
 

ABSTRACT 

PRICE, WILLIAM DIXON.  Dune Infiltration Systems for Treating Coastal Stormwater 
Runoff.  (Under the direction of Dr. Michael R. Burchell.) 

 

Increased development of coastal regions has led to less area for the infiltration of 

runoff, resulting in higher storm flows and pollutant loadings.  In many coastal towns, such 

as Kure Beach, N.C., antiquated stormsewers discharge this stormwater, untreated, onto the 

beach or into the ocean where swimmers often congregate.  Monitoring by the N.C. 

Recreational Water Quality Program (N.C. RWQ) has revealed high levels of fecal indicator 

bacteria at many such outfalls, as well as other locations along the state’s coast.  These 

indicator bacteria are associated with the presence of other pathogens that may cause various 

illnesses in humans.  Thus, when indicator bacteria sample concentrations surpass the state’s 

allowable maximum level, the N.C. RWQ issues a swimming advisory to warn the public of 

the health risks.  Therefore, in a proactive move to reduce the amount of discharge onto the 

beach, treat the polluted runoff, and diminish the number of swimming advisories, the Town 

of Kure Beach and the N.C. Department of Transportation set out to install stormwater Best 

Management Practices (BMPs) throughout the town.  However, due to several constraints, 

including the highly limited and expensive coastal property, it was determined that traditional 

BMPs would be inadequate and that a new type of BMP was needed.  Thus, with sandy soils 

underlying the town’s vast dune system, a new in-situ sand filter device was investigated. 

In conjunction with the N.C. State Biological and Agricultural Engineering 

Department, two Dune Infiltration Systems (DISs) were constructed within the town’s sand 

dunes (Sites L and M).  The systems operated by diverting stormwater into a series of 

subsurface, open-bottomed chambers that temporarily stored water, while the stormwater 



 
 

infiltrated through the sand, filtering bacteria.  The infiltrated stormwater then mixed with the 

groundwater and flowed laterally towards, and into, the ocean.  Because such a system had 

never before been used, a two-year investigative field study was performed (Bright, 2007).  

Results from this investigation supported continued use and monitoring, thus an intensified, 

three-year study was implemented.  This longer-term study included the addition of a control 

site and increased water table elevation and groundwater monitoring.  Additionally, results of 

this intensified study prompted the construction and short-term monitoring of a new system 

(Site K) which was placed in a more impervious watershed and included various design 

changes. 

At the conclusion of these two studies, the results continued to show that each DIS 

performed efficiently, capturing a combined 97% of the stormwater at Sites L and M and 

80% at Site K.  In addition, untreated stormwater bacteria levels entering each site remained 

high, as nearly 83% of all samples exceeded the state allowable maximum concentration.  

Meanwhile, the median groundwater concentrations at each site were > 97% lower than their 

respective stormwater medians.  Further, the study site groundwater concentrations at the 

dune-beach interface were well below the state maximum for contact waters and were similar 

to levels found in a nearby control dune.  Lastly, dune hydrology monitoring revealed only 

short-term impacts, lasting from hours to several days, due to infiltration of stormwater.   

Overall these studies supported continued use, monitoring, and future implementation 

of DISs.  Through this research, several design, construction, and maintenance 

recommendations were realized, which could be implemented in potential future systems.
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CHAPTER 1 

INTRODUCTION 

 

Continued increases in U.S. coastal populations, 40 million people between 1960 and 

2008 (Wilson and Fischetti, 2010), have resulted in increased urban development and 

therefore less area available for the infiltration of stormwater runoff.  The subsequent 

increase in runoff volumes led to the amplification of hydraulic and pollutant loading to 

receiving waters, resulting in water quality degradation and concern for recreational use in 

and on these waters.  Of particular concern to coastal communities is the discharge of 

untreated stormwater onto the beach and into the ocean.  According to the N.C. Recreational 

Water Quality Program (N.C. RWQ) (2008), this water often contains high levels of fecal 

bacteria that are known to cause ear, eye, and skin infections, respiratory disease, and 

stomach related illness in humans (N.C. RWQ, 2008).  Therefore, shortly after storm events, 

ocean swimmers are at risk of coming in contact with the bacteria-laden waters. 
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GOVERNMENT REGULATION OF RECREATIONAL WATERS 

 

Due to recreational water contamination and concern over human health, stormwater 

management has become a priority of federal, state, and local government officials.  Through 

federal legislation, the U.S. Environmental Protection Agency (EPA) and state governments 

regulate the discharge of contaminants into recreational waters and monitor them for several 

water quality parameters, including fecal indicator bacteria. 

 

The Clean Water Act 

Protection of waters within the U.S. largely began in 1972 with the Clean Water Act 

(CWA), which established enforceable water quality criteria for surface waters and the 

discharge of contaminants into receiving bodies (U.S. EPA, 2008c).  The goal of these 

standards was “restoring and maintaining the chemical, physical, and biological integrity of 

the nation’s waters so that they [could] support the protection and propagation of fish, 

shellfish, and wildlife, and recreation in and on the water” (U.S. EPA, 2008b).  During the 

CWA’s infancy, enforcement and monitoring focused on point-source pollution due to its 

systematic “program-by-program, source-by-source, pollutant-by-pollutant approach” (U.S. 

EPA, 2008b).  By the 1980s, nonpoint source pollution, such as urban stormwater, was 

realized to contribute significantly to water quality degradation, forcing the government to 

address these sources of pollution.  In addition, the discovery of bacterial contamination of 

storm- and recreational waters led the government to adjust the CWA to mandate that the 
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EPA develop acceptable fecal indicator bacteria ranges for recreational waters.  In turn, the 

EPA directed each state to set its own criteria by either “adopt[ing] [the EPA’s] 

recommended criteria, modify[ing] [the EPA’s] recommended criteria to reflect site-specific 

conditions, or adopt[ing] criteria that [were] as protective as [the EPA] recommendation 

based on scientifically-defensible methods” (U.S. EPA, 2008a).  However, by 2000 several 

states had failed to establish monitoring standards, prompting further action by the federal 

government. 

 

Recreational Water Quality Monitoring in North Carolina 

In response to several states failing to enact recreational water standards for fecal 

indicator bacteria, the federal government passed the Beach Environment Assessment and 

Coastal Health Act (BEACH Act) that again mandated states to comply with federal 

regulations (U.S. EPA, 2000).  With this new directive, North Carolina established standards 

for the fecal indicator bacteria, enterococci, and instructed the N.C. RWQ to monitor the 

state’s 240 recreational beaches.  These standards differentiated between beaches, and thus 

monitoring intensity and maximum allowable concentration, by their frequency of use and 

geographic location through a three-tiered system (Table 1-1).  The regulations dictated that 

all ocean front beaches and those with daily use would require the most stringent monitoring 

and thus were classified as Tier I beaches.  Less frequented beaches were determined to need 

less strict monitoring and were designated as Tier II.  The least used beaches were 

categorized as Tier III.  All beaches from each tier were to be monitored year-round for 
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single sample concentrations of enterococci.  Furthermore, Tier I beaches, the most 

frequented sites, were also to be monitored for their geometric mean concentration.  This 

monitoring included consideration of the geometric mean of five samples, collected evenly 

spaced over each month during the summer season (May 1st - September 30th). 

 

Table 1-1.  North Carolina beach tier designations, descriptions, and maximum allowable 
enterococci concentrations (Dorfman and Rosselot, 2008).  The N.C. RWQ also considers the 
monthly geometric mean between May and September for Tier I beaches.  The maximum 
allowable mean is 35 MPN/100 mL. 
 

Beach 
Tier Use and Beach Locations 

Single Sample 
Maximum  

Enterococci 
Concentration 
(MPN/100 mL) 

Number 
of Sites 

I 

·  7 days/week (high/everyday use) 
·  Accessed by swimmers and watercraft 
·  Includes all ocean-front beaches, 

regardless of use 
·  Next to resorts, public accesses, and 

summer camps 

104 92 

II 

·  3 days/week (medium/weekend use) 
·  Accessed normally by watercraft 
·  Along the intracoastal waterway, tidal 

creeks, and exposed shoals 

276 104 

III 

·  4 days/month  
(low/infrequent use) 

·  Full-body human contact is rare 
·  Special event usage (athletic events, etc.) 

500 44 

 
 
 

The primary purpose of sampling recreational waters for indicator bacteria 

concentrations was to notify the public when potential health hazards existed near the sample 

area.  Therefore, when such conditions existed, the N.C. RWQ warned the public through 
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swimming advisories (Appendix A) and by placing warning signs near the sample area (Fig. 

1-1).  In addition, permanent signs were placed near several stormwater beach outfalls in lieu 

of the temporary warning signs (Fig. 1-2). 

 
 

 
 

Figure 1-1.  N.C. RWQ swimming advisory sign (Image used with permission from N.C. 
RWQ, Morehead City, N.C.). 

 
 
 

 
Figure 1-2.  Permanent stormwater discharge warning sign (Image used with permission 
from N.C. RWQ, Morehead City, N.C.). 
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Fecal Indicator Bacteria 

Due to the difficult and expensive nature of testing waters for various pathogens and 

bacteria, monitoring agencies, such as the N.C. RWQ, monitor recreational waters for fecal 

indicator bacteria.  Commonly used indicator bacteria include fecal coliforms, E. coli, and 

enterococci.  These bacteria are used because they typically do not survive well outside of a 

host or within the natural environment.  Additionally, use of a single indicator bacterium is 

less expensive than testing for multiple organisms and the laboratory procedures used to test 

for such species are typically easier to perform and less time consuming. 

The N.C. RWQ (2008) tests coastal waters for enterococci, which are not a threat to 

human health; however, their presence has been correlated with the existence of other 

bacteria and pathogens that are harmful to humans.  The N.C. RWQ (2004) defines 

enterococci as “gram positive, coccoid-shaped bacteria that are found in the intestinal tracts 

of warm-blooded animals that include Enterococcus faecalis, Enterococcus faecium, 

Enterococcus avium, and, Enterococcus gallinarium”. 

Fecal indicator bacteria concentrations have been shown to be correlated with several 

climate and hydrologic factors (Hathaway et al., 2010).  The authors examined stormwater 

runoff from a residential neighborhood in Raleigh, N.C. and compared it with several climate 

factors.  Firstly, their results indicated that the concentrations of each species were highest 

during the spring and summer, though were not always significantly higher than in the fall 

and winter.  Enterococci had no significant seasonal concentration trends (all p > 0.05) while 

fecal coliforms were significantly lower during the winter months, as compared to other 
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seasons (all p < 0.05 when compared to winter) (Hathaway, et al., 2010).  E. coli 

concentrations were highest in the spring and significantly higher than the concentrations 

observed during the fall and winter (both p < 0.05).  Further, Hathaway et al. (2010) found 

significant correlations (p < 0.05) between fecal indicator bacteria concentrations and 

stormwater peak flowrate, antecedent moisture conditions, air temperature, relative humidity, 

and other various climate factors.   

Though not believed to be explicitly studied to date, anthropologic influences on 

stormwater bacteria concentrations could include seasonal tourism, among other possible 

factors.  Coastal towns experience a large increase in vacationers during warmer months and 

with these tourists come their pets and higher generation of food wastes, which often become 

a food source for wild animals.  Therefore, increases in animal activity may lead to more 

deposition of animal wastes, and thus higher bacteria concentrations. 
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BACTERIAL CONTAMINATION OF RECREATIONAL WATERS 

 

Bacterial contamination of recreational waters is of particular concern due to the risk 

of full-body contact with polluted waters, greatly increasing chances of contracting serious 

illness.  These concerns are often greater for coastal areas, due to ocean swimming and 

because reports of hazardous waters or illnesses may decrease tourism, a major contributor to 

local economies. 

 

Sources of Bacteria in Storm and Recreational Waters 

Bacterial contamination of recreational waters can typically be attributed to 

stormwater and wastewater.  Stormwater enters these waters via stormsewers and direct 

runoff from the land.  Wastewater may enter recreational waters through sewer or septic tank 

leaks, overflows, or malfunctions.  Additionally, many municipalities utilize combined sewer 

overflows (CSOs) which combine storm and sanitary sewers.   

 

Wastewater Contamination of Storm and Recreational Waters 

In addition to leaks or malfunctions of sanity sewers, normal operation of septic 

systems and their associated drain fields may release high levels of bacteria into the 

surrounding groundwater.  Sanity sewer malfunctions stem from failures at the treatment 

plant, runoff intrusion into the system causing overflows, and pipe failures.  Fortunately, 

malfunctions in these systems are rare; however, CSOs and sewer outfalls can still pose risks 



 
 
 
9 

to swimmers and fishermen.  Therefore, North Carolina prohibits fishing and swimming at 

all sewer outfall locations and no CSOs are in operation within the state (Potts, 2003).   

Though direct discharge of raw sewage into recreational waters is limited, untreated 

wastewater may still be found in stormwater.  A study by Ram et al. (2007) in Ann Arbor, 

MI, was conducted using “sequence-based bacterial source tracking technology” and 

considered birds, humans, pets, and raccoons as bacteria sources.  The authors discovered 

that human waste was found in six of ten samples and could typically account for up to 50% 

of the contamination source in some stormwater samples (one trial showed humans were 

100% attributable, which the authors determined to be a statistical outlier).   

 

Stormwater Contamination of Recreational Waters 

According to the North Carolina Division of Water Quality (N.C. DWQ, 2008), 

stormwater is North Carolina’s principal water quality problem.  Stormwater is responsible 

for transporting not only fecal bacteria, but nutrients, heavy metals, hydrocarbons, and 

sediments, to receiving water bodies, often resulting in downstream water quality 

degradation.  The sources of bacteria in stormwater are typically the wastes of warm-

blooded, domesticated and non-domesticated animals, which include pets, vermin, and birds 

(Hathaway and Hunt, 2008).  

State regulations typically require stormwater management and treatment via Best 

Management Practices (BMPs) on newly developed sites; however, sites developed before 

such regulations are often not required to treat their stormwater.  This issue is often seen in 
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coastal towns that have stormwater beach outfalls.  These outfalls discharge untreated 

stormwater onto the beach and into the ocean, where beach users often congregate (Fig. 1-3).  

One such town is Kure Beach, N.C., which has 22 stormwater beach outfalls.  Monitoring by 

the N.C. RWQ has shown elevated bacteria levels in the ocean at Kure Beach, as well as at 

other beaches throughout the state.   

 
 

 
 

Figure 1-3.  Stormwater beach outfall in Kure Beach, N.C.  Note the direct contact that 
occurred during discharge. 
 
 
 
Bacterial Contamination of Recreational Waters in North Carolina 

Coastal counties in the U.S. account for only 8% of the 3,142 counties nationwide, 

but for 29% of the nation’s population (Wilson and Fischetti, 2010).  In addition, these areas 

attract millions of tourists and billions of tourism dollars each year, fueling the economies of 

coastal towns.  In North Carolina alone, the coastal region attracts nearly 15 million tourists 
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each year (Potts, 2003), adding almost $2.3 billion and 29,000 jobs to the economy (N.C. 

Department of Commerce, 2010).   

The quality of recreational waters in North Carolina has been of concern in the past, 

as monitoring results yielded sample concentrations above the state maximums.  In fact, 

between 2003 and 2009, North Carolina was ranked from 3rd to 26th, with respect to lowest 

exceedance rate, among 30 states conducting recreational water quality monitoring 

(Dorfman, 2004, 2005, 2006; Dorfman and Stoner, 2007; Dorfman and Rosselot, 2008, 2009, 

2010).  According to the N.C. RWQ’s (2010a) monitoring results, the state single sample 

maximum for enterococci was exceeded by 1.0% - 2.9% during each year of this period 

(Table 1-2).  In addition, geometric mean results from Tier I beaches showed exceedance 

rates ranging from 0.8% - 4.8%.   

 

Table 1-2.  N.C. RWQ (2010a) enterococci monitoring results for all beach tiers between 
2003 and 2009.  Single sample results were for all beach tiers, year round.  An exceedance 
was considered a sample concentration surpassing the maximum allowable listed in Table 1-
1.  Geometric mean results for Tier I beaches, May 1st through September 30th.  An 
exceedance was considered a geometric mean surpassing 35 MPN/100 mL. 
 

Year 

Single Sample Results Geometric Mean Results 

Number of 
Exceedances 

Number 
of 

Samples 

Exceedance 
Rate  
(%) 

Number of 
Exceedances 

Number 
of 

Means 

Exceedance 
Rate  
(%) 

2003 175 5989 2.92 102 2129 4.79 
2004 109 5979 1.82 86 2125 4.05 
2005 85 5859 1.45 15 2005 0.75 
2006 112 5869 1.91 57 1920 2.97 
2007 60 5882 1.02 17 1950 0.87 
2008 66 6148 1.07 21 2324 0.90 
2009 104 6309 1.65 50 2467 2.03 
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Though the exceedance rates appear to be quite low, their impact, in terms of 

swimming advisories, was much larger, as they lead to 2,951 days of advisories (Table 1-3). 

While potentially protecting the public from contact with contaminated waters, swimming 

advisories could lead vacationers to avoid certain beaches, damaging local and state 

economies and reputations.  Evidence of such an issue was exemplified in the 1990s when 

pfiesteria levels in the Neuse River in North Carolina resulted in numerous fish kills, leading 

many people to the idea that, “all of North Carolina’s coastal waters were unsafe for the 

consumption of seafood or swimming” (Potts, 2003).   

 
 
Table 1-3.  North Carolina swimming advisories for all beach tiers between 2003 and 2009  
(N.C. RWQ, 2010b). 
 

Year 
Days of Advisories for Beach Tier: Total Number 

of Days I II III 
2003 862 6 6 874 
2004 623 7 3 633 
2005 187 9 0 196 
2006 387 24 39 450 
2007 179 5 9 193 
2008 147 13 8 168 
2009 403 21 13 437 
Total 2788 85 78 2951 

 
 
 

Additionally, the 24 hr lag time between sample collection and result reporting still 

leaves opportunities for swimmers to come in contact with potentially hazardous levels of 

fecal bacteria.  Further, the state’s monitoring program does not address the needs of 

reducing discharge onto beaches or treating polluted runoff. 
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To mitigate health risks and potential losses in tourism, solutions such stormwater 

BMPs are needed to treat and/or prevent the discharge of bacteria-laden stormwater onto 

public beaches and into recreational waters.  However, the design and installation of BMPs in 

developed areas, especially along the coast, is often challenging.  This is due to a lack of 

available property, the high cost associated with coastal property, a lack of government 

regulations enforcing stormwater treatment from existing developments, and the ability for 

traditional BMPs to effectively and efficiently treat a large enough proportion of the 

stormwater to have positive impacts on water quality. 
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STORMWATER BEST MANAGEMENT PRACTICES 

 

In an effort to control stormwater quantity and improve water quality, stormwater 

BMPs are often implemented throughout developments, towns, and watersheds.  The N.C. 

Division of Water Quality (N.C. DWQ, 2007) recognizes two classes of BMPs:  structural 

and non-structural.  Each class offers unique solutions to stormwater treatment and is 

typically best utilized when included during the initial site design; however, both can be 

employed post-construction to address water quality concerns. 

 

Non-Structural Best Management Practices 

Non-structural BMPs are program, policy, and/or procedure based methods that 

attempt to maintain source control, by preventing or reducing the release of pollutants into 

runoff.  Examples include public education efforts, pet waste disposal regulations, proper 

lawn and agricultural fertilizer use, street cleaning programs, and garbage disposal 

regulations.  These BMPs are often less expensive and potentially more effective in some 

areas than structural BMPs; however, they often suffer due to a lack of public cooperation or 

the presence of pre-existing water quality problems.  In such cases, structural BMPs are often 

implemented to resolve water quality problems.   

 



 
 
 

15 

Structural Best Management Practices 

Structural BMPs are systems designed and constructed to treat stormwater runoff 

before being discharged into natural water bodies.  Each type of structural BMP is typically 

designed to treat multiple pollutants; however, flow reduction and volume capacity vary 

between each.  Examples of pollutants that can be treated using structural BMPs include 

nutrients, sediment, fecal bacteria, and heavy metals.   

The N.C. DWQ recognizes several different structural BMPs for stormwater 

treatment, each of which is outlined in the N.C. DWQ’s Stormwater BMP Manual (N.C. 

DWQ, 2007).  Types include dry detention basins, wet detention basins, stormwater 

wetlands, bioretention cells, grassed swales, and sand filters (N.C. DWQ, 2007).  The N.C. 

DWQ credits each BMP with certain pollutant removal ratings and characterizes each 

according to several design considerations (Tables 1-4a and 1-4b).  The most important 

aspects to consider when selecting a BMP are its pollutant removal ratings and flow 

control/storage abilities.  Other factors, such as watershed area and required space are also 

important because these may limit or prohibit the use of certain BMPs, depending on site 

constraints.  Factors such as community acceptance and safety may also affect BMP 

selection, as residents living near BMPs prefer safe and aesthetically pleasing systems 

located near their property.  Coastal towns wishing to treat fecal bacteria laden stormwater 

would particularly consider BMPs with adequate fecal bacteria removal ratings, such as those 

listed in the following tables. 

 



 
 
 

16 

Table 1-4a.  Characteristics and facts of several BMPs used in North Carolina  
(N.C. DWQ, 2007). 

 

BMP 
Flow 

Control  

Fecal 
Removal 
Ability 

High 
Temperature 

Concern 

Size of 
Drainage 

Area 

Space 
Required 

Bioretention Possible High Med Small High 
Stormwater Wetland Yes Med High Small-Large High 
Wet Detention Basin Yes Med High Med-Large High 

Sand Filter Possible High Med Small Low 
Dry Detention Basin Yes Med Med Small-Large Med 

 
 
 

Table 1-4b.  Characteristics and facts of several BMPs used in North Carolina  
(N.C. DWQ, 2007). 

 

BMP 
Construction 

Cost 
Maintenance 

Level 
Safety 

Concerns 
Community 
Acceptance 

Bioretention Med-High Med-High No Med-High 
Stormwater Wetland Med Med-High Yes Med 
Wet Detention Basin Med Med-High Yes Med 

Sand Filter High High No Med 
Dry Detention Basin Low Low-Med Yes Med 

 
 
 

Complementing the qualitative fecal bacteria removal ratings in Table 1-4a, 

Hathaway et al. (2009), during a study of several BMPs in North Carolina, found removal 

ratings for fecal coliforms of -20 to -45% (an increase in concentration) for two dry detention 

basins, 70% for a wet detention basin, 56% to 98% in two stormwater wetlands, and 89% via 

a bioretention cell.  Barret (2003) reported a fecal bacteria removal rating of 65% for sand 

filters, while Galli (1990) reported a rating of 76%. 
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Best Management Practice Selection for Treating Discharge from Stormwater Beach 
Outfalls in Kure Beach, N.C. 
 

In the early 2000s, the Town of Kure Beach and the N.C. Department of 

Transportation (N.C. DOT) came together in a proactive move to install BMPs throughout 

the town to reduce the amounts of fecal bacteria and stormwater discharge onto the beach.  

Officials from both parties considered several BMP alternatives, many of which can be found 

in Tables 1-4a and 1-4b.  The bacterial contamination of the stormwater in Kure Beach 

required the BMP to have a high fecal bacteria removal rate, and an infiltration type system 

was preferred to reduce discharge onto the beach.  Through consideration of these factors and 

the available BMPs, it was determined that the highly limited and expensive coastal property 

prohibited the town from installing enough of the needed types of BMPs to have a true 

impact on water quality and flow mitigation.  Therefore, a new end-of-pipe, infiltration style 

BMP was needed.  Thus, with the sandy soils near the outfalls, officials decided to examine 

the use of a new, in-situ sand filter device.  

 

Sand Filter Best Management Practices 

Traditional stormwater sand filter BMPs provide treatment as stormwater infiltrates 

and percolates through a layer of sand.  Sand filters are typically designed for water quality 

treatment and have little storage volume.  The N.C. DWQ (2007) credits sand filters with a 

high fecal bacteria removal rating, in addition to 85% total suspended solids (TSS), 35% total 

nitrogen (TN), and 45% total phosphorus (TP) removal rates (N.C. DWQ, 2007).   
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Traditional systems include open and closed filters.  Open systems consist of an 

exposed sand bed, to where stormwater is directed, filtered, then discharged through an 

underdrain or into sub-soils.  Closed systems, often placed underneath parking lots, are 

typically two-chambered concrete boxes.  Stormwater is directed into a settling chamber and 

then into a sand chamber, where it infiltrates through the sand and is subsequently 

discharged.  Closed sand filters are normally designed for drainage areas of < 0.4 ha - 20 ha 

(1 ac – 50 ac) and to capture the first flush (U.S. EPA, 1999).  The first flush, originally 

presented by Donald Grisham in 1995, is the idea that “most of the event load is transported 

in the initial part of the event discharged volume” (Taebi and Droste, 2004).  In design terms, 

the first flush is correlated to a depth of rainfall, which is usually 12.7 mm - 38 mm (0.5 in - 

1.5 in).  For example, in Delaware, 92% of storm events are 25 mm (1 in) or less, thus in an 

effort to treat as much stormwater as possible the Delaware sand filter is typically designed 

to capture the runoff associated with this rainfall depth (U.S. EPA, 1999).  In Wilmington, 

N.C, located approximately 25 km (15 mi) northwest of Kure Beach, 90% of storm events 

have rainfall totals up to 56.9 mm (2.24 in) (Bean, 2005). 

Therefore, with Kure Beach’s sandy soils and vast system of sand dunes, N.C. DOT 

and N.C. State University officials decided to examine the use of a modified sand filter 

within the dunes to treat stormwater.  This new BMP, the Kure Beach Dune Infiltration 

System (DIS), consisted of a diversion device that directed water into a series of subsurface, 

open-bottomed chambers buried in the dunes.  The system temporarily stored stormwater, 

while allowing it to infiltrate through the sand dunes, filtering bacteria.  The basic principles 
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of sand filtration were used by the DIS, but unlike traditional sand filters, this system utilized 

in-situ soils.  The vertical and lateral transport of stormwater through the sand trapped 

bacteria through natural physical and chemical processes, while other processes contributed 

to the die-off of bacteria within the dunes.  Additionally, dilution of the stormwater also 

decreased the bacteria concentrations due to the immense amounts of groundwater beneath 

the dunes. 
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TRANSPORT AND FATE OF FECAL BACTERIA THROUGH NATURAL POROUS M EDIA  

 

The success of the DIS was dependent upon the removal of bacteria from infiltrating 

stormwater and then die-off to avoid accumulation in the groundwater.  The transport of 

bacteria through porous media is a complex process.  Numerous studies on the transport, 

adsorption, and removal of bacteria in soils have been performed; however, results are often 

mixed, and sometimes contradictory.  Similarly, research into the fate of bacteria in natural 

marine environments has also yielded mixed results and is most likely even less understood 

than the transport of bacteria through soils. 

 

Transport of Fecal Bacteria Through Porous Media 

As bacteria travel through porous media, several processes induce interactions 

between the soil matrix and bacteria.  Though not completely understood, bacteria transport 

through soils is thought to be a function of Brownian forces, buoyancy, cell and soil surface 

charges, hydrophobicity, cell shape, cell size, hydrodynamics, gravity, ionic strength, soil 

grain size, pore space geometry, and surface coatings (Torkzaban et al., 2008; Weiss et al., 

1995).  Torkzaban et al. (2008) found that pore space geometry and the resulting 

hydrodynamics were instrumental in removing bacteria from flow-through sand columns.  

The study showed hydraulically disconnected regions near grains, around grain contact 

points, and behind soil gains.  These areas were described as “immobile zones contain[ing] 

an infinite set of nested ring vortices that [could] significantly [contribute] to bacteria 
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retention” (Torkzaban et al., 2008).  The authors also noted that these zones were most likely 

distributed throughout the soil matrix, lending to the idea that this process may play a major 

role in bacteria retention within the soil. 

Other researchers have cited bacteria removal from flow to be multi-causal, involving 

physical and chemical adsorption processes (Corapcioglu and Haridas, 1984; Ginn et al., 

2002; Lawrence and Hendry, 1996; Weber, 1972).  Weber (1972) stated that physical 

removal was, in part, due to Van der Waals forces between the microbe and soil.  Straining, 

another physical removal mechanism, was defined by Corapcioglu and Haridas (1984) as 

removal from flow due to a bacterium being larger than the pore it encountered.  Chemical 

interactions between microbes and soil particles were thought to include rearrangement of 

polymers, macromolecules, and other cell structures within the bacterium as it approached a 

soil particle, resulting in an attractive force and therefore retention of bacteria (Ginn et al., 

2002). 

Studies, such as those by Weiss et al. (1995), examined the effect of cell-shape on 

bacteria transport through sand columns.  Weiss et al. (1995) discovered that long, rod-

shaped cells, as opposed to more rounded cells, were more likely to be removed from flow; 

however, other factors, such as hydrophobicity, also affected removal.  The effects of 

bacterial hydrophobicity were examined by Huysman and Verstraete (1993), who found a 

positive correlation between hydrophobicity and adherence to soil particles.  In summary, the 

authors discovered that as hydrophobicity increased from 2% to 93%, adhesion to sand 

particles increased from 20% to 90% (Table 1-5). 
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Table 1-5.  Effects of hydrophobicity on the adhesion of bacteria to soil particles  
(Huysman and Verstraete, 1993). 

 

Strain 
Hydrophobicity 

(%) 

Adhesion to: (%) 

Sand 
Clay 
Loam 

E. Coli 2 20 93.6 
L. plantarum 17 23 94.6 

Streptococcus faecalis 93 94 99.9 
L. fermentum 73 85 99.4 

 
 
 

In addition to these studies, several researchers have examined the removal of 

bacteria in flow-through sand columns (Abu-Ashour and Abu-Zreig, 2005; Bright, 2007; 

Bright et al., 2010; Garbrecht et al., 2009; Jiang et al., 2007; Mankin et al., 2007; and 

Powelson and Aaron, 2001).  The removal rates found during several of these studies varied 

from 20% - 98% (Bright et al., 2010; Mankin et al. 2007; Garbrecht et al., 2009).  Jiang et al. 

(2007) and Powelson and Aaron (2001) found that the air-water interface retained a 

significant amount of bacteria during unsaturated flow conditions.  Abu-Ashour and Abu-

Zreig (2005) stated that interstitial velocity played a major role in bacteria adsorption to soils.  

The authors determined that high velocities could prevent bacteria adsorption and dislodge 

adsorbed bacteria from the soil.  Using soil collected from the DIS project site, Bright et al. 

(2010) found similar results in a flow-through column experiment.  In fact, the authors 

discovered a significant (p < 0.01) correlation between seepage rate and effluent total 

coliforms counts. 
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These experiments have shown several processes that remove bacteria from flow in 

porous media.  The removal rates in sandy soils were highly variable among and between the 

research trials and conclusive findings for the variation have been, to this point, unobtainable.  

The major processes that appeared to remove bacteria included sorption to soil particles, 

straining, hydraulic capture, and interactions with the air-water interface.  The DIS would 

likely employ each of these mechanisms to remove bacteria from infiltrating stormwater.  

However, for the DIS to be successful, bacteria must not only be removed from flow, but the 

concentrations must also be reduced within the dunes to avoid accumulation, potential 

flushing, and release back into the groundwater and ocean. 

 

Fate of Fecal Bacteria in Natural Soil Media 

Research studies of bacterial fate in natural media have included laboratory and field 

studies, using sterile and natural marine media.  These studies often found mixed results, 

which could be attributed to experimental error and studying bacteria in laboratory settings, 

which could not consistently mimic natural processes. 

The permanent removal of bacteria within marine soils, according to Mitchell (1968), 

is partially due to competition for limited nutrients, heavy metal toxicity, natural toxins, 

predation, natural antibiotics, and natural die-off.  According to Mitchell (1968), these 

processes caused E. coli to follow a die-off curve that began with a lag phase, then a 90% kill 

rate in three to five days.  Furthermore, Mitchell (1968) stated that non-marine organisms 

introduced into a marine environment are likely killed by predator organisms or die-off due 
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to natural processes, but that high loads of non-marine organisms may overwhelm a local 

biosystem, resulting in some bacteria survival.  This could be the case immediately following 

stormwater discharge into the ocean.  Such research was performed by Wait and Sobsey 

(2001), using Atlantic Ocean seawater.  The study was conducted using laboratory and field 

settings during all four seasons.  The findings were mixed; however, bacteria die-off 

occurred faster, for the most part, in the field experiments.  The laboratory study showed a 

mean of 3.5 days to achieve a 90% kill of E. coli while the field study produced a mean of 

1.75 days (Tables 1-6a and 1-6b).   

 
 

Table 1-6a.  Field study of microbe reduction in natural seawater (Wait and Sobsey, 2001). 
 

 
  Days for 90% reduction of bacteria in natural seawater 

Microbe 

Season Winter Spring Summer Autumn 
Mean 

°C 4-7.5 19-22 22-24 18-20 
Depth 

(m) 
3 10 3 10 3 10 3 10 3 10 

E. coli B 3.4 2.8 1.8 1.2 4 3.4 0.9 1 2.5 1 
Salmonella typhi 1.8 3.3 1.4 1.4 1.4 1.4 3.7 3.5 2.1 3.5 

Poliovirus 1 7.1 6.6 (no data) (no data) 2.6 1.5 1.7 0.8 3.8 3 
 
 
 

These studies revealed the importance of preventing the discharge of untreated 

bacteria into the ocean as some bacteria are able to survive for several days in the marine 

environment.  Thus immediately following a storm event, and potentially up to a few days, 

ocean swimmers could be at risk of coming in contact with fecal bacteria 
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Table 1-6b.  Laboratory study of microbe reduction in natural seawater (Wait and Sobsey, 
2001). 

 

Microbe 
Days for 90% reduction of bacteria in natural seawater 

°C Winter  Spring Summer Fall Mean 

E. coli B 

6 2 8.5 6.9 4.7 5.5 
12 0.9 5.5 4.4 3.8 3.7 
20 1 7.3 2.1 2.7 3.3 
28 0.9 0.9 0.9 2.5 1.3 

Salmonella 
typhi 

6 12.6 18.5 21.2 14.5 16.7 
12 5 10.5 7.4 7.5 7.6 
20 2.9 4.5 4.7 3.1 3.8 
28 2.4 2.7 2.8 2.5 2.6 

Poliovirus 1 

6 10 7.5 1.8 10.5 7.5 
12 5 6.4 1.9 0.8 3.5 
20 2 3.1 1 1 1.8 
28 1.5 2.1 1 1.8 1.6 

 
 

Hartz et al. (2008) studied E. coli and enterococci in sterile and natural sand columns 

when wet and dry.  The researchers autoclaved some columns to observe the bacteria without 

the effects of natural predators, while the natural marine columns were not autoclaved in 

order to examine the effects of natural processes and organisms.  The authors reported 

bacteria survival in generations, or doublings of populations within four days (Table 1-7).  

Through their studies, Hartz et al. (2008) found that bacteria survived well in both the dry 

and wet sterile columns, doubling nine and 11 times for E. coli and enterococci, respectively.  

Bacteria were less viable in the natural sand columns, with no doublings of population 

observed.  It was noted that die-off eventually occurred in most columns.   
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Table 1-7.  Bacteria generation in sterile and natural sand columns (Hartz et al., 2008). 
 

Moisture Regime 
Bacteria cell doublings in four days 

E. coli Enterococci 
Dry Sand 11 9 
Wet Sand 11 9 

Natural Dry Sand (no data) 0 
Natural Wet Sand 0 0 

 
 
 

Hartz et al. (2008) attributed the increased survival in the sterile columns due to 

biofilms on the soil particles, UV protection, and nutrients attached to soil particles.  The 

authors stated die-off was due to limited nutrients, nutrient competition, and predation in 

natural columns.  Bright et al. (2010) also compared autoclaved and bacteria-spiked flow-

through columns during an infiltration and bacteria removal laboratory study.  The authors 

simulated local rainfall patterns by running a flow-through trial every three days, using sand 

collected from the dunes in Kure Beach.  Six columns were filled with autoclaved sand and 

on each third day, autoclaved stormwater from a watershed in Raleigh, N.C. was poured 

three into columns and autoclaved stormwater spiked with E. coli was poured into the 

remaining three columns.  The effluent was analyzed for Total Coliforms (TC) after each 

trial.  The authors observed TC concentration reduction rates ranging from 26% to 99.9+%. 

Other experiments examining the natural state were conducted by Anderson et al. 

(2005) and Desmarais et al. (2002).  Both studies found that bacteria were less able to survive 

in natural marine environments.  Anderson et al. (2005) used mesocosms to study the effects 

of natural conditions on bacteria taken from dog feces, wastewater, and soil inoculums.  Both 
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saltwater and freshwater were used in their experiments.  The authors published decay rates 

for each combination of variables (Table 1-8).  It was found that bacteria were less viable in 

saltwater, as seen by the more negative decay rates, as opposed to freshwater. 

 
 

Table 1-8.  Bacteria decay rates in various environments (Anderson et al., 2005). 
 

Water 
Type 

Media 

Decay Rates  
(water: log10(CFU/100 mL)/day, sediment: log10(CFU/100 g)/day) 

Dog Feces Wastewater Soil Inoculum Overall  
FC Entero. FC Entero. FC Entero. FC Entero. 

Fresh 
Water -0.37 -1.49 -0.27 -0.31 -0.08 -0.39 -0.24 -0.73 

Sediment -0.03 -0.29 -0.03 -0.21 -0.02 -0.16 -0.02 -0.22 

Salt 
Water -3.8 -4.2 -4.2 -1.05 -0.83 -0.99 -0.29 -2.1 

Sediment -0.65 -3.1 -3.1 -0.22 -0.28 -0.01 -1.3 -1.1 
 
 
 

In summary, the DIS and subsequent infiltration through the dunes would be expected 

to trap fecal bacteria via sorption, straining, hydraulic capture, and chemical processes.  

Environmental factors, such as predation, competition for limited nutrients, and toxicity, 

would then result in the die-off of fecal bacteria.  The die-off of bacteria would be ideal for 

systems such as the DIS to prevent accumulation within the groundwater, as it would be short 

sighted to solve one contamination issue while creating another.  However, as outlined in the 

previous sections, treatment via a DIS would likely reduce the high stormwater bacteria 

concentrations, once infiltrated into the dunes.  Further, the natural marine environment 

within the ocean would be expected to quickly assimilate the presumed lower bacteria 

concentrations, effectively solving the stormwater bacteria contamination issue. 
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INITIAL STUDY OF THE K URE BEACH DUNE INFILTRATION SYSTEM 

 

The investigation into treating stormwater from beach outfalls with Dune Infiltration 

Systems began in 2005 with a background study at two potential sites in Kure Beach, N.C. 

(Bright, 2007).  Stormwater and groundwater at both sites were monitored for fecal indicator 

bacteria levels and water table elevation recording was performed within each set of dunes.  

The background study results showed that stormwater fecal coliform levels exceeded the 

state limit (200 CFU/100 mL) during each of the four storms monitored, reaching as high as 

22,300 CFU/100 mL.  Meanwhile, fecal coliform levels in the groundwater beneath the 

dunes remained well below the state standard for contact waters.  Water table monitoring 

during this period showed that the groundwater remained at least 2.5 - 3 meters (8 - 10 ft) 

below the dune’s surface, with the only exceptions occurring during tropical storm events, 

when tidal surges temporarily raised the elevations by up to 2 m (6.6 ft). 

Following the background study, two DISs were constructed in 2006 and monitored 

for nine months.  The systems were installed in the dunes along Atlantic Avenue, at the 

intersections with L (Site L) and M Avenues (Site M).  Post-construction monitoring by 

Bright (2007) revealed that the systems captured a combined 97% of the stormwater runoff 

from the two watersheds, with Site L capturing all associated flows.  Despite the diversion of 

stormwater into the sand dunes, the water table was only impacted during and shortly after 

storm events, rising by as much as 1.5 m (4.9 ft) during Tropical Storm Ernesto, and rapidly 

receded within a few hours to days.  The temporary water table rises were expected due to 
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the infiltration of stormwater via the DIS and were not problematic.  Fecal coliform 

monitoring revealed median influent stormwater concentrations of 7,100 CFU/100 mL and 

9,000 CFU/100 mL, at Sites L and M respectively.  During the same period, the groundwater 

fecal coliform median concentrations were much lower at 1 CFU/100 mL and 3 CFU/100 

mL, at Sites L and M respectively.  Post-construction stormwater and groundwater samples 

were also analyzed for enterococci, as discussed in Chapters 2 and 3.  Statistical analyses 

showed that pre-construction and post-construction groundwater fecal indicator bacteria 

levels were not significantly different.  However, Bright (2007) did note that many of the 

highest stormwater and groundwater fecal bacteria concentrations occurred late in the study 

period.  This may have been due to numerous factors, including: 

 

1. Higher fecal bacteria survival during warmer months.  The latter portion of the 
Bright (2007) study occurred during the summer and fall months. 
  

2. Increases in fecal bacteria sources due to tourism during the warmer months, as 
vacationers often bring pets and generate food wastes/sources that may attract 
non-domesticated animals.  Increased animal activity may lead to more fecal 
waste deposited within a watershed. 

 
3. Increases in storm size and frequency near the end of the study, leading to higher 

fecal bacterial loading. 
 
4. Temporary fecal bacteria overloading of the dunes resulting in bacterial survival. 
 
 
 
Overall, the study by Bright (2007) supported the notion that the DIS was a 

constructible and financially feasible coastal stormwater BMP that greatly reduced 

stormwater discharge onto the beach and effectively removed bacteria from infiltrating 
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stormwater, without producing adverse effects on dune hydrology or groundwater quality.  

However, due to the limited and conservative monitoring approach of this study, and because 

such a system had never before been used or studied, there existed a need for continued 

monitoring to ensure that no long-term adverse effects were caused by the system.  

Furthermore, the initial investigative study could not be used to accurately extrapolate 

findings to future DIS implementations and sites.  Therefore, an intensified, longer-term 

study of the two DISs was implemented.  This new study included the addition of a control 

site, expanded water table monitoring from upslope of the systems to the dune-beach 

interface, and replication of groundwater sampling wells at each site.  In addition, a third 

system, Site K, was constructed in 2009 and monitored for one year to investigate several 

design changes and the effects of capturing runoff from multiple outfalls from a more 

impervious watershed.  
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OBJECTIVES 

 

Long-Term Study of the Site L and M Dune Infiltration Systems 

The purposes of implementing the Dune Infiltration Systems were to reduce 

stormwater discharge onto the beach and fecal bacteria concentrations.  Achieving these 

goals would reduce the likelihood of human contact with polluted water and prevent the 

discharge of high bacteria concentrations into the ocean.  However, for the system to be 

considered an effective BMP, the DIS must have attained these without causing long-term 

impacts on groundwater quality or dune hydrology.  Therefore, the objectives of the three-

year study at Sites L and M were: 

 
 
1. Determine the long-term impacts of stormwater infiltration on dune hydrology , 

with respect to long-term water table elevations and trends 
 

2. Determine the long-term impacts of stormwater infiltration on groundwater 
quality, with respect to fecal indicator bacteria, via accumulation in the 
groundwater and sand surrounding the DIS. 

 
3. Provide guidance and recommendations for future studies and potential 

implementation of the DIS at future locations. 
 
 
 
Short-Term Study of the Site K Dune Infiltration System 

The one-year study of the DIS at Site K was implemented to examine various design 

changes and to evaluate the system’s performance under higher hydraulic and bacterial 

loadings.  The objectives of the one-year study at Site K were: 
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1. Examine DIS performance under higher hydraulic loading, in terms of stormwater 
capture efficiency. 
 

2. Examine DIS performance under higher bacterial loading, with respect to fecal 
indicator bacteria. 
 

3. Determine effectiveness of diverting multiple storm pipes to one system and use 
of two inputs in each bank of chambers. 

 
4. Identify impacts of placing the system closer to the water table. 

  



 
 
 

33 

REFERENCES 

 

Abu-Ashour, J. and Abu-Zreig M. 2005. Effect of Interstitial Velocity on the Adsorption of  
Bacteria onto Soil. Adsorption Science & Technology 23(7): 535-542. 

 
Anderson, K., J. Whitlock, and V. Harwood. 2005. Persistence and Differential Survival of 

Fecal Indicator Bacteria in Subtropical Waters and Sediments.  Applied and 
Environmental Microbiology 72(7): 3041-3048. 

 
Barrett, M. 2003. Performance, Cost, and Maintenance Requirements of Austin sand filters. 

Journal of Water Resources Planning and Management 129(3): 234–242. 
 
Bean, E. 2005. A Field Study to Evaluate Permeable Pavement Surface Infiltration Rates, 

Runoff Quantity, Runoff Quality, And Exfiltrate Quality. M.S. Thesis, North Carolina 
State University, Biological and Agricultural Engineering Department. 

 
Bright, T. 2007. An Examination of a Dune Infiltration System’s Impact on Coastal 

Hydrology and Bacteria Removal. M.S. Thesis, North Carolina State University, 
Biological and Agricultural Engineering Department. 

 
Bright, T., J. Hathaway, W. Hunt, F. de los Reyes, and M. Burchell. 2010. Impact of Storm-

Water Runoff on Clogging and Fecal Bacteria Reduction in Sand Columns. Journal 
of Environmental Engineering 136(12): 1435-1441. 

 
Corapcioglu, M. and A. Haridas. 1984. Transport and Fate of Microorganisms in Porous 

Media:  A Theoretical Investigation. Journal of Hydrology 72(1-2): 149-169. 
 
Desmarais, T., H. Solo-Gabriele, and C. Palmer. 2002. Influence of Soil on Fecal Indicator 

Organisms in a Tidally Influenced Subtropical Environment. Applied and 
Environmental Microbiology 68(3): 1165-117. 

 
Dorfman, M. 2004. NRDC:  Testing the Waters 2004. New York, NY: National Resource 

Defense Council. 
 
Dorfman, M. 2005. NRDC:  Testing the Waters 2005. New York, NY: National Resource 

Defense Council. 
 
Dorfman, M. 2006. NRDC:  Testing the Waters 2006. New York, NY: National Resource 

Defense Council. 
 



 
 
 

34 

Dorfman, M. and K. Rosselot. 2008. NRDC:  Testing the Waters 2008. New York, NY: 
National Resource Defense Council. 

 
Dorfman, M. and K. Rosselot. 2009. NRDC:  Testing the Waters 2009. New York, NY: 

National Resource Defense Council. 
 
Dorfman, M. and K. Rosselot. 2010. NRDC:  Testing the Waters 2010. New York, NY: 

National Resource Defense Council. 
 
Dorfman, M. and N. Stoner. 2007. NRDC:  Testing the Waters 2007. New York, NY: 

National Resource Defense Council. 
 
Galli, F. 1990. Peat-Sand Filters: A Proposed Stormwater Management Practice for Urban 

Areas. Washington, D.C: Metropolitan Washington Council of Governments.  
 
Garbrecht, K., G. Fox, J. Guzman, D. Alexander. 2009. E coli Transport Through Soil 

Columns: Implications for Bioretention Cell Removal Efficiency. Transactions of the 
ASABE 52(2): 481-486. 

 
Ginn, T., B.  Wood, K. Nelson, T. Scheibe, E. Murphy, and T. Clement. 2002. Processes in 

Microbial Transport in the Natural Subsurface. Advances in Water Resources 25(8-
12): 1017-1042. 

 
Hartz, A., M. Cuvelier, K. Nowosielksi, T. Bonilla, M. Green, N. Esiobu, D. McCorquodale, 

and A. Rogerson. 2008. Survival Potential of Escherichia coli and Enterococci in 
Subtropical Beach Sand:  Implications for Water Quality Managers. Journal of 
Environmental Quality 37(3): 898-905. 

 
Hathaway, J. and W. Hunt. 2008. Urban Waterways:  Removal of Pathogens in Stormwater. 

Raleigh, N.C.:  North Carolina Cooperative Extension Service. 
 
Hathaway, J., W. Hunt, and O. Simmons. 2010. Statistical Evaluation of Factors Affecting 

Indicator Bacteria in Urban Storm-Water Runoff. Journal of Environmental 
Engineering 136(12): 1360-1368. 

 
Hathaway, J. W. Hunt, and S. Jadlocki. 2009. Indicator Bacteria Removal in Storm-Water 

Best Management Practices in Charlotte, North Carolina. Journal of Environmental 
Engineering 135(12): 1275-1285. 

 
Huysman, F. and W. Verstraete. 1993. Water-Facilitated Transport of Bacteria in 

Unsaturated Soil Columns:  Influence of Cell Surface Hydrophobicity and Soil 
Properties. Soil Biology and Biochemistry 25(1): 83-90. 



 
 
 

35 

Jiang, G., M. Noonan, G. Buchan, and N. Smith. 2007. Transport of Escherichia Coli 
Through Variably Saturated Sand Columns and Modeling Approaches. Journal of 
Contaminant Hydrology 93(1-4): 2-20. 

 
Lawrence, J. and Hendry M. 1996. Transport of Bacteria Through Geologic Media. Canadian 

Journal of Microbiology 42(4): 410-422. 
 
Mankin K., L. Wang, S. Hutchinson, and G. Marchin. 2007. Escherichia Coli Sorption to 

Sand and Silt Loam. Transactions of the ASABE 50(4): 1159-1165. 
 
Mitchell R. 1968. Factors Affecting the Decline of Non-Marine Micro-Organisms in 

Seawater. Water Research 2(8): 535-543. 
 
N.C. Department of Commerce. 2010.  2009 County Tourism Statistics by Economic 

Development Region.  Raleigh, N.C.:  N.C. Department of Commerce. 
 
N.C. DWQ. 2007. Stormwater Best Management Practices Manual. Raleigh, N.C.: N.C. 

Division of Water Quality. 
 
N.C. DWQ. 2008. Coastal Rule Revisions 2008. Raleigh, N.C.: N.C. Division of Water 

Quality. 
 
N.C. RWQ. 2004. Coastal Recreational Waters Monitoring, Evaluation, and Notification. 

Morehead City, N.C.: N.C. Recreational Water Quality Program. 
 
N.C. RWQ. 2008. The Facts:  Recreational Water Quality Monitoring in North Carolina.  

Morehead City, N.C.: N.C. Recreational Water Quality Program. 
 
N.C. RWQ. 2010a. N.C. RWQ Monitoring:  Sampling Data.  Morehead City, N.C.: N.C. 

Recreational Water Quality Program.  Available at:  
http://www.deh.enr.state.nc.us/shellfish/index.htm. Accessed 30 August 2010. 

 
N.C. RWQ. 2010b. N.C. RWQ Monitoring:  Swimming Advisories.  Morehead City, N.C.: 

N.C. Recreational Water Quality Program.  Available at:  
http://www.deh.enr.state.nc.us/shellfish/index.htm. Accessed 30 August 2010. 

 
Potts, J. 2003. North Carolina Beach Monitoring Project Quality Assurance Project Plan. 

Morehead City, Nc.: N.C. Recreational Water Quality Program. 
 
Powelson, D. and M. Aaron. 2001. Transport of Escherichia coli in Sand Columns with 

Constant and Changing Water Contents. Journal of Environmental Quality 30(1): 
238-245. 



 
 
 

36 

Ram, J., B. Thompson, C. Turner, J. Nechvatal, H. Sheehan, and J. Borbin. 2007. 
Identification of Pets and Raccoons as Sources of Bacterial Contamination of Urban 
Storm Sewers Using a Sequence-Based Bacterial Source Tracking Method. Water 
Research 41(16): 3605-3614. 

 
Taebi, A. and R. Droste. 2004. First Flush Pollution Load of Urban Stormwater. Journal of 

Environmental Engineering and Science 3(4): 301-309. 
 
Torkzaban, S. 2008. Transport and Fate of Bacteria in Porous Media:  Coupled Effects of 

Chemical Conditions and Pore Space Geometry. Water Resources Research 44: 1-12. 
 
U.S. EPA. 1999. Storm Water Technology Fact Sheet:  Sand Filters. Washington, D.C.: U.S. 

EPA. 
 
U.S. EPA. 2000.  BEACH Act.  Washington D.C.: U.S. EPA. Available at: 

http://water.epa.gov/lawsregs/lawsguidance/beachrules/act.cfm. Accessed 10 Sep 
2010. 

 
U.S. EPA. 2008a. Bacteria Rule for Coastal and Great Lakes Recreation Waters.  

Washington D.C.: U.S. EPA. Available at: 
http://epa.gov/waterscience/beaches/rules/bacteria-rule.htm. Accessed 10 Aug 2010. 

 
U.S. EPA. 2008b. Clean Water Act Module. Washington, D.C.: U.S. EPA. Available at: 

http://epa.gov/watertrain/cwa/. Accessed 10 Aug 2010. 
 
U.S. EPA. 2008c. Summary of CWA. Washington, D.C.: U.S. EPA. Available at: 

http://www.epa.gov/regulations/laws/cwa.html. Accessed 10 Aug 2010. 
 
Wait, D. and M. Sobsey. 2001. Comparative Survival of Enteric Viruses and Bacteria in 

Atlantic Ocean Seawater. Water Science and Technology 43(12): 139-142. 
 
Weber W. 1972. Physicochemical Processes for Water Quality Control. New York, N.Y.: 

Wiley-Interscience. 
 
Weiss, T., Aaron, G. Hornberger, and J. Herman. 1995. Effect of Bacterial Cell Shape on 

Transport of Bacteria in Porous Media. Environmental Science & Technology 29(7): 
1737-1740. 

 
Wilson, G. and Fischetti, R. 2010.  Coastline Population Trends in the United States: 1960 to 

2008.  Washington, D.C.: U.S. Census Bureau. 
 



 
 
 

37 

CHAPTER 2 

LONG-TERM STUDY OF TWO DUNE INFILTRATION  
SYSTEMS IN KURE BEACH, N.C. 

 
INTRODUCTION  

 

In addition to being home to 29% of the U.S. population (Wilson and Fischetti, 2010), 

coastal areas attract millions of tourists and add billions of dollars to the economy each year.  

The popularity of these areas has led to increased urban development, reducing the amount of 

pervious area available for the infiltration of stormwater runoff.  With less infiltration, 

stormwater volumes, peak flowrates, and pollutant loadings increased, resulting in 

downstream water quality degradation.  In many coastal towns, such as Kure Beach, N.C., 

antiquated stormwater systems discharge these polluted waters, which often contain high 

levels of fecal bacteria, onto the beach and into the ocean.  Thus shortly after storm events, 

ocean swimmers could be at risk of full-body contact with the bacteria-laden water. 

In an effort to protect the health of beach users, federal legislation, such as the Clean 

Water Act (CWA) and Beach Environment Assessment and Coastal Health Act (BEACH 

Act), tasked states to monitor recreational beaches for fecal indicator bacteria (U.S. EPA, 

2000, 2008a, 2008b, 2008c).  In North Carolina, the Recreational Water Quality Program 

(N.C. RWQ) monitors 240 sites statewide for enterococci concentrations and results from 

between 2003 and 2009 showed that approximately 1% - 3% of samples exceeded the state 

single sample maximums annually (N.C. RWQ, 2010a).  Though the exceedance rates appear 

to be quite low, they led to 2,951 days of swimming advisories during this same period (N.C. 
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RWQ, 2010b).  These advisories were issued in an effort to warn the public of the health 

risks associated with swimming in contaminated waters; however, these could have also lead 

tourists to believe that a beach was always hazardous, thus reducing tourism, a vital source of 

revenue. 

Though the N.C. RWQ monitoring program aids in alerting the public to potential 

health hazards, it does not address the needs of treating stormwater or reducing discharge 

onto the beach and into the ocean.  Further, the 24 hr lag time between sampling and result 

reporting may still allow for human contact with polluted waters.  Therefore, in a proactive 

move, the N.C. Department of Transportation (N.C. DOT) and the Town of Kure Beach 

joined to determine the best means to treat stormwater from the town’s 22 beach outfalls.  

While developing the solution to treat the stormwater, it was determined that placing 

traditional Best Management Practices (BMPs) throughout the town would be cost 

prohibitive, partially due to the limited availability of highly expensive coastal property.  In 

addition, the town’s high and wide sand dunes afforded the opportunity to investigate the use 

of a new, in-situ sand filter device.  The goal for this new device, the Kure Beach Dune 

Infiltration System (DIS), was to utilize the natural sandy soils and coastal environment to 

remove fecal bacteria from infiltrating stormwater and reduce discharge from the stormwater 

beach outfalls.  The DIS consisted of two banks of open-bottomed chambers that temporarily 

stored stormwater beneath the dunes, while the water infiltrated through the sand.  The 

system was placed at the end of the existing stormsewer system, within the undevelopable 
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sand dunes, negating the need to purchase expensive property for the installation of multiple 

BMPs throughout the watersheds.   

The DIS was designed to remove fecal bacteria from infiltrating stormwater through 

similar processes as traditional sand filter BMPs; however, the use of in-situ soils allowed for 

natural coastal and marine processes and organisms to potentially increase the system’s 

treatment capabilities.  Several laboratory and field experiments on the transport of bacteria 

through soils have shown that bacteria retention is a complex, multi-causal process (Abu-

Ashour and Abu-Zreig, 2005; Corapcioglu and Haridas, 1984; Ginn et al., 2002; Huysman 

and Verstraete, 1993; Lawrence and Hendry, 1996; Torkzaban et al., 2008; Weber, 1972; 

Weiss et al., 1995).  Torkzaban et al. (2008) and Weiss et al. (1995) stated that bacteria 

capture in soils was affected by Brownian forces, buoyancy, cell and soil surface charges, 

hydrophobicity, cell shape, cell size, hydrodynamics, gravity, ionic strength, soil grain size, 

pore space geometry, and surface coatings.  Several articles cited that bacteria removal from 

sand columns was due to physical and chemical processes, including adsorption, straining, 

and chemisorptions (Corapcioglu and Haridas, 1984; Ginn et al., 2002; Lawrence and 

Hendry, 1996; Weber, 1972).   

Corapcioglu and Haridas (1984) described straining as the retention of a bacterium 

due to being larger than the soil pore it encountered.  Chemisorptions were explained to 

result from the rearrangement of polymers, macromolecules, and other cell structures within 

a bacterium when it approached a soil particle (Ginn et al., 2002).  Flow-through sand 

column experiments were conducted by several researchers to examine the removal of 
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bacteria from flow on the macro-scale (Bright et al., 2010; Garbrecht et al., 2009; Jiang et al., 

2007; Mankin et al., 2007; Powelson and Aaron, 2001).  These studies found varying rates of 

bacteria capture; however, the capture rates typically ranged from 20% to 99%+. 

In addition to the removal of fecal bacteria from infiltrating stormwater, the die-off of 

bacteria would prevent accumulation within the sand dunes and therefore potential release 

into the ocean.  The survival of fecal bacteria in natural marine environments has been shown 

to be quite limited (Anderson et al., 2005; Bright et al., 2010; Hartz et al., 2008; Mitchell, 

1968; Wait and Sobsey, 2001).  Mitchell (1968) stated that non-marine organisms introduced 

into a marine environment are likely killed by predator organisms or die-off due to natural 

processes, such as competition for limited nutrients, toxicity, and natural antibiotics.  A study 

by Hartz et al. (2008) showed that fecal bacteria were essentially unable to replicate in 

natural marine sand columns, but doubled in population by nearly 10 times in autoclaved 

sand columns.  These results clearly showed the effects of natural organisms and processes 

within the soil, such as underneath a DIS, as compared to sterile conditions.   

These experiments suggested that fecal bacteria from warm-blooded animals would 

die-off quickly within the natural sand dunes beneath a DIS.  These processes most likely 

included competition for limited nutrients, predation, natural toxins, and natural antibiotics.  

Additionally, with the vast amounts of groundwater beneath the dunes, dilution would also 

result in reduced fecal bacteria concentrations.   

Examination into the use of the DIS began with a feasibility study of two systems 

(Sites L and M) that were installed in 2006 (Bright, 2007).  Monitoring results found that the 
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systems captured a combined 97% of all storm flow, with no overflow occurring at Site L.  In 

addition, the median stormwater concentrations of enterococci, a type of fecal indicator 

bacteria, were 1,013 MPN/100 mL at Site L and 1,725 MPN/100 mL at Site M (Bright, 

2007), both higher than the state single sample maximum for Tier I beaches (104 MPN/100 

mL (Dorfman and Rosselot, 2008)).  Meanwhile, the median concentrations in the 

groundwater beneath the two DISs were just 5 MPN/100 mL and 26 MPN/100 mL, at Sites L 

and M, respectively.  As expected, water table elevation monitoring showed no permanent 

impacts on dune hydrology, as the only influences observed were during and shortly after 

infiltration events when the water table would rise by up to 1.5 m (4.9 ft) beneath the system 

due to the input of stormwater. 

Overall, the study found that the systems effectively and efficiently treated large 

proportions of stormwater without adversely affecting groundwater quality or dune 

hydrology.  However, due to the short-term and conservative monitoring approach of the 

study, a longer, more intense study was implemented.  The objectives of the intensified study 

were to examine the long-term hydraulic and treatment performance, identify long-term 

impacts on groundwater quality and/or dune hydrology, and to develop DIS design tools and 

guidelines for possible future DIS implementations and studies.  Furthermore, the intensified 

study included the addition of a control site, replicated groundwater monitoring wells, and 

increased water table recording along a transect from upslope to downslope of the systems. 
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M ATERIALS AND M ETHODS 

 

Site Locations 

Kure Beach is located in New Hanover County, south of Wilmington, N.C.  The town 

has 22 stormwater beach outfalls that discharge untreated runoff onto the beach and into the 

ocean.  In an effort to treat this water and reduce discharge onto the beach, two experimental 

Dune Infiltration Systems were installed within the dunes along Atlantic Avenue, at the 

intersections with L Avenue (Site L) and M Avenue (Site M) (Fig. 2-1).  A control site, 

added in 2007, was established between the two study sites.  Each study site contained an 

existing stormwater beach outfall that was modified to direct water into the systems. 

 

 
 

Figure 2-1.  Site L, M, and control dune locations (Image used and adapted with permission 
from the New Hanover County GIS Department, Wilmington, N.C.). 
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Dune Infiltration System Design and Installation 

The DISs were designed to divert the runoff from a 12.7 mm/hr (0.5 in/hr) storm 

event into banks of subsurface chambers.  The systems were sized using the NRCS Curve 

Number Method, the Rational Method, and Darcy’s Equation.  The use of Darcy’s Equation 

was intended to provide conservative infiltration flowrates; however, the fundamental 

assumption of saturated flow was broken, since such conditions did not exist underneath the 

DISs.  The design method considered only vertical infiltration at the mean head gradient.  

Future systems may benefit from more appropriate models, as discussed in Chapter 4; 

however, results from the study of Sites L, M, and K (Chapter 3) confirmed that the systems 

operated as designed in terms of infiltration capability.  Thus, even though a primary 

assumption of Darcy’s Law was violated, field results indicated that this did not result in 

appreciably over- or under-designed systems.  Therefore, use of Darcy’s equation is likely an 

adequate DIS design approach until more sophisticated methods can be established. 

This design method resulted in the requirement of 12 chambers (two banks of six 

chambers) at Site L and 22 chambers (two banks of 11 chambers) at Site M.  Information on 

the watersheds, DISs, and sites can be found in Table 2-1.  Further DIS design and 

construction information may be found in Bright (2007).     

Construction of the systems began with installation of the diversion vaults.  The 

vaults, 1.83 m long x 1.83 m wide x 2.13 m tall (6 ft x 6 ft x 7 ft) concrete boxes with 

manhole accesses, were buried in the sand dunes next to Atlantic Avenue, where existing 

storm pipes from L and M Avenues entered the dunes (Fig. 2-2).   
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Table 2-1.  Site L and M watershed, DIS, and dune characteristics (Bright, 2007).  Elevations 
were based on mean sea level (MSL) and referenced to NGVD88 data. 
 

 Site L Site M 

Watershed description 
Mixed urban and 

residential 
Mixed urban and 

residential 
Watershed area 1.9 ha (4.7 ac) 3.2 ha (8.0 ac) 
Watershed CN (Rational C) 88 (0.8) 69 (0.7) 
Dune elevation at DIS  
installation location 

4.4 m (14.3 ft) 4.8 m (15.7 ft) 

Dune width (Atlantic Avenue  
to vegetation line) 

40 m (130 ft) 45 m (148 ft) 

Beach width (vegetation  
line to ocean) 

25 m (82 ft) 25 m (82 ft) 

Total width of dunes and beach 65 m (212 ft) 70 m (230 ft) 
Stormwater beach outfall diameter 0.38 m (1.25 ft) 0.61 m (2.00 ft) 
Stormwater beach outfall pipe 
material (Manning’s n) 

Corrugated metal pipe 
(0.021) 

Corrugated metal pipe 
(0.021) 

Stormwater beach outfall pipe slope 0.019 (m/m) 0.006 (m/m) 
Stormwater beach outfall  
invert elevation 

3.81 m (12.5 ft) 4.45 m (14.6 ft) 

Diversion vault weir height 0.72 m (2.35 ft) 0.73 m (2.38 ft) 
Diversion vault weir length 1.22 m (4 ft) 1.22 m (4 ft) 
DIS invert elevation 2.85 m (9.35 ft) 3.47 m (11.40 ft) 
Approximate depth from DIS  
invert to mean water table 

2.0 m (6.6 ft) 2.6 m (8.5 ft) 

Number of chambers installed in DIS 12 22 
Linear distance required for  
chambers and gravel bed 30 m (98 ft) 55 m (180 ft) 

Dune area required for  
chambers and gravel bed 82 m2 (882 ft2) 151 m2 (1620 ft2) 

Approximate depth of sand  
on top of DIS chambers 

0.58 – 0.67 m  
(1.9 – 2.2 ft) 

0.40 – 0.52 m  
(1.3 – 1.7 ft) 

Vertical Hydraulic Conductivity  320 cm/hr (125 in/hr) 320 cm/hr (125 in/hr) 
Porosity 0.33 0.33 
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Figure 2-2.  Site L diversion vault installation.  The Site M vault was installed similarly. 
 
 
 
The vaults were installed so that the tops were flush with the surrounding dune 

surface.  Each contained a 1.22 m (4 ft) long weir wall and metal weir plate to divert 

stormwater into the distribution pipes (Fig. 2-3).  The weir crest heights were 0.72 m (2.35 ft) 

and 0.73 m (2.38 ft), at Sites L and M, respectively.  The existing stormsewer pipes were 

connected to the vaults on the upstream side of the weirs.  Distribution pipes, 31 cm  

(12 in) diameter PVC sewer pipes, were also connected to vaults on the upstream side of the 

weirs to discharge water into the DISs.  The distribution pipes were routed from the vaults, 

through the dunes to near the midpoint between beach accesses then split to deliver 

stormwater to two banks of chambers.  The existing stormwater beach outfalls were also 

connected to the vaults, on the downstream side of the weirs, to act as overflows during 

events surpassing the inflow capacities of the DISs (Fig. 2-3).   
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Figure 2-3.  Interior view of the Site M diversion vault.  The Site L vault was similar. 
 

 

Each system consisted of two independent banks of open-bottomed, subsurface 

StormChambers™ (HydroLogic Solutions, Inc. of Occoquan, VA) (The use of trade names 

does not imply endorsement by North Carolina State University).  Each chamber was 2.6 m 

long x 1.5 m wide x 0.86 m tall (8.5 ft x 5 ft x 2.8 ft) and made of HDPE.  Installation of the 

chambers began by digging a trench in the dunes with an excavator.  A 0.3 m (1 ft) layer of 

gravel was placed in the trench as it was excavated.  Additionally, SedimenTraps™ 

(HydroLogic Solutions, Inc.) were placed in the trench, underneath the chambers with 

distribution pipe inputs (Fig. 2-5).  The traps were installed flush with the floor of the DIS 

and used to collect sediment discharged into the DIS.     
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Figure 2-4.  Plan view of Site M.  Site L was constructed in a similar manner.  Not to scale. 

 
 
 

 
 

Figure 2-5.  SedimenTrap™ installed beneath a DIS distribution pipe input. 
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A nylon mesh was then placed on top of the gravel to prevent gravel loss during 

maintenance operations.  The chambers were placed on top of the mesh, laid end-to-end and 

connected by screws (Fig. 2-6).  The chambers located on the end of the banks were fully 

closed on one side and open on the other (Fig. 2-7).  The interior chambers were fully open 

on one end and had a slotted baffle wall on the other (Fig. 2-8). 

 
 

 
 

Figure 2-6.  Chamber bank installation. 
 
 
 

 
 
Figure 2-7.  StormChamber™ used on the ends of the DIS chamber banks. 
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Figure 2-8.  StormChamber™ used within the interior of the DIS chamber banks. 
 
 
 

Once the chambers were installed, another layer of gravel, 0.6 m (2 ft) wide by 0.3 m 

(1 ft) deep, was placed on each side of the banks of chambers to provide stability and cover 

weep holes in the sides of the chambers.  A geotextile fabric was wrapped around the sides 

and top of the gravel and chambers to prevent sand migration into the system.  Excavated 

sand was then replaced and the dune surface was smoothed.  Generalized profile and end 

views of the DISs are shown in Figures 2-9 and 2-10. 
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Figure 2-9.  Generalized profile view of the DISs (Adapted with permission from HydroLogic Solutions, Inc.).  Not to scale. 

 
 



 
 
 

51 

 
 
Figure 2-10.  Generalized end view of the DISs (Adapted with permission from HydroLogic Solutions, Inc.).  Not to scale.
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Lastly, dune vegetation was replanted twice during the growing season.  The first 

planting, in March 2006, was aimed at providing initial dune stability with American 

beachgrass (Ammophila breviligulata) (Fig. 2-11).  The second planting, in June 2006, 

included seaoats (Uniola paniculata), a native species, and the spreading of fertilizer, to 

provide long-term stability.  Dune vegetation quickly reestablished after one year, returning 

to near the pre-construction state (Fig. 2-12). 

 
 

 
 
Figure 2-11.  Post-construction dune vegetation planting (2006). 
 
 
 

 
 
Figure 2-12.  Dune vegetation approximately one year after replanting (2007).
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Research Monitoring 

Surface Hydrology and Water Quality Monitoring 

Rainfall was monitored via a series of 0.25 mm (0.01 in) tipping bucket rain gauges 

connected to HOBO® Event Loggers (Onset Computer Corp. of Bourne, MA).  One rain 

gauge was located at each study site.  Due to several malfunctions with the rain gauges, and 

in an effort to better estimate rainfall within the watersheds, a new rain gauge was placed 

within an adjacent watershed in 2009.  During periods when the rain gauges malfunctioned, 

hourly rainfall data were collected from the N.C. State Climate Office’s Sunny Point 

(NSUN) remote automated weather system.  This weather station was located approximately 

5 km (3 mi) west of the study sites.  

The rainfall data were downloaded to HOBO® Waterproof Shuttles on a semi-

monthly basis, transferred to a computer via HOBOware®, and then imported into Microsoft 

Excel® (Microsoft Corp. Redmond, WA).  The rainfall data, recorded by bucket tip, were 

transformed into per-minute rainfall depths and then averaged between the two study sites.  

The per-minute rainfall data were used to identify storm events by observing periods with 

persistent precipitation totaling �  6.4 mm (0.25 in).  Once these events were identified, the 

storm flow data were examined to determine if the rainfall developed into consistent 

stormwater flow.  If stormwater flow was maintained with no major stoppage, the event was 

further analyzed.  A major stoppage was considered more than three hours of no stormwater 

flow.  The rainfall data were also used to calculate the maximum rainfall intensities for each 

storm event.  This was performed by computing the maximum depth of rainfall occurring 
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within any 15 minute period during the event.  This was then converted to an hourly rainfall 

intensity.  When NSUN data were used, the greatest hourly depth of rainfall was used as the 

maximum intensity.  Substitution of the NSUN data likely caused some of the errors noted in 

the results, as the depths and intensities of rainfall observed at this monitoring station were 

different from what occurred at Kure Beach. 

Stormwater flow monitoring and water quality sampling occurred in the diversion 

vaults, where water first entered the systems (Table 2-2).  This was accomplished using 

ISCO® 6712 Full-Size Portable Samplers (Teledyne Isco, Inc. of Lincoln, NE) with ISCO® 

730 Bubbler Flow Modules attached.  The ISCO® equipment was installed on top of the 

diversion vaults in secure, lockable boxes (Fig. 2-13).   

 

Table 2-2.  Site L and M stormwater monitoring equipment and methods.  Stormwater 
samples were collected from the samplers by field personnel following several storm events 
with �  6.4 mm (0.25 in) of rainfall and when the samples could be delivered within EPA 
holding times.   
 

Parameter Equipment Method Frequency 

Stormwater inflow 
ISCO® 730 Bubbler 

Flow Module 

Depth of flow  
in storm pipe  

(Manning’s equation) 
5 min 

Stormwater 
overflow 

HOBO® Water  
Level Logger 

Depth of water in vault 
(Sharp-crested  
weir equation) 

5 min 

DIS captured flow N/A Inflow - Overflow 5 min 

Stormwater 
sampling 

ISCO® 6712  
Full-Size  

Portable Sampler 

Automated, flow- 
paced sampling 

1.42/4.25 m3  
(Site L/M) 
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Figure 2-13.  Site L stormwater monitoring station.  The Site M station was similar. 

 

 
Stormwater flows into the vaults were monitored via the ISCO® 730 Bubbler 

Modules.  At each study site bubbler tubing was routed from the module, to inside the vault, 

and then attached to the incoming storm pipe using a scissor-ring device (Fig. 2-14).  The 

modules converted water pressure in the pipes into a depth of flow, which was then used to 

determine the stormwater flows via Manning’s Equation.  The water depth data were 

downloaded to an ISCO® Rapid Transfer Device (RTD) semi-monthly, transferred to a 

computer via FlowLink® (Teledyne ISCO®), and then imported into Microsoft Excel®.   

Stages within the vaults, used to determine overflow, were recorded via HOBO Water 

Level Loggers.  The data were downloaded semi-monthly to HOBO® Waterproof Shuttles, 

transferred to a computer via HOBOware® and then imported into Microsoft Excel®.   
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Figure 2-14.  Interior view of the Site M diversion vault.  The Site L vault was similar. 
 
 
 

Using Microsoft Excel®, the pipe stage data were converted into stormwater flow into 

the vaults.  Each stage data point, and thus calculated flow, was assumed to last for five 

minutes, the logging interval.  This conversion began with calculating the central angle of 

flow in the storm pipe (Eq. 2-1).   

 

Equation 2-1.  Conversion of storm pipe stage to central angle of flow in pipe  
(Adapted from Chow, 1959). 
 

����� ��� �	 

�����
�

�
��

 
where, �  = central angle of flow in storm pipe (radians) 
 r = storm pipe radius (m) 
 d = depth of flow in storm pipe (m) 



 
 
 

57 

The cross-sectional area of flow in the pipe was then computed (Eq. 2-2) and 

calculation of the hydraulic radius followed (Eq. 2-3).   

 
 
Equation 2-2.  Flow area in storm pipe (Adapted from Chow, 1959). 
 

����
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where, A = flow area in storm pipe (m2) 
 r = storm pipe radius (m) 
 �  = central angle of flow in storm pipe (radians) 

 
 
 
Equation 2-3.  Hydraulic radius of flow in storm pipe (Adapted from Chow, 1959). 

 �

� � ���
�
��

 

 
where,  Rh = hydraulic radius of flow in storm pipe (m) 
 A  = flow area in storm pipe (m2)    
 r  = storm pipe radius (m) 
 �  = central angle of flow in storm pipe (radians) 

 
 
 

The latter two equations, along with the storm pipe information specified in Table 2-

1, provided the needed information to calculate the stormwater flowrate into the vault via 

Manning’s Equation (Eq. 2-4).  The flowrate was then multiplied by the data recording 

interval to determine the stormwater flow volume (Eq. 2-5). 
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Equation 2-4.  Manning’s Equation (N.C. DWQ, 2007). 
 

� � ���
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where, QS = stormwater flowrate into vault (m3/s) 
 k = Manning’s unit conversion (1 for metric units) 
 n = Manning’s roughness coefficient of storm pipe (Table 2-1) 
 A = flow area in storm pipe (m2) 
 Rh = hydraulic radius of flow in storm pipe (m) 
 S = longitudinal slope of storm pipe (m/m) (Table 2-1) 

 
 
 
Equation 2-5.  Stormwater flow volume into diversion vault. 
 

� �
� ���� � � 

 
where, Q*

S = stormwater inflow volume (m3) 
 QS = stormwater flowrate (m3/s) 
 t = time interval between readings (s) 

 
 
 
Lastly, the DIS inflow volume was calculated by subtracting the overflow volume 

from the stormwater volume (Eq. 2-6).  Overflow was calculated based on the vault stage, 

using the sharp-crested weir equation (Chin, 2006).  During periods with no overflow, the 

DIS inflow volume was assumed equal to the stormwater volume. 
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Equation 2-6.  Overflow and DIS inflow. 
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where, Q*

D = DIS inflow volume (m3) 
 Q*

S = stormwater inflow volume (m3) 
 Q*

O = stormwater overflow volume (m3) 
 SV = vault stage (m) 
 H = driving head (m) 
 HW = weir height (m) (Table 2-1) 
 L  = weir crest length (m) (Table 2-1) 
 t = time interval between readings (s) 

 
 
 

All flow data were totaled for the entire study period at both study sites.  In addition, 

each storm event with �  6.4 mm (0.25 in) of rainfall was further analyzed for its total rainfall 

depth, maximum rainfall intensity, rainfall duration, peak stormwater flowrate, stormwater 

volume, overflow volume, DIS inflow volume, and DIS capture rating.  The capture rating 

was the volume of DIS inflow as a proportion of total stormwater volume (Eq. 2-7).  The 

control site was not monitored for flows, as there was no direct input of stormwater.  

However, a 0.38 m (15 in) stormwater beach outfall did pass through the control dunes, 

though no signs of overflow were ever observed.   
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Equation 2-7.  DIS capture rating. 
 

����
23
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where, R = DIS capture rating (%)  
 Q*

D = DIS inflow volume (m3) 
 Q*

S = stormwater inflow volume (m3) 
  

 

Flow-paced automated stormwater sampling was also performed by the ISCO® 

equipment.  The bubbler modules calculated stormwater flow, using similar methods as 

described above, to conduct the sampling.  The samplers collected four 250 mL samples per 

bottle, based on the specified volume intervals (Table 2-2).  At each study site, the sampler 

tubing was routed from the sampler, to inside the vault, and then attached to the upstream 

side of the weir wall, next to the DIS distribution pipe.  Each sampler used a 24-bottle 

configuration.  To avoid sample collection during small rainfall and non-rainfall related 

flows, an Enable setting was entered into the samplers to prevent sampling when the depth of 

water in the pipes fell below specified depths.  Non-rainfall related flows included variable 

base from an unknown source at Site M, street cleaning operations, and runoff from irrigation 

operations.  These flows were also captured by the DISs. 

Stormwater samples were collected from the samplers by field personnel following 

multiple events with �  6.4 mm (0.25 in) of rainfall.  The samples were placed in a cooler on 

ice and delivered to laboratories for analysis.  Samples intended for enterococci testing were 

delivered to TriTest, Inc. in Wilmington, N.C. within the EPA holding time of six hours.  

Sample analyses were conducted using the Enterolert® testing method (ASTM # D6503-99, 
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IDEXX Laboratories, Inc. Westbrook, ME) (Appendix B-1).  Several stormwater samples 

were also delivered to the N.C. State Biological and Agricultural Engineering Department’s 

(NCSU-BAE) Environmental Analysis Laboratory (EAL) in Raleigh, N.C. for nutrient 

testing.  These samples were delivered to the lab within 96 hours.  These analyses included 

Total Kjeldahl Nitrogen (TKN), Ammonium Nitrogen (NH4-N), Nitrate Nitrogen (NO3-N), 

and Total Phosphorus (TP).  The testing methods used by the EAL are outlined in Appendix 

B-2, Table B-1. 

Several challenges were encountered when attempting to collect stormwater and 

event-based groundwater samples.  These included 1) the requirement of �  6.4 mm (0.25 in) 

of rainfall, 2) the 2.5 - 3.0 hour travel time between N.C. State and Kure Beach, 3) the EPA 

holding time of six hours, 4) TriTest’s request to have samples delivered by 3:00 PM, 5) 

automated sample collection occurring too early in the event to be used for analysis, and 6) 

the time required to collect samples.  Combined, these factors made event-based sampling 

difficult, as these allowed for only a small window of time in which the event, automated 

sample collection, manual sample collection, and sample delivery could take place.  These 

processes essentially had to occur late enough in the morning for the samples to be useable, 

but early enough to allow for manual collection and delivery to TriTest within six hours and 

before 3:00 PM.  These constraints resulted in the somewhat limited number of stormwater 

and event-based groundwater samples collected during the study period.  To better examine 

DIS performance, future studies should strive to develop more efficient means of gathering 

event-based samples. 
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Dune Hydrology Monitoring 

Water table elevations were continuously monitored across both study sites and the 

control site using INFINITY Water Level Loggers (Infinities USA, Inc. of Port Orange, FL) 

and HOBO® Water Level Loggers, set on 20 minute recording intervals.  The water table 

wells consisted of 5 cm (2 in) PVC pipes that were jetted into the dunes via pressurized water 

(Fig. 2-15).  Each well was installed to within ± 0.6 m (2 ft) of elevation zero.  The wells 

were screened to near the dune surface.  Fabric drain socks were placed over the screened 

portion to prevent migration of sand and fines into the wells.   

 

 
 

Figure 2-15.  Site L water table well installation at the beach-dune interface (23 m (75 ft) 
downslope of the DIS).  All water table and groundwater sampling wells were installed in the 
same manner. 
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Wells with INFINITY loggers were fitted with 10 cm (4 in) PVC header pipes to hold 

the loggers.  The HOBO® loggers were placed at the bottom of the wells and secured to 

coated steel wire.  The wire was attached to the side of well, near the top, so that the logger 

could be retrieved for data downloading.  In 2009, all of the HOBO® loggers used in water 

table wells were replaced with INFINITY loggers for equipment and data consistency 

purposes.   

Both study sites had a transect of four water table wells located 6 m (20 ft) upslope 

(LWT-UP and MWT-UP), 1 m (3 ft) downslope (LWT-CHAM and MWT-CHAM), 6 m  

(20 ft) (Site L)/8 m (25 ft) (Site M) downslope (LWT-MID and MWT-MID), and 23 m  

(75 ft) downslope (LWT-VEG and MWT-VEG) of the chambers (Figs. 2-16 and 2-17).  The 

control site had one water table well (CWT) located near the mid-point of the dunes  

(Fig. 2-18).  Data logged by INFINITIES were downloaded to HP® 48g (Hewlett-Packard 

Co. Palo Alto, CA) calculators and transferred to a computer via INFINITIES PC Transfer 

Software.  The HOBO® water table data were downloaded to HOBO® Waterproof Shuttles, 

then to a computer via HOBOware® Pro.  All data were imported into Microsoft Excel® for 

archiving and analysis. 
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Figure 2-16.  Site L monitoring schematic.  Not to scale. 
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Figure 2-17.  Site M monitoring schematic.  Not to scale.  
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Figure 2-18.  Control site monitoring schematic.  Not to scale.
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 The water table data were analyzed via mean and maximum elevations, as well as the 

standard deviation (SD), at each well location.  Furthermore, the Average Absolute 

Difference (AAD) from the control (CWT) was also calculated for data observed at the 1 m 

(3 ft) downslope wells at Sites L and M (Eq. 2-8).  The standard deviation of the water table 

at the study sites quantified the amount of vertical variation, due to stormwater infiltration 

and natural influences, such as tides, surface infiltration from the surrounding land, and 

incoming groundwater flow from upslope of the sites.  The SD at the control quanitifed the 

vertical variation due only to natural influences.  The AAD quantified how different the 

water table elevations were between the control and 1 m (3 ft) downslope monitoring wells at 

Sites L and M. 

 

Equation 2-8.  Average absolute difference from the control. 
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where, AAD = average absolute difference from the control (CWT) (m) 
 Cx = water table elevation in CWT, at time, x (m) 
 Sxy = water table elevation in well, y (m) 

   (LWT-CHAM or MWT-CHAM), at time, x  
 n = total number of data points 

 
 
 

The water table data were also used to determine the duration of water table impacts 

during and after infiltration events.  Due to tidal fluctuations, the beginning and end of the 

water table responses were difficult to determine using comparisons based solely on 

elevations.  This was most evident during events when an incoming high tide naturally raised 
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the water table, preventing it from returning to the pre-storm elevations.  In addition, the tidal 

influences also caused the water table to vary considerably, even within the data logging 

interval of 20 minutes.   

Therefore, two conservative methods, based on incremental elevation changes and 

differences from the control, were used to identify the start and end of water table responses 

caused by the infiltration of stormwater.  To identify the start of a response, data from LWT-

CHAM and MWT-CHAM were used to calculate the change in elevation every 20 minutes, 

which were typically ± �  0.01 m (0.3 ft) during inter-storm periods.  However, once 

infiltration began, these changes dramatically increased, thus signaled the beginning of the 

water table response.  This method accurately identified the start of the responses; however, 

it could not be used to identify the end of a response.  This was because the incremental 

elevation changes after the water table peak had passed were often very similar to the pre-

storm incremental changes, even though impacts were obviously still present.   

Thus, to identify the end of a response, the pre-event AAD at each well was 

compared to the post-event, incremental absolute difference (difference between a study site 

well and CWT for each 20 minute data point).  Once the post-event absolute difference in a 

well returned to the pre-storm AAD, the response in that well was deemed over.  This 

method adequately identified the end of water table responses, though it appeared to be 

conservative, partially because it was influenced by natural tidal and well location (with 

respect to distance from the ocean) effects. 
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Lastly, groundwater flow velocities and residence times were estimated for several 

infiltration events and on data from the entire study period.  Velocity was calculated via the 

equation for flow between two reservoirs (Chin, 2006), sometimes referred to as the Dupuit-

Forchheimer Equation (D-F).  Residence times were estimated by division of the horizontal 

flow path length and velocity.   

The D-F equation was used for its ease of calculation and to provide conservative 

residence times.  The assumptions inherent to this equation were likely pushed to their limits 

during these calculations.  However, modeling of each influencing factor (stormwater 

infiltration, groundwater flow, tidal influences, three-dimensional unsteady flow, saturated 

and unsaturated flow, and surface recharge) would have been much more difficult and time 

consuming, and not within the scope and frame of this study.  Additionally, such analyses are 

potentially deserving of their own, separate research.  Future analyses may include modeling 

each factor via solutions such as the Boussinesq Equation for unsteady-flow (Youngs, 1999).   

 

The inherent assumptions to the D-F equation were (Chin, 2006; Dupuit, 1963; 

Forchheimer, 1930; Kirkham, 1967; Kirkham and Powers, 1972): 

 

1. Flow was steady-state, saturated, and unconfined. 
 

2. The slope of the water table surface was small and thus the equipotential lines 
were near vertical and the streamlines were near horizontal. 
 

3. The hydraulic gradient was equal to the slope of the water table surface. 
 
4. No surface recharge. 
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Site specific assumptions and estimation limitations were: 
 
 
 

1. Only flows above elevation zero were considered (referenced to mean sea level) 
since there was no depth to the impervious layer data available. 
 

2. Sand was isotropic and homogeneous throughout dunes and sites. 
 
3. Only horizontal flow, perpendicular to the ocean (no vertical or diagonal flow). 

 
4. No edge effects (shape of lateral water table profile not considered). 

 

The accuracy of results from this method of estimation would be affected by: 

 

1. Both positive (flow towards ocean) and negative (flow away from ocean) flows. 
 
2. Tidal influences. 
 

 
 

The velocities and residence times were calculated using data collected once the peak 

in the water table 1 m (3 ft) downslope of the systems had been reached, and until the water 

table response to infiltration was deemed over.  Values were calculated every 20 minutes, the 

data logging interval, then summarized via maximums and means.   

Using the measured water table elevations from 1 m (3 ft) and 23 m (75 ft) downslope 

of the DISs, the D-F Equation was used to estimate the groundwater flowrate through the 

dunes, per unit width of flow (parallel to ocean) (Eq. 2-9).  A graphical representation of the 

variables used in the following equations is provided in Figure 2-19. 
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Equation 2-9.  Dupuit-Forchheimer Equation (Chin, 2006). 
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where, Q = groundwater flowrate (m3/hr/m) 
 K = hydraulic conductivity (3.20 m/hr (Bright, 2007)) 
 ! 	

�  = water table elevation 1 m downslope of DIS (m) 
 ! 	

�  = water table elevation 23 m downslope of DIS (m) 
 L = distance between wells (22 m) 

  
 
 

The area of groundwater flow was then estimated based on the mean of the observed 

elevations, and for flow above elevation zero (Eq. 2-10).  This represented an assumed area 

of flow due to stormwater infiltration and incoming groundwater during infiltration events.  

Additionally, consideration of flow only above elevation zero would provide conservative 

estimates, via higher velocities, and consequently, shorter residence times. 

 

Equation 2-10.  Area of groundwater flow. 
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where, A = area of groundwater flow (m2/m) 
 n = porosity of soil (0.33 (Bright, 2007)) 
 H1 = water table elevation 1 m downslope of DIS (m) 
 H2 = water table elevation 23 m downslope of DIS (m) 

 
 
 
Next, the flowrate was divided by the flow area to determine the groundwater 

velocity (Eq. 2-11).  Lastly, the length between the water table monitoring wells was divided 

by the velocity to calculate the residence time (Eq. 2-12). 
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Equation 2-11.  Velocity of groundwater flow. 
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where, V = velocity of groundwater flow (m/hr) 
 Q = groundwater flowrate (m3/hr/m) 
 A = area of groundwater flow (m2/m) 

 
 
 
Equation 2-12.  Residence time of groundwater flow from 1 m to 23 m downslope of DIS. 
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where, t = residence time of groundwater flow from 1 m to 23 m   

   downslope of DIS (hr) 
 L = distance between wells (22 m) 
 V = velocity of groundwater flow (m/hr) 

 
 
 
 The estimated residence times were intended to be conservative, thus representing the 

potential minimum times.  While the assumed flow path included only perpendicular flow 

towards the ocean, the actual flow paths included positive and negative horizontal flow, in 

addition to flow in the vertical and lateral directions.  Therefore, the true lengths of the flow 

paths (within the dune area) were much longer than the assumed 22 m (72 ft).  Future 

analyses using more appropriate models would greatly improve these estimates.  
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Figure 2-19.  Graphical representation of the variables used for calculating groundwater flow velocities and residence times at Sites L 
and M.

0.0

0.5

1.0

1.5

2.0

2.5

0 3 6 9 12 15 18 21

W
a

te
r 

Ta
bl

e
 E

le
va

tio
n 

(m
)

Distance From Chambers (m)

H
1

H
2

L

Dune Surface Elevations:
Site L:  4.4 m
Site M: 4.8 m

To Ocean
DIS Invert Elevations:
Site L:  2.85 m
Site M: 3.47 m

K = 320 cm/hr (Bright, 2007) Porosity, n = 0.33 (Bright, 2007)

A

Q, V



 
 
 

74 

Groundwater Water Quality Monitoring 

Groundwater beneath the dunes at both study sites and the control site was monitored 

for enterococci and nutrient levels.  Sampling wells consisted of 5 cm (2 in) PVC pipes jetted 

into the dunes in the same manner as the water table monitoring wells.  Each sampling well 

was screened and had a fabric drain sock on the bottom 0.6 m (2 ft) to prevent sand intrusion.  

Each study site had seven sampling wells, while the control had three.  One well was located 

6 m (20 ft) upslope of the DISs (LWQ-UP and MWQ-UP), while six were installed 

downslope of the chambers.  The downslope wells were placed in two separate transects, 

located in front of each bank of chambers at both Sites L and M.  Data from the two transects 

were combined for analysis.  These wells were located 1 m (3 ft) (LWQ-CHAM and MWQ-

CHAM), 6 m (20 ft) (LWQ-MID)/8 m (25 ft) (MWQ-CHAM), and 23 m (75 ft) (LWQ-VEG 

and MWQ-VEG) downslope of the chambers (Figs. 2-16 and 2-17).  Groundwater sampling 

wells at the control were located in the upper (CWQ-UP) and middle (CWQ-MID) dune 

areas and at the vegetation line, also called the dune-beach interface (CWQ-VEG)  

(Fig. 2-18). 

Groundwater sampling was performed using a new and sterile disposable PVC bailer 

at each well.  The wells were purged three well volumes via a pump or bailer before a sample 

was collected.  All samples were placed in a cooler with ice.  Samples intended for bacteria 

testing were placed in new and sterile 250 mL plastic bottles with sodium thiosulfate tablets.  

Nutrient samples were placed in separate sterile 500 mL plastic bottles.  Sampling occurred 

monthly and during or after several storm events with �  6.4 mm (0.25 in) of rainfall.   
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Samples intended for enterococci analysis were delivered to TriTest, Inc. in 

Wilmington, N.C. for Enterolert® testing (ASTM #D6503-99) within the EPA holding time 

of six hours.  Several sample testing results were either above or below the testing limits.  In 

such cases, the sample concentration was estimated by dividing the lower limit by two or 

multiplying the upper limit by two (Spooner, 2001).  Samples collected for nutrient analysis 

(TKN, NH4-N, NO3-N, and TP) were delivered to the NCSU-BAE EAL.  The laboratory 

testing methods are outlined in Appendix B.   

The enterococci data were analyzed using descriptive statistics (maximum, geometric 

mean, and median), statistical analysis of the least squares means (discussed later), and 

percent difference between the median stormwater and groundwater enterococci 

concentrations (Eq. 2-13).  

 
 
Equation 2-13.  Percent difference between median stormwater and groundwater enterococci 
concentrations. 
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where, D = difference between stormwater and groundwater  

    enterococci concentrations (%) 
 8>�"  = median stormwater enterococci concentration    

   (MPN/100 mL) 
 8>?"  = median groundwater enterococci concentration  

   (MPN/100 mL) 
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Dune Sand Enterococci Monitoring 

Dune sand sampling and analysis for enterococci took place once during the fall of 

2008 and once during summers of 2009 and 2010 to determine if bacteria were residing at 

high levels within the dune sand.  Samples were collected at both study sites from 1 m (3 ft) 

and 23 m (75 ft) downslope of the chambers and in the middle dune area and dune-beach 

interface of the control.  Upper samples, collected 0.6 m (2 ft) below the dune surface, were 

collected at each location to determine natural levels of bacteria within the dunes.  Deep 

samples were collected at each study site to estimate bacteria concentrations in the sand 

presumably where infiltrated stormwater and groundwater flow occurred during infiltration 

events.  Samples from 1 m (3 ft) downslope of the chambers were collected from roughly the 

same elevation as the chamber inverts.  Samples collected 23 m (75 ft) downslope were 

roughly 0.6 m (2 ft) below the chambers.  Deep samples from the control were collected from 

approximately the same elevations. 

 The sand samples were collected by augering with a 10 cm (4 in) diameter auger to 

just above the target sample depth.  Next, a 5 cm (2 in) sampling auger with removable a 

plastic sample sleeve was used to collect a sample.  Each sample was collected with a 

separate, sterile sleeve that was capped and bagged after collection.  The samples were then 

placed in a cooler on ice.  The sampling auger was washed with a water-bleach mix and 

thoroughly rinsed with DI water after each sampling.  The samples were delivered to the 

N.C. State Soil Science, Soil Microbiology Lab for Enterolert® testing (ASTM #D6503-99). 
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Data Analysis Methods 

Basic data calculations and analyses, such as for flowrates, volumes, AADs, and 

descriptive statistics, were performed in Microsoft Excel®.  The enterococci data were also 

analyzed via a more detailed statistical model as well.  These analyses were performed in 

SAS 9.1.3 (SAS Institute Inc. of Cary, N.C.) using the proc mixed command.  The data were 

first natural log transformed then arranged according to sample date, season (winter-spring or 

summer-fall), site, sampling well location, and the number of days elapsed since the previous 

storm event.  A model statement was then declared, comparing the natural log of the 

enterococci data to the sampling well location, system, and elapsed time between storms.  

The sampling date was modeled as a random variable.  The number of days elapsed since the 

prior storm was nested within the date variable.  The analyses were performed via contrast 

estimation statements that compared the estimated least squares means.  All tests used �  = 

0.05 for significance testing. 
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RESULTS AND DISCUSSION 

 

Hydraulic Performance  

During the three year study period, the Site L and M DISs diverted a combined 

14,584 m3 (515,046 ft3) of stormwater into the dunes, with an overall capture rating of 97% 

(Table 2-3).  The Site L DIS captured all associated flows, while only 438 m3 (15,457 ft3) 

bypassed the Site M DIS.  Overall, 15,022 m3 (530,503 ft3) of stormwater was produced from 

the two watersheds due to 2,735 mm (108 in) of rainfall.  The individual capture ratings of 

100% (Site L) and 96% (Site M) were higher than that of traditional BMPs.  For example, 

constructed wetlands and bioretention cells have been credited with capture ratings ranging 

from 27% to 69%, respectively (Bass and Evans, 2000; Hunt et al., 2006; Lenhart and Hunt, 

2008; Li et al., 2009). 

 
 

Table 2-3.  Site L and M hydraulic performance summary after three years of monitoring. 
 

Site 
Total 

Rainfall 
(mm) 

Total 
Stormwater 

Flow 
(m3) 

Total 
Overflow 

(m3) 

Total 
Captured 

Flow 
(m3) 

Capture 
Rating  

(%) 

L 
2735 

3756 0 3756 100 
M 11266 438 10828 96 

Total 15022 438 14584 97 
 
 

The watershed associated with Site M (3.2 ha (8.0 ac)) produced approximately three 

times more runoff than Site L’s (1.9 ha (4.7 ac)), though the measured drainage area at Site 
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M was only 1.7 times larger.  This discrepancy was likely due to errors in the watershed 

assessment.  In addition, the amounts of impervious areas may have been underestimated at 

Site M and overestimated at Site L.  Further evidence that the watershed characteristics 

differed from the estimated characteristics was found in examining the depths of runoff 

delivered to the diversion vaults.  These depths were calculated by dividing each study site’s 

total stormwater volume for the three year study period by its respective drainage area.  The 

depths of runoff that reached the vaults were 198 mm (7.78 in) at Site L and 352 mm (13.70 

in) at Site M, much lower than expected.  These low depths represented just 7.2% (Site L) 

and 13% (Site M) of the total rainfall.  Therefore, the high capture ratings could be partially 

attributed to the smaller amounts of runoff produced within the watersheds, in addition to the 

conservative design of the DISs. 

Bright (2007) observed similar trends during the initial feasibility study in 2006, as no 

overflow occurred at Site L and only 4% of the stormwater overflowed at Site M.  These 

values were identical to what was found in this longer-term study, suggesting that over the 

five years of operation, the DISs did not suffer any large hydraulic performance 

degradations.  In addition, Bright (2007) found similar proportions of runoff depth to total 

rainfall, with 6.1% at Site L and 13% at Site M.   

These small proportions of runoff reaching the vaults were evidence that the initial 

abstraction, surface storage, and infiltration throughout the watersheds were higher than 

expected, thus the curve numbers and Rational C values were likely overestimated.  Also, the 

actual watershed areas may have been much smaller than what was estimated.  Another 
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possibility was diversion of water away from the sites due to blockages within the 

stormsewers. 

In addition to the total flow analyses, 98 individual storm events with �  6.4 mm  

(0.25 in) of rainfall were further examined to better analyze the systems.  Each event was 

analyzed for its total rainfall depth, maximum rainfall intensity, rainfall duration, stormwater 

volume, overflow volume, DIS inflow volume (captured volume), and peak stormwater 

flowrate into the vault (Appendix C-1, Tables C-1 and C-2).  These events accounted for 

approximately 76% of the rainfall, 52% of the stormwater volume, 100% of the overflow 

volume, and 50% of the captured volume that occurred during the entire study.  The low 

proportions of stormwater and captured volumes were due to an unknown source 

contributing variable base flow at Site M, which was also captured by the system.  The 

overall capture rating for both DISs combined during these events was 94% (Table 2-4).  

This capture rating was lower than the overall rating due to the exclusion of flow during 

events with �  6.4 mm (0.25 in) of rainfall. 

 
 

Table 2-4.  Site L and M hydraulic performance summary for events with �  6.4 mm (0.25 in) 
of rainfall. 
 

Site 
Total 

Rainfall 
(mm) 

Total 
Stormwater 

Flow 
(m3) 

Total 
Overflow 

(m3) 

Total 
Captured 

Flow 
(m3) 

Capture 
Rating  

(%) 

L 
2090 

2859 0 2859 100 
M 4893 438 4455 91 

Total 7752 438 7314 94 
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Of the 98 events analyzed at Site M, only four resulted in greater than 50% overflow.  

Six resulted in 0% - 10% overflow, three had 10% - 25% overflow, and six had 25% - 50% 

overflow.  Therefore, overflow occurred in approximately 20% of the storm events, even 

though 54% of the events had maximum rainfall intensities greater than the DIS’s design of 

12.7 mm/hr (0.5 in/hr).  In the short-term study by Bright (2007), 25 events were analyzed, 

with five producing overflow at Site M.  Also, Bright (2007) observed overflow only during 

events with intensities �  28 mm/hr (1.10 in/hr), while the latest study saw overflow in events 

with intensities as low as 20 mm/hr (0.80 in/hr), still well above the design intensity.  This 

longer-term study included analyzing nearly four times more events, with rainfall depths 

reaching 98 mm (3.85 in) and intensities up to 99 mm/hr (3.90 in/hr).  Bright’s (2007) study 

included events with a maximum rainfall depth of 105 mm (4.14 in) and a maximum 

intensity of 89 mm/hr (3.50 in/hr). 

 Examination of the rainfall and stormwater data for events with �  6.4 mm (0.25 in) of 

rainfall showed strong correlations between event total rainfall and stormwater flow volume 

(Fig. 2-20) and between event maximum rainfall intensity and peak stormwater flowrate  

(Fig. 2-21).  From Figure 2-20, it was evident that during events with less than approximately 

16 mm (0.63 in) of rainfall, both watersheds produced similar amounts of runoff.  This was 

most likely due to the similarity of the lower portions of the watersheds, both of which were 

residential areas with similar amounts of impervious areas.  Beyond this rainfall depth, the 

watershed contributing to Site M produced much higher volumes, as compared to Site L.  

This was due to not only to Site M’s watershed being larger, but also to potential differences 
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in the upper reaches of the watersheds, such as impervious areas, curb and gutter streets, and 

stormsewers.  Also seen in Figure 2-20 is the lack of overflow during events with �  9.4 mm 

(0.37 in) of rainfall, regardless of intensity.   

Figure 2-21 shows that the watershed at Site L never produced peak flows above the 

design capacity of 0.05 m3/s (1.9 ft3/s).  This capacity was based on the stormwater peak 

flowrate, as estimated by the Rational Method.  Closer examination of the hydrologic data 

revealed that events with maximum rainfall intensities similar to the design intensity 

produced flowrates roughly nine times lower than the Rational Method estimate.  This was 

likely due to the potential errors in the watershed assessments, as previously discussed.  The 

lower than expected flowrates were also part of the reason why the DIS captured all 

stormwater flows. 

Since the Site L DIS never overflowed, the data were analyzed to determine when 

overflow might occur.  This was accomplished by comparing the vault stages to the peak 

stormwater flowrates, to see what flowrates were correlated with vault stages above the weir.  

This relationship suggested that overflow might occur during events with peak flows above 

0.038 m3/s (1.34 ft3/s), just shy of the design capacity (Appendix C-2, Fig. C-1).  However, 

one event during the study period exceeded this flowrate by 0.006 m3/s (0.21 ft3/s) and did 

not result in overflow, though the maximum stage inside the diversion vault was just 0.06 m 

(0.19 ft) below the crest of the weir. 
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Figure 2-20.  Site L and M event rainfall depth and stormwater volume relationships for events with �  6.4 mm (0.25 in) of rainfall. 
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Figure 2-21.  Site L and M event maximum rainfall intensity and stormwater peak flowrate relationships for events with �  6.4 mm 
(0.25 in) of rainfall.  The constructed capacity of the Site M DIS was limited by the distribution pipe and not by infiltration.  This 
analysis was based on data from Site M, prior to when a blockage in the distribution pipe was believed to have occurred. 
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Closer examination of the Site M data in Figure 2-21 showed that the smallest 

maximum rainfall intensity resulting in overflow was 20 mm/hr (0.80 in/hr), higher than the 

design storm of 12.7 mm/hr (0.5 in/hr).  Only one event, with a peak flow of 0.115 m3/s (4.07 

ft3/s), exceeded the DIS’s design capacity of 0.079 m3/s (2.8 ft3/s).  However, overflow was 

observed during events with peak flows as low as 0.014 m3/s (0.49 ft3/s), suggesting that the 

system’s actual capacity was lower than designed.  Further investigation into this discrepancy 

showed that the capacity was actually limited by the distribution pipe and not by the 

infiltration ability of the soil (Appendix C-3).  The estimated actual capacity of the 

distribution pipe was determined to be near 0.025 m3/s (0.90 ft3/s), less than that of the 

infiltration capacity.  The low pipe capacity was due to the constructed slope (0.04%) being 

less than the designed slope (0.4%).  However, events with peak flows less than this also 

resulted in overflow, which was due to a partial blockage of the distribution pipe (Appendix 

C-3).  This blockage was discovered in the summer of 2010 and was believed to have 

originated in October 2009. 

Therefore, because the watershed did not produce the expected peak flowrates and 

because the distribution pipe at Site M was not installed at the correct slope, the chambers 

and dunes at Site M likely never experienced their designed capacities.  However, even with 

the decreased pipe capacity, the system still performed exceptionally, capturing 96% of the 

stormwater flow.  These construction errors also highlighted the need to ensure proper 

installation techniques and accurate surveying during system construction.   
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 Further examination of the Site M flow data was performed to evaluate the system’s 

stormwater volume capture efficiency.  This was accomplished using the event maximum 

rainfall intensities and DIS captured volume as a proportion of total stormwater flow (Fig. 2-

22).  This analysis resulted in three observable overflow regimes, characterized as zones: 

 
 
Zone 1:  No Overflow Zone (up to 20 mm/hr (0.80 in/hr)) 
Zone 2:  Transitional Zone (20 mm/hr (0.80 in/hr) to 31 mm/hr (1.2 in/hr)) 
Zone 3:  Definite Overflow Zone (greater than 31 mm/hr (1.2 in/hr)) 

 
 
 

The break-point between Zone 1 and Zone 2, 20 mm/hr (0.80 in/hr), was well above 

the design storm of 12.7 mm/hr (0.5 in/hr).  Beyond this intensity, overflow potential began 

to rapidly increase, as intensity increased.  During events with intensities greater than 31 

mm/hr (1.2 in/hr), overflow always occurred, suggesting that flows had exceeded the pipe’s 

capacity.  This type of analysis provided means to predict DIS inflow and overflow 

proportions and frequencies at Site M.  Though this anlaysis was specific to Site M, future 

monitoring and analyses may provide the information needed to develop this type of analysis 

into genrealized design tools for other locations and systems. 
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Figure 2-22.  Site M DIS relationship between captured volume, as a proportion of total stormwater flow, and event maximum rainfall 
intensity for events with �  6.4 mm (0.25 in) of rainfall.
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Lastly, several individual storm events were more closely examined to characterize 

each DIS’s performance under various hydrologic conditions.  These events were selected 

based on the event maximum rainfall intensities and their ranking among all 98 of the events 

with �  6.4 mm (0.25 in) of rainfall.  Events with the lowest, median, and greatest rainfall 

intensities were chosen.  Hydrologic and hydraulic summaries are given in Tables 2-5 - 2-7. 

 
 
Table 2-5.  Hydrologic summaries for several storm events with �  6.4 mm (0.25 in) of 
rainfall.  The rainfall intensity rankings were based on all 98 analyzed events. 
 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Total 
Rainfall 
(mm) 

Storm 
Duration 

(hr) 

10/18/08 Lowest 2.0 7.4 6.0 
12/30/09 Median 14.2 23.6 7.5 
03/15/08 Highest 99.1 36.3 3.4 

 
 
 
Table 2-6.  Site L hydraulic summaries for selected storm events with �  6.4 mm (0.25 in) of 
rainfall.  The rainfall intensity rankings were based on all 98 anlayzed events. 
 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Peak 
Stormwater 

Flow          
(m3/s) 

Stormwater 
Volume    

(m3) 

Overflow 
Volume    

(m3) 

DIS 
Capture 
Volume 

(m3) 

DIS 
Capture 
Rating        

(%) 

10/18/08 Lowest 0.002 14.2 0.00 14.2 100 
12/30/09 Median 0.004 30.5 0.00 30.4 100 
03/15/08 Highest 0.044 51.1 0.00 51.1 100 
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Table 2-7.  Site M hydraulic summaries for selected storm events with �  6.4 mm (0.25 in) of 
rainfall.  The rainfall intensity rankings were based on all 98 analyzed events. 
 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Peak 
Stormwater 

Flow          
(m3/s) 

Stormwater 
Volume    

(m3) 

Overflow 
Volume    

(m3) 

DIS 
Capture 
Volume 

(m3) 

DIS 
Capture 
Rating        

(%) 
10/18/08 Lowest 0.003 18.1 0.0 18.1 100 
12/30/09 Median 0.008 42.7 0.0 42.7 100 
03/15/08 Highest 0.115 114 56.3 57.6 51 

 

 
 The storm event on 10/18/08 produced just 7 mm of rainfall, the fifth lowest of all 98 

analyzed events, and an intensity of only 2 mm/hr.  This led to 14.2 m3 (500 ft3) of 

stormwater flow at Site L (Fig. 2-23) and 18.1 m3 (638 ft3) at Site M (Fig. 2-24).  No 

overflow occurred at either site due to the low rainfall intensity and associated peak flowrates 

of 0.002 m3/s (0.08 ft3/s) at Site L and 0.003 m3/s (0.09 ft3/s) at Site M.  This event did little 

to challenge the DISs, as the flows were well below the constructed capacities of the systems. 
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Figure 2-23.  Site L hydrograph for a storm event on 10/18/08. 
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Figure 2-24.  Site M hydrograph for a storm event on 10/18/08. 
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The event representing the median event maximum rainfall intensity (14 mm/hr  

(0.56 in/hr)) occurred on 12/30/09 and produced 24 mm (0.93 in) of rainfall.  No overflow 

occurred during this event, thus the stormwater volumes of 30.5 m3 (1,076 ft3) at Site L and 

42.7 m3 (1,509 ft3) at Site M were completely captured (Figs. 2-25 and 2-26).  This event’s 

maximum rainfall intensity was similar to the design intensity (12.7 mm/hr), though the peak 

flowrates of 0.004 m3/s (0.15 ft3/s) at Site L and 0.008 m3/s (0.27 ft3/s) at Site M were well 

below both the design capacities (0.05 m3/s (1.9 ft3/s) at Site L and 0.079 m3/s (2.8 ft3/s) at 

Site M).   The low flowrates during this event again highlighted the fact that the watersheds 

did not produce the estimated flows.  Therefore, the systems were not challenged 

hydraulically during this, or other similar storm events. 
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Figure 2-25.  Site L hydrograph for a storm event on 12/30/09.  
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Figure 2-26.  Site M hydrograph for a storm event on 12/30/09.
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Lastly, the event (03/15/08) with the greatest event maximum rainfall intensity,  

99 mm/hr (3.90 in/hr), produced 36 mm (1.43 in) of rainfall, 51 m3 (1,805 ft3) of stormwater 

flow at Site L, and 114 m3 (4,021 ft3) at Site M (Figs. 2-27 and 2-28).  The peak flowrates 

were 0.044 m3/s (1.55 ft3/s) and 0.115 m3/s (4.07 ft3/s) at Sites L and M respectively.  The 

peak flowrate at Site M was the highest recorded among either site and all analyzed events.  

In addition, this flowrate was well above the distribution pipe’s constructed capacity, which 

caused the vault stage to dramatically increase, resulting in 56 m3 (1,989 ft3) of overflow at 

Site M.  This was the second highest amount of overflow measured among all of the 98 

analyzed events.  The event that resulted in the highest amount of overflow (11/11/09) had  

98 mm (3.85 in) of rainfall (the highest amount of all analyzed events) and a maximum 

intensity of 63 mm/hr (2.48 in/hr) (the fifth highest intensity).  The 11/11/09 event occurred 

shortly after the Site M distribution pipe was believed to have been partially blocked by a 

piece of lumber (10/28/09).  The peak flowrate at Site M during the 11/11/09 event was 

0.034 m3/s (1.20 ft3/s). 

These two events certainly challenged the DISs in terms hydraulic performance, 

though the Site L system still performed as expected, based on the peak flow.  It also 

demonstrated that the constructed capacity of the Site L system was likely near the design 

capacity, as the peak stormwater flowrate during the 03/15/08 event (0.044 m3/s (1.55 ft3/s)) 

was just shy of the design capacity.  The Site M system did experience a large amount of 

overflow, and thus a relatively low capture rating; however, it was the capacity of the 

distribution pipe that limited inflow and not the infiltration ability of the dunes.  
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Figure 2-27.  Site L hydrograph for a storm event on 03/15/08.  
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Figure 2-28.  Site M hydrograph for a storm event on 03/15/08.
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 In summary, the Site L and M DISs operated very efficiently, capturing nearly 97% 

of the stormwater from the two watersheds, among a wide range of rainfall intensities.  In 

fact, the Site L DIS captured all the runoff from its watershed.  These capture ratings were 

also much higher than traditional BMPs.  However, with such high capture ratings, it was 

evident that the systems were overdesigned with respect to hydraulic performance, at least 

partially because the watersheds did not produce the expected amounts or flowrates of runoff.  

Even with the lower runoff volumes and rates, the Site M DIS still produced just 4% 

overflow.  Any overflow was largely due to the distribution pipe’s constructed capacity being 

far below the design capacity, preventing stormwater from reaching the chambers, meaning 

that infiltration was not a limiting factor of DIS inflow.  If the pipe had been installed at the 

correct slope, the capture rating at Site M would have likely been even more similar to rating 

observed at Site L.  However, a partial blockage in the distribution pipe at Site M, noted in 

the summer of 2010, also decreased its capacity and resulted in increased overflows.  Even 

with these issues, the Site M performed well and continued to exceed capture expectations. 

These data and analyses will provide important information for the future design and 

installation of other DISs.   

 

Dune Hydrology 

The diversion of 3,756 m3 (132,654 ft3) of stormwater into the dunes at Site L and 

10,828 m3 (382,392 ft3) at Site M had very little overall impact on dune hydrology, as the 

long-term water table data appeared to be similar between the study sites and control site.  In 
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fact, the only truly observable impacts were short-lived, localized groundwater mounds 

beneath the systems that formed during infiltration events, discussed later. 

The water table was monitored at four locations within each study site and in the 

middle dune area of the control (CWT) (Figs. 2-16 - 2-18).  The monitoring locations at Sites 

L and M were 6 m (20 ft) upslope of the chambers (LWT-UP and MWT-UP), 1 m (3 ft) 

downslope (LWT-CHAM and MWT-CHAM), 6 m (20 ft) (LWT-MID) and 8 m (25 ft) 

(MWT-MID) downslope, and 23 m (75 ft) downslope (LWT-VEG and MWT-VEG) of the 

chambers.  During infiltration events, the water table mounds at Sites L and M were expected 

to be highest at the 1 m (3 ft) downslope wells and decrease in elevation in all directions 

further away from the DISs.  Other factors influencing the water table elevations at both 

study sites and the control included tides, direct infiltration into the dune surface, infiltration 

throughout the watershed (incoming groundwater flow), natural water table gradients, and 

well location effects with respect to distance from the ocean.  

The water table data were analyzed via maximum and mean elevations, as well as by 

Standard Deviation (SD) and Average Absolute Difference from the control (AAD).  The 

SDs quantified the amount of vertical deviation within each water table well.  These were 

used to determine if the water table changes caused by the infiltration of stormwater were 

greater than those caused by natural effects, such as tides and surface infiltration, by 

comparing the study site SDs to those from the control.  The AADs quantified the difference 

in elevations between the 1 m (3 ft) downslope wells (LWT-CHAM and MWT-CHAM) and 
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the elevations measured at the control’s water table monitoring well.  These comparisons 

were used because the wells were installed at similar distances from the ocean.   

Water table data collected from Site M confirmed expectations, as the highest 

observed elevation (3.51 m (11.53 ft)) and long-term SD (0.42 m (1.37 ft)) occurred at the 1 

m (3 ft) downslope well location (Table 2-8).  In fact, the maximum elevation at Site M 

exceeded the invert of the system (3.47 m (11.40 ft)) by 0.04 m (0.13 ft).  This impact on the 

system lasted for only 40 minutes and was the only period when this occurred during the 

entire three year study.  While this was not favorable, it did not result in damage to, or 

decreased performance of the system.  

 

Table 2-8.  Site M and control water table monitoring summary.  The DIS invert elevation 
was 3.47 m (11.40 ft).  Elevations were based on mean sea level (MSL) and referenced to 
NGVD88. 

 
Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

MWT-UP 
(6 m upslope) 

MWT-CHAM  
(1 m Downslope) 

MWT-MID 
(8 m Downslope) 

MWT-VEG 
(23 m Downslope) 

Maximum 1.96 1.91 3.51 2.55 2.68 
Mean 0.65 1.03 0.88 0.72 0.56 

Minimum 0.14 0.57 0.22 0.31 -0.08 
SD 0.28 0.23 0.42 0.32 0.31 

AAD - - 0.25 - - 
 
 

Though not observed during this study, potential problems arising from the water 

table surpassing the DIS’s invert include:  damage or destabilization of the chambers, 

decreased hydraulic performance, or decreased treatment performance.  A high water table 
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would limit the hydraulic gradient of infiltration from the DIS, potentially resulting in 

decreased stormwater capture.  The unsaturated zone between the chambers and water table 

was believed to significantly contribute to the retention bacteria, thus could be diminished if 

the water table remained within this zone for extended periods of time.  Additionally, each of 

these factors had implications on the vertical placement of the DISs and these results 

suggested the placement of the Site M DIS was adequate.  Potential future systems should 

especially consider vertical placement, as discussed in Chapter 4. 

Data from MWT-CHAM was also compared to data from the control (CWT).  As 

expected, the maximum elevations were quite different (1.96 m (6.42 ft) at CWT and 3.51 m 

(11.53 ft) at MWT-CHAM), which was due to the infiltration of stormwater via the DIS.  

The mean elevations, 0.65 m (2.13 ft) at CWT and 0.88 m (2.88 ft) at MWT-CHAM, were 

slightly different, which was due to not only infiltration effects, but also the natural water 

table gradient, as the water table was naturally higher at Site M as compared to the control.  

These differences were also evident via the SDs, 0.42 m (1.37 ft) at MWT-CHAM and 0.28 

m (0.92 ft).  This difference indicated that stormwater infiltration had a slightly larger effect 

on the water table deviations, as compared to natural influences seen at the control.  The 

AAD at MWT-CHAM was 0.25 m (0.82 ft), which was slightly greater than the difference 

between the raw mean elevations (0.23 m (0.75 ft)).  While the AADs were affected by 

natural water table gradients, the slightly higher value at Site M may have been indicative of 

some stormwater infiltration effects on long-term differences in the water table between the 

two locations.  
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Data from MWT-MID, located 8 m (25 ft) downslope of the chambers showed lower 

elevations and a lower SD, as expected (Table 2-8).  The maximum was just 2.55 m (8.38 ft), 

while the mean was 0.72 m (2.36 ft), which was close the mean at CWT (0.65 m (2.13 ft)).  

This difference was likely heavily influenced by the natural lateral water table gradient, in 

addition to some infiltration effects.  The SD was 0.32 m (1.05 ft), only 0.04 m (0.13 ft) 

higher than at CWT.  This indicated that stormwater infiltration had slightly more effect on 

water table elevation changes than did natural influences. 

Lastly, water table elevations observed at MWT-VEG likely experienced the greatest 

amount of tidal influences and least amount of infiltration effects.  The maximum elevation, 

2.68 m (8.79), was higher than at MWT-MID and occurred during an infiltration event on 

09/25/08.  However, the maximum elevation at CWT for the entire study period also 

occurred during this event.  Therefore, tidal and surface infiltration effects likely played the 

key roles, in addition to discharge from the DIS, in these slight differences.  The mean 

elevation at MWT-VEG was just 0.56 m (1.83 ft), below that of CWT, as expected.  The SD 

at MWT-VEG was 0.31 m (1.00 ft), only 0.03 m (0.08 ft) higher than the control.  This was 

expected due to increased tidal influences at MWT-VEG, as compared to CWT.   

Overall, it was apparent that stormwater input at Site M had no large, long-lasting, 

negative impacts on dune hydrology.  Mean elevations at each well location within Site M 

were similar to, and within the expected ranges of, the control.  Furthermore, the SDs 

indicated that stormwater infiltration might have only had slightly more effect on water table 

changes as compared to natural influences, such as tides and surface infiltration from the 
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surrounding landscape.  Also, the chosen invert elevation of the DIS at Site M was found to 

be adequate, as the water table surpassed the invert of the chambers for only 40 minutes over 

the entire three year study period.  

Examination of the water table data from Site L showed similar trends as those at Site 

M, but were typically much lower in magnitude (Table 2-9).  Interestingly, all of the 

maximum observed elevations at Site L occurred during the infiltration event on 09/25/08, 

which was the same event when several of the maximums at Site M were observed.  Also 

noteworthy, was that the maximum elevation recorded at LWT-VEG (3.29 m (10.80 ft)) was 

1.24 m (4.08 ft) higher than the maximum recorded at LWT-CHAM (2.05 m (6.72 ft)).  This 

elevation was unexpectedly high and warranted further scrutiny. 

 

Table 2-9.  Site L and control water table monitoring summary.  The DIS invert elevation 
was 2.85 m (9.35 ft).  Elevations were based on mean sea level (MSL) and referenced to 
NGVD88.   

 
Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

LWT-UP 
(6 m upslope) 

LWT-CHAM  
(1 m Downslope) 

LWT-MID 
(6 m Downslope) 

LWT-VEG 
(23 m Downslope) 

Maximum 1.96 1.91 2.05 2.09 3.29 * 
Mean 0.65 0.79 0.66 0.65 0.59 

Minimum 0.14 0.29 0.00 0.06 -0.04 
SD 0.28 0.26 0.29 0.28 0.30 

AAD - - 0.05 - - 
 
* Value was likely result of equipment error (Appendix D-1); value likely �  2.1 m (6.9 ft). 
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Investigation into the high maximum elevation at LWT-VEG led to the discovery that 

equipment malfunction likely resulted in erroneous water table elevations during the 

09/25/08 event (Appendix D-1).  The next highest elevation recorded outside of this event 

was 1.95 m (6.41 ft). 

Monitoring data from LWT-CHAM revealed that the mean elevation over the entire 

study period, 0.66 m (2.16 ft), was very similar to the mean at the control (0.65 m (2.13 ft)).  

The maximum elevation observed at LWT-CHAM was just 2.05 m (6.72 ft), well below the 

invert of the chambers (2.85 m (9.35 ft)).  The SD, 0.29 m (0.94 ft) was essentially the same 

as what was calculated at CWT (0.28 m (0.92 ft)).  The AAD was just 0.05 m (0.16 ft).  

These indicated that the effects of stormwater infiltration on the water table were virtually 

indistinguishable from natural influences. 

Water table data from LWT-MID, located 6 m (20 ft) downslope of the Site L DIS, 

also did not show large variations from the control.  In fact, the mean elevations were the 

same (0.65 m (2.13 ft)).  The maximum, 2.09 m (6.85 ft), was slightly higher than at LWT-

CHAM, which was likely due to tidal and infiltration effects, as both maximums occurred 

during the same event.  The SD was the same as what was found at the control site (0.28 m 

(0.92 ft)), indicating that stormwater infiltration had no more influence on the water table as 

did natural processes. 

Lastly, data from 23 m (75 ft) downslope of the chambers (LWT-VEG) indicated that 

the water table mounds had little effect on the overall elevations, as the mean (0.59 m (1.94 

ft)) was below that found in the control, as expected due to the natural water table gradient.  
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In addition, the SD was only 0.30 m (0.99 ft), slightly above the SD at CWT.  This was 

expected due to larger tidal influences since LWT-VEG was closer to the ocean.  Thus, the 

low SD indicated that stormwater infiltration effects were not substantial at this location.  

The maximum recorded elevation, 3.29 m (10.80 ft), was likely due to equipment 

malfunction, as previously discussed and explained in Appendix D-1.  The true maximum 

elevation that occurred at this location was likely �  2.1 m (7 ft), based on responses in the 

other wells at Site L and monitoring data from LWQ-VEG during other infiltration events. 

These results showed that the Site L DIS was not impacted by the water table and that 

there were no long-term impacts on dune hydrology.  The mean water table elevations at four 

monitoring points around this system were each similar to the control and well within the 

expected range.  SD analyses indicated that effects of stormwater infiltration on water table 

fluctuations were no greater than effects of natural influences, such as tides and surface 

infiltration.  Lastly, the maximum water table elevations showed that the water table only 

rose slightly due to input from the DISs, except for one, which was due to potential 

instrument error.  Overall, it was apparent that the Site L DIS was able to disperse the small 

amounts of stormwater over a large enough area as to not substantially affect the water table.  

However, with the input of stormwater into the dunes at both DISs, temporary impacts on 

dune hydrology were inevitable. 

The only distinct impacts on the water table occurred during and shortly after 

infiltration events, when infiltrated stormwater would create water table mounds underneath 

the chambers.  The mound was highest directly underneath the chambers and decreased in 
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height in all directions.  To analyze these temporary impacts, several individual infiltration 

events were more closely examined.  Events were selected based on the combined total 

amount of DIS inflow into the two DISs.  Ideally, the selected events would have represented 

those with the smallest, median, and highest amounts of DIS inflow, but this was not possible 

due to either equipment malfunctions or the water table falling below the elevation of some 

of the water level sensors.  Thus, the chosen events actually represented those events with the 

4th, 48th, and 96th highest DIS inflow totals, out of all 98 events with �  6.4 mm (0.25 in) of 

rainfall.  The inflow totals ranged from 8.5 m3 (301 ft3) at Site L up to 116 m3 (2,490 ft3) at 

Site M (Table 2-10). 

 

Table 2-10.  Site L and M hydrologic summaries for three of 98 total infiltration events. 
 

Storm 
Date 

Total DIS 
Inflow 

Volume 
Ranking 

Site L DIS 
Inflow 

Volume 
(m3) 

Site M DIS 
Inflow 

Volume 
(m3) 

Rainfall 
(mm) 

12/08/09 96th Highest 8.5 12.0 8 
03/02/10 48th Highest 24.5 36.7 21 
11/11/09 4th Highest 70.5 115.6 98 

 
 

The event representing the lowest amount of DIS inflow occurred on 12/08/09, 

produced 8.5 m3 (301 ft3) of DIS inflow at Site L and 12.0 m3 (422 ft3) at Site M, and had 

water table impacts that were scarcely noticeable (Figs. 2-29 and 2-30).  In fact, the water 

table immediately down slope of the systems rose by only 0.11 m (0.36 ft) at Site L and 0.42 

m (1.39 ft) at Site M (Tables 2-11 and 2-12).   
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Figure 2-29.  Site L water table response to an infiltration event on 12/08/09. 
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Figure 2-30.  Site M water table response to an infiltration event on 12/08/09. 
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Table 2-11.  Site L water table response results for an infiltration event on 12/08/09.  The 
DIS invert elevation was 2.85 m (9.35 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88.  N.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

LWT-UP 
(6 m upslope) 

LWT-CHAM  
(1 m Downslope) 

LWT-MID 
(6 m Downslope) 

LWT-VEG 
(23 m Downslope) 

Maximum 0.98 N.R. 1.01 0.91 0.85 
Mean 0.94 N.R. 0.96 0.88 0.81 

Minimum 0.88 N.R. 0.90 0.86 0.78 
SD 0.03 N.R. 0.03 0.02 0.02 

AAD - - 0.02 - - 
 
 
 
Table 2-12.  Site M water table response results for an infiltration event on 12/08/09.  The 
DIS invert elevation was 3.47 m (11.40 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88. VN.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

MWT-UP 
(6 m upslope) 

MWT-CHAM  
(1 m Downslope) 

MWT-MID 
(8 m Downslope) 

MWT-VEG 
(23 m Downslope) 

Maximum 0.98 1.40 1.71 1.22 N.R. 
Mean 0.92 1.38 1.47 1.13 N.R. 

Minimum 0.84 1.33 1.28 1.03 N.R. 
SD 0.04 0.02 0.12 0.06 N.R. 

AAD - - 0.55 - - 
 
 
 
The small water table mounds correlated to maximum water table elevations of just 

1.01 m (3.30 ft) and 1.71 m (5.60 ft) at Sites L and M respectively.  In addition, only very 

small responses were observed in the remaining wells, with no responses found in LWT-UP 

or MWT-VEG.  During the event, the mean water table elevations at Site L ranged from 0.81 
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m (2.65 ft) up to 0.96 m (3.15 ft), depending on well location.  These were very similar to the 

mean at the control (0.94 m (3.09 ft)).  The mean elevations at Site M, 1.13 m (3.70 ft) up to 

1.47 m (4.84 ft) depending on well location, were higher than the mean at the control, which 

was clearly due to stormwater infiltration.  SDs at Site L (�  0.03 m (0.10 ft)) showed that the 

water table experienced similar deviations as the water table did at the control (SD of 0.03 m 

(0.09 ft)).  Therefore, during this event, the infiltration of stormwater at Site L had no more 

effect on water table deviations than did natural influences.  The SDs at Site M (�  0.12 m 

(0.39 ft) were slightly higher than at the control, which again indicated increased temporary 

effects due to DIS input.  These small responses were dissipated within 15 hours at Site L 

and 30 hours at Site M.   

These data were also used to estimate groundwater flow velocities and residence 

times, above elevation zero, between the 1 m (3 ft) and 23 m (75 ft) downslope wells at both 

sites.  The mean velocities were 1 cm/hr (0.5 in/hr) at Site L and 25 cm/hr (10 in/hr) at Site 

M (Appendix D-3, Table D-4).  These yielded residence times of 1,767 hr at Site L and 88 hr 

at Site M (Appendix D-3, Table D-5).  The large differences of these estimates between the 

two sites were due to much higher water table gradient at Site M.  Additionally, these 

estimates were conservative since they only considered horizontal flow from the chambers 

towards the ocean, when the actual flow paths extended in all directions around the DISs, 

including vertical flow.  These results are discussed further, after the individual infiltration 

event analyses. 
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Overall, this example showed that small infiltration events had little impact on the 

water table, as expected.  There was very little difference from the control, as the mean and 

maximum elevations at the study sites were similar to those at the control.  SD analyses 

showed that stormwater infiltration had virtually no more influence on the water table at Site 

L, as tides and surface infiltration had at the control.  SDs at Site M were slightly higher than 

those at the control, indicating that stormwater infiltration had marginally more influence on 

water table deviations during the event.  Lastly, this event, and other similar ones, did not 

result in water table levels close to the DISs. 

The event representing the median amount of total DIS inflow between the two sites 

occurred on 03/02/10.  Inflow totaled 24.5 m3 (867 ft3) at Site L and 39.7 m3 (1,401 ft3) at 

Site M.  The water table responses were more pronounced during this event, compared to the 

previous, as the water table 1 m (3 ft) downslope of the systems rose by 0.14 m (0.46 ft) and 

0.60 m (1.97 ft) at Sites L and M, respectively (Tables 2-13 and 2-14; Figs. 2-31 and 2-32).  

These corresponded to maximum elevations of 1.08 m (3.55 ft) and 1.65 m (5.42 ft), which 

were 1.77 m (5.80 ft) and 1.82 m (5.98 ft) below the chamber inverts at Sites L and M, 

respectively.  No response was observed at LWT-UP, while responses were observed in all 

the wells at Site M.  Comparisons to the control’s mean water table elevation (0.94 m (3.09 

ft)) revealed that the mean elevations 1 m (3 ft) downslope of the systems were higher at both 

sites (1.02 m (3.35 ft) at Site L and 1.35 m (4.41 ft) at Site M).  The responses further 

downslope were muted compared those just downslope of the chambers.  In fact, the mean 

elevation at MWT-VEG (0.78 m (2.55 ft)) was much lower than the mean at the control.   
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Table 2-13.  Site L water table response results for an infiltration event on 03/02/10.  The 
DIS invert elevation was 2.85 m (9.35 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88.  N.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

LWT-UP 
(6 m upslope) 

LWT-CHAM  
(1 m Downslope) 

LWT-MID 
(6 m Downslope) 

LWT-VEG 
(23 m Downslope) 

Maximum 1.01 N.R. 1.08 1.08 1.19 
Mean 0.94 N.R. 1.02 1.01 1.06 

Minimum 0.86 N.R. 0.94 0.93 0.85 
SD 0.05 N.R. 0.04 0.05 0.11 

AAD - - 0.08 - - 
 
 
 
Table 2-14.  Site M water table response results for an infiltration event on 03/02/10.  The 
DIS invert elevation was 3.47 m (11.40 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88.  N.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

MWT-UP 
(6 m upslope) 

MWT-CHAM  
(1 m Downslope) 

MWT-MID 
(8 m Downslope) 

MWT-VEG 
(23 m Downslope) 

Maximum 1.07 1.34 1.65 1.24 0.79 
Mean 0.98 1.29 1.35 1.12 0.78 

Minimum 0.86 1.19 1.05 0.92 0.77 
SD 0.05 0.05 0.12 0.06 0.007 

AAD - - 0.36 - - 
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Figure 2-31.  Site L water table response to an infiltration event on 03/02/10. 
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Figure 2-32.  Site M water table response to an infiltration event on 03/02/10.
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SDs showed that the water table closest to the DISs experienced slightly higher 

deviations (�  0.12 m (0.39 ft) at both sites) compared to the control (0.05 m (0.16 ft)).  The 

SD at LWT-VEG (0.11 m (0.37 ft)) was higher than the SD at the control, which was most 

likely due to tidal influences, as seen in Figure 2-31.  These water table impacts were 

dissipated within 20 hours at Site L and 106 hours at Site M.  The long response time at Site 

M was probably an overestimate, as the method for determining this time was fairly 

conservative, as mentioned in the Materials and Methods section.  The long duration was 

likely due to the event occurring at the same time as a spring tide, causing the water table to 

remain elevated for an extended period. 

The mean groundwater velocities during the event were 0.5 cm/hr (0.2 in/hr) at Site L 

and 16 cm/hr (6 in/hr) at Site M.  These were lower than in the previously discussed event 

due to lower water table gradients.  The lower gradients may have been due to tidal 

influences and larger responses 23 m (75 ft) downslope of the chambers during this event.  

The residence times were 4,308 hr at Site L and 140 at Site M.   

Overall, this example showed that a moderately sized infiltration event had some 

effects on the water table, but did not cause extensive responses.  The effect of Site M’s 

higher DIS inflow volume, compared to Site L, was evident as the mean water table 

elevations near the Site M DIS were noticeably higher than at Site L and the control.  SDs 

showed that the water table nearest the systems experienced some temporary stormwater 

infiltration effects, as the deviations were slightly higher than those at the control.  Further, at 

no point did this event remotely threaten the performance of either BMP. 
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Lastly, an event on 11/11/09 produced 70.5 m3 (2,490 ft3) and 115.5 m3 (4,083 ft3) of 

DIS inflow at Sites L and M respectively.  In addition to this event, two smaller infiltration 

events occurred during the two days prior to the primary event.  These two smaller events 

were not analyzed for flows due to falling below the 6.4 mm (0.25 in) rainfall depth 

threshold.  The primary event had noticeable water table responses at both sites, while the 

two preceding had no detectable response at Site L and limited responses at MWT-CHAM 

and MWT-MID. These responses corresponded to maximum elevations of 1.64 m (5.37 ft) at 

LWT-CHAM and 3.51 m (11.53 ft) at MWT-CHAM, for water table mound heights of 1.04 

m (3.40 ft) and 2.87 m (9.41 ft), respectively.  These heights were relative to the water table 

elevations observed just before the water table responses began.  The maximum water table 

elevation at Site M was 0.04 m (0.13 ft) above the invert of the chambers (3.47 m (11.40 ft)).  

This impact on the chambers lasted for 40 minutes and was the only impact on either system, 

as previously discussed (Tables 2-15 and 2-16; Figs. 2-33 and 2-34).   

 

Table 2-15.  Site L water table response results for an infiltration event on 11/11/09.  The 
DIS invert elevation was 2.85 m (9.35 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88.  N.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

LWT-UP 
(6 m upslope) 

LWT-CHAM  
(1 m Downslope) 

LWT-MID 
(6 m Downslope) 

LWT-VEG 
(23 m Downslope) 

Maximum 1.23 1.34 1.64 1.20 1.20 
Mean 0.90 1.22 1.07 1.05 0.91 

Minimum 0.58 0.85 0.60 0.66 0.55 
SD 0.22 0.11 0.23 0.11 0.17 

AAD - - 0.17 - - 
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Table 2-16.  Site M water table response results for an infiltration event on 11/11/09.  The 
DIS invert elevation was 3.47 m (11.40 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88.  N.R. denotes no response detected in well. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

MWT-UP 
(6 m upslope) 

MWT-CHAM  
(1 m Downslope) 

MWT-MID 
(8 m Downslope) 

MWT-VEG 
(23 m Downslope) 

Maximum 1.61 1.91 3.51 2.17 1.45 
Mean 1.16 1.43 1.56 1.41 0.92 

Minimum 0.57 0.95 0.65 0.57 0.49 
SD 0.27 0.38 0.44 0.38 0.37 

AAD - - 0.40 - - 
 
 
 

Interestingly, this event also produced the highest volumes of stormwater and 

overflow at Site M; however, the relationship between the high water table and the large 

amount of overflow was not clear.  While the high water table and impact on the Site M DIS 

may have played a role in the amount of overflow, this event occurred shortly after the 

blockage in the DIS distribution pipe was believed to have occurred, thus much of the 

overflow could be attributed to the decreased pipe capacity.  Further, the peak stormwater 

flowrate, 0.034 m3/s (1.20 ft3/s), was above the pipe’s estimated capacity prior to the 

blockage.  Lastly, due to equipment malfunction, the stage within the chambers was not 

analyzed, thus infiltration limitations could not be identified. 

In addition to the water table elevation increases at the study sites, the water table at 

the control also rose 1.01 m (3.33 ft).  This was likely due to a large amount of infiltration 

throughout the watershed contributing groundwater flow to this area of the dunes.  This 

likely played a key role in the high elevations at MWT-CHAM.  
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Figure 2-33.  Site L water table response to an infiltration event on 11/11/09. 
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Figure 2-34.  Site M water table response to an infiltration event on 11/11/09.
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SDs at Site L (�  0.23 m (0.75 ft)) were similar to the control (0.22 m (0.72 ft)), which 

again showed that stormwater infiltration effects were no more extreme than natural tide and 

surface infiltration effects.  The SDs at Site M (�  0.44 m (1.43 ft)) were higher than at the 

control, which showed that stormwater infiltration did have more effect on water table 

changes, as compared to natural influences.  The water table response durations were 45 and 

276 hours, respectively.  These times were longer than the previous events, partially due to 

the higher stormwater inflow volumes from the three events, but also to the large amount of 

surface infiltration throughout the watersheds, which led to large increases in the water table 

elevations.  The mean groundwater velocities during the event were 7 cm/hr (3 in/hr) at Site 

L and 15 cm/hr (6 in/hr) at Site M.  These translated to residence times of 318 hr at Site L 

142 hr at Site M.   

This example showed that even with high stormwater inflow volumes, the Site L DIS 

was able to disperse the water over a large enough area as to limit the water table response.  

On the contrary, the effects of higher stormwater inflow volumes at Site M were clearly 

shown, as the water table elevations near the DIS were noticeably higher than at the control.  

In addition, the water table surpassed the invert elevation of the chambers for 40 minutes.  

However, this was not due solely to stormwater infiltration via the DISs, but also the large 

amount of surface infiltration throughout the watershed, as previously discussed.  If surface 

infiltration had not resulted in such a large increases in the water table elevations (1.01 m 

(3.33 ft)) then the water table would have likely not surpassed the invert elevation of the Site 

M DIS, as it was only 0.04 m (0.13 ft) above the invert.  Additionally, the water table never 
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reached the Site L DIS.  These results confirmed that the vertical separation of the systems 

and water table were adequate, further discussed in Chapter 4. 

These analyses showed how the water table responded to a range of DIS inflow 

volumes.  The responses were noted to be temporary water table mounds beneath the DISs 

that dissipated within a few hours to several days.  During small events, both DISs were able 

to disperse the stormwater over large enough areas as to have only small, short-lived impacts 

on the water table.  Larger events resulted in proportionally larger responses.  Overall, 

infiltration via the Site L DIS resulted in much smaller responses, as compared to Site M.  

Surface infiltration throughout the watersheds was also observed to cause noticeable rises in 

the water table elevations. 

The SDs at the study sites were compared to the SD at the control site to determine if 

stormwater infiltration from the DISs affected the water table more so than tides and surface 

infiltration.  Since the SDs were typically similar between Site L and the control, the effects 

of stormwater infiltration were determined to be similar to natural influences.  SDs at Site M 

were elevated compared to the control during larger events, thus showing the influences of 

stormwater infiltration. 

Lastly, groundwater flow velocities were estimated via the D-F equation and for 

flows above elevation zero, between 1 m (3 ft) and 23 m (75 ft) downslope of the systems.  

These were used to conservatively estimate potential bacteria residence times within the 

dunes.  Mean velocities during three infiltration events ranged from 0.5 cm/hr (0.2 in/hr) to 7 

cm/hr (3 in/hr) at Site L and between 15 cm/hr (6 in/hr) and 25 cm/hr (10 in/hr) at Site M.  
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The mean velocities based on data from the entire study were 3 cm/hr (1 in/hr) at Site L and 

17 cm/hr (7 in/hr) at Site M (Appendix D-3, Table D-4).  These estimated velocities were 

similar to traditional sand filter BMP velocities, which were shown to range from 1.5 cm/hr 

(0.6 in/hr) to 30 cm/hr (12 in/hr), depending on the condition of the filter media (Urbonas, 

1999).  The large difference in velocities between the two study sites was due to higher 

gradients at Site M, caused by higher water table mounds beneath the DIS. 

The mean residence times during these three infiltration events were 318 hr to 4,308 

hr at Site L and 88 hr to 142 hr at Site M.  The mean residence times based on data from the 

entire study period were 837 hr at Site L and 137 hr at Site M.  These were much higher than 

typical sand filter residence times (40 hr), as these are designed to ensure capture of 

consecutive storm events (N.C. DWQ, 2007).  Additionally, the length of a filter also affects 

residence times, thus dune infiltration would provide a much longer flow path as compared to 

traditional sand filters.  The estimated residence times were expected to represent the 

minimum duration of which infiltrated stormwater and its associated bacteria would reside 

inside within the study sites.  The actual intervals between infiltration into the dunes and 

discharge into the ocean were likely much longer, as the assumed flowpaths were directly 

from 1 m (3 ft) downslope to 23 m (75 ft) downslope of the chambers, while the actual paths 

extended from the chambers to underneath the ocean.  Additionally, inland groundwater 

flow, due to negative gradients caused by stormwater infiltration and tides (higher water table 

elevations downslope as compared to upslope of the systems), and lateral flow (parallel to the 

ocean), would have acted to potentially further increase residence times.  With such 
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extensive times, the treatment potential of the DIS was likely much larger than traditional 

sand filters.  The increased residence durations would likely allow for more chances of 

physical and chemical retention, and die-off due to predation, limited nutrients, or other 

natural means. 

These estimations could likely be much improved if more appropriate models which 

could account for the actual flow conditions were used.  While the method used was thought 

to provide conservative velocities and means, it was difficult to extrapolate and compare the 

estimated values to those which may be found by a more suitable method.  This was due to 

the complexity of the flow regimes and several unknown soil characteristics, such as 

hydraulic conductivities and porosities throughout the dunes.  Such investigations should be 

performed and are likely deserving of their own research, as the scope, nature, and 

limitations of this study were not well suited to accommodate for such complex analyses. 

 

Stormwater and Groundwater Quality  

Enterococci Monitoring 

The diversion of stormwater into the dunes placed high levels of fecal bacteria into 

the sand and groundwater beneath the DISs (Fig. 2-35).  Stormwater monitoring revealed 

maximum enterococci concentrations of 89,680 MPN/100 mL at Site L and 3,076 MPN/100 

mL at Site M, much higher than the state maximum of 104 MPN/100 mL for Tier I beaches 

(Table 2-17).  The median concentrations were also well above the state limit, at 185 
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MPN/100 mL (Site L) and 435 MPN/100 mL (Site M).  In addition, 71% of samples at Site L 

and 79% at Site M exceeded the state maximum.   

These results were somewhat similar to Bright’s (2007).  During that study, 93% of 

the stormwater samples exceeded the state limit, while the median concentrations were found 

to be 1,013 MPN/100 mL and 1,725 MPN/100 mL, at Sites L and M respectively.  There was 

no clear explanation for the decrease in the median enterococci concentrations between the 

two studies, as there was no evidence of a change in land use or BMPs within the watersheds. 

 

Table 2-17.  Site L and M stormwater enterococci monitoring summary.  The state maximum 
enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentrations 
(MPN/100 mL) 

Site L Site M 

Maximum 89,680 3,076 
Geometric Mean 278 315 

Median 185 435 
Total Number of 

Samples Collected 
24 24 

Number of Samples 
Exceeding State Limit 

17 19 

Exceedance Rate (%) 71 79 
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Figure 2-35.  Site L and M stormwater enterococci monitoring results during several monitored events with �  6.4 mm (0.25 in) of 
rainfall.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL.
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The highest concentrations in the stormwater were expected to occur at Site M due to 

the watershed being larger and thus potentially containing more bacteria sources.  This was 

reflected in the median and geometric mean concentrations and the exceedance rate, but not 

the maximum concentration.  The data were also examined for relationships with hydrologic 

and hydraulic factors, though no strong trends were observed.  Seasonal factors also did not 

appear to play a major role in bacteria concentrations, though the concentrations were, on 

average, slightly higher in the summer and fall.  

Contrary to the stormwater, concentrations in the groundwater at the study sites were 

much lower (Table 2-18).  In fact, the median concentrations in the groundwater at both sites 

were > 97% lower than their respective stormwater median concentrations, at just 4 

MPN/100 mL (Site L) and 5 MPN/100 mL (Site M).  The overall groundwater exceedance 

rates were also much lower, at just 4% (Site L) and 10% (Site M).  These results showed that 

fecal bacteria concentrations could be substantially reduced via infiltration and filtration 

through the natural sand dunes.  The processes responsible for such reductions were most 

likely dilution, physical and chemical capture within the soil, and permanent removal from 

the dunes, as discussed later. 
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Table 2-18.  Site L, M, and control groundwater enterococci monitoring summary.  The state 
maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentrations 
(MPN/100 mL) 

Site L Control Site M 

Maximum 945 429 3,063 
Geometric Mean 4 5 7 

Median 4 5 5 
Total Number of 

Samples Collected 
285 122 206 

Number of Samples 
Exceeding State Limit 

12 7 22 

Exceedance Rate (%) 4 6 11 
 
 
 
In addition to the decreases from stormwater levels, the groundwater concentrations 

at the study sites were mostly similar to those found at the control site, as expected (Table 2-

18; Figs. 2-36 - 2-39).  In fact, the median concentrations, regardless of well location (�  5 

MPN/100 mL) matched the median observed at the control (5 MPN/100 mL).  However, 

statistical analyses revealed that overall, the concentrations were significantly (�  = 0.05) 

higher at Site M as compared to Site L (p < 0.0001) and the control (p = 0.0015).  The 

groundwater concentrations at Site L were not significantly different from the control (�  = 

0.05, p = 0.4914).  These analyses suggested that some temporary bacteria survival and 

accumulation might have occurred at Site M, but not at concerning levels.  However, 

groundwater monitoring should continue to ensure that accumulation does not become 

problematic.  The likely causes of the potential accumulation in the groundwater at Site M 

were the consistently high stormwater concentrations and were largely limited to one well 

location, as discussed below. 
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Figure 2-36.  Groundwater enterococci monitoring results from 6 m (20 ft) upslope of the Site L DIS and in the upper dune area of the 
control site.  No samples were collected from the upslope well at Site M because the well was not installed deep enough.  The state 
maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
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Figure 2-37.  Groundwater enterococci monitoring results from 1 m (3 ft) downslope of the DISs and in the middle dune area of the 
control site.  Site L and M data were averaged between two wells in separate transects.  The state maximum enterococci concentration 
for Tier I beaches was 104 MPN/100 mL. 
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Figure 2-38.  Groundwater enterococci monitoring results from 6 m (20 ft) (Site L)/8 m (25 ft) (Site M) downslope of the DISs and in 
the middle dune area of the control site.  Site L and M data were averaged between two wells in separate transects.  The state 
maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
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Figure 2-39.  Groundwater enterococci monitoring results from 23 m (75 ft) downslope of the DISs and at the vegetation line at the 
control site.  Site L and M data were averaged between two wells in separate transects.  The state maximum enterococci concentration 
for Tier I beaches was 104 MPN/100 mL.
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More in depth analyses of the groundwater enterococci data included comparing the 

concentrations between each well location and its respective control well, as well as between 

the different locations within each site.  Data collected from the 6 m (20 ft) upslope well at 

Site L (LWQ-UP) was compared to data from the control’s upper dune well (CWQ-UP) to 

identify potential incoming bacteria concentrations from upstream sources.  However, 

backflow of the groundwater towards LWQ-UP during infiltration events likely transported 

some bacteria to this well.  No samples from Site M’s upslope well (MWQ-UP) were 

collected due to the well not being installed deep enough. 

Data collected from the 1 m (3 ft) downslope wells (LWQ-CHAM and MWQ-

CHAM) were used to quantify the concentrations of bacteria just after entering the dunes.  

These concentrations were also compared to data from the control’s middle dune well 

(CWQ-MID) since their locations, with respect to distance from the ocean, were similar.  

Monitoring data from 6 m (20 ft) downslope of the Site L DIS (LWQ-MID) and 8 m (25 ft) 

downslope of the Site M system (MWQ-MID) was used to examine the bacteria levels 

partway between the chambers and beach-dune interface.   

Samples collected from the 23 m (75 ft) downslope wells (LWQ-VEG and MWQ-

VEG) were especially considered important because these were the last points of 

groundwater monitoring, prior to moving beneath the recreational beach area, and before 

discharging into the ocean.  At these locations, the groundwater-stormwater mixture had 

traveled at least 23 m (75 ft), laterally, with approximately 30 m (100 ft) more before 

reaching the ocean.  In addition, the groundwater flow paths likely conveyed the water 
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further out under the ocean, to beyond typical swimming areas.  Therefore, if the monitoring 

results from these well locations (also referred to as the vegetation line or beach-dune 

interface) were near or below the state maximum for Tier I beaches, then it could be 

reasonably assumed that the bacteria concentrations discharged into the ocean would be safe 

for human contact.  These data were also compared to the data from the control’s vegetation 

line well (CWQ-VEG). 

Overall, the concentrations between the different well locations at Site L were mostly 

similar, which was due to the concentrations largely remaining low.  However, the 

groundwater bacteria data from within Site M showed that the concentrations were different 

between each well location.  The concentrations at the control remained similarly low 

between each well location.  Figure 2-40 provides an overall view of these data and analyses, 

including comparisons between the stormwater and groundwater concentrations, as well as 

inter- and intra-site comparisons.  The figure shows a boxplot of the minimum, 1st quartile, 

median, geometric mean, arithmetic mean, 3rd quartile, and maximum enterococci 

concentrations observed in each monitoring well and in the stormwater.   
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Figure 2-40.  Boxplots of the Site L and M stormwater, and Site L, M, and control groundwater, enterococci concentrations.  No data 
were collected from the upslope well at Site M.  Data from the downslope wells at Sites L and M (CHAM, MID, VEG) were averaged 
between two wells in separate transects.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL.
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This figure clearly depicts the large decrease in concentrations between the 

stormwater and groundwater, but also that high concentrations occurred within the 

groundwater at both study sites and the control.  Also evident from this figure were the 

overall low levels of bacteria within the dunes at both study sites and the control, as indicated 

by the locations of the quartile boxes.  All groundwater median and geometric mean 

concentrations were well below the state maximum for Tier I beaches, while one arithmetic 

mean was just above the limit, at MWQ-VEG.  This was due to a few high sample 

concentrations, and as seen by the other descriptive statistics, was not indicative of 

persistently high groundwater bacteria concentrations. 

One interesting discovery was the presence of high concentrations, at most sampling 

locations, within the first four months of monitoring (July 2007 – December 2007).  This also 

occurred at the control site and thus could be related to contamination of the wells during 

installation or well-development phenomena.  None of the sampling events closely followed 

an infiltration event.  Overall, the concentrations during the initial four months of the study 

were persistently higher than those observed throughout the remainder of the study 

(Appendix E-2). 

Quantitative analyses of the monitoring results (Tables 2-19 - 2-21) further explained 

the trends noted in Figure 2-40.  The median concentrations at each well location within the 

study sites were all �  10 MPN/100 mL, matching that of the control.  Additionally, the 

exceedance rates were similar between Site L and the control, while those at Site M were 

slightly higher. 
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Table 2-19.  Site L groundwater enterococci monitoring summary at four locations within 
the study site.  Data from the downslope wells were averaged between two wells in separate 
transects.  The state maximum enterococci concentration for Tier I beaches was 104 
MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

LWQ-UP 
(6 m Upslope) 

 LWQ-CHAM  
(1 m Downslope) 

LWQ-MID 
(6 m Downslope) 

LWQ-VEG 
(23 m Downslope) 

Maximum 945 164 164 271 
Geometric Mean 6 5 3 4 

Median 5 5 4 4 
Total Number 

of Samples 
41 80 82 82 

Number of  
Samples Exceeding 

State Limit 
4 4 1 3 

Exceedance  
Rate (%) 

10 5 1 4 

 
 
 

Table 2-20.  Site M groundwater enterococci monitoring summary at three locations within 
the study site.  No samples were collected from the upslope well.  Data from the downslope 
wells were averaged between two wells in separate transects.  The state maximum 
enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

MWQ-UP 
(6 m Upslope) 

MWQ-CHAM  
(1 m Downslope) 

MWQ-MID 
(8 m Downslope) 

MWQ-VEG 
(23 m Downslope) 

Maximum (no data) 945 2599 3063 
Geometric Mean (no data) 11 5 7 

Median (no data) 10 5 5 
Total Number 

of Samples 
(no data) 55 71 80 

Number of  
Samples Exceeding 

State Limit 
(no data) 7 6 9 

Exceedance  
Rate (%) 

(no data) 13 9 11 
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Table 2-21.  Control site groundwater enterococci monitoring summary at three locations 
within the site.  The state maximum enterococci concentration for Tier I beaches was 104 
MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

CWQ-UP 
(Upper Dunes) 

CWQ-MID 
(Middle Dunes) 

CWQ-VEG 
(Vegetation Line) 

Maximum 429 215 254 
Geometric Mean 6 4 6 

Median 5 5 5 
Total Number 

of Samples 
40 41 41 

Number of  
Samples Exceeding 

State Limit 
2 2 3 

Exceedance  
Rate (%) 

5 4 7 

 
 

The enterococci concentrations observed at LWQ-UP and CWQ-UP were similar 

with medians of 5 MPN/100 mL and were not significantly different (�  = 0.05, p = 0.8427).  

These results, and the groundwater concentration spikes noted in Figures 2-36 and 2-40 at 

both Site L and the control, suggested that upstream, or non-DIS, sources were likely present, 

but did not contribute large amounts of bacteria to the dunes.  Furthermore, comparison of 

the LWQ-UP data to the 1 m (3 ft) downslope well (LWQ-CHAM) data showed no 

significant difference (�  = 0.05, p = 0.4980).  Since the concentrations in LWQ-UP were not 

significantly different from those in CWQ-UP, it was apparent that the concentrations 

observed 1 m (3 ft) downslope of the Site L DIS were likely similar to the concentrations 

entering the dunes via upstream and/or other sources.  In addition, comparison of the LWQ-

UP concentrations to those observed in the 6 m (20 ft) (LWQ-MID) and 23 m (75 ft) (LWQ-
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VEG) downslope wells showed significant differences at the �  = 0.05 level (p = 0.0063 and p 

= 0.0441, respectively).  These results indicated that bacteria concentrations were reduced 

with increasing distance from the upper dune area.  This trend was not observed at the 

control site, where the concentrations remained similarly low throughout the dunes (Table 2-

22).   

 
 
Table 2-22.  Control site groundwater p-values for intra-site comparisons of enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (downslope concentration 
greater than upslope concentration). 
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID  
(Mid Dunes) 

CWQ-VEG 
(Vegetation Line) 

CWQ-UP 
(Upper Dunes) 

- 0.1738 0.6271 

CWQ-MID  
(Mid Dunes) 

0.1738 - 0.3705 * 

CWQ-VEG 
(Vegetation Line) 

0.6271 0.3705 * - 

 
 
 
Further evidence of bacteria reductions through the dunes were observed in 

comparisons of the LWQ-CHAM and LWQ-MID data, as well as the MWQ-CHAM, MWQ-

MID, and MWQ-VEG concentrations (Tables 2-23 and 2-24). 
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Table 2-23.  Site L groundwater p-values for intra-site comparisons of enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (downslope concentration 
greater than upslope concentration). 
 

  LWQ-UP 
(6 m Upslope) 

 LWQ-CHAM  
(1 m Downslope) 

LWQ-MID 
(6 m Downslope) 

LWQ-VEG 
(23 m Downslope) 

LWQ-UP 
(6 m Upslope) - 0.4980 0.0063 0.0441 

LWQ-CHAM 
(1 m Downslope) 0.4980 - 0.0124 0.1047 

LWQ-MID 
(6 m Downslope) 0.0063 0.0124 - 0.3828 

LWQ-VEG 
(23 m Downslope) 0.0441 0.1047 0.3828 - 

 
 
 

Table 2-24.  Site M groundwater p-values for intra-site comparisons of enterococci 
concentrations.  No samples were collected from the upslope well because the well was not 
installed deep enough.  Values in bold font were significantly different at the �  = 0.05 level.  
Starred (*) values indicate p-values associated with negative estimates (downslope 
concentration greater than upslope concentration). 
 

 
MWQ-UP 

(6 m Upslope) 
MWQ-CHAM  
(1 m Downslope) 

MWQ-MID 
(8 m Downslope) 

MWQ-VEG 
(23 m Downslope) 

MWQ-UP 
(6 m Upslope) - (no data) (no data) (no data) 

MWQ-CHAM  
(1 m Downslope) (no data) - < 0.0001 0.0216 

MWQ-MID 
(8 m Downslope) (no data) < 0.0001 - 0.0482 * 

MWQ-VEG 
(23 m Downslope) (no data) 0.0216 0.0482 * - 

 

 
 As previously seen in Tables 2-19 and 2-20, higher concentrations were observed in 

the 1 m (3 ft) downslope wells (LWQ-CHAM and MWQ-CHAM), which were due to the 

close proximity of these wells to the DISs.  While high concentrations were expected at these 

well locations, lower concentrations were expected at the two wells further downslope.  This 
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trend was noted between LWQ-CHAM and LWQ-MID, MWQ-CHAM and MWQ-MID, and 

MWQ-CHAM and MWQ-VEG.  The differences between these means were significant at 

the �  = 0.05 level (p = 0.0124, p < 0.0001, and p = 0.0216, respectively).  These results 

suggested that bacteria concentrations were reduced within the middle dune area of Site L 

and between the chambers and vegetation line at Site M.  Since this trend was not noted at 

the control, it was apparent that the dunes were able to assimilate high bacteria 

concentrations.   

These data were also compared to their respective control site well locations (Tables 

2-25 and 2-26).  These comparisons revealed that the concentrations between the individual 

well locations at Site L and Site M were not significantly different from the control at the �  = 

0.05 level, except for at MWQ-CHAM, which was significantly different (p = 0.0003). 

 

Table 2-25.  Site L and control p-values for inter-site comparisons of the groundwater 
enterococci concentrations.  Values in bold font were significantly different at the �  = 0.05 
level.  Starred (*) values indicate p-values associated with negative estimates (Site L 
concentration greater than control site concentration). 
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID  
(Mid Dunes) 

CWQ-VEG 
(Vegetation Line) 

LWQ-UP 
(6 m Upslope) 

0.8427 * - - 

LWQ-CHAM 
(1 m Downslope) 

- 0.5048 - 

LWQ-VEG 
(23 m Downslope) 

- - 0.087 * 
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Table 2-26.  Site M and control p-values for inter-site comparisons of the groundwater 
enterococci concentrations.  Values in bold font were significantly different at the �  = 0.05 
level. 
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID  
(Mid Dunes) 

CWQ-VEG 
(Vegetation Line) 

MWQ-UP 
(6 m Upslope) 

(no data) - - 

MWQ-CHAM 
(1 m Downslope) 

- 0.0003 - 

MWQ-VEG 
(23 m Downslope) 

- - 0.4419 

 
 
 
The most important conclusions from these analyses were the findings of no 

significant differences (�  = 0.05) at the vegetation line between both study sites and the 

control (p = 0.087 at Site L and 0.4419 at Site M).  Further, because there were no 

differences at the dune-beach interface, it was apparent that the high stormwater 

concentrations had been effectively reduced to levels already found in the groundwater.  

Additionally, because these concentrations were also below the state maximum level, the 

groundwater would have been safe for human contact once discharged into the ocean. 

 In summary, stormwater enterococci monitoring revealed that the concentrations were 

highly variable, but mostly above the state limit for human contact at Tier I beaches (104 

MPN/100 mL).  The two study watersheds in Kure Beach produced median stormwater 

concentrations of 185 MPN/100 mL (Site L) and 435 MPN/100 mL (Site M), with an overall 

maximum of 89,680 MPN/100 mL.  Without the use of the DISs, the stormwater and bacteria 

would have been discharged onto the beach and/or into the ocean, placing swimmers at risk 

of contracting various illnesses.  However, the diversion of the stormwater into the dunes via 
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the DISs allowed the water to be treated and discharged through groundwater flow.  The 

median groundwater bacteria concentrations at the study sites (�  5 MPN/100 mL) were both 

found to be > 97% lower than the stormwater medians.  These medians also matched what 

was found at the control site, indicating that overall, accumulation of bacteria within the 

groundwater was not substantial.  Statistical analyses also showed that the concentrations at 

Site L were similar to the control (�  = 0.05; p = 0.4919), but that the Site M levels were 

higher than at Site L (p < 0.0001) and the control (p = 0.0015).  However, high bacteria 

concentrations were noted at each study site and the control, lending evidence to the presence 

of other, upstream, bacteria sources.  While the magnitude of these concentration spikes were 

sometimes above the state maximum, they were few in number, as Site L had an exceedance 

rate of only 4%, while Site M had a rate of 11%.  The control experienced a 6% exceedance 

rate.  Closer examination of these data revealed that the Site M levels were higher overall due 

to high concentrations observed at MWQ-CHAM.  However, these high levels were 

mitigated, as there was no evidence of a difference between the levels at MWQ-VEG and 

CWQ-VEG.  There was also no difference between LWQ-VEG and CWQ-VEG.   

These results showed that high bacteria levels within the stormwater could be reduced 

via dune infiltration.  Furthermore, it was shown that the concentrations could be decreased 

to levels similar to those already occurring in the local groundwater, such as at the control 

site.  These background levels were below the state maximum for Tier I beaches and 

remained similar throughout the control area. 
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The scope and design of these experiments were to examine the field-scale bacteria 

treatment performance of the DISs, thus the micro-scale mechanisms behind the bacteria 

concentration reductions could not be identified.  However, other research has shown various 

processes that act to remove bacteria from flow and to permanently remove bacteria from the 

natural environment.  Firstly, the vast amount of groundwater beneath the dunes likely 

played a role in diluting the stormwater and thus reducing the bacteria concentrations.  

However, the physical movement of bacteria through the sand would have also acted to 

retain bacteria via sorption, straining, and hydraulic capture (Abu-Ashour and Abu-Zreig, 

2005; Corapcioglu and Haridas, 1984; Ginn et al., 2002; Huysman and Verstraete, 1993; 

Lawrence and Hendry, 1996; Torkzaban et al., 2008; Weber, 1972; Weiss et al., 1995).   

Hydraulic capture of bacteria, as described by Torkzaban et al. (2008), may have 

played a large role in retention.  While this mechanism may have retained bacteria 

throughout the soil, it probably would not have permanently removed bacteria alone.  

However, flow within the unsaturated zone between the chambers and water table may have 

allowed hydraulically disconnected regions to exist, trapping bacteria in the remaining water 

still adhered to sand grains above the groundwater.  Thus, after infiltration had ceased, 

bacteria trapped in the unsaturated zone may have been killed off by desiccation or other 

natural processes, discussed later. 

Other physical removal processes, such as sorption, straining, and chemisorptions, 

likely also removed bacteria from the stormwater (Corapcioglu and Haridas, 1984; Ginn et 

al. (2002), Lawrence and Hendry, 1996; Weber, 1972).  The complex soil matrix of the 
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dunes, in addition to small amounts of clay within them, would have allowed for the 

adsorption of bacteria, filtration, straining, and potentially even chemisorptions, as described 

previously.  Further, the long flowpaths and retention times, discussed previously, between 

infiltration and discharge into the ocean would have allowed many chances for these 

processes to retain bacteria.  In addition to the removal of fecal bacteria from infiltrating 

stormwater, the long flowpaths and times would have also allowed for die-off mechanisms to 

further reduce bacteria concentrations.  Such mechanisms may have included predation, 

competition for limited nutrients, toxicity, and other natural processes (Mitchell, 1968). 

Lastly, sand enterococci monitoring also showed that bacteria were not residing at 

high levels within the dunes (Table 2-27; Appendix E-4).  Overall, the control site mean (28 

MPN/20 g sand) was higher than the means at Site L (10 MPN/20 g sand) and Site M (21 

MPN/20 g sand).  This may have been evidence of increased permanent bacteria removal at 

the study sites.  No clear treatment effects, with respect to distance from the systems, were 

observed as the concentrations showed opposing trends with distance from the DISs. 

 
 
Table 2-27.  Site L, M, and control mean dune sand enterococci concentrations. 
 

Mean Concentration 
(MPN/20 g Sand) 

Overall 
Mid Dunes Vegetation Line 

Shallow 
Samples 

Deep 
Samples 

Shallow 
Samples 

Deep 
Samples 

Site L 10 11 3 5 19 
Site M 21 24 39 15 5 

Control Site 28 43 1 49 21 
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Nutrient Monitoring 

Stormwater and groundwater at Sites L and M were both monitored for Total 

Kjeldahl Nitrogen (TKN), Ammonium-Nitrogen (NH4-N), Nitrate-Nitrogen (NO3-N), and 

Total phosphorus (TP).  Stormwater monitoring revealed that the nutrient levels produced 

from the watersheds at Sites L and M (Table 2-28) were similar to those of other coastal 

watersheds in North Carolina (Hunt et al., 2006; Lenhart, 2008; McNett et al., 2010).  

However, a few high sample concentrations were noted, suggesting that nutrient sources 

were sometimes present within the watersheds.  The high concentrations occurred mostly 

during the spring and early summer, thus could have been attributed to residents fertilizing 

lawns, as there was no agricultural land use within the watersheds.  The stormwater nutrient 

data were also compared to hydrologic and hydraulic monitoring data, though no clear trends 

were noted.  Also, except for TKN (Fig 2-41), the nutrient levels did not appear to vary with 

time (Appendix E-5, Figs. E-1 - E-3).  The TKN concentrations, except for the first samples, 

appeared to decrease during the study period.  Comparisons between the stormwater and 

groundwater nutrient data also did not reveal any detectable trends. 

 

Table 2-28.  Site L and M stormwater nutrient monitoring summary. 
 

Site (mg/L) TKN  NH4-N NO3-N TP 

L 
Maximum 1.24 0.17 0.38 0.33 

Mean 0.39 0.02 0.05 0.17 
N 17 17 17 17 

M 
Maximum 1.16 0.15 0.67 0.30 

Mean 0.34 0.03 0.16 0.17 
n 21 21 21 21 
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Figure 2-41.  Site L and M stormwater TKN results for the entire study period.  Concentrations were averaged for figure when 
multiple samples were collected during a single storm event.
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 Groundwater nutrient levels mostly remained above those found in the stormwater 

(Table 2-29; Appendix E-5, Figs. E-4 - E-7).  The only groundwater nutrient levels that were 

below those in the stormwater were the mean NH4-N and TP concentrations at Site M.  

However, nutrient levels in the groundwater at the control were also higher than in the 

stormwater at both Sites L and M, except for NH4-N.  Additionally, the groundwater levels at 

the study sites were similar or lower than at the control, except for NH4-N at Site M.  The 

groundwater data were also compared to hydrologic and hydraulic factors, but no trends were 

observed. 

 
 
Table 2-29.  Site L, M, and control groundwater nutrient monitoring summary.  No samples 
were collected from the upslope well at Site M. 
  

Site mg/L TKN NO3-N NH4-N TP 

L 
Maximum 1.85 0.69 0.65 0.43 

Mean 0.59 0.19 0.09 0.19 
N 44 44 44 44 

C 
Maximum 2.83 2.81 0.17 0.57 

Mean 0.76 0.79 0.02 0.19 
N 33 33 33 33 

M 
Maximum 1.85 0.75 0.10 0.24 

Mean 0.48 0.39 0.02 0.14 
n 27 27 27 27 

  

 
Overall, nutrient levels did not appear to be of concern in the stormwater or 

groundwater.  Concentrations within the stormwater at Sites L and M were typical, though a 

few high sample concentrations did suggest that variable sources were present within the 

study watersheds.  The groundwater nutrient levels at Sites L and M were higher than in the 
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stormwater, but mostly below those found in the groundwater at the control, which were 

typically also higher than the stormwater concentrations.  In fact, nitrogen levels (TKN and 

NO3-N) at the control, where no direct stormwater input occurred, were surprisingly high.  

These results suggested the upslope sources of nutrients were present, in addition to possible 

accumulation due to stormwater infiltration at the study sites.  While the groundwater levels 

were not of concern during the study, future monitoring should be conducted to ensure that 

the levels do not become problematic. 
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LONG-TERM STUDY CONCLUSIONS 

 

Long-Term Study Summary  

Results from the three-year study of the Site L and M DISs supported their continued 

use, as well as for the implementation of future systems in Kure Beach and other coastal 

towns.  The Site L DIS captured all of the runoff from its watershed, which totaled 3,756 m3 

(132,654 ft3).  In addition, 96% of the runoff from the watershed associated with Site M was 

diverted into the DIS.  This provided an overall capture rating of 97% for the two systems, 

diverting a combined 14,584 m3 (515,046 ft3), with only 438 m3 (15,457 ft3) being 

discharged onto the beach at Site M.  These capture ratings were nearly identical to what 

Bright (2007) found during her one year feasibility study.  The fact that the overall capture 

ratings did not significantly decrease over a five-year period indicated that the DISs did not 

experience significant hydraulic performance reductions.  However, some overflow 

anomalies were observed at Site M, which lead to the discovery that the distribution pipe was 

limiting inflow into the chambers.  The cause of this limitation was the slope of the 

distribution pipe, which should have been 0.4% in order to convey a flowrate of 0.079 m3/s 

(2.8 ft3/s) to the chambers.  However, examination of the monitoring data suggested that the 

actual slope was closer to 0.04%, which would provide a maximum capacity of only 0.03 

m3/s (0.9 ft3/s).  Fortunately, this error did not cause any significant problems at this site; 

however, such faults with potential future systems could result in more detrimental impacts.  
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Further, this construction error highlighted the need to ensure proper system installation and 

accurate surveying to achieve proper system performance. 

Further analyses of the Site M data revealed strong relationships between rainfall 

intensity and DIS capture rating.  Three distinct zones were observed at this system: 

   
 

Zone 1:  No Overflow Zone (up to 20 mm/hr (0.80 in/hr)) 
Zone 2:  Transitional Zone (20 mm/hr (0.80 in/hr)  to 31 mm/hr (1.2 in/hr)) 
Zone 3:  Definite Overflow Zone (greater than 31 mm/hr (1.2 in/hr)) 

 
 
 
The maximum intensity for Zone 1 was well above the system’s design storm of  

12.7 mm/hr.  This suggested that the watersheds did not produce the expected peak 

stormwater flowrates, most likely due to higher amounts of infiltration, surface storage, and 

initial abstraction than what was estimated.  The storm sewer could have also diverted water 

away from the systems, by either design or blockages.  The design storm was expected to 

produce a peak runoff rate of 0.079 m3/s (2.8 ft3/s) at Site M; however, the results showed 

that such a storm actually produced a flowrate of only 0.01 m3/s (0.34 ft3/s).  These findings 

demonstrated the need to conduct hydrologic analyses accurately when designing a DIS.   

Complementing the hydraulic monitoring of the DISs, dune hydrology monitoring 

showed that the diversion of stormwater into the dunes had little overall impact.  The mean 

water table elevations at the study sites were similar to the control, though Site M had higher 

elevations overall.  This was due to not only stormwater infiltration, but also natural 

elevation differences as well.  Average absolute differences between the 1 m (3 ft) 
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downslope wells at Sites L and M and the control revealed that overall, even with stormwater 

infiltration effects, the water table behaved similarly between each study site and the control.  

In addition, the AAD at Site L, 0.05 m (0.16 ft), suggested that the water table varied only 

slightly, as compared to the water table at the control.  The AAD at Site M, 0.25 m (0.82 ft), 

was higher and revealed that stormwater infiltration had more effect on the water table than 

natural influences.  This was due to the larger amounts of stormwater diverted into the dunes, 

inducing larger water table mounds beneath the Site M DIS.  Standard deviations 1 m (3 ft) 

downslope of the Site L (0.29 m (0.94 ft)) and Site M (0.42 m (1.37 ft)) systems were similar 

to the SD at the control (0.28 (0.92 ft)), indicating that the effects of stormwater infiltration 

over time were not much different than those caused by tides and surface infiltration. 

The water table responses to infiltration events were noted to be quickly forming 

mounds that receded once infiltration stopped.  The mounds were highest underneath the 

DISs and spread throughout the groundwater underneath the systems.  Following the quick 

recession from the peak water table elevation, the mounds slowly dissipated over a few hours 

to days, depending on the size of the event, antecedent moisture conditions, and tides.  

Additionally, the water table never reached the Site L DIS; however, the system at Site M 

was impacted by the water table for just 40 minutes out of the entire study period.  These 

results were promising, as they confirmed that the systems were installed at adequate 

elevations.  While completely avoiding water table impacts on the systems were unavoidable, 

these occurrences were meant to be rare, as they could result in destabilization and/or 

decreased hydraulic or treatment performance of the systems. 
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Lastly, water quality monitoring showed that the infiltration of stormwater into the 

dunes had little effect on overall groundwater bacteria and nutrient levels.  The stormwater 

enterococci concentrations were mostly above the state maximum, with 71% and 79% 

exceedance ratings, at Sites L and M respectively.  The median concentrations were 185 

MPN/100 mL and 435 MPN/100 mL, respectively.  Meanwhile, the overall groundwater 

median concentrations were only 4 MPN/100 mL at Site L and 5 MPN/100 mL at Site M.  

These were the same as the median found in the control dunes (5 MPN/100 mL).  The 

exceedance rates were:  4% at Site L, 11% at Site M, and 6% at the control.   

Statistical testing of the groundwater data showed that the majority of the impacts 

occurred at MWQ-CHAM.  This was expected as the infiltrated stormwater had received the 

least amount of treatment before reaching this well, as compared to the others.  Further 

analyses showed that the groundwater bacteria levels further downslope of the DISs were not 

significantly different from levels at the control bacteria.  These results suggested that 

bacteria were not residing at high levels within the dunes and gave evidence to treatment 

effects, as the concentrations were lower further downslope of the chambers.  The reduction 

in groundwater concentrations was likely due to dilution and other natural processes, as 

previously outlined.  Additionally, the long residence times, estimated using the D-F 

equation, may have played a role in the large concentration reductions.  Compared to 

traditional sand filter BMPs, the DISs provided much longer flow paths (hundreds of meters 

compared to < 1 m) and thus higher retention times (hundreds of hours compared to 40 hr). 
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Dune sand sampling also showed that bacteria were not harbored at high levels within 

the dunes.  In fact, the overall mean concentrations at the study sites were lower than the 

control site’s mean.  These results suggested that the permanent removal rates of bacteria 

might have been higher at the study sites.  Nutrient levels were also monitored in the 

stormwater and groundwater.  The stormwater concentrations were of typical values, while 

the groundwater levels were generally higher than those in the stormwater.  However, 

groundwater levels at the control were also elevated, indicating the presence of nutrient 

sources other than the DIS.  However, it did not appear that nutrient concentrations were of 

concern during the study. 

In conclusion, this study revealed that the DISs were capable of treating large 

proportions of stormwater, with no long-term adverse impacts on groundwater quality or 

dune hydrology.  However, continued monitoring of the systems could benefit potential 

future researchers, designers, and operators, in addition to ensuring that conclusions from this 

study remain true. 

 

Future Research and Recommendations  

The initial investigative and long-term DIS studies provided support for continued 

use of the systems.  The goals of these examinations were to determine if the DIS was a 

feasible BMP that could reduce discharge onto the beach, remove fecal bacteria from 

infiltrating stormwater, and do so without long-term adverse impacts on dune hydrology or 

groundwater quality.  The studies found that the DISs performed as intended, and that they 



 
 
 

154 

could potentially be used at other coastal locations.  However, because the DISs were studied 

for just five years, and only at one beach, future implementations would benefit from 

continued monitoring. 

Traditional BMPs, such as detention basins, bioretention cells, and wetlands, have 

been in use for several decades, but are still undergoing research and monitoring.  Therefore, 

the DIS would deserve the same scrutiny, especially since it can be placed within a fragile 

environment, such as beach sand dunes.  Most importantly, future DIS monitoring should 

include groundwater quality sampling for fecal indicator bacteria, nutrients, and possible 

other contaminants often found in stormwater.  Additionally, potential future DIS locations 

and contributing watersheds may have very different characteristics that produce dissimilar 

pollutants and concentrations as those observed in Kure Beach.  This alone would necessitate 

future monitoring to ensure proper DIS performance and avoidance of groundwater 

contamination.   

Future dune hydrology monitoring might also be needed, as site-specific conditions 

may lead to different water table responses as those observed at the DISs in Kure beach.  

This may also lead to the development of more robust DIS design tools and processes.  Such 

activities have already begun with a predictive water table response model, DMPOND.  This 

computer model was developed from DRAINMOD, a water management model used largely 

for agricultural drainage simulations (Skaggs, 1978).  DMPOND was created to simulate 

stormwater pond performance on the barrier islands of North Carolina (Chescheir et al., 

1990).  It was modified and calibrated to model the water table responses of the Dune 
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Infiltration Systems in Kure Beach (Price et al., 2010).  Further information about DMPOND 

and the modeling results will be provided through future publications and/or technical 

reports.  Potential future computer modeling programs could build upon this model, to 

include complete routing of the diversion device, chambers, infiltration, and overflow, based 

on site-specific characteristics and historical climate data. 

Further groundwater and stormwater quality monitoring, as well as flow monitoring, 

could also aid in future bacteria treatment prediction models.  This would also require other 

ancillary research, such as the export of bacteria from watersheds and the fate and transport 

of bacteria in natural marine sands.  Studies, such as those by Hathaway et al. (2010) and 

Hathaway and Hunt (2011), were conducted to examine the export of bacteria from 

watersheds, with respect to watershed and climate factors.  If such research were continued 

and export prediction models were established, the design of future DISs could also include 

pollutant treatment considerations, instead of being solely based on hydrology.   

Finally, these studies also highlighted several potential DIS design improvements and 

recommendations.  Firstly, pollutant source controls would aid in reducing the amount of 

pollutants delivered to the DISs.  These pollutants could include fecal bacteria, sediments, 

litter, among other common stormwater contaminants.  Such a need was highlighted during a 

maintenance inspection in 2010.  This inspection revealed a partially clogged distribution 

pipe at Site M and some litter and sediment build-up within the chambers where distribution 

pipes entered the systems.  In addition to limiting sediment and debris build-up, source 

controls could also potentially reduce the export of bacteria from the watershed.  Controlling 
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pollution sources could be conducted via non-structural BMPs, such as public education 

efforts, pet waste removal regulations, regular street cleanings, addition of trash bins to 

reduce littering, and animal food source controls, such as garbage dumpster placement, 

covers, and pick-up scheduling.  Each of these could result in increased performance and 

reduced maintenance of the DISs.  In addition, such measures may be necessary in certain 

watersheds that produce pollutant levels too high for a DIS to mitigate properly. 

Also vital to maintenance are distribution pipe and chamber access.  The pipes, their 

locations, and access ports, should be able to accommodate existing pipe cleaning tools, such 

as water jets and vacuum trucks.  Bends in the pipes could restrict the ability of these tools to 

reach certain locations, so access to the entire distribution pipe system should be considered.  

Maintenance access to the start chambers should also be included, as removal of sediment 

and trash will be necessary.  The Site L and M DISs included 25 cm (10 in) PVC pipe 

accesses to the start and end chambers so that debris and sediment build-up could be 

monitored and removed when necessary (Fig. 2-9).  The placement of sumps beneath the 

distribution pipe inputs should also be included, as these may limit build-up on the chamber 

floor.   

In addition to these recommendations, several potential design improvements were 

also realized, which lead to the development of a third DIS, Site K.  The Site L and M DISs 

each diverted one storm pipe, using large concrete vaults, into two independent banks of 

chambers.  The large vaults were expensive to purchase and install, and substantially lowered 

the elevation of the chambers.  The use of only one distribution input into each bank also 
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limited the inflow capacity of the system, as well as prevented utilization of the entire 

chamber banks during many storm events.  Bright (2007), observed water stages within the 

start and end chambers of each bank at both sites.  It was found that, during most storm 

events, water was not being dispersed evenly along the entire length of the chamber banks.  

This indicated that the banks may have been installed at a slight slope and/or the water was 

infiltrated faster than it could laterally travel.  In either case, these results suggested that the 

use of distribution pipe inputs at each end of the chamber banks would better utilize the 

systems by ensuring that the stormwater could be dispersed over a larger area. 

To examine the potential design improvements, the Site K DIS was constructed in 

2009, near K Avenue in Kure Beach, just south of the Site L and M DISs.  Use of large 

diversion vaults, such as at Sites L and M, was not possible with the new DIS because the 

large vertical drop of the vaults would have placed the system too low in elevation since the 

dune elevation was lower at Site K.  Therefore, in place of the diversion vaults, existing 

stormwater drop inlets located within the street were modified to divert stormwater into the 

DIS.  Further, three inlets were diverted into four DIS inputs, with one inlet that drained the 

majority of the watershed being diverted into each bank of chambers.  These modifications 

were thought to improve chamber bank utilization by ensuring that stormwater was dispersed 

along the entire length of the system.  The last modification made to Site K DIS was placing 

the chambers lower in elevation, as compared to the Site L and M systems.  This change was 

necessary because the dune surface and stormsewers were lower in elevation. 
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In addition to these design changes, the watershed associated with the new DIS was 

highly impervious and home to the business and tourist districts.  These factors were 

expected to produce higher peak flows and storm volumes, as well as bacteria concentrations.  

The Site K system underwent a one-year field study to examine the effects of these design 

modifications and watershed characteristics, as discussed in Chapter 3. 

Lastly, as discovered in this long-term study, proper hydrologic analyses and 

construction are vital.  It was noted that the study watersheds did not produce the expected 

runoff volumes or peak flows.  This was likely due to higher than expected infiltration and 

initial abstraction within the watersheds, errors in the watershed delineations, and/or potential 

stormsewer blockages.  While the lower storm volumes and flowrates led to better DIS 

performance, it also meant that the systems were over designed, with respect to the actual 

hydrology of the watersheds.  This led to higher than needed costs and dune impacts during 

construction.  If the hydrologic analyses had been more accurate, the number of chambers 

used within the systems, and thus dune impacts during construction, could have been 

reduced.  However, these systems did show that over designing a DIS was potentially a 

feasible option, should such high capture ratings be needed.  The importance of proper 

construction was noted at Site M, as the distribution pipe was installed at a much lower slope 

than designed.  This lead to DIS inflow restrictions, reducing the amount of water delivered 

to the chambers, and increasing overflows.    
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CHAPTER 3 

SHORT-TERM STUDY OF A MODIFIED DUNE INFILTRATION  
SYSTEM IN KURE BEACH, N.C. 

 
INTRODUCTION  

 

The U.S. coast is home to 29% of the nation’s population (Wilson and Fischetti, 

2010) and is the vacation destination for millions of tourists each year.  With its large 

popularity, the coastal region has experienced vast amounts of urban development, much of 

which occurred prior to current stormwater management regulations.  Along with urban 

development came increases in impervious surfaces, reducing the amount of area available 

for the infiltration of runoff, which increased runoff volumes, peak flows, and pollutant 

loadings.  In many coastal towns, such as Kure Beach, N.C., antiquated stormwater systems 

discharge these polluted waters onto the beach and into the ocean, risking the health of beach 

goers. 

Thus, to protect the health of ocean swimmers, federal legislation, such as the Clean 

Water Act (CWA) and Beach Environment Assessment and Coastal Health Act (BEACH 

Act), mandated the U.S. Environmental Protection Agency (EPA) to enforce fecal indicator 

bacteria standards for recreational beaches (U.S. EPA, 2000; U.S. EPA, 2008a; U.S. EPA, 

2008b; U.S. EPA, 2008c).  The EPA then instructed states to develop monitoring programs 

and report their findings to the public.  Most importantly, the state governments were to 

publicize when fecal indicator bacteria monitoring results indicated human health hazards.  

In compliance with these regulations, North Carolina established monitoring protocols and 
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standards for the state’s 240 recreational beaches.  The government agency given this duty, 

the Recreational Water Quality Program (N.C. RWQ), monitors the state’s recreational 

waters for enterococci concentrations and publishes the results online.  Monitoring data from 

2003 to 2009 showed maximum concentration exceedance rates of 1.0% – 2.9% each year 

(N.C. RWQ, 2010a).  Even with the seemingly low exceedance rates, the N.C. RWQ issued 

2,951 days of swimming advisories during this same period to warn the public of the 

potential hazards (N.C. RWQ, 2010b).   

Though these advisories were issued to protect the public, the 24 hour lag time 

between sample collection and result reporting still left ocean swimmers at risk of contact 

with potentially high levels of fecal bacteria.  In addition, this program does not address the 

needs of stormwater treatment or the reduction of stormwater discharge onto the beach.  

Furthermore, reports of hazardous waters may act to instill a perception of dirty beaches 

within the minds of the public, damaging the economy, and potentially the reputations, of 

coastal towns.  Thus, in 2006 the N.C. Department of Transportation (N.C. DOT) and the 

Town of Kure Beach set out to install Stormwater Best Management practices (BMPs) to 

treat the town’s bacteria-laden stormwater and to reduce the discharge from 22 stormwater 

beach outfalls.  During the initial investigation, the officials determined that the limited and 

highly expensive coastal property prohibited the town from installing enough traditional 

BMPs and that a new type of coastal BMP was needed.  With the town’s high and wide sand 

dunes, officials decided to examine the use of a new in-situ style sand filter device. 
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This new type of sand filter, the Kure Beach Dune Infiltration System (DIS), diverted 

stormwater into a series of subsurface, open-bottom chambers, which allowed for temporary 

storage, while water infiltrated through the dunes.  The system removed bacteria from 

infiltrating stormwater through similar processes as traditional sand filter BMPs; however, 

the use of in-situ soils allowed for coastal and marine processes and organisms to potentially 

increase the system’s treatment capabilities.  Several laboratory and field experiments have 

shown bacteria retention in sandy soils to be a multi-causal process (Abu-Ashour and Abu-

Zreig, 2005; Corapcioglu and Haridas, 1984; Ginn et al., 2002; Huysman and Verstraete, 

1993; Lawrence and Hendry, 1996; Torkzaban et al., 2008; Weber, 1972; Weiss et al., 1995).   

In short, Torkzaban et al. (2008) and Weiss et al. (1995) stated that bacteria capture in 

soils was affected by Brownian forces, buoyancy, cell and soil surface charges, 

hydrophobicity, cell shape, cell size, hydrodynamics, gravity, ionic strength, soil grain size, 

pore space geometry, and surface coatings.  Several authors described bacteria removal from 

sand columns to include physical and chemical processes (Corapcioglu and Haridas, 1984; 

Ginn et al., 2002; Huysman and Verstraete, 1993; Lawrence and Hendry, 1996; Weber, 

1972).  The physical processes were adsorption, straining, and chemisorptions.  Corapcioglu 

and Haridas (1984) described straining as the retention of a bacterium due to being larger 

than a soil pore it encountered.  Chemisorptions were explained to result from the 

rearrangement of polymers, macromolecules, and other cell structures within a bacterium 

when it approached a soil particle (Ginn et al., 2002).  Flow-through sand column 

experiments were conducted by several researchers to examine the removal of bacteria from 
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flow on the macro-scale (Bright et al., 2010; Garbrecht et al., 2009; Jiang et al. 2007; Mankin 

et al., 2007; Powelson and Aaron, 2001).  These studies found varying rates of bacteria 

capture; however, the capture rates were significant, typically ranging from 20% to 99%+. 

In addition to the removal of fecal bacteria from infiltrating stormwater, die-off of the 

bacteria within the sand dunes would ideally prevent accumulation that could subsequently 

be released into the groundwater.  Luckily, the survivability of fecal bacteria in natural 

marine environments has been shown to be quite limited (Anderson et al., 2005; Desmarais et 

al., 2002; Hartz et al., 2008; Mitchell, 1968; Wait and Sobsey, 2001).  According to Mitchell 

(1968), non-marine organisms within marine environments die-off due to predator organisms 

or natural processes.  These processes include competition for limited nutrients, toxicity, and 

natural antibiotics, among others.  Complementing these statements, Hartz et al. (2008) 

conducted a study examining the reproducibility of fecal bacteria within sterile and natural 

marine sand columns.  The authors discovered that bacteria were able to replicate multiple 

times in sterile columns, but not within natural columns.  The die-off of bacteria was likely 

due to the aforementioned processes.   

Such findings suggest that the use of a DIS to treat bacteria-laden stormwater could 

result in the capture and die-off of bacteria, prior to release into the ocean.  In addition, 

diverting stormwater into the dunes could substantially lower the amount of discharge onto 

the beach, greatly reducing the risk of human contact with high levels of fecal bacteria.   

Investigations into the use of the DIS began with a feasibility study, then a long-term 

study, of two DISs (Sites L and M) (Chapter 2).  These studies not only provided positive 
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results, but also important details on how the design of the system might be improved.  Thus, 

with these findings and potential advancements, the Site K DIS was constructed and 

monitored for one year.  This new DIS differed from the DISs at Sites L and M in the 

following ways:  

 

1. Modification of existing stormwater drop inlets to act as diversions, instead of 
using large concrete vaults within the dunes. 

 
2. Diversion of three storm pipes instead of one. 
 
3. Use of two DIS distribution inputs on each bank, instead of one input per bank. 
 
4. Lower system elevation and closer to the water table. 
 
5. Higher hydraulic and bacterial loading 

 

 
The watershed associated with Site K was also very different from those at Sites L 

and M.  The Site K watershed was highly impervious, thus large storm volumes and high 

peak flows were expected.  Additionally, with the lack of infiltration throughout the 

watershed, pollutant loading was expected to be high as well.  The overall stormwater 

volume capture rating between the Site L and M systems (97%) indicated that the DISs might 

have been over designed for the flows actually produced from their watersheds.  Thus, since 

the watershed at Site K was expected to produce even higher storm volumes and flowrates 

and in multiple storm pipes, the new system was expected to be challenged in terms of 

hydraulic loading. 
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Bacteria concentrations were also expected to be higher at this site due to the 

watershed containing the town’s business and tourist districts.  The site was located adjacent 

to the Kure Beach Fishing Pier and several restaurants, making the area a popular 

congregation place for vacationers.  In turn, these provided food sources, such as dumpsters, 

hand feeding of birds, and fishing bait, to non-domesticated animals.  These animals, as well 

as pets, were likely the primary sources of fecal bacteria in the watershed.  In addition, this 

watershed discharged into the area of the ocean that the N.C. RWQ monitored for bacteria 

levels.  Past monitoring at this location has revealed some high enterococci concentrations, 

resulting in swimming advisories.   

Therefore, with these design modifications and higher loadings, the objectives of the 

Site K study were to: 

 

1. Evaluate the feasibility of using modified drop inlets as diversion devices. 
 
2. Evaluate if chamber utilization increased through the diversion of three storm 

pipes into four separate DIS inputs (one input on each end of both banks). 
 
3. Determine if placing the DIS closer to the water table affected hydraulic 

performance, with respect to stormwater volume capture rating, or stormwater 
treatment performance, with respect to fecal indicator bacteria. 

 
4. Examine effects on performance due to higher hydraulic and bacterial loading 

 

  



 
 
 

169 

M ATERIALS AND M ETHODS 

 

Site Location 

Kure Beach is located in New Hanover County, south of Wilmington, N.C.  The town 

has 22 stormwater beach outfalls that discharge runoff onto the beach or into the ocean 

without treatment.  This runoff often contains high levels of fecal bacteria that may cause 

various illnesses in humans.  In order to treat the stormwater, a Dune Infiltration System was 

installed within the sand dunes, adjacent to the intersection of Atlantic and K Avenues (Site 

K) (Fig. 3-1).  A control site was located further north of the study site, in between to the 

previously established systems (Sites L and M).  The Site K DIS was installed in early 2009 

and the control was established in 2007. 

 

 
 

Figure 3-1.  Site K and control dune locations (Image used with permission from the New 
Hanover County GIS Department, Wilmington, N.C.). 
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Dune Infiltration System Design and Installation 

The Site K DIS was designed using the Rational Method and Darcy’s Equation to 

capture runoff from a 12.7 mm/hr (0.5 in/hr) storm event.  The contributing watershed was 

divided into three sub-watersheds due to the three stormwater outfalls located at the site 

(Table 3-1).  Further watershed, DIS, and site information can be found in Table 3-2.   

Each sub-watershed was analyzed via the Rational Method to estimate peak flowrates 

(Eq. 3-1).  These flows were then used to determine the distribution pipe sizes and the 

required number of chambers used in the system, discussed later.  Since the elevation of the 

existing stormsewers and the target installation elevation of the chambers were fixed, the 

slopes of the distribution pipes were also fixed.  This resulted in a distribution pipe capacity, 

based on Manning’s flow, of 0.07 m3/s (2.5 ft3/s).  However, the rational method estimated a 

peak flowrate of 0.1 m3/s (3.4 ft3/s), thus the distribution pipes would limit flow to the DIS. 

 
 
Table 3-1.  Site K sub-watersheds and hydrologic analyses results.  
 

Sub-Watershed 
Size 
(ha) 

Rational 
C 

(metric) 

Peak 
Flow 
(m3/s) 

Distribution 
Pipe Size 

(m) 

Designed 
Distribution 

Pipe Capacity 
(m3/s) 

Number 
of 

Chambers 
Required 

K-South 0.39 0.0024 0.023 0.15 0.011 3 
K-North 2.63 0.0021 0.063 0.31 0.059 20 

Atlantic Ave 0.33 0.0025 0.011 0.15 0.011 3 
Total 3.35 0.0021 0.088 - 0.081 26 

 
 

 



 
 
 

171 

Table 3-2.  Site K watershed, DIS, and dune characteristics.  Elevations were based on mean 
sea level (MSL) and referenced to NGVD88 elevation data.  
 

Watershed description Mixed urban and residential 
Watershed area 3.4 ha (8.3 ac) 
Weighted Rational C (English) 0.0021 (0.77) 
Dune elevation at installation location 4.0 m (13.1 ft) 
Dune width (boardwalk to vegetation line) 27 m (90 ft) 
Beach width (vegetation line to ocean) 23 m (78 ft) 
K Ave South distribution pipe diameter 0.15 m (6 in)  
K Ave North distribution pipe diameter 0.30 m (12 in)  
Atlantic Ave distribution pipe diameter 0.15 m (6 in) 
Distribution pipe material (Manning’s n) Ductile Iron Pipe (0.0015) 
K Ave South distribution pipe slope 0.6% 
K Ave North distribution pipe slope 0.3% 
Atlantic Ave distribution pipe slope 0.3% 
K Ave South weir height (v-notch/rectangular) 0.19 m (0.63 ft)/0.27 m (0.88 ft) 
K Ave South weir length 0.60 m (2 ft) 
K Ave North weir height (v-notch/rectangular) 0.35 m (1.15 ft)/0.43 m (1.40 ft) 
K Ave North weir length 0.60 m (2 ft) 
DIS invert elevation 2.23 m (7.5 ft) 
Approximate depth from DIS invert to water table 1.5 m (5 ft) 
Number of chambers installed 26 
Linear distance of dune required  69 m (225 ft) 
Dune area required for chambers and gravel bed 208 m2 (2,250 ft2) 
Approximate depth of sand on top of DIS chambers 0.49 – 0.98 m  (1.6 – 3.2 ft) 

 
 
 
Equation 3-1.  Rational Method for stormwater peak flowrates (N.C. DWQ, 2007) 
 

� � ����8�� "  
 

where, QR = Rational method peak flow rate estimate (m3/s) 
 k = unit conversion (0.00278 for metric) 
 C  = Rational C value (Table 3-1) 
 I = rainfall intensity (12.7 mm/hr) 
 AW = sub-watershed area (ha) (Table 3-1) 
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Next, Darcy’s equation was used to determine the required number of chambers, via 

the infiltration flowrate, per chamber (Eq. 3-2). 

 

Equation 3-2.  Darcy’s equation for infiltration flowrate per chamber 
 

� � ���;�� 8 
 

where, QD = Darcy’s Equation infiltration flowrate estimate (m3/s) 
 K = hydraulic conductivity (320 cm/hr) 
 i  = hydraulic gradient (m/m) 
 AC = area of one StormChamber™ (3.3 m2) 

 
 
 

One potential drawback of this method was violating the assumption of saturated flow 

conditions, which were not present beneath the DIS.  However, consideration of only vertical 

flow at the mean head gradient was thought to provide conservative and reasonable 

infiltration estimates.  Future work should be performed to develop more appropriate design 

processes; however, monitoring results revealed that the system performed as designed, 

suggesting that violation of this assumption did result in a subpar design. 

The vertical flow path length between the chambers and mean water table was 

estimated at 1.2 m (4 ft).  The estimated driving heads were zero (chambers empty) and 0.9 

m (3 ft) (chambers full).  These corresponded to hydraulic gradients of 0.3 m/m (1 ft/ft) and 

0.5 m/m (1.75 ft/ft).  This resulted in a mean infiltration flowrate of 0.004 m3/s (0.15 ft3/s) 

per chamber. 

Next, each sub-watershed’s Rational Method estimate was divided by the infiltration 

rate per chamber (Eq. 3-3), to determine the number of chambers required for each sub-
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watershed’s contribution.  This calculation resulted in a total of 24 chambers, which would 

provide a mean infiltration rate of 0.1 m3/s (3.5 ft3/s) for the system; however, in order to 

provide a conservative design, 26 chambers were installed with an overall mean infiltration 

rate of 0.11 m3/s (3.77 ft3/s), above that of the Rational Estimate and distribution pipe 

capacity.  Since the distribution pipe capacity was lower than the infiltration capacity, DIS 

inflow was restricted by the pipes, and not necessarily by infiltration.   

 

Equation 3-3.  Calculation for the required number of chambers for each sub-watershed 
 

���� � �
� �

�  

 
where, n = number of chambers required 
 QR = Rational Method peak flowrate estimate (m3/s) 
 QD = Darcy’s Equation infiltration flowrate estimate (m3/s) 

 
 
 
Diversion Device Installation 

Due to elevation constraints, the large concrete vaults used at Sites L and M were not 

feasible at Site K, because these would have placed the chamber banks at an elevation too 

close to the local water table.  In addition, installation of vaults would have required the use 

of a crane and excavation of a large pit in the dunes, adding significant cost to the system’s 

construction.  Therefore, it was decided to modify two existing stormwater drop inlets 

connected to the beach outfalls and located within the intersection of Atlantic and K Avenues 

(Fig. 3-2).   
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Figure 3-2.  Site K drop inlet and stormwater monitoring station locations. 
 
 
 

The drop inlets were on the northern and southern sides of the intersection and named 

accordingly (K-North and K-South).  The K-North drop inlet had an incoming stormwater 

pipe and surface grate, as well as an outgoing stormwater beach outfall.  The K-South inlet 

only had a surface grate and stormwater beach outfall.  The surface grates allowed nearby 

surface water on the roads to enter the drop inlets. 

Brick and mortar weir walls with sharp-crested compound metal weir plates (Fig. 3-3) 

were installed in the drop inlets.  The compound weirs consisted of a 7.6 cm (3 in), 90°  

v-notch and a 0.62 m (2 ft) long sharp-edged rectangular weir.  The crest heights of the v-

notches were 0.35 m (1.15 ft) and 0.19 m (0.63 ft), at the north and south inlets, respectively.  

The rectangular weir crest heights were 0.43 m (1.40 ft) and 0.27 m (0.88 ft).  The weirs 

were used to divert stormwater into distribution pipes which were connected to the inlets, 

discussed below. 
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Figure 3-3.  Site K-North modified stormwater drop inlet.  The K-South inlet was modified 
in a similar manner. 
 
 
 

Additionally, thin aluminum sheets were installed underneath the grates to force 

surface flow onto the upstream side of the weirs to prevent premature bypass of the system 

(Fig. 3-4).  The existing stormwater beach outfalls were left in place to act as overflow pipes. 

 

 

Figure 3-4.  Aluminum sheeting to direct water to the upstream side of the weir at the K-
North inlet.  This modification was also made at the K-South inlet. 
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A third drop inlet, conveying stormwater from a small watershed consisting mostly of 

Atlantic Avenue was not modified due to site constraints and its small contribution to the 

system.  The diversion for this outfall was constructed by placing a small, subsurface 

diversion box on the outfall just after it entered the dunes.  A 0.15 m (6 in) diameter 

distribution pipe was connected to the box at a lower elevation than the outgoing stormwater 

outfall so that water would flow into the DIS.  This inlet’s watershed was 15% smaller than 

K-South’s and had a similar proportion of impervious area, thus it was assumed to provide at 

least 15% less hydraulic loading to the DIS. 

 

Distribution Pipe Installation 

The distribution pipes were installed by digging a trench in the road using an 

excavator.  Ductile iron pipe (DIP) was placed from the inlets to a sub-surface bulkhead that 

separated the dune area from the town.  DIP was used due to vehicular loads on the road 

above the pipes (Fig. 3-5).  Once the pipes reached the bulkhead, PVC sewer pipe was used 

(Fig. 3-6).  The pipe connected to the K-South inlet, 0.15 m (6 in) in diameter, was routed to 

the southern-most end of the system (Fig. 3-7).  The 0.31 m (12 in) pipe from the K-North 

inlet was routed to the center of the system (between the two banks) and was split to deliver 

water to both banks.  The distribution pipe from Atlantic Avenue was routed to the northern-

most end of the system.  Several 10 cm (4 in) cleanout access pipes were installed along the 

distribution pipes, at or near bends and within long pipe runs. 
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Figure 3-5.  Installation of the 0.15 m (6 in) distribution pipe from the K-South drop inlet. 
 
 
 

 
 
Figure 3-6.  Routing through the bulkhead of the 0.15 m (6 in) and 0.31 m (12 in) diameter 
distribution pipes, from the K-South and K-North drop inlets. 
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Figure 3-7.  Plan view of Site K.  Not to scale.



 
 
 

179 

Chamber Installation 

The Site K DIS consisted of two, independent banks of open-bottomed, subsurface 

StormChambers™ (HydroLogic Solutions, Inc. of Occoquan, VA).  The chambers were 2.60 

m long x 1.5 m wide x 0.86 m tall (8.5 ft x 5 ft x 2.8 ft) and made of HDPE.  The four 

chambers located on the ends of the banks were enclosed on one side and open on the side 

adjacent to an interior chamber (Fig. 3-8).  The interior chambers were open on one end and 

had a baffle wall on the other (Fig 3-9). 

 

 
 

Figure 3-8.  StormChamber™ used on ends of the DIS chamber banks.  The ends adjacent to 
interior chambers were fully open. 
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Figure 3-9.  StormChamber™ used within the interior of the DIS chamber banks.  The ends 
adjacent to the other interior chambers were fully open. 
 
 
 

The banks were installed by excavating two trenches, approximately 3 m (10 ft) wide, 

on either side of a beach access located at the site.  While this was occurring, a 0.3 m (1 ft) 

layer of gravel was placed on the floor of the trench.  SedimenTraps™ (HydroLogic 

Solutions, Inc.) were installed underneath each input pipe location and flush with the gravel 

layer to capture sediments (Fig. 3-10).  A nylon mesh, used to prevent gravel loss during 

maintenance operations, was placed on top of the gravel.  Chambers were placed on the 

mesh, laid end-to-end, and connected by 7 cm (3 in) decking screws (Fig. 3-11).   
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Figure 3-10.  SedimenTrap™ installed beneath the DIS distribution pipe inputs. 
 
 
 

 
 
Figure 3-11.  Site K chamber bank installation.  Note the geotextile fabric that was wrapped 
around the side layers of gravel and chambers to prevent sand intrusion into the system. 
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Each chamber with a distribution pipe input was to be monitored for stage, thus 10 

cm (4 in) screened PVC well pipes were installed in these chambers.  The wells extended 

from the floor of the chambers to above the dune surface.  Each well held a stage recording 

device, discussed later.  In addition, 25 cm (10 in) pipes were installed in the end chambers, 

directly above the SedimenTraps™ for maintenance access via equipment such as a vacuum 

hose.  These accesses were connected to the top of the chambers and extended to above the 

surface. 

Once the chambers were installed, another layer of gravel, 0.6 m wide x 0.3 m deep 

(2 ft x 1 ft) was placed on each side of the bank of chambers to provide stability and cover 

weep holes in the sides of the chambers.  Next, a geotextile fabric was wrapped around the 

tops and sides of the gravel and chambers to prevent sand migration into the system  

(Fig. 3-11).  Excavated sand was then replaced and the dune surface was smoothed.  Profile 

and end views of the system are shown in Figures 3-12 and 3-13. 
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Figure 3-12.  Profile view of the Site K DIS (Adapted with permission from HydroLogic Solutions, Inc.).  Not to scale. 
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Figure 3-13.  End view of the Site K DIS (Adapted with permission from HydroLogic Solutions, Inc.).  Not to scale.
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Lastly, dune vegetation was replanted twice during the growing season.  The first 

planting, in May 2009, was to provide initial dune stability with American beachgrass 

(Ammophila breviligulata) (Fig. 3-14).  Seaoats (Uniola paniculata) and bitter panicum 

(Panicum amarum) were planted in June 2009 to provide long-term stability.  Dune 

vegetation quickly reestablished after one year, returning to near the pre-construction state 

(Fig. 3-15).   

 

  
 
Figure 3-14.  Post-construction dune vegetation planting (2009). 

 
 
 

 
 
Figure 3-15.  Dune vegetation approximately one year after replanting (2010). 
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Research Monitoring 

 Monitoring of the Site K DIS was performed from 05/20/08 to 06/06/10.  Monitoring 

included rainfall depth, stormwater flow depth, DIS chamber stage, and water table elevation 

measurements.  Stormwater samples were collected from Site K and groundwater samples 

were collected from both the control and study site. 

 

Surface Hydrology and Water Quality Monitoring 

Rainfall was monitored using a 0.25 mm (0.01 in) tipping bucket rain gauge 

connected to a HOBO® Event Logger (Onset Computer Corp. Bourne, MA).  During periods 

when the rain gauge malfunctioned, hourly rainfall data were collected from the N.C. State 

Climate Office’s Sunny Point (NSUN) remote automated weather system.  This weather 

station was located approximately 4.8 km (3 mi) west of the study site.  

The rainfall data were downloaded to a HOBO® Waterproof Shuttle on a semi-

monthly basis, transferred to a computer via HOBOware®, and then imported into Microsoft 

Excel® (Microsoft Corp. Redmond, WA).  The rainfall data, recorded by bucket tip, were 

transformed into per-minute rainfall depths for analysis.  These data were then used to 

identify storm events by observing periods with persistent rainfall totaling �  6.4 mm  

(0.25 in).  Once these periods were identified, the storm flow data were examined to 

determine if the rainfall developed into consistent stormwater flow.  The data were then 

considered for further analyses if stormwater flow was maintained with no major stoppages.  

A major stoppage was considered more than three hours of no stormwater flow.  In cases 
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when such a break in flow occurred, the data were either separated into multiple events, 

discounted as an event, or the event was terminated once the stoppage occurred, depending 

on the depth of rainfall depth during the periods with stormwater flow. 

The rainfall data were also used to calculate the maximum rainfall intensities for each 

storm event.  This was performed by computing the maximum depth of rainfall occurring 

within any 15 minute period.  This amount of rainfall was then converted to an hourly 

rainfall intensity.  When NSUN data were used, the greatest hourly depth of rainfall was used 

as the maximum intensity. 

Stormwater flow monitoring and sampling occurred in the modified drop inlets, 

where stormwater first entered the systems (Table 3-3).  This was accomplished using ISCO® 

6712 Full-Size Portable Samplers (Teledyne Isco, Inc. of Lincoln, NE) with ISCO® 730 

Bubbler Flow Modules attached.   

 
 

Table 3-3.  Site K stormwater monitoring equipment and methods.  Stormwater samples 
were collected by field personnel from the samplers following several storm events with  
�  6.4 mm (0.25 in) of rainfall and when the samples could be delivered within EPA holding 
times.   

 
Parameter Equipment Method Frequency 

DIS inflow ISCO® 730 Bubbler 
Flow Module 

Depth of flow in drop inlet  
(Manning’s equation) 

5 min 

Stormwater 
overflow 

ISCO® 730 Bubbler 
Flow Module 

Depth of flow in drop inlet  
(Compound weir equation) 

5 min 

Stormwater flow N/A 
DIS inflow +  

Stormwater overflow 
5 min 

Stormwater 
sampling 

ISCO® 6712  
Full-Size  

Portable Sampler 

Automated,  
flow-paced sampling 

2.83 m3  
(100 ft3) 
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The ISCO® equipment was installed inside of secure, lockable boxes, next to the drop 

inlets (Fig. 3-16).  A third storm pipe and diversion (Atlantic Avenue) was not monitored due 

to site constraints.   

 
 

 
 

Figure 3-16.  Site K stormwater monitoring station locations. 
 
 
 

The ISCO® 730 Bubbler Modules were used to determine the depth of water in the 

drop inlets on a five minute interval.  The bubbler module tubing was routed from the 

modules, inside the inlets, and then attached to wooden braces that were secured to the walls 

of the inlets (Fig. 3-17).  The depth of water was used to calculate DIS inflow and 

stormwater overflow.  Stormwater flow was calculated by adding these two flows together.  

The drop inlet stage data were downloaded to an ISCO® Rapid Transfer Device (RTD) semi-
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monthly.  The data were then transferred to a computer via FlowLink® (Teledyne ISCO®) 

and imported into Microsoft Excel® for calculation. 

 

 
 

Figure 3-17.  Interior view of the K-North modified drop inlet.  The K-South inlet included 
the same modifications but did not have an incoming stormwater pipe. 
 
 
 

DIS inflow calculations began with converting the inlet stages into central angles of 

flow in the distribution pipes (Eq. 3-4).  Next, the areas of flow and hydraulic radii were 

calculated (Eqs. 3-5 and 3-6).  Each measured stage was assumed to last for five minutes, 

which was the data-logging interval. 
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Equation 3-4.  Conversion of pipe stage to central angle of flow in pipe.  (Adapted from 
Chow, 1959) 
  

����� ��� �	 @���
�A� B 
 
where, �  = central angle of flow in DIS inflow pipe (rad) 

 r = DIS inflow pipe radius (m) 
 d = depth of flow in DIS inflow pipe (m) 
 
 
 
Equation 3-5.  Calculation of flow area.  (Adapted from Chow, 1959) 
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 where,  A = flow area in DIS inflow pipe (m2) 
 r = DIS inflow pipe radius (m) 
 �  = central angle of flow in DIS inflow pipe (rad) 

 
 
 
Equation 3-6.  Calculation of hydraulic radius.  (Adapted from Chow, 1959) 

 

� � ���
�
��

 

 
where,  Rh = hydraulic radius in DIS inflow pipe (m) 
 A  = flow area in DIS inflow pipe (m2)    
 r  = DIS inflow pipe radius (m) 
 �  = central angle of flow in DIS inflow pipe (rad) 
 
 
 

Since pipe flow conditions occurred at the two monitored inlets, DIS inflow was 

calculated via Manning’s Equation or the orifice equation, depending on the inlet stage  

(Eq. 3-7).  Overflow was also calculated based on the depth of water in the drop inlets  

(Eq. 3-8).  During periods when the inlet stage was below the rectangular portion of the weir, 
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the v-notch weir equation was used.  When the drop inlet stage resulted in flow over the 

rectangular weir, both equations were used simultaneously, with the head on the v-notch 

portion set equal to the height of the v-notch (7.62 cm (3 in)).  DIS inflow and stormwater 

overflow were converted to flow volumes by multiplying the flowrates by the time interval 

between readings (Eq. 3-9).  Total stormwater inflow was calculated by adding the DIS 

inflow and overflow (Eq. 3-10). 

 

Equation 3-7.  Site K DIS inflow calculation (N.C. DWQ, 2007). 
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where, SDI = drop inlet stage (m) 
 D = diameter of DIS inflow pipe (m) 
 Qd = DIS inflow rate (m3/s) 
 k = Manning’s unit conversion (1 for SI units) 
 n = Manning’s roughness coefficient (Table 3-2) 
 A = cross-sectional area of flow in DIS inflow pipe (m2) 
 Rh = hydraulic radius in DIS inflow pipe (m) 
 S = longitudinal slope of DIS inflow pipe (m/m) (Table 3-2) 
 CD = coefficient of orifice discharge (0.017) 
 AC  = cross-sectional area of orifice (m2) 
 g = acceleration of gravity (9.81 m/s2) 
 H0 = driving head on orifice (m) 
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Equation 3-8.  Stormwater overflow calculation 
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  (Chow, 2006) 

 
where, S = drop inlet stage (m) 
 HV = v-notch weir height (m) 
 QO = overflow flowrate (m3/s) 
 HR = rectangular weir height (m) 
 CV = coefficient of discharge (1.38 for v-notch) 
 HDV = driving head on v-notch (m) 
 HMax = maximum driving head on v-notch (7.62 cm (3 in)) 
 CW = coefficient of discharge (1.84 for sharp-crested) 
 L  = weir crest length (m) 
 HDR = driving head on rectangular weir (m) 

 
 
 

Equation 3-9.  Calculation of flow volumes 
 

� H
� ���� H� 

 
where, Q*

X = flow volume (m3) 
 QX = flowrate for flow component, x (m3/s) 
 t = time interval (s) 

 
 

 
Equation 3-10.  Site K Stormwater flow calculation 
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where, � I
4 = incoming stormwater volume (m3) 

 � J
4  = DIS inflow volume (m3) 

 � K
4  = overflow volume (m3) 
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Complementing the DIS inflow monitoring, stages within the four start chambers 

were continuously recorded.  INFINITY Water Level Loggers (INFINITIES USA, Inc. of 

Port Orange, FL) were installed in these chambers (KSA, KNA, KSB, and KNB in Fig. 3-19) 

and set to record the stage every eight minutes.  The loggers were placed inside 10 cm  

(4 in) screened PVC pipes that extended from the chamber floor to above the dune surface.   

For data analysis, all flow data were totaled for the entire study period.  To 

investigate individual storm events, those with �   6.4 mm (0.25 in) of rainfall were identified 

and then analyzed for stormwater inflow, DIS inflow, stormwater overflow, DIS capture 

rating, event duration, rainfall depth, and maximum rainfall intensity.  The capture rating was 

the volume of DIS inflow as a proportion of total stormwater volume (Eq. 3-11).   

 

Equation 3-11.  DIS capture rating. 
 

L� � �
23

4

25
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where, R = DIS capture rating (%)  
 Q*

D = DIS inflow (m3) 
 Q*

S = stormwater flow into vault (m3) 
 
 

The bubbler modules also performed similar DIS inflow calculations to conduct flow-

paced stormwater sampling, outlined in Table 3-3.  The modules calculated the flowrate and 

volume, then using the specified interval, signaled the samplers to collected four, 250 mL 

samples per bottle.  The sampler tubing was routed from the samplers, to inside the inlets, 

and attached to wooden braces secured to the side of the inlets.  Each sampler used a 24-
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bottle configuration.  To avoid sample collection during small rainfall and non-rainfall 

related flows, an Enable setting was entered into the samplers to prevent sampling when the 

depth of water in the inlets fell below a specified depth.  Non-rainfall related flows included 

water from street cleaning activities and periodic variable base flow at K-North from an 

unidentified source.  These flows were also captured by the DIS. 

Stormwater sample collection from the samplers was conducted by field personnel 

following several storm events with �  6.4 mm (0.25 in) of rainfall.  The samples were placed 

in a cooler on ice and delivered to laboratories within EPA holding times.  Samples intended 

for enterococci analysis were delivered to TriTest, Inc. in Wilmington, N.C. for Enterolert® 

testing (ASTM # D6503-99; IDEXX Laboratories, Inc. Westbrook, ME) (Appendix B-1).  

Several stormwater samples were also delivered to the N.C. State Biological and Agricultural 

Engineering Department’s (NCSU-BAE) Environmental Analysis Laboratory (EAL) in 

Raleigh, N.C. for nutrient testing.  These analyses included Total Kjeldahl Nitrogen (TKN), 

Ammonium Nitrogen (NH4-N), Nitrate Nitrogen (NO3-N), and Total Phosphorus (TP).  The 

testing methods used by the EAL are outlined in Appendix B-2, Table B-1. 

The control site was not monitored for stormwater as there was no direct input.  

However, a 0.38 m (15 in) stormwater beach outfall did pass through the control dunes, 

though no signs of discharge were ever observed. 
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Dune Hydrology Monitoring 

Water table elevations were continuously monitored throughout the site using 

INFINITY Water Level Loggers set on 20 minute recording intervals.  The water table wells 

consisted of 5 cm (2 in) PVC pipes that were installed using an auger truck and a pressurized 

water jet (Fig. 3-18).  Each well was installed to within ± 0.6 m (2 ft) of elevation zero.  The 

wells were screened to near the dune surface.  The screened portion was covered with a 

fabric sock to prevent migration of sand into the wells.  The wells were also fitted with 10 cm 

(4 in) PVC header pipes to hold the loggers.   

 

 
 

Figure 3-18.  Site K water table well installation.  All of the water table monitoring and 
groundwater sampling wells were installed in the same manner. 
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Wells were located 6 m (20 ft) upslope (KWT-UP), 1 m (3 ft) downslope (KWT-

MID-A), and 15 m (50 ft) downslope (KWT-VEG) of the southern bank of chambers, 

Chamber Bank A (Fig. 3-19).  One well was installed 1 m (3 ft) downslope (KWT-MID-B) 

of the northern bank of chambers, Chamber Bank B.  The control site had one water table 

monitoring well that was located midway through the dunes (CWT) (Fig. 3-20).  The data 

were downloaded to HP® 48g (Hewlett-Packard Co. of Palo Alto, CA) calculators then 

transferred to a computer via INFINITIES PC Transfer Software.   

The water table data were analyzed via mean and maximum elevations for the entire 

study period.  Furthermore, Standard Deviations (SDs) and Average Absolute Differences 

from the control (AADs) were used to quantify vertical variations of the water table.  SDs 

were computed for each well location at Site K and the control.  The Site K results 

represented the water table deviations due to stormwater infiltration via the DIS, tides, 

surface infiltration, and incoming groundwater.  The control results represented only the 

background influences (tides, surface infiltration, incoming groundwater).  Thus, comparison 

of the Site K and control SDs was used to determine the effects of stormwater infiltration on 

dune hydrology.  The AADs were computed using data from the 1 m (3 ft) downslope wells 

(KWT-MID-A and KWT-MID-B) and the control site well (CWT) (Eq. 3- 12).  This was 

used to quantify how the water table just downslope of the system differed from the normal 

water table. 
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Figure 3-19.  Site K monitoring schematic.  Not to scale. 
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Figure 3-20.  Control site monitoring schematic.  Not to scale.
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Equation 3-12.  Average absolute difference from the control. 
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where, AAD = average absolute difference from the control (CWT) (m) 
 Cx = water table elevation in CWT, at time, x (m) 
 Sxy = water table elevation in KWT-MID at time, x (m) 
 n = total number of data points 

 
 
 

In addition to analyzing data from the entire study period, several individual storm 

events were further examined using the analyses described above.  The storms were chosen 

based on their DIS inflow volume ranking among all of the storms with �  6.4 mm (0.25 in) of 

rainfall. 

The water table data were also used to determine the duration of water table responses 

during and after infiltration events.  The beginning of a response was identified by examining 

the incremental elevation changes every 20 minutes (the logging interval).  During the initial 

portion of an infiltration event, the water table elevation changes were more dramatic as 

compared to inter-storm periods, thus signaled the beginning of a response.  While this 

technique was adequate for determining the start of a response, it could not be used to 

identify the end, as the incremental changes during the latter portions of the event were often 

similar to the pre-storm changes, even though a response was still evident.  Therefore, to find 

the end of a response, the individual pre-event AADs were compared to the post-event 

incremental absolute differences for every 20 minute data point.  Once the post-event 

absolute differences returned to the pre-event AAD the response was deemed over.   
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Lastly, groundwater flow velocities and residence times were estimated for several 

infiltration events and on data from the entire study period.  Velocity was calculated via the 

equation for flow between two reservoirs (Chin, 2006), sometimes referred to as the Dupuit-

Forchheimer Equation (D-F).  Residence times were estimated by division of the horizontal 

flow path length and velocity.  The D-F equation was used for its ease of calculation and to 

provide conservative residence times.  The assumptions inherent to this equation were likely 

pushed to their limits during these analyses.  However, modeling of each influencing factor 

(stormwater infiltration, groundwater flow, tidal influences, three-dimensional unsteady flow, 

saturated and unsaturated flow, and surface recharge) would have been much more difficult 

and time consuming, and potentially deserving of its own, separate research.  Future analyses 

may include modeling each factor via solutions such as the Boussinesq Equation for 

unsteady-flow (Youngs, 1999).  

  The inherent assumptions to the D-F equation were (Chin, 2006; Dupuit, 1963; 

Forchheimer, 1930; Kirkham, 1967; Kirkham and Powers, 1972): 

 

1. Flow was steady-state, saturated, and unconfined. 
 

2. The slope of the water table surface was small and thus the equipotential lines 
were near vertical and the streamlines were near horizontal. 
 

3. The hydraulic gradient was equal to the slope of the water table surface. 
 

4. No surface recharge. 
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Site specific assumptions and estimation limitations were: 

 

1. Only flows above elevation zero were considered (referenced to mean sea level) 
since there was no depth to the impervious layer data available. 
 

2. Sand was isotropic and homogeneous throughout dunes and sites. 
 
3. Only horizontal flow, perpendicular to the ocean (no vertical or diagonal flow). 

 
4. No edge effects (shape of lateral water table profile not considered). 

 

The results from this method of estimation would be affected by: 

 

1. Both positive (flow towards ocean) and negative (flow away from ocean) flow. 
 
2. Tidal influences. 
 
 
 
Velocities and residence times were calculated using data collected once the peak in 

the water table 1 m (3 ft) downslope of the system had been reached, and until the water table 

response to infiltration was deemed over.  Values were calculated every 20 minutes, the data 

logging interval, then summarized via maximums and means.  Refer to Figure 3-21 for a 

visual reference of the variables provided in the following equations. 

Using the measured water table elevations from 1 m (3 ft) and 15 m (50 ft) downslope 

of the DISs, the D-F Equation was used to estimate the groundwater flowrate through dunes, 

per unit width of flow (parallel to ocean) (Eq. 3-13).  The area of groundwater flow was then 

estimated based on the mean of the observed elevations, and for flow above elevation zero 
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(Eq. 3-14).  Next, the flowrate was divided by the flow area to determine the groundwater 

velocity (Eq. 3-15).  Lastly, the length between the water table monitoring wells was divided 

by the velocity to calculate the residence time (Eq. 3-16). 

 

Equation 3-13.  Dupuit-Forchheimer Equation (Chin, 2006). 
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where, Q = groundwater flowrate (cm3/hr/cm) 
 K = hydraulic conductivity (320 cm/hr (Bright, 2007)) 
 ! 	

�  = water table elevation 1 m downslope of DIS (m) 
 ! 	

�  = water table elevation 15 m downslope of DIS (m) 
 L = distance between wells (14 m) 

 
 
 
Equation 3-14.  Area of groundwater flow. 
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where, A = area of groundwater flow (m2/m) 
 n = porosity of soil (0.33 (Bright, 2007)) 
 H1 = water table elevation 1 m downslope of DIS (m) 
 H2 = water table elevation 15 m downslope of DIS (m) 

 
 
 
Equation 3-15.  Velocity of groundwater flow. 
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where, V = velocity of groundwater flow (m/hr) 
 Q = groundwater flowrate (m3/hr/m) 
 A = area of groundwater flow (m2/m) 
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Equation 3-16.  Residence time of groundwater flow from 1 m to 15 m downslope of DIS. 
 

����
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where, t = residence time of groundwater flow from 1 m to 15 m   

   downslope of DIS (hr) 
 L = distance between wells (14 m) 
 V = velocity of groundwater flow (m/hr) 
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Figure 3-21.  Graphical representation of the variables used for calculating groundwater flow velocities and residence times at Site K.
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Groundwater Water Quality Monitoring 

Groundwater beneath the dunes was monitored for enterococci and nutrient levels.  

Two transects of three wells each were installed upslope to downslope of both chamber 

banks (Fig. 3-19).  The locations were 6 m (20 ft) upslope (KWQ-UP-A and KWQ-UP-B),  

1 m (3 ft) downslope (KWQ-MID-A and KWQ-MID-B), and 15 m (50 ft) downslope 

(KWQ-VEG-A AND KWQ-VEG-B).  Data from each well pair were combined for analyses.  

Three wells were located at the control site, in the upper (CWQ-UP) and middle (CWQ-

MID) dune areas, and at the dune-beach interface, also called the vegetation line (CWQ-

VEG)  

(Fig. 3-20). 

The sampling wells consisted of 5 cm (2 in) PVC pipes jetted into the dunes in the 

same manner as the water table monitoring wells.  Each sampling well was screened and 

socked on the bottom 0.6 m (2 ft).  During sampling, a new, sterile disposable PVC bailer 

was used at each well to bail three well volumes and collect a 200 mL sample for analysis.  

The samples were placed in new, sterile 250 mL bottles with sodium thiosulfate tablets.  

Sampling occurred monthly and during or after several storm events with �  6.4 mm (0.25 in) 

of rainfall.  Samples intended for enterococci analysis were placed in a cooler on ice and 

delivered to TriTest, Inc. in Wilmington, N.C. for Enterolert® testing (ASTM #D6503-99).  

Several sample testing results were either above or below the testing limits.  In such cases, 

the sample concentration was estimated by dividing the lower limit by two or multiplying the 

upper limit by two (Spooner, 2001).  In addition, several 500 mL samples were collected for 
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nutrient analysis (TKN, NH4-N, NO3-N, and TP).  These were placed on ice and delivered to 

the NCSU-BAE EAL in Raleigh, N.C. for analysis.  Each sampling method is outlined in the 

Appendix B. 

 

Dune Sand Monitoring  

Dune sand sampling and analysis for enterococci took place in the summers of 2009 

and 2010.  This was performed to determine if bacteria were residing at high levels within 

the dune sand.  Samples were collected downslope of Chamber Bank B, next to the KWQ-

MID-B and KWQ-VEG-B monitoring wells.  Samples from the control were collected next 

to CWQ-MID and CWQ-VEG.  Samples were collected from two depths at each location.  

Shallow samples were collected 0.6 m (2 ft) below the dune surface in an attempt to 

determine natural levels of bacteria within the dunes.  Deep samples collected at KWQ-MID-

B were obtained from approximately the same elevation as the invert of the chambers, in an 

attempt to test sand that would experience flow during infiltration events.  Deep samples 

collected at KWQ-VEG-B were obtained approximately 0.6 m (2 ft) below the invert of the 

chambers.  

 Sand samples were collected by augering with a 10 cm (4 in) diameter auger to just 

above the target sample depth.  Next, a 5 cm (2 in) sampling auger with a plastic sample 

sleeve was used to collect a sample.  Each sample was collected with a separate, sterile 

sleeve that was capped and bagged after collection and then placed in a cooler on ice.  The 

sampling auger was washed with a water-bleach mix and thoroughly rinsed with DI water 
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after each sampling.  The samples were delivered to the NC State Soil Science, Soil 

Microbiology Lab in Raleigh, N.C. for Enterolert® testing (ASTM #D6503-99). 

 

Data Analysis Methods 

Basic data calculations and analyses, such as for flow, AAD, and descriptive 

statistics, were performed in Microsoft Excel®.  The enterococci sampling data were also 

analyzed via formal statistical tests.  These more in depth analyses were performed in SAS 

9.1.3 (SAS Institute Inc. of Cary, N.C.) using the proc mixed command.  The data were first 

natural log transformed then arranged according to sample date, season, site, sampling well 

location, and the number of days elapsed since the last storm event.  A model statement was 

then declared, comparing the natural log of the enterococci data to the sampling well 

location, system, and elapsed time between storms.  The sampling date was modeled as a 

random variable.  The number of days since the last event was nested within the date 

variable.  The analyses were performed via contrast estimation statements that compared the 

estimate least squares means.  All tests used �  = 0.05 for significance testing. 
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RESULTS AND DISCUSSION 

 

Hydraulic Performance 

The Site K DIS performed efficiently with an overall stormwater volume capture 

rating of 80% between the two monitored inlets through one year of monitoring.  This 

capture rating was higher than ratings for traditional BMPs, such as constructed wetlands and 

bioretention cells, which studies have shown capture ratings between 27% and 69% (Bass 

and Evans, 2000; Hunt et al., 2006; Lenhart and Hunt, 2008; Li et al., 2009).  Measured 

stormwater flows totaled 26,454 m3 (934,212 ft3) from 1,200 mm (47.26 in) of rainfall, with 

only 5,260 m3 (185,756 ft3) bypassing the DIS (Table 3-4).  Flows in a third inlet (Atlantic 

Ave.) were not monitored due to site constraints.  This inlet and diversion likely contributed 

less flow than K-South, as the Atlantic Avenue watershed was 15% smaller and had a similar 

proportion of impervious area.  Thus, the actual treatment volume was higher than 26,454 m3 

(934,212 ft3), but the overall capture rating was likely not much different when considering 

the additional input from the Atlantic Avenue inlet. 

 
 
Table 3-4.  Site K hydraulic performance summary at the two monitored inlets (K-South and 
K-North) after one year of monitoring. 
 

Site 
Total 

Rainfall 
(mm) 

Stormwater 
Volume  

(m3) 

Overflow 
Volume 

(m3) 

DIS 
Inflow 

Volume  
(m3) 

DIS 
Capture 
Rating  

(%) 
K-South 

1200 
6560 1985 4575 70 

K-North 19894 3275 16619 84 
Total 26454 5260 21194 80 
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In addition to the overall summary, forty individual storm events with �  6.4 mm  

(0.25 in) of rainfall were further analyzed.  A hydraulic summary of each event is located in 

Appendix C-1, Table C-3.  These events accounted for 80% of the rainfall, 79% of the 

stormwater flow, 91% of the overflow, and 76% of the DIS inflow that occurred at the two 

monitored inlets during the study period (Table 3-5).  The overall capture rating during these 

events, 77%, was lower than the total capture rating because smaller events (�  6.4 mm  

(0.25 in)), which often produced little to no overflow, were not considered in this analysis. 

 

Table 3-5.  Site K hydraulic performance summary for forty storm events with �  6.4 mm 
(0.25 in) of rainfall.  Data from K-South and K-North were combined. 
 

Site 
Total 

Rainfall 
(mm) 

Total 
Stormwater 

Volume         
(m3) 

Total 
Overflow 
Volume     

(m3) 

Total 
DIS 

Capture 
Volume 

(m3) 

DIS 
Capture 
Rating    

(%) 

K-South 
960 

5237 1742 3494 67 
K-North 15678 3035 12643 81 

Total 20915 4777 16138 77 
 
 

Each storm event was analyzed for storm duration, total rainfall, maximum rainfall 

intensity, stormwater volume, peak stormwater flowrate, overflow volume, DIS inflow 

volume, and DIS capture rating.  Overall, these storms were more intense than the DIS’s 

design storm (12.7 mm/hr (0.5 in/hr)), with a mean event maximum rainfall intensity of 30 

mm/hr (1.18 in/hr) (Table 3-6). 
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 Examination of the hydrologic monitoring results from the two monitored drop inlets 

showed strong correlations between rainfall and storm event volume and between rainfall 

intensity and peak stormwater flow (Figs. 3-22 and 3-23).  The correlation between rainfall 

and storm volume was most likely due to the large amount of impervious area in the 

watershed, which would produce a consistent rainfall to flow relationship, due to the 

decreased effects of infiltration.  However, this relationship was somewhat weaker for events 

with approximately > 45 mm (1.77 in) of rainfall, as seen by the increasing error in  

Figure 3-22.  For the most part during these larger events, more flow was measured than the 

best-fit line predicted, suggesting that this relationship may have not been fully linear, 

possibly due to decreased infiltration capacity throughout the watershed as the soil became 

saturated during large events.  In addition, this analysis was not corrected for antecedent 

moisture conditions, which also increased the amount of error.  
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Table 3-6.  Site K hydrologic and hydraulic descriptive statistics for events with �  6.4 mm (0.25 in) of rainfall.  Data from K-South 
and K-North were combined. 
 

  
Rainfall 
(mm) 

Duration 
(hr) 

Maximum 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow 
(m3/s) 

Stormwater 
Volume   

(m3) 

Overflow 
Volume 

(m3) 

DIS 
Capture 
Volume 

(m3) 
Maximum 23.3 97.8 75.2 0.690 2335 754 1734 

Mean 6.8 24.0 29.9 0.243 523 119 403 
Minimum 0.6 7.1 4.1 0.008 53 0 53 
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Figure 3-22.  Site K DIS rainfall depths and stormwater for events with �  6.4 mm (0.25 in) of rainfall.  Data from K-South and K-
North were combined. 
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Figure 3-23.  Site K event maximum rainfall intensities and peak DIS inflows for events with �  6.4 mm (0.25 in) of rainfall.  The 
Rational Method estimates are also shown.  Data from K-South and K-North were combined.
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Also shown in Figures 3-22 and 3-23 are the events that resulted in overflow.  The 

majority of events, 31 out of 40, resulted in overflow; however, 32 of the events had a 

maximum rainfall intensity above the DIS’s design.  From these data, it was seen that no 

overflow occurred in storms with rainfall intensities < 13.2 mm/hr (0.52 in/hr).  This nearly 

matched the DIS’s design storm of 12.7 mm/hr (0.5 in/hr).  Only one event resulted in more 

overflow than DIS inflow, when 53% of the water overflowed during the fifth most intense 

event (Table 3-7). 

 

Table 3-7.  Site K stormwater overflow frequencies for events with �  6.4 mm (0.25 in) of 
rainfall.  Data from K-South and K-North were combined. 
 

Percent 
Overflow 

0% 0 - 10% 10 - 25% 25 - 50% 50% + 
Total 

Number of 
Events 

Number 
of Events 

9 9 8 13 1 40 

 
 

The overflow data were more closely examined by comparison to the stormwater 

peak flowrates, since these were directly related.  Firstly, comparison of the peak stormwater 

flowrates to the Rational Method estimates showed that in 19 events, the Rational Method 

overestimated flowrates, and in the remaining 21 events, flow was underestimated (Fig. 3-

23).  On average, the Rational Method overestimated peak flow by 0.06 m3/s (1.95 ft3/s).  It 

was noted that the Rational Method tended to overestimate peak flows from events with 

lower rainfall intensities.  Estimating from the measured flow, the design event of 12.7 

mm/hr (0.5 in/hr), would have produced a peak flow of approximately 0.084 m3/s (2.97 ft3/s), 
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at two of the three inlets (Fig. 3-23).  This was close to the Rational Method estimate of 0.07 

m3/s (3.0 ft3/s) for these two watersheds.  These results suggested that slight errors might 

have occurred in either the flow measurements, Rational C value determination, or watershed 

area measurements.  However, it was apparent that, overall, the watersheds did produce 

flowrates and volumes similar to what was expected.   

Closer examination of the flowrate and overflow data (Fig. 3-23) revealed that the 

lowest peak stormwater flowrate, from K-South and K-North combined, resulting in 

overflow was 0.061 m3/s (2.15 ft3/s), while the highest rate that did not result in overflow 

was 0.054 m3/s (1.90 ft3/s).  This was very close the combined estimated capacity of the K-

South and K-North distribution pipes (0.06 m3/s (2.1 ft3/s)) suggesting the pipes were 

installed properly and that infiltration did not limit DIS inflow during events with flowrates 

less than the pipe capacities.  The infiltration capacity of the system, based on flows from the 

two monitored inlets, was estimated to be 0.09 m3/s (3.3 ft3/s).  To examine whether or not 

infiltration did limit inflow, the chamber stage data were examined.  Stages were recorded 

inside each start chamber (those with distribution pipe inputs).  The data were observed to 

determine which events resulted in filling of the chambers, which would subsequently create 

backwater conditions in the distribution pipes and thus overflow at the inlets.  It was 

observed that the chambers did not fill during any event with a peak stormwater flowrate      

< 0.15 m3/s (5.18 ft3/s).  Since overflow occurred during six events with lower peak 

stormwater flowrates it was evident that infiltration was not limiting inflow during events 

with such inflow rates.   



 
 
 

216 

Interestingly, the chambers were filled during only nine of 25 events with peak flows 

�  0.14 m3/s (5.18 ft3/s) (Appendix C-4, Table C-5).  There were no apparent explanations for 

the chamber filling inconsistencies at these flows, though event frequency, runoff volume, 

and high tides may have played roles in these discrepancies.  It was noted that during events 

when the chambers filled, the minimum DIS inflow volume was 287 m3 (10,140 ft3).  This 

finding was important because it showed that the chambers were fully utilized, with respect 

to stage.  This also had implications on hydraulic performance since this meant that during 

these events, infiltration was also limiting system inflow and therefore increased overflows.  

To examine this finding, the peak flowrates and overflow volumes were compared between 

events when the chambers did and did not fill.  This analysis revealed that, for similar peak 

stormwater flowrates, the overflow volumes were higher during events when the chambers 

filled, as compared to events when they did not fill (Appendix C-4, Fig. C-4). 

In order to better characterize the performance of the DIS, several other relationships 

were also examined.  Since rainfall intensity and peak stormwater flow had direct impacts on 

DIS capture, comparison of these two variables to DIS capture were conducted.  As with the 

intensity-peak flow relationship, comparisons between intensity and DIS capture rating as 

well as between peak stormwater flow and DIS capture rating also showed strong 

correlations (Figs. 3-24 and 3-25).  Figure 3-24 shows that all flow was captured in events 

with rainfall intensities with < 13.2 mm/hr (0.52 in/hr).  Two events with maximum rainfall 

intensities of 13.2 mm/hr (0.52 in/hr) occurred, with only one producing overflow.  This was 

due to the difference in stormwater peak flows, as the storm with overflow produced a peak 
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flow of 0.061 m3/s (2.15 ft3/s), while the storm with no overflow only produced 0.032 m3/s 

(1.13 ft3/s).  This discrepancy was likely due to the overall intensity of the events, as the 

event with overflow produced 7 mm (0.28 in) of rainfall in just over 2 hours, while the other 

event produced 10 mm (0.40 in) of rainfall in approximately 11.5 hours.  Beyond this 

intensity (13.2 mm/hr (0.52 in/hr)), DIS capture decreased with increasing rainfall intensity, 

following a logarithmic curve.  Examination of the peak stormwater flow and DIS capture 

rating relationship (Fig. 3-25) revealed a very similar result as the previous relationship, as 

expected. 
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Figure 3-24.  Site K maximum rainfall intensities and DIS capture ratings for events with �  6.4 mm (0.25 in) of rainfall.  Data from 
K-South and K-North were combined. 
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Figure 3-25.  Site K peak DIS inflows and DIS capture ratings for events with �  6.4 mm (0.25 in) of rainfall.  Data from K-South and 
K-North were combined.
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To further examine the DIS’s performance, several individual storm events were 

further analyzed.  These events were chosen based on their maximum rainfall intensity, using 

storms with the lowest, 1st quartile, median, 3rd quartile, and highest intensities (Tables  

3-8 - 3-10).  

 
 
Table 3-8.  Site K hydrologic summaries for selected storm events with �  6.4 mm (0.25 in) 
of rainfall.   
 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Total 
Rainfall 
(mm) 

Storm 
Duration 

(hr) 

10/05/09 Lowest 4.1 11.2 17.8 
08/02/09 1st Quartile 13.5 7.9 3.0 
07/14/09 Median 27.9 9.1 1.2 
07/13/09 3rd Quartile 39.1 16.9 1.8 
12/02/09 Highest 75.2 47.8 4.8 

 
 
 

Table 3-9.  Site K stormwater and overflow summaries for selected storm events with  
�  6.4 mm (0.25 in) of rainfall.  Data from K-South and K-North were combined. 

 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Total Peak 
Stormwater 

Flow          
(m3/s) 

Total 
Stormwater 

Volume    
(m3) 

Total 
Overflow 
Volume    

(m3) 

10/05/09 Lowest 0.008 55.7 0.0 
08/02/09 1st Quartile 0.078 79.7 2.1 
07/14/09 Median 0.177 137 18.5 
07/13/09 3rd Quartile 0.334 372 118 
12/02/09 Highest 0.690 1423 653 

 



 
 
 

221 

Table 3-10.  Site K DIS inflow summaries for selected storm events with �  6.4 mm (0.25 in) 
of rainfall.  Data from K-South and K-North were combined. 

 

Storm 
Date 

Rainfall 
Intensity 
Ranking 

Total Peak 
DIS Inflow      

(m3/s) 

Total 
DIS 

Capture 
Volume 

(m3) 

Total DIS 
Capture 
Rating        

(%) 

10/05/09 Lowest 0.008 55.7 100 
08/02/09 1st Quartile 0.073 77.6 97 
07/14/09 Median 0.137 118 86 
07/13/09 3rd Quartile 0.161 255 68 
12/02/09 Highest 0.194 770 54 

 
 

The storm event with the lowest rainfall intensity (4.1 mm/hr (0.16 in/hr)) of all 40 

analyzed events occurred on 10/05/09 (Appendix C-5, Fig. C-5).  It produced the 29th/40 

highest amount of rainfall, 40th/40 peak stormwater flowrate, and 39th/40 stormwater and DIS 

capture volumes.  No overflow was measured during the event and no chamber stage data 

were available due to equipment malfunction.  Overall, this event did not hydraulically 

challenge the DIS as the flowrates were well below the constructed capacities of the system 

and distribution pipes.   

The next event, representing the first intensity quartile, occurred on 08/02/09, lasted 

three hours, and had a maximum intensity 13.5 mm/hr (0.53 in/hr) (Appendix C-5, Fig. C-6).  

The storm produced the 37th/40 highest amount of rainfall, 11th/40 peak stormwater flowrate, 

37th/40 stormwater volume, and 29th/40 overflow volume.  Stormwater volume totaled  

79.7 m3 (2,813 ft3) and only 2.1 m3 (73 ft3) bypassed the system, for a capture rating of 97%.  

The stormwater peak flowrate was 0.078 m3/s (2.76 ft3/s), which was above the estimated 
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capacity of the K-South and K-North distribution pipes (0.06 m3/s (2.1 ft3/s)).  The peak DIS 

inflow (0.073 m3 (2.58 ft3)) was also higher than the estimated pipe capacity and was due to 

orifice flow at the K-South inlet.  In addition, the maximum stage within any monitored 

chamber was just 0.29 m (0.95 ft) (Appendix C-5, Fig. C-7).  The interior height of the 

chambers was 0.87 m (2.84 ft).  Therefore, overflow occurred because of pipe inlet 

restrictions and not infiltration limitations.  Since this event represented just the first quartile 

of the event maximum rainfall intensities, it demonstrated that the DIS frequently 

experienced high rainfall intensities and stormwater flowrates, relative to its design.  

However the system still performed well, capturing a large proportion of the runoff volume. 

 The next storm, which represented the median event maximum rainfall intensity, 

occurred on 07/14/09 and produced the 36th/40 highest amount of rainfall, 23rd/40 peak 

stormwater flowrate, 32nd/40 stormwater volume, and 24th/40 overflow volume (Fig. 3-26).  

The storm had a single peak during which 18.5 m3 (653 ft3) of stormwater overflowed due to 

a stormwater flowrate of 0.177 m3/s (6.24 ft3/s).  A total of 137 m3 (4,831 ft3) of stormwater 

was produced during the event, resulting in an 86% capture rating.  The maximum DIS 

inflow was 0.137 m3/s (4.85 ft3/s).  Overflow occurred in both monitored inlets and was due 

to inlet restrictions in distribution pipes and not infiltration, as the maximum stage within any 

monitored chamber was just 0.52 m (1.71 ft) (Appendix C-4, Fig. C-8).



 
 
 

223 

 
 
Figure 3-26.  Site K DIS hydrograph for the storm event (07/14/09) with the median event maximum rainfall intensity (27.9 mm/hr 
(1.10 in/hr)).  Data from K-South and K-North were combined.



 
 
 

224 

The event representing the 3rd intensity quartile occurred a day before the previously 

discussed storm.  This event produced the 22nd/40 largest amounts of rainfall and peak 

stormwater flowrate, 16th/40 runoff volume, and 15th/40 overflow volume (Fig. 3-27).  The 

capture rating was only 68% due to the bypassing of 118 m3 (4,152 ft3) out of 372 m3  

(13,147 ft3) of stormwater produced during the storm.  Both inlets experienced overflow, 

with both portions of the compound weirs transmitting flow.  Overflow occurred due to a 

peak stormwater flowrate of 0.334 m3/s (11.80 ft3/s), which was much higher than the 

capacity of the distribution pipes, as they permitted a peak DIS inflow of 0.16 m3/s  

(5.67 ft3/s), due to orifice flow.  Infiltration was shown not to be limiting as the maximum 

chamber stage was 0.79 m (2.59 ft) (Appendix C-5, Fig. C-9).  Since orifice flow conditions 

occurred relatively frequently, as seen in these last two examples, future DIS designs may 

benefit from considering this type of flow.  The Site K DIS and associated distribution pipes 

were sized based on Manning’s Equation for a pipe flowing at full capacity.  Therefore, when 

there was head on the distribution pipes creating orifice flow, the flowrates increased to 

above the design capacity.  This also meant that the pipes were restricting inflow, causing 

increased overflow.  However, it appeared that the dunes were able to infiltrate higher 

flowrates than the design method predicted, confirming that it was indeed conservative. 

Closer examination of the peak flow, drop inlet stage, and overflow data showed that 

overflow did not occur at K-North until the distribution pipe experienced orifice flow 

conditions.  However, the weir crest was 0.05 m (0.15 ft) above the top of the distribution 

pipe, thus orifice flow could occur without overflow.  This corresponded to a peak 
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stormwater flow of 0.101 m3/s (3.58 ft3/s) and a DIS inflow rate of 0.100 m3/s (3.52 ft3/s) at 

K-North.   

Examination of these data for K-South showed that orifice flow conditions existed 

during five events without overflow and during all events with overflow.  Orifice flow at K-

South was first observed during an event with a peak flowrate of 0.017 m3/s (0.58 ft3/s), 

while overflow did not occur until the stormwater flowrate reached 0.020 m3/s (0.70 ft3/s) 

(DIS inflow of 0.019 m3/s (0.68 ft3/s)).  Orifice flow conditions not resulting in overflow 

occurred because the weir crest was 0.04 m (0.13 ft) above the top of the distribution pipe.   

These examinations showed that the distribution pipes and diversions were properly 

designed and installed, in relation to pipe capacity and the occurrence of overflow.  This also 

indicated that future designs could potentially benefit from considering orifice flow 

conditions.  One benefit could be the use of a smaller distribution pipe or lower slope, which 

might reduce material and construction costs, as well as allow for a gain in system elevation.  

With a smaller pipe, the diversion could be designed to allow for head on the distribution 

pipes to reach the levels needed to achieve the required inflow rate of the system, the 

infiltration capacity of the sand.  
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Figure 3-27.  Site K DIS hydrograph for the storm event (07/13/09) with the 3rd quartile event maximum rainfall intensity (39.1 
mm/hr (1.54 in/hr)).  Data from K-South and K-North were combined. 
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 Finally, the event with the highest rainfall intensity, 75.2 mm/hr (2.96 in/hr), 

produced the 6th/40 largest amount of rainfall, 1st/40 highest stormwater peak flow, 5th/40 

stormwater volume, and the 2nd/40 volume of overflow (Fig. 3-28).  The capture rating 

during this event was only 54%, as 653 m3 (23,048 ft3) of stormwater overflowed, while 770 

m3 (27,208 ft3) was captured.  The total peak stormwater flowrate in the two monitored drop 

inlets was 0.69 m3/s (24.38 ft3/s).  The peak DIS inflow rate from the two inlets was  

0.194 m3/s (6.87 ft3/s).  The exceptionally high DIS inflow rate was due to orifice flow 

conditions on the distribution pipes, which experienced 0.44 m (1.43 ft) (K-South) and  

0.70 m (2.30 ft) (K-North) of driving head.  DIS inflow was limited by the distribution pipes 

and the infiltration capacity as the peak stormwater flowrate was above both capacities, and 

because the chambers were filled during the event (Appendix C-5, Fig. C-10). 

This event clearly challenged the DIS in terms of hydraulic performance, as the 

extremely high stormwater flowrate produced a large amount of overflow.  However, the 

system was still able to capture a majority of the event volume.  The large amounts of head 

on the distribution pipes could have implications on the stability and treatment performance 

of this system, and future systems as well.  A possible drawback of orifice flow is the 

potential large increase of DIS inflow rates, which may lead to an excessive gradient on 

infiltration.  This could led to high infiltration velocities and potentially destabilization of the 

sand beneath the system.  Treatment performance might also suffer due to a decrease in 

bacteria sorption to soil particles, as high water velocities can prevent sorption, or cause the 

detachment of bacteria already sorbed to soil particles (Abu-Ashour and Abu-Zreig, 2005).   
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Figure 3-28.  Site K DIS hydrograph for the storm event (12/02/09) with the highest event maximum rainfall intensity (75.2 mm/hr 
(2.96 in/hr)).  Data from K-South and K-North were combined.
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Overall, the Site K DIS performed close to design specifications by capturing nearly 

80% of all stormwater flows through the two monitored drop inlets.  In addition, all flows 

during events with rainfall intensities < 13.2 mm/hr (0.52 in/hr) were captured, and 76% of 

the water was captured in more intense storms.  Monitoring results showed a mean event 

rainfall depth of 24 mm (0.95 in), mean event maximum rainfall intensity of 30 mm/hr (1.18 

in/hr), and mean event peak stormwater flowrate of 0.24 m3/s (8.60 ft3/s).  Each of these far 

exceeded the design and constructed capacities of the system.  However, the system 

performed well with a 95% capture rating during events with similar rainfall depths and 

intensities as those previously mentioned.  In addition, a 71% capture rating was found 

during events with peak stormwater flowrates similar to the overall mean flowrate.  The 

measured mean peak DIS inflow rate was 0.117 m3/s (4.15 ft3/s) (median = 0.136 m3/s (4.81 

ft3/s)) and the maximum was 0.194 m3/s (6.87 ft3/s).  These were also above the estimated 

system capacity, based on a system sized for the K-South and K-North watersheds.  The 

mean DIS inflow volume was 403 m3 (14,247 ft3) (median = 258 m3 (9,103 ft3)) and the 

maximum was 1,734 m3 (61,244 ft3).   

These results were promising for continued use and future implementations of the 

DIS.  The influences of high impervious area, high storm volumes, and peak flows were 

observed at Site K, but the system continued to operate near the design specifications.  Future 

implementations could potentially be modeled after the hydraulic design of Site K, though 

the designer would have to account for acceptable amounts and/or frequencies of overflow, 

as specified by the project owner or government regulations.  However, in addition to 
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hydraulic performance monitoring, the diversion of stormwater into the dunes made dune 

hydrology and groundwater monitoring necessary to determine treatment performance and to 

identify any impacts caused by the DIS. 

 

Dune Hydrology 

During one year of operation, the Site K Dune Infiltration System diverted 21,194 m3 

(748,456 ft3) of stormwater from the K-South and K-North watersheds into the sand dunes 

beneath the system.  The infiltration of stormwater into the dunes resulted in the formation of 

temporary water table mounds underneath the DIS during and shortly after infiltration events.  

Monitoring of the water table elevations was used to examine these responses, as well as to 

identify any overall impacts on dune hydrology. 

Dune hydrology monitoring results showed that the DIS had little overall impact on 

mean water table elevations at four locations within the study site.  These locations were 6 m 

(20 ft) upslope (KWT-UP), 1 m (3 ft) downslope (KWT-MID-A) and 15 m (50 ft) downslope 

(KWT-VEG) of Chamber Bank A and 1 m (3 ft) downslope (KWT-MID-B) of Chamber 

Bank B (Fig. 3-19).  A monitoring well was also located midway through the control site 

(CWT) (Fig. 3-20).  Overall, the mean water table elevations at Site K were quite similar to 

the control site, varying only by -0.02 m (-0.06 ft) to 0.12 m (0.40 ft) (Table 3-11).  These 

means included not only stormwater infiltration effects, but also natural water table gradients, 

tidal, well location (distance from chambers; distance from ocean), and surface infiltration 

influences.  In addition, a bulkhead that extended several meters downward into the dunes 
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was located approximately 8 m (25 ft) upslope of the DIS, thus could have also impacted the 

natural hydrology of the site as well. 

 

Table 3-11.  Site K water table monitoring summary after one year of monitoring.  The DIS 
invert elevation was 2.23 m (7.5 ft).  Elevations were based on mean sea level (MSL) and 
referenced to NGVD88. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KWT-VEG 
(15 m Downslope) 

Maximum 1.61 2.13 2.19 3.00 2.00 
Mean 0.68 0.80 0.72 0.72 0.66 

Minimum 0.21 0.44 0.04 0.18 -0.02 
SD 0.26 0.31 0.33 0.34 0.31 

AAD - - 0.10 0.09 - 
 
 
 
 The mean elevations at the two 1 m (3 ft) downslope wells (0.72 m (2.37 ft)) showed 

that neither bank had a different overall effect on the water table.  As expected, the maximum 

water table elevations at Site K were higher than at the control, but only by 0.39 m (1.28 ft) 

to 1.4 m (4.57 ft), depending on the well location.  The highest water table elevation, 3.0 m 

(9.84 ft) was observed at KWT-MID-B.  Interestingly, the highest elevation at KWT-MID-A 

was only 2.2 m (7.19 ft).  This result was surprising as these wells were expected to have 

similar elevations.  One possible explanation of this finding could be differences in the 

hydraulic conductivities of the sand beneath the two banks as this occurrence was observed 

during several events.  Thus, a higher hydraulic conductivity underneath Bank B could allow 
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for a larger volume of water to be infiltrated within a short enough period as to raise the 

water table before dispersion could occur. 

In addition, the maximum elevation at KWT-MID-B was higher than the invert 

elevation of the chambers (2.2 m (7.5 ft)) by 0.71 m (2.34 ft).  This was just 0.15 m (0.50 ft) 

below the top of the chambers.  While some water table impacts on the system were 

expected, the magnitude of this impact suggested that the system might have been installed 

near the minimum safe distance from the water table.  Overall, impacts on the chambers 

occurred during 11 of the 40 analyzed storm events and lasted for a total of 33 hours during 

the one year study.  While not observed thus far, repeated or extended periods of water table 

impacts on the system could lead to destabilization or decreased performance.  Higher water 

table elevations could reduce the stormwater’s infiltration gradient, potentially resulting in 

increased overflow.  Also, the unsaturated zone between the chambers and water table was 

thought to contribute to bacteria removal via interactions with the air-water interface 

(Powelson and Aaron, 2001), sorption to sand particles (Lawrence and Hendry, 1996; Weber, 

1972), hydraulic capture (Torkzaban et al., 2008), and potentially desiccation.  Therefore, 

extended periods of a high water table could act to decrease these potential treatment 

processes. 

Elevations observed 15 m (50 ft) downslope of the DIS were also within the expected 

range.  The mean elevation (0.66 m (2.17 ft)) was slightly less than at CWT (0.68 m (2.23 

ft)), which was expected since KWT-VEG was closer to the ocean and thus had naturally 
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lower water table elevations.  This well location effect was most noticeable via the minimum 

elevation at KWT-VEG (-0.02 (0.05 ft)) which was due to tidal influences. 

The standard deviations at Site K were higher than at the control, though the 

magnitudes were relatively small, all within �  0.08 m (0.26 ft).  This suggested that the 

infiltration of stormwater had slightly more effect on water table changes as did natural 

influences, though these effects were limited.  Average absolute differences from the control, 

analyzed at the 1 m (3 ft) downslope wells, showed that the long-term AADs were �  0.10 m 

(0.31 ft), which also showed the small effects of stormwater infiltration and potential 

differences due to the bulkhead limiting dispersion of infiltrated stormwater. 

The overall water table analyses showed little to no impacts on dune hydrology as the 

mean water table elevations and deviations were similar to those found at the control.  

Though no concerning impacts on the water table were observed through these analyses, with 

the large amount of stormwater infiltration into the dunes, short-term impacts were 

inevitable.  Therefore, several individual storm events were more closely examined, using the 

same methods as previously discussed.  The events were chosen based on their DIS inflow 

volume ranking among all of the analyzed events with �  6.4 mm (0.25 in) of rainfall.  The 

selected volume rankings represented the lowest, 1st quartile, median, 3rd quartile, and highest 

DIS inflow volumes (Table 3-12).  This selection method was used because the volume of 

DIS inflow should have correlated well with the magnitude of short-term water table impacts.   
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Events representing the lowest and 1st quartile DIS inflow volumes (01/30/10 and 

04/09/10) both showed little effect on the water table and thus provided little information.  

Data and figures for these two events are provided in Appendix D-2. 

 

Table 3-12.  Site K hydrologic summaries for five infiltration events used to analyzed water 
table impacts. 

 

Storm Date 
DIS Inflow 

Volume 
Ranking 

DIS Inflow 
Volume 

(m3) 

Total 
Rainfall 
(mm) 

01/30/10 Lowest 53.5 7.4 
04/09/10 1st Quartile 136 11.9 
02/02/10 Median 215 19.6 
01/24/10 2nd Quartile 472 24.9 
03/29/10 Highest 1734 71.4 

 
 
 
An infiltration event on 02/02/10 produced 215 m3 (7,583 ft3) of DIS inflow from the 

K-South and K-North drop inlets, which represented the median inflow amount for all 

analyzed events (Fig. 3-29).  In addition, a second event occurred on 02/05/10 which resulted 

in an additional 952 m3 (33,628 ft3) of stormwater input into the dunes.  The water table 

response was nearly completely dispersed before the 02/05/10 event, but due to the 

elevations at KWT-UP and KWT-MID-B remaining slightly elevated during the inter-storm 

period, the water table response was deemed to span throughout both events.  However, the 

below analyses are for only the 02/02/10 event, unless otherwise noted. 
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Figure 3-29.  Site K water table response to an infiltration event on 02/02/10.
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The maximum water table elevations 1 m (3 ft) downslope of the system were 1.59 m 

(5.22 ft) at KWT-MID-A and 2.03 m (6.67 ft) at KWT-MID-B, both below the invert of the 

chambers (Table 3-13).  However, during the 02/05/10 event, the water table beneath 

Chamber Bank B did exceed the system’s invert elevation.  The mean water table elevations 

at Site K during the 02/02/10 event were higher than the mean at the control, though only by 

0.24 m (0.78 ft) at both KWT-MID-A and KWT-MID-B.  The SDs were also elevated 

compared to the control, with a maximum difference between SDs of 0.19 m (0.62 ft), which 

clearly showed the short-term impacts of stormwater infiltration.  The response duration for 

both the 02/02/10 and 02/05/10 events was 153 hours.  This included the 80 hour inter-storm 

period when the water table upslope of Bank A and 1 m (3 ft) downslope of Bank B 

remained slightly elevated. 

 

Table 3-13.  Site K water table response results for an infiltration event on 02/02/10.  The 
DIS invert elevation was 2.23 m (7.5 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KWT-VEG 
(15 m Downslope) 

Maximum 1.01 1.62 1.59 2.03 1.37 
Mean 0.91 1.24 1.15 1.15 1.18 

Minimum 0.81 1.07 0.94 0.93 0.97 
SD 0.04 0.17 0.18 0.23 0.10 

AAD - - 0.24 0.24 - 
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Lastly, the water table data were used to estimate groundwater flow velocities and 

residence times above elevation zero, between the 1 m (3 ft) and 15 m (50 ft) downslope 

wells.  The mean velocity during this event was 6.7 cm/hr (2.7 in/hr) (Appendix D-3, Table 

D-6).  This yielded a residence time of 213 hr (Appendix D-3, Table D-7).  These estimates 

were conservative since they only considered horizontal flow from the chambers towards the 

ocean, when the actual flow paths extended in all directions around the DISs, including 

vertical flow.  Additionally, this velocity was similar to traditional sand filter velocities, 

though the residence time was much longer, discussed later. 

This event clearly showed the short-term impacts on dune hydrology, as the input of 

stormwater resulted in water table responses in each monitoring well.  Additionally, the 

effects of two infiltration events within a few days of one another were also shown.  As seen 

in Figure 3-29, the water table nearly returned to the pre-event state before the second event 

(02/05/10) occurred.  However, the close timing of these events did not appear to drastically 

change or increase the water table response, though larger or more closely spaced events 

could result in increased water table responses, as compared to an isolated event. 

The next event (01/24/10), representing the 3rd quartile total DIS inflow from K-

South and K-North, produced a much larger response compared to the previously discussed 

storm.  DIS inflow totaled 472 m3 (16,670 ft3) which ultimately led to the water table 

underneath Chamber Bank B to surpass the system’s invert by 0.4 m (1.3 ft) (Fig. 3-30).  

This was due to a 1.6 m (5.2 ft) rise in the water table during a high tide.  The elevation of 

this peak was 2.68 m (8.79 ft), which was 1.5 m (4.9 ft) above the control site’s water table 



 
 
 

238 

elevation at that same time.  The water table rose by 0.64 m (2.1 ft) at KWT-UP, 0.81 m  

(2.7 ft) at KWT-MID-A, and 0.24 m (0.79 ft) at KWT-VEG.  The mean elevations during the 

event were all well above the mean at the control, which clearly showed the size of the water 

table mound (Table 3-14).  Several of the SDs at Site K (0.15 m (0.49 ft) to 0.39 m (1.30 ft)) 

during the event were noticeably higher than at the control (0.19 m (0.61 ft)).  The response 

lasted approximately 47 hours as the water table upslope of the system remained elevated for 

an extended period.  This may have been partially due to the bulkhead located 8 m (25 ft) 

upslope of the system.  The mean groundwater velocity during the event was 17 cm/hr (7 

in/hr) which corresponded to a residence time of 86 hr.  Implications of the groundwater 

velocity and residence time are discussed later. 

 

Table 3-14.  Site K water table response results for an infiltration event on 01/24/10.  The 
DIS invert elevation was 2.23 m (7.5 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88. 

 
Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KWT-VEG 
(15 m Downslope) 

Maximum 1.19 1.84 1.95 2.68 1.47 
Mean 1.04 1.31 1.24 1.21 1.10 

Minimum 0.79 1.09 0.87 0.79 0.65 
SD 0.19 0.31 0.26 0.39 0.15 

AAD - - 0.30 0.31 - 
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Figure 3-30.  Site K water table response to an infiltration event on 01/24/10.
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Lastly, the event (03/29/10) with the highest DIS inflow volume from K-South and 

K-North resulted in 1,734 m3 (61,244 ft3) of stormwater input to the dunes that led to the 

water table at KWT-MID-B reaching above the bottom of the system twice during the event 

(Fig. 3-31).  At this location, the water table rose by 1.9 m (6.3 ft) to a maximum elevation of 

2.7 m (8.9 ft) (Table 3-15).  The implications of this finding were discussed previously and 

are further examined later.  The water table rose by 0.94 m (3.1 ft) at KWT-UP, 1.1 m (3.8 ft) 

at KWT-MID-A, and 0.60 m (2.0 ft) at KWT-VEG.  The response lasted approximately 96 

hours.  Examination of the SDs showed that the water table at Site K experienced a large 

amount of deviation, as compared to the control and previously discussed events.  In fact, the 

highest SD at Site K was 0.41 m (1.36 ft) while the SD at the control was just 0.04 m (0.14 

ft).  The mean groundwater velocity was 11 cm/hr (4 in/hr) and the mean residence time was 

136 hr.  Overall, this event showed that the DIS and dunes were capable of handling a large 

amount of inflow and disperse its impacts within a few days. 

 

Table 3-15.  Site K water table response results for an infiltration event on 03/29/10.  The 
DIS invert elevation was 2.23 m (7.5 ft).  Elevations were based on mean sea level (MSL) 
and referenced to NGVD88. 
  

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KW T-VEG 
(15 m Downslope) 

Maximum 0.99 1.82 1.98 2.71 1.45 
Mean 0.91 1.48 1.27 1.33 1.15 

Minimum 0.80 0.88 0.84 0.80 0.85 
SD 0.04 0.22 0.27 0.41 0.17 

AAD - - 0.37 0.43 - 
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Figure 3-31.  Site K water table response to an infiltration event on 03/29/10.
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 The previous analyses revealed several trends in the water table responses.  As 

expected, larger events produced increased water table elevations and longer response 

durations.  Additionally, it was discovered that the water table surpassed the invert of the 

chambers during several large events.  The total duration of these impacts was just 33 hours 

out of the entire one year monitoring period.  However, the maximum recorded elevation of 

3.00 m (9.84 ft) was somewhat concerning as this was only 0.15 m (0.5 ft) below the top of 

the chambers.  Though no signs of system damage were noted during the study period, such 

impacts could cause destabilization or damage.  Overall, these results suggested that the Site 

K system might have been placed at the minimum safe distance from the water table, as there 

was approximately only 1.6 m (5.1 ft) of separation between the chambers and mean water 

table elevation.  Just a 0.3 m (1 ft) increase in the system’s invert elevation would have 

decreased the total impact period from 33 hours to 12 hours.  However, conditions at the site 

made any increases in system elevation nearly impossible.  Lastly, the water table impacts 

lasted anywhere from a few hours to approximately one week, depending on the size and 

frequency of the events, as well as local tidal influences. 

In addition to analyzing the data for water table responses, groundwater flow 

velocities were also estimated via the D-F equation, for flows above elevation zero, between 

1 m (3 ft) and 15 m (50 ft) downslope of the system.  These were used to conservatively 

estimate potential bacteria residence times within the dunes.  Mean velocities during five 

infiltration events ranged from 6 cm/hr (3 in/hr) to 17 cm/hr (7 in/hr).  These estimated 

velocities were similar to traditional sand filter BMP velocities, which were shown to range 
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from 1.5 cm/hr (0.6 in/hr) to 30 cm/hr (12 in/hr), depending on the condition of the filter 

media (Urbonas, 1999).   

The mean residence times during these three infiltration events were 86 hr to  

225 hr.  These were much higher than typical sand filter residence times (40 hr), as such 

BMPs are designed to ensure capture of consecutive storm events (N.C. DWQ, 2007).  

Additionally, the length of a filter also affects residence times, thus dune infiltration would 

provide a much longer flow path as compared to traditional sand filters.  The estimated 

residence times were expected to represent the minimum duration of which infiltrated 

stormwater and its associated bacteria would reside inside the study site.  The actual intervals 

between infiltration into the dunes and discharge into the ocean were likely much longer, as 

the assumed flowpaths were from 1 m (3 ft) downslope to 15 m (50 ft) downslope of the 

chambers, while the actual paths extended from the chambers to underneath the ocean.  

Additionally, inland groundwater flow due to negative gradients caused by stormwater 

infiltration and tides, vertical, and lateral flow (parallel to the ocean), would have acted to 

potentially further increase residence times.  With such extensive times, the treatment 

potential of the DIS was likely much larger than traditional sand filters.  The increased 

residence durations would likely allow for more chances of physical and chemical retention, 

and die-off due to predation, limited nutrients, or other natural means. 

These estimations could likely be much improved via more appropriate models that 

could account for the actual flow conditions.  While the method used was thought to provide 

conservative velocities and residence times, it was difficult to extrapolate and compare the 
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estimated values to those which may be found by a more suitable method.  This was due to 

the complexity of the flow regimes and several unknown soil characteristics, such as 

hydraulic conductivities and porosities throughout the dunes.  Such investigations should be 

performed and are likely deserving of their own research, as the scope, nature, and 

limitations of this study were not well suited to accommodate for such complex analyses. 

 

Stormwater and Groundwater Quality 

Enterococci Monitoring 

The diversion of stormwater into the sand dunes beneath the DIS resulted in the 

discharge of high bacteria concentrations into the groundwater surrounding the system.  In 

fact, only two of the 35 samples (6%) collected during the entire study period were below the 

allowable maximum concentration (Table 3-16).  The maximum enterococci concentration 

was 24,196 MPN/100 mL, with a median of 1,540 MPN/100 mL, both of which were much 

higher than the state limit of 104 MPN/100 mL for Tier I beaches (Fig. 3-32).   

The persistently high enterococci concentrations were likely due to the large number 

of potential sources within the watershed, as compared to the watersheds at Sites L and M.  

The watershed associated with Site K contained a pier house, several restaurants and their 

garbage dumpsters, public areas, houses, and was the location where tourists generally 

visited.  Each of these provided potential food sources to non-domesticated, warm-blooded 

animals, such as birds and vermin.  Pet waste likely also contributed to the contamination 

problem.  Additionally, the watershed was highly impervious, thus most runoff, and 
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associated pollutants, were delivered to the DIS and not immediately infiltrated throughout 

the watershed. 

 

Table 3-16.  Site K stormwater enterococci monitoring summary.  The state maximum 
enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

K-South K-North Overall 

Maximum 24196 19900 24196 
Geometric Mean 1591 945 1164 

Median 2611 523 977 
Total Number of 

Samples Collected 
14 21 35 

Number of Samples 
Exceeding State Limit 

13 20 33 

Exceedance Rate (%) 93 95 94 
 

  

Contrasting the stormwater levels, concentrations within the groundwater surrounding 

the DIS were generally much lower, with an overall median of only 16 MPN/100 mL (Table 

3-17).  Additionally, only 16% (21 of 132) of the samples collected at Site K exceeded the 

state limit, as compared to 94% of the stormwater samples.   
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Figure 3-32.  Site K stormwater enterococci concentrations during several monitored storm events with �  6.4 mm (0.25 in) of rainfall.  
The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL.
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Table 3-17.  Site K groundwater enterococci monitoring summary.  Data from Site K was 
combined between wells in separate transects.  The state maximum enterococci concentration 
for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

Site K Control 

Maximum 4,839 215 
Geometric Mean 16 5 

Median 16 4 
Total Number of 

Samples Collected 
132 71 

Number of Samples 
Exceeding State Limit 

21 3 

Exceedance Rate (%) 16 4 
 
 
 

Furthermore, the overall median concentration in the groundwater at Site K (16 

MPN/100 mL each) was only slightly higher than the median observed at the control (4 

MPN/100 mL) (Table 3-17).  However, statistical analyses revealed that there was a 

significant difference (�  = 0.05) between the sites (p < 0.0001).  Results from each statistical 

test are also provided in Appendix E-3.  The overall exceedance rate at Site K (16%) was 

also higher than at the control (4%), though when considering the nature of the DIS and the 

extensive stormwater bacterial contamination issue, this difference was not concerning. 

In order to further analyze the Site K groundwater enterococci data, monitoring 

results from the two well transects were combined.  Each transect had a well located 6 m (20 

ft) upslope of the DIS (KWQ-UP), 1 m (3 ft) (KWQ-MID) and 15 m (50 ft) (KWQ-VEG) 

downslope of the DIS (Fig. 3-19).  The control site had three monitoring wells located in the 
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upper (CWQ-UP) and middle (CWQ-MID) dune areas, and at the vegetation line (CWQ-

VEG) (Fig. 3-20).   

Figure 3-33 provides an overall view of these data and analyses, including 

comparisons between the stormwater and groundwater concentrations, as well as inter- and 

intra-site comparisons.  The figure shows a boxplot of the minimum, 1st quartile, median, 

geometric mean, arithmetic mean, 3rd quartile, and maximum enterococci concentrations 

observed in each monitoring well and in the stormwater.  Overall, three main findings could 

be extrapolated from this figure: 1) the large decrease in concentrations between the 

stormwater and groundwater, 2) high groundwater concentrations occurred at KWQ-MID, 3) 

groundwater concentrations observed at the other Site K wells were similar to those found at 

the control, and 4) most importantly, the concentrations appeared to be very similar between 

KWQ-VEG and CWQ-VEG.  The high concentrations at KWQ-MID were expected due the 

close proximity to the DIS.  Concentrations at KWQ-VEG were expected to be much lower, 

due to dilution and treatment.  Additionally, concentrations from this location were especially 

important because this was the last point of monitoring before the groundwater flowed 

underneath the beach and ocean.  Figures 3-34 - 3-36 show the enterococci results for each 

control site and Site K well location (transects combined).  
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Figure 3-33.  Boxplots of the Site K stormwater, and Site K and control groundwater enterococci concentrations.  Data from Site K 
were averaged between two wells in separate transects.  The state maximum enterococci concentration for Tier I beaches was 104 
MPN/100 mL.
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Figure 3-34.  Site K upslope and control site upper dune enterococci concentrations.  The Site K data were averaged between two 
wells in separate transects.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
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Figure 3-35.  Site K 1 m downslope and control site middle dune area enterococci concentrations.  The Site K data were averaged 
between two wells in separate transects.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 mL. 
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Figure 3-36.  Site K 15 m downslope and control site vegetation line enterococci concentrations.  The Site K data were averaged 
between two wells in separate transects.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100.
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These figures revealed the similarity between the concentrations observed at Site K 

and the control, as well as the elevated levels at KWT-CHAM.  Also, it was evident that no 

strong seasonal trends were present in the data and that concentration spikes above the state 

limit for contact waters were not uncommon in the groundwater at the control.  This 

suggested that an upstream source of bacteria may have been present, such as a faulty sanity 

sewer, as discussed in Chapter 1.  Quantitative analyses also revealed the similarity between 

the concentrations found among the different well locations at both sites, sans KWQ-MID 

(Tables 3-18 and 3-19).   

 

Table 3-18.  Site K groundwater enterococci monitoring summary for each sampling well.  
The data were averaged between two wells.  The state maximum enterococci concentration 
for Tier I beaches was 104 MPN/100 mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

KWQ-UP 
(6 m Upslope) 

KWQ-MID 
(1 m Downslope) 

KWQ-VEG 
(15 m Downslope) Overall 

Maximum 4839 3466 177 4839 
Geometric Mean 9 62 7 16 

Median 10 76 6 16 
Total Number of 

Samples Collected 
46 45 41 132 

Number of Samples 
Exceeding State Limit 

3 17 1 21 

Exceedance Rate (%) 7 38 2 16 
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Table 3-19.  Control site groundwater enterococci monitoring summary for each sampling 
well.  The state maximum enterococci concentration for Tier I beaches was 104 MPN/100 
mL. 
 

Enterococci 
Concentration 
(MPN/100 mL) 

CWQ-UP 
(Upper Dunes) 

CWQ-MID 
(Mid Dunes) 

CWQ-VEG 
(Vegetation Line) Overall 

Maximum 75 215 210 215 
Geometric Mean 6 4 5 5 

Median 4 2 5 4 
Total Number of 

Samples Collected 
23 24 24 71 

Number of Samples 
Exceeding State Limit 

0 1 2 3 

Exceedance Rate (%) 0 4 8 4 
 
 
 
The median concentration at KWQ-UP was 10 MPN/100 mL, similar to the median 

of 4 MPN/100 mL at CWQ-UP.  The geometric means were also alike and statistical testing 

revealed no significant (�  = 0.05) differences between the concentrations observed at these 

two locations (p = 0.2740).  While these levels were very similar, the slight differences 

noted, particularly the maximum observed concentration and exceedance rate, did reveal 

some variation from the control.  This was likely a product of not only bacteria introduction 

via the DIS, but also due a bulkhead located approximately 8 m (25 ft) upslope of the system.  

This structure limited upstream groundwater flow to the site, diminished inland dispersion of 

stormwater during infiltration events, and thus may have induced stagnant conditions and 

decreased dilution, leading to some amount of increased bacteria survival. 

As previously mentioned, enterococci concentrations observed at KWQ-MID were 

the highest, with a median of 76 MPN/100 mL and geometric mean of 62 MPN/100 mL.  
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These were much higher than the levels observed at the CWQ-MID (median = 2 MPN/100 

mL, geometric mean = 4 MPN/100 mL).  Statistical analysis confirmed that this large 

difference was significant (�  = 0.05, p < 0.0001).  However, high levels at this location were 

expected due close proximity to the system, thus the infiltrated stormwater had presumably 

experienced the least amount of treatment once at these wells.  While the bacteria levels at 

this location were comparatively high, the majority of samples (62%) were still below the 

state maximum level for Tier I beaches.  Overall, these results were not of concern thus far; 

however, monitoring should continue to ensure that the levels do not become problematic 

and spread to the other well locations. 

Sharply contrasting the KWQ-MID results, the concentrations were much lower at 

KWQ-VEG, the last point of groundwater monitoring.  In fact, the median at KWQ-VEG 

was just 6 MPN/100 mL, compared to 76 MPN/100 mL at KWQ-MID.  The geometric 

means also showed the same trend and the large difference in concentrations was 

significantly different (�  = 0.05, p < 0.0001).  These results meant that the high stormwater 

concentrations, which were partially transferred to the groundwater, as evidenced by high 

concentrations at KWT-MID, were effectively mitigated through use of the DIS.  Most 

importantly, the levels observed at KWQ-VEG were no different than those observed at 

CWQ-VEG (�  = 0.05, p = 0.5943), as the medians and geometric means at both sites were 

between 4 MPN/100 mL and 7 MPN/100 mL. 

These last two results indicated two important aspects about the DIS: 1) bacteria 

reduction processes were present between KWQ-MID and KWQ-VEG as the enterococci 
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concentrations were significantly reduced between these two locations and 2) the enterococci 

concentrations at Site K’s vegetation line were no different than those at the control’s 

vegetation line.  This last point was the most important groundwater quality finding at Site K, 

as data from KWQ-VEG were especially considered important because this was the last point 

of groundwater monitoring prior to it flowing underneath the recreational beach area and 

eventually into the ocean.  Therefore, if the fecal indicator bacteria concentrations at this 

location were near or below the state maximum for human contact, then it could be 

reasonably assumed that the groundwater, once discharged through the ocean floor, would be 

safe for human contact. 

These results and analyses have shown that stormwater from the Site K watershed 

often contained high levels of fecal indicator bacteria, and that these concentrations mostly 

exceeded the state allowable maximum for human contact at Tier I beaches.  The 

implications of this finding were that, other watersheds along the coast could be discharging 

potentially hazardous levels of fecal bacteria into the ocean, where swimmers often 

congregate.  Such problems have been identified via the N.C. RWQ’s monitoring, as 

previously discussed.  However, implementation of BMPs, such as the DIS, could alleviate 

these potential risks, as was seen via the groundwater monitoring at Site K. 

While the exact bacteria removal processes could not be identified due to the scope 

and nature of this study, previous research suggested that the capture and permanent removal 

of bacteria within a natural dune system consisted of multiple processes, including chemical 

interactions, sorption, straining, hydraulic capture, predation, competition for limited 
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nutrients, and natural die-off (Anderson et al., 2005; Corapcioglu and Haridas, 1984; 

Desmarais et al., 2002; Hartz et al., 2008; Ginn et al., 2002; Lawrence and Hendry, 1996; 

Mitchell, 1968; Wait and Sobsey, 2001; Torkzaban et al., 2008; Weber, 1972; Weiss et al., 

1995).   

Firstly, the vast amount of groundwater beneath the dunes likely played a role in 

diluting the stormwater and thus reducing the bacteria concentrations.  However, the physical 

movement of bacteria through the sand would have also acted to retain bacteria via sorption, 

straining, and hydraulic capture (Abu-Ashour and Abu-Zreig, 2005; Corapcioglu and 

Haridas, 1984; Ginn et al., 2002; Huysman and Verstraete, 1993; Lawrence and Hendry, 

1996; Torkzaban et al., 2008; Weber, 1972; Weiss et al., 1995).   

Hydraulic capture of bacteria, as described by Torkzaban et al. (2008), may have 

played a large role in retention.  While this mechanism may have retained bacteria 

throughout the soil, it probably would not have permanently removed bacteria alone.  

However, flow within the unsaturated zone between the chambers and water table may have 

allowed hydraulically disconnected regions to exist, trapping bacteria in the remaining water 

still adhered to sand grains above the groundwater.  Thus, after infiltration had ceased, 

bacteria trapped in the unsaturated zone may have been killed off by desiccation or other 

natural processes, discussed later. 

Other physical removal processes, such as sorption, straining, and chemisorptions, 

likely also removed bacteria from the stormwater (Corapcioglu and Haridas, 1984; Ginn et 

al., 2002; Lawrence and Hendry, 1996; Weber, 1972).  The complex soil matrix of the dunes, 
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in addition to small amounts of clay within them, would have allowed for the adsorption of 

bacteria, filtration, straining, and potentially even chemisorptions, as described previously.  

Further, the long flowpaths and retention times, previously discussed, between infiltration 

and discharge into the ocean would have allowed many chances for these processes to retain 

bacteria.  In addition to the removal of fecal bacteria from infiltrating stormwater, the long 

flowpaths and times would have also allowed for die-off mechanisms to further reduce 

bacteria concentrations.  Such mechanisms may have included predation, competition for 

limited nutrients, toxicity, and other natural processes (Mitchell, 1968). 

Complementing the groundwater bacteria monitoring, results from two sand 

samplings showed a large amount of variability in enterococci concentrations between the 

sampling events and locations.  The first sampling, in the summer of 2009, yielded 

concentrations of 0.5 MPN/20 g sand for each sample at Site K and the control, except for 

the deep sample collected from 15 m (50 ft) downslope of the DIS (Table 3-20).  The 

concentration of this sample was only 5 MPN/20 g sand.  Sampling in the summer of 2010 

showed much higher concentrations (Table 3-21).  In fact, the mean concentration at Site K 

increased from 1.7 MPN/20 g sand (2009) to 1,226 MPN/10 g sand (2010).  The mean at the 

control increased from 0.5 MPN/20 g sand to 84 MPN/20 g sand.  There were no apparent 

causes for the large increases; however, the mean at Site K was heavily influenced by one 

exceptionally high concentration (4,830 MPN/20 g sand).  The next highest concentration 

was observed at the control (145 MPN/20 g sand). 
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Table 3-20.  Dune sand mean enterococci concentrations from sampling in September 2009.  
Samples were collected from the middle dune area and near the vegetation line.  Sample 
depths were:  Shallow = 0.6 m below dune surface and Deep = approximately 2 - 3 m below 
dune surface. 
 

MPN/20 g sand 
Overall 
Mean 

Middle Dunes Vegetation Line 
Shallow 
Sample 

Deep 
Sample 

Shallow 
Sample 

Deep 
Sample  

Site K 1.7 0.5 0.5 0.5 5.2 
Control 0.5 0.5 0.5 0.5 0.5 

 
 
 
Table 3-21.  Dune sand mean enterococci concentrations from sampling in August 2010.  
Samples were collected from the middle dune area and near the vegetation line.  Sample 
depths were:  Shallow = 0.6 m below dune surface and Deep = approximately 2 - 3 m below 
dune surface. 
 

MPN/20 g sand Overall 
Mean 

Middle Dunes Vegetation Line 
Shallow 
Sample 

Deep 
Sample 

Shallow 
Sample 

Deep 
Sample  

Site K 1226 40 4839 22 1 
Control 84 128 2 145 62 

 
 
 
While the 2009 results did not yield any interesting trends, the 2010 data did reveal 

some differences between the sites, and sampling locations and depths.  Interestingly, except 

for the one exceptionally high sample concentration (4,839 MPN/20 g sand), the levels at 

Site K were much lower than those at the control.  This suggested that permanent bacteria 

removal processes may have been more active at Site K, as compared to the control, but that 

some accumulation did occur at Site K.   
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Nutrient Monitoring 

Stormwater nutrient levels at Site K (Table 3-22) were determined to be within 

typical ranges found in other urban watersheds along the N.C. coast (Hunt et al., 2006; 

Lenhart, 2008; McNett et al., 2010).  This was expected, as there was no agricultural land use 

within the Site K watershed.  No relationships between these data and climate, hydrologic, or 

hydraulic factors were observed, though TKN levels generally decreased during the study 

(Fig. 3-37), while TP levels increased (Fig. 3-38).  NH4-N and NO3-N did not appear to have 

any associated trends (Appendix E-5, Figs. E-8 - E-10).   

 

Table 3-22.  Site K stormwater nutrient monitoring summary.  Data were combined from 
two monitored drop inlets. 
 

Concentration 
(mg/L) 

TKN NH 4-N NO3-N TP 

Maximum 1.64 0.11 0.34 0.55 
Mean 0.34 0.03 0.08 0.20 

Median 0.23 0.01 0.06 0.18 
n 30 30 30 30 
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Figure 3-37.  Site K stormwater TKN monitoring results. 
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Figure 3-38.  Site K stormwater TP monitoring results.
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Groundwater nutrient concentrations at Site K (Table 3-23) were elevated compared 

to the stormwater levels, but similar to those found in the groundwater at the control (Table 

3-24).  These data also did not appear to have any strong correlations with hydrologic or 

hydraulic factors (Appendix E-5, Figs. E-11 - E-14). 

 
 
Table 3-23.  Site K groundwater nutrient monitoring summary.  Data were combined from 
wells in two separate transects. 
 

Concentration 
(mg/L) 

TKN NH 4-N NO3-N TP 

Maximum 2.35 0.13 11.74 2.05 
Mean 0.86 0.05 1.02 0.39 

Median 0.76 0.04 0.27 0.25 
n 26 26 26 26 

 
 
 

Table 3-24.  Control site groundwater nutrient monitoring summary. 
 

Concentration 
(mg/L) 

TKN NH 4-N NO3-N TP 

Maximum 2.83 0.17 2.81 0.42 
Mean 0.78 0.03 0.82 0.18 

Median 0.59 0.02 0.62 0.17 
n 30 30 30 30 

 
 

Groundwater at both Site K and the control had relatively high TKN and NO3-N 

levels; however, the highest concentrations at Site K occurred at the beginning of the study, 

thus may have been a result of contamination during well installation.  Overall, such results 

suggested that sources upslope of the sites were contributing nitrogen to the groundwater, as 
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the concentrations at Site K were similar to the control, and concentrations at both sites were 

higher than in the stormwater.  Additionally, TP levels were also high in the groundwater at 

Site K.  One other potential source of these nutrients at Site K was the disturbance of a 

hardpan, located approximately 3+ m (10 ft) below the dune surface, when the upslope 

monitoring wells were installed.  During the jetting of these wells, the water and soil were 

noted to be brown to black in color, and thus potentially contained high levels of carbon and 

nutrients. 

 Overall, nutrients in the stormwater did not appear to exist at concerning levels, 

though the groundwater concentrations at Site K and the control were somewhat elevated.  

This suggested that either some accumulation was occurring or that other sources were 

contributing nutrients to the groundwater.  However, the overall groundwater concentrations 

during the study period were not at concerning levels, though monitoring should continue to 

ensure that these do not become problematic.   
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SHORT-TERM STUDY CONCLUSIONS 

 

Short-Term Study Summary 

During one year of operation, the Site K DIS diverted 21,194 m3 (748,456 ft3) of 

measured flow into the sand dunes, while only 5,260 m3 (185,756 ft3) bypassed the system, 

for an overall capture rating of 80%.  The actual volumes were higher than what was 

measured because a third storm pipe and diversion were not monitored due to site 

constraints.  The flows from this pipe and diversion were likely lower than what was 

measured at K-South, based on hydrologic analyses of the watersheds.  The mean measured 

DIS inflow volume was 403 m3 (14,247 ft3) (median = 258 m3 (9,103 ft3)) and the maximum 

was 1,734 m3 (61,244 ft3). 

This excellent capture rating was much higher than typical ratings found with 

traditional BMPs (Bass and Evans, 2000; Hunt et al., 2006; Lenhart and Hunt, 2008; Li et al., 

2009).  Additionally, this large amount of stormwater capture was achieved even with high 

rainfall intensities and peak stormwater flowrates.  In fact, 32 of 40 monitored storm events 

had rainfall intensities above the design storm of 12.7 mm/hr (0.5 in/hr).  The mean event 

rainfall depth was 24 mm (0.95 in) and the mean intensity was 30 mm/hr (1.18 in/hr).  This 

resulted in a mean event peak stormwater flowrate of 0.24 m3/s (8.60 ft3/s) from the two 

monitored inlets.  Both the mean intensity and peak flowrate were higher than the DIS’s 

design criteria.  However, even with such intense events, the DIS managed to capture all of 

the stormwater flow during events with intensities < 13.2 mm/hr (0.52 in/hr).  Furthermore, 
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the system captured a total of 76% of the stormwater flow during events with greater 

intensities.     

Further examination of the flow data revealed that DIS inflow was not limited by 

infiltration during events similar to the system’s design.  In fact, infiltration did not limit 

inflow until the peak stormwater flowrate from K-South and K-North reached 0.14 m3/s 

(5.18 ft3/s), well above the estimated infiltration capacity (0.09 m3/s (3.3 ft3/s)), based on 

flow from the two monitored inlets.  This meant that the distribution pipes were restricting 

DIS inflow and resulting in overflow, as designed.  The lowest peak flowrate resulting in 

overflow was 0.061 m3/s (2.15 ft3/s), while the highest rate that did not result in overflow 

was 0.054 m3/s (1.90 ft3/s).  This was similar to the combined estimated capacity of the K-

South and K-North distribution pipes (0.06 m3/s (2.1 ft3/s)). 

 The diversion of stormwater into the dunes resulted in temporary water table mounds 

of the groundwater beneath the DIS.  Furthermore, it did not appear that these short-term 

impacts resulted in any major overall changes in dune hydrology, with respect to mean water 

table elevations, standard deviations, and average absolute differences from the control, at 

four monitoring locations.  The mean water table elevations, through one year of monitoring, 

were slightly higher in the wells nearest the Site K DIS (0.72 m (2.36 ft)), as compared to the 

mean elevation observed midway through the control dunes (0.68 m (2.23 ft)).  The small 

differences noted were likely due stormwater infiltration effects and possibly to a bulkhead 

located just 8 m (25 ft) upslope of the system.  This bulkhead would have acted to diminish 

inland dispersion of the water table mounds.  These small differences were not at concerning 
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levels; though monitoring should continue to ensure that dune hydrology near the DIS does 

not significantly change. 

The duration of the short-term impacts during and after infiltration events lasted from 

a few hours to approximately one week, depending on the size and frequency of events and 

tidal influences.  Additionally, it was discovered that the water table did surpass the invert 

elevation of the chambers during some large events, for a total of 33 hours during the one 

year study.  The maximum water table level was just 0.15 m (0.5 ft) below the top of the 

chambers.  While no damage to the system was noted during the study, such impacts could 

potentially destabilize the chambers and/or dunes.  Therefore, future monitoring should be 

conducted to determine if water table impacts on the system result in damage.  Additionally, 

the unsaturated zone between the chambers and water table was thought to contribute to 

treatment of the stormwater, thus extended periods of a high water table could decrease 

treatment potential.   

Water quality monitoring showed that the stormwater often contained high levels of 

enterococci.  The median concentration was 1,540 MPN/100 mL and the maximum was 

24,196 MPN/100 mL.  The state maximum for Tier I recreational beaches was 104 MPN/100 

mL and 94% of the stormwater samples exceeded this limit.  Contrasting the stormwater 

enterococci levels, the groundwater median concentration was only 16 MPN/100 mL at Site 

K, with an overall exceedance rating of 16%.  These were similar to what was found at the 

control site (median of 4 MPN/100 mL and exceedance rating of 4%).  However, statistical 
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analyses of the groundwater data revealed that the concentrations at Site K (152 MPN/100 

mL) was significantly higher (�  = 0.05) than at the control (19 MPN/100 mL).   

Examination of the groundwater bacteria results from each well location showed that 

the concentrations between KWQ-MID and CWQ-MID were significantly different (p < 

0.0001).  However, the enterococci levels between KWQ-UP and CWQ-UP and between 

KWQ-VEG and CWQ-VEG were not significantly different (p = 0.2740 and p = 0.5943, 

respectively).  Furthermore, the concentrations between KWQ-MID and KWQ-VEG were 

also significantly different (p < 0.0001).  These results indicated that, while the infiltration of 

stormwater led to high groundwater concentrations near the DIS, the concentrations were 

significantly reduced within 15 m (50 ft) downslope of the system.  In addition, these results 

also meant that concentrations were reduced to levels already found in the groundwater, 

which were safe for human contact, based on the state maximum of 104 MPN/100 mL. 

Complementing the groundwater sampling, sand samples were collected to determine 

if bacteria were residing at high levels within the dune sand.  The first sampling event, during 

the summer of 2009, yielded low concentrations throughout both Site K (mean of 1.7 

MPN/20 g sand) and the control (mean of 0.5 MPN/20 g sand).  However, sampling during 

the summer of 2010 showed several high concentrations.  In fact, a sample collected at 

approximately the same elevation as the chambers, and just 1 m (3 ft) downslope from the 

system, had a concentration of 4,839 MPN/20 g sand.  The other three sample concentrations 

from Site K were < 40 MPN/20 g sand (mean of 1,226 MPN/20 g sand).  Interestingly, these 

three sample concentrations were lower than the concentrations observed at the control site 
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(mean of 84 MPN/20 g sand, maximum of 145 MPN/20 g sand).  These results highlighted 

the large variability of bacteria concentrations throughout the dunes, that high bacteria 

concentrations could occur in the sand even without the use of a DIS, and also that some 

bacteria accumulation had occurred in the sand near the Site K system. 

Finally, nutrient monitoring of the stormwater at Site K showed normal levels of 

TKN, NH4-N, NO3-N, and TP, as compared to other coastal watershed in N.C.  However, the 

groundwater at both Site K and the control had elevated concentrations of TKN and NO3-N.  

TP levels were also elevated in the groundwater at Site K.  These results suggested that the 

diversion of stormwater should have had little effect on groundwater concentrations.  Since 

elevated concentrations were also noted at the control, which did not receive diverted 

stormwater, it was apparent that upstream sources were contributing nutrients to the 

groundwater.  Overall, the current nutrient levels were not determined to be problematic; 

however, future monitoring should strive to ensure that the levels do not increase. 

In conclusion, the Site K DIS performed well, capturing 80% of the measured 

stormwater flow, and reducing enterococci concentrations to levels below the state maximum 

and to concentrations already found in the groundwater.  Furthermore, diversion of 

stormwater into the dunes did not appear to have any major impacts on dune hydrology.   

 

Future Research and Recommendations 

Research monitoring of the Site K DIS highlighted several design recommendations 

for future systems.  Firstly, proper hydrologic analyses of the contributing watersheds are 
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vital to system performance and safety.  Underestimating flows from the watershed could 

result in an undersized system that would not achieve adequate treatment volumes and 

potentially fail as an effective BMP.  However, overestimating flows, while better in terms of 

capture efficiency, would lead to unnecessary costs and dune impacts during construction.  

Results from the study of the DIS at Site K indicated that the system was properly designed 

and constructed, as the measured captured flows were similar to the designed infiltration 

capacity.  This also indicated that the use of Darcy’s equation and violation of the saturated 

flow assumption did not result in an improperly-sized DIS.  Further hydrologic analysis 

suggestions are provided in Chapter 4.   

In addition to hydrologic analyses, proper and numerous infiltration or hydraulic 

conductivity tests should be performed throughout the proposed location of future DISs.  

Variations in the infiltration capacity of the sand surrounding the DIS could potentially cause 

the system to not function as designed.  This may have been the case between the chamber 

banks at Site K, as the water table mounded higher under one bank during large infiltration 

events.  In addition, chamber stage data within this bank revealed that stormwater levels were 

typically lower and decreased faster, as compared to the other bank, which suggested that 

infiltration was higher at this location.  While this situation was not problematic at Site K, 

other potential cases with lower infiltration capacities could result in the system failing to 

achieve the needed performance. 

Secondly, long-term operation of a DIS would at some point, require maintenance 

operations to clear the distribution pipes and start chambers of liter, debris, and sand build-
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up.  While no maintenance was performed on Site K system during the study, a maintenance 

inspection near the end of the period revealed some sediment deposition within the 

distribution pipes and a large amount of build-up within the SedimenTraps™ installed 

beneath the start chambers.  The small amount of sediment in the distribution pipes was not 

seen as problematic, but accumulation in the SedimenTraps™ will warrant attention in the 

near future.  In order to ensure proper system performance and prevent sand accumulation 

throughout the system, future DISs should be inspected annually.   

Maintenance of the system would require access to the entire distribution system and 

start chambers.  The pipes and any bends should be able to accommodate commonly 

available pipe cleaning tools such as vacuuming and water jetting equipment.  Access to the 

start chambers and sediment traps could be accomplished via 25 cm (10 in) diameter risers 

that extend from the top of the start chambers to above the dune surface.  The riser and 

sediment trap should be vertically aligned for ease of access.  Additionally, the distance from 

the chambers to vehicle accesses should also be considered, as the cleaning equipment would 

likely have a limited effective range.  For example, the Site K DIS was perpendicularly 

located approximately 11 m (35 ft) from a parking lot, thus a vacuum truck could be placed 

in this area and extend its hoses to the chambers.  

In addition to these design recommendations, further research of several topics could 

also improve the design and efficiency of future DISs.  Primarily, future monitoring of the 

DIS should include stormwater and groundwater quality and dune hydrology.  Typical 

BMPs, which have been in use for multiple decades, are still undergoing monitoring and 
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research to better predict their performance, understand their operation, and to determine 

better design and construction methods.  Therefore, continued use of the DIS would warrant 

the need for further evaluation.  Of particular need is continued monitoring of groundwater 

quality, with respect to fecal indicator bacteria, nutrients, and possibly other contaminants 

typically found in stormwater.  Since the diversion of stormwater into the dunes has the 

potential to impact local groundwater, it is vital that any and all impacts be identified, as they 

may affect local drinking water supplies, wildlife, vegetation, and the health of ocean 

swimmers and organisms.  In addition to water quality monitoring, effects on dune hydrology 

should also be further examined, especially at any future DIS implementations, as site-

specific characteristics may result in variations from the results found during the previous 

DIS studies.  

Research into the fate and transport of bacteria within natural marine environments 

has exposed several capture mechanisms and permanent removal processes, but it appears 

that much more research is needed before these processes can be truly understood.  Should 

these processes be further explained, the treatment mechanisms of the DIS could potentially 

be identified and designed for, and the removal rates could possibly be predicted.  Secondly, 

continued research into bacteria export from watersheds, such as by Hathaway et al. (2010) 

and Hathaway and Hunt (2011), would aid designers in determining the class and/or type of 

BMP needed to address stormwater concerns with respect to fecal bacteria.  
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CHAPTER 4 

DUNE INFILTRATION SYSTEM DESIGN RECOMMENDATIONS AND  TOOLS 

INTRODUCTION  

 

The promising results discussed in Chapters 2 and 3 provided the evidence needed to 

recommend further use of the Dune Infiltration Systems (DISs), though future monitoring is 

suggested.  A major objective of these studies was to develop design tools and guidelines for 

future systems.  The basic design and construction of a DIS is relatively simple, though 

future implementations and studies will help hone these processes, allow for routing of the 

system, modeling the water table response, and potentially develop computer-based design 

models. 

The three systems in Kure Beach were designed based upon rainfall intensity and thus 

a flowrate capacity.  This design method was used for several reasons, to include:  1) limiting 

inflow rates into the DISs, 2) limit the sizes of the systems, and 3) by its nature, the DIS is a 

flowrate-controlled device due to being based upon infiltration.  The current design method 

of limiting the inflow rate was preferred in order to avoid any potential problems with 

directing high flowrates into the dunes.  In addition, traditional Best Management Practices 

(BMPs) are often designed to store a first-flush volume of water, while the DISs were 

designed based on a first-flush flowrate.  This was done to limit the required size of the 

systems, as a volume-based design could require extremely large systems to achieve the 

required storage volume.  Future systems could be designed based on storm retention, though 
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budget and site constraints would likely limit this method.  Volume-based systems could 

potentially be used to treat runoff from small watersheds, such as roofs or parking lots.  

Therefore, until further research and modeling are performed, the recommended DIS design 

method is to use the watershed’s peak flowrate, as estimated by the Rational Method and the 

vertical infiltration capacity of the dunes, as estimated via Darcy’s Law. 

 

Comparison to Existing Best Management Practices 

Research monitoring results revealed that the DISs performed similar to, if not better 

than existing BMPs.  These systems reduced surface discharges by 80% to 100% and 

achieved bacteria concentration reductions �  97% between the stormwater and groundwater 

at the dune-beach interface.  Several research projects have shown that many traditional 

BMPs obtain discharge reductions of 27% to 69% (Bass and Evans, 2000; Hunt et al., 2006; 

Lenhart and Hunt, 2008; Li et al., 2009) and bacteria concentration reductions ranging from  

-45% (an increase in concentration) up to 98% (Hathaway et al., 2009). 

In addition to performance, the BMP selection process should include other 

considerations as well, such as those outlined in Tables 1-4a and 1-4b in Chapter 1.  Using 

the same factors from these tables, the DIS has the following characteristics: 

 

Flow Control:     Possible Fecal Removal Ability: High 
High Temperature Concern: Low  Size of Drainage Area:   Small-Med 
Space Required:  Low  Construction Cost:  Med 
Maintenance Level:  Med  Safety Concerns:  No 
Community Acceptance: Med-High 
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SITING AND DESIGN RECOMMENDATIONS  

 

The DIS is currently in use at three locations in Kure Beach, N.C.  Future 

implementations could also include other dunes, but potentially other locations where the 

soils are predominantly sandy, and where there is sufficient separation of the water table and 

dune surface.  Potential future systems could be used to treat runoff from bridges, roofs, 

parking lots, driveways, and roadways.  Designers of these future systems should consider 

several aspects of the DIS, such as maintenance access, maintenance operations, use of 

multiple inputs to the DIS, diversion device type and effects, and vertical separation of the 

system and water table.  The following sections highlight each of these considerations. 

 

Vertical Separation of the System and Water Table 

Adequate separation of the water table and chambers is vital to ensure proper 

hydraulic performance, treatment ability, and to prevent damage or destabilization of the DIS 

or dunes.  Future studies and modeling will help to pinpoint methods to determine adequate 

spacing, as it is dependent upon multiple factors, such as system size, storm event volume, 

drainable porosity, local tidal influences, potentially other site-specific characteristics, and 

acceptable levels of risk.  However, the study of the three DISs in Kure Beach did provide 

some estimation in regards to water table responses and vertical separation.  On average, the 

DIS at Site L had a vertical separation of 2.0 m (6.6 ft), Site M had a separation of 2.6 m  

(8.5 ft), and Site K had a separation of 1.5 m (5.0 ft).   
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Water table monitoring data from each site was analyzed to determine the rise in the 

water table, with respect to the pre-event water table elevation, per unit volume of DIS 

inflow and the number of chambers in the system.  These results yielded water table mound 

heights ranging from 2.5 E-5 m/m3 inflow/chamber (2.4 E-5 ft/ ft3/chamber) to 1.9 E-3 m/m3 

inflow/chamber (1.7 E-4 ft/ ft3/chamber).  The large variability in these data revealed the 

influences of site-specific soil conditions, even between these three sites located along the 

same stretch of beach and within a few hundred meters of one another.  Antecedent moisture 

conditions were not considered in this approach, which would also contribute to the 

variations noted.   

In addition to these results, the water table data from all three DISs were analyzed for 

the length of time during which water table impacts on the systems occurred.  For the entire 

length of the study periods, the DIS at Site L was never impacted, Site M was impacted for a 

total of 40 minutes, and the DIS at Site K was impacted for 33 hours.  These small impact 

durations were promising, but the magnitude of the impacts were also important as the water 

table at Site M only reached to 0.04 m (0.13 ft) above the DIS’s invert, while at Site K it 

reached to 0.71 m (2.3 ft) above the invert, which was only 0.15 m (0.5 ft) below the top of 

the chambers.  The large impact on the Site K DIS was concerning as this could result in 

damage or destabilization of the system or dunes.  Also, if the water table reached the level 

of the distribution pipes, hydraulic performance would be reduced and if the pipe connections 

were not properly sealed, sand could be washed into the system, resulting in increased sand 

deposition with chambers and dune destabilization.  In addition, if the water table reached 



 
 
 

281 

above the tops of the DISs, the systems and dunes could both be potentially compromised.  

Therefore, future DISs should be placed so that water table impacts on the chambers are 

limited.  Based on the monitoring results from Sites K and M, it is recommended that future 

systems be installed no less than 2.1 m (7 ft) above the mean water table elevation for 

hydrologic and soil characteristics similar to those in Kure Beach.  Future studies and 

analyses could provide means to estimate this separation, based on site-specific conditions. 

Vertical separation of the system and water table may also affect dune stability.  

Therefore, future implementations should include annual surveys and dune inspections to 

ensure stability.  Comparison of survey data from the long-term DIS study showed only 

small changes in elevations, which could be attributed to natural dune erosion and accretion.  

Possible signs of instability may include sinkholes, depressions, and other drastically 

different elevations between surveys. 

 

Diversion Devices and Distribution Pipes 

Several other recommendations for future DIS implementations include the use of 

multiple distribution pipe inputs into the DIS, such as at Site K.  This would allow multiple 

stormwater beach outfalls to be diverted into one system and would disperse the water over a 

larger area resulting in better hydraulic performance.  The diversion devices should also be 

carefully considered.  Use of large concrete vaults, such as L and M may provide better 

hydraulic performance and limit backwater conditions within the stormsewer system, but are 

more difficult and expensive to install and can substantially lower the invert elevation of the 
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DIS.  Use of modified drop inlets, as was done at Site K, provides an easy and relatively 

inexpensive way to divert stormwater, though these may suffer in terms of increased 

overflow and potential backwater conditions within the stormwater system.  Other diversion 

devices could also be suitable, but any device should be designed to ensure proper DIS 

inflows.  Additionally, if diversion devices resulting in orifice flow conditions are used, such 

as at Site K, the associated head on the pipe and increased inflow should be considered 

during the sizing of the DISs.  If such conditions are not considered, then excessive flows 

may be diverted into the chambers, which may lead to dune instability or decreased bacteria 

treatment, as high velocities can prevent sorption or desorb bacteria from soil particles (Abu-

Ashour and Abu-Zreig, 2005). 

Diversions not designed for orifice flows should be installed so that the crest of the 

weir is level with the top of the distribution pipe or at the height of water in the storm pipe 

during designed peak flow conditions.  This will ensure that the design event flow will be 

diverted into the DIS and limit excessive head on the pipe during higher flows. 

 

System Maintenance 

Lastly, the system should be designed with maintenance in mind.  Sediment and 

debris build-up will occur in the distribution pipes, start chambers (those with distribution 

pipe inputs), and SedimenTraps™ (HydroLogic Solutions, Inc. of Occoquan, VA) or other 

sump device.  Therefore, typically available cleaning tools, such as water jets and vacuum 

hoses should be able to access the entire distribution pipe network, start chambers, and 
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sumps.  Thus, the distribution pipe sizes should be determined not only with hydraulics in 

mind, but also the size of the cleaning apparatus.  Bends and junctions in the distribution 

pipes could also limit the range of these tools, thus access to the pipes on either side of such 

bends should be considered.  Also, the distance between the chambers and vehicle accesses, 

such as a road or parking lot, should be considered, as cleaning devices, such as vacuum 

trucks, have a limited effective range due to hose length and/or suction power.  Access to the 

start chambers and sumps should include ports on the top of the chambers, such in the Kure 

Beach DISs.  The systems in Kure Beach each had capped 25 cm (10 in) PVC pipes 

connected to the top of the start chambers and extended to above the dune surface.  The 

accesses were centered over the sediment sumps. 

Maintenance inspections should occur annually to determine the amount and rate of 

build-up.  These could include visual inspections, via sewer cameras in the pipes and start 

chambers.  A manual visual inspection of the start chambers can also be performed, though 

the entire chamber would likely not be visible.  A survey of the DIS and sump floors could 

also be used to determine the height of sediment build-up.  This would require a post-

construction survey prior to a storm event to determine the as-built floor elevations.   
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HYDROLOGIC ANALYSIS 

 

Hydrologic analyses are vital to proper DIS design and operation.  As observed at 

Sites L and M (Chapter 2), the watersheds did not produce the expected rates and volumes of 

runoff.  This was likely due to overestimating the drainage areas, amount of impervious area, 

and Rational C values.  Also, other factors within the watersheds, such as non-curb and gutter 

streets, blockages in the stormsewers, and roof drains discharging into pervious areas, may 

have also acted to decrease the amount of stormwater delivered to the diversion vaults and 

chambers.  This highlighted the need to perform detailed inspections and surveys of the 

watersheds, as overestimated flows could lead to oversized systems, thus unnecessary costs, 

while underestimated flows could lead to system failure, in terms of hydraulic, and 

stormwater treatment performance. 

The design of the DIS begins with assessing the watershed characteristics, in regards 

to impervious and pervious areas, contributing and non-contributing impervious areas, 

stormsewer inlet and outlet locations, Rational C value determinations, and the hydraulic 

conductivity of the dune sand.  The contributing watershed should be divided into sub-

watersheds, based on pervious and impervious areas, as well as local topography.  

Impervious areas that drain directly to the DIS, such as through the stormsewer, should be 

considered as separate sub-watersheds and analyzed separately from other areas.  Pervious 

surfaces, and impervious areas that drain to pervious surfaces, can be analyzed together as 

sub-watershed units.  Each sub-watershed should be evaluated individually for its soil type, 
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land use, and Rational C value.  The stormsewer should also be closely examined to 

determine if it truly conveys runoff to the target discharge point or to another location.  

Finally, the dune sand should be analyzed to determine its hydraulic conductivity.  Multiple 

tests should be performed along the entire length of the proposed system’s location and at the 

depth of installation to ensure proper design of the DIS.  The use of published infiltration 

rates or hydraulic conductivities may provide helpful estimation tools, but the actual soils 

often exhibit different properties than those given with generic soil maps or databases.  For 

example, the Natural Resources Conservation Service (NRCS) Soil Data Mart (NRCS, 2006) 

provides a saturated hydraulic conductivity of 392 cm/hr (154 in/hr) for the soils in Kure 

Beach (Newhan Fine Sand), while the measured conductivities were 329 cm/hr (130 cm/hr) 

at Site L and 419 cm/hr (165 in/hr) at Site M (Bright, 2007). 

Finally, the design event rainfall intensity should be determined.  The DISs studied in 

Kure Beach were designed with an intensity of 12.7 mm/hr (0.5 in/hr); however, local 

precipitation patterns may influence future designs to be based upon other intensities.  

Additionally, the design event also has implications on system cost and size, as higher 

intensities would require a larger system.  Therefore, budget and available land constraints 

may also affect determination of the design storm.  Local or state regulations may also dictate 

the design storm.



 
 
 

286 

HYDRAULIC DESIGN 

 

Once the design storm has been determined, the next step in the DIS design process is 

to determine the required size of the system, or number of chambers.  The system should be 

configured such that infiltration equals the design storm’s peak flowrate.  First, the shape of 

the system should be determined.  This includes proposed DIS input locations and number of 

inputs per bank and number of chamber banks.  The DISs in Kure Beach each had a single 

row of two banks of chambers, with Site K having banks of 12 and 14 chambers, Site L with 

banks of six, and banks of 11 at Site M.  Additionally, the Site L and M systems only had one 

distribution pipe input per bank, while the DIS at Site K had two inputs per bank.  Future 

systems should consider the use of multiple inputs per bank, as this may increase 

performance by ensuring that the stormwater is dispersed over a larger area.  The distribution 

pipes should be placed at the end of each bank, and any inputs within the interior of the 

banks should be evenly spaced from one another and the ends of the system. 

Furthermore, the use of a single row of multiple banks, or even one continuous bank, 

is recommended so that infiltrated stormwater is not concentrated in one area of the dunes.  

Use of multiple rows, while possible, could place too much stormwater and its associated 

bacteria within a small area of the dunes, potentially leading to decreased hydraulic and 

treatment performance.  However, future research should be conducted to investigate the 

effects of multiple rows of chambers within a dune system.   
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Lastly, the sizing process used for the DISs in Kure Beach essentially compared the 

Rational Method (Eq. 4-1) to Darcy’s Law (Eq. 4-2) to determine the number of chambers 

needed so that the total infiltration rate of all the chambers combined was equal to the peak 

stormwater flowrate.  Figures 4-1a (metric units) and 4-1b (U.S. units) provide graphical 

means to determine the system size and Equation 4-3 provides the manual calculation.  If this 

method is used for future designs, each sub-watershed should be examined separately to 

determine which distribution pipe, and thus DIS inlet location, will receive the sub-

watershed’s runoff.  Once this routing is determined, the following figures or equation can be 

used to determine the number of chambers required, per sub-watershed (or DIS input pipe). 

This method assumed vertical infiltration only, uniform hydraulic conductivity 

through the soil profile, and did not consider tide or water table response effects on the 

infiltration gradient.  Use of Darcy’s Law was chosen for its ease of calculation and to 

provide conservative estimations.  As discussed in Chapters 2 and 3, designing the DISs via 

Darcy’s Equation did violate the assumption of saturated flow conditions since the flow 

regime between the chambers and water table was unsaturated.  However, results from the 

three systems revealed that this violation was not problematic as each system’s infiltration 

ability was adequate.  Further research, analyses, and modeling may provide more 

appropriate and detailed design methods, which may lead to more efficient systems. 
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Figure 4-1a.  Graphical method for determining the number of chambers required in a DIS (metric units).  Based on the Rational 
estimate of peak stormwater flow and Darcy’s estimate of the soils’ infiltration capacity, for a design rainfall intensity of 12.7 mm/hr.  
Each sub-watershed area should be analyzed individually. 



 
 
 

289 

 
 
Figure 4-1b.  Graphical method for determining the number of chambers required in a DIS (U.S. units), based on the Rational 
estimate of peak stormwater flow and Darcy’s estimate of the soils’ infiltration capacity, for a design rainfall intensity of 0.5 in/hr.  
Each sub-watershed area should be analyzed individually.
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Equation 4-1.  Rational Method for determining peak flow rate. 
 

� � ����8�� "  
 

where, QR = Rational method peak flowrate estimate, per sub-watershed 
   (m3/s or ft3/s) 

 k = unit conversion (0.00278 for metric or 1.008 for U.S.) 
 C  = sub-watershed Rational C value 
 i = rainfall intensity (12.7 mm/hr or 0.5 in/hr)   
 AW = sub-watershed area (ha or ac) 

 
 
 

Equation 4-2.  Darcy’s Law for vertical infiltration per DIS chamber. 
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where, QI = infiltration rate, per chamber  

   (m3/s/chamber or ft3/s/chamber) 
 K = vertical hydraulic conductivity (cm/hr or in/hr) 
 I = hydraulic gradient (1 m/m or 1 ft/ft) 
 AC = individual chamber area (3.3 m2 or 35.7 ft2 for  

   StormChambers™) 
 u = unit conversion (360,000 for metric or 43,200 for U.S.) 

 
 
 
Equation 4-3.  DIS sizing calculation. 
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where, n = number of chambers required, per sub-watershed 
 u = unit conversion (1,000 for metric or 43,560 for U.S.) 
 C  = sub-watershed Rational C value 
 i = rainfall intensity (12.7 mm/hr or 0.5 in/hr) 
 AW = sub-watershed area (ha or ac) 
 K = dune sand vertical hydraulic conductivity (cm/hr or in/hr) 
 AC = individual chamber area (3.3 m2 or 35.7 ft2 for   

   StormChambers™) 
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Lastly, the distribution pipe sizes must be determined.  The diameters will depend on 

the total peak flowrate in each pipe.  First, the peak flow from each sub-watershed should be 

determined.  This can be performed using Figure 4-2a (metric units) or Figure 4-2b (U.S. 

units) for a design storm rainfall intensity of 12.7 mm/hr (0.5 in/hr).  The Rational equation 

(Eq. 4-1) could also be used for other intensities. 

To determine the distribution pipe sizes, Manning’s equation, for a pipe flowing full, 

can be compared to the watershed’s peak flowrate.  An acceptable pipe material is PVC; 

however, pipes passing under roadways should be ductile iron pipe (DIP).  Figures 4-3a 

(metric units) and 4-3b (U.S. units) provide a simple method to determine the required pipe 

diameter, based on pipe slopes from 0% to 5%, diameters from 15 cm (6 in) to 45 cm  

(18 in) and for PVC pipe (Manning’s n value of 0.01).  Manning’s formula (Eq. 4-4) is also 

provided for designs with other slopes, diameters, or pipe materials (Manning’s n values). 

The minimum recommended pipe size is 15 cm (6 in), though maintenance access 

and equipment may require a larger diameter.  The largest pipe size that StormChambers™  

can physically accommodate is 76 cm (30 in); however, pipes this size would likely result in 

excessive flows to the chambers and either reduce the pipe slope or force the system to be 

lower in elevation.  Therefore, diameters of 15 cm (6 in) to 35 cm (15 in) are recommended.  

The slopes will be determined by the elevation of the existing stormsewer, any drop in the 

diversion device, and the target elevation of the chambers.  If the diversion device will use 

orifice flow to achieve the design inflow, then appropriate equations should be used and the 

inherent assumptions and implications considered.  
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Figure 4-2a.  Graphical version of the peak stormwater flowrate as a function of drainage area for an intensity of 12.7 mm/hr using 
the Rational Method (metric units).  Each sub-watershed should be analyzed separately. 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

P
e

a
k 

F
lo

w
ra

te
 (

m3
/s

)

Drainage Area (ha)

i = 12.7 mm/hr



 
 
 

293 

 
 
Figure 4-2b.  Graphical version of the peak stormwater flowrate as a function of drainage area for an intensity of 0.5 in/hr using the 
Rational Method (U.S. units).  Each sub-watershed should be analyzed separately.
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Figure 4-3a.  Graphical method for determining the required DIS distribution pipe size (metric units) for PVC pipe  
(Manning’s n = 0.01). 
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 Figure 4-3b.  Graphical method for determining the required DIS distribution pipe size (U.S. units) for PVC pipe  
(Manning’s n = 0.01). 
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Equation 4-4.  DIS distribution pipe size calculation. 
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where, D = distribution pipe diameter (cm or in) 
 u = unit conversion (317.5 for metric or 38.1 for U.S.) 
 n = Manning’s n value (PVC = 0.01) 
 QR = Rational method peak flowrate estimate (m3/s or ft3/s) 
 k = Manning’s unit conversion (1 for metric or 1.49 for U.S.) 
 S = distribution pipe slope (m/m or ft/ft) 

 
 
 
 Lastly, the capacity of the distribution pipe should be compared to the infiltration 

capacity to ensure proper design.  However, if site conditions were to limit the size or slope 

of the distribution pipe, the capacity would be reduced to below that of infiltration.  In such 

cases, the system should be relocated or redesigned to achieve the necessary performance.  If 

neither option is feasible, then the design storm and/or capacity of the entire system should 

be adjusted to reflect the inflow capabilities of the distribution pipe, unless an overdesigned 

(oversized) system is acceptable.  However, this would lead to unnecessary material and 

construction costs, as well as dune impacts during installation.  

The above information provides a quick and easy method to design a DIS.  However, 

several assumptions were inherent in these calculations which may affect the size and cost of 

future systems.  Continued research and analyses may provide further design information, 

including modeling and routing of the system.  In turn, these could lead to more detailed 

design methods and efficient DISs, in terms of system size and cost.   
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WATER QUALITY IMPLICATIONS  

 

The design of the DIS, as well as watershed and dune characteristics, affect the 

bacteria treatment performance of the system.  Unfortunately, results from these studies 

yielded only weakly correlated trends between bacteria export or treatment and hydrologic, 

hydraulic, or other pertinent factors.  Future research on the export of pollutants from 

watersheds and on the fate and transport of pollutants within natural sands could help 

estimate DIS performance and thus dictate system design.   

However, even though concrete water quality implications were not attainable, 

several basic concepts could potentially ensure proper or increased DIS treatment 

performance, with respect to fecal bacteria.  Most importantly, the vertical separation of the 

chambers and water table provides an unsaturated zone that likely contributes significantly to 

bacteria retention and certainly to hydraulic performance.  Therefore, a larger separation 

could yield better bacteria removal, via filtration and sorption in the unsaturated zone.  

Furthermore, this separation will increase the hydraulic gradient for infiltration, resulting in 

better hydraulic performance and thus higher treatment volumes.   

Similar results could possibly be obtained by spreading the stormwater over a larger 

area, thus meaning multiple distribution pipe inputs and longer systems.  In addition, any 

measures taken to increase the capture rating would prevent the discharge of untreated water 

onto the beach or into the ocean.  Secondly, increased residence time, or lengthened flow 

paths, could also potentially increase treatment due to greater chances for filtration and/or 
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die-off.  This variable could be adjusted by placing the DIS further from the ocean; however, 

this is likely limited by site-specific constraints, such as dune width, bulkheads, and 

structures behind the dunes.  The potentially most effective solution is pollution source 

control.  Such controls could limit sediment, litter, bacteria, and other pollutant loading to the 

DIS and dunes.  These could come in the form of non-structural BMPs, such as pet waste 

removal regulations, regular street cleanings, trash bins, public education, and non-

domesticated animal food source controls.  Such measures may be necessary, in addition to a 

DIS or other BMP, in some watersheds that produce extremely high fecal bacteria 

concentrations. 
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SYSTEM CONSTRUCTION 

 

Construction of the DIS is a straightforward process that can be performed in a matter 

of days, as long as proper design and planning were also executed.  The following sections 

provide an overview of DIS construction and are not meant to be complete construction 

guides.  Such information will be provided in future publications and/or technical reports.   

Firstly, construction phasing and operations should be conducted to minimize impacts 

to the dunes and recreational beach.  Existing ingress and egress points should be utilized 

when possible.  If such accesses are not available, then newly established points should be 

placed to limit dune and beach impacts.  Ecological factors, such as turtle nesting season, and 

the off-season for tourism should also be considered during construction scheduling to avoid 

conflicts and interruptions. 

Secondly, as observed at Site M, the need for proper construction and surveying 

during installation were highlighted, as stormwater flow monitoring revealed that the 

distribution pipe was limiting inflow into the chambers.  This resulted in more overflow than 

what the actual hydrology of the site would have dictated.  This was due to the distribution 

pipe’s constructed slope of 0.04%, which conveyed approximately 0.03 m3/s (0.90 ft3/s) 

under open channel flow conditions.  This was much less than the designed inflow rate of 

0.079 m3/s (2.8 ft3/s), which would have required a slope of 0.4%. 
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Construction of a DIS first begins with the installation of the diversion device  

(Fig. 4-4).  This could include modification of an existing drop inlet or the placing of a 

concrete vault within the dunes.   

 

 
 
Figure 4-4.  Installation of the diversion vault at Site L.  The diversion vault included 
stormwater pipe input, distribution and overflow pipe outlets, and a weir (Fig. 4-5). 
 
 
 

The diversion device will include a weir to divert flows into the DIS and allow flows 

above the system’s capacity to safely bypass and discharge through the existing stormwater 

beach outfall (Fig. 4-5).  The distribution pipes should be connected to the diversion device 

on the upstream side of the weir, and be constructed of material capable of handling any 

surface loading.  Ductile iron pipe (DIP) is recommended for pipes underneath roads and 

parking lots, while PVC sewer pipe is sufficient underneath the dunes.   
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Figure 4-5.  Interior view of the Site M diversion vault.  Note the weir (middle), DIS 
distribution pipe (left) and overflow pipe (top). 
 
 
 

Surveying equipment should be used to confirm pipe elevations and slopes along their 

entire length, in addition to all other elevations.  Pipe joints should also be properly sealed to 

prevent leakage and intrusion.  The distribution pipes should be installed to near the system 

location, but not to it in order to allow for excavation of the trench and installation of the 

chambers (Fig. 4-6).  The final connection between the pipes and chambers can be made 

once the chambers are in place. 
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Figure 4-6.  Installation of DIS distribution pipes.  Note the existing stormwater beach 
outfall, used as an overflow for the DIS (bottom right), ductile iron pipe used underneath the 
roadway (middle right), and the PVC pipes used underneath the dunes (left). 

 
 
 
Next, using an excavator, a trench should be dug at the proposed location of the 

chambers (Fig. 4-7).  The trench should be located as far away from the ocean as possible in 

order to provide the longest flow paths and thus stormwater residence times within the dunes.  

However, the distance from structures, such as homes and roads, should also be considered 

as the system may result in temporarily high water table elevations.  The systems in Kure 

Beach were located approximately 15 m (50 ft) from the nearest roadway and 20 m (65 ft) 

from the nearest buildings.  Structures within the dunes, such as beach accesses, should also 

be identified and considered during construction planning as these may necessitate moving 

the system or digging by hand (Fig. 4-8).   
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Figure 4-7.  Excavation of the trench where the DIS will be located. 
 
 
 

 
 
Figure 4-8.  Installation of the distribution pipe underneath a boardwalk and DIS overflow 
pipe (stormwater beach outfall).  This portion of the trench for the distribution pipes was dug 
by hand to prevent damage to these existing structures. 
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The depth of the trench should extend to the proposed floor elevation of the gravel 

layer that will be placed underneath the chambers.  The width should be approximately 3 m 

(10 ft) to accommodate the chambers and gravel layers on the sides of the system.  

Additionally, the trench should extend approximately 2 m (5 ft) beyond the ends of the 

proposed system to also allow for chamber and gravel placement.  Once trench excavation 

has begun, the installation of the DIS equipment can follow, by approximately two chamber 

lengths behind (5 m (16 ft)), as the remainder of the trench is excavated.   

Sediment sumps, such as SedimenTraps™ used in the Kure Beach DISs, should be 

installed underneath the chambers where distribution pipes enter the system (Fig. 4-9).  The 

top of the sumps should be flush with the top of the gravel layer.   

 

 
 
Figure 4-9.  Installation of the sediment sump, geotextile fabric, gravel layers, nylon mesh, 
and chambers. 
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Next, a geotextile fabric should be placed on either side of the trench, along its length.  

The bottom of the fabric should extend onto the floor of the trench, but not fully under the 

gravel layer.  A 0.15 m (0.5 ft) to 0.3 m (1 ft) thick gravel layer should then be installed to 

raise the floor of the trench to the designed DIS invert elevation.  The width should be at 

least 2.1 m (7 ft) to provide a stable base for the chambers.  Once the gravel layer has been 

established, a heavy nylon mesh should be placed on top of the gravel, but not directly above 

the sediment sumps.  This mesh will prevent debris migration into the gravel and gravel loss 

during maintenance.  The chambers can then be placed on top of the nylon mesh, laid end-to-

end, and connected by screws.   

A 0.6 m (2 ft) wide by 0.3 m (1 ft) deep gravel layer should be placed alongside of 

the chambers then the fabric should be wrapped around the gravel and chambers (Fig. 4-10).  

Once the chamber installation is complete, the final portions of the distribution pipes should 

be installed and connected to the DIS (Fig. 4-11).  The connection between the chambers and 

pipes should be well sealed to prevent sand migration into the system.     
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Figure 4-10.  Wrapping of geotextile fabric around the side layers of gravel and chambers to 
prevent sand migration into the system. 
 

 

 
 

Figure 4-11.  Connection of the distribution pipes and chambers. 
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Lastly, excavated sand from the trench should be placed on top of the chambers and 

the dune surface smoothed (Fig. 4-12).  During the growing season following construction, 

native dune plants should be planted at a high density to ensure quick re-vegetation (Figs. 4-

13 and 4-14).  This will provide dune stability and community acceptance.  The use of 

fertilizers should be limited, though may be necessary for plant growth.  Following system 

construction, the dunes, chambers, and diversion devices should be monitored during and/or 

after several large or intense storm events to ensure proper operation and to identify any 

potential problems or construction errors. 

 

 
 
Figure 4-12.  Placing excavated sand on top of the chambers and smoothing of the dune 
surface. 
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Figure 4-13.  Dune vegetation planting during the growing season following system 
construction. 
 
 
 

 
 
Figure 4-14.  Dune vegetation approximately one year after replanting.  
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CHAPTER 5 

KURE BEACH DUNE INFILTRATION SYSTEM STUDIES CONCLUS IONS 

 

 Three Dune Infiltration Systems in Kure Beach, N.C. were monitored for a total of 

six years through three separate studies.  Each system was monitored for flow volumes, 

stormwater and groundwater enterococci concentrations, and dune hydrology, among other 

secondary items.  The studies provided positive evidence for continued use, monitoring, and 

future implementations.  Additionally, several potential design and future topics of research 

were also discovered.   

 

SYSTEM DESIGN 

 The DISs were installed to capture and infiltrate stormwater runoff into the natural 

sand dunes and lessen the amount of untreated discharge onto the beach.  Further, the 

infiltration of runoff would allow for filtration and permanent removal of bacteria from 

incoming flow via several natural processes.  The following statements summarize the design 

of each system. 

 

1. The DISs were designed to capture stormwater runoff from a 12.7 mm/hr (0.5 
in/hr) event and discharge more intense storms through the existing stormwater 
beach outfalls.   
 

2. Each system contained two independent banks of sub-surface chambers to where 
stormwater was directed then infiltrated.  The systems were constructed with 12 
chambers at Site L, 22 chambers at Site M, and 26 chambers at Site K. 
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Hydraulic Performance 

 Each DIS captured large proportions of stormwater runoff, thus reducing the amount 

of untreated discharge onto the beach.  Further, no overflow was observed at the Site L 

system during its five years of operation.  The following statements summarize the hydraulic 

performance of each system during the three year study (Sites L and M) and during the one 

year study (Site K). 

 

1. The watershed associated with Site L produced 3,756 m3 (132,654 ft3) of 
stormwater, all of which was captured by the DIS (100% capture rating).  At Site 
M, 11,266 m3 (397,849 ft3) of stormwater was produced, of which 10,828 m3 
(382,392 ft3) was captured (96% capture rating). 

 
2. These capture ratings were nearly identical to those found during the initial one 

year study by Bright (2007), suggesting that over their five years of operation, 
neither DIS suffered substantial decreases in hydraulic performance. 
 

3. Two of three sub-watersheds associated with Site K produced 26,454 m3 (934,212 
ft3) of stormwater, of which 21,194 m3 (748,456 ft3) was captured (80% capture 
rating).  The third sub-watershed was not monitored due to site constraints. 

 
 
 
Dune Hydrology 

 The diversion of stormwater into the dunes did not appear to have any sizeable 

impacts on dune hydrology at any site.  The only impacts noted were short-lived water table 

mounds beneath the DISs during and shortly after infiltration events.  The following 

statements summarize the dune hydrology monitoring results for the three year study (Sites L 

and M) and during the one year study (Site K). 
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1. The overall mean water table elevation 1 m (3 ft) downslope of the Site L DIS 
was within 0.01 m (0.03 ft) of the mean elevation midway through the control 
dunes.  The means at Sites M and K were within 0.23 m (0.75 ft) and 0.04 m 
(0.14 ft), respectively, when compared to the control 

 
2. The water table at Site L never reached the elevation of the chambers, while it 

reached to 0.04 m (0.13 ft) above the invert at Site M for a total of 40 minutes 
during the entire study period.  The water table at Site K reached to a maximum 
of 0.71 m (2.34 ft) above the invert of the system.  The total impact duration was 
33 hours during the one year study. 

 
 
 
Water Quality 

 Monitoring of stormwater at each site revealed consistently high enterococci 

concentrations, while groundwater levels were mostly much lower.  Additionally, bacteria 

reduction trends, from just downslope of the systems to the dune-beach interface, were 

observed at each study site. The following statements summarize the dune hydrology 

monitoring results for the three year study (Sites L and M) and during the one year study 

(Site K). 

  

1. The median stormwater enterococci concentration at Site L was 185 MPN/100 
mL and 71% of samples exceeded the state maximum level of 104 MPN/100 mL.  
The median at Site M was 435 MPN/100 mL and 79% of samples exceeded the 
state maximum.  At Site K the median was 977 MPN/100 mL and 94% of 
samples exceeded the state maximum. 

 
2. The median groundwater enterococci concentration at Site L was 4 MPN/100 mL 

and 4% of samples exceeded the state maximum level of 104 MPN/100 mL.  A 
median of 5 MPN/100 mL was observed at Site M with 11% of samples 
exceeding the state limit.  The median at Site K was 16 MPN/100 mL and 16% of 
samples exceeded the state maximum. 
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3. Significant enterococci reductions, from adjacent to the chambers to further 
downslope, were observed at each site. 

 
4. The concentrations observed at the vegetation line of each site were not 

significantly different than the concentrations at this same location within the 
control site. 
 
 
 

System Design Implications and Recommendations 

 The above results emphasized several design implications and recommendations.  

The following statements summarize these findings from the hydraulic and dune hydrology 

monitoring results. 

 

1. The Site L and M DISs were overdesigned due to lower than expected runoff 
volumes and rates, thus errors were likely made during the hydrologic analyses of 
the watersheds.  Future designers should strive to ensure proper hydrologic 
analyses, as outlined in Chapter 4. 
 

2. The Site M DIS distribution pipe was installed at a lower slope than designed, 
limiting inflow to the chambers, and at least partially causing some overflow.  
Future implementations should include adequate surveying to ensure proper 
construction and operation. 

 
3. Use of multiple inputs should be considered to ensure increased utilization of the 

chambers and dispersion of stormwater over a larger area 
 
4. The diversion device should be especially considered as use of large vaults will 

substantially lower system elevation, while modification of existing drop inlets 
may result in more overflow and backwater conditions within the stormsewer. 

 
5. Due to the large magnitude of water table impacts on the Site K DIS, it was 

apparent that the system was installed near the safe minimum distance from the 
water table.  Such impacts may cause damage or destabilization of the dunes or 
system.  Future sites should be analyzed for depth to the mean water table and the 
vertical separation of the system and groundwater should be based on the 
separation at Sites L and M, for similar hydrologic and soil conditions. 
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Water Quality Implications 

 While the observed enterococci data could not be extrapolated to other sites or 

specific design methods, several potential bacteria treatment implications were noted, as 

described below. 

 

1. The DIS is capable of mitigating high stormwater fecal bacteria levels via 
filtration through natural sand dunes.  However, the maximum treatment ability of 
the system and dunes is not known, thus future implementations should be 
monitored.  If stormwater bacteria levels were to be exceptionally high, non-
structural BMPs may be additionally required. 
 

2. The dunes in Kure Beach were able to reduce bacteria concentrations in the 
stormwater to those found in a nearby control area, thus it is hopeful that other 
sites could also achieve such results. 

 
3. Other possible stormwater pollutants could lead to groundwater contamination, 

thus future implementations may need to consider monitoring for such pollutants.  
Nutrient monitoring at the three DIS study sites did not reveal any concerning 
concentrations, though monitoring should continue to ensure that these levels do 
not become problematic. 

 
4. Groundwater concentration spikes may occur, thus system and state agency 

recreational water quality monitoring should continue to ensure the safety of 
ocean swimmers. 
 

5. In order to potentially increase bacteria treatment, future DISs should be installed 
as far away from the ocean, and as high above the mean water table, as possible.  
However, consideration of local structures, dune stability, and system cover 
should be included when siting a DIS.  Increasing these distances would 
effectively increase the flowpaths and thus retention times.  Estimated mean 
residence times within the study sites ranged from 86 hr to 4,308 hr.  These were 
conservatively estimated, thus representing the possible minimum retention times.  
Future analyses should strive to improve these estimates via more appropriate 
equations.   
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Additional Future Research 

 In addition to several topics noted above, future research is necessary to fully 

understand the operation of the DIS, bacteria treatment, and to develop more precise design 

tools.  These areas of additional research are summarized below. 

 

1. Bacteria fate and transport in natural, marine soils to explain and possibly predict 
the treatment capabilities of the DIS. 
 

2. Bacteria export from watersheds to develop treatment based DIS design methods. 
 
3. Dune sand sampling to determine magnitude of bacteria sorption to soil particles 

and accumulation within the dunes. 
 
4. Storm event based stormwater and groundwater sampling to further analyze the 

DIS’s treatment performance via paired data. 
 
5. Groundwater sampling for other bacteria, pathogens, and viruses, to include 

predator organisms, to improve treatment mechanism identification and 
prediction. 

 
6. Ocean water sampling to determine true water quality implications for 

recreational beaches. 
 

7. Water table responses to infiltration events to develop prediction models. 
 

8. DIS performance at other locations with varying hydraulic, bacteria, and soil 
characteristics to ensure proper system performance, confirm that no adverse 
impacts are caused by the DIS, and to aid in developing design methods. 
 

9. Estimation of groundwater velocities and residence times via more appropriate 
models with all applicable variables considered.  Such variables include 
stormwater infiltration, incoming groundwater flow, surface recharge, tides, 
unsaturated and saturated flow, three-dimensional flow, and unsteady-state 
conditions. 
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In conclusion, the Dune Infiltration Systems appeared to be effective and efficient 

stormwater BMPs, and are worthy of continued use, implementation, and monitoring.  

Additionally, the DIS presents a financially feasible option to traditional BMPs, and can be 

placed in locations where other systems may not be well suited.  Furthermore, these systems 

can be implemented quickly to treat existing stormwater discharge and potentially safeguard 

the public from hazardous fecal bacteria.  In turn, this could possibly lessen the number of 

swimming advisories issued for concentration exceedances in recreational waters and 

therefore reduce any potential losses in tourism. 
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APPENDIX A:   N.C. RWQ SWIMMING ADVISORY 

 

N.C. RWQ Swimming Advisory (Courtesy of N.C. RWQ): 
 
Article Name: Water Quality Swimming Alert Issued for [site type] in [county] 
Article Author: [author’s name] 
Article Active  [active date] 
Article Data:   Release:  Immediate Contact: [RWQ contact 
 
Date:  [posting date]  Phone:  [RWQ phone number] 
   
Water Quality Swimming Alert Issued for [site type] in [county] 
   
MOREHEAD CITY – State environmental health officials today are notifying the public that 
[sampling type] in [county] showed levels of bacteria exceeding the state and Environmental 
Protection Agency’s recreational water quality swimming standards. 
 
State officials will test the site again today, and the result of the sampling will dictate further 
action.  If the new sample also shows elevated bacteria counts, state officials will post a sign and 
issue a swimming advisory.   
 
The alert affects waters at the [sampling site] at [location/city].  Samples collected [day of week] 
show test results that exceeded the state and federal single-sample standard of [maximum 
enterococci concentration for beach tier].  Swimming areas are classified based on recreational 
use and are referred to as tiers.   
 
The N.C. Division of Environmental Health tests water quality at ocean and sound beaches in 
accordance with federal and state laws. 
 
Enterococci, the bacteria group used for testing, are found in the intestines of warm-blooded 
animals.  While enterococci does not cause illness itself, scientific studies indicate that its 
presence is closely correlated to the presence of other disease-causing organisms.  People 
swimming or playing in waters with bacteria levels higher than the standards have an increased 
risk of developing gastrointestinal illness or skin infections.   
 
Environmental health officials sample 240 sites throughout the coastal region, most of them on a 
weekly basis from April to October.  Testing continues on a reduced schedule during the rest of 
the year, when the waters are colder.   
 
To find out more about North Carolina’s beach water quality, visit the N.C. Recreational Water 
Quality Program website at: 
http://www.deh.enr.state.nc.us/shellfish/Water_Monitoring/RWQweb/index.htm  
or on Twitter.com: @ncrecprgm.   
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APPENDIX B:  SAMPLE TESTING M ETHODS 

 

Appendix B-1:  Enterolert Testing Method 

The Enterolert method was based on the presence or absence of fluorescence in 97 

individual wells.  Each well contained a 1:10 dilution (90 mL of sterile buffer plus 10 mL of 

sample) of the test sample that was prepared in a sterile polystyrene vessel.  Sand samples 

were serially diluted with the sterile buffer solution to 10-1, 10-2, and 10-3 in the same type of 

bottle.  Next, powdered Enterolert reagent was added to the vessel then the solution was then 

mixed and poured into a Quanti-Tray, a sterile plastic disposable panel with 97 wells.  The 

tray was then mechanically sealed and incubated for 24 hours at 41.0 ± 0.5° C.  After 

incubation, the trays were placed in a dark environment, within 12 cm (5 in) of a 365 nm 

wavelength UV light from a 6 W bulb (Spectroline Model EA-160; Spectronics Corporation, 

Westbury, N.Y.).  Any fluorescence was considered a positive result, thus indicating the 

presence of enterococci.  Wells with no fluorescence were not counted, as this result meant 

no enterococci were present.  Using the number of positive results, a most probable number 

(MPN) table and dilution factor were used to determine the enterococcal density, per 100 mL 

of sample. 
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Appendix B-2:  Nutrient Testing Methods 

 
 
Table B-1.  NCSU-BAE EAL nutrient testing methods. 
 

Nutrient Analysis Method Description 
Method 

Reference 

TKN 
(Total Kjeldahl Nitrogen) 

Persulfate digestion and 
ammonia salicylate method 
for automated analysis 

EPA Method 
351.2 (1979) 

NH4-N (Ammonium) 

Ammonium-salicylate 
method for automated 
analysis.  Emerald green 
color formed by reaction of 
ammonia, sodium salicylate, 
sodium nitroprusside, and 
sodium hypochlorite in a 
buffered alkaline medium. 

EPA Method 
351.2 (1979) 

NO3-N 
 (Nitrate Nitrogen) 

Cadmium reduction method 
for automated analysis 

EPA Method 
353.2 (1979) 

TP  
(Total Phosphorus) 

Persulfate digestion and 
ascorbic acid method for 
automated analysis 

EPA Method 
365.4 (1979) 



 
 
 

323 

APPENDIX C:  HYDRAULIC PERFORMANCE  

 

Appendix C-1.  Storm Event Summaries 

 
 
Table C-1.  Site L storm event summaries.  For events with �  6.4 mm (0.25 in) of rainfall. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

11/15/07 7.4 3.0 3.6 0.003 11.0 0.0 11.0 100 
11/26/07 13.7 8.0 6.1 0.013 23.9 0.0 23.9 100 
12/15/07 28.4 11.0 7.4 0.010 44.2 0.0 44.2 100 
12/21/07 20.3 11.0 4.1 0.002 30.7 0.0 30.7 100 
12/26/07 11.2 7.0 6.6 0.003 15.1 0.0 15.1 100 
01/16/08 40.1 17.0 11.2 0.004 50.4 0.0 50.4 100 
01/19/08 15.7 13.0 2.8 0.003 28.6 0.0 28.6 100 
02/01/08 12.2 2.0 10.7 0.010 15.1 0.0 15.1 100 
02/12/08 22.9 9.0 14.7 0.008 39.9 0.0 39.9 100 
02/18/08 35.7 8.2 44.7 0.016 47.3 0.0 47.3 100 
02/21/08 29.7 13.0 4.3 0.005 48.4 0.0 48.4 100 
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Table C-1 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

03/04/08 13.2 1.2 27.9 0.010 17.9 0.0 17.9 100 
03/15/08 36.3 3.4 99.1 0.044 51.1 0.0 51.1 100 
03/19/08 13.2 5.0 8.9 0.007 19.7 0.0 19.7 100 
03/29/08 6.4 4.0 2.8 0.002 10.2 0.0 10.2 100 
04/03/08 13.7 6.0 7.9 0.006 25.1 0.0 25.1 100 
04/05/08 15.6 10.2 21.3 0.009 25.9 0.0 25.9 100 
04/20/08 10.4 2.1 20.8 0.006 14.3 0.0 14.3 100 
04/21/08 11.9 2.8 27.9 0.006 14.7 0.0 14.7 100 
05/11/08 16.8 3.6 13.2 0.006 27.4 0.0 27.4 100 
05/31/08 8.3 0.3 29.0 0.017 12.4 0.0 12.4 100 
06/15/08 14.0 3.0 11.9 0.007 21.8 0.0 21.8 100 
06/17/08 7.4 4.0 4.1 0.012 18.8 0.0 18.8 100 
06/21/08 30.5 4.0 17.3 0.011 30.1 0.0 30.1 100 
07/09/08 7.1 3.0 3.8 0.002 7.9 0.0 7.9 100 
07/11/08 20.1 5.0 10.2 0.006 31.3 0.0 31.3 100 
07/19/08 44.2 16.0 24.4 0.013 57.0 0.0 57.0 100 
07/31/08 10.4 3.0 9.9 0.014 13.5 0.0 13.5 100 
08/13/08 46.0 15.0 9.4 0.008 76.3 0.0 76.3 100 
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Table C-1 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

08/17/08 6.9 1.4 16.3 0.005 12.3 0.0 12.3 100 
08/25/08 20.6 3.5 66.0 0.020 21.1 0.0 21.1 100 
08/28/08 13.2 1.2 50.8 0.023 14.8 0.0 14.8 100 
09/05/08 23.6 17.6 28.4 0.011 36.8 0.0 36.8 100 
10/11/08 50.5 20.0 12.2 0.013 75.5 0.0 75.5 100 
10/18/08 7.4 6.0 2.0 0.002 14.2 0.0 14.2 100 
10/24/08 32.0 7.0 15.0 0.006 36.2 0.0 36.2 100 
11/03/08 39.4 12.0 9.4 0.005 60.8 0.0 60.8 100 
11/13/08 56.1 8.0 29.5 0.014 66.4 0.0 66.4 100 
11/14/08 8.3 2.1 12.7 0.007 12.0 0.0 12.0 100 
11/29/08 38.4 28.0 6.6 0.005 57.0 0.0 57.0 100 
12/10/08 10.7 3.9 22.4 0.006 15.4 0.0 15.4 100 
12/11/08 28.7 7.0 11.4 0.006 31.4 0.0 31.4 100 
01/29/09 9.7 6.0 2.3 0.002 22.1 0.0 22.1 100 
02/18/09 8.8 5.0 4.6 0.002 15.0 0.0 15.0 100 
02/19/09 17.3 5.2 20.3 0.010 29.9 0.0 29.9 100 
02/28/09 17.7 14.2 6.6 0.004 34.1 0.0 34.1 100 
03/01/09 19.8 11.0 5.8 0.003 30.8 0.0 30.8 100 
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Table C-1 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

03/16/09 16.5 16.0 3.8 0.002 26.6 0.0 26.6 100 
03/26/09 10.2 6.7 15.2 0.004 15.0 0.0 15.0 100 
03/28/09 17.4 8.1 25.4 0.009 27.0 0.0 27.0 100 
04/02/09 23.4 15.0 4.3 0.002 43.6 0.0 43.6 100 
05/05/09 23.1 5.3 18.3 0.006 32.8 0.0 32.8 100 
05/07/09 17.5 2.0 17.3 0.015 25.4 0.0 25.4 100 
05/11/09 13.8 2.5 40.1 0.023 18.3 0.0 18.3 100 
05/14/09 44.5 7.0 15.0 0.022 48.7 0.0 48.7 100 
05/17/09 24.5 16.8 23.4 0.006 36.5 0.0 36.5 100 
05/25/09 30.1 16.1 31.0 0.011 40.8 0.0 40.8 100 
07/06/09 10.2 2.8 16.8 0.006 24.6 0.0 24.6 100 
07/13/09 13.2 4.0 6.1 0.012 23.4 0.0 23.4 100 
07/14/09 9.1 1.2 27.9 0.010 10.5 0.0 10.5 100 
08/02/09 7.9 3.0 4.3 0.005 9.0 0.0 9.0 100 
08/03/09 21.8 0.6 62.0 0.023 24.9 0.0 24.9 100 
08/04/09 19.4 1.3 48.8 0.017 21.9 0.0 21.9 100 
08/14/09 12.8 1.3 45.2 0.016 14.9 0.0 14.9 100 
08/23/09 13.1 0.6 44.2 0.011 12.1 0.0 12.1 100 
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Table C-1 Continued. 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

09/21/09 23.4 6.0 10.2 0.013 30.5 0.0 30.5 100 
09/22/09 18.4 3.3 24.9 0.007 21.0 0.0 21.0 100 
09/25/09 19.4 4.8 29.0 0.006 19.3 0.0 19.3 100 
09/26/09 19.6 7.8 16.3 0.006 28.2 0.0 28.2 100 
10/05/09 9.3 13.8 4.1 0.002 17.3 0.0 17.3 100 
10/14/09 8.9 9.9 4.1 0.002 15.8 0.0 15.8 100 
10/28/09 9.4 0.7 27.4 0.010 11.2 0.0 11.2 100 
11/11/09 97.8 18.2 63.0 0.018 115.6 0.0 115.6 100 
12/02/09 47.8 4.8 75.2 0.026 49.1 0.0 49.1 100 
12/03/09 16.8 5.6 38.6 0.018 26.5 0.0 26.5 100 
12/04/09 22.6 14.5 8.1 0.002 40.1 0.0 40.1 100 
12/08/09 7.6 6.0 4.1 0.004 8.5 0.0 8.5 100 
12/13/09 8.9 13.0 4.1 0.002 15.8 0.0 15.8 100 
12/18/09 44.5 7.8 20.3 0.006 54.0 0.0 54.0 100 
12/25/09 11.9 4.4 12.2 0.005 19.1 0.0 19.1 100 
12/30/09 23.6 7.5 14.2 0.004 30.5 0.0 30.5 100 
01/16/10 50.0 8.6 47.8 0.018 55.7 0.0 55.7 100 
01/24/10 21.1 8.0 6.6 0.008 32.6 0.0 32.6 100 
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Table C-1 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

01/30/10 8.1 10.1 4.1 0.002 11.8 0.0 11.8 100 
02/02/10 19.6 7.9 9.1 0.002 30.9 0.0 30.9 100 
02/05/10 46.7 6.4 72.1 0.021 58.2 0.0 58.2 100 
02/09/10 7.1 2.0 13.2 0.004 9.8 0.0 9.8 100 
02/22/10 13.7 3.9 14.2 0.005 19.1 0.0 19.1 100 
03/02/10 21.3 9.6 30.5 0.007 24.5 0.0 24.5 100 
03/11/10 36.3 9.9 24.4 0.006 48.4 0.0 48.4 100 
03/29/10 51.6 7.0 30.5 0.009 53.7 0.0 53.7 100 
04/09/10 9.4 3.0 6.9 0.014 13.4 0.0 13.4 100 
04/21/10 9.7 5.3 10.2 0.003 11.0 0.0 11.0 100 
04/25/10 19.8 3.6 49.8 0.019 23.6 0.0 23.6 100 
05/04/10 8.6 7.0 4.1 0.003 10.1 0.0 10.1 100 
05/24/10 9.7 4.4 7.1 0.003 13.8 0.0 13.8 100 
06/01/10 51.3 2.6 72.1 0.022 50.1 0.0 50.1 100 
06/03/10 16.3 3.5 40.6 0.016 17.8 0.0 17.8 100 
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Table C-2.  Site M storm event summaries.  For events with �  6.4 mm (0.25 in) of rainfall. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

11/15/07 7.4 3.0 3.6 0.005 14.3 0.0 14.3 100 
11/26/07 13.7 8.0 6.1 0.023 39.7 0.0 39.7 100 
12/15/07 28.4 11.0 7.4 0.021 81.6 0.0 81.6 100 
12/21/07 20.3 11.0 4.1 0.002 41.1 0.0 41.1 100 
12/26/07 11.2 7.0 6.6 0.004 17.9 0.0 17.9 100 
01/16/08 40.1 17.0 11.2 0.008 61.8 0.0 61.8 100 
01/19/08 15.7 13.0 2.8 0.002 29.6 0.0 29.6 100 
02/01/08 12.2 2.0 10.7 0.020 25.2 0.0 25.2 100 
02/12/08 22.9 9.0 14.7 0.016 71.2 0.0 71.2 100 
02/18/08 35.7 8.2 44.7 0.029 111.3 0.0 111.3 100 
02/21/08 29.7 13.0 4.3 0.011 80.2 0.0 80.2 100 
03/04/08 13.2 1.2 27.9 0.021 39.2 0.0 39.2 100 
03/15/08 36.3 3.4 99.1 0.115 113.9 56.3 57.6 51 
03/19/08 13.2 5.0 8.9 0.013 34.7 0.0 34.7 100 
03/29/08 6.4 4.0 2.8 0.003 17.4 0.0 17.4 100 
04/03/08 13.7 6.0 7.9 0.011 37.9 0.0 37.9 100 
04/05/08 15.6 10.2 21.3 0.017 57.4 0.0 57.4 100 
04/20/08 10.4 2.1 20.8 0.015 27.5 0.0 27.5 100 
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Table C-2 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

04/21/08 11.9 2.8 27.9 0.014 28.2 0.0 28.2 100 
05/11/08 16.8 3.6 13.2 0.011 42.7 0.0 42.7 100 
05/31/08 8.3 0.3 29.0 0.019 17.7 0.0 17.7 100 
06/15/08 14.0 3.0 11.9 0.014 31.8 0.0 31.8 100 
06/17/08 7.4 4.0 4.1 0.019 23.9 0.0 23.9 100 
06/21/08 30.5 4.0 17.3 0.020 48.6 0.0 48.6 100 
07/09/08 7.1 3.0 3.8 0.002 6.1 0.0 6.1 100 
07/11/08 20.1 5.0 10.2 0.013 44.3 0.0 44.3 100 
07/19/08 44.2 16.0 24.4 0.021 79.9 0.0 79.9 100 
07/31/08 10.4 3.0 9.9 0.022 24.2 0.0 24.2 100 
08/13/08 46.0 15.0 9.4 0.019 118.3 0.0 118.3 100 
08/17/08 6.9 1.4 16.3 0.009 15.5 0.0 15.5 100 
08/25/08 20.6 3.5 66.0 0.038 41.5 21.0 20.5 49 
08/28/08 13.2 1.2 50.8 0.035 28.8 3.3 25.5 88 
09/05/08 23.6 17.6 28.4 0.026 71.0 5.4 65.6 92 
10/11/08 41.1 21.6 29.5 0.026 148.0 4.0 144.0 97 
10/18/08 7.4 6.0 2.0 0.003 18.1 0.0 18.1 100 
10/24/08 32.0 7.0 15.0 0.015 72.6 0.0 72.6 100 
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Table C-2 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

11/03/08 39.4 12.0 9.4 0.011 100.9 0.0 100.9 100 
11/13/08 49.1 8.0 33.5 0.026 141.3 2.2 139.1 98 
11/14/08 8.3 2.1 12.7 0.010 23.7 0.0 23.7 100 
11/29/08 38.4 28.0 6.6 0.008 96.4 0.0 96.4 100 
12/10/08 10.7 3.9 22.4 0.012 23.4 0.0 23.4 100 
12/11/08 28.7 7.0 11.4 0.011 56.0 0.0 56.0 100 
01/29/09 9.7 6.0 2.3 0.003 27.5 0.0 27.5 100 
02/18/09 8.8 5.0 4.6 0.002 16.8 0.0 16.8 100 
02/19/09 17.3 5.2 20.3 0.017 53.6 0.0 53.6 100 
02/28/09 17.7 14.2 6.6 0.008 55.3 0.0 55.3 100 
03/01/09 19.8 11.0 5.8 0.005 45.9 0.0 45.9 100 
03/16/09 16.5 16.0 3.8 0.003 29.0 0.0 29.0 100 
03/26/09 10.2 6.7 15.2 0.007 23.4 0.0 23.4 100 
03/28/09 17.4 8.1 25.4 0.016 48.9 0.0 48.9 100 
04/02/09 23.4 15.0 4.3 0.005 80.1 0.0 80.1 100 
05/05/09 23.1 5.3 18.3 0.017 69.8 0.0 69.8 100 
05/07/09 17.5 2.0 17.3 0.027 50.4 0.0 50.4 100 
05/11/09 20.3 3.0 13.0 0.028 33.7 0.0 33.7 100 
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Table C-2 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

05/14/09 32.1 6.8 43.2 0.029 73.3 12.7 60.5 83 
05/17/09 24.5 16.8 23.4 0.011 44.4 0.0 44.4 100 
05/25/09 30.1 16.1 31.0 0.022 74.8 0.0 74.8 100 
07/06/09 10.2 2.8 16.8 0.009 14.7 0.0 14.7 100 
07/13/09 13.2 4.0 6.1 0.023 34.0 0.0 34.0 100 
07/14/09 9.1 1.2 27.9 0.015 16.3 0.0 16.3 100 
08/02/09 7.9 3.0 4.3 0.006 10.2 0.0 10.2 100 
08/03/09 21.8 0.6 62.0 0.041 51.5 7.5 44.0 85 
08/04/09 19.4 1.3 48.8 0.028 39.9 15.0 24.8 62 
08/14/09 12.8 1.3 45.2 0.027 27.5 8.7 18.9 68 
08/23/09 13.1 0.6 44.2 0.025 28.7 2.9 25.9 90 
09/21/09 23.4 6.0 10.2 0.025 60.3 0.0 60.3 100 
09/22/09 18.4 3.3 24.9 0.019 48.9 0.0 48.9 100 
09/25/09 19.4 4.8 29.0 0.013 36.0 0.0 36.0 100 
09/26/09 19.6 7.8 16.3 0.013 52.3 0.0 52.3 100 
10/05/09 9.3 13.8 4.1 0.002 26.3 0.0 26.3 100 
10/14/09 8.9 9.9 4.1 0.002 20.2 0.0 20.2 100 
10/28/09 9.4 0.7 27.4 0.019 21.9 6.9 15.0 69 
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Table C-2 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

11/11/09 97.8 18.2 63.0 0.034 243.7 173.2 70.5 29 
12/02/09 47.8 4.8 75.2 0.043 100.3 37.6 62.7 63 
12/03/09 16.8 5.6 38.6 0.025 48.5 2.3 46.1 95 
12/04/09 22.6 14.5 8.1 0.003 54.4 0.0 54.4 100 
12/08/09 7.6 6.0 4.1 0.005 12.0 0.0 12.0 100 
12/13/09 8.9 13.0 4.1 0.001 16.3 0.0 16.3 100 
12/18/09 44.5 7.8 20.3 0.014 103.1 9.4 93.7 91 
12/25/09 11.9 4.4 12.2 0.008 26.1 0.0 26.1 100 
12/30/09 23.6 7.5 14.2 0.008 42.7 0.0 42.7 100 
01/16/10 54.6 9.0 19.3 0.024 97.0 0.0 97.0 100 
01/24/10 21.1 8.0 6.6 0.016 60.4 0.0 60.4 100 
01/30/10 8.1 10.1 4.1 0.001 14.0 0.0 14.0 100 
02/02/10 19.6 7.9 9.1 0.004 40.6 0.0 40.6 100 
02/05/10 57.2 8.0 25.9 0.034 107.8 0.0 107.8 100 
02/09/10 7.1 2.0 13.2 0.006 17.5 0.0 17.5 100 
02/22/10 13.7 3.9 14.2 0.007 26.5 0.0 26.5 100 
03/02/10 21.3 9.6 30.5 0.015 39.7 0.0 39.7 100 
03/11/10 36.3 9.9 24.4 0.013 85.9 0.0 85.9 100 
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Table C-2 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow    
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

03/29/10 51.6 7.0 30.5 0.017 105.9 0.0 105.9 100 
04/09/10 9.4 3.0 6.9 0.016 21.5 0.0 21.5 100 
04/21/10 9.7 5.3 10.2 0.004 14.7 0.0 14.7 100 
04/25/10 19.8 3.6 49.8 0.024 40.5 25.9 14.5 36 
05/04/10 8.6 7.0 4.1 0.004 13.6 0.0 13.6 100 
05/24/10 9.7 4.4 7.1 0.006 16.4 0.0 16.4 100 
06/01/10 51.3 2.6 72.1 0.039 92.5 26.5 66.0 71 
06/03/10 16.3 3.5 40.6 0.021 30.4 16.8 13.6 45 
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Table C-3.  Site K storm event summaries.  For events with �  6.4 mm (0.25 in) of rainfall.  Data from K-South and K-North inlets. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow 
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

Peak DIS 
Inflow 
Rate 
(m3/s) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

05/25/09 30.1 16.1 31.0 0.343 644.6 134.7 0.160 509.9 79 
07/06/09 10.2 2.8 16.8 0.174 180.2 18.8 0.135 161.5 90 
07/13/09 16.9 2.7 39.1 0.334 372.3 117.6 0.161 254.7 68 
07/14/09 9.1 1.2 27.9 0.177 136.8 18.5 0.137 118.3 86 
08/02/09 7.9 3.0 13.5 0.078 79.7 2.1 0.073 77.6 97 
08/03/09 21.8 0.6 62.0 0.644 556.3 295.5 0.193 260.8 47 
08/04/09 19.4 1.3 48.8 0.360 417.0 129.8 0.167 287.1 69 
08/14/09 13.0 1.8 45.2 0.574 338.6 162.2 0.188 176.3 52 
08/23/09 9.7 1.0 35.6 0.300 250.6 72.2 0.158 178.4 71 
09/21/09 27.6 5.3 34.0 0.442 513.2 147.3 0.176 365.9 71 
09/22/09 18.4 3.3 24.9 0.180 281.0 14.2 0.139 266.8 95 
09/25/09 19.4 4.8 29.0 0.131 216.1 4.0 0.121 212.1 98 
09/26/09 19.6 7.8 16.3 0.131 304.6 4.7 0.122 299.9 98 
10/05/09 11.2 17.8 4.1 0.008 55.7 0.0 0.008 55.7 100 
10/28/09 9.7 1.0 27.4 0.182 155.4 21.4 0.138 133.9 86 
11/11/09 97.8 18.2 63.0 0.638 2335.0 753.6 0.192 1581.4 68 
12/02/09 47.8 4.8 75.2 0.690 1423.1 652.6 0.194 770.4 54 
12/03/09 16.8 5.6 38.6 0.564 406.9 140.7 0.186 266.3 65 
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Table C-3 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow 
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

Peak DIS 
Inflow 
Rate 
(m3/s) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

12/04/09 22.4 11.0 8.1 0.035 328.6 0.0 0.035 328.6 100 
12/13/09 8.9 13.0 4.1 0.014 93.4 0.0 0.014 93.4 100 
12/18/09 45.5 8.6 20.3 0.147 1632.0 27.0 0.130 1605.0 98 
12/25/09 11.9 4.4 12.2 0.054 161.4 0.0 0.054 161.4 100 
12/30/09 23.6 7.5 14.2 0.066 301.0 1.8 0.064 299.2 99 
01/16/10 50.0 8.6 47.8 0.563 1286.0 300.5 0.185 985.5 77 
01/24/10 24.9 11.5 18.3 0.261 535.6 63.6 0.137 472.1 88 
01/30/10 7.4 7.1 4.1 0.011 53.5 0.0 0.011 53.5 100 
02/02/10 19.6 7.9 9.1 0.036 214.7 0.0 0.036 214.7 100 
02/05/10 46.7 6.4 72.1 0.682 1486.0 533.8 0.194 952.2 64 
02/09/10 7.1 2.0 13.2 0.061 78.8 0.2 0.061 78.7 100 
02/22/10 14.0 4.0 14.2 0.082 197.8 4.9 0.074 193.0 98 
03/02/10 18.5 4.3 30.5 0.184 321.2 20.0 0.139 301.2 94 
03/11/10 53.1 17.3 36.6 0.318 1344.0 146.2 0.161 1197.8 89 
03/29/10 71.4 23.3 34.5 0.232 2059.8 325.5 0.146 1734.2 84 
04/09/10 11.9 3.5 32.5 0.177 192.9 56.6 0.123 136.3 71 
04/21/10 9.7 5.3 10.2 0.027 112.5 0.0 0.027 112.5 100 
04/25/10 20.1 4.4 49.8 0.248 437.7 149.3 0.135 288.3 66 
05/04/10 10.2 11.5 13.2 0.032 84.0 0.0 0.032 84.0 100 
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Table C-3 Continued. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Rainfall 
Duration 

(hr) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Peak 
Stormwater 

Flow 
(m3/s) 

Stormwater 
Volume 

(m3) 

Stormwater 
Overflow 
Volume     

(m3) 

Peak DIS 
Inflow 
Rate 
(m3/s) 

DIS 
Capture 
Volume    

(m3) 

DIS 
Capture 

Rate     
(%) 

05/24/10 9.7 4.4 7.1 0.019 91.3 0.0 0.019 91.3 100 
06/01/10 51.3 2.6 72.1 0.321 982.1 394.2 0.144 587.9 60 
06/03/10 16.3 3.5 40.6 0.217 253.8 63.9 0.130 189.9 75 
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Appendix C-2:  Estimated Capacity of the Site L Dune Infiltration System. 
 
 
 

 
 

Figure C-1.  Estimated capacity of the Site L DIS based upon observed maximum vault stages and peak stormwater flowrates.
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Appendix C-3:  Investigation into the Constructed Capacity of the Site M Dune 
Infiltration System Distribution Pipe 
 

Examination of the Site M flow data revealed that overflow occurred during events 

with peak flowrates lower than the system’s design capacity (0.079 m3/hr (2.8 ft3/s)).  This 

suggested that the either the infiltration capacity or distribution pipe capacity was not able to 

convey the designed flowrate.  In order to determine which was limiting, flow and DIS start 

chamber stage data were more closely examined.    

This investigation began with observing the water stages inside the start chambers 

during each event when overflow occurred.  Stages were measured in the chambers where 

distribution pipes entered the system.  If infiltration were the limiting factor, then the 

chambers would have filled with stormwater, creating backwater conditions in the 

distribution pipe, and thus overflow at the vault.  However, this examination showed that the 

chambers never filled during any event as the maximum chamber stage during any event with 

overflow was just 52% of the total available stage (Table C-4).  Figure C-2 shows the stages 

during the event with the highest overall chamber utilization. 

Since the chambers never filled, it was concluded that infiltration was not limiting 

inflow, meaning flow through the distribution pipe was causing the observed overflows.  

Therefore, the stormwater flow data were examined to determine the actual capacity of the 

distribution pipe.  Bright (2007) estimated the capacity to be 0.05 m3/s (1.8 ft3/s), still less 

than its designed capacity; however, results from this long-term study suggested the capacity 

was even lower.   



 
 
 

340 

Table C-4.  Site M start chamber stages and utilization during several events with overflow 
and �  6.4 mm (0.25 in) of rainfall.  Six events with overflow are not shown due to chamber 
stage recording errors.  There were two start chambers, those with a distribution pipe input, 
on the Site M DIS.  Refer to Figure 2-4 for their locations.  The maximum available stage 
was 0.85 m (2.8 ft). 
 

Storm 
Date 

Peak 
Stormwater 

Flowrate 
(m3/s) 

Start Chamber A Start Chamber B 

Maximum 
Stage (m) 

Chamber 
Stage 

Utilization 
(%) 

Maximum 
Stage  
(m) 

Chamber 
Stage 

Utilization 
(%) 

09/05/08 0.026 0.36 42 0.39 45 
11/13/08 0.026 0.35 41 0.43 50 
05/14/09 0.029 0.25 30 0.32 37 
08/03/09 0.041 0.18 21 0.41 48 
08/04/09 0.028 0.17 20 0.41 48 
08/14/09 0.027 0.17 20 0.36 42 
08/23/09 0.025 0.17 20 0.27 32 
10/28/09 0.019 0.20 24 0.42 49 
12/02/09 0.043 0.24 28 0.35 41 
12/03/09 0.025 0.20 23 0.33 38 
04/25/10 0.024 0.25 29 0.44 52 
06/01/10 0.039 0.22 26 0.44 52 
06/03/10 0.021 0.18 21 0.29 34 
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Figure C-2.  Site M start chamber utilization during a storm event on 11/13/08.  The start chambers were the two chambers with 
distribution pipe inputs (refer to Figure 2-4).  The maximum available chamber stage was 0.85 m (2.8 ft).
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In addition to the suspected low pipe capacity, a maintenance inspection of the DISs 

during the summer of 2010 revealed a partial blockage in the distribution pipe at Site M.  The 

blockage, a piece of lumber stuck at a bend in the distribution pipe, was believed to occur in 

the fall of 2009, when overflow was observed during events with relatively low stormwater 

flowrates (Fig. C-3).  Most notably, overflow occurred during events with peak flowrates of 

just 0.014 m3/s (0.49 ft3/s) on 12/18/09 and 0.019 m3/s (0.68 ft3/s) on 10/28/09.  Figure C-3 

shows the measured peak stormwater flowrates and overflow volumes, by year (2008 - 

2010).  The flowrates were very similar in each year, though the overflow volumes increased.  

The largest increases were observed to occur in late 2009, as previously discussed. 

Since a limited amount of data were available from 2010, conclusions gathered from 

this data were made cautiously; however, this evidence, and the fact that overflow occurred 

during events with fairly low stormwater flowrates, did suggest that the partially clogged 

pipe was resulting in a lower pipe capacity.  However, it was clear that the associated 

increases in overflow did not significantly decrease the overall capture rating of 96%. 

Thus, in order to estimate the capacity of the distribution pipe, data prior to 10/28/09 

were examined.  The capacity was estimated by observing which stormwater peak flowrates 

resulted in overflow and which did not.  Since stormwater flowrates not resulting in overflow 

would have been completely captured by the DIS, the capacity of the distribution would have 

been similar to the maximum stormwater flowrate not resulting in overflow 
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Figure C-3.  Site M peak stormwater flowrates and overflow volumes by year.
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The lowest peak stormwater flowrate resulting in overflow was found to be 0.025 

m3/s (0.90 ft3/s).  Meanwhile, four events with no overflow had flowrates higher than this, 

ranging from 0.027 m3/s (0.96 ft3/s) to 0.034 m3/s (1.21 ft3/s).  Additionally, several events 

with no overflow had peak stormwater flowrates similar to 0.025 m3/s (0.90 ft3/s).  Therefore, 

the actual capacity of the distribution pipe was likely similar to these values, but 

conservatively estimated to be 0.025 m3/s 0.90 ft3/s.  However, this capacity was half of what 

Bright (2007) estimated, as previously mentioned.  Closer examination of the two data sets 

revealed that Bright (2007) used a much higher slope (3.7%) for the stormwater pipe entering 

the vault, which led to higher estimated peak stormwater flowrates.  The slope of the 

stormwater pipe used for this longer-term study, as determined via several surveys, was just 

0.6%, resulting in lower estimated flows.  However, analysis of Bright’s (2007) stormwater 

flow data with a slope of 0.6% resulted in very similar values to those estimated during this 

long-term study.   

Therefore, with similar stormwater peak flowrates, the estimated actual capacity of 

the distribution pipe was believed to be 0.025 m3/s (0.90 ft3/s).  This capacity was lower than 

the design capacity (0.079 m3/s (2.8 ft3/s)) because the distribution pipe was installed at a 

slope of just 0.04% and not 0.4% as called for in the design. 
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Appendix C-4:  Site K Storm Events Resulting in Filling of the Dune Infiltration System Chambers. 

 

Table C-5.  Storm events which resulted in the filling of the Site K DIS chambers.  For events with �  6.4 mm (0.25 in) of rainfall.  
Overflow occurred during each event when the chambers filled.  Data from K-South and K-North inlets.  The design capacities for the 
distribution pipes and chambers, based only on K-South and K-North, were 0.06 m3/s (2.1 ft3/s) and 0.09 m3/s (3.3 ft3/s), respectively. 
 

Storm 
Date 

Total 
Rainfall 
(mm) 

Maximum 
Rainfall 
Intensity 
(mm/hr) 

Total Peak 
Stormwater 

Flow          
(m3/s) 

Total 
Stormwater 

Volume  
(m3) 

Total 
Overflow 
Volume    

(m3) 

Total 
DIS 

Capture 
Volume 

(m3) 

Total 
DIS 

Capture 
Rating        

(%) 

12/18/09 45.5 20.3 0.15 1632 27 1605 98 
03/02/10 18.5 30.5 0.18 321 20 301 94 
03/29/10 71.4 34.5 0.23 2060 326 1734 84 
03/11/10 53.1 36.6 0.32 1344 146 1198 89 
06/01/10 51.3 72.1 0.32 982 394 588 60 
08/04/09 19.4 48.8 0.36 417 130 287 69 
11/11/09 97.8 63.0 0.64 2335 754 1581 68 
02/05/10 46.7 72.1 0.68 1486 534 952 64 
12/02/09 47.8 75.2 0.69 1423 653 770 54 
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Figure C-4.  Comparison of peak stormwater flowrates and overflow volumes at Site K during events with overflow, when the 
chambers did and did not fill.  Events had �  6.4 mm (0.25 in) of rainfall.  Data from K-South and K-North inlets.

y = 455.95x - 41.317
R² = 0.833

y = 1107.3x - 107.87
R² = 0.7769

0

100

200

300

400

500

600

700

800

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

O
ve

rfl
o

w
 V

o
lu

m
e

 (
m

3 )

Peak Stormwater Flowrate (m3/s)

Events when chambers were not filled Events when chambers were filled

For Events When 
Chambers Were Not Filled:

For Events When 
Chambers Were Filled:



 
 
 

347 

Appendix C-5:  Site K Example Storm Events 
 
 

 

 
 
Figure C-5.  Site K DIS hydrograph for K-South and K-North, combined, during the storm event (10/05/09) with the lowest event 
maximum rainfall intensity (4.1 mm/hr (0.16 in/hr)). 
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Figure C-6.  Site K DIS hydrograph for K-South and K-North, combined, during the storm event (08/02/09) with the 1st quartile event 
maximum rainfall intensity (13.5 mm/hr (0.53 in)). 



 
 
 

349 

 
 

Figure C-7.  Site K DIS chamber stages during a storm event on 08/02/09, with the 1st quartile event maximum rainfall intensity (13.5 
mm/hr (0.53 in)).  Stages were recorded within each end chamber with a distribution pipe input (refer to Fig. 3-19 for locations).  The 
interior height of the chambers was 0.86 m (2.84 ft). 
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Figure C-8.  Site K DIS chamber stages during a storm event on 07/14/09, with the median event maximum rainfall intensity (27.8 
mm/hr (1.10 in)).  Stages were recorded within each end chamber with a distribution pipe input (refer to Fig. 3-19 for locations).  The 
interior height of the chambers was 0.86 m (2.84 ft). 
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Figure C-9.  Site K DIS chamber stages during a storm event on 07/13/09, with the 3rd quartile event maximum rainfall intensity (39.1 
mm/hr (1.54 in)).  Stages were recorded within each end chamber with a distribution pipe input (refer to Fig. 3-19 for locations).  The 
interior height of the chambers was 0.86 m (2.84 ft). 
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Figure C-10.  Site K DIS chamber stages during a storm event on 12/02/09, with the highest event maximum rainfall intensity (75.2 
mm/hr (2.96 in)).  Stages were recorded within each end chamber with a distribution pipe input (refer to Fig. 3-19 for locations).  The 
interior height of the chambers was 0.86 m (2.84 ft).  The stages in this figure exceeded this height due to traveling up the monitoring 
wells which were exposed above the dune surface (wells were > 2.13 m (7 ft) in height).
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APPENDIX D:  DUNE HYDROLOGY  

 

Appendix D-1:  Examination of Abnormally High Water Table Elevations Site L 
 
Analysis of the Site L water table data lead to the discovery of several abnormally 

high water table elevations at the 23 m (75 ft) downslope monitoring well (LWT-VEG).  

These abnormally high elevations all occurred during a single infiltration event (09/25/08), 

when the highest of all the recorded elevations at Site L occurred (3.29 m (10.80 ft)).  The 

three most likely causes were: 1) the mound created by stormwater infiltration 2) increases in 

the water table elevations due to surface infiltration and tides, and 3) equipment malfunction.  

Since the elevations were extreme compared to the rest of the data, equipment malfunction 

was believed to be the source.  However, the issue was fully investigated using the Site L 

water table data and tidal information. 

Firstly, the event was not included in the hydraulic performance analyses due to 

equipment malfunctions.  However, data that was available showed that 44 mm (1.75 in) of 

rainfall produced 72 m3 of DIS inflow, which would have been the 22nd/98 highest inflow 

total at Site L, for events with �  6.4 mm (0.25 in) of rainfall. 

Secondly, the water table responses observed in the other wells were limited and 

much lower in magnitude than at LWT-VEG.  The maximum elevations in these wells 

remained within -0.05 m (-0.17 ft) to 0.13 m (0.43 ft) of the control’s maximum, while the 

maximum at LWT-VEG was 1.33 m (4.36 ft) higher (Table D-1).  Thus, it was highly 

unlikely that stormwater infiltration caused the high elevations at the vegetation line well.   
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Table D-1.  Site L and control water table monitoring summary for an infiltration event on 
09/25/08.  The DIS invert elevation was 2.85 m (9.35 ft).  The AAE was the error between 
CWT and LWT-CHAM.  Elevations were based on mean sea level (MSL) and referenced to 
NGVD88. 

 
Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

LWT-UP 
(6 m upslope) 

LWT-CHAM  
(1 m Downslope) 

LWT-MID 
(6 m Downslope) 

LWT-VEG 
(23 m Downslope) 

Maximum 1.96 1.90 2.05 2.09 3.29 
Mean 1.80 1.79 1.93 1.95 2.29 

Minimum 1.64 1.63 1.63 1.65 1.74 
AAD 0.12 1.79 0.09 0.10 0.40 
AAE - - 0.14 - - 

 
 
 

In order to determine if the tides played a role in these high elevations, tidal data were 

gathered from the National Oceanic and Atmospheric Administration’s (NOAA) 

Wrightsville Beach, N.C. ocean tide monitoring station (Station ID: 8658163).  This 

monitoring station was located approximately 26 km (16 mi) northeast of the study site, at 

the end of the Johnny Mercers Fishing Pier.  The data showed that tidal elevations increased 

by approximately 0.30 m (1.00 ft) during the 09/25/08 event, as compared to the previous 

five days (Fig. D-1).  Therefore, tidal influences alone were also highly unlikely to have 

caused these erroneous water table elevations. 

The combination of stormwater infiltration and tidal effects was then considered.  

However, the potential increases due to stormwater infiltration and 0.14 m (0.46 ft) due to a 

high tide still did not correspond with the huge increase in elevations at LWT-VEG. 
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Therefore, because these two factors could not explain the high elevations, equipment 

error was believed to be the cause.  The water level sensors (pressure transducers) were 

susceptible to temporary malfunctions and the sensor at LWT-VEG did not record two 

consecutive data points (40 minute data gap) just prior to logging the abnormally high 

elevations.  Such gaps in the data were normal and did not necessarily indicate malfunctions 

of the level sensors; however, the timing of this data gap and the lack of the hydrologic 

factors explaining the high elevations certainly suggested that the sensor had malfunctioned. 
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Figure D-1.  Water table response at Site L during an infiltration event on 09/25/08.  Note the unusually high elevations at the 23 m 
downslope well location and large difference from responses at the other well locations.  This was most likely due to instrument error.  
Tidal data from NOAA’s Wrightsville Beach, N.C. tide monitoring station (Station ID:  8658163) located on the end of the Johnny 
Mercers Fishing Pier, approximately 26 km (16 mi) northeast of Site L.
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Appendix D-2:  Water Table Responses to Infiltration Events at Site K 

An infiltration event on 01/30/10 produced just 7.4 mm (0.29 in) of rainfall that led to 

53.5 m3 (1,888 ft3) of DIS inflow from the K-South and K-North inlets.  Examination of the 

water table response for the event showed only a small, short-term increase in elevations 

(Fig. D-2).  The water table mound was highest underneath Chamber Bank A, while some 

mounding was observed near Chamber Bank B, upslope of the system, and 15 m (50 ft) 

downslope.  The water table remained elevated for approximately 31 hours and tidal 

influences remained prominent throughout the response period.  Quantitative analyses of this 

event showed that the water table reached a maximum elevation of 1.13 m (3.70 ft), which 

was 1.10 m (3.61 ft) below the chamber’s invert and only 0.32 m (1.1 ft) higher than the 

control at that same time (Table D-2).  The mean water table elevations at the DIS were 

slightly higher than the control, though similar to normal variation between the two sites.   

 
 
Table D-2.  Site K water table response results for an infiltration event on 01/30/10. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KWT-VEG 
(15 m Downslope) 

Maximum 0.88 1.10 1.13 0.95 0.97 
Mean 0.81 1.03 1.01 0.90 0.91 

Minimum 0.73 0.83 0.85 0.78 0.65 
SD 0.04 0.07 0.07 0.04 0.08 

AAD - - 0.20 0.09 - 
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Standard deviations were all relatively low (�  0.08 m (0.26 ft)) and within 0.04 m 

(0.14 ft) of the SD at the control.  These results indicated that the effects of stormwater 

infiltration were only slightly larger than those caused by natural influences.  The AADs 

were �  0.20 m (0.66 ft), indicating that during the event, the water table 1 m (3 ft) downslope 

of the Site K DIS was slightly elevated compared to the control.  

The mean groundwater velocity during the event was 6.7 cm/hr (2.6 in/hr) with a 

maximum of 16.4 cm/hr (6.5 in/hr).  These were similar to the 02/02/10 event velocities and 

lower than those calculated for the 01/24/10 and 03/29/10 events.  This was due to the small 

magnitude of the event and thus water table response and induced water table gradients.  The 

mean residence time based on the mean velocity was 213 hr, longer than the two largest 

analyzed events, as expected.  Implications of these results are discussed in Chapter 3. 
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Figure D-2.  Site K water table response to an infiltration event on 01/30/10.
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  The event representing the 1st quartile of DIS inflow, with 136 m3 (4,812 ft3), 

occurred on 04/09/10.  The water table response showed a 0.43 m (1.42 ft) high water table 

mound underneath the chambers that dissipated in approximately 44 hours (Fig. D-3).  

Increased elevations were noted in all four study site wells, with the largest increases 

occurring at KWT-MID-A and KWT-UP (Table D-3).  Quantitative analyses showed that the 

water table reached a maximum elevation of 0.79 m (2.59 ft) in the upslope well and 0.78 m 

(2.57 ft) in KWT-MID-A (Table 3-14).  The mean water table elevations during the impact 

period were elevated by up to 0.29 m (0.93 ft) compared to the control.  The standard 

deviations at Site K were all �  0.11 m (0.35 ft) while the SD at the control was 0.03 m (0.09 

ft), indicating some increased water table activity during the event.  AAD analyses showed 

that the water table 1 m (3 ft) downslope of the system was slightly elevated (�  0.16 m (0.53 

ft)) compared to the water table at the control.  The velocities were similar to the 01/30/10 

event, with a mean of 6.4 cm/hr (2.5 in/hr) and maximum of 16.8 cm/hr (6.6 in/hr).  The 

estimated mean residence time was 225 hr. 

 
 

Table D-3.  Site K water table response results for an infiltration event on 04/09/10. 
 

Water 
Table 

Elevation 
(m) 

CWT 
(Control)  

KWT-UP 
(6 m upslope) 

KWT-MID-A  
(1 m Downslope) 

KWT-MID-B  
(1 m Downslope) 

KWT-VEG 
(15 m Downslope) 

Maximum 0.42 0.79 0.78 0.66 0.59 
Mean 0.36 0.65 0.52 0.47 0.42 

Minimum 0.31 0.50 0.35 0.34 0.31 
SD 0.03 0.08 0.11 0.08 0.07 

AAD - - 0.16 0.11 - 
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Figure D-3.  Site K water table response to an infiltration event on 04/09/10. 
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Appendix D-3:  Estimated Groundwater Velocities and Residence Times 
 
 
 
Table D-4.  Estimated groundwater velocities during several infiltration events at Sites L and 
M.  Calculations were based on water table elevation data collected from 1 m (3 ft) and 23 m 
(75 ft) downslope of the DISs. 
 

Velocity (cm/hr) Overall 12/08/09 03/02/10 11/11/09 

Site L 
Maximum 42 4 10 41 

Mean 3 1 0.5 7 
Median 3 1 1 6 

Site M 
Maximum 155 33 39 129 

Mean 17 25 16 15 
Median 12 24 14 10 

 
 
 
Table D-5.  Estimated groundwater residence times between the water table monitoring 
wells located 1 m (3 ft) and 23 m (75 ft) downslope of the Site L and M DISs. 
 

Residence Time (hr) Overall 12/08/09 03/02/10 11/11/09 

Site L 
Minimum 55 515 224 53 

Mean 837 1767 4308 318 
Median 758 2281 2175 373 

Site M 
Minimum 15 67 57 17 

Mean 137 88 140 142 
Median 193 90 157 218 
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Table D-6.  Estimated groundwater velocities during several infiltration events at Site K.  
Calculations were based on water table elevation data collected from 1 m (3 ft) and 15 m (50 
ft) downslope of the DISs. 
 

Velocity (cm/hr) 01/30/10 04/09/10 02/02/10 01/24/10 03/29/10 
Minimum 16.4 16.8 23.4 32.5 43.7 

Mean 6.7 6.4 6.7 16.6 10.5 
Median 7.0 5.9 5.4 15.3 8.9 

 
 
 
Table D-7.  Estimated groundwater residence times between the water table monitoring 
wells located 1 m (3 ft) and 15 m (50 ft) downslope of the Site K DIS. 
 

Residence Time (hr) 01/30/10 04/09/10 02/02/10 01/24/10 03/29/10 
Minimum 87.3 85.2 61.2 44.1 32.8 

Mean 213.4 224.5 212.7 86.2 135.9 
Median 205.6 242.1 266.9 93.7 161.7 
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APPENDIX E:  STORMWATER AND GROUNDWATER QUALITY  

 

Appendix E-1:  Enterococci Monitoring Results 
 
 
 
Table E-1.  Site L, M, K-South, and K-North stormwater enterococci monitoring results.  
Site K monitoring did not officially begin until 05/2009; samples at K-North prior to this date 
were manually grabbed from the storm pipe.  Multiple concentrations for one date were from 
multiple samples (not composited into one sample). 
 

Date 
Enterococci Concentration (MPN/100 mL) 
Site L Site M K-South K-North 

12/06/07 (no data) 782 (no data) (no data) 
01/18/08 885 222 (no data) (no data) 
08/08/08 41 73 (no data) (no data) 
08/13/08 5 5 (no data) (no data) 
08/25/08 187 860 (no data) (no data) 
08/28/08 537 504 (no data) (no data) 
11/13/08 30 84 (no data) (no data) 
01/29/09 60 50 (no data) 1540 
02/18/09 218 197 (no data) 332 
05/05/09 99 866 (no data) 30 
05/18/09 551 690 (no data) 135 
07/07/09 176 (no data) 24196 7701 
08/13/09 5493 (no data) 17329 1464 
11/11/09 1314 1123 10462 17329 
11/11/09 2613 3076 8164 12033 
02/02/10 163 121 3654 977 
03/11/10 2407 922 1961 3466 
03/11/10 245 1454 1454 551 
03/11/10 182 420 922 403 
03/12/10 76 449 582 344 
03/12/10 22 62 523 323 
03/12/10 121 224 2 311 
03/12/10 (no data) 210 293 161 
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Table E-1 Continued. 
 

Date 
Enterococci Concentration (MPN/100 mL) 
Site L Site M K-South K-North 

03/12/10 (no data) (no data) (no data) 345 
03/12/10 (no data) (no data) (no data) 429 
05/04/10 160 177 3260 523 
07/01/10 89680 502 (no data) 9680 
07/14/10 700 2490 3330 19900 
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Table E-2.  Site L groundwater enterococci monitoring results. 
 

Date 
Enterococci Concentration (MPN/100 mL) 

LWQ-UP LWQ-CHAM-A LWQ-CHAM-B  LWQ-MID-A LWQ-MID-B LWQ-VEG-A  LWQ-VEG-B  
07/26/07 75 20 20 20 5 20 31 
08/16/07 222 137 111 164 64 254 271 
10/11/07 885 5 164 5 5 5 5 
12/10/07 945 5 164 5 5 5 5 
01/08/08 5 10 5 5 5 10 5 
02/13/08 5 5 10 5 5 5 5 
03/10/08 5 5 5 5 5 5 5 
04/17/08 5 5 5 5 5 5 5 
05/13/08 5 5 5 5 5 5 5 
06/11/08 5 5 5 10 5 5 5 
07/24/08 28 2 1 4 1 1 1 
08/13/08 1 1 1 1 1 1 2 
09/17/08 1 1 6 2 1 1 8 
10/08/08 1 6 4 1 1 4 24 
11/21/08 4 2 1 1 1 1 2 
12/17/08 5 20 5 5 10 5 5 
01/22/09 1 1 1 12 1 1 15 
02/17/09 0.5 4 2 6 0.5 0.5 6 
03/19/09 0.5 8 1 0.5 2 1 0.5 
04/27/09 24 14 1 1 2 1 4 
05/27/09 1 12 17 1 4 10 2 
06/17/09 4 1 2 1 1 1 2 
07/07/09 4 1 2 2 1 1 1 
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Table E-2 Continued. 
 

Date 
Enterococci Concentration (MPN/100 mL) 

LWQ-UP LWQ-CHAM-A LWQ-CHAM-B  LWQ-MID-A LWQ-MID-B LWQ-VEG-A  LWQ-VEG-B  
07/15/09 8 15 6 2 1 1 1 
08/12/09 1 (no data) (no data) 6 1 1 1 
08/13/09 4 15 4 1 2 1 1 
09/10/09 2 2 1 1 4 1 2 
09/24/09 4 1 1 1 20 8 8 
10/29/09 99 1 63 1 1 40 1 
11/12/09 4 29 49 1 8 2 34 
12/03/09 143 29 17 15 4 142 15 
01/21/10 10 1 13 4 6 4 1 
01/22/10 2 1 4 4 32 13 2 
02/11/10 10 1 1 19 1 4 27 
03/11/10 24 4 6 10 4 10 13 
03/12/10 43 99 26 12 29 28 75 
03/26/10 8 17 59 2 2 2 6 
04/23/10 1 1 2 6 2 1 1 
05/27/10 1 2 8 2 15 1 1 
06/15/10 1 2 1 2 2 1 1 
07/15/10 0.5 50 21 0.5 1 0.5 2 
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Table E-3.  Site M groundwater enterococci monitoring results. 
 

Date 
Enterococci Concentration (MPN/100 mL) 

MWQ-CHAM-A  MWQ-CHAM-B MWQ-MID-A  MWQ-MID-B  MWQ-VEG-A  MWQ-VEG-B 
07/26/07 75 (no data) 31 42 20 20 
08/16/07 192 (no data) 178 (no data) 164 207 
10/11/07 945 (no data) 5 5 (no data) (no data) 
12/10/07 945 (no data) 10 5 42 20 
01/08/08 (no data) (no data) (no data) 5 10 5 
02/13/08 5 20 5 5 5 5 
03/10/08 5 (no data) 5 5 5 5 
04/17/08 5 10 5 5 5 5 
05/13/08 5 10 5 42 5 10 
06/11/08 (no data) (no data) 5 42 5 158 
07/24/08 10 (no data) 2 4 19 8 
08/13/08 2 2 1 1 1 1 
09/17/08 1 2 1 1 1 2 
10/08/08 1 (no data) 1 1 1 4 
11/21/08 1 1 1 2 53 4 
12/17/08 10 5 5 5 5 5 
01/22/09 (no data) (no data) 1 (no data) 2 1 
02/17/09 (no data) (no data) (no data) (no data) 3 2 
03/19/09 2 (no data) 1 2 0.5 3 
04/27/09 (no data) (no data) 4 (no data) 1 2 
05/27/09 2 10 1 2 2 1 
06/17/09 2 (no data) 1 2 4 1 
07/07/09 66 145 2 6 1 1733 
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Table E-3 Continued. 
 

Date 
Enterococci Concentration (MPN/100 mL) 

MWQ-CHAM-A  MWQ-CHAM-B MWQ-MID-A  MWQ-MID-B  MWQ-VEG-A  MWQ-VEG-B 
07/15/09 10 (no data) 2 (no data) 1 2 
08/12/09 (no data) (no data) (no data) (no data) 1 1 
08/13/09 34 8 1 2 93 1 
09/10/09 1 4 1 4 1 4 
09/24/09 1 29 1 4 2 13 
10/29/09 52 (no data) 128 2599 3063 227 
11/12/09 8 582 6 171 198 4 
12/03/09 22 181 2 255 10 2 
01/21/10 2 65 1 10 1 1 
01/22/10 15 13 1 8 2 12 
02/11/10 10 6 1 6 4 1 
03/11/10 30 27 6 2 10 90 
03/12/10 21 33 21 19 31 12 
03/26/10 6 (no data) 8 45 2 8 
04/23/10 (no data) (no data) (no data) (no data) 1842 19 
05/27/10 1 8 229 1 146 1 
06/15/10 (no data) 580 1 6 17 1 
07/15/10 3 3 0.5 0.5 16 1 
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Table E-4.  Site K groundwater enterococci monitoring results. 
 

Date 
Enterococci Concentration (MPN/100 mL) 

KWQ-UP-A KWQ-UP-B KWQ-MID-A KWQ-MID-B KWQ-VEG-A KWQ-VEG-B  
02/17/09 15 28 6 73 8 (no data) 
03/19/09 3 41 4 29 2 (no data) 
04/27/09 19 4839 76 (no data) 13 (no data) 
05/27/09 17 1 80 333 1 10 
06/17/09 2 10 17 12 67 35 
07/07/09 1454 24 2022 370 6 75 
07/15/09 1 2 46 91 4 (no data) 
08/12/09 1 (no data) 1 (no data) 4 (no data) 
08/13/09 10 1 15 123 2 (no data) 
09/10/09 10 1 34 85 2 1 
09/24/09 31 49 65 78 1 1 
10/29/09 90 1 3466 523 60 1 
11/12/09 38 12 141 775 15 83 
12/03/09 22 28 1298 597 24 26 
01/21/10 6 6 52 20 2 13 
01/22/10 84 23 293 109 24 40 
02/11/10 2 4 41 6 1 10 
03/11/10 4 1 13 321 78 6 
03/12/10 37 135 205 240 177 35 
03/26/10 6 43 17 17 2 31 
04/23/10 1 (no data) 4 (no data) 2 (no data) 
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Table E-5.  Control site groundwater enterococci monitoring results. 
 

Enterococci Concentration (MPN/100 mL) 
Date CWQ-UP CWQ-MID CWQ-VEG Date CWQ-UP CWQ-MID CWQ-VEG 

07/26/07 137 31 99 04/27/09 54 17 12 
08/16/07 429 192 254 05/27/09 1 6 1 
10/11/07 5 10 42 06/17/09 8 1 1 
12/10/07 10 10 31 07/07/09 24 4 2 
01/08/08 10 5 5 07/15/09 1 1 1 
02/13/08 5 5 5 08/12/09 1 1 1 
03/10/08 5 5 5 08/13/09 4 1 1 
04/17/08 5 5 5 09/10/09 4 1 1 
05/13/08 5 5 5 11/12/09 4 2 12 
06/11/08 31 5 10 12/03/09 4 6 10 
07/24/08 2 10 6 01/21/10 10 1 4 
08/13/08 12 1 1 01/22/10 75 2 6 
09/17/08 6 1 4 02/11/10 2 24 1 
10/08/08 1 1 1 03/11/10 6 65 210 
11/21/08 1 1 1 03/12/10 4 15 19 
12/17/08 5 5 5 03/26/10 10 19 51 
01/22/09 1 1 4 04/23/10 10 2 6 
02/17/09 2 1 0.5 05/27/10 33 215 120 
03/19/09 3 0.5 0.5 06/15/10 (no data) 1 22 
09/24/09 6 24 2 07/15/10 1 0.5 6 
10/29/09 67 55 70     
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Appendix E-2:  Comparison of the Site L, M, and Control Groundwater Enterococci 
Results Between the First Four and Last Thirty-One Months of Monitoring 

 
Examination of the Site L, M, and control groundwater monitoring results indicated 

that persistently high enterococci concentrations were present during the initial four months 

of monitoring, while results from the remaining 31 months did not show the same trend.  

High concentrations were observed during these 31 months, but not at the frequency and 

consistently high levels noted during the initial part of the study. 

To explore this finding, the data were examined separately, between two periods 

(Table E-6).  This exploration found that the mean concentrations, at all but two well 

locations, were much lower during the final 31 months of monitoring, as compared to the 

initial four.  These differences were most notable at the upslope wells, where the 

concentrations decreased, from the first four months to the last 31 months, by nearly 42 times 

at Site L and by 12 times at Site M and the control.  The means decreased by approximately 

one to nine times in all of the other wells, except MWQ-MID and MWQ-VEG.  The lack of 

sharp decreases at these locations was due to a few high sample concentrations later in the 

study period.   

These findings suggested that another source of bacteria may have been present 

during the initial stages of monitoring, as the trends observed during the first four months 

were not observed later in the study period.  The contamination was likely related to the 

wells, as they may have been contaminated during their construction, storage, or installation.  

The most likely source of bacteria was the water used to jet the wells into the dunes.  This 

anomaly was not observed at Site K. 
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Table E-6.  Mean groundwater enterococci concentrations during the first four and last 
thirty-one months of monitoring at Sites L, M, and the control.   
 

Site 
Well 

Location 

First Four Months 
of Monitoring 
(07/07 - 12/07) 

Last 31 Months 
 of Monitoring  
(01/08 - 07/10) 

Mean 
Concentration 
(MPN/100 mL) 

n 
Mean 

Concentration 
(MPN/100 mL) 

n 

L 

6 m  
Upslope 

532 4 13 37 

 1 m 
Downslope 

78 4 10 36 

 6 m 
Downslope 

34 4 5 37 

 23 m 
Downslope 

75 4 8 37 

M 

 1 m 
Downslope 

539 4 46 30 

8 m 
Downslope 

57 4 55 34 

 23 m 
Downslope 

79 3 107 37 

Control  

Upper  
Dunes 

145 4 12 36 

 Mid  
Dunes 

61 4 14 37 

Vegetation 
Line 

107 4 17 37 

 
 

Appendix E-3:  Groundwater Enterococci Statistical Testing 

The groundwater enterococci results were analyzed via maximum, geometric mean, 

arithmetic mean, and median concentrations, in addition to formal statistical testing.  

Statistical testing involved sorting the data by sampling date, season (winter-spring or 
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summer-fall), system (K, L, or M), well name, relative locations of the wells (upslope, next 

to chambers, middle dune area, or vegetation line), and the number of days elapsed since the 

previous storm event with �  6.4 mm (0.25 in) of rainfall.  The bacteria concentrations were 

natural logged transformed prior to statistical testing.   

The model was then used to compute contrasts, which compared estimated least 

squares means.  The data were compared between sites, between well locations, and to the 

control data.  The statements were written such that the control data were subtracted from the 

study site data and such that data from wells further downslope were subtracted from those 

further upslope.  Therefore, negative contrast estimates indicated that either: the study site 

mean was lower than the control mean or the mean at a well further upslope was lower than 

the mean at a well further downslope.  These analyses provided contrast estimates 

(differences of the estimated least square means), standard errors, and p-values.  The 

significance level used for each analysis was �  = 0.05.  The results from the Site L, M, and 

control analyses are provided in Tables E-7 - E-11.  Site K results are provided in Tables E-

12 - E-14.  The overall mean enterococci at Site K, regardless of well location, was 

significantly higher (�  = 0.05) than the overall mean at the control (p < 0.0001). 
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Table E-7.  Site L, M, and control p-values for inter-site comparisons of the groundwater 
enterococci concentrations.  Values in bold font were significantly different at the �  = 0.05 
level.  Starred (*) values indicate p-values associated with negative estimates (study site 
concentration lower than control concentration). 
 

�� Site L Site M 
Site L - - 
Site M < 0.0001 - 
Control  0.4914 * 0.0015 

 
 
 
Table E-8.  Site L, M, and control p-values for inter-site comparisons of the groundwater 
enterococci concentrations between individual wells.  No data were collected from the 
upslope well at Site M.  Values in bold font were significantly different at the �  = 0.05 level.  
Starred (*) values indicate p-values associated with negative estimates (study site 
concentration lower than control concentration). 
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID 
(Middle Dunes) 

CWQ-VEG 
(Vegetation Line) 

LWQ-UP 
(6 m Upslope) 

0.8427 * - - 

LWQ-CHAM 
(1 m Downslope) 

- 0.5048 - 

LWQ-VEG 
(23 m Downslope) 

- - 0.087 * 

MWQ-UP 
(1 m Upslope) 

(no data)   

MWQ-CHAM 
(1 m Downslope) 

- 0.0003 - 

MWQ-VEG 
(23 m Downslope) 

- - 0.4419 
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Table E-9.  Site L p-values for intra-site comparisons of the groundwater enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (upslope concentration lower 
than downslope concentration). 
 

  LWQ-UP 
(6 m Upslope) 

LWQ-CHAM 
(1 m Downslope) 

LWQ-MID 
(6 m Downslope) 

LWQ-VEG 
(23 m Downslope) 

LWQ-UP 
(6 m Upslope) 

- 0.4980 0.0063 0.0441 

LWQ-CHAM 
(1 m Downslope) 

0.4980 - 0.0124 0.1047 

LWQ-MID 
(6 m Downslope) 

0.0063 0.0124 - 0.3828 * 

LWQ-VEG 
(23 m Downslope) 0.0441 0.1047 0.3828 * - 

 
 
 
Table E-10.  Site M p-values for intra-site comparisons of the groundwater enterococci 
concentrations.  No samples were collected from the upslope well.  Values in bold font were 
significantly different at the �  = 0.05 level.  Starred (*) values indicate p-values associated 
with negative estimates (upslope concentration lower than downslope concentration). 
 

  MWQ-UP 
(6 m Upslope) 

MWQ-CHAM  
(1 m Downslope) 

MWQ-MID 
(8 m Downslope) 

MWQ-VEG 
(23 m Downslope) 

MWQ-UP 
(6 m Upslope) 

- (no data) (no data) (no data) 

MWQ-CHAM 
(1 m Downslope) 

(no data) - < 0.0001 0.0216 

MWQ-MID 
(8 m Downslope) 

(no data) < 0.0001 - 0.0482 

MWQ-VEG 
(23 m Downslope) (no data) 0.0216 0.0482 - 
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Table E-11.  Control Site p-values for intra-site comparisons of the groundwater enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (upslope concentration lower 
than downslope concentration). 
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID 
(Middle Dunes) 

CWQ-VEG 
(Vegetation Line) 

CWQ-UP 
(Upper Dunes) 

- 0.1738 0.6271 

CWQ-MID 
(Middle Dunes) 

0.1738 - 0.3705 * 

CWQ-VEG 
(Vegetation Line) 

0.6271 0.3705 * - 

 
 
 
Table E-12.  Site K and Control Site p-values for inter-site comparisons of the groundwater 
enterococci concentrations between individual wells.  Values in bold font were significantly 
different at the �  = 0.05 level.  Starred (*) values indicate p-values associated with negative 
estimates (Site K concentration lower than control concentration).   
 

  CWQ-UP 
(Upper Dunes) 

CWQ-MID 
(Middle Dunes) 

CWQ-VEG 
(Vegetation Line) 

KWQ-UP 
(6 m Upslope) 0.2740 - - 

KWQ-MID 
(1 m Downslope) - < 0.0001 - 

KWQ-VEG 
(15 m Downslope) - - 0.5943 
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Table E-13.  Site K p-values for intra-site comparisons of the groundwater enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (upslope concentration lower 
than downslope concentration). 
 

 
KWQ-UP 

(6 m Upslope) 
KWQ-MID 

(1 m Downslope) 
KWQ-VEG 

(15 m Downslope) 

KWQ-UP 
(6 m Upslope) - < 0.0001 0.2502 

KWQ-MID 
(1 m Downslope) < 0.0001 * - < 0.0001 * 

KWQ-VEG 
(15 m Downslope) 0.2502 < 0.0001 - 

 
 
 
Table E-14.  Control Site p-values for intra-site comparisons of the groundwater enterococci 
concentrations.  Values in bold font were significantly different at the �  = 0.05 level.  Starred 
(*) values indicate p-values associated with negative estimates (upslope concentration lower 
than downslope concentration). 
 

 
CWQ-UP 

(Upper Dunes) 
CWQ-MID 

(Middle Dunes) 
CWQ-VEG 

(Vegetation Line) 

CWQ-UP 
(Upper Dunes) - < 0.0001 0.2502 

CWQ-MID 
(Middle Dunes) < 0.0001 * - < 0.0001 * 

CWQ-VEG 
(Vegetation Line) 0.2502 < 0.0001 - 
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Appendix E-4:  Further Examination of the Site L and M Dune Sand Sampling Results 

Results from three sand samplings at Sites L and M and the control showed that 

overall mean concentrations at the study sites were lower than what was found at the control 

(Table E-15).  These results suggested that bacteria die-off may have been higher at the study 

sites.  This was plausible as the input of stormwater and bacteria may have resulted in 

increased predation within the dunes at the study sites.   

 
 

Table E-15.  Site L, M, and control mean dune sand enterococci concentrations. 
 

Mean Concentration 
(MPN/20 g Sand) 

Overall 
Mid Dunes Vegetation Line 

Shallow 
Samples 

Deep 
Samples 

Shallow 
Samples 

Deep 
Samples 

Site L 10 11 3 5 19 
Control Site 28 43 1 49 21 

Site M 21 34 39 15 5 
 
 
 

Bacteria treatment effects were not conclusive as the mean concentrations slightly 

increased between the middle dune and vegetation line samples at Site L but decreased at 

Site M.  Samples from the same locations at the control site also showed an increase.  

Opposing trends were also noted between the shallow samples and the deep samples at Sites 

L and M.  Concentrations decreased between the shallow and deep samples at the control.  

Due to these opposing trends, no apparent conclusions regarding potential bacteria treatment 

effects were available.  Future sampling should be performed in order to determine any 

trends present within the dune sand. 
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Appendix E-5:  Stormwater and Groundwater Nutrient Analysis Results 
 

 

 
 
Figure E-1.  Site L and M stormwater NH4-N results. 
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Figure E-2.  Site L and M stormwater NO3-N results. 
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Figure E-3.  Site L and M stormwater TP results. 
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Figure E-4.  Site L, M, and control groundwater TKN results. 
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Figure E-5.  Site L, M, and control groundwater NH4-N results. 
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Figure E-6.  Site L, M, and control groundwater NO3-N results. 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

07/31/08 11/08/08 02/16/09 05/27/09 09/04/09 12/13/09 03/23/10

N
O

3-
N

 (
m

g
/L

)

LWQ-UP LWQ-CHAM LWQ-MID LWQ-VEG MWQ-CHAM

MWQ-MID MWQ-VEG CWQ-UP CWQ-MID CWQ-VEG



 
 
 

386 

 
 
Figure E-7.  Site L, M, and control groundwater TP results. 
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Figure E-8.  Site K stormwater TKN results. 
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Figure E-9.  Site K stormwater NH4-N results. 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

08/15/09 09/24/09 11/03/09 12/13/09 01/22/10 03/03/10 04/12/10

N
H

4-
N

 (
m

g/
L)

K-South K-North



 
 
 

389 

 
 
Figure E-10.  Site K stormwater NO3-N results. 
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Figure E-11.  Site K groundwater TKN results. 
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Figure E-12.  Site K groundwater NH4-N results. 
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Figure E-13.  Site K groundwater NO3-N results. 
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Figure E-14.  Site K groundwater TP results. 
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