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Before learning of the K.K. Barnes Student Paper Competition, I knew I wanted to research the 

effects of climate change on coastal communities. To determine a topic in need of exploration, I 

performed an initial project brainstorm reviewing recent publications on the subject and discovered 

an article that my advisor, Dr. Nelson, had recently worked on. Its findings expressed that tidally 

driven “sunny day flooding,” a phenomenon becoming more frequent in coastal towns due to sea 

level rise, contained potentially hazardous levels of fecal contamination. Inundation of stormwater 

drainage was identified as a source, but with this discovery being relatively recent, further research 

into contamination sources had not yet been performed. I was immediately excited as I had been 

engaged in previous research on water quality and water treatment technologies from a wastewater 

perspective, but had not worked in stormwater and was hoping to expand my knowledge on the 

subject. After bringing forth my excitement and loose collection of ideas to my advisor, she helped 

me refine my thoughts in a library research project aimed at identifying and modeling coastal 

community vulnerability to tidal floodwater contamination. The availability of data further refined 

my project to the development of a framework for indexing vulnerability using key metrics 

retrieved from publicly accessible datasets. Both of us agreed that the goal of this project should be 

to provide communities with areas to focus mitigation efforts and infrastructure improvements. It is 

my hope that this research advances equitable coastal resilience, helping the communities most 

vulnerable to climate change become those most empowered to adapt.  
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Abstract 

As sea-level rise increases the frequency of tidally driven “sunny day” flooding, coastal 

communities face escalating public health risks due to fecal contamination. This study establishes a 

framework for assessing community vulnerability by identifying five key metrics: wastewater 

treatment technology, stormwater management practices, surface water density, artificial drainage 

density, and population density. Utilizing standardized, publicly available datasets across nine North 

Carolina municipalities, a replicable methodology was developed to index these risks without 

requiring specialized data access. The results demonstrate that vulnerability is highest in areas 

relying on decentralized septic systems, lacking centralized stormwater permits (MS4), or 

possessing high population, surface waters, and artificial drainage densities. By identifying major 

sources of vulnerability and translating them to standardized metrics, this research provides 

actionable public information. Residents and local officials are equipped to identify specific 

infrastructural weaknesses and advocate for targeted mitigation. Ultimately, this study bridges the 

gap between scientific assessment and civic action, offering a scalable resource to enhance public 

health and long-term environmental resilience in vulnerable coastal regions. 

 

1. Introduction 

Since global records began in 1850 pre-industrialism, the average global temperature has increased 

by more than two degrees fahrenheit (NOAA, 2025). Higher global temperatures facilitate more 

frequent and extreme storms, melt sea-ice resulting in sea-level rise (SLR), and consequently 

accelerate coastal erosion. In the United States, more than 127 million people, approximately a third 

of the total population, live in coastal counties (USGS, 2022). As climate change continues to 

exacerbate these effects, coastal regions are at risk of becoming uninhabitable. Coastal communities 

are faced with the challenge of adapting to the rapidly changing environment. 
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Tidal flooding, commonly referred to as nuisance or sunny-day flooding, is inundation that occurs 

during high-tide in low-lying coastal areas without the presence of precipitation. Due to climate 

change-driven SLR, high-tide flooding is anywhere from three to nine times more frequent than it 

was fifty years ago (NOAA Climate, 2023). Not only is this flooding a significant issue due to the 

infrastructure damage and immobilization it causes, but it is also a safety hazard. Tidal floodwater 

has been determined to have high concentrations of contaminants, such as fecal bacteria, that pose a 

significant risk to human health (Carr et al., 2024). With projected sea-level rise expected to 

escalate high-tide flooding frequency and intensity, it is important to pinpoint sources of 

contamination and their causes to better understand community vulnerability. 

 

Precipitation and wet weather events have been identified as key transport mechanisms of human 

fecal contamination into coastal waterways (Gonzalez et al., 2012; Hynes et al., 2024; Williams et 

al., 2022). Researchers have consistently observed that stormwater in urban areas is contaminated 

by sewage (Gonzalez et al., 2012; Steele et al., 2018; Williams et al., 2022). Consequently, the 

parameter most indicative of surface water contamination vulnerability is a community's physical 

proximity to these pollutant sources and outflows (Mansour et al., 2021). Studies of urban 

watersheds have shown that fecal bacteria concentrations peak in areas immediately adjacent to 

aged sewage infrastructure and stormwater discharges following rainfall (Hynes et al., 2024; 

Paule-Mercado et al., 2016). 

 

The degradation of centralized and decentralized wastewater systems serve as a primary vector for 

this contamination. Elevated localized contamination levels have been attributed to compromised 

infrastructure, such as overflowing or leaking sewers, aging sewer pipes, and crack-prone pipe 

materials (Badgley et al., 2019; Hynes et al., 2024; Paule-Mercado et al., 2016). Vulnerability is not 

limited to centralized sewage failures; overland stormwater runoff acts as a significant conduit for 

non-point source pollutants, including animal feces and effluent from malfunctioning septic systems 



Ganse 5 

(Gonzalez et al., 2012). The role of surface waters in conveying contamination is demonstrated by 

an investigation by Badgley et al. (2019) in which the urban watersheds studied contained no 

wastewater treatment plant effluents or septic tanks, but still exhibited fecal contamination due to 

these transport systems. North Carolina infrastructure is particularly vulnerable to contributing to 

contamination. A 2026 report by the NC section of the American Society of Civil Engineers stated 

that much of North Carolina’s waste and stormwater infrastructure has surpassed its designed 

lifespan. 

 

This effect is exacerbated by the presence of SLR driven tidal flooding. Infrastructure that was not 

previously in flood zones is now facing routine submersion and tidewater intrusion. The already 

aging infrastructure is now further degraded by frequent saltwater flood events, leaving it 

increasingly vulnerable to releasing contaminants. As SLR increases the frequency and severity of 

tidal inundation, this phenomenon is expected to increase in commonality (Carr et al., 2024). 

The goal of this study was to identify key metrics associated with tidal floodwater contamination 

and create a framework for indexing coastal community vulnerability. Previous studies have shown 

that individual indicators have large limitations for reflecting overall exposure vulnerability (Chen 

et al., 2024). Researchers widely advocate for the use of a multidimensional, comprehensive index 

to assess vulnerability (Abdrabo et al., 2023; Hastuti et al., 2022; Kaur et al., 2025; Kim & Fannin, 

2025). These frameworks are constructed by selecting indicators based on their representativeness, 

data accessibility, and comprehensibility to the public and municipality (Kaur et al., 2025). 

Geographic Information Systems (GIS) and remote sensing are frequently used to aggregate data 

into spatial maps and visualize vulnerability on localized (Abdrabo et al., 2023; Hastuti et al., 2022; 

Mansour et al., 2021; Nguyen et al., 2023) and national  (Kim & Fannin, 2025) scales. 

 

The majority of established flood vulnerability indexes rely on combining physical and 

socio-demographic dimensions. Physical indicators typically measure direct susceptibility to 
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inundation, utilizing geographic data such as coastal elevation, tidal range, and geomorphology 

(Hastuti et al., 2022) alongside infrastructural factors like built-up area, finished floor elevations, 

and green space cover (Abdrabo et al., 2023; Chen et al., 2024; Liu et al., 2024; Pricope et al., 

2019). Socio-economic parameters account for the affected community’s capacity to prepare for, 

mitigate, and recover from the event. These models consider demographic factors such as 

population density, poverty rates, and housing type (Abdrabo et al., 2023; Kim & Fannin, 2025; 

Flood Vulnerability Index, n.d.; Kaur et al., 2025; Pricope et al., 2019). 

 

While composite indexes have proven effective for evaluating physical, social, and economic 

inundation vulnerability, review of literature reveals a significant gap in research incorporating 

waterborne contamination risks. A notable exception is the multicriterion framework proposed by 

Liu et al. (2024), which integrates measures of water quality, such as Suspended Solids (SS), 

Chemical Oxygen Demand (COD) and Escherichia coli (E. coli), directly into their flood 

vulnerability index. Their findings highlight the impact of climate change on urban communities: 

higher flood and surface runoff volumes long-term exerts overwhelming pressure on sewer systems. 

Although their research focused on fluvial flood contamination in combined sewer systems, 

infrastructure strain resulting from climate change driven inundation is a universal effect. 

 

Building off of the identified fecal contamination sources and comprehensive vulnerability indexing 

methods established in previous research, this study aimed to fill the gap in assessment of urban 

coastal vulnerability to contamination of sea-level rise driven tidal floodwater. With the goal of 

informing municipal decision making and infrastructure planning, this research centers on 

characteristics of storm and wastewater infrastructure. Factors contributing to the exacerbated 

contamination of these systems, including population density, surface waterways, and artificial 

drainage were also considered. It is intended that once established, this framework could be applied 

to all coastal municipalities for which sufficient data exists. To ensure this vulnerability index is 

https://www.google.com/search?q=Escherichia+coli&oq=what+does+e+coli+stand+for&gs_lcrp=EgZjaHJvbWUqBwgAEAAYgAQyBwgAEAAYgAQyBwgBEAAYgAQyBwgCEAAYgAQyBwgDEAAYgAQyBwgEEAAYgAQyBwgFEAAYgAQyBggGEEUYQDIGCAcQRRhA0gEIMzk4MGowajeoAgCwAgA&sourceid=chrome&ie=UTF-8&ved=2ahUKEwiUv8vH5cCTAxX8jIkEHfngCKoQgK4QegYIAQgAEAY
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widely replicable and easily accessible, only publicly available data from State and ArcGIS datasets 

was used. 

 

2. Study Area 

The urban coastal towns of Beaufort, Duck, and Wrightsville Beach, North Carolina were selected 

for the initial identification of vulnerability metrics. Upon establishing a framework from these 

initial three, the study extent was expanded to include six more municipalities to test the 

standardization of metrics and replicability potential of the study. This expansion included Carolina 

Beach, Emerald Isle, Kure, North Topsail, Ocean Isle, and Surf City, North Carolina. 

 

 

Figure 1. Map of coastal towns included in study area. Note that the majority are in mid-southern 

North Carolina. Duck Beach was included as a Northern beach and was intended to be 

representative of towns within the Outer Banks region. 
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Table 1. Summary table of coastal towns’ storm and wastewater systems and permanent 

populations. 

Town 
Permanent 

Population 

Centralized Stormwater 

System 

Wastewater Treatment 

System 

Beaufort 4464 No 
WasteWater Treatment 

Plant 

Carolina Beach 6564 Yes WWTP 

Duck 742 No Septic 

Emerald Isle 3847 No Septic 

Kure 2191 Yes WWTP 

North Topsail 1005 No WWTP 

Ocean Isle 867 No 

WWTP (no discharge 

of wastes to surface 

waters) 

Surf City 3867 No 

WWTP (no discharge 

of wastes to surface 

waters) 

Wrightsville 2473 Yes WWTP 

 

Each of the towns included in this study are proximal to the coast, resulting in seasonal tourism 

population spikes, despite their relatively small permanent population sizes. Smaller towns tend to 

have decentralized stormwater systems and are more likely to rely on septic systems or 

non-discharge waste water treatment. Larger towns tend to have a centralized permitted stormwater 

system and surface water discharging wastewater treatment plants. 
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3. Methodology 

This study worked to identify key metrics for use in assessing coastal community vulnerability to 

tidal-flood contamination. For the study to be widely replicable and accessible to the general public, 

only datasets publicly available and standardized at the state-wide level or higher were referenced. 

Multiple parameters were identified as vulnerability factors. Datasets providing metrics 

representative of these vulnerability factors were determined and selected for use. Categorization of 

the available data was performed to develop criteria for the assessment of tidal-flood contamination 

vulnerability. These criteria were applied to an initial three coastal municipalities and then expanded 

to include a total of nine. 

 

3.1 Identifying and selecting vulnerability metrics 

An initial list of candidate vulnerability metrics was compiled from a comprehensive literature 

review. Key factors associated with fecal contamination were identified: wastewater treatment 

practices/infrastructure, stormwater management practices/infrastructure, geomorphology, and 

sociodemographic characteristics. Given the similar land characteristics of towns considered in the 

study, geomorphological factors were excluded from the study. 

 

For each town, a preliminary search of present storm and wastewater practices was done to gain a 

general background on the municipal systems in place. This was performed through google chrome 

web browser using the name of the municipality and key phrases including: “public works,” 

“wastewater treatment plant (WWTP),” “stormwater management practices (SWMPs),” “best 

management practices (BMPs),” “water treatment and discharge,” and “centralized/decentralized 

water treatment.” Communication with several town engineers also aided in filling information 

gaps. The main information noted was whether the towns utilized centralized or decentralized 

infrastructure and where that infrastructure was located. For wastewater, it was important to know if 

the towns relied on septic systems or sent their wastewater to a designated treatment plant. 
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With this background, numerous candidate metrics were determined for the classification of town 

systems and vulnerability. Datasets were then examined to determine what information was publicly 

available. The metrics used were selected based on data availability, relevance, replicability, and 

ease of understandability for the public/municipality. 

 

3.2 Metric 1: Type of wastewater treatment system 

The vulnerability metric selected for wastewater was based on the North Carolina Department of 

Environmental Quality (NC DEQ) Biological Water Pollution Control Grade (BWPCG). This 

classification system, ranging from I-IV, corresponds to the certification level required for 

wastewater treatment facility operators. The larger the facility and the more complex its level of 

biological contaminant treatment, the higher its pollution control grade. Septic tanks, common 

decentralized wastewater treatment systems with a high chance of releasing fecal contaminants 

when submerged by floodwater for extended periods of time, are classified as BWPCG I. WWTPs 

permitted for flows of 2.5 MGD or greater and utilizing activated sludge or a submerged fixed 

growth process, secondary treatment highly effective at reducing Biochemical Oxygen Demand 

(BOD) and pathogens, are classified as Grade IV. The scale was expanded to include a ranking of V 

which is representative of treatment facilities that have no discharge of wastes to surface waters. 

BWPCG can be identified from a town’s wastewater treatment permit or lack thereof.  

 

Two NC DEQ datasets were used to identify the BWPCG : the National Pollutant Discharge 

Elimination System (NPDES) Wastewater Discharge Permits and the Division of Water Resources 

(DWR) Non-Discharge Permits. Permits for both were retrieved through the NC OneMap interface. 

These ArcGIS based datasets display individual permits in the geographic location of the facility. 

By selecting a marker within the coastal municipality of interest, details of the permit can be 

accessed. Only active wastewater treatment plant permits were included in this study. NPDES 

https://www.nconemap.gov/
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permit details were reviewed for identification and selected based on the following criteria: Permit 

Type must be “Municipal Wastewater Discharge,” Owner Type must be “Government,” and Status 

must be “Active.” DWR permit details specified were: Facility must include “WWTP,” Owner Type 

must be “Government,” and Status must be “Active.” 

  

 

Figure 2. NPDES NC OneMap interface used for collecting Wastewater Discharge Permits. Blue 

dots represent individual discharge facilities and provide permit details upon selection. The town of 

Kure Beach is shown as an example. 
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Figure 3. DWR NC OneMap interface used for collected Non-Discharge Permits. Blue dots 

represent individual discharge facilities and provide permit details upon selection. The town of 

Ocean Isle Beach is shown as an example. 

 

After identifying the wastewater treatment system, its permit was retrieved. and its BWPCG was 

identified under the “Effluent Limitations and Monitoring Requirements” section. If a town is 

utilizing a non-discharge permit, for the purposes of this study a grade of V was assigned. If the 

town relies on decentralized wastewater treatment (use of septic systems), a grade of I was assigned.  

 

3.3 Metric 2: Stormwater management practices 

The presence of a municipal separate storm sewer system (MS4) permit was selected as a 

stormwater vulnerability metric. Regulated by NPDES, an MS4 requires that towns implement a 

Stormwater Management Plan (SWMP) with a minimum of six different pollution control measures 

including public education/outreach, public involvement/participation, illicit discharge 

detection/elimination, and construction site runoff controls. Having a centralized regulatory system 
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that extends to public information dissemination is crucial in preventing flood contamination and its 

potentially harmful effects to human health. 

 

The NC DEQ OneMap Active Stormwater Permits Map Search was used to obtain MS4 permits 

and their corresponding SWMPs. The ArcGIS dataset displays different permit types in place within 

the municipality. For this study, only “Stormwater Discharge, Individual (MS4)” Permit Types were 

used. After selecting the marker within the desired municipality, the permit and SWMP can be 

found by scrolling to the Electronic File Link and selecting the “More Info” option. Permits and 

corresponding SWMP’s are effective for five years before expiration. Expired permits are available 

for reference if updated permits are currently under review. Towns were then classified based on the 

implementation of a MS4 and SWMP or lack of a centralized stormwater management practice. 

 

 

Figure 4. NC DEQ Active Stormwater Permits Map Search interface used to collect MS4 permits 

and SWMPs. Blue diamonds represent small MS4 permits and provide permit details upon 

selection. The town of Wrightsville Beach is shown as an example. 

 

3.4 Metrics 3 and 4: Surface water and artificial drainage densities 
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The density of surface waters and artificial drainage pathways in each coastal town was selected as 

another vulnerability metric. Both of these act as non-point source pollution conduits, collecting 

pollutants such as human and animal waste and transporting them throughout the watershed, leading 

to increased contamination. Tidal flooding can submerge these systems, adding more pollutants and 

furthering the extent of their dispersal, exacerbating overall contamination vulnerability. 

 

The National Hydrography Dataset (NHDS) was used to quantify the number of surface waters and 

artificial drainage paths present in each coastal town. Surface waters were determined from the 

number of perennial streams and rivers within municipal boundaries. Intermittent waterways were 

excluded from this study as they do not have continuous year-round flow. Artificial drainage paths 

were determined from the number of canals and ditches within municipal boundaries. The quantity 

of surface waters and artificial drainage paths were then expressed as the quotient of land area in 

square miles. By quantifying waterways and drainage in terms of density, size discrepancies 

between municipalities are accounted for, producing a descriptive and independent metric. 
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Figure 5. NHDS ArcGIS interface used to quantify the number of surface waters and artificial 

drainage paths present in each town. The town of Beaufort is shown as an example. Streams and 

rivers are represented by blue arrows with a solid line. Artificial drainage paths (canal/ditch) are 

represented by orange arrows with a solid line. Each arrow was quantified as an individual pathway. 

It is important to note that the NHDS includes “artificial paths” marked by solid purple arrows, but 

these do not correspond to drainage. They only convey the direction of flow through bodies of water 

and were not considered as a part of this study. 

 

3.5  Metric 5: Population density 

The sociodemographic vulnerability metric identified in this study was population density. Higher 

population densities are associated with increased pollutant concentrations and impervious surface 

cover. The more densely populated an area, the more likely flood water is to pick up harmful 

contaminants. Reduction of pervious green spaces compounds this effect by decreasing the 

infiltration of floodwater, increasing runoff and its conveyance of pollutants. 

 

Town populations were retrieved from US Census Bureau data. Resident population estimates from 

2020 were utilized. Municipality areas were obtained via ArcGIS from the USA Census Populated 

Place Areas layer produced by Esri. Population density in persons per square mile was calculated. 

 

3.6 Compiling ArcGIS Datasets 

An ArcGIS map was created that consolidates all of the referenced datasets into one interface. Each 

dataset is represented as an independent layer. This simplifies future data collection, allowing 

individuals to efficiently assemble data on and identify the greatest vulnerabilities in their own 

community. Map access is granted through the following link https://arcg.is/19OX9K2 or by 

searching “Tidal Flood Contamination Vulnerability Assessment” in ArcGIS map search. 

 

https://arcg.is/19OX9K2
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Figure 6. ArcGIS map of all tidal-flood contamination vulnerability datasets referenced in this 

study. The map extent shows southern North Carolina. NPDES wastewater discharge permits are 

indicated as blue circles. DWR non-discharge permits are represented by indigo squares. 

Stormwater permits are marked with green triangles. The NHDS can only be seen at a lesser zoom 

extent and its symbology is unchanged. Population density is depicted by a pink gradient, with 

darker shades indicating greater density. More information is provided upon selecting the desired 

marker. 

 

4. Results 

Data for each town was compiled and converted into relevant metrics for assessing vulnerability. 

Population density was expressed as a function of persons per square mile. Wastewater system 

present is a scale ranging from 1-5 based on NC DEQ Biological Water Pollution Control Grades. 

Stormwater systems identify the presence of a centralized permit and stormwater management plan. 

Surface water and artificial drainage density are a function of counted pathways per square mile. 
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Table 2. Vulnerability metrics assembled and summarized for each coastal town. 

Town 
Population 

Density 

Wastewater 

System 

Stormwater 

System 

Surface 

Water 

Density 

Artificial 

Drainage 

Density 

Beaufort 858 3 
No centralized 

permit 
3.3 16.0 

Carolina 

Beach 
2626 4 

Small MS4 and 

SWMP 
1.6 0.0 

Duck 309 1 
No centralized 

permit 
0.8 0.0 

Emerald Isle 769 1 
No centralized 

permit 
1.4 0.0 

Kure 2434 2 
Small MS4 and 

SWMP 
0.0 0.0 

North 

Topsail 
146 3 

No centralized 

permit 
11.0 32.6 

Ocean Isle 234 5 
No centralized 

permit 
7.0 0.0 

Surf City 509 5 
No centralized 

permit 
0.3 0.0 

Wrightsville 1766 4 
Small MS4 and 

SWMP 
0.0 0.0 
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Table 3. Proposed wastewater treatment system vulnerability index adapted from the NC DEQ 

Biological Water Pollution Control Grade system. 

Biological Water 

Pollution Control Grade 

1 2 

Wastewater treatment 

system criterion 

Wastewater treatment system 

primarily consists of 

(1) septic tank/ media filter 

systems 

(2) or biological lagoon systems 

(3) or constructed wetlands and 

associated appurtenances 

Wastewater treatment system 

utilizes an activated sludge or 

submerged fixed growth 

process with a permitted flow 

less than or equal to 0.5 MGD 

 

3 4 5 

Wastewater treatment system 

utilizes an activated sludge 

or submerged fixed growth 

process with permitted flows 

of greater than 0.5 to 2.5 

MGD 

Wastewater treatment system 

utilizes an activated sludge 

or submerged fixed growth 

process with a permitted 

flow greater than 2.5 MGD 

Wastewater treatment system 

produces no discharge of 

wastes to surface waters 

 

 

4.1 Wastewater metrics 

Towns that do not discharge wastes to surface waters ensure that no wastewater leaves the facility in 

liquid form. This prevents biological contaminants from being released into waterways. Discharge 

based wastewater treatment plants with secondary treatment reduce the level of biological 

contaminants present in water to safe permitted levels before discharging effluent to surface waters. 
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Larger WWTPs have the capacity to utilize more advanced treatment technologies and more 

effectively eliminate contaminants. However, inundation of their sewer pipe networks still has the 

ability to result in contamination. Septic systems are particularly vulnerable to contaminating 

floodwater. Located below ground, routine inundation and saltwater intrusion around septic systems 

can cause failed filtration and degradation of the structure, often resulting in the release of raw 

sewage. Tidally inundated areas could seek to update, reinforce, and restore all wastewater systems 

with subterranean sewage conveyance, as it is most likely to be degraded and contribute to fecal 

contamination. 

 

4.2 Stormwater metrics 

The presence of a centralized stormwater MS4 permit requires the subsequent implementation of a 

Stormwater Management Plan. A case study performed in Wrightsville Beach showed that 

implementation of Best Management Practices (BMPs) and mitigation measures resulted in a 

significant reduction of fecal bacteria loading (Grogan & Mallin, 2021). As such, communities with 

MS4 permits are already taking action to reduce contamination vulnerability. For towns without 

centralized regulation and required stormwater management planning, the likelihood of effective 

collection, treatment, and conveyance of stormwater decreases. Contamination due to 

malfunctioning or outdated infrastructure is more probable under these circumstances, and as such, 

contamination vulnerability increases. Towns such as these could benefit from implementing their 

own stormwater management plan that addresses the specific needs of their community. 

 

4.3 Density metrics 

In all cases examined, higher densities are associated with higher contamination vulnerability. As 

such, vulnerability indexing systems could utilize a gradient based on relative densities. Depending 

on the resolution desired, specific corresponding index values can be adjusted; however, a higher 

density would consistently be associated with a higher contamination vulnerability. Towns with 
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increased densities are at risk of having high impervious surface cover and consequently high runoff 

and contamination rates associated with flooding events. A potential mitigation strategy these towns 

could seek to implement are riparian buffers. Adding more vegetation to areas adjacent to 

waterbodies increases pervious surface area. The riparian buffer zone acts as a natural pollutant 

filtration system and potentially disrupts transport pathways of fecal bacteria movement (Lim et al., 

2022).  

 

5. Discussion 

5. 1 Study Limitations 

A consistent difficulty faced in this study was the availability of data. Numerous representative 

metrics for indexing tidal floodwater contamination were defined with the intent of being included 

in this study. However, it was frequently the case that data on these metrics was either nonexistent, 

unstandardized, or not readily available to the public. As such, metrics that more directly correlate 

to contamination vulnerability were identified, but were unable to be retrieved and translated to this 

study. 

 

Relevant in this study and persistently problematic in coastal demographics is the discrepancy 

between permanent population and seasonal population. In coastal regions such as those considered 

in this study, seasonal growth related to tourism and seasonal residency create population spikes 

during warmer months. This influx of people impacts wastewater infrastructure in particular. 

Infrastructure may be designed for permanent populations and then consistently overloaded as a 

result of seasonal growth. This accelerates degradation, increases the likelihood of system 

malfunctions, and subsequently increases contamination vulnerability. Future studies could seek to 

represent this inconsistency and demonstrate the increased strain it induces on municipal systems. 
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Another limitation of this study pertained to quantification of NHDS pathways. All surface waters 

and artificial drainage pathways within municipal boundaries were counted for this study. In some 

towns, such as Ocean Isle, the quantified pathways were predominantly in undeveloped marsh 

areas. Drainage in developed regions is more likely to pick up and convey contamination due to its 

proximity to identified vectors. In future studies, it may be relevant to account for pathway distance 

from urban zones or implement a weighting mechanism. 

 

5.2 Recommendations for future research 

A goal for the expansion of this vulnerability assessment system is to include metrics that reflect the 

age of storm and wastewater infrastructure and extent of subterranean infrastructure present in 

communities. Both of these metrics could be excellent ways to predict and reflect the level of 

degradation and likelihood of frequent floodwater exposure. Publicly available and standardized 

information on these aspects was not identified in this study and would be particularly relevant for 

future applications of this research. 

 

Another way to expand this framework would be to add rankings to stormwater BMPs identified in 

towns’ SWMPs based on their rate of success in removing biological contaminants. Studies such as 

those performed in Wrightsville Beach by Grogan & Mallin (2021) investigating the efficacy of 

specific BMPs for fecal contamination removal could be referenced. 

 

6. Conclusion 

This study identified stormwater management practices, wastewater treatment technologies, surface 

water and artificial drainage density, and population density as key metrics for assessing coastal 

community vulnerability to fecal contamination of tidal floodwater. Methods for collecting 

standardized data and converting it to relevant metrics were proposed. The framework for indexing 

vulnerability was developed with the intent of being a foundation. Future studies could seek to 
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expand upon this framework, including more metrics, adding statistical analysis and weighting 

methods for metrics, and extending to additional coastal municipalities. Expansion in these ways 

would ultimately lead to the determination of a single, multidimensional vulnerability score. 

 

The metrics identified in this study were intended to be retrievable by the general public. This was 

done so that individuals could have the opportunity to identify sources of vulnerability within their 

own community and advocate for infrastructure updates and mitigation practices. This framework 

could be disseminated and applied at a larger scale to increase awareness of the hazard posed by 

seemingly harmless sunny day flooding. Giving communities a resource to retrieve information and 

understand their own areas of vulnerability leaves them prepared to address future contamination 

events and empowered to take an active role in shaping the environmental health and long-term 

resilience of their coastal town. By transforming technical data into a communal asset, this 

framework bridges the gap between scientific assessment and civic action.  
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