/15 Spring 12.45 0.50 24.89 85.57 9.04 8 
26 Peak 6/18/15 Spring 42.67 7.00 6.10 94.83 0.65   
27  6/25/15 Summer 18.03 5.80 3.11 54.91 6.65 9 
28  6/26/15 Summer 17.60 5.80 3.03 19.61 0.93 10 
29  6/27/15 Summer 7.04 4.07 1.73 16.59 0.51  
30  7/3/15 Summer 14.73 2.17 6.80 32.00 0.79  
31  7/5/15 Summer 15.24 1.50 10.16 NA 2.21  
32  7/13/15 Summer 8.14 2.53 3.21 32.54 7.24  
33  7/13/15 Summer 11.83 0.30 39.44 51.77 0.40 11 
34  7/13/15 Summer 4.93 1.07 4.62 13.31 0.25  
35  7/18/15 Summer 4.32 7.23 0.60 28.96 4.59  
36  7/19/15 Summer 3.56 0.17 21.34 24.38 0.76  
37  7/21/15 Summer 10.15 1.03 9.83 56.24 2.10 12 
38  7/23/15 Summer 5.59 0.27 20.96 35.12 1.63  
39  7/31/15 Summer 5.59 0.20 27.94 35.05 7.58  
40  8/6/15 Summer 8.13 3.25 2.50 NA 6.64  
41  8/11/15 Summer 15.99 0.70 22.84 43.89 4.97  
42  8/19/15 Summer 5.84 0.27 21.91 39.62 8.08  
43  8/24/15 Summer 7.62 0.33 22.86 42.67 4.68  
44  8/31/15 Summer 33.27 6.87 4.85 37.22 6.55 13 
45  9/2/15 Summer 10.92 0.43 25.20 49.15 2.57 14 
46  9/9/15 Summer 8.60 6.27 1.37 55.06 6.87  
47  9/10/15 Summer 2.51 1.20 2.10 5.03 0.72  
48  9/24/15 Fall 70.78 65.53 1.08 22.46 13.72  
49  9/28/15 Fall 29.97 22.47 1.33 57.64 1.28  
50  10/1/15 Fall 5.03 2.47 2.04 8.62 1.47  
51  10/1/15 Fall 93.72 59.43 1.58 38.78 0.74  
52  10/10/15 Fall 4.83 4.17 1.16 3.41 6.19  
53  10/27/15 Fall 29.91 42.87 0.70 13.96 16.43  
54  11/1/15 Fall 50.04 46.20 1.08 21.29 3.48 15 
55  11/7/15 Fall 27.43 3.83 7.16 53.59 3.98 16 
56  11/9/15 Fall 35.56 30.17 1.18 23.24 1.67 17 
57  11/19/15 Fall 39.81 9.77 4.08 36.60 8.63  
58  11/29/15 Fall 24.38 33.97 0.72 6.88 10.44  
59  12/14/15 Fall 4.32 6.07 0.71 10.36 13.25  
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Storm 
Number Flagged Date Season Depth Duration Average 

Intensity 

5 Min 
Peak 

Intensity 

Antecedent 
Dry Period 

Water 
Quality 
Sample 

- - - - mm hrs mm/hr mm/hr Days - 
60  12/17/15 Fall 34.22 8.63 3.96 33.06 2.44 18 
61  12/18/15 Fall 2.61 4.93 0.53 5.22 0.50  
62  12/22/15 Winter 30.53 7.10 4.30 26.46 3.77  
63 Peak 12/22/15 Winter 89.56 31.70 2.83 138.42 0.55   
64  12/28/15 Winter 15.61 24.53 0.64 65.14 4.16  
65  12/30/15 Winter 50.89 13.53 3.76 65.14 0.88  
66  12/31/15 Winter 7.12 7.97 0.89 8.14 0.47  
67  1/9/16 Winter 6.35 10.00 0.64 13.34 9.10 19 
68  1/15/16 Winter 6.86 8.07 0.85 6.33 5.37 20 
69 Snow 1/24/16 Winter 24.73 48.23 0.51 5.16 8.50   
70  2/3/16 Winter 32.26 15.00 2.15 67.48 8.09 21 
71  2/15/16 Winter 5.64 5.60 1.01 8.05 11.33  
72  2/16/16 Winter 27.64 7.07 3.91 45.08 0.35  
73  2/22/16 Winter 24.47 17.67 1.39 11.17 6.29  
74   2/24/16 Winter 14.36 14.43 1.00 78.21 0.72 22 
75  3/2/16 Winter 2.62 2.37 1.11 6.28 6.36  
76  3/3/16 Winter 3.66 9.93 0.37 3.14 1.60  
77  3/13/16 Winter 30.20 5.00 6.04 100.47 9.63  
78  3/14/16 Winter 13.73 1.23 11.13 37.88 0.79  
79  3/27/16 Spring 16.66 9.93 1.68 32.24 12.22  
80  3/27/16 Spring 18.81 11.53 1.63 11.28 0.27  
81   3/31/16 Spring 7.79 0.87 8.99 24.18 3.75   

 
Table A-6. Durham RSC hydrologic event data: Peak flow and time to peak 

Storm 
Number US Peak C2 Peak C4 Peak C5 Peak C2 Peak 

Lag 
C4 Peak 

Lag 
C5 Peak 

Lag 
- L/s L/s L/s L/s min min min 
1 17.56 11.33 11.89 11.33 14 20 24 
2 10.12 13.68 11.10 12.08 16 16 16 
3 5.00 0.00 3.10 2.61 NA 88 94 
4 2.02 0.00 3.31 3.70 NA NA NA 
5 8.01 1.95 6.42 8.09 38 42 42 
6 11.06 9.95 10.48 13.02 8 10 12 
7 14.69 16.33 14.84 13.74 8 10 12 
8 2.82 0.00 3.29 2.83 8 10 12 
9 27.72 17.68 25.69 25.82 4 6 8 
10 5.46 0.00 3.79 3.46 4 6 8 
11 11.65 4.21 10.51 10.38 14 16 18 
12 5.80 0.00 1.14 1.38 NA 72 82 
13 6.09 0.03 3.83 4.40 26 32 36 
14 3.53 0.00 1.77 2.44 NA 48 54 
15 35.13 6.83 11.83 10.89 NA 26 26 
16 38.12 25.90 22.30 22.48 NA 22 22 
17 31.96 0.00 4.92 4.43 NA 42 42 
18 4.19 0.00 3.77 3.79 NA 24 30 
19 35.86 39.03 40.93 36.12 6 4 4 
20 100.73 88.22 86.84 80.58 8 2 0 
21 5.70 0.00 2.85 3.26 NA 64 74 
22 141.57 98.22 111.99 99.98 NA 4 0 
23 24.00 0.00 0.74 0.86 NA 62 66 
24 36.60 1.98 6.91 5.92 62 32 34 
25 72.07 27.22 39.55 38.03 36 12 12 
26 248.52 214.97 219.19 248.52 36 12 12 
27 62.28 67.32 65.71 70.99 8 4 4 
28 35.86 33.98 41.26 39.88 22 8 8 
29 21.59 13.38 18.42 17.71 60 12 12 
30 44.80 46.12 50.00 50.95 4 6 6 
31 62.02 62.22 62.03 66.06 18 6 6 
32 14.78 0.00 0.95 1.28 NA 144 146 
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Storm 
Number US Peak C2 Peak C4 Peak C5 Peak C2 Peak 

Lag 
C4 Peak 

Lag 
C5 Peak 

Lag 
- L/s L/s L/s L/s min min min 
33 64.98 62.01 64.09 73.30 4 4 4 
34 13.04 2.46 6.66 7.66 38 36 40 
35 13.52 0.00 0.47 0.56 36 64 62 
36 7.55 0.00 0.19 0.32 48 66 68 
37 60.18 25.72 25.88 31.24 18 18 18 
38 37.54 6.83 15.38 18.70 14 18 18 
39 12.25 0.00 0.35 0.52 NA 62 64 
40 12.25 0.00 1.09 1.02 NA 164 162 
41 75.05 67.32 61.21 71.47 2 2 2 
42 28.04 0.00 1.49 1.22 NA 54 52 
43 33.87 0.00 3.00 3.24 NA 32 32 
44 80.29 71.95 71.24 80.55 2 2 2 
45 71.20 59.95 56.78 60.98 4 6 6 
46 22.64 0.00 1.13 1.13 NA 76 78 
47 1.95 0.00 0.21 0.15 NA 170 170 
48 45.23 49.14 45.86 51.29 2 6 6 
49 155.08 151.87 159.91 163.60 60 120 180 
50 10.87 0.00 4.20 4.55 NA 34 36 
51 74.31 73.06 79.80 87.44 0 0 0 
52 1.62 0.00 1.01 0.75 NA 158 164 
53 26.43 15.81 20.47 21.25 18 24 26 
54 45.23 51.37 58.05 57.94 0 0 2 
55 81.87 78.54 79.20 88.09 0 2 2 
56 22.66 14.99 20.99 20.57 8 0 4 
57 81.87 88.37 81.02 82.15 2 2 2 
58 17.84 12.58 13.04 15.67 14 20 16 
59 3.52 0.00 1.06 0.41 NA 424 444 
60 90.12 80.20 79.80 85.52 0 0 0 
61 8.16 0.00 4.26 3.88 NA 40 40 
62 38.12 38.87 44.55 44.97 4 6 6 
63 341.93 313.03 316.30 341.93 0 0 0 
64 16.92 6.83 12.22 12.39 20 26 28 
65 171.96 162.03 174.02 174.48 0 0 0 
66 12.48 2.89 8.10 8.73 10 24 24 
67 9.01 0.00 5.03 4.88 NA 26 40 
68 5.74 0.00 3.95 4.53 NA 20 30 
69 6.09 0.69 6.26 6.30 NA NA NA 
70 127.78 113.10 116.48 112.67 0 2 2 
71 9.38 0.94 7.34 5.93 16 24 24 
72 139.51 125.04 136.92 133.53 2 2 2 
73 26.17 20.16 22.13 23.20 0 0 4 
74 171.72 157.41 156.29 151.63 0 0 2 
75 2.68 0.00 0.80 0.54 NA 148 148 
76 1.42 0.00 0.99 0.65 NA 176 176 
77 199.07 151.87 151.82 184.61 0 0 0 
78 118.15 97.99 105.39 117.35 2 2 2 
79 46.54 34.94 33.80 32.23 4 8 8 
80 27.72 24.43 27.18 28.51 2 8 6 
81 43.12 37.22 36.66 36.47 2 4 6 
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Table A-7. Durham RSC hydrologic event data: Volume and cumulative run-on 

Storm 
Number 

US 
Volume 

C2 
Cumulative 

Run-On 

C4 
Cumulative 

Run-On 

C5 
Cumulative 

Run-On 

C2 
Volume 

C4 
Volume 

C5 
Volume 

- m3 m3 m3 m3 m3 m3 m3 
1 64.76 0.74 1.39 1.67 13.82 78.24 78.13 
2 226.75 1.88 3.53 4.25 94.97 260.99 284.45 
3 41.74 0.70 1.31 1.57 0.00 27.52 23.64 
4 29.84 0.36 0.67 0.81 0.00 48.85 50.64 
5 89.47 0.44 0.83 1.00 2.70 102.36 101.64 
6 238.54 1.61 3.01 3.63 55.06 229.60 235.15 
7 253.73 2.42 3.96 4.40 112.15 261.69 234.04 
8 68.95 0.36 0.67 0.81 0.00 102.32 83.49 
9 385.59 3.42 5.84 6.66 103.95 437.99 461.37 
10 56.81 0.57 1.07 1.29 0.00 67.95 62.02 
11 166.49 1.46 2.74 3.29 7.94 158.25 161.35 
12 15.11 0.30 0.56 0.67 0.00 8.73 15.15 
13 47.12 0.53 0.99 1.19 0.01 35.14 47.88 
14 19.17 0.36 0.67 0.81 0.00 14.09 22.61 
15 54.16 0.70 1.31 1.57 12.38 52.17 49.72 
16 83.42 0.83 1.49 1.75 53.06 93.15 94.41 
17 50.05 0.55 1.03 1.24 0.00 27.91 24.92 
18 78.86 2.23 3.68 4.10 0.00 84.94 84.28 
19 290.14 3.46 5.91 6.73 160.19 284.83 270.99 
20 360.96 12.96 19.85 21.05 300.84 333.32 382.07 
21 47.37 0.71 1.34 1.61 0.00 38.46 49.66 
22 307.31 4.84 8.03 8.99 231.39 388.51 412.36 
23 18.23 0.59 1.11 1.34 0.00 7.08 7.95 
24 47.84 1.00 1.87 2.25 2.96 22.94 19.81 
25 65.40 1.03 1.94 2.34 27.88 50.52 50.62 
26 400.80 32.84 49.55 51.95 276.86 411.47 444.05 
27 95.61 1.50 2.82 3.39 84.41 122.33 103.16 
28 138.72 5.96 9.33 10.05 99.27 149.71 142.44 
29 65.79 0.61 1.14 1.36 28.68 78.80 67.34 
30 107.15 3.91 6.24 6.80 87.32 129.39 122.28 
31 117.12 1.27 2.38 2.86 47.02 137.80 133.57 
32 15.89 0.68 1.27 1.53 0.00 5.68 8.98 
33 76.61 2.24 3.68 4.10 68.39 75.43 88.15 
34 34.26 0.41 0.77 0.93 3.61 30.50 40.11 
35 7.04 0.36 0.67 0.81 0.00 1.92 3.18 
36 4.83 0.30 0.56 0.67 0.00 1.29 1.22 
37 64.20 0.84 1.59 1.91 29.84 43.80 57.16 
38 44.58 0.46 0.87 1.05 8.06 31.68 45.34 
39 7.44 0.46 0.87 1.05 0.00 1.32 3.80 
40 14.45 0.68 1.27 1.53 0.00 4.07 6.28 
41 86.09 1.34 2.52 3.02 55.22 74.99 87.31 
42 12.48 0.49 0.91 1.10 0.00 4.93 5.69 
43 16.63 0.63 1.19 1.43 0.00 9.39 11.13 
44 237.99 2.77 5.20 6.25 187.91 242.17 255.63 
45 77.00 0.91 1.71 2.05 47.26 82.89 87.60 
46 21.55 0.72 1.34 1.62 0.00 10.83 13.55 
47 4.82 0.21 0.39 0.47 0.00 1.58 2.92 
48 654.13 14.79 24.08 26.65 250.19 538.04 622.30 
49 286.00 17.77 27.05 28.55 197.70 323.51 380.18 
50 24.63 0.42 0.79 0.94 0.00 25.93 27.27 
51 1253.62 104.25 155.84 162.28 778.95 1429.10 1513.97 
52 18.09 0.40 0.75 0.91 0.00 10.65 11.16 
53 276.98 2.49 4.67 5.62 64.69 264.29 261.99 
54 682.17 20.62 31.91 34.09 240.12 712.57 707.04 
55 391.10 4.84 8.03 8.99 301.86 458.92 449.14 
56 583.32 24.14 36.57 38.46 140.94 596.85 579.64 
57 570.97 3.48 6.46 7.73 482.95 561.38 617.53 
58 219.10 2.03 3.81 4.58 40.14 210.05 221.86 
59 20.46 0.36 0.67 0.81 0.00 11.79 8.09 
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Storm 
Number 

US 
Volume 

C2 
Cumulative 

Run-On 

C4 
Cumulative 

Run-On 

C5 
Cumulative 

Run-On 

C2 
Volume 

C4 
Volume 

C5 
Volume 

- m3 m3 m3 m3 m3 m3 m3 
60 472.73 8.58 13.73 15.02 302.38 459.57 457.35 
61 42.61 0.22 0.41 0.49 0.00 40.99 40.67 
62 421.38 6.42 10.44 11.55 232.18 414.19 418.07 
63 1731.57 98.13 146.73 152.83 1359.81 1849.22 1849.48 
64 212.76 1.30 2.44 2.94 12.78 218.99 220.37 
65 1112.62 43.49 65.41 68.44 861.75 1128.05 1173.27 
66 158.37 0.63 1.16 1.39 6.08 164.73 165.47 
67 42.05 0.53 0.99 1.19 0.00 47.21 43.69 
68 50.36 0.57 1.07 1.29 0.00 44.17 56.50 
69 354.75 2.06 3.86 4.65 1.26 367.18 379.42 
70 581.67 2.68 5.04 6.06 379.23 595.39 609.14 
71 66.96 0.47 0.88 1.06 0.96 61.44 48.03 
72 556.46 15.27 23.30 24.64 410.15 578.29 590.93 
73 377.30 2.03 3.82 4.60 151.01 375.83 388.92 
74 354.85 3.68 5.88 6.42 172.74 410.57 399.87 
75 9.56 0.22 0.41 0.49 0.00 9.99 11.29 
76 18.30 0.30 0.57 0.69 0.00 20.80 18.28 
77 376.67 2.51 4.72 5.67 260.67 378.65 411.66 
78 243.75 3.28 5.28 5.79 149.05 261.77 269.91 
79 150.50 1.39 2.60 3.13 49.18 161.81 149.75 
80 325.84 6.92 10.78 11.57 98.97 348.96 344.03 
81 71.31 0.65 1.22 1.46 28.60 72.51 72.35 

*Cumulative run-on values include direct precipitation and run-on from surrounding banks 
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Appendix G: Durham RSC Water Quality Statistics and Raw Data 
 

 

 

 

Figure A-13. Durham RSC concentration box plots for all analytes at four monitored locations 
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Concentration R Code 
 
Concentration R Set Up 
 
# Load needed packages 
library("reshape")  
library("ggplot2")  
library("plyr")  
library("dplyr") 
library("nortest") 
library("lawstat") 
library("PMCMR") 
 
# Read in CSV file and view as data frame (Concentration) 
dur_emc <- read.csv("durrsc_emc.csv", header = TRUE) 
dur_emc$location <- as.factor(dur_emc$location) 
dur_emc$location <- factor(dur_emc$location, 
     levels = c('US', 'P2', 'P4', 'P5'), ordered = TRUE) 
sapply(dur_emc, class) 
 
Concentration Example Code for TP 
 
# Extract just tp dataset and remove NAs 
tp_emc <- dur_emc[c("date", "event", "location", "tp")] 
sapply(tp_emc, class) 
tp_emc.narm <- na.omit(tp_emc) 
 
# Create a boxplot for tp 
bp<-ggplot(tp_emc.narm, 
aes(x=location,y=tp,na.rm=TRUE))+ 
  geom_boxplot(notch=FALSE)+ 
  theme_classic()+ 
  theme(axis.text=element_text(size=8), 
        axis.title=element_text(size=10), 
        plot.title=element_text(size=14, face="bold"))+ 
  theme(legend.position="none")+ 
  labs(x="Location", y="TP (mg/L)", title = "TP") 
bp 
 
# Split the dataset into Inlet, Pool 2, Pool 4, and Outlet sets 
emc.in.tp=subset(tp_emc, tp_emc$location=='US') 
emc.p2.tp=subset(tp_emc, tp_emc$location=='P2') 
emc.p4.tp=subset(tp_emc, tp_emc$location=='P4') 
emc.out.tp=subset(tp_emc, tp_emc$location=='P5') 
 
# Summary Statistics 
summary(emc.in.tp$tp) 
summary(emc.p2.tp$tp) 
summary(emc.p4.tp$tp) 
summary(emc.out.tp$tp) 
 
# Create Paired Datasets: Inlet to Pool 2 
# Merge IN and P2 datasets and create paired differences 
column with NA removed 
in.p2.tp.merge <- merge(emc.in.tp, emc.p2.tp, by="event") 
in.p2.tp.merge$paired <- in.p2.tp.merge$tp.y - 
in.p2.tp.merge$tp.x 
in.p2.tp.merge$log10.paired <- in.p2.tp.merge$log10.tp.y - 
in.p2.tp.merge$log10.tp.x 
in.p2.tp <- na.omit(in.p2.tp.merge) 
in.p2.tp$re <- (in.p2.tp$tp.x - in.p2.tp$tp.y)/in.p2.tp$tp.x*100 
 
Paired datasets also created for In-P4, P4-P5, and In-Out 
 
 

 
Concentration Example Normality Assessment Code – 
TP 
 
# Inlet to Pool 2 
# Histogram and QQ Normality Plot - Raw – Inlet to Pool 2 
hist(in.p2.tp$paired, xlab = "Conc. (mg/L)", main="Raw P2-
IN")  
qqnorm(in.p2.tp$paired, ylab = "Conc. (mg/L)", main = "Raw 
P2-IN")  
qqline(in.p2.tp$paired, col= "red") 
# Normality Tests 
shapiro.test(in.p2.tp$paired)  
lillie.test(in.p2.tp$paired) 
ad.test(in.p2.tp$paired) 
 

 
Shapiro-Wilk: W = 0.9512, p-value = 0.7233 
Kolmogorov-Smirnov: D = 0.226, p-value = 0.2665 
Anderson-Darling: A = 0.27735, p-value = 0.5481 
 
# Histogram and QQ Normality Plot - Log Transformed 
hist(in.p2.tp$log10.paired, xlab = "Log(Conc.) (mg/L)", main 
= "Log P2-IN")  
qqnorm(in.p2.tp$log10.paired, ylab = "log(Conc.) (mg/L)", 
main = "Log P2-IN") 
qqline(in.p2.tp$log10.paired, col= "red") 
# Normality Test - Log Transformed 
shapiro.test(in.p2.tp$log10.paired)  
lillie.test(in.p2.tp$log10.paired) 
ad.test(in.p2.tp$log10.paired) 

 
Shapiro-Wilk: W = 0.88368, p-value = 0.2042 
Kolmogorov-Smirnov: D = 0.26699, p-value = 0.09729 
Anderson-Darling: A = 0.51447, p-value = 0.1309 
 
Normality also assessed for In-P4, P4-P5, and In-Out 
 
 
 
 
 
 
 
 
 
 



 

178 

 
Concentration Normality Assessment Results 
 

Analyte 

Normality 

In - C2 C2 - C4 C4 - C5 In - Out 

TSS Not Nor Log Nor Log Nor Log Nor 

TP Normal Log Nor Not Nor Not Nor 

O-PO4
3- Log Nor Not Nor Log Nor Log Nor 

TN Normal Not Nor Log Nor Not Nor 

TAN Not Nor Log Nor Log Nor Log Nor 

TKN Normal Log Nor Log Nor Log Nor 

ON Normal Not Nor Log Nor Not Nor 

NO2,3-N Normal Not Nor Log Nor Not Nor 

Cu Not Nor Log Nor Not Nor Not Nor 

Pb Not Nor Not Nor Not Nor Not Nor 

Zn Normal Not Nor Log Nor Log Nor 
 
 
Analytes have non uniform distributions, non-parametric 
tests used for consistency. 
 
Concentration Example Symmetry Assessment Code 
  
# Symmetry Test – In to P2 
symmetry.test(in.p2.tp$paired) 
boxplot(in.p2.tp$paired) 
 
Test statistic = -1.1392, p-value = 0.228 
alternative hypothesis: the distribution is asymmetric. 
 
Concentration Symmetry Assessment Results 
 
All datasets found to pass symmetry test. 
 
Concentration Example Significance Test Code 
 
# Significance test In to P2, TP 
wilcox.test(in.p2.tp$tp.y, in.p2.tp$tp.x, paired=TRUE) 
 
Wilcoxon signed rank test 
V = 3, p-value = 0.03906 
alternative hypothesis: true location shift is not equal to 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Concentration Significance Test Results (p-value) 
 
Wilcoxon Signed Rank Test 

Analyte 

Significance 

In - C2 C2 - C4 C4 - C5 In - Out 

TSS 0.008 0.688 0.099 0.028 

TP 0.039 0.402 0.948 <0.001 

O-PO4
3- 0.035 0.016 0.962 <0.001 

TN 0.945 0.553 0.879 0.021 

TAN 0.250 0.142 0.372 0.366 

TKN 0.945 0.578 0.931 0.059 

ON 0.945 0.688 0.777 0.048 

NO2,3-N 0.016 0.578 0.570 0.129 

Cu 0.427 0.462 0.509 0.030 

Pb 0.076 1.000 0.272 0.004 
Zn 0.052 0.400 0.669 <0.001 

 
Concentration Regression Example Code – TP 
 
# Read in CSV file and view as data frame (Concentration) 
data <- read.csv("dur_regression.csv", header = TRUE) 
data$Date <- as.Date(data$Date, format='%m/%d/%Y') 
sapply(data, class) 
 
# Variables 
depth <- data$Depth 
log.depth <- log(depth) 
intensity <- data$Peak.Intensity 
log.intensity <- log(intensity) 
dry <- data$Antecedent.Dry.Period 
log.dry <- log(dry) 
date <- data$Date 
 
# TP 
#Variables 
inflow <- data$TP.US 
outflow <- data$TP.P5 
dif <- inflow - outflow 
re <- (inflow - outflow)/inflow 
ratio <- outflow/inflow 
log.ratio <- log(ratio) 
 
# Exploratory Graphs 
# Scatter plot of removal efficiency vs date 
scatter <- plot(x = date, y = re, 
                xlab = "Date", ylab = "TP RE (%)") 
# Scatter plot of ratio vs date 
scatter <- plot(x = date, y = ratio, 
                xlab = "Date", ylab = "TP Outflow/Inflow") 
# Scatter plot of inflow vs intensity 
scatter <- plot(x = intensity, y = inflow, 
                xlab = "5 min intensity (mm/hr)", ylab = "TP conc 
(mg/L)") 
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# Scatter plot of inflow vs depth 
scatter <- plot(x = depth, y = inflow, 
                xlab = "Depth (mm)", ylab = "TP conc (mg/L)") 
# Scatter plot of inflow vs antecedent dry period 
scatter <- plot(x = dry, y = inflow, 
                xlab = "Antecedent Dry Period (days)", ylab = "TP 
conc (mg/L)") 
 
# Create plots to examine assumptions of linear model 
# Extract residuals from slr 
slr_resid <- resid(slr) 
slr_fitted <- fitted(slr) 
plot(slr_resid) 
residplot <- plot(x = slr_fitted, y = slr_resid,  
                  xlab = "Fitted values", ylab = "Residuals") 
abline(h = 0, lty = "dashed", lwd = 3) 
hist(slr_resid, breaks = 20) 
qqnorm(y = slr_resid) 
qqline(y = slr_resid) 
 
# Non Constant Variance 
 
# log ratio vs log depth 
scatter <- plot(x = log.depth, y = log.ratio, 
                xlab = "Log Depth Log(mm)", ylab = "Log 
Outflow/Inflow") 
# Fit simple linear regression 
slr <- lm(log.ratio~log.depth,data=data) 
summary(slr) 
abline(slr) 
 
# Create plots to examine assumptions of linear model 
# Extract residuals from slr 
slr_resid <- resid(slr) 
slr_fitted <- fitted(slr) 
plot(slr_resid) 
residplot <- plot(x = slr_fitted, y = slr_resid,  
                  xlab = "Fitted values", ylab = "Residuals") 
abline(h = 0, lty = "dashed", lwd = 3) 
hist(slr_resid, breaks = 20) 
qqnorm(y = slr_resid) 
qqline(y = slr_resid) 
 
Residual standard error: 0.1816 on 20 degrees of freedom 
F-statistic: 4.051 on 1 and 20 DF, p-value: 0.0578 
 

 
 
 

 
Concentration: Depth vs Removal Regression Results 
 

Analyte 

Regression Parameters 

R2 
Slope 

P-value Equation 
TSS 0.235 0.048 logR = 0.19logD-0.36 
TP 0.168 0.058 logR = 0.121ogD-0.22 
O-PO4

3- 0.502 0.380  
TN 0.119 0.189  
TAN 0.511 0.292  
TKN 0.129 0.754  
ON 0.143 0.988  
NO2,3-N 0.386 0.125  
Cu 0.153 0.071 logR = 0.06logD-0.11 
Pb 0.283 0.223  
Zn 0.152 0.432  

 
Seasonality Example Code - TP 
 
# Seasonality Graph 
ggplot(data, aes(x = season, y = ratio)) + 
  geom_boxplot(notch=FALSE)+ 
  theme_classic()+ 
  theme(axis.text=element_text(size=8), 
        axis.title=element_text(size=10), 
        plot.title=element_text(size=24, face="bold")) 
  labs(x="Season", y="TP Inflow/Outflow", title = "US to C5") 

 
 
# Non-Parametric ANOVA 
kruskal.test(ratio~season, data=data) 
posthoc.kruskal.dunn.test(x=ratio, g=season, 
p.adjust.method="bonferroni") 
 
Kruskal-Wallis chi-squared = 6.853, df = 3, p-value = 
0.07673 
Pairwise comparisons using Dunn's-test 
              Fall       Spring  Summer 
Spring    0.323    -            -      
Summer 1.000   1.000     -      
Winter    1.000   0.081     1.000 
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Concentration Seasonality Results 
 

Analyte 

Seasonality Parameters 
Chi-Square 

P-Value 
Pairwise 

Comparison 

TSS 0.553 NA 

TP 0.077 
Spring < Winter 

(0.081) 

O-PO4
3- 0.384 NA 

TN 0.414 NA 

TAN 0.393 NA 

TKN 0.482 NA 

ON 0.494 NA 

NO2,3-N 0.107 NA 

Cu 0.331 NA 

Pb 0.133 NA 

Zn 0.058 
Summer < Winter 

(0.11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Load R Code 
 
Load R Set Up 
 
# Load needed packages 
library("reshape")  
library("ggplot2")  
library("plyr")  
library("dplyr") 
library("nortest") 
library("lawstat") 
 
# Read in CSV file and view as data frame (Concentration) 
dur_load <- read.csv("durrsc_load.csv", header = TRUE, 
na.strings = c(NA, "NA","NaN", " ")) 
dur_load$location <- as.factor(dur_load$location) 
dur_load$location <- factor(dur_load$location, 
                        levels = c('US','P5'),ordered = TRUE) 
sapply(dur_load, class) 
 
Load Example Code for TP 
 
# Extract just tp dataset 
tp_load <- dur_load[c("date", "event", "location", "tp")] 
sapply(tp_load, class) 
 
tp_load.narm <- na.omit(tp_load) 
 
# Create a boxplot for tp 
bp<-ggplot(tp_load.narm, aes(x=location, y=tp, fill=location, 
na.rm=TRUE)) + 
  geom_boxplot(notch=FALSE)+ 
  theme_classic()+ 
  theme(axis.text=element_text(size=8), 
        axis.title=element_text(size=10), 
        plot.title=element_text(size=24, face="bold"))+ 
  theme(legend.position="none")+ 
  labs(x="", y="tp (g)", title = "") 
bp 
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# Log base 10 Transformations 
tp_load$log10.tp <- log10(tp_load$tp) 
 
# Split the dataset into Inlet and Outlet Locations 
load.in.tp=subset(tp_load, tp_load$location=='US') 
load.out.tp=subset(tp_load, tp_load$location=='P5') 
 
# Summary Statistics 
summary(load.in.tp$tp) 
summary(load.out.tp$tp) 
 
# Inlet to Outlet 
# Merge IN and OUT datasets and create paired differences 
column with NA removed 
in.out.tp.merge <- merge(load.in.tp, load.out.tp, by="event") 
in.out.tp.merge$paired <- in.out.tp.merge$tp.y - 
in.out.tp.merge$tp.x 
in.out.tp.merge$log10.paired <- in.out.tp.merge$log10.tp.y - 
in.out.tp.merge$log10.tp.x 
in.out.tp <- na.omit(in.out.tp.merge) 
 
Load Example Normality Assessment Code 
 
# Inflow to Outflow 
# Histogram and QQ Normality Plot - Raw 
hist(in.out.tp$paired, xlab = "Conc. (mg/L)", main="Raw US-
P5")  
qqnorm(in.out.tp$paired, ylab = "Conc. (mg/L)", main = 
"Raw US-P5")  
qqline(in.out.tp$paired, col= "red") 
# Normality Test - Raw 
shapiro.test(in.out.tp$paired)  
lillie.test(in.out.tp$paired) 
ad.test(in.out.tp$paired) 

 
Shapiro-Wilk: W = 0.95645, p-value = 0.4211 
Kolmogorov-Smirnov: D = 0.14742, p-value = 0.2442 
Anderson-Darling: A = 0.39298, p-value = 0.3468 
 
# Histogram and QQ Normality Plot - Log 
hist(in.out.tp$log10.paired, xlab = "Log(Conc.) (mg/L)", main 
= "Log US-P5") 
qqnorm(in.out.tp$log10.paired, ylab = "log(Conc.) (mg/L)", 
main = "Log US-P5") 
qqline(in.out.tp$log10.paired, col= "red") 
# Normality Test - Log 
shapiro.test(in.out.tp$log10.paired)  
lillie.test(in.out.tp$log10.paired) 
ad.test(in.out.tp$log10.paired) 
 
 
 
 
 
 

 
 
 

 
Shapiro-Wilk: W = 0.87772, p-value = 0.01093 
Kolmogorov-Smirnov: D = 0.2144, p-value = 0.009769 
Anderson-Darling: A = 0.94947, p-value = 0.01332 
 
Load Normality Assessment Results 
 
Datasets found to have varied distributions non-parametric 
tests used for consistency. 
 
Load Example Symmetry Assessment Code 
  
# Symmetry Test – In to Out Load 
symmetry.test(in.out.tp$paired) 
boxplot(in.out.tp$paired) 
 
Test statistic = -0.80345, p-value = 0.414 
alternative hypothesis: the distribution is asymmetric. 
 
Load Symmetry Assessment Results 
 
All datasets found to pass symmetry test. 
 
Load Example Significance Test Code 
 
# Significance test In to Out Load 
wilcox.test(in.out.tp$tp.y, in.out.tp$tp.x, paired=TRUE) 
 
Wilcoxon signed rank test 
V = 55, p-value = 0.03506 
alternative hypothesis: true location shift is not equal to 0 
 
Load Significance Test Results 
 
Inflow to Outflow Event Load Reduction 
TSS: Signed Rank, V = 81, p-value = 0.1465 
TP: Signed Rank, V = 66, p-value = 0.0500 
SRP: Signed Rank, V = 12.5, p-value = 0.0002286 
TN: Signed Rank, V = 84, p-value = 0.1762 
TAN: Signed Rank, V = 110, p-value = 0.8649 
TKN: Signed Rank, V = 99, p-value = 0.388 
ON: Signed Rank, V = 68, p-value = 0.1032 
NOX: Signed Rank, V = 75, p-value = 0.09841 
Cu: Signed Rank, V = 72, p-value = 0.225 
Pb: Signed Rank, V = 56.5, p-value = 0.1262 
Zn: Signed Rank, V = 24, p-value = 0.0003619 
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Table A-8. Durham RSC water quality data: Sediment and phosphorus 

Date TSS (mg/L)   TP (mg/L)   O-PO4
3- (mg/L) 

US C2 C4 C5   US C2 C4 C5   US C2 C4 C5 
Mean 70.4 57.0 55.7 53.4   0.23 0.21 0.20 0.19   0.05 0.04 0.03 0.03 
Median 54.4 35.5 34.2 36.1   0.20 0.14 0.16 0.16   0.03 0.04 0.02 0.02 
2/2/15 52.0  55.7 67.2  0.20  0.19 0.20  0.02  0.01 0.01 
3/5/15 15.8  18.3 27.8  0.15  0.16 0.17  0.03  0.01 0.01 
3/13/15 8.7  15.6 19.7  0.09  0.07 0.08  0.01  0.01 0.02 
3/19/15 10.6  15.9 17.6  0.10  0.09 0.09  0.02  0.01 0.02 
3/27/15 20.0  24.2 39.7  0.16  0.14 0.07  0.02  0.01 0.01 
4/14/15 56.9  28.8 32.7  0.25  0.17 0.16  0.02  0.01 0.02 
4/20/15 47.9  33.0 34.4  0.20  0.16 0.18  0.02  0.02 0.02 
6/18/15 201.6  110.4 101.6  0.67  0.48 0.49  0.33  0.19 0.14 
6/25/15 67.1  97.7 57.3  0.33  0.32 0.25  0.08  0.02 0.02 
6/26/15 51.0  18.2 22.9  0.18  0.12 0.12  0.04  0.02 0.02 
7/13/15 155.5  120.7 127.5  0.25  0.22 0.22  0.01  0.01 0.01 
7/21/15 129.5  85.9 93.6  0.26  0.22 0.22  0.03  0.02 0.02 
8/31/15 86.6  68.8 62.7  0.25  0.24 0.23  0.08  0.08 0.08 
9/2/15 102.5   96.8  0.28   0.29  0.05   0.02 
11/1/15 34.6 25.6 30.3 37.7  0.15 0.13 0.13 0.13  0.04 0.04 0.03 0.03 
11/7/15 103.6 94.6 99.7 119.2  0.32 0.29 0.31 0.31  0.08 0.06 0.06 0.03 
11/9/15 21.8 13.5 21.0 18.0  0.15 0.14 0.14 0.13  0.07 0.07 0.04 0.04 
12/17/15 72.3 69.0 55.5   0.23 0.23 0.21   0.06 0.06 0.05  
1/9/16 58.2 38.9 30.7 34.3  0.17 0.14 0.11 0.13  0.02 0.01 0.01 0.01 
1/15/16 39.3 27.5  26.0  0.14 0.13  0.12  0.03 0.02  0.02 
2/3/16 178.1 154.4 148.5   0.46 0.47 0.45   0.05 0.03 0.03  
2/24/16 34.8 32.0 35.4 31.9   0.15 0.14 0.14 0.13   0.02 0.01 0.01 0.01 

 

Table A-9. Durham RSC water quality data: Nitrogen 

Date TKN (mg/L)   TAN (mg/L)   NO2,3-N (mg/L) 
US C2 C4 C5   US C2 C4 C5   US C2 C4 C5 

Mean 1.02 0.81 0.93 0.95  0.10 0.07 0.09 0.09  0.19 0.11 0.17 0.18 
Median 0.95 0.76 0.80 0.80   0.08 0.07 0.07 0.07   0.14 0.12 0.12 0.12 
2/2/15 0.84  0.76 0.68  0.08  0.04 0.06  0.16  0.12 0.11 
3/5/15 0.59  0.58 0.64    0.07 0.07  0.14  0.12 0.11 
3/13/15 0.68  0.78 0.65  0.08  0.06 0.04  0.13  0.03 0.03 
3/19/15 0.98  0.68 0.76  0.13  0.04 0.05  0.14  0.10 0.08 
3/27/15 0.92  0.78 1.07  0.10  0.04 0.06  0.18  0.13 0.09 
4/14/15 1.31  1.07 1.05  0.09  0.07 0.07  0.06  0.04 0.03 
4/20/15 1.33  1.08 1.11  0.07  0.07 0.08  0.04  0.03 0.03 
6/18/15 2.49  1.90 2.14  0.44  0.47 0.45  0.46  0.48 0.53 
6/25/15 1.46  1.70 1.59  0.18  0.05 0.06  0.55  0.55 0.49 
6/26/15 1.07  0.89 0.84  0.13  0.09 0.08  0.28  0.21 0.18 
7/13/15 1.17  1.03 1.08  0.08  0.08 0.14  0.34  0.31 0.34 
7/21/15 1.24  1.14 1.11  0.07  0.08 0.06  0.30  0.33 0.38 
8/31/15 0.78  0.64 0.67  0.07  0.08 0.09  0.10  0.11 0.13 
9/2/15 1.14   1.27  0.12   0.06  0.28   0.30 
11/1/15 0.64 0.59 0.68 0.66  0.05 0.05 0.06 0.05  0.11 0.09 0.08 0.09 
11/7/15 1.13 1.11 1.18 1.14  0.05 0.05 0.05 0.07  0.09 0.07 0.08 0.08 
11/9/15 0.60 0.56 0.62 0.61  0.05 0.05 0.05 0.06  0.06 0.05 0.07 0.07 
12/17/15 0.85 0.84 0.81   0.10 0.06 0.07   0.12 0.11 0.14  
1/9/16 0.61 0.67 0.56 0.62  0.05 0.08 0.11 0.11  0.12 0.12 0.11 0.13 
1/15/16 0.71 0.91  0.70  0.10 0.10  0.12  0.14 0.13  0.14 
2/3/16 1.14 1.22 1.16   0.08 0.10 0.11   0.14 0.14 0.13  
2/24/16 0.76 0.58 0.65 0.59   0.09 0.09 0.08 0.08   0.20 0.18 0.19 0.18 
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Table A-10. Durham RSC water quality data: Metals 

TKN Cu (mg/L)   Pb (mg/L)   Zn (mg/L) 
US C2 C4 C5   US C2 C4 C5   US C2 C4 C5 

Mean 0.007 0.007 0.007 0.007   0.004 0.004 0.003 0.003   0.030 0.025 0.024 0.023 
Median 0.007 0.006 0.007 0.007   0.003 0.003 0.003 0.003   0.027 0.020 0.021 0.022 
2/2/15 0.009  0.006 0.007  0.004  0.003 0.003  0.038  0.026 0.030 
3/5/15 0.006  0.006 0.007  0.003  0.003 0.004  0.023  0.024 0.026 
3/13/15 0.007  0.007 0.007  0.001  0.001 0.001  0.024  0.017 0.022 
3/19/15 0.006  0.006 0.006  0.001  0.001 0.001  0.020  0.020 0.016 
3/27/15 0.008  0.008 0.008  0.003  0.002 0.002  0.030  0.026 0.029 
4/14/15 0.008  0.008 0.007  0.003  0.002 0.002  0.029  0.020 0.023 
4/20/15 0.009  0.008 0.008  0.003  0.003 0.003  0.023  0.020 0.017 
6/18/15 0.011  0.010 0.010  0.005  0.004 0.004  0.050  0.036 0.037 
6/25/15 0.007  0.008 0.006  0.003  0.004 0.002  0.027  0.023 0.018 
6/26/15 0.008  0.007 0.006  0.003  0.002 0.001  0.023  0.016 0.013 
7/13/15 0.009  0.008 0.008  0.005  0.005 0.005  0.034  0.023 0.024 
7/21/15 0.009  0.008 0.008  0.005  0.004 0.004  0.032  0.021 0.023 
8/31/15 0.005  0.005 0.005  0.002  0.002 0.001  0.025  0.021 0.020 
9/2/15 0.008   0.008  0.004   0.004  0.043   0.034 
11/1/15 0.006 0.006 0.006 0.006  0.003 0.002 0.002 0.002  0.017 0.019 0.017 0.017 
11/7/15 0.007 0.007 0.008 0.008  0.005 0.002 0.005 0.005  0.029 0.017 0.026 0.026 
11/9/15 0.007 0.007 0.006 0.006  0.004 0.002 0.002 0.002  0.024 0.022 0.019 0.018 
12/17/15 0.006 0.006 0.006   0.004 0.004 0.003   0.026 0.026 0.023  
1/9/16 0.006 0.005  0.006  0.003 0.003  0.003  0.025 0.017  0.021 
1/15/16 0.007 0.005  0.005  0.003 0.003  0.003  0.023 0.018  0.017 
2/3/16 0.011 0.011 0.011   0.010 0.010 0.010   0.060 0.058 0.056  
2/24/16 0.006 0.007 0.006 0.006   0.003 0.003 0.003 0.003   0.027 0.021 0.020 0.021 

 

Table A-11. Durham RSC water quality data: Inter-event grab samples 

Date 
ADP TSS TP O-PO4

3- TKN TAN NO2,3-N Cu Pb Zn 
days mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Mean  47.5 0.2 0.0 1.5 0.5 0.02 0.003 0.002 0.026 
Median   43.2 0.2 0.0 1.4 0.31 0.02 0.003 0.001 0.018 
5/4/15 2.9 32.7 0.17 0.04 1.61 1.59 0.02 0.003 0.001 0.018 
6/1/15 10.9 85.7 0.30 0.01 1.80 0.81 0.02 0.001 0.001 0.024 
7/6/15 0.6 34.1 0.14 0.02 1.15 0.05 0.04 0.006 0.003 0.013 
8/3/15 3.5 80.2 0.26 0.01 2.01 0.24 0.02 0.003 0.003 0.018 
9/8/15 5.5 52.2 0.16 0.02 1.95 0.15 0.01 0.002 0.001 0.058 
10/8/15 4.1 62.7 0.14 0.01 1.19 0.29 0.02    
12/21/15 3.2 12.2 0.13 0.04 1.12 0.65 0.01    
1/5/16 4.8 20.3 0.08 0.03 0.80 0.33 0.02       
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Appendix H: Lake Wheeler RSC Hydrologic Simulation Methodology 

• Calculation of runoff volumes by SCS Discrete Curve Number Method (NRCS, 

2004): 

𝑄 = <=>.@A B

<=>.@A CA
 Eq. H.1 

𝑆 = J>>>
KL

− 100 Eq. H.2 

𝑉 = 254𝑄𝐴 Eq. H.3 

Where, 

 Q = Runoff depth (in) 

 P = Precipitation depth (1 in or 1.5 in) 

 S = Storage (in) 

 CN = Curve number (92) 

 A = Watershed area (0.4 ha) 

 254 = m3/hectare-in conversion 

 V = Runoff volume (m3) 

6. Calculation of peak discharges by TR 55 Graphical Peak Discharge Method 

(Cronshey et al., 1986): 

𝑄a = 𝑄4𝐴P𝑄𝐹< Eq. H.4 

Where, 

 Qp = Peak discharge (cfs) 

 Qu = Unit peak discharge (graphical parameter given Tc, Ia/P, and rain   

     distribution (csm/in) 

 Am  = Drainage area (mi2) 



 

185 

 Q  = Runoff depth (in) 

 Fp = Pond adjustment factor (1.0) 

7. Calculation of center-weighted hydrograph by Malcolm’s Small Watershed Method 

(Malcom, 1989): 

𝑄, =

bc
@
1 − cos £5]

¤c
											0 ≤ 𝑡, ≤ 1.25𝑇a

4.34𝑄a𝑒
=J.¥

Y]
¦c 																								𝑡, > 1.25𝑇a

 Eq. H.5  

 

𝑇a =
U

J.¥¨bc
 Eq. H.6 

Where, 

 Qi = Flow rate at time ti (m3/s) 

 Qp  = Peak discharge (m3/s) 

 ti  = Time since beginning of event (s) 

 Tp  = Time to peak discharge, Qp (s) 

 V = Runoff volume (m3) 

8. Discharge equation for 90° upstream v-notch weir: 

𝑄 = 1380𝐻@.s Eq. H.7 

Where, 

 Q = Flow rate (L/s) 

 H  = Stage above weir invert (m) 
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9. Creation of step-function hydrograph at 10 minute steps: 

Table A-12. Simulated inflow storm hydrograph flow rates and water levels at 10 minute steps 

    25 mm Event   38 mm Event 
Time  Flow Stage  Flow Stage 

T  Q H  Q H 
min   L/s cm   L/s cm 

0 - 10  1.1 5.7  2.2 7.6 
20-Oct  6.7 11.9  13.8 15.8 
20 - 30  12.2 15.1  24.6 20 
30 - 40  11.5 14.7  22.8 19.4 
40 - 50  7.5 12.4  14.7 16.3 
50 - 60  4.7 10.3  9.3 13.5 
60 - 70  3 8.6  5.9 11.2 
70 - 80  1.9 7.2  3.7 9.3 
80 - 90  1.2 6  2.3 7.8 

90 - 100   0.8 5   1.5 6.5 

References 

Cronshey, R. G., McCuen, R. H., Miller, N., Rawls, W., Robbins, S., & Woodward, D. 
(1986). Urban hydrology for small watersheds. Technical Release 55. US Dept. of 
Agriculture, Soil Conservation Service, Engineering Division. 
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Appendix I: Lake Wheeler RSC Nutrient Mixing Procedure 

Grab samples from the retention pond were taken on June 30, 2015, and used to account for 

background nutrient concentrations in the irrigation water.  Concentrations of nutrients in the 

pond and spiked influent concentrations are provided in Table A-13.  Equation A5 was used 

to determine concentrations from the nutrient spike.  Ten nutrient spikes were prepared for 

each storm event, one for each 10-minute time step.  Nutrient spikes were prepared in 10 L 

Nalgene containers and pumped into the inlet weir box at a flow rate of 1 L/min.  The 

volume of each nutrient spike was prepared at 10.5 L to maintain head on the peristaltic 

pump at the end of each 10-minute step.  

𝐶� =
Kªbª¤ª=Kzbz¤z

b�¤�
 Eq. I.1 

 
Where, 

 C = Concentration (mg/L) 

 Q  = Flow rate (L/min) 

 T  = Time (10 min) 

 a  = Stream from retention pond 

 b = Stream from pumped nutrient addition bucket 

 c = Combined stream creating event flow 

Table A-13. Target inflow (Davis et al., 2006) and background pond concentrations used in nutrient 
addition calculations 

Nutrient 
Target Conc. (Cc) Pond Conc. (Ca) 

(mg/L) (mg/L) 
NO2,3-N 0.4 0.01 
TKN 4 0.68 
P 0.5 BDL 
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Using the calculated spike concentration (Cb) for each 10-minute step (Table A-14), the 

weight of chemicals needed to prepare each spike was found (Eq. I.2).  The needed mass of 

each chemical was weighed on a scale, added to the 10-L Nalgene, and dissolved in 10.5-L 

of tap water by shaking. The mass added to each 10-L Nalgene is provided in Table A-14 

(25-mm simulation) and Table A-15 (38-mm simulation), respectively.  

𝑀- = 𝑉 ∙ 𝑋- Eq. I.2 
 
Where, 

 M = Mass (g) 

 V  = Volume (10.5 L) 

 X  = Weight ratio of chemical addition (g N or g P/g chemical): 

 N/glycine: 0.1866 

 N/NaNO3: 0.1648 

 P/Na2HPO4: 0.2181 

 n  = spiked nutrient 

Table A-14. Calculated concentration and mass of chemical additions for 25-mm simulation 

Time Pond 
Flow 

Spike 
Flow 

Spike 
ON 

Spike 
NO3 Spike P Glycine 

10.5 L 
NaNO3 
10.5 L 

Na2HPO4 
10.5 L 

T Qa Qb Cb, ON Cb, NO3 Cb, P Bucket Bucket Bucket 
min L/min L/min mg/L mg/L mg/L g g g 
Sum - - - - - 571.1 66.6 85.4 
10 65 1 216 25 32 12.2 1.4 1.8 
20 404 1 1353 158 202 76.1 8.9 11.4 
30 731 1 2445 285 366 137.6 16 20.6 
40 690 1 2306 269 345 129.7 15.1 19.4 
50 449 1 1502 175 225 84.5 9.9 12.6 
60 284 1 951 111 142 53.5 6.2 8 
70 180 1 602 70 90 33.9 3.9 5.1 
80 114 1 381 44 57 21.4 2.5 3.2 
90 72 1 241 28 36 13.6 1.6 2 
100 46 1 153 18 23 8.6 1 1.3 

 
Table A-15. Calculated concentration and mass of chemical additions for 38-mm simulation 
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Time Pond 
Flow 

Spike 
Flow 

Spike 
ON 

Spike 
NO3 Spike  P Glycine 

10.5 L 
NaNO3 
10.5 L 

Na2HPO4 
10.5 L 

T Qa Qb Cb, ON Cb, NO3 Cb, P Bucket Bucket Bucket 
min L/min L/min mg/L mg/L mg/L g g g 
Sum - - - - - 1137.8 132.7 170.1 
10 133 1 443 52 66 24.9 2.9 3.7 
20 825 1 2760 322 413 155.3 18.1 23.2 
30 1478 1 4942 576 739 278.1 32.4 41.6 
40 1370 1 4581 534 685 257.8 30.1 38.5 
50 885 1 2958 345 442 166.4 19.4 24.9 
60 557 1 1863 217 279 104.9 12.2 15.7 
70 351 1 1174 137 176 66.1 7.7 9.9 
80 221 1 740 86 111 41.6 4.9 6.2 
90 139 1 466 54 70 26.2 3.1 3.9 
100 88 1 294 34 44 16.5 1.9 2.5 
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Appendix J: Lake Wheeler RSC Repeated Measures ANOVA Model and Example SAS 

Code 

Repeated measures ANOVA model to test for differences in analytes based on depth, 

separation and location: 

𝑦,fS = 𝜇 + 𝛼, + 𝛽 + 𝛾f + 𝛼𝛽 , + 𝛼𝛾 ,f + 𝛽𝛾 f + 𝛼𝛽𝛾 ,f + 𝜀,fS Eq. J.1 

Where, 

 i = 1 or 2, index for storm depth (25 mm or 38 mm) 

 j  = 1 or 2, index for antecedent dry period (ADP, 1 day or 3 days) 

 k  = 1, 2, or 3, index for location (IN, OUT, or U/D) 

 l  = 1:12, index for replication 

 yijkl  = Data point for ith depth, jth ADP, kth location, and lth depth 

 µ  = Reference level 

 αi  = Fixed effect for depth (i) 

 βj  = Fixed effect for ADP (j) 

 λk  = Fixed effect for location (k) 

 (αβ)ij  = Depth by ADP interaction 

 (αλ)ik  = Depth by location interaction 

 (βλ)jk  = ADP by location interaction 

 (αβλ)ijk = Depth by ADP by location interaction 

 eijkl = Random effect of within-event error associated with location  

The repeated measures model assumed an unstructured correlation matrix.  For the surface 

flow analysis (volume and peak flow), the underdrain location was not used and the k-term 

only included two indexes. 
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Example SAS code for Lake Wheeler surface flow analysis: 

title "Volume MIXED - Location Repeated Measures Factor"; 
proc mixed data =b method=REML plots(only) =studentpanel; 
class location depth separation event; 
model volume = location | separation |depth; 
repeated location/ subject = depth*separation*event type=un rcorr; 
lsmeans location depth separation/ cl adjust=tukey; 
lsmeans location*separation/ cl adjust=tukey slice = (depth separation); 
run; 

title "Volume MIXED - Location Repeated Measures Factor with Rain Covariate"; 
proc mixed data =b method=REML plots(only) =studentpanel; 
class location depth separation event; 
model volume = rain (separation*location) location | separation |depth/s; 
repeated location/ subject = depth*separation*event type=un rcorr; 
lsmeans location depth separation / at Rain = 0 cl adjust=tukey; 
lsmeans location*separation / at Rain = 0 cl adjust=tukey slice = (depth separation); 
run; 

Example SAS code for Lake Wheeler water quality analysis: 

title "TKN MIXED - Location Repeated Measures Factor"; 
proc mixed data =a method=REML plots(only) =studentpanel; 
class location depth separation event; 
model tkn = location | separation |depth; 
repeated location/ subject = depth*separation*event type=un rcorr; 
lsmeans location depth separation/ cl adjust=tukey; 
run; 
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Appendix K: Lake Wheeler RSC Raw Data with Evapotranspiration and Volume Loss 

Equations 

Table A-16. Lake Wheeler RSC hydrologic data: Volume and estimated evapotranspiration 

Run 
Number Date Depth ADP 

Inter-
event 

Rainfall 

IN 
Volume 

OUT 
Volume 

U/D 
Volume 

Estimated 
ET 

Volume 
Lost 

- - mm days mm m3 m3 m3 m3 m3 
Sum - - - 67.06 546.86 249.63 146.41 1.48 149.57 
1 10/26/15 25 1 0 30.85 6.42 11.03 0.08 13.34 
2 10/29/16 25 3 8.64 30.78 3.34 10.20 0.18 17.09 
3 11/1/16 38 3 4.06 59.50 30.63 13.91 0.20 14.80 
4 11/4/16 25 3 22.10 30.61 5.89 11.03 0.11 13.59 
5 11/5/16 38 1 0.00 61.01 38.31 12.51 0.04 10.15 
6 11/11/16 38 3 32.26 61.25 37.81 13.16 0.17 10.14 
7 11/14/16 25 3 0 30.57 3.10 11.45 0.27 15.79 
8 11/15/16 25 1 0 30.79 8.59 11.38 0.06 10.77 
9 11/16/16 38 1 0 60.77 40.29 12.30 0.05 8.14 
10 11/17/16 38 1 0 60.02 36.27 13.13 0.06 10.57 
11 11/18/16 24 1 0 31.13 9.04 12.44 0.07 9.58 
12 11/21/16 38 3 0 59.60 29.95 13.88 0.19 15.61 

 
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐸𝑇 = 𝑆𝐴 ∙ fª∙o¤W^

]_³
J>>>

 Eq. K.1 

Where, 

 Estimated ET = Event evapotranspiration (m3) 

 SA  = RSC surface area (35.8 m2) 

 i  = Days since start of simulation (n = 1 day or 3 days) 

 kc  = Crop coefficient late season rye grass hay, kc = 1.00 (mm) 

     (Allen et al., 1998)  

 ETo = Daily Penman-Monteith reference evapotranspiration (mm)  

     (Allen et al., 1998) retrieved from North Carolina State Climate Office  

     site id: LAKE (NCSCO, 2015) 
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𝑉𝑜𝑙𝑢𝑚𝑒	𝐿𝑜𝑠𝑡 = 𝐼𝑁 − 𝑂𝑈𝑇 − 𝑈/𝐷 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐸𝑇 Eq. K.2 

Where, 

 Volume Lost = Estimated volume lost due to system leaks (m3) 

 IN  = Surface inflow volume (m3) 

 OUT  = Surface outflow volume (m3) 

 U/D  = Subsurface outflow (underdrain) volume (m3) 

Table A-17. Lake Wheeler RSC hydrologic data: Peak flow 

Run 
Number Date Depth ADP IN Peak OUT 

Peak U/D Peak 

- - mm days L/s L/s L/s 
1 10/26/15 25 1 12.3 1.48 0.418 
2 10/29/16 25 3 12.3 0.725 0.432 
3 11/1/16 38 3 24.7 12.6 0.473 
4 11/4/16 25 3 12.6 1.27 0.386 
5 11/5/16 38 1 25.3 14.3 0.452 
6 11/11/16 38 3 25.3 13.2 0.452 
7 11/14/16 25 3 12.3 0.627 0.386 
8 11/15/16 25 1 12.5 1.66 0.386 
9 11/16/16 38 1 24.6 15.7 0.362 
10 11/17/16 38 1 25.2 14.8 0.362 
11 11/18/16 24 1 13.2 2.1 0.362 
12 11/21/16 38 3 24.9 11.4 0.425 
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Table A-18. Lake Wheeler RSC water quality data: Nitrogen 

Date 
TKN (mg/L)   TAN (mg/L)   NO2,3-N (mg/L) (mg/L) 

IN OUT U/D   IN OUT U/D   IN OUT U/D 
Mean 3.93 3.78 0.81   1.24 1.31 0.25   0.40 0.41 1.37 
Median 3.89 3.77 0.81   0.85 1.03 0.22   0.39 0.42 1.47 
10/26/15 3.83 3.76 0.81  0.15 0.19 0.14  0.39 0.39 0.48 
10/29/16 4.07 3.61 1.04  0.63 2.37 0.40  0.37 0.33 0.85 
11/1/16 3.84 3.78 1.06  0.48 0.44 0.33  0.37 0.37 1.22 
11/4/16 3.57 3.32 0.83  1.84 0.85 0.20  0.43 0.44 0.52 
11/5/16 3.99 3.83 0.80  1.89 0.98 0.37  0.42 0.42 0.93 
11/11/16 3.94 3.81 0.68  0.76 0.58 0.13  0.39 0.39 1.57 
11/14/16 4.34 4.42 0.84  0.37 0.59 0.16  0.37 0.43 2.24 
11/15/16 4.23 3.91 0.70  0.64 1.09 0.19  0.42 0.43 1.50 
11/16/16 3.80 3.70 0.66  1.83 1.91 0.24  0.39 0.42 1.48 
11/17/16 3.77 3.60 0.78  2.45 2.59 0.31  0.38 0.40 1.47 
11/18/16 3.85 3.77 0.81  2.87 2.62 0.35  0.39 0.44 1.59 
11/21/16 3.96 3.86 0.66   0.94 1.48 0.20   0.42 0.43 2.55 

 
Table A-19. Lake Wheeler RSC water quality data: Phosphorus 

Date 
TP (mg/L)   O-PO4

3- (mg/L) 
IN OUT U/D   IN OUT U/D 

Mean 0.56 0.56 0.09  0.49 0.49 0.06 
Median 0.56 0.56 0.09   0.50 0.49 0.06 
10/26/15 0.55 0.56 0.08  0.52 0.51 0.05 
10/29/16 0.57 0.55 0.08  0.50 0.38 0.05 
11/1/16 0.54 0.55 0.09  0.50 0.51 0.05 
11/4/16 0.56 0.59 0.08  0.47 0.50 0.05 
11/5/16 0.56 0.57 0.08  0.46 0.48 0.06 
11/11/16 0.54 0.56 0.08  0.52 0.52 0.06 
11/14/16 0.59 0.65 0.10  0.60 0.67 0.07 
11/15/16 0.61 0.60 0.10  0.54 0.56 0.07 
11/16/16 0.53 0.53 0.09  0.46 0.46 0.07 
11/17/16 0.54 0.53 0.11  0.41 0.38 0.08 
11/18/16 0.52 0.53 0.12  0.40 0.41 0.09 
11/21/16 0.56 0.56 0.10   0.52 0.49 0.08 
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