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Abstract 
 

The Newport River Estuary in Carteret County, North Carolina has been placed on the 

state’s 303D list for its inability to meet federally mandated surface water quality criteria.  

A pathogen pollutant Total Maximum Daily Load (TMDL) study with fecal coliform as 

an indicator species has therefore been undertaken by Kenneth H. Reckhow of Duke 

University.  Integral to the completion of this TMDL is an understanding of the terrestrial 

pathogen pollutant loading responses to precipitation dynamics and land use within the 

Newport River Estuary. 

 

This masters project investigates pathogen pollutant loading by completing three primary 

objectives.  Through visual analysis of sampled fecal coliform and flow data, the best 

available data are chosen for model fitting and creation.  Geospatial analysis tools are 

then developed in Python and ArcGIS to accurately delineate coastal watersheds with 

Light Detection and Ranging (LIDAR) data.  The data are then used to calibrate a model 

to predict fecal coliform loading responses to precipitation dynamics within the Newport 

River Estuary.   

 

The results of the three primary objectives illustrate the complicated relationship between 

fecal coliform loading and precipitation events.  The geospatial analysis tools allow for 

the accurate delineation of coastal watersheds at scales previously unavailable to 

managers.  Additionally, the calibrated model highlights problem areas for future 

modelers to address when attempting to quantify fecal coliform loading and precipitation 

dynamics. 
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Introduction 
Surface waters are affected by a number of different pollutants.  For humans, pathogens 

are some of the most dangerous.  Pathogen pollutants include viruses, bacteria, and 

parasitic protozoa which are a direct threat to human health.  These dangerous pollutants 

are often of fecal origin and are distributed through both point and diffuse sources 

(Ferguson et al. 2003).  Management options are available for controlling the input of 

harmful pathogens into surface waters; however an understanding of the pollutant 

concentration and loading within a watershed is necessary to make appropriate decisions 

under the United States regulatory framework. 

Objectives 

The purpose of this Master’s Project is to understand and attempt to model the response 

of pathogen pollutant loading to precipitation dynamics in the coastal North Carolina 

Newport River Estuary.  In order to complete this project, three main objectives have 

been identified.  First, visual analyses of available calibration data are completed.  After 

choosing the appropriate dataset, a series of geospatial analysis tools are developed which 

allow for the accurate and repeatable delineation of coastal watersheds at fine scales 

currently unavailable.  Finally, a fecal coliform loading model for the Newport River is 

calibrated and evaluated.  This model is based on the knowledge that animals (wild, 

domestic, and farm) and precipitation contribute to pollutant transport within a watershed 

(Ferguson et al. 2003).  Additionally, this model is developed in a way which allows for 

easy replication throughout the Newport River.  The success of this master’s project will 

depend on reaching the defined objectives and contributing to the advancement of the 

Newport River pathogen pollutant Total Maximum Daily Load (TMDL) study. 
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US Water Quality Management 

In order to accomplish the objectives of this Master’s Project, an understanding of the 

United States regulatory framework is necessary.  Surface water quality in the United 

States is regulated by the Clean Water Act (CWA) of 1972 and its subsequent 

amendments (United States Congress 2002).  One of the most important aspects of the 

CWA is that under section 303d, “it is the responsibility of the states to assess whether 

ambient standards are being achieved for individual waterbodies”(National Research 

Council 2001, p. 12).  It is the state’s job to identify impaired water bodies where the 

ambient standards are not met.  Water quality standards are composed of three elements: 

designated uses, water quality criteria, and antidegradation (United States Environmental 

Protection Agency 1994).  The water quality criterion is measured in state monitoring 

programs, and it serves as the basis for determining if the designated use is met.  If a 

waterbody does not meet the water quality criterion it must be classified as impaired.  

The state is then required to establish a management plan consisting of a Total Maximum 

Daily Load (TMDL) which identifies allowable pollutant loads and sources, as well as a 

strategy to eliminate the impairment.  

 

In broad terms, a “TMDL is a tool for implementing state water quality standards” 

(United States Environmental Protection Agency 2001, p. 1-1).  This means a TMDL is a 

management tool which allows for states to reach the designated uses assigned to waters 

within their jurisdiction.  The TMDL process is constantly being reviewed and refined.  

However, the general equation utilized in TMDL development can be expressed as: 
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TMDL = LC = WLA + LA + MOS      [Equation 1] 

 

Where: 

  

LC= Loading capacity 

 WLA= Waste Loading Capacity 

 LA= Load allocation for future nonpoint sources and natural background 

 MOS= Margin of Safety, typically 10%  

 

 (United States Environmental Protection Agency 2001) 

 

 

TMDLs are created for a variety of different water quality parameters including nutrients 

and pathogens.  Pathogen TMDLs are unique due to their use of indicator organisms, 

rather than the actual pathogenic bacteria, viruses, and protozoa pathogens causing 

impairment (United States Environmental Protection Agency 2001).  Indicator organisms 

are used to indicate the presence of pathogens because of the relatively small 

concentrations yet large variety of the dangerous bacteria, viruses, and protozoa on the 

landscape (United States Environmental Protection Agency 2001).    

Newport River TMDL 

Currently, North Carolina has a large number of waterbodies on the 303d list which 

require the development of TMDLs (NCDWQ 2008).  The North Carolina waters have 

various designated uses, ranging from primary recreation to shellfish harvesting, which 

are associated with water quality criteria.  For example, if a waterbody is assigned a 

shellfish harvesting designated use, the fecal coliform  “median concentration should not 

exceed 14 MPN [Most Probable Number] per 100 mL with not more than 10 percent of 

the samples taken during any 30-day period exceeding 43 MPN per 100 mL” (United 

States Environmental Protection Agency 2001, p. 4-3).   
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One waterbody which has been placed on the North Carolina 303d list is the Newport 

River Estuary (NCDWQ 2008).  The Newport River Estuary supports a shell fishing 

industry (Figure 1) and is located in coastal North Carolina between Moorhead City and 

Beaufort.  The impaired water status is a result of the failure of the Newport River 

Estuary to fully meet its shell fishing designated use (North Carolina Division of 

Environmental Health 2005a).  The concentration of fecal coliform indicator organisms 

in the Newport River suggests a high level of pathogen pollutants unsafe for humans.  

Kenneth Reckhow, of Duke University, has been retained by the North Carolina Division 

of Water Quality (DWQ) to complete a TMDL for fecal coliform in the Newport River 

Estuary.  Under Professor Reckhow, Ph.D. student Drew Gronewold has begun a 

Bayesian model to predict the waste loading capacity of the Newport River Estuary.  This 

master’s project is an integral component of the fecal coliform TMDL in the Newport 

River because it provides analyses, tools, and a model which are used to predict the 

relationship among pollutant sources, precipitation dynamics, and pathogen pollutant 

loading.   
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Figure 1 Newport River shellfish growing areas and location of the Newport River TMDL.  Adapted 

from NCDEH (2005). 

 

Pathogen Loading Models  

In order to complete the TMDL for pathogens in the Newport River, loading data are 

necessary for the study area.  Complex models such as Hydrological Simulation Program 

FORTRAN (HSPF) (Bicknell et al. 1997) exist which can be used to estimate loading of 

fecal coliform.  However, models such as HSPF have many unknown parameters, require 

knowledge of FORTRAN, and are difficult to apply to numerous subwatersheds within a 

study area.  Fortunately, for pathogen modeling, “there are relatively few fundamental 

processes that need to be understood to enable pathogen fate and transport to be modeled 

from sources to major tributaries” (Ferguson et al. 2003 p. 342).   

 

One important step in the modeling process is the choice of an indicator organism for 

sampling and analysis.  It is has been shown that for warm-blooded fecal contamination 
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of water, fecal coliforms or E. coli and entercocci are the best indicators (Ferguson et al. 

2003).  Fecal coliform is the most popular of these indicator organisms and has been 

chosen by the North Carolina Division of Water Quality for this TMDL.  Factors which 

have been identified as critical to the transport of fecal coliform are: adsorption affects, 

hydrological movement, and mechanical and biological movement (Ferguson et al. 

2003).  This understanding of fecal transport, combined with known sources of fecal 

pollution, provides the basis for fecal transport and loading models.   

 

Data Availability 

A common link between all fecal coliform transport and loading models is that they rely 

upon collected data for calibration.  Unfortunately, comprehensive sampling plans are 

expensive and time consuming.  Studies require either personnel available for storm 

water sampling events or the installation of automated samplers over a period of months 

or years.  In this study, the available data for this loading model are limited to two water 

quality datasets.  One dataset was collected and coordinated by Professor William Kirby-

Smith (of the Duke University Marine Lab) in Ware Creek, a small subwatershed in the 

Newport River Estuary.  The second dataset available for the calibration of a loading 

model was collected by Line et al. (2008) for the Jumping Run Creek watershed.  This 

watershed actually contributes to Bouge Sound, but its close spatial proximity to the 

Newport River makes it a potential source of calibration data (Figure 2). 
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Figure 2 Jumping Run Creek and Ware Creek site locations. 

 

Geospatial Analysis of Coastal Watersheds 

The final requirement of modeling pathogen pollutant loading is the ability to accurately 

define the study area.  The watershed area has a significant effect on the number of fecal 

coliform organisms present on the landscape.  However, traditional delineation 

techniques for watersheds along the North Carolina coast, such as the Newport River 

subwatersheds, have been difficult to implement.  Due to the relative lack of elevation 

changes, it is very challenging to create Digital Elevation Models (DEMs) which capture 

coastal topography.  For example, a coarse scale 30 meter DEM often misses minor 

elevation changes. This makes the creation of accurate flow accumulation and direction 

grids in coastal areas almost impossible.  Without an accurate representation of overland 

flow, the accurate delineation of a watershed cannot be completed. 
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Fortunately, in conjunction with the Federal Emergency Management Agency (FEMA), 

the State of North Carolina has undertaken a massive project to update flood maps for the 

entire state (North Carolina Floodplain Mapping Program 2001). In order to complete 

this task, North Carolina commissioned the acquisition of high-resolution Light Detection 

and Ranging (LIDAR) data and has also chosen to make these data freely available to the 

public (North Carolina Flood Mapping Program 2008). 

 

LIDAR data are extremely dense and accurate. LIDAR bare earth data are therefore very 

good candidates for the interpolation of DEMs at finer scales than currently available 

through the USGS Seamless Server (United States Geological Survey 2007).  

Researchers in North Carolina have used LIDAR data in multiple studies related to land 

surface calculations (Anderson et al. 2006; Woolard and Colby 2002).  In fact, 1.5-m by 

1.5-m DEMs have been created by the USGS in other regions of coastal North Carolina 

(Bales et al. 2007).  However, LIDAR data produce enormous files and can be difficult to 

work with.  The immense dataset size has forced the state of North Carolina to provide 

LIDAR data as ASCII text files representing small tiles, or regions.  Currently there are 

no tools provided with LIDAR data for their manipulation and use in watershed studies.  

This makes LIDAR data cumbersome and time consuming when delineating many 

subwatersheds, as required by the Newport River TMDL. 

 

Methods 
As described previously, this master’s project consists of three main objectives in support 

of developing a model to estimate the pathogen pollutant loading responses to 

precipitation dynamics in the Newport River.  Each objective has unique methodologies, 
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but they ultimately combine to support the development of the final pathogen pollutant 

loading model. 

 

Visual Data Analysis 

Since both Jumping Run Creek and Ware Creek fecal coliform study data are available 

for use, the best dataset must be selected.  Once chosen, the dataset will be used to 

calibrate a model based on previously published and established equations which 

describe the accumulation, decay and wash off of pathogen pollutants.  The datasets were 

analyzed visually with R and Excel to better determine their usefulness for calibration of 

a pathogen pollutant loading model. 

 

When completing the visual analysis, a variety of data characteristics were examined.  

The first characteristic analyzed was the completeness of the time series.  The data were 

also visually inspected to determine if any tidal influence was present.  Tidal influences 

greatly increase the complexity of the required models.  Finally, expected fecal coliform 

patterns were looked for.  Over time, fecal coliform builds up on the landscape and dies 

off due to factors such as solar radiation.  Rainfall events should then wash off the 

accumulated fecal coliform into waterbodies.  These characteristics are best seen through 

visual analyses of datasets. 

 

Geospatial Analysis Tools 

In order to create a tool for delineating coastal watersheds with DEMs derived from 

LIDAR data, two different programs and multiple spatial analysis tools were utilized.  

The toolset developed for this project is meant to be run with ESRI ArcGIS version 9.2.  
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The actual tool has been written in Python to allow for batch processing of inputs.  

Python is an open source “dynamic object-oriented programming language” (Python 

Software Foundation 2000).  ESRI adopted the use of Python for scripting and promotes 

its use with the ArcGIS suite. 

 

The watershed delineation toolset is composed of a Python script and an ArcGIS toolbox.  

The Python script, pyLIDEM, takes the LIDAR data provided by the North Carolina 

Flood Mapping program and processes a user specified cell size DEM.  pyLIDEM is 

designed with classical ArcGIS file structure (Figure 3) and has been bundled as such for 

distribution.  The ArcGIS toolbox contains a model which is meant to be run after 

pyLIDEM.  This model delineates coastal watersheds and computes their area in square 

feet.  By utilizing pyLIDEM and the attached ArcGIS model, it is possible to delineate a 

watershed for any user specified pour point in the chosen study region.  The scripts for 

both the model and DEM processing tool are found in Appendix A. 

 

 
Figure 3 pyLIDEM file structure. 

 

 

pyLIDEM 

 

As mentioned earlier, this Python script was developed for use with ArcGIS 9.2.  To use 

the script with other versions of ArcGIS, some minor alterations will be necessary.  The 

script, called pyLIDEM, can be divided into five processing steps.  Each of the 
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processing steps is automatically called in a logical progression, resulting in a series of 

processed raster datasets required for watershed delineation.  The script has been 

developed to include error messages and suggestions if errors are encountered. 

 

The first processing step in pyLIDEM deals with the tiled ASCII bare earth LIDAR files 

provided by NC Flood Maps.  These files represent small subsets of the North Carolina 

LIDAR data.  Each tile covers an area of ten thousand feet by ten thousand feet.  Since 

the tile divisions are not related to topography, multiple tiles are typically needed to 

delineate an entire watershed (Figure 4).  Therefore, pyLIDEM uses a FOR loop and an 

input cursor to combine all ASCII text files in the Tool Data folder into one file labeled 

Lidar.txt. 

 

 

Figure 4 Example of LIDAR data tiles at the Ware Creek study site.  In order to delineate the Ware 

Creek watershed, four tiles are required. 
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The second processing step uses the combined ASCII LIDAR file and creates an ArcGIS 

point feature class.  The created point feature class is also projected into the appropriate 

spatial references.  The spatial references for the new point feature class are detailed in 

Table 1. 

 
Table 1 Spatial reference of files created with pyLIDEM. 

Spatial Orientation Datum Projection 

X,Y NAD 1983 State Plane North Carolina FIPS 3200 Feet 

Z NAVD 1988 Meters 

 

After the creation of the point feature class, pyLIDEM builds a Triangulated Irregular 

Network (TIN) for both visualization and analysis purposes.  A TIN is an elevation 

model which uses mass points and Delaunay Triangulation to model surfaces (Tsai 

1993).  TIN models maintain the integrity of the original data by using the exact 

horizontal and vertical positions of the LIDAR data at the vertices of each triangle (Bales 

et al. 2007).  Another advantage of a TIN is that it can be used as a visual representation 

of elevation.  However, ArcGIS provides fewer options and tools for watershed 

delineation based on a TIN. 

 

Therefore, the next process called upon by pyLIDEM is the interpolation of a raster 

elevation grid, or DEM.  pyLIDEM uses the ArcGIS TIN to Raster 3D analyst tool with a 

natural neighbors interpolation.  The DEM is created based on a user specified cell size 

which is a required system argument of pyLIDEM.   

 

Finally, pyLIDEM processes the LIDAR derived DEM into raster files required for 

watershed delineation.  The DEM is filled to remove any sinks which could have been 
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erroneously created during the interpolation process.  The filled DEM is then used with a 

D-8 algorithm to create a flow direction raster.  This flow direction raster is used in the 

creation of a flow accumulation raster. 

 

Watershed Delineation Model  

The watershed delineation model is intended to be used after running pyLIDEM.  

However, as long as the required inputs are available, the watershed delineation model 

can be used as a stand alone product.  The model was developed in the ArcMap modeling 

environment and includes details about required inputs in the help tab of the model 

window (Figure 5). 

 

Figure 5 Watershed Delineation model window with help information. 

 

In order to run the watershed delineation model, three parameters are required.  It is first 

necessary to specify the path name of the folder which contains the flow direction raster.  

The model allows the user to interactively select the file folder.  If used in conjunction 

with pyLIDEM, this will be a file path similar to C:/MyComputer/pyLIDEM/Scratch.   
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The second user input required for the model to run is the Watershed Pour Point.  This 

pour point selection is an interactive process.  After clicking on the add button, the cursor 

becomes a selection tool and allows users to pick a point in their current ArcMap data 

frame.  Finally, the name of the watershed being delineated must be entered into the final 

text box.  The name of the watershed must be four characters or less in order to fit into 

raster naming conventions.  

 

After all the model parameters have been added by the user, a series of calculations are 

completed in ArcMap.  The model (Figure 6) first delineates the watershed based on the 

pour point and flow direction raster.  All cells with flow directed to the pour point are 

considered to be part of the watershed.  Next, the model converts the delineated 

watershed raster to a polygon feature for visualization purposes.  Finally, the area of the 

watershed is calculated in square feet with the tabulate area tool from the ArcGIS spatial 

analyst toolset. 

 

 

Figure 6 Watershed Delineation model structure diagram. 
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Pollutant Model Development 

In order to create a model that relates pathogen pollutant loading to pollutant sources and 

precipitation dynamics, the relationship between accumulation, decomposition, and wash 

off of pathogens on the landscape must be addressed.  Each of these relationships was 

developed separately and by combining them, a pathogen pollutant loading model can be 

formulated. 

 

Terrestrial Accumulation and Decay 

Pathogens on the landscape accumulate and decay over time.  As domestic and wild 

animals excrete feces on the landscape, this material accumulates.  During the same time 

period, the fecal pathogens die off or dissipate due to factors such as sunlight and wind 

resuspension.  Alley and Smith (1981) formulated the following equation for 

accumulation and decay of pollutants based on seasonal pollutant generation rates and 

first order decay of the pollutant: 

)()()( tLsksN
t

L
t−=

∂

∂
      [Equation 2] 

 

Where:  

  

L(t) = The number of organisms on the landscape at time t. 

 Nt(s)= Seasonal pollutant generation rate (organisms per time) 

 kt(s)= Seasonal first order terrestrial decay rate (per time) 

 s= Season 

 t= Time in days 

 

Pollutant Washoff as a Function of Precipitation 

During precipitation events, the pathogenic pollutants will also be removed from the 

landscape through washoff, or overland flow.  The removal of pollutants due to 
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precipitation is characterized by an equation by Barbe et al. (1996).  They have modeled 

the response to precipitation as: 

)(tLr
t

L bα−=
∂

∂
       [Equation 3] 

 

Where:  

  

L(t) = The number of organisms on the landscape at time t. 

 r = Precipitation intensity or runoff rate 

 α = Washoff coefficient with conversion units 

 b= Power constant 

 

Combined Model 

In order to create a model which predicts fecal coliform’s response to precipitation 

events, it has been proposed that a combination of the Barbe et al. (1996) and Alley et al. 

(1981) equations be utilized (Gronewold 2006).  This approach results in the following 

differential equation which can be used to predict the change in pathogenic organisms 

over time within a watershed: 

 

)()()()( tLrtLsksN
t

L b

t α−−=
∂

∂
     [Equation 4] 

 

Where:  

  

L(t) = The number of organisms on the landscape at time t. 

 Nt(s)= Seasonal pollutant generation rate (organisms per time) 

 kt(s)= Seasonal first order terrestrial decay rate (per time) 

 r = Precipitation intensity or runoff rate 

 α = Washoff coefficient with conversion units 

 b= Power constant 

 

The coefficients of Equation 4 are estimated through the use of a variety of methods.  The 

seasonal pollutant generation rate can be estimated using the Bacterial Indictor Tool 

(United States Environmental Protection Agency 2000) or the Bacterial Source Load 

Calculator (Zeckoski et al. 2005).  Published values exist for the seasonal first order 



 21 

terrestrial decay rate.  Values for α and b are not published and must be fitted during 

model calibration. 

 

L(t), the number of fecal coliform organisms in the contributing area of the watershed,  

can be predicted using Equation 4.  Through the use of Mathematica, the equation for 

L(t) can be evaluated as: 

 

 

[ ]
( ) [ ] [ ]( )

α

ααα

b

brkrkt

rk
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+
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=

++− 11
   [Equation 5] 

 

 

As animals deposit waste on the landscape, the number of fecal coliform organisms 

builds up.  Solar radiation is factored into seasonal decay rates which characterize the die 

off of organisms.  The number of organisms on the landscape is then further reduced by 

rainfall events.   By using Equation 5 with a time series of rainfall events in a watershed, 

it is possible to model the number of organisms present on the landscape (Figure 7 A).  

Another important product of this equation is that the amount of washed off fecal 

coliform from the landscape is also equal to the loading of fecal coliform in streams 

(Figure 7 B).  Therefore, by modeling L(t), fecal coliform loading from the watershed can 

be determined.  
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Figure 7 Example model of L(t) and fecal coliform organism washoff. 

 

 

Model Fitting 

Equation 5 was used to create a spreadsheet model in Microsoft Excel.  The model 

spreadsheet was linked to the BIT spreadsheet and designed for easy parameter 

adjustment.  Values of .52 and .36 in the warm and cold months were used for the K 

coefficient (United States Environmental Protection Agency 2000).  The root mean 

square error (RMSE) was also calculated in the spreadsheet with the following equation: 

 

n

xx

RMSE

n

i
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=

−
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2

21 )(

      [Equation 6] 

 

By using the RMSE as the target cell, the solver function in Excel was formatted to 

estimate the α and b coefficients in Equation 5.  The solver function works by changing 

the values in each of the coefficient cells until the RMSE is minimized.  This step 
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calibrated the model to the collected data.  Data plots were then created in Excel to 

compare the differences between the modeled and collected fecal coliform loads. 

 

Results 
Both the Ware Creek and Jumping Run Creek data were analyzed with the developed 

methodology to the furthest extent possible.  The Ware Creek data were first analyzed 

due to the existence of previous projects and expert knowledge of the area.  Then the 

Jumping Run Creek data were analyzed and used to calibrate the fecal coliform loading 

model. 

Ware Creek 

Visual Analysis of Ware Creek 

The Ware Creek dataset consists of three different types of data.  Water quality, 

hydraulic, and precipitation data come from varying sources and have unique qualities.  

All of the data were collected by either Professor William Kirby-Smith of the Duke 

University Marine Lab or Professor Rachel Noble of the UNC Institute of Marine 

Sciences. 
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Figure 8 Ware Creek sampling stations and their locations. 

 

Water Quality Data 

Seven major sampling sites (Figure 8) formed the basis of the Ware Creek watershed 

sampling plan.  In addition, Professor Kirby-Smith collected daily water quality samples 

at high and low tides at a total of fifteen sampling stations.  After collection, the samples 

were analyzed for both fecal coliform and Entercocci sp.  The fecal coliform lab analyses 

were completed using the MPN method
1
.  Each station was sampled at different 

frequencies and for varying time periods.  Table 2 shows the number and time period of 

samples collected in Ware Creek by Professor Kirby-Smith.  Although station YD has the 

most collected data, this site is in the tidal portion of Ware Creek.  Therefore, this study 

will focus on station WC4.  The data at this station represent sixty sampling events over a 

period of five years. 

 

                                                 
1
 Standard MPN procedure found in Hach Company. (1997). Hach Water Analysis Handbook, Loveland, 

Colorado. 
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Table 2 Ware Creek water quality sampling station information. 

Station Latitude Longitude 

Initial 

Sample 

Date 

Final 

Sample 

Date 

Number of 

Samples 

Collected 

WC1 34° 46.865'  76° 40.358' 2/27/2002 5/4/2007 49 

WC2 34° 46.760'  76° 40.060' 2/27/2002 4/19/2007 45 

WC3 34° 46.607'  76° 40.050' 1/12/2006 2/5/2007 32 

WC4 34° 46.472'  76° 40.030' 2/27/2002 5/4/2007 60 

WC5 34° 46.352'  76° 40.181' 2/27/2002 4/19/2007 44 

WC6 34° 46.338'  76° 40.468' 2/27/2002 2/1/2006 19 

WC7 34° 46.483' 76° 40.792' 3/9/2006 3/13/2007 7 

WC8 34° 46.304' 76° 40.749' 3/9/2006 4/7/2006 3 

WC9 34° 46.222' 76° 40.644' 3/9/2006 4/7/2006 3 

WC10 34° 46.248' 76° 40.499' 3/9/2006 4/7/2006 3 

WC11 34° 46.333' 76° 40.500' 3/9/2006 4/7/2006 3 

WC12 34° 46.498' 76° 40.224' 3/9/2006 4/7/2006 3 

WC13 34° 45.963' 76° 40.416' 4/7/2006 4/7/2006 1 

WC14 34° 46.046' 76° 40.309' 4/7/2006 4/7/2006 1 

YD 34° 46.406' 76° 40.499' 2/6/2006 9/13/2009 373 

 

 

One unique aspect of data provided by Professor Kirby-Smith is that the tube counts from 

the MPN analysis have been supplied for analysis.  This tube count allows for the 

calculation of confidence intervals for the number of fecal coliform organisms per 100 

milliliters.    

 

Additional water quality samples were collected by Professor Rachel Noble of the UNC 

Institute of Marine Sciences.  Graduate student Angie Coulliette has completed a number 

of Ware Creek transect studies which share some of the same site locations as the Kirby-

Smith dataset.  Fortunately, station WC4 was sampled and these data can be used to 

extend the time period of the fecal coliform concentration time series dataset. 
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Hydraulic Data 

In order to calculate loading values for Ware Creek, it is essential to have flow data for 

the creek.  In conjunction with the water quality sampling program, Professor William 

Kirby-Smith also collected stream flow data at sampling station WC4.  Flow data were 

collected continuously from December 1, 2006 to July 26, 2007 with an American Sigma 

910 Doppler flow meter (Kirby-Smith 2008). 

Precipitation Data 

Precipitation data for the Ware Creek watershed are essential to the relationship between 

terrestrial accumulation and washoff rates.  The National Climactic Data Center (NCDC), 

a division of the Department of Commerce and the National Oceanic & Atmospheric 

Administration, has a long term observatory station located at Michael J. Smith Air Field 

in Beaufort, NC.  This precipitation station has been maintained without interruption 

since April 26, 2000 (NOAA NCDC 2007).  The site is located 3 miles from Ware Creek 

and is a very good source of precipitation data.    

 

Professor William Kirby-Smith also created a volunteer monitoring network for 

precipitation in the Ware Creek area.  These data have been collected solely by 

volunteers, resulting in a dataset that is not as complete as the NCDC dataset.  The 

collected volunteer data do not include some large storms, leading to gaps in the dataset.  

However, as seen in Figure 9, the precipitation time frame matches the flow data. 
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Figure 9 Rainfall and flow data collected by Dr. Kirby-Smith. 

 

Combined Plot of Data 

 

As part of manipulation of the different Ware Creek data, a series of data plots were 

created with R statistical software.  As seen in Figure 10 the data collected at station 

WC4 can be pieced together to give a more comprehensive picture of fecal coliform on 

the landscape and allow for critical visual analysis. 

 
Figure 10 Combined plot of Ware Creek data. 
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Geospatial Analysis of Ware Creek 

The geospatial analysis toolset’s script and model were run in the Ware Creek Watershed.  

This watershed has previously been delineated by Tamara Hill with expert input by 

Professor Kirby-Smith (Hill 2006).  During the delineation process, Hill found that 

available DEMs were not at a scale which picked up the small changes in coastal 

topography.  Therefore, Hill developed a methodology to visually delineate watersheds 

on the coast with digital orthoimagery and expert ground truthing.  Through this process, 

she was able to delineate the Ware Creek watershed (Figure 11).  However the process 

was tedious and did not lend itself to replication.  It was necessary to carefully examine 

the digital photographs and required the input of local experts.  Hill also encountered 

problems delineating the subwatersheds associated with the water quality sampling 

stations due to their small size and fewer visual cues for overland flow patterns.   

 

 

Figure 11 Hill (2006) Ware Creek watershed manual delineation. 
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The Ware Creek watershed is a good location to test the geospatial analysis tools created 

for this project because comparisons between the studies are possible.  The Python script 

and model were run with four data tiles downloaded from the North Carolina Flood Maps 

website.  A grid size of 5 feet by 5 feet was chosen for analysis, in accordance with the 

work by Bales et al. (2007).  pyLIDEM produced all of the files discussed in the 

methodology without processing errors.   

 

The TIN created by pyLIDEM proved to be a very accurate representation of the 

elevation characteristics of the Ware Creek watershed (Figure 12).  The topography of the 

Ware Creek watershed was also ground truthed though site visits on March 12
th

 2008.  

The TIN shows ditches in the region as well as elevation gradients which match 

photographs of the region (Figure 13).  However, it should be noted that one LIDAR data 

point was found to be an outlier in the region.  This data point was removed from the file 

to make sure that overland flow was not affected. 
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Figure 12 Ware Creek TIN and delineated watersheds. 

 

 

 

    
Figure 13 Photographs of WC1 (A) and WC3 (B).  The red lines indicate approximate changes in 

elevation. 

 

 

 

The outputs of pyLIDEM were then used with the watershed delineation model.  Each 

sampling station in the Ware Creek study was used as a pour point in order to delineate 

all of the sub watersheds (Figure 12).  The resulting watersheds followed man made 

barriers to flow, such as roads and drainage ditches.  When compared to the previous 

A. B. 
N 

N 
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Ware Creek manual delineation, the overall Ware Creek areas are very similar and 

contain only minor variations.   

 

Ware Creek Model Fitting & Calibration 

 

After review of the visual analysis of the data (see Discussion) it was determined that the 

Ware Creek data are inappropriate for modeling purposes.  Therefore, the fecal coliform 

model was not fit or calibrated with these data.   

 

Jumping Run Creek 

Visual Analysis of Jumping Run Creek 

As part of a study published in 2008, Daniel Line of North Carolina State University and 

Nancy White of the UNC Coastal Studies Institute conducted an exhaustive fecal 

coliform sampling program in the Jumping Run Creek watershed.  Jumping Run Creek 

flows into Bouge Sound, roughly 10 miles from the Newport River (Figure 2).  The 

purpose of their study was to “quantify hydrologic parameters and pollutant export 

including FC [Fecal Coliform] bacteria for the Jumping Run Creek watershed” (Line et 

al. 2008).   

 

In order to accomplish these goals, Line et al.  sampled storm events with an automated 

sampler at three locations from 1999 until 2004 (Table 3).  All three sampling locations 

(Figure 14) are north of State Highway 24.  Stations EMC2 and EMC4 are situated on 

natural stream channels and site EMC1 is located at a culvert. 
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Table 3 Summary of Jumping Run Creek data. 

Station Latitude Longitude 

Initial 

Sample 

Date 

Final 

Sample 

Date 

Number of 

Samples 

Collected 

EMC1 N34 deg 44.09’  W76 deg 52.13’ 9/5/1999 9/10/2004 145 

EMC2 N34 deg 44.1’ W76 deg 52.3’ 11/26/1998 9/10/2004 160 

EMC4 N34 deg 44.18’ W76 deg 52.56’ 11/26/1998 5/30/2004 141 

 

 

Figure 14 Jumping Run Creek water quality stations. 

 

 

The automated samplers used to collect water quality data were set to sample Jumping 

Run Creek flow-proportionally.  Samplers were also programmed to start collecting water 

samples once a 0.03 to 0.05 foot rise in stream stage was detected and continue until 

reaching pre-storm levels.  The total fecal coliform MPN collected over the duration of 

each storm event are displayed in Figure 15.   
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Figure 15 Fecal coliform data collected at station EMC2. 

 

Geospatial Analysis of Jumping Run Creek 

The geospatial toolset was utilized to delineate the Jumping Run Creek station EMC2 

watershed and determine its contributing area (Figure 16).  The watershed tool processed 

the LIDAR data in roughly 20 minutes.  The processed DEM allowed for the delineation 

of the EMC2 subwatershed with minimal user input or expert knowledge of the site. 
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Figure 16 Jumping Run Creek EMC2 delineated watershed and calculated area. 

 

Jumping Run Creek Model Fitting & Calibration 

With the data visually analyzed and the watershed delineated, it was then possible to 

begin estimating the model parameters required by Equation 5.  

Estimation of Fecal Coliform Accumulation Rates 

The Bacterial Indicator Tool (BIT) was chosen to estimate the accumulation of fecal 

coliform on the landscape (Nt).  The BIT is a spreadsheet developed by the EPA “that 

estimates the bacteria contribution from multiple sources” (United States Environmental 

Protection Agency 2000, p. 1).  The BIT estimates the fecal coliform accumulation rates 

in a watershed based on land use characteristics, agricultural animals, and wildlife 

populations.  Septic tank contributions and the contribution of animals standing in 

streams are also addressed.  The BIT is designed to handle up to ten subwatersheds 

within a catchment area.  However, the EMC2 Jumping Run Creek subwatershed is the 

focus of this study, so no additional subwatersheds were included in the model.   
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In order to use the BIT, the first required inputs are the land use statistics within the 

watershed.  The National Land Cover Dataset (NLCD) Zone 14 land cover raster was 

utilized for this analysis.  The NLCD is a raster with the land cover characterized for the 

entire United States (Multi-Resolution Land Characteristics Consortium 2007).  By 

masking the NLCD with the EMC2 watershed area it was possible to determine the 

EMC2 watershed land cover (Figure 17).  The Jumping Run Creek land cover dataset 

was verified though site visits on March 12
th

 and 13
th

, 2008.  The BIT requires land cover 

to be classified into only four categories (cropland, forest, built-up, and pastureland).  

Therefore the NLCD land cover was reclassified to fit these constraints (Table 4). 

 

 

 

 
Figure 17 EMC2 land cover classifications. 
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Table 4 NLCD and Reclassified EMC2 watershed land cover. 

NLCD Classification Reclassification Area (Acres) 

Developed, Open Space 

Developed, Low Intensity 

Developed, Medium Intensity 

Developed, High Intensity 

Built-Up 176 

Evergreen Forest 

Scrub/Shrub 

Woody Wetland 

Forest 116 

Grassland/Herbacious 

Pasture/Hay 
Pastureland 20 

Cultivated Crops Cropland 6 

 

 

After calculating the land cover statistics for the EMC2 watershed, BIT requires 

estimates for the number of agricultural animals within a study area.  To determine the 

number of agricultural animals within the watershed, multiple resources were utilized.  

First the E-2 Sanitation Survey shoreline survey was reviewed (North Carolina Division 

of Environmental Health 2005b).  This report indicated that no agricultural animals were 

identified in the Jumping Run Creek watershed.  Line et al. (2008) and site visits 

confirmed that no agricultural animals existed in the watershed as well.  Therefore, no 

agricultural animals were added to the BIT. 

 

Wildlife population estimates are also required by the BIT.  The E-2 Shellfish Sanitation 

Survey indicates that migratory ducks and raccoons are plentiful within the Jumping Run 

Creek watershed (North Carolina Division of Environmental Health 2005b).  The 

proximity to the Croatan National Forest also suggests that wildlife such as deer and 

geese are present in the watershed.  Estimates for wildlife population densities were made 

based on a BIT analysis completed in the Ware Creek watershed (Chunkrua 2007).  Since 
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the site locations are very similar, the same densities were used as input values for the 

EMC2 watershed BIT analysis (Table 5).  

 

Table 5 Wildlife population densities based on Chunkrua (2007). 

Animal Type Density Units 

Ducks .04 Animals/acre 

Geese .455 Animals/acre 

Deer 45 Animals/square mile 

Raccoons 30 Animals/square mile 

 

Domestic pets are not included as a pathogen pollutant source in the BIT.  However, Line 

et al. (2008) estimated that 90 dogs live within the watershed.  Site visits verified this 

number as well.  Domestic pets such as dogs do contribute to the fecal load on a 

landscape.  Since there are so many in the Jumping Run Creek watershed, dogs should be 

included in the deposition rate.  Therefore, the deposition of fecal coliform organisms due 

to dogs was added to the built-up land use category of the BIT.  The calculations were 

completed with rates found in the BIT reference tables. 

 

To calculate the impact of septic systems on fecal coliform the BIT requires estimates for 

the number of people in the watershed, the number of septic systems, and their failure 

rate.  To calculate the number of people in the EMC2 watershed US Census data (United 

States Census Bureau 2000) were utilized.  ArcGIS shapefiles of the 2000 US Census 

were overlaid on the EMC2 watershed (Figure 18).  Based on the population and number 

of house units, a ratio for the number of persons per house was established.  Then 

Carteret County parcel maps were overlaid on the EMC2 watershed to determine the 
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number of houses in the watershed.  Multiplying these two values produced an estimated 

population of 160 people in the EMC2 watershed.  The parcel data were then used to 

determine the number of septic systems in the watershed.  According to the parcel map, 

64 houses are located in the watershed and each house was assumed to have a septic 

system.  Based on regional estimates, a septic tank failure rate for the study area was 

determined to be 11.7% (Chunkrua 2007; Uebler et al. 2006). 

 

 

 
Figure 18 EMC2 watershed parcel and population data. 

 

 

Results of the BIT are displayed by month in units of count/acre/day for each land use.  

Septic system loading is calculated in a separate tab and is considered a point source of 

pollution.  The output has been formatted this way for ease of integration with HSPF.  

However, the model being created for this study only requires a cumulative rate of 

deposition for the watershed.  Therefore, the data were manipulated to produce a final 
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estimate of total fecal coliform rate of accumulation for each month in the EMC2 

watershed (Table 6).  These values represent N(s) in Equation 5. 

 

Table 6 EMC2 monthly fecal coliform accumulation rates in organisms per day. 

Month N Cropland N Pastureland N Forest N Built-Up Cumulative N 

January 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

February 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

March  4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

April 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

May 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

June 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

July 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

August 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

September 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

October 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

November 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

December 4.10E+07 4.10E+07 4.10E+07 2.10E+09 3.76E+11 

 

Jumping Run Creek Loading Model Output & Evaluation 

The development of a spreadsheet model allowed for easy parameter manipulation and 

incorporation of the BIT analysis results.  By calculating Equation 5 in steps, it was also 

possible to change the values for k seasonally (.51 winter and .36 summer).  The 

spreadsheet model resulted in a plot of terrestrial pathogen accumulation and washoff on 

the landscape (Figure 19).  This figure represents two years of the modeled data.  The 

number of fecal coliforms on the landscape grows until a rain event, where washoff 

occurs.  This loss is the loading of fecal coliform organisms in the EMC2 watershed. 
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Terrestrial Fecal Coliform at Station EMC2 of the Jumping Run Creek Watershed
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Figure 19 Modeled fecal coliform on the landscape. 

 

 

The large shifts in maximum fecal coliform organisms on the landscape in Figure 19 are 

a result of the seasonal change in k.  It is also important to note that in the model output, 

there is an asymptotic limit to the fecal coliform on the landscape.  No matter how long 

between rainfall events, the fecal coliform never reaches levels above 1.04x10
12

 

organisms.  The asymptotic limit is a result of the exponential form of the model (Eq. 5). 

 

When comparing the modeled results to the actual sampled data, a RMSE was utilized to 

estimate error.  Additionally, the RMSE was used to calibrate the model by finding the 

combination of values for α and b that resulted in the lowest RMSE.  However, fitting the 

model proved to be a difficult task.  Due to the exponential form of the equation, the 

Microsoft Excel solver function had to be fitted with a series of constraints, such as b 
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must be greater than one.  Unfortunately even with these constraints, model errors 

continually occurred after large rainfall events.  The solver-created parameter values 

allowed for washoff of fecal coliform organisms after large storms to be greater than the 

total fecal colifoms on the landscape.  By hand manipulating the α and b parameters to 

five and two respectively, a minimum RMSE between the modeled and collected fecal 

coliform loads was found to be 2.16x10
12

 organisms.  This large error can be seen in 

Figure 20.   

 

Modeled and Collected Fecal Coliform Loding at EMC2
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Figure 20 Modeled and collected fecal coliform loading values. 

 

 

In Figure 20 it is possible to see that the modeled fecal coliform loading never reaches the 

upper limits of the collected samples.  Additionally, the modeled data are generally 

greater than the collected data.  The modeled data also lacks the variation found within 
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the collected data.  This is shown in Figure 21 when the precipitation data are plotted 

with the fecal coliform data.  The collected fecal coliform samples tend to be affected 

more by the rainfall dynamics.  This is in contrast to the modeled fecal coliform data 

which are dominated by seasonal changes.   

 

Modeled and Sampled Fecal Coliform Loading Responses to Rainfall
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Figure 21 Modeled and collected fecal coliform data plotted with precipitation. 

 

Discussion 
The methodology utilized in this MP provided a series of incremental steps which lead to 

a greater understanding of pathogen pollutant responses to precipitation dynamics.  

Visual analysis of the potential calibration data provided a clear choice for analyses.  The 

geospatial tools allowed for coastal watershed delineation and ultimately enabled the 

development of a pathogen pollutant model.  The model development process highlighted 

the difficulties associated with fecal coliform studies and provides future researchers with 

tools and insight into the Newport River TMDL. 
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Choice of Calibration Data 

Before visual analysis of the data, the Ware Creek study seemed to be the best option for 

model calibration.  The watershed is located within the Newport River and the data 

represented a fairly long time period.  Additionally, detailed analysis data such as tube 

counts allowed for the estimation of confidence intervals for the actual fecal coliform 

loading.  However, this analysis identified a number of issues with the data. 

 

 Flow data were only collected at station WC4, and therefore this station became the 

focus of the study.  Figure 9 is a plot of the flow and collected rainfall at WC4.  In the 

beginning of the study, the flow was very responsive to the rainfall.  Large rainfall events 

result in high flows.  However, this relationship seems to vanish during the warm months 

(April to July).  In fact, a 2.5 inch rainfall event in June resulted in no increased stream 

flow.  This lack of responsiveness could be due to increased evapotranspiration and solar 

radiation associated with the coastal summer climate (Kirby-Smith 2008).   

 

During the same warm season, negative flows were also recorded at site WC4.  This was 

a troubling discovery found in Figure 5.  Further investigation lead to the realization that 

under very low flow conditions, the site is actually tidally influenced (Kirby-Smith 2008).  

Tidal hydrology significantly complicates loading analyses, and may mandate the use of 

models such as Tidal Prism.    

 

Another potential problem with the Ware Creek data is that three times during the study, 

the battery in the flow meter died.  This is illustrated by the flat regions of flow in Figure 

5.  Unfortunately, the dead battery periods occurred during significant rainfall events.  
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Therefore, during these times no loading values can be calculated.  This further limits the 

amount of loading data available for calibration. 

 

An additional issue with the Ware Creek data is that to cover the entire time period of 

flow data, it is necessary to combine two studies.  Figure 10 shows the flow plotted with 

the data from the Duke University and UNC studies.  These data look comparable, but 

may not be.  The Duke University data were analyzed using the traditional tube count 

method to determine MPN.  The UNC data were analyzed with the IDEXX fecal 

coliform methodology
2
.  Combining data based on different methods increases error and 

may not result in an accurate continuation of the fecal coliform time series data.   

 

A visual analysis of the Jumping Run Creek data (Figure 15) does not reveal the same 

problems as in Ware Creek.  There were no dead batteries or lack of responsiveness to 

rainfall events.  The data were also collected over a longer time period than the Ware 

Creek data and were analyzed with consistent analytical methodologies.   

 

The only potential issue associated with the Jumping Run Creek data is the location of 

the study.  Jumping Run Creek is not actually in the Newport River watershed.  However, 

as briefly mentioned before, Jumping Run Creek is on the edge of the Newport River 

watershed.  In fact, Ware Creek and Jumping Run Creek are only a short distance from 

each other (Figure 2).   

 

                                                 
2
 More information on this methodology is provided by IDEXX (2008). "Quanti-Tray® & Quanti-

Tray®/2000." http://www.idexx.com/water/quantitray/index.jsp 
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A further advantage of the Jumping Run Creek data over Ware Creek data is the 

sampling design based on automated samplers.  The Ware Creek data only represent 

distinct points on the hydrograph (grab samples), rather than the total loading of a storm.  

This is contrasted by the Jumping Run Creek data which represent the cumulative fecal 

coliform loading over the duration of a rainfall event.  The Jumping Run Creek data for 

fecal coliform are therefore better suited for a model meant to predict loadings associated 

with total fecal coliform washoff over a storm event.  Therefore, these data allowed for 

the fitting of a fecal coliform model not possible with the Ware Creek data. 

 

Geospatial Analysis Toolset Effectiveness 

The watershed delineation tools were effective in processing bare earth data and 

delineating a coastal watershed.  The fine scaled DEM allowed for sub watershed 

delineation previously completed only with expert knowledge and manual delineation.   

The watershed tools were run for both regions of study and produced efficient and 

accurate watershed delineations which lend themselves to replication throughout the 

entire Newport River Estuary. 

 

Some limitations do still exist with these tools.  The immense size of LIDAR datasets 

makes the computation time fairly extensive.  It took roughly one and a half hours to 

process a five by five DEM and associated flow raster datasets.  Therefore, this tool 

should only be used for small regions of study, or coarser scaled DEMs should be 

created.  The watershed analysis toolset has been made available online for download at 

www.duke.edu/~rmo2/MP/MP.html.  



 46 

  

Model Error 

One source of model error is the inability of the model to continue allowing for fecal 

coliform accumulation between precipitation periods.  The asymptotic maximum does 

not permit the number of fecal coliform organisms on the landscape to match washoff 

values in the sampled data.  This suggests that another form of model may be better 

suited to model fecal coliform accumulation than that employed in this analysis. 

 

Another model error may be related to the BIT accumulation rates.  Since no agricultural 

animals are found within the EMC2 watershed, no monthly variation exists within the 

accumulation rate.  This means that seasonal values for accumulation are only changed 

by the first order terrestrial decay value (k).  The terrestrial decay rate incorporates 

factors such as solar radiation.  However, this may not be well fitted to the coastal 

environment.  For example, the high moisture summers may actually increase fecal 

coliform growth, rather than speed up decay (Line et al. 2008).   

 

A third reason model error may be large can be attributed to the two data types being 

compared.  The model is formulated to estimate the number of fecal coliform organisms 

on the landscape while the sampled data are MPN.  Although MPN stands for the most 

probable number, underlying assumptions, intrinsic calculation error, and the true 

distribution of MPN affect its representation of fecal coliform.   

 

A major assumption associated with the calculation of fecal coliform organisms with 

MPN is that “each sample from the liquid, when incubated in the culture medium, is 
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certain to exhibit growth whenever the sample contains one or more organisms.”(Cochran 

1950 p. 106)  This suggests that the true concentration of fecal coliform within a sample 

may be underrepresented if factors exist such as poor culture medium or more than one 

fecal coliform organism is required for growth.   

 

Conversely, it has been shown that MPN can overestimate the concentration of fecal 

coliform in samples.  The calculation of MPN contains intrinsic error.  Mathematically, 

the MPN calculation process “tends to overestimate the true density; on average MPN 

values are greater than true density” (Thomas and Woodward 1955, p. 1437).   

 

Additional model error may be attributed to the fact that MPN represents a discrete rather 

than continuous distribution (Gronewold and Wolpert 2008).  MPN representations of 

fecal coliform concentrations have been shown to have greater variability in estimates.  

However, analysis of data with their discrete distributions have shown MPN estimates to 

be within acceptable error ranges of the true fecal coliform concentration (Gronewold and 

Wolpert 2008).  This suggests that the modeled fecal coliform data may fit the true MPN 

data better than the current root mean square error analysis indicates.   

 

In order to determine the true source of error associated with MPN, a higher hierarchical 

model would be required.  However, it can be assumed that a combination of these three 

factors causes the divergence between the modeled fecal coliform organisms on the 

landscape from the calculated MPN data.   
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Conclusion 
By focusing on three objectives, this MP has illustrated many of the issues associated 

with modeling fecal coliform accumulation, decay, and washoff on the landscape in the 

Newport River.  The visual analysis methodology allowed for critical analysis of 

collected data and identified the Jumping Run Creek data as the most appropriate for 

fecal coliform modeling.  Regardless of the model used in the final Newport River 

TMDL, coastal watersheds will have to be delineated throughout the study area.  The 

geospatial analysis tools developed in this MP allow for consistent processing and 

accurate watershed delineations.  Additionally, the tools avoids traditional issues of scale 

by interpolating fine scaled DEMs and makes the use of LIDAR for coastal watershed 

studies more accessible. 

 

A combination of factors seems to hinder the developed model’s ability to predict 

pathogen pollutant loading based on precipitation events.  However, this model was a 

useful attempt at a relatively simple approach to modeling the relationship between fecal 

coliform and precipitation.  The model development process pointed out problem areas 

which future modeling attempts need to address such as asymptotic limits, seasonal 

variation, and true MPN distribution.   

 

The Jumping Run Creek watershed study was selected as the top dataset for calibration of 

the pathogen pollution model.  The data are the most comprehensive and consistent.  

Jumping Run Creek data provide the best representation of the relationship between 

precipitation events and pathogen pollutant loading.  Future modeling efforts should 

focus on the use of Jumping Run Creek data, rather than Ware Creek data. 
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This MP demonstrates the complex nature of fecal coliform on the landscape and the 

difficulty in modeling this pathogen pollutant indicator.  Further research should be 

focused on finding a model which allows for easy replication, but is still able to predict 

loading from the watershed.  Based on the findings of this project, the modeling of fecal 

coliform loading from non-point terrestrial sources in the Newport River can continue in 

a more focused direction.  
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Appendix 1 

pyLIDEM Script 
#pyLIDEM 

#A Script For LIDAR Processing 

#Ryan O'Banion 

#March 20, 2008 

 

'''Download the bare earth LIDAR tiles from www.ncfloodmaps.com.  Next, unzip and save the ASCII files to the 

empty ToolData folder of your GIS (folder heirarchy has been included in the compressed LIDARTool folder as welll 

as a necessary template.shp).  *** Make sure that the ToolData folder only contains the Lidar text files!!****  Once the 

text files are in the correct ToolData folder, run this Python script with the directory of your LIDARTool folder (ex. 

U:/MyDocuments/pyLIDEM/ or C:\\MyDocuments\\pyLIDEM\\) and the desired Digital Elevation Model (DEM) cell 

size as  system arguments. This scirpt will then create a text file with all of the data you downloaded (Lidar.txt) and 

a LIDAR point file (Lidar.shp) with the appropriate projection.  This tool also produces the folowing files for 

watershed analyses: LidarTIN a Triangulated Irregular Network for visualization, DEMlidar a DEM created using the 

TIN to raster tool and natural neighbors interpolation, DEMfill  a filled DEM, 

FlowDir  a flow direction raster, FlowAcc  a flow accumulation raster.''' 

 

########################################## 

######Create Scripting Environment######## 

########################################## 

import os, sys, arcgisscripting, string 

 

Directory = sys.argv[1]                                      # Example= F:/MP/Data/JumpingRunCreek/pyLIDEM/  

cellsize= sys.argv[2]                                          # Example= 5  

cell=str(cellsize) 

 

Workspace = Directory + "ToolData/" 

outWorkspace = Directory + "Scratch/" 

 

########################################### 

############ PART I ####################### 

########################################### 

print " " 

print "PART I- Combine All Lidar Text Files" 

 

LidarText= open(outWorkspace + 'Lidar.txt', "w")            #creates an empty txt file. 

LidarText.write("X,Y,Z" + "\n")                                         # /n tells python that it is the end of the line 

LidarText.close() 

 

LidarText= open(outWorkspace + 'Lidar.txt', "a")                        #Reopens the LidarText txt file for adding data. 

          

Files=os.listdir(Workspace) 

File=len(Files) 

 

 

for i in range(0,File):                                                 # A loop which reads each line of each text file and adds it to 

Lidar.txt 

    print "Opening " + Files[i] 

    InputFile=open(Workspace + Files[i], 'r') 

    DataLine=InputFile.readline() 

    while DataLine: 

        DataLine=InputFile.readline() 

        LidarText.write(DataLine) 

    print Files[i] + " update to Lidar.txt complete." 

    InputFile.close() 

     

LidarText.close()                                                       # Closes the editing session of Lidar.txt 
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LidarText= open(outWorkspace + 'Lidar.txt', "r")                 # Reopen LIDAR.txt and count the number of data points 

LidarL=len(LidarText.readlines()) - 1                                   # Subtract 1 to account for header row 

LidarText.close() 

 

datapts=0 - File 

for i in range (0,File):                                                # Counts the number of data points in each of the original files 

    InitialData=open(Workspace + Files[i], 'r') 

    datapts=datapts + len(InitialData.readlines())  

Difference = datapts-LidarL 

 

if LidarL == datapts:                                                   # Conditional statement to see if all data has been added 

    print "Lidar.txt has been updated with all data" 

     

else : 

    print "!!!!!!!!!!!!!!!!!!!!!!!!!!" 

    print "Data Was SKIPPED in the updating process. " + str(Difference) + " data points were not added to LIDAR.txt.  

CHECK FOR ERRORS." 

  

LidarText.close() 

 

############################################## 

############ PART II ######################### 

############################################## 

print "________________________________" 

print "Part II- Creating Lidar Point Feature Class" 

print " " 

 

gp = arcgisscripting.create()                                           # Create the Geoprocessor 

gp.Workspace = Workspace                                                # Create the Geoprocessing workspace 

gp.OverwriteOutput = 1                                                  # Allow for overwriting of files 

 

LidarText=outWorkspace + 'Lidar.txt'                                    # Input text file previously created LIDAR.txt  ####if you 

want to quickly review this step use test.txt  

out_Lidar='Lidar' 

LidarLyr=outWorkspace + 'Lidar.lyr'                                      # The new feature class being created 

LidarFC=outWorkspace + 'Lidar.shp' 

template= outWorkspace + 'XYtemplate.shp'                               # Identify the template included with tool. 

 

sr=gp.CreateSpatialReference_management(template)  

 

if gp.Exists(LidarFC):                                                  # Check for files and remove to stop errors. 

    gp.Delete(LidarFC) 

 

try: 

    gp.MakeXYEventLayer_management (LidarText, "X", "Y", out_Lidar, sr) 

    gp.SaveToLayerFile(out_Lidar, LidarLyr) 

    gp.CopyFeatures_management (LidarLyr, LidarFC)  

except: 

    print gp.GetMessages() 

 

shapecount=gp.GetCount_management(LidarFC)                              # Number of rows in the new shapefile. 

 

if shapecount == LidarL:                                                # Checks to see that all the points were added to the shapefile. 

    print " " 

    print "Lidar.shp has been created with all data points." 

else: 

    print '!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!' 

    print "ERRORS pccurred while creating the Lidar shapefile,data was left out" 

    

print ' ' 

print 'XY Spatial Reference: NAD 1983 StatePlane North Carolina FIPS 3200 FEET' 
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print 'Z Spatial Reference: NAVD 1988 (meters)' 

 

 

####################################### 

######## PART III ##################### 

####################################### 

print "_______________________________" 

print "PART III- Creating a Trangulated Irregular Network (TIN) For Visualization Purposes" 

 

if gp.CheckExtension("3D")=="Available": 

    gp.CheckOutExtension("3D") 

    TIN=outWorkspace+'LidarTIN' 

    LidarTIN=gp.CreateTin_3D(TIN, sr) 

    gp.EditTin_3d(LidarTIN, outWorkspace+"Lidar.shp Z <None> masspoints false") 

     

else: 

    print "In order to create a TIN, the 3D Extension must be licensed.  Currently, your license is unavailable." 

    print "Therefore, the TIN creation process has been SKIPPED." 

 

if gp.Exists(LidarTIN): 

    print "LidarTIN has been created" 

 

####################################### 

########### Summary ################### 

####################################### 

print '_______________________________' 

print 'IF NO ERRORS WERE RECORDED ABOVE, the following files were created:'     

print str(Files) + 'were combined into a single text file located at ' + outWorkspace + 'Lidar.txt' 

print 'A feature class was created at ' + LidarFC 

print 'A TIN was created at ' + TIN 

 

 

############################################# 

############## PART IV ###################### 

############################################# 

print "________________________________" 

print "PART IV- Interpolation of DEM" 

 

DEMlidar= outWorkspace + "/DEMlidar" 

 

if gp.CheckExtension("3D")=="Available": 

    gp.CheckOutExtension("3D") 

    gp.TINRaster_3d(TIN, DEMlidar, "FLOAT", "NATURAL_NEIGHBORS", "CELLSIZE "+cell) 

    print DEMlidar + " has been created" 

else: 

    print "In order to create a DEM with a TIN, the 3D Extension must be licensed.  Currently, your license is 

unavailable." 

    print "Therefore, the DEM creation process has been SKIPPED." 

                                          

 

########################################### 

############ PART V ###################### 

########################################### 

print "________________________________" 

print "Part V- Information about" + DEMlidar 

 

 

if gp.exists(DEMlidar) == 1:                                             # Checks to make sure that the DEM was created successfully 

    desc=gp.describe(DEMlidar) 

    type=desc.DatasetType 

    spatref=desc.SpatialReference 

    projection=spatref.Name 
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    print DEMlidar + "is a " + type + " with the follwoing spatial reference: " + projection 

     

else: 

    print DEMlidar + " DOES NOT EXIST.  Go back and check processes in Part I." 

 

 

########################################### 

############ PART VI ###################### 

########################################### 

print "________________________________" 

print "Part VI- Preparation of " + DEMlidar + " for watershed delineation" 

 

if gp.CheckExtension("spatial")=="Available": 

    gp.CheckOutExtension("spatial") 

else: 

    print "The Spatial Analyst extension must be available in order for tools to work, please check your licenses." 

 

 

try: 

    print "Creating a filled surface raster." 

    DEMfill= outWorkspace + "/DEMfill"                                      # Name of new filled Raster being created. 

    gp.Fill_sa(DEMlidar, DEMfill)                                           # Fill DEMlidar to create DEMfill 

    print "Filled Surface Raster Created: " + DEMfill 

     

    print "Creating a Flow Direction Raster" 

    FlowDir= outWorkspace + "/FlowDir"                           

    gp.FlowDirection_sa(DEMfill, FlowDir)                                   # Creates a flow direction raster. 

    print "Flow Direction Created: " + FlowDir 

     

    FlowAcc= outWorkspace + "/FlowAcc" 

    gp.FlowAccumulation_sa(FlowDir, FlowAcc)                                # Creates a flow accumulation raster. 

    print "Flow Accumulation Raster Created: " + FlowAcc 

     

     

except: 

    print gp.GetMessages() 

 

print "________________________________" 

print "LIDAR Data have been processed and are ready for watershed delineation." 

print "pyLIDEM FINISHED" 

 

Watershed Tool Script 

The watershed tool was developed in the ArcMap modeling environment.  However for 

display purposes in this Appendix, it has been exported as a Python script. 

 
# --------------------------------------------------------------------------- 

# WatershedDelineation.py 

# Created on: Thu Mar 20 2008 10:43:40 AM 

#   (generated by ArcGIS/ModelBuilder) 

# Usage: WatershedDelineation <DEM_Directory> <Watershed_Pour_Point> 

#<Name_of_Watershed__4_Characters_or_Less_>  

# Description:  

# This tool is meant to be run after using pyLIDEM.  Before running this model, add the flow accumulation 

#raster to your ArcMAP session in order to place the user specified Pour Point in the correct location.  This 

#tool will delineate a watershed and calculate it's area based on the chosen Pour Point.   

# --------------------------------------------------------------------------- 

 



 57 

# Import system modules 

import sys, string, os, arcgisscripting 

 

# Create the Geoprocessor object 

gp = arcgisscripting.create() 

 

# Check out any necessary licenses 

gp.CheckOutExtension("spatial") 

 

# Load required toolboxes... 

gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Spatial Analyst Tools.tbx") 

gp.AddToolbox("C:/Program Files/ArcGIS/ArcToolbox/Toolboxes/Conversion Tools.tbx") 

 

# Script arguments... 

DEM_Directory = sys.argv[1] 

 

Watershed_Pour_Point = sys.argv[2] 

if Watershed_Pour_Point == '#': 

 Watershed_Pour_Point = "in_memory\\{A597327F-4088-4FD1-805F-A19EDF7D25B2}" # provide a 

default value if unspecified 

 

Name_of_Watershed__4_Characters_or_Less_ = sys.argv[3] 

 

# Local variables... 

Watershed_Raster = "%DEM Directory%\\Scratch\\wsd_%Name of Watershed (4 Characters or Less)%" 

Flow_Direction_Raster = "%DEM Directory%\\Scratch\\flowdir" 

Watershed_Polygon = "%DEM Directory%\\Scratch\\watpoly_%Name of Watershed (4 Characters or 

Less)%" 

WatershedArea = "%DEM Directory%\\Scratch\\%Name of Watershed (4 Characters or 

Less)%WatershedArea" 

WatershedArea_dbf = "" 

Output_Location = "%DEM Directory%\\Scratch" 

 

# Process: Watershed... 

gp.Watershed_sa(Flow_Direction_Raster, Watershed_Pour_Point, Watershed_Raster, "X") 

 

# Process: Raster to Polygon... 

gp.RasterToPolygon_conversion(Watershed_Raster, Watershed_Polygon, "SIMPLIFY", "Value") 

 

# Process: Tabulate Area... 

gp.TabulateArea_sa(Watershed_Raster, "Value", Watershed_Raster, "Value", WatershedArea, "") 

 

# Process: Table to Table... 

gp.TableToTable_conversion(WatershedArea, Output_Location, "%Name of Watershed (4 Characters or 

Less)%WatershedArea.dbf", "", "", "") 

 

 

 

 

 

 

 

 

 


