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Abstract 

In February, 2007, a tracer study was conducted on the Boynton Inlet, Florida, using sulfur 
hexafluoride (SF6) tracer. The objectives of this study were to determine if the data collected 
from the tracer study could be used to develop a farfield model of the plume exiting the 
Boynton Inlet using limited data to develop a useful predictive result. There are few studies 
of the farfield movement of inlet plumes in the coastal ocean. The plume was successfully 
modeled with a Gaussian plume model that appears to mimic the response. It was noted that 
the tracer concentrated in a series of boluses that migrated north of the inlet. Because the 
project injected the tracer for only 4 hours during the outgoing time, a long-term result that 
would hide the boluses was developed. The results showed velocities lower than predicted by 
the measured current data. The belief is that this is partially a result of tidal influences that 
affect outflow from the inlet. 

Keywords: inlet plume, plume model, sulfur hexafluoride 

1. Introduction 

The State of Florida is presently faced with critical decisions regarding the future of its 
coastal environment as a result of terrestrial activities. Nutrients and other terrestrial 
contaminants, accompanying a lack of long-term data on natural ocean ecosystem changes, 
create a difficult environment for appropriate regulatory decision-making. The impact of 
coastal ocean policies can have profound impacts on many areas of the economy being that 
they are closely linked to other decisions to be made regarding water and energy supply to the 
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rapidly growing population of southeast Florida (Bloetscher, et al., 2007). Coastal 
ecosystems, including both inshore estuaries and offshore reefs, sustain the State of Florida’s 
natural resource driven economy and both must be protected to continue providing economic 
opportunities critical to the State and to private interests. Increased nutrient loads could 
promote the growth of algae in areas traditionally inhabited by reefs, harming their habitat, 
their dependent wildlife; and affecting tourist and commercial activities (LaPointe, et al., 
2005). 

In southeast Florida, surface water discharges into the ocean are suspected to be one of the 
main sources of nutrient loads in coastal waters. However, there are no farfield studies of 
inlet releases in Florida. Instead the majority of studies have focused on sand movement 
resulting from the flux or tides and/or impact of storm events on the ocean-side debris field as 
opposed to farfield movement of inlet water (Creed, 2003; Hoesman, 2010; Hodgens and 
Krecic, 2008). The Boynton Inlet Sampling Event report (Bloetscher and Meeroff, 2007) 
suggested that nutrient concentrations are “highest in the inlet and downstream of it” as a 
result of drainage and navigation systems’ discharges which mainly come from algae-laden 
lakes (i.e. Lake Okeechobee), detention ponds, and other hydraulic structures. These inlet 
waters are recharged with water from drainage and stormwater systems that contain 
fertilizing nutrients and urban runoff. Also, during seasonal high water table elevations, 
septic tanks potentially discharge nutrients and pathogens into canals and coastal waters 
(Meeroff et al., 2006). 

1.1 Characteristics of the Boynton Inlet 

Modeling the Boynton Inlet is extremely challenging because of the complex ambient current 
conditions of the system and the tidal cycles that influence its discharge rate. This inlet has a 
high rate of discharge (5.6 BGD, reported at the time of the release, with velocity of 5-11 ft/s 
depending on the point in the outgoing tidal cycle, Re>2,000,000), a nearly flat ocean bottom 
(the slope is less than 2%) and a barrier of reefs at about 1.5 km off the coast (see Figure 1). 
The water exiting the inlet had a total dissolved solids concentration ranging from 26,000 to 
36,000 mg/L so buoyancy is unlikely a factor, unlike outfalls. Visual observation of water 
dynamics, along with the Reynold’s number indicate that a complete mixed inlet plume 
moves offshore. The mouth of the inlet discharges water through a jetty structure that turns 
the plume E-SE. However, aerial photography of the outgoing plume obtained by NOAA 
shows that soon after exiting the inlet, the plume turns completely north or south, depending 
on the direction of the coastal current (see Figure 2). The goal of this project is to take this 
raw data from the Boynton Inlet and coastal ocean, and create a deterministic model of the 
plume’s dispersion in the farfield to assess how much impact it might have on the offshore 
environment. This type of modeling could not be readily identified in the literature, but was 
noted to be distinctly different than outfalls, which have a buoyancy component not present 
in the inlet.  
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Figure 1. Bathymetric map of Boynton Inlet showing Reef lines 
(source: www.floridanearshore.com) 

 
Figure 2. Plume going north. 11/07/08. Dashed line indicates apparent edge of plume. Note 
apparent pooling at mouth of inlet that appears to lead to a series of boluses (NOAA, 2009) 

2. Methods  

In February 2007, a sulfur hexafluoride (SF6) tracer experiment was conducted by NOAA 
and Florida Atlantic University (FAU) on the Boynton Inlet, Florida. Sulfur hexafluoride had 
previously been used (June, 2004) to trace the coastal ocean plume of the City of 
Hollywood’s ocean outfall (Wanninkhof, et al., 2005) to study the dilution effects on the 
secondary treated wastewater outfall plumes. This experiment was the first to use SF6 as an 
alternative to rhodamine dye as a tracer for fresh water dilution in the coastal ocean 
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(Wanninkhof, et al., 2005; Huang, 1996). Sulfur hexafluoride allows tracing the plume at 
higher dilutions and for longer periods of time that fluorescent dyes, with lower background 
concentrations and a detection limit of less than 40 fM (1 fM = 10-15 mol L-1). A krigged result 
of the tracer test is shown in Figure 3, with the data collection points highlighted with circles.  

As the plume ages it is subject to a cascade of processes, which result in a significant 
diffusion and dispersion (Roberts, 1999). As shown in Figure 3, the dye appeared to move in 
boluses as it exited the inlet. The dynamics of this phenomenon could not be modeled and the 
migration of the boluses appeared to be fairly random, which may be a result of a short term 
release of 4 hours in the experiment. The inlet flows out every 12 hours with the tide. The 
tracer was released on the outgoing tide. The tracer flow was continuous for four hours, 
which is the time period of the initial investigation. As a result, the model assumed the use of 
a comparative Lagrangian framework, whereby a continuous release of the tracer was 
assumed, and the tracer results analyzed at discrete time periods (Ramaswami, 2005). 
Theoretically this works because when evaluating a series puff releases, when combining a 
rapid series of boluses over time, the boluses can be viewed as a continuous release and that 
since the model is intended to mimic continuous, long-term contributions (see Figure 4), not 
short-term puff (or even a small group of puffs). 

Figure 5 is a conceptual diagram of the coastal area showing the inlet, nearby outfalls 
(located 3 miles south), the northbound Gulfstream current and the reefs. Figure 6 is a sketch 
showing the coordinate axes and all the variables from the surface, as well as the shoreline 
and the reef line (compare to Figure 1). The issue of interest here is that the depth between 
the surface and bottom decreases shoreward. The surface and bottom are both impenetrable 
boundaries and as a result they reflect the constituents. 

 

Figure 3. Krigged result of tracer test results. The small circles are data collection points. The 
circled letters are reference points for velocity calculation, Feb. 22nd (left) and 24th (right) - 

(see later discussion) 
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Figure 4. depiction of how a puff dilutes (spreads) with time to create an exponential 
distribution for the centerline 

 

 

 

 

 

 

 

 

 

 

Figure 5. Conceptual diagram of the Coastal ocean 
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Figure 6. Top sketch of features in the model  

The Gaussian plume model is a (relatively) simple mathematical model that is typically 
applied to point sources. One of the key assumptions of this model is that over short periods 
of time (such as a few hours) steady state conditions exist. Dispersion begins in three 
dimensions. The "standard" algorithm used in plume studies is the Gaussian plume model, 
developed in 1932 by O.G. Sutton. The equation is as follows: 
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Where: 

Q = mass of tracer 

y, z = dispersion coefficients 

u = velocity 

Equation 1 is an unbounded, three dimensional equation generally applied to air pollution. 
The same theory exists in water. All plume models have their basis as Gaussian models 
whereby the x-axis is defined by an exponential distribution (where the velocity of the current 
drives the results – see Figure 5) and the y and z axes by a normal (Gaussian) distribution 
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about the x-axis. However, in this case, the z direction cannot continue to infinity as it is 
bounded on both sides so reflection is introduced. Okubo (1969) observed that a water 
column would be almost continually turbulent at a depth of 10-30 meters. Turbulence plus an 
outgoing plume with an average initial salinity of 36 ppm (Bloetscher and Meeroff, 2007), 
allow for the assumption that the low buoyancy plume is completely mixed over the water 
column soon after entering the coastal ocean. Aerial views after the dye was released 
confirmed the mixing. The assumption of complete mixing will result in a simplified version 
of the previous equation be deleting the z-axis: 

























2

2

2

1
exp),,(

y

p

y
ctzyc


                           

(2) 

where cp is the best fit function describing the centerline concentration of the plume defined 
by: 
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Like the z-axis, the y direction is limited on the west side of the centerline, but the distance 
from the shore to the centerline exceeds 0.4 km, and the angle of the edge of the plume to the 
centerline is very slight angle, son an unbounded system was assumed in this case (note the 
southbound coastal current complicates modeling further and there is no existing data on the 
velocity of the southbound current in the vicinity of this inlet. For plumes in coastal water 
systems there are no general dispersion calculation parameters, and lateral diffusion 
calculation (σy) has to rely on experimental data and/or theoretical derivations. As a result, 
the lateral dispersion results can be obtained from controlled tracer releases and the analysis 
of the patches formed as they diffuse (Lewis, 1997). For a Gaussian distribution the width b 
between opposite points in a tracer patch which are 10% of the maximum concentration (the 
centerline) should be 4.3 times the standard deviation. For practical applications this number 
is generally rounded down to 4σ (Lewis, 1997).  

3. Data Analysis and Results 

3.1 Centerline 

The plume was detected moving north of the inlet with its cross-section in the latitude-water 
depth plane. The sampled points where binned with respect to their latitude to find the value 
and location of the highest concentration point at a given plume cross-section. The data 
ranged from latitudes 26.53916º to 26.65934º and was separated into uniform bins of 0.01º 
(approximately 1.1 km). Shorter bin widths than 0.01º could not be used because most of the 
bins ended up containing half transects that did not include sample points of the SF6 tracer 
patch. 

The centerline equation required a velocity. There were three ADCP devices to measure 
velocity (see Figure 6), although none were perfectly located as they describe the current on 
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the reefs or between the coast and the reef barrier. From the historical data collected by 
NOAA, it was calculated that the mean current for the system goes north 89% of the time due 
to the influence of the Florida Current at 29 cm s-1, 3 meters below the surface, although 
southern currents are periodically registered (Proni, et al 2009). The difference between the 
coastal and the open ocean currents result in a shear zone that is especially important when 
the coastal waters flow south. ADCP data suggests that the line where the different ambient 
currents meet meanders east and west. 

 

Figure 7. ADCPs locations , all south of the inlet (Pire-Schmidt, 2009) 

During the experiment, using a plot of the concentration was plotted against time, indicated 
an average north velocity of 14 cm s-1. An exponential interpolation was used to find the 
trend function that best described the dilution of the SF6 with respect to time of travel. With 
the results derived the following exponential equation for change in concentration with time 
on the x-axis: 

   ttcp 052.0exp125 
                          

(4) 

where t is time, in hours and cp is concentration with respect to time, in pptr. It should be 
noted that as time approaches zero, the concentration of the centerline approaches 122 pptr, 
which was the highest, earliest, value recorded (see Figure 8).  
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Figure 8. Centerline model. Graph for concentration vs. time (Pire-Schmidt, 2009) 

3.2 Horizontal Diffusion 

The experimental lateral dispersion for the SF6 plume was calculated using the sample values 
collected by the sampling boat as it went towards the centerline; direction east to west, each 
defined as a “Run.” The closer to the plume, the more accurate the data is for creating the 
dispersion coefficients. The closest data resulted form Runs 1 and 2. Using the projected, 
interpolated, concentration maps, the lateral distance from the theoretical centerline to the 
10% value of its concentration was estimated. This distance was assumed to be equal to two 
standard deviations form the mean (2σy, standard deviation for the lateral diffusion). This 
modeling is based on a grid were the x-axis is defined by the Earth’s North-South axis (recall 
Figure 4), with x values increasing northward and the y-axis represents the East-West axis, 
with values increasing eastward. The (0,0) coordinate for the system is the inlet’s mouth. 
From Run #2 only the last two transects have positive values that would indicate the presence 
of the SF6 plume. This transects are referred as R#2 North and R#2 South (Figure 9). The 
standard deviation for the lateral diffusion (σy) was calculated to be 850 m at the high 
concentration point of 106 pptr, 900 m north of the inlet. Standard deviation of lateral 
diffusion for R#2 North is 650 m. 
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Figure 9. Run #2, lateral diffusion. (a) Kriging for concentration, (b) Kriging, linear trend 
removed (Pire-Schmidt, 2009) 

 

Figure 10 shows an idealized elongated patch to illustrate this hypothesis. This hypothesis is 
further supported by the fact that lateral diffusion for the north transect is lower than that for 
south one, which would indicate a contracting plume which would be impossible in a 
diffusive environment. 

 

Figure 10. Idealized sketch of the sampling transects with respect to the tracer (tracer patch 
was not elliptical) 

4. MATLAB Model 

Using MATLAB®, a model was created to calculate the plume from the initial time up to 
February 24. Based on observation, the centerline was assumed to be 400 meters off the coast, 
and concentrations west of the centerline were assumed to be equal to the centerline value. 
The following table summarizes the model: 
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Table 1. MATLAB Model (Pire-Schmidt, 2009) 

N-S model length 35 km 

N-S grid size 250 m 

E-W width 4 km 

E-W grid size 10 m 

CL distance 400 m (400,yn)

The equation solved by MATLAB was: 
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The modeled plumes were projected into a map of the coastline for analysis (Figure 11). 

 

 

Figure 11. Plume model for February 24 (checkpoints in green) (Pire-Schmidt, 2009) 

 

4.1 Measuring the Efficacy of Model 

The error in the prediction of the SF6 concentration was low, with 75% of the errors being 
less than 2.45 pptr, and 90% of the samples with an error of less than 4.6 pptr. The value of 
the RMSE is higher than this, reflecting that although most of the errors are small, some 
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extreme errors increased the average of the square of the residuals. Those errors were always 
overestimated. It should be noted, that the higher values belonging to the centerline were 
better predicted. The MAE indicates that the model overestimates the concentrations by an 
average of 1 pptr. The model underestimates most of the values with concentration above 9 
pptr and overestimated values between 9 and 5 pptr, which may be due to velocity to changes 
in the coastal currents during tidal changes (see Figure 12). 

 

 

Figure 12. Predicted vs. actual values for February 24 (Pire-Schmidt, 2009) 

 

To assess sensitivity of the model to changes in velocity and to calibrate the model, the 
contours were recalculated for ambient velocities that moved +/-5 cm s-1 from the average 
velocity. Over a 24 hour period, this change in velocity would amount to 4.3 km in the 
distance covered. The results were far worse. 

With respect to reef impact, Figure 13 shows the bathymetry compared toe model results.  
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Figure 13. This figure shows the southern edge of the plume and the bathymetry of the inlet. 
The reef line is shown in white. This shows that the dilution of inlet concentrations affecting 

the 2 reef ridges varies from 3:1 to 6:1 in the vicinity of the inlet, and does not reach 10:1 
until 10 km north of the inlet. Given results from Proni et al (2009) of 0.5 mg/L (NO3+NO2), 
0.4 mg/L of ammonia and 0.12 mg/L of Phosphorous, the values are about 50 times higher 

than the typical background ocean concentrations, and greater than previously proposed 
ammonia limit of 0.035 mg/L 

 

The model results presented here indicate that modeling the farfield is possible. An important 
assumption for this project was that he tracer concentration was constant over the water 
column, suggesting that there was no significant buoyancy difference between the coastal 
water and the inlet water. Lab tests confirmed the viability of this assumption. The resulting 
model provided a good fit for the measured data and the impact of inlet discharges on the 
reefs. The fact that the tracer formed a patch instead of a plume suggests that the inlet plume 
was correctly modeled by using a Lagrangian approach. The results provide future 
investigators with a methodology to pursue future farfield projects inlet flow models and 
identifies some of the challenges to overcome.  
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Tracking a tracer is an expensive project, which cannot be repeated numerous times. As a 
result, one limitation of the model is that it has data for only one discharge event. A general 
model, describing more than one discharge event would have to take into account that 
because current conditions change constantly at the inlet, the patches could have different 
trajectories. In addition, reefs and other offshore structures can obstruct water flow and create 
channels of water where the current intensity will be higher than ambient current. Hence the 
current meters may not properly measure the velocities unless precisely located. The current 
conditions at the reef barrier are not well understood or easily modeled and the calculation of 
the effect of individual reefs on the advection of the tracer is beyond the scope of this model. 

The data sampled during this experiment shows that SF6 concentrations are higher on the 
coast. Moreover, the Florida Current appears to “hug” the side of the plume, providing a 
mechanism for entrainment of tracer into the coastal current. suggesting that all or at least 
most of the tracer is completely entrained in the coastal current. This comports with the 
findings of Okubo & Karweit (1964).  
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