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1 Introduction and study area 

The GTM estuary extends 50 km north and south of the City of St. Augustine, Florida. It includes 

the Guana-Tolomato-Matanzas National Estuarine Research Reserve (GTMNERR), containing 

about 70,000 acres of relatively undeveloped coastal and estuarine habitat (Dix et al., 2017). It 

encompasses a variety of productive ecosystems and is characterized by high levels of 

biodiversity. Many of the GTMNERR's species, such as oysters, clams, and fishes, are also 

important to the local economy, and their presence is a good indicator of estuarine health. Two 

inlets, the St. Augustine Inlet to the north and the Matanzas Inlet to the south (Figure 1A), link 

the GTMNERR's estuarine system to the Atlantic Ocean. The two inlets allow for the flushing of 

intercoastal waters. 

Although the GTMNERR's ecosystems remain relatively pristine, increased urban settlements and 

development in the past decades raise concerns about the impact of pollution on the reserve's 

ecosystems (Dix et al. 2017). While dwellings in the city of St. Augustine are usually connected to 

municipal sewage lines (Figure 1B), houses far from the city center use septic systems. Septic 

tanks trap and biologically degrade solid waste and drain fields then disperse it from the septic 

tank into the soil. In Florida, 80% of septic tanks are located in lots with water access. As a result, 

a short distance separates most septic tanks from receiving waters (Lapointe, O’Connell, and 

Garrett 1990). 

One of the main ecological concerns regarding septic tank usage is the release of nutrients and 

fecal bacteria (i.e. E. coli) into the surrounding environment. Elevated nitrate intake has been 

identified as a possible cause of gastric cancer and can cause methemoglobinemia in infants (blue 

baby syndrome) (O’Flaherty et al. 2019). Elevated levels of nutrients also harm livestock, fish and 

aquatic ecosystems. Moreover, the most frequently acquired illness as a result of exposure to 

bathing water contaminated by fecal bacteria are gastrointestinal and respiratory illnesses. The 

high concentration of nutrients in water can lead to an increase of algal growth and blooms, 

which can affect the oxygen balance creating a hypoxic and sometimes anoxic environment. A 

reduction in dissolved oxygen concentration is one of the important direct effects of nutrient 

over-enrichment of coastal waters on fishes. Hypoxia can cause mortality, reduced growth rates, 
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and altered distributions and behaviors of fishes, invertebrates, corals and submerged aquatic 

vegetation (Breitburg 2002). 

The two main factors that affect the load of pollutants from septic tanks into nearby 

watercourses are the distance of the septic tank from the receiving water body and the water 

table depth below the drain field. Septic systems installed closer to receiving waters and within 

areas with shallower water tables generally discharge more nutrients to surface waters due to 

reduced wastewater residence time (RT) in the soil matrix, where physical, chemical and 

biological transformations reduce nutrient concentrations. In conditions where sandy soil is 

adjacent to a tidally-influenced water body, three hydrological factors influence the lateral 

groundwater flux of pollutants to surface waters: mean sea level, rainfall, and tidal range. Tidal 

range and mean sea level affect groundwater discharge into not only an estuary, but also the RT 

of pollutants once they reach surface waters, and consequently, the rate at which they disperse 

throughout the estuary (Sheng et al. 2008). Moreover, in an estuary, mean sea level and tidal 

range are not independent variables. An increase in mean sea level can lead to an increase in 

water depth and a decrease in bed friction, which in turn increases tidal range in the estuary 

(Canestrelli et al. 2010; Canestrelli, Lanzoni, and Fagherazzi 2014; Mariotti and Canestrelli 2017). 

To our knowledge, no study has simultaneously investigated the release of pollutants from septic 

tanks, their dispersal mechanisms in groundwater and in an estuary, and their impact of coastal 

ecosystems. 

In our research, we will investigate pollutant dispersion in GTMNERR and the adjacent ocean 

waters, using detailed field measurements and a coupled hydrodynamic, water quality and 

particle tracking numerical model. Our results will help local planning and regulatory authorities 

to make correct and effective decisions on water quality and coastal areas management. Since 

our model will process a large amount of data, we will run the simulations and store the results 

on the HiPerGator, the UF supercomputer. 

Importantly, this research leverages an interdisciplinary effort carried out by the University of 

Florida, aiming at developing a next-generation coastal monitoring network (dubbed "iCoast," 

https://icoast.program.ufl.edu/). The proposed project will benefit directly from the data 
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collection efforts of the iCoast team, as well as from logistical support from the UF Whitney Lab 

in St. Augustine. 

This research perfectly fit with the One Health philosophy, since it focuses on an interdisciplinary 

effort between hydrologists, coastal engineers, social scientists, toxicologists, and sensor 

technologists, aiming at understanding the links and dependencies between the health of 

humans, animals, plants and the coastal environment. 

The report is structured as follows. In section 2, we present the data surveyed by the sampling 

team in the study domain. In section 3, we report a timeline, distinguishing the predicted and 

achieved goals of our research. In section 4, we describe the numerical model used for the 

simulations. We also define the data used in the study, distinguishing them according to their use 

(boundary conditions or model calibration). In section 5, we describe the objectives of the study 

and the results we obtained for each of them, and we describe the future plans about our 

research. 

  

Figure 1. (A) Map of the study area. The map contains the approximated boundaries of the 
modeled area, and the distribution of the septic tanks we will use to calibrate and validate the 
water quality model. (B) Spatial distribution of septic tanks in one study area (base map 
courtesy of the FL Department of Health). 
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2 Surveyed data 

Pollutant concentrations were collected from nine survey locations placed in the central and 

southern parts of the study domain. The coordinates of the nine sampling locations are visually 

described in Figure 2 and are reported in Table 1. 

Water samples were collected on: 

 the 8th of March 2019; 

 the 24th of June 2019; 

 the 30th and 31st of August 2019 (before Hurricane Dorian); 

 the 4th and 6th of September 2019 (after Hurricane Dorian); 

 the 5th of March 2020. 

Data analyzed from the collected water samples correspond to: 

 The Total Suspended Solids (TSS) [mg/ml]; 

 the total coliforms [MPN/100 ml]; 

 the fecal coliform concentration [MPN/100 ml]; 

 the E. coli concentration [MPN/100 ml]; 

 the concentration of Progesterone; 

 the concentration of Testosterone; 

 the concentration of 170H-Progesterone; 

 the concentration of Estrone; 

 the concentration of Estradiol. 

Data were collected at the water surface at a depth between 2 m and 3 m. Data collected before 

and after Hurricane Dorian were collected only on the water surface. 
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Table 1. Site ID and coordinates (in WGS84 coordinate system, west negative) of the location 
where water quality samples were collected in the GTMNERR. 

SITE SITE ID LAT LONG 

ST. AUG. WASTEWATER TREATMENT PLANT WWTP 29.87720N -81.30367W 

ST. AUG. WASTEWATER TREATMENT PLANT DEEP WWTP-DEEP 29.87720N -81.30367W 

ANASTASIA ISLAND COUNTRY CLUB AICC 29.83314N -81.30404W 

MID-POINT MDPT 29.81107N -81.28106W 

FL 206 BRIDGE FL206 29.76860N -81.25815W 

MATANZAS INLET MAIN 29.71160N -81.23291W 

WHITNEY LAB DOCKS WLDO 29.669249N -81.216506W 

MARINELAND SPRAY FIELD OUTFLOW MALA 29.66780N -81.21643W 

MOUTH OF PELLICER CREEK MOPC 29.66431N -81.22892W 

PELLICER CREEK MID-REACH PECR 29.66260N -81.26837W 

PELLICER CREEK MID-REACH DEEP PECR-DEEP 29.66260N -81.26837W 

 

 

 

Figure 2. Spatial distribution of the survey locations in the study domain. 
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3 Timeline 

In this section, i the planned timeline and the objectives reached in the past year (indicated with 

), or still ongoing or planned (indicated with ), are reported. Considering the negative effect 

of the wold pandemic due to the COVID-19 on the programmed work, results obtained can be 

considered exhaustive, and in line with the predicted aims. 

 ACHIEVED: August 2019 – August 2020: one GTM-wide one-year-long pilot project field 

campaign, by collecting and analyzing E. coli samples from waterbodies; 

 ACHIEVED: February 2020: Present a poster to the Water Institute Symposium (not 

originally planned); 

 ONGOING: August 2020 – December 2020: writing of a paper about E. coli dispersal inside 

GTMNERR system, analyzing their impact on human, plants and animals health inside the 

domain; 

 PLANNED: August 2020 – August 2022: one-year-long field campaign, by collecting and 

analyzing water quality (Nitrate (NO3), Nitrite (NO2) and Ammonium (NH4), etc.) samples 

from waterbodies and septic systems close to the water bodies; 

 PLANNED: August 2022 – December 2022: writing of a paper about nutrients dispersal 

inside GTMNERR system, analyzing their impact on human, plants and animals health; 

 PLANNED: Programmed Quarterly meetings with stakeholders; 

 ACHIEVED: Programmed Quarterly meetings with iCoast team; 

 ACHIEVED: Programmed presentation at One Health Center of Excellence every semester 

 PLANNED: Annual informative outreach events at the Whitney Lab and GTMNERR Visitor 

Center: 

o Evenings at Whitney" public lecture series 

(https://www.whitney.ufl.edu/education/evenings-at-whitneypublic-lectures/) 

o GTMNERR "State of the Reserve" symposium 

(https://www.gtmnerr.org/education/coastal-training-program/) 

https://www.gtmnerr.org/education/coastal-training-program/
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4 Methods 

4.1 The numerical model 

A coupled hydrodynamic, water quality and particle tracking model is set up. The chosen model 

is Delft3D (https://oss.deltares.nl/web/delft3d/download), and the packages used are the FLOW, 

WAQ, and PART. In particular: 

 Delft3D-FLOW is a multi-dimensional (2D or 3D) hydrodynamic simulation module. It 

calculates non-steady flow that results from tidal and meteorological forcing on a 

curvilinear, boundary fitted grid. The module aims to calculate hydrodynamic phenomena 

in which the horizontal scale is larger than the vertical scale. For this reason, it is ideally 

suited for calculating wetting and drying phenomena. These phenomena interest in 

particular wetland and coastal areas, like the estuarine areas represented in our study. 

The module solves the Navier-Stokes equations for an incompressible fluid, under the 

shallow water and the Boussinesq assumptions. The Navier-Stokes equations (Equation 

(1), (2) and (3)) are coupled with the continuity equations (Equation (4)) to ensure mass 

conservation in the domain. Specific initial and boundary conditions are given to the 

model to identify the hydrodynamic problem to solve. 

The Navier-Stokes and the continuity equations read: 

in which: 𝑈, 𝑉, and 𝑊 are the velocities in x, y and z directions, respectively,  𝑝 is the fluid 

pressure, 𝜌 is the water density, 𝑔 is the gravity acceleration and 𝜈𝐻  and 𝜈𝑉  are the 

horizontal and vertical eddy viscosity, respectively. 

 Delft3D WAQ is a module used to consider the behavior of one or more state variables, 

pollutants, or substances, which enter the modeled area through model boundaries or 

lateral inflows. They move with the currents through the modeled domain. At the same 

(
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https://oss.deltares.nl/web/delft3d/download
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time, they may show their specific behavior in the aquatic environment. The module can 

describe simple conditions like the decay, and also an interaction of transformation 

between the different considered substances and variables (Figure 3). The current (and 

the hydrodynamics, in general), used as boundary condition by the WAQ module, is 

calculated and given by the FLOW module. 

E. coli dispersion and mortality is studied using the empirical formulation, proposed by 

Mancini in 1978: 

R𝑚𝑟𝑡 =  𝑘𝑚𝑟𝑡𝐶, (5) 

𝑘𝑚𝑟𝑡 = ( 𝑘𝑚𝑏 +  𝑘𝑚𝑐𝑙 ) 𝑘𝑡𝑚𝑟𝑡
(𝑇−20)

 +  𝑘𝑚𝑟𝑑, (6) 

𝑘𝑚𝑐𝑙 =  𝑘𝑐𝑙𝐶𝑐𝑙 , (7) 

𝑘𝑚𝑟𝑑 =  𝑘𝑟𝑑𝐼, (8) 

where: R𝑚𝑟𝑡 is the mortality rate of coliform bacteria [MPN m-3 d-1], 𝑘𝑚𝑟𝑡 is the first order 

mortality rate [d-1], 𝑘𝑚𝑏 is the basic mortality rate [d-1], 𝑘𝑚𝑐𝑙 is the chloride dependent 

mortality rate [d-1], 𝑘𝑡𝑚𝑟𝑡  is the temperature coefficient of the mortality rate [-], 𝑘𝑚𝑟𝑑 is 

the radiation dependent mortality rate [d-1], 𝑘𝑐𝑙 is the chloride-related mortality constant 

[m3 g-1 d-1], 𝑘𝑟𝑑 is the radiation-related mortality constant [m2 W-1 d-1], 𝐶 is the 

concentration of coliform bacteria species [MPN m-3], 𝐼 is the daily solar UV-radiation at 

the water surface [W m-2], 𝑇 is the temperature [°C] and 𝐶𝑐𝑙  is the chloride concentration 

[g m-3]. 

The nutrients processes simulated by the numerical model in the study domain, are 

related to the Oxigen, the Nitrogen and the Phosphorous cycles (red boxes in Figure 3). 

In particular, we model the following processes: 

o Reaeration: the transmission of O2 between water and air, which increase or 

maintain the oxygen saturation of water bodies. The oxygen flux is proportional 

to the difference between the Dissolved Oxygen (DO) saturation concentration, 

and the actual DO concentration of the considered water body. The used 

formulation for the reaeration rate reads: 

                               R𝑟𝑒𝑎𝑟 =  𝑘𝑙𝑟𝑒𝑎𝑟 ×
(𝐶𝑜𝑥𝑠− 𝐶𝑜𝑥)

𝐻
, (9) 
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                               𝑘𝑙𝑟𝑒𝑎𝑟 =  (
𝑎 × 𝑣𝑏

𝐻𝑐 ) +  (𝑑 +  𝑊2), (10) 

                               𝐶𝑜𝑥 = 𝑓(𝑇, 𝐶𝑐𝑙) =  𝑓(𝑇, 𝑆𝐴𝐿), (11) 

where a, b, c, d are coefficients with different values for eleven reaeration options, 

𝐶𝑜𝑥 is the actual dissolved oxygen concentration [gO2 m−3], 𝐶𝑜𝑥𝑠 is the saturation 

dissolved oxygen concentration [gO2 m−3], H is the  depth of the water column [m], 

𝑘𝑙𝑟𝑒𝑎𝑟 is the reaeration transfer coefficient in water [d−1], R𝑟𝑒𝑎𝑟  is the reaeration 

rate [gO2 m−3 d −1], SAL is the salinity [kg m−3], T is the water temperature [◦C] v is 

the flow velocity [m s−1], W is the wind speed at 10 m height [m s−1]. 

The formulation for the reaeration flux is the following: 

                               Flux𝑂2 =
R𝑟𝑒𝑎𝑟

𝐻
 (𝐶𝑜𝑥𝑠 −  𝐶𝑜𝑥) ×  𝜑𝑇−20, (12) 

where 𝜑 is the temperature dependency constant. 

o Production and Consumption: of DO. Both production and consumption are 

related to the photosynthesis of algae in the considered water basin. Consumption 

is also associated with detritus processes; 

o Mineralization: is the transformation of organic components in basic substances, 

such as Nitrogen and Phosphorous, while moving in water bodies. It is directly 

related to the age of the organic matter in the water. The formulation reads: 

                               R𝑚𝑖𝑛 =  𝑓𝑎𝑔𝑒 × 𝑘𝑚𝑖𝑛 × 𝐶𝑥 , (13) 

                               𝑓𝑎𝑔𝑒 =  𝑓𝑎𝑔𝑒,𝑚𝑖𝑛 +  (𝑓𝑎𝑔𝑒,𝑚𝑎𝑥 −  𝑓𝑎𝑔𝑒,𝑚𝑖𝑛)  × 𝑒𝑓(𝐴𝐼), (14) 

                               𝐴𝐼 =  
𝐶𝑂𝐷

𝐵𝑂𝐷5
, (15) 

Where AI is the index for the age of organic matter [-], 𝐶𝑥  is the concentration of 

a BOD/COD-component [gO2 m−3], 𝐵𝑂𝐷5 is the concentration of total 𝐶𝐵𝑂𝐷5 [gO2 

m−3], COD is the concentration of total COD [gO2 m−3], 𝑓𝑎𝑔𝑒  is the attenuation 

function for age [-], 𝑘𝑚𝑖𝑛 first-order kinetic constant [d−1] and R𝑚𝑖𝑛 is the 

mineralization rate of a BOD/COD-component [gO2 m−3 d −1]. 

o Nitrification: Ammonium (NH4) is subjected to nitrification. Nitrification is 

formulated as the sum of a constant background rate (zero-order term) and a 
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concentration-dependent rate. The latter depends on dissolved oxygen and 

ammonium. The formulation we use reads: 

                               𝑅𝑛𝑖𝑡 =  𝑘0 + 𝑘 ×  𝑓𝑎𝑚 × 𝑓𝑜𝑥, (16) 

                            𝑓𝑎𝑚 =  (
𝐶𝑎𝑚

𝐾𝑠+𝐶𝑎𝑚
)  ˄ 𝑓𝑜𝑥 = (

𝐶𝑜𝑥

𝐾𝑠𝑜𝑥+𝐶𝑜𝑥
), (17) 

where 𝑅𝑛𝑖𝑡  is the rate of nitrification [gN m−3 d−1], 𝑘0 is the constant background 

rate [gN m−3 d−1], k is the kinetic constant [gN m−3 d−1], 𝑓𝑎𝑚 is the kinetic factor 

for ammonium [-] or [gN/m3], 𝑓𝑜𝑥 is the kinetic factor for dissolved oxygen [-], 

𝐶𝑎𝑚 is the dissolved ammonium concentration [gN m−3], 𝐾𝑠 is the half-saturation 

constant [gN m−3] and 𝐾𝑠𝑜𝑥 is the half-saturation constant for oxygen [gO2 m−3]. 

The formulation for the nitrification flux is the following: 

                               Flux𝑁𝐻4 = k𝑁𝐻4 × 𝐶𝑎𝑚 ×  𝜃𝑇−20, (18) 

where k𝑁𝐻4  is the first-order reaction rate (at 20 ◦C) [1/d] and θ is the temperature 

dependency constant [−]. 

o Denitrification: Nitrate is subjected to denitrification. Denitrification is formulated 

as the sum of a constant background rate (zero-order term) and a concentration-

dependent rate. The latter depends on dissolved oxygen and nitrate. The 

formulation we use reads: 

                               𝑅𝑑𝑒𝑛𝑖𝑡 =  𝑘0 + 𝑘 ×  𝑓𝑛𝑖 × 𝑓𝑜𝑥, (19) 

                            𝑓𝑎𝑚 =  (
𝐶𝑛𝑖

𝐾𝑠+𝐶𝑛𝑖
)  ˄ 𝑓𝑜𝑥 = (

𝐶𝑜𝑥

𝐾𝑠𝑜𝑥+𝐶𝑜𝑥
), (20) 

where 𝑅𝑑𝑒𝑛𝑖𝑡  is the rate of denitrification [gN m−3 d−1], 𝑓𝑛𝑖 is the kinetic factor for 

ammonium [-] or [gN/m3] and 𝐶𝑛𝑖 is the dissolved ammonium concentration [gN 

m−3]. 

More precise indications about the formulations and Delft3D are available in the manuals 

of the model, which are freely available online. They are daily corrected o or expanded by 

the developers and automatically updated every night 

(https://oss.deltares.nl/web/delft3d/manuals). 

The model inputs are described in Section 4.2. 

https://oss.deltares.nl/web/delft3d/manuals
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Figure 3. Scheme of the possible water quality processes computable using Delft3D 
WAQ module. The red boxes contain the processes we considered in our study. 

 

 Delft3D PART module simulates transport and simple water quality processes using a 

particle tracking method. The flow data are again calculated and given by the FLOW 

module. The tracks of the particles are followed in three dimensions over time. A dynamic 

concentration distribution is obtained by calculating the mass of particles in the model 

grid cells. Moreover, the PART module was used to describe the spatial distribution of 

hypothetic pollutants in the domain. The contaminants were depicted as passive tracers, 

moving in the area following the hydrodynamic calculated by the FLOW module, and 

adding a random walking component to simulate the dispersion of the particles in the 

domain. The aimed objectives we want to reach using the proposed methods are” 

o understand where the pollutants measured from the survey team come from; 

o Compute the travel time from different regions to the sampling location; 

o Compute the transit time of the contaminants in each area in which the domain is 

divided. Because of the definition of transit time is extremely broad, we consider 

it as the time needed for a particle to move from a specific location of the domain 
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to another. In our case, the two locations are respectively: (i) the injection point 

of the particles, which correspond to the nine survey locations; (ii) each area of 

the considered domain, which is discretized using polygons (Figure 4A). These 

areas roughly correspond to the Impaired areas identified in the GTMNERR (Figure 

4B) by the FDEP (Florida Department of Environmental Protection). 

Since particle tracking is numerically expensive, we cannot release a large number of 

particles over the entire domain and select only the ones that pass through the sample 

locations. It is easier to track a low number of particles moving from the sampling location 

to the origin. This is done by forcing the movements of the particles, which represent 

them, with a backward hydrodynamic. The method is based on the following steps: 

o Calculate the Hydrodynamic in the correct time reference (moving forward); 

o Flip the hydrodynamic (from forward to backward); 

o Apply the backward hydrodynamic to the particles released from an injection 

point. 

For each polygon we calculate: 

o The average travel time needed for the particles to reach the survey location, 

starting from the furthest boundary of the polygon [days]; 

o The average travel time needed for the particles to reach the survey location, 

starting from the closest boundary of the polygon [days]; 

o The average residence time of the particles in each polygon, as the difference 

between the travel time from the further and the closest boundary of the polygon 

(calculated as previously described) [days]; 

o The percentage of particles reaching the survey locations coming from each 

polygon; 

o The percentage of particles entering the domain from a specific boundary (related 

to a specific polygon), in comparison with the total number of particles entering 

the domain. 

The values were calculated using a developed MATLAB-based algorithm. 

The model inputs are described in Section 4.3. 
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Figure 4. (A) Spatial distribution of the macro-areas (black polygons) used to study the travel 
time of the particles released from the injection points/survey locations (yellow dots). (B) Map 
of the subdivisions of the estuary in impaired and not impaired areas. Courtesy of FDEP. 

 

4.2 Inputs for FLOW and WAQ models 

The numerical model inputs are determined using the historical datasets 15 stations placed into 

or close to the domain area (Figure 5). The data collected from the stations correspond to 

hydrodynamic, water quality, and weather data are listed and described as follows. Data are also 

collected to perform the model calibration, which results are described in Section 5.2.1. The 

period we chose to validate the model is the whole year 2017. We chose this year because the 

time series of the model inputs (which are described as follows) are almost complete. Table 4, 

Table 5 and Table 6 show the data collected in the considered stations, and their availability for 

the chose year. The tables also report the missing data in the specific station, which availability 

will improve the calibration, validation of the numerical model, and, consequently, the 



DANIELE PINTON – ONE HEALTH FINAL REPORT – JUNE 2020 

15 
 

forecasting procedure. These data are described with a heart. Once calibrated, the model will be 

used to simulate the period containing the water quality surveys (2019 - 2020). The water quality 

model was calibrated for the year 2018, due to the higher availability of water quality data in the 

considered stations. For this reason, we collected the data also for these periods. In the following, 

the graphs refer to the data collected in 2019. 

  

Figure 5. (A) The spatial distribution of the station used to determine the boundary conditions 
in the domain area, and typology of data collected from them. Different shapes of the markers 
indicate various uses of the data available at the stations, for the numerical model (boundary 
conditions, model validation, and their combination). Different colors of the markers indicate 
that the data available at the stations are hydrodynamic (H), weather (WT) and water quality 
(WQ) data, and their combination. (B) The numerical model grid, which describes the study 
domain. The red Bordeaux lines on the boundaries identify the position of the boundary 
conditions imposed on the numerical models. The two magenta dots indicate the inshore and 
offshore observation points used to verify the E. coli concentration. 

 

4.2.1 Hydrodynamic data 

The hydrodynamic data are collected from various stations placed into the domain area (Figure 

5). In particular, the data correspond to: 

 The measured water level, in meters on the mean sea level (MSL); 
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 The harmonic constituents, composed the tide amplitude, expressed in meters and the 

tide phase, expressed in degrees, which is related to the local timezone (EST = UTC – 

05:00, where EST is Eastern Standard Time, and UTC is Coordinated Universal Time); 

 The wave parameters, corresponding to the significative wave height, in meters, and the 

wave period, in degrees; 

 The freshwater discharge of the major creeks and rivers entering the domain expressed 

in cubic meters per second (m3/s). 

The data availability for the considered station and the data used for the numerical simulation 

are reported in Table 4. The individual datasets are described in the following sections. 

4.2.1.1 Water level 

The water level is used both as a boundary condition to run the model, both as a value to validate 

the model comparing them with the calculated values in the considered stations. 

The water level used as a boundary condition for the numerical model is collected from the 

stations "Bing's Landing, Matanzas River" and "Tolomato River, ICW", of the Florida Department 

of Environmental Protection. 

In the first stage of the numerical modeling, only the astronomical tide is described and is 

influencing the hydrodynamic in the domain. The model is validated only with a visual 

comparison between the measured and calculated time series of the water level. In the second 

part of the modeling, when the wave data are used as boundary conditions, influencing the 

hydrodynamic, a rigorous calibration will be done, using some empirical formulation, or other 

numerical indexes. 

4.2.1.2 Harmonic constituents 

The harmonic constituents are used as a boundary condition to run the model, to simulate the 

tide, and to validate the model comparing the reconstructed tide with the calculated one in the 

considered stations. 

Harmonic constituents are collected from the NOAA stations "n. 8720587, St. Augustine Beach, 

FL", the station "n. 8720291, Jacksonville Beach, FL", and the station "n. 8721020, in Daytona 

Beach (Ocean)". For these stations, we consider the following harmonics, which values of the 

amplitude and phase are reported in Table 2.
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 M2: Principal lunar semidiurnal; 

 S2: Principal solar semidiurnal; 

 N2: Larger lunar elliptic semidiurnal; 

 K1: Lunar diurnal; 

 O1: Lunar diurnal; 

 NU2: Larger lunar evectional; 

 MU2: Variational constituent; 

 2N2: Lunar elliptical semidiurnal 

second-order; 

 OO1: Lunar diurnal; 

 M1: Smaller lunar elliptic diurnal; 

 J1: Smaller lunar elliptic diurnal; 

 Q1: Larger lunar elliptic diurnal; 

 T2: Larger solar elliptic; 

 P1: Solar diurnal; 

 L2: Smaller lunar elliptic semidiurnal; 

 K2: Lunisolar semidiurnal.

Table 2. Value of the harmonic constituents of the tide in the considered stations. 

STATION JACKSONVILLE BEACH ST. AUGUSTINE BEACH DAYTONA BEACH 

VALUE Amplitude [m] Phase [deg] Amplitude [m] Phase [deg] Amplitude [m] Phase [deg] 

M2 0.755 230.7 0.68 229.9 0.595 225.9 
S2 0.123 245.1 0.112 244.5 0.106 242.4 
N2 0.176 210.7 0.161 210.2 0.147 207.4 
K1 0.109 117.9 0.103 120.0 0.1 121.1 
O1 0.079 135.8 0.074 132.6 0.077 131.1 
NU2 0.034 213.3 0.032 211.9 0.029 209.8 
MU2 0.018 53.4 0.02 218.0 0.018 213.2 
2N2 0.023 190.6 0.022 194.1 0.02 188.9 
OO1 0.003 100.1 0.004 115.3 0.003 111.1 
M1 0.006 126.8 0.003 139.3 0.005 126.0 
J1 0.006 109.1 0.008 134.1 0.006 116.2 
Q1 0.015 144.6 0.015 129.7 0.015 130.9 
P1 0.036 119.2 0.035 117.2 0.033 115.9 
L2 0.021 250.7 0.021 262.1 0.024 243.3 
K2 0.034 246.2 0.027 246.7 0.022 243.4 

 

The tidal signal could be generally described using the first four harmonics (M2, S2, N2, and K1). 

Anyway, to gain a more reliable reconstruction of the tidal signal, we use all the listed 

constituents, which values are available for the three considered stations. 

These boundary conditions are applied to the ocean boundary of the domain (longshore), 

described by the Bourdeaux line in Figure 5. Data relative to St. Augustine are placed on the 

border at the same latitude of the station. Only St. Augustine Beach station is placed into the 

domain. Jacksonville and Daytona Beach are situated outside, respectively ~54 km North and 
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~71 km South of St. Augustine station. For this reason, the data are not directly applicable to the 

southern and northern boundaries. The correct amplitude and phase to apply at these 

boundaries are determined linearly interpolating the data between the inner and the outer 

stations. Once applied to the boundary, the values of the constituents are automatically 

interpolated along the longshore ocean boundary, by the numerical model. The tidal signal is 

reproduced by the model using the following formulation: 

in which: 𝐻(𝑡) is the water level at time t, 𝐴0 is the mean water level over a certain period, 𝑘 is 

the number of relevant constituents, 𝑖 is the index of a constituent, 𝐴𝑖 is the local tidal amplitude 

of a constituent, 𝐹𝑖 is the nodal amplitude factor, 𝜔𝑖  is the angular velocity, (𝑉0 + 𝑢)𝑖 is the 

astronomical argument, and 𝐺𝑖 is the improved kappa number (local phase lag). 

Finally, a harmonic Neumann boundary condition is applied to the northern and southern cross-

shore boundaries, following the method in (Roelvink and Walstra 2004). 

The harmonic constituents used to validate the model are collected from various stations 

uniformly placed into the domain. In particular, we consider the NOAA stations: "n. 8720554, 

Vilano Beach ICWW, FL"; "n. 8720582, State Road 312, Matanzas River, FL"; "n. 8720651, 

Crescent Beach, Matanzas River, FL"; "n. 8720686, Fort Matanzas, FL"; "n. 8720692, State Road 

A1A Bridge, FL". Moreover, we use the data from the National Estuarine Research Reserve 

System (NERR) station, "San Sebastian". 

4.2.1.3 Wave parameters 

The wave parameters are used as input for the WAVE module of Delft3D. The data are collected 

from the NOAA buoy "Station n. 41117 – St. Augustine, FL", placed ~20 km offshore St. Augustine 

Beach. Data are used only as boundary conditions and not to validate the model. 

4.2.1.4 Freshwater discharge 

Freshwater discharge data are used only as boundary conditions of the numerical model and 

correspond to entering discharges from the locations indicated as yellow dots in Figure 5. 

Discharge data for the Pellicer Creek are the data collected from USGS in the station "n. 02247222 

Pellicer Creek near Espanola, FL". Because Pellicer Creek is influenced by the tide, data 

𝐻(𝑡) =  𝐴0 +  ∑ 𝐴𝑖𝐹𝑖 cos(𝜔𝑖𝑡 +  (𝑉0 + 𝑢)𝑖 −  𝐺𝑖)

𝑘

𝑖=1

,  (21) 
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correspond to the tidally filtered discharge in the measure location (Figure 1). Discharge data for 

the other minor creeks entering the domain, corresponding to San Sebastian Creek, Moses Creek, 

and Moultrie Creek, are extracted from a study conducted by St. Johns River Water Management 

District in 2008 for modeling hydrology and water quality in the Intracostal Waterway between 

St. Johns River and Pellicer Creek. Data corresponding to the annual average discharge, are 

reported in Table 3. 

Table 3. Average annual freshwater discharge of the major creeks in the study domain. 

Creek Discharge [ft3/s] Discharge [m3/s] 

MOSES CREEK 18.4 0.52 
MOULTRIE CREEK* 56.9 1.61 
SAN SEBASTIAN RIVER 26.6 0.75 

 

 

Figure 6. Time series of the tide filtered freshwater discharge of Pellicer Creek 

Table 4. Hydrodynamic data availability and typology in the stations used for the numerical 
simulation. 

Station Water Level Harmonic Constituents Wave Parameters Discharge 

JACKSONVILLE BEACH X X   
PINE ISLAND ●    
TOLOMATO ●   ❤ 
BUOY 41117 ❤ ❤ ●  

ST. AUGUSTINE AIRPORT     
VILANO BEACH X X   
SAN SEBASTIAN ●   ❤ 
STATE ROAD 312 X X   
ST. AUGUSTINE BEACH X X   
CRESCENT BEACH X X   
FORT MATANZAS ●    
ROAD A1A BRIDGE X X   
PELLICER CREEK ●   ● 
BING'S LANDING ● ●   
DAYTONA BEACH X X   
X = data available not in real-time 
● = data available in real-time 

❤ = whished data 

Blue = Used as BC 
Red = Used for Model Validation 
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4.2.2 Weather data 

The weather data required by the numerical model are the wind speed and direction, the relative 

humidity (RH), the solar radiation, the air temperature, the sky cloudiness, and the barometric 

pressure in the modeled area. A station collecting all the required data is missing in the study 

domain. 

Pellicer Creek station, of the National Estuarine Research Reserve System, is used to determine 

almost all the required variables (Table 5). Only the sky cloudiness is missing in this station, and 

for this reason, a dataset from the St. Augustine Airport is used. The data from the other stations 

are used to verify the consistency and the distribution of the collected values in the domain area. 

Wind speed and direction are verified using Bing's Landing station. The same station and 

Tolomato River station are used to check the air temperature and pressure. Finally, the Tolomato 

river station is used to verify the rainfall dataset. The comparisons, which are graphically reported 

only for January 2019, for more clarity, underlined a good agreement between the measured 

data. This suggests their homogeneous distribution into the study domain. 

 

 

Figure 7. Time series of the wind direction measured in Pellicer Creek station and Bing's 
Landing station. 

 

 

Figure 8. Time series of the wind speed measured in Pellicer Creek station and Bing's Landing 
station. 
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Figure 9. Time series of the relative humidity measured in Pellicer Creek station and Bing's 

Landing station 

 

 

 

 

Figure 10. Time series of solar radiation in Pellicer Creek station. 

 

 

 

 

Figure 11. Time series of the air temperature in Pellicer Creek station and Bing's Landing 

station. 
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Figure 12. Time series of the rainfall in Pellicer Creek station and Bing's Landing station. 

 

 

Figure 13. Time series of air pressure in Pellicer Creek station and Bing's Landing station. 

Table 5. Weather data availability and typology in the stations used for the numerical simulation. 

Station 
Wind 
Speed 

Wind 
Direction 

Relative 
Humidity 

Solar 
Radiation 

Air 
Temperature 

Rainfall Cloudiness 
Air 

Pressure 

JACKSONVILLE 
BEACH 

        

PINE ISLAND         

TOLOMATO   ●  ● ●  ● 

BUOY 41117         

ST. AUGUSTINE 
AIRPORT 

● ●   ●  ● ● 

VILANO BEACH X X      X 

SAN SEBASTIAN         

STATE ROAD 312         

ST. AUGUSTINE 
BEACH 

X X      X 

CRESCENT BEACH X X       

FORT MATANZAS         

ROAD A1A 
BRIDGE 

        

PELLICER CREEK ● ● ● ● ● ●  ● 

BING'S LANDING ● ● ●  ● ●  ● 

DAYTONA BEACH         

X = data available not in real-time 
● = data available in real-time 

Blue = Used as BC 
Red = Used for Model Validation 
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4.2.3 Water quality data 

The water quality data are the water temperature, the salinity, and the concentration of nutrients 

measured and calculated in the modeled area. We consider the concentration of the following 

substances: 

 DO: dissolved oxygen [mg/l]; 

 NH₄: ammonium [mg/l]; 

 NO₃-: nitrate [mg/l]; 

 NO₂-: nitrite [mg/l]; 

 PO₄³-: orthophosphate [mg/l]. 

Data are all available in the station of GTMNERR. Data are available as unique or multiple and 

measures collected in a period not longer than 30 minutes, collected with a monthly frequency, 

on average. 

As reported in Table 6, the boundary conditions of the model were attributed using the data 

collected from Tolomato River and Bing's Landing stations, of the Florida Department of 

Environmental Protection, from the NOAA Buoy 41117 and the NERR Pellicer Creek station. The 

model was validated using the data collected from Pine Island, San Sebastian, and Fort Matanzas 

station of GTMNERR. 

Table 6. Water quality data availability and typology in the stations used for the numerical 
simulation. 

Station Water Temperature Salinity Nutrients 

JACKSONVILLE BEACH    
PINE ISLAND ● ● ● 
TOLOMATO ● ●  
BUOY 41117 ● ❤ ❤ 
ST. AUGUSTINE AIRPORT    
VILANO BEACH ❤ ❤  
SAN SEBASTIAN ● ● ● 
STATE ROAD 312    
ST. AUGUSTINE BEACH X ❤  
CRESCENT BEACH X ❤  
FORT MATANZAS ● ● ● 
ROAD A1A BRIDGE ❤ ❤  
PELLICER CREEK ● ● ● 
BING'S LANDING ● ●  
DAYTONA BEACH    
X = data available not in real-time 
● = data available in real-time 

❤ = whished data 

Blue = Used as BC 
Red = Used for Model Validation 
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Water quality data for the ocean boundary were obtained from the NOAA Ocean Atlas 2009-

2018 database. 

4.2.4 Global model data 

The global models will be used to determine the boundary condition of our numerical model 

when used for forecast purposes. The analysis and reanalysis data of the model will also be used 

to verify the data used in the calibration procedure. 

The following data and models will be used: 

 tide: TOPX (https://www.tpxo.net/global); 

 waves: Wave Watch 3; 

 surface water level, velocity, temperature, and salinity: HYCOM; 

 atmospheric forcing: GFS + RA. 

4.3 Inputs for PART model 

Model inputs used for the backward particle tracking are: (i) the time-reversed hydrodynamic 

calculated from the FLOW module of Delft3D; (ii) the number of particles, equal to 10000, which 

are released from each discharge point, corresponding to the nine survey locations. 

In the first stage of our study, the particles used are considered part of a passive and neutral 

buoyant tracer (no decay, no flocculation, no aggregation, no sedimentation and no erosion from 

the bed). The formulation used to describe the dispersion of the particles due to the turbulence 

is the following: 

where a and b are the coefficients that follow from calibrating the model (Bent et al. 1991) and 

are equal to 1 and 0.01, respectively. The time t is defined from t = 0, which is the time at which 

the given particle, for which dispersion is calculated, is released. 

In the second stage of our study, we will analyze the effect of decay, flocculation, aggregation, 

sedimentation, and erosion from the bed in the particle movements. In particular, we will change 

the source code of the numerical model to use the decay as a growth rate of the particles, and 

to switch the effects of erosion and sedimentation, which require a complex, and computational 

time-consuming approach. 

𝐷 = 𝑎 𝑡𝑏,  (22) 

https://www.tpxo.net/global
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5 Objectives, methods and Results 

5.1 Objective 1: Quantify the flux of Nitrogen from septic tanks into groundwater and 

adjacent surface water 

The fluxes of nutrients from septic tanks to the water basins are not yet investigated, due to the 

absence of surveyed data. 

Till now, we used arcNELT, a tool of ArcGIS, discovering its capabilities in describing nutrients and 

pollutant fluxes in the GTMNERR (Figure 14). This powerful tool will be used as a base for future 

studies in this filed. Future studies will also be done to increase the capabilities of the method, 

including E.coli decay and dispersion in the original tool, collaborating with the authors. The 

additional model will be tested using a 1D scenario, simulating the E. coli dispersion and decay in 

relation to a groundwater level influenced by the tide. 

 

Figure 14. Pollutant plumes generated by the ArcNLET model for the neighborhood in the red 
circle in Figure 1B. 
 

5.2 Objective 2: Investigate the dispersal of nutrients in the estuary and nearshore region 

using a three-dimensional numerical model and determine 

5.2.1 Objective 2.1. Set up the numerical model and validate it with measurements 

5.2.1.1 First stage of the study 

Once the numerical model was set up, it was validated and calibrated using the data described 

in Section 4.2. Figure 15, Figure 16 and Figure 17 show the visual comparison between the 
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modeled and measured data in three different stations into the domain area. Figure 15 shows 

the comparison between the measured and computed water levels in Vilano Beach, FL, 

underlying a good agreement between the two signals. The same agreement is visible in Figure 

16, between the measured and calculated water temperature in Pine Island station. A fairly good 

agreement is visible in Figure 17 while comparing the simulated and measured salinity in San 

Sebastian station. This is due to the absence of precise time series for the freshwater inputs 

coming from the minor creeks entering the study domain, and to the absence of groundwater 

fluxes entering the domain. Future studies will focus on coupling our model with a groundwater 

model and a geomorphological model to simulate the transformation of rainfall in surface fluxes. 

 

 

Figure 15. Comparison of the water level reconstructed using the harmonic constituents (blue 
line), and simulated by our numerical model (red dashed line), for the NOAA station in Vilano 
Beach, FL. 

 

 

Figure 16. Comparison of the water temperature measured (blue line) and simulated by our 
numerical model (red dashed line), for the station in Pine Island, FL. 
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Figure 17. Comparison of the salinity measured (blue line), and simulated by our numerical 
model (red dashed line), for the station in San Sebastian, FL. 

 

5.2.1.2 Second stage of the study 

The second stage of the simulation, which consists of coupling the FLOW and WAVE module of 

Delft3D has not been performed yet, due to the absence of data useful to calibrate the model. 

We recently discovered some data collected by two Acoustic Current Doppler Profilers (ADCPs) 

placed in front of Matanzas Inlet. Data analysis is ongoing. 

5.2.2 Objective 2.2. Compute the residence time for conservative and reactive solutes 

The residence time for solutes was calculated using the PART module of Delft3D, as described in 

Section 4.1. 

Considering each survey location, we calculated, using our MATLAB-based algorithm: (i) the time 

needed for a particle to reach the location starting from the closest and the further boundary, in 

relation to the survey location (Figure 18A,B); (ii) the residence time of the released particles in 

each polygon in which the domain is divided (Figure 18C); (iii) the percentage of particles reaching 

the survey location from each area (polygon) in the domain (Figure 19A); (iv) the percentage of 

the total particles entering the domain, and reaching the survey location, for the outer 

boundaries (Figure 19B). 

In Figure 18 and Figure 19, we report only the results obtained for the survey location “St. Aug. 

wastewater treatment plant.” 

Comparing the travel times of the polygons obtained simulating the dispersal of pollutants from 

each of the nine survey locations (Figure 2), we observed a certain uniformity, suggesting the 

good prediction skills of our algorithm. The results in Figure 19A,B, describing the percentage of 

particles coming from the polygons can be used to identify the origin of the surveyed pollutants, 
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in the various survey locations. This information can be used by the local authorities to make 

appropriate decisions concerning coastal management, health care and tourism.  
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Figure 18. (A) the time needed for a particle to reach the survey location starting from the 
closest boundary of the polygons; (B) the time needed for a particle to reach the survey 
location starting from the further boundary of the polygons; (C) the residence time of the 
released particles in each polygon in which the domain is divided. Times are expressed in days 
and hours. The colormap indicates longer to shorter travel and residence times using a gradient 
from red to green. 

 

  

Figure 19. (A) The percentage of particles reaching the survey location from each area 
(polygon) in the domain; (B) the percentage of the total particles entering the domain, and 
reaching the survey location, for the outer boundaries. Values are expressed in percentage on 
the total particles (10000) in figure A, and in percentage on the total particles entering the 
domain in figure B. The colormap indicates higher to lower values using a gradient from red to 
green. 

 

5.3 Objective 3: Investigate the dispersal of pollutants under different trajectories of sea-

level rise and climate change 

The dispersal of pollutants in the domain was analyzed by doing different simulations, using the 

Delft3D WAQ module. 
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5.3.1.1 E. coli 

In the first stage of the study, we performed a sensitivity analysis to understand the effect of 

changes in salinity, solar radiation, and temperature on E. coli concentration and mortality. The 

variables are chosen because they are contained in the formula of Mancini (Section 4.1). The 

hydrodynamics calculated form the FLOW module was used as the base for the WAQ simulations, 

to add the effects of the tide (neap and spring, Figure 20) on the computation. 

We performed the sensitivity analysis maintaining the values of two variables as constant in the 

domain and varying the remaining one. We considered two observation points, one placed in the 

Intracoastal Waterway, the other one in the Ocean (magenta dots, Figure 5) to verify the 

sensitivity of E. coli to the changes in the values of the variables. We chose the following values 

for the variables: 

o Salinity: 24 and 34 ppt; 

o Solar radiation: the average and the maximum values measured in Pellicer Creek station 

in 2017; 

o Temperature: 20 and 30  ̊C. 

We chose these values because they can be considered as possible values for the considered 

domain. 

Changes in solar radiation and salinity do not underline valuable changes in the E.coli 

concentration calculated by the model in the considered observation points. The results obtained 

suggest the higher sensitivity of E. coli growth and mortality to temperature. The results are 

reported in Figure 21 and Figure 22 for the offshore and inshore observation points, respectively. 

The results suggest that spring tide favors flushing of pollutants to the beach, while neap tide 

increases its residence time, retaining them in the internal lagoon (the Intracoastal Waterway). 

For this reason, we can assume that the effect of the tide is fundamental for the dispersion of 

the pollutants in the area. 
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Figure 20. The calculated water level at St. Augustine Inlet. The reader should notice the neap 
spring variation in the tide amplitude. The two phases are indicated using the green and red 
boxes, respectively. 

 

 

Figure 21. The value of the calculated E. coli concentration calculated by the numerical model 
in the offshore observation point indicated in Figure 5B. Values were calculated imposing 
constant water salinity and solar radiation in the numerical model, and considering different 
water temperatures, equal to 20 and 30  ̊C. The periods corresponding to the neap and spring 
phases of the tide are indicated using the green and red boxes, respectively.  

 

 

Figure 22. The value of the calculated E. coli concentration calculated by the numerical model 
in the inshore observation point indicated in Figure 5B. Values were calculated imposing 
constant water salinity and solar radiation in the numerical model, and considering different 
water temperatures, equal to 20 and 30  ̊C. The periods corresponding to the neap and spring 
phases of the tide are indicated using the green and red boxes, respectively. 

 

In the second stage of the study, we aim to add the effect of waves in the numerical model to 

simulate and analyze their effect on E. coli dispersal and growth. Moreover, the model will be 
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calibrated using the data collected in the survey location (Figure 2), firstly to reproduce a tidal 

cycle, and then in a long term scenario. Data describing a complete tidal cycle are still missing. 

5.3.1.2 Nutrients 

We performed some numerical tests to understand the capabilities of Delft3D WAQ module in 

describing nutrients dispersal and, in general, the Nitrogen and Phosphorous cycles in the 

considered domain described in Section 4.1. 

The model training and validation was performed using the data described in Section 4.2. The 

results obtained (Figure 23) suggest the necessity of additional training for the model to improve 

its provisional skills. In particular, the model will benefit from more precise boundary conditions 

at the Ocean boundary. 

 

 

Figure 23. Comparison between the measured (black line) and simulated (red line) 
concentration of Dissolved Oxygen (top left), Orthophosphate (top right), Ammonium (bottom 
left) and Nitrogen (bottom right) in the location corresponding to the San Sebastian station. 
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5.4 Objective 4: Work with local stakeholders to create maps with impact indexes 

The creation of maps with impact indexes has not been done yet, due to the need to have a fully 

validated model to perform this study. Anyway, a similar and preliminary approach to obtain this 

goal is described in Section 5.2.2. 

The work with local stakeholders has not been activated yet. We are collaborating with the local 

people in Whitney Laboratory for Marine Biosciences to perform the survey in the GTMNERR 

domain correctly. 

6 Artistic Translation 

The chosen way to translate my work (Figure 24) is based on the "mosaics" of the artist Maurits 

Cornelis Escher. The reasons are: 

 the connection between the artist and his late works with mathematics; 

 the idea of connected mutation which is present in his works. 

 

 

Figure 24. Artistic translation of the developed project, which is presented in two possible 
versions. 
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The work is inspired by Escher's "Metamorphosis" and by his ability to transform and reinvent 

simple and common shapes into an articulated network of intertwining figures and silhouettes. 

Escher derived his ideas from his admiration and amazement towards the laws that regulate the 

world in which we live. He said: "By keenly confronting the enigmas that surround us, and by 

considering and analyzing the observations that I had made, I ended up in the domain of 

mathematics. Although I am absolutely without training in the exact sciences, I often seem to 

have more in common with mathematicians than with my fellow artists." 

Starting from this thought of the connection with the surrounding world, my work blends Escher's 

strong symbolism and his mathematical rigor with an interpretation of what happens when 

bacteria and nutrients damage life if produced in high quantities. 

Unlike the artist, who prefers the use of black and white, the proposed work plays on a chromatic 

contrast between the parts. The background marks the progress of the increasing danger, passing 

from a blue that arouses peace to a red, symbol of danger. These colors contrast with white, 

which is the protagonists of the work. White symbolizes purity, ethereal, incorruptible. On the 

contrary, the effect that bacteria produce on the environment, which dirties white and alters its 

balance, governed by solid mathematical laws. 

The eternal struggle of the considered counterparts, which try to make their dominion, is what 

separates the proposed work from Escher's metamorphosis and his thought. His thought is 

mainly based on arousing a sense of eternal return, of cyclic repetitiveness on a life in continuous 

mutation, which merges its components with others to create something new. 
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