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Abstract 

 

“Advancing Numerical Calculation of Mixed Sized Sediment Transport and 

Morphology Change” 

 

by 

 

Irene Margaret Watts 

Major Advisor: Gary A. Zarillo, Ph.D., P.G. 

 

Numerical modeling of sediment transport and morphologic change has become a 

powerful tool for studying and working in the coastal zone. Numerical calculation 

can assist in a broad range of projects from regional sediment management to 

beach nourishment as well as evaluating environmental aspects of dredging and 

placement and implications to water quality and turbidity. Success in application of 

these tools is partially dependent on the quality of characterization of the sediments 

in the field. These parameters could include grain size, mineralogical composition, 

specific gravity and fall velocity. Sediment transport formulations are sensitive to 

the spatial representation of the sediments in the model (Watts and Zarillo, 2015). 
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The focus of this work is to improve computation of sediment movement of the 

coarser end of the grain size distribution. In the region of focus for this study, 

Sebastian Inlet, Florida the coarser fractions beyond 0.35 mm are composed of 

nearly 100% carbonate material. The methodology developed can be applied to 

any region with a broad span of grain sizes with different specific gravities, 

mineralogical composition and shapes. Sediments with concentrations of carbonate 

sediments exist throughout the Atlantic coast of Florida, the Caribbean (as 

described in Hine, Wilber Hine et al. (1981), Hawaii in Eversole et al. (2002), 

Australia (Nielsen, 1992)  and the Mediterranean covered in Goldsmith et al. 

(1980)). As in the case of Florida, beach nourishment projects exist and models 

that effectively calculate the movement of these types of sediments can assist in the 

management of these projects.  

 

The purpose of this work is to advance the state of knowledge by improving the 

performance of sediment transport models in carbonate rich environments. The 

goal will be accomplished by a combination of a comprehensive field campaign to 

include both hydrodynamics and bottom topography and calculation of the 

resulting morphology change, with validation through numerical modeling of 

sediment dynamics.   

Sebastian Inlet, Florida, the focus region for this study, is characterized with a 

significant multimodal sediment distribution including carbonates (Watts et al., 
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2015). To measure hydrodynamics and related data, six (6) bottom mounted 

Acoustic Doppler Current Profilers (ADCPs) are deployed in the nearshore areas 

spanning alongshore of the Sebastian Inlet on the Atlantic coast of Florida in water 

depths ranging from 7.5 m to 9 m relative to Mean High Water (MHW). These 

gauges are recording wave height and direction, water elevation, water 

temperature, as well as current magnitude and direction. To document bathymetry 

and resulting morphology change, an instrumented personal watercraft was 

developed to record bottom topography at frequent temporal resolution, 

supplementing other less frequent existing and ongoing surveys. These bathymetric 

measurements extend from the nearshore to the 13-meter (45 ft) contour. Data 

from a meteorological station that has been in operation since 1997 and located at 

the distal end of the north jetty of Sebastian Inlet provides wind speed and 

direction, water temperature and elevation, barometric pressure and air 

temperature. The unique distribution of nearshore gauges allows for an analysis of 

hydrodynamic variations alongshore of a tidal inlet not previously observed in 

other large field campaigns. This hydrodynamic characterization will provide an 

enhanced understanding on the change in hydrodynamics in vicinity of a tidal inlet 

which directly contributes to multimodal sediment transport magnitudes and 

directions, and the subsequent morphology change. Repeated bottom topography 

surveys will provide net sediment transport rates and morphological changes with 

varying forces (quiescent and energetic periods).  
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Previous modeling studies applied the Coastal Modeling System (CMS) at 

Sebastian Inlet indicated the present configuration of the numeric model is 

insufficient to calculate sediment transport in this carbonate rich environment. The 

hypothesis to be tested is that predictions of carbonate rich sediment movement 

can be improved by altering the fall velocities input to model sediment transport 

algorithms to match measured fall velocity of the carbonate fraction.  
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Chapter 1: Introduction 

Process based numerical models are commonly applied to coastal environments to 

elucidate quantitatively coastal processes such as waves, currents and sediment 

transport pathways. The purpose of this work is to advance the state of knowledge 

in predicting sediment transport by incorporating laboratory measured fall velocity 

in a numerical model for coarser, carbonate sediment fractions commonly present 

in Atlantic Florida coastlines. Sediment transport and morphology calculations 

may improve with more accurate representation of sediment characteristics. 

Ongoing coastal processes analysis at Sebastian Inlet has demonstrated the need 

for better model performance in a mixed grain sedimentary environment. The 

following sections provide the background of the project and motivation.  

Background and Motivation 

Numerical calculation of hydrodynamics, sediment transport and morphology 

change has become a standard tool for managing inlet resources. Numerical 

models are routinely applied in tidal inlets in Florida for management purposes. 

Florida Department of Environmental Protection (FDEP) archives the inlet 

management plans for a selection of managed inlets in Florida (FDEP, 2018a). 

These inlet monitoring plans all include some variety of comprehensive beach and 

inlet hydrographic monitoring programs however, several explicitly include 

numerical modeling to assist with management decisions (e.g., St. Lucie, East 
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Pass) or incorporate studies that included numerical modeling (e.g., Ft. Pierce, 

Jupiter Inlet, Lake Worth, South Lake Worth Inlet), (FDEP, 1996, 1997a, 1997b, 

1997c, 1997d, 1997e, 1997f, 1997g, 1998a, 1998b, 1999, 2000, 2013, 2014a, 

2014b, 2016, 2018b; Mehta et al., 1992) Numerical modeling is also used in 

regional studies such as the Strategic Beach Management Plan: Southeast Atlantic 

Coast Region (FDEP, 2018c).  

During this research, a beach nourishment project was underway along the barrier 

island shoreline in Brevard County. The beach was impacted by Hurricanes Sandy, 

Matthew and most recently, Irma. With the addition of the southern reach, the 

shoreline extending from south of Cape Canaveral to the north portion of Sebastian 

Inlet is now a managed beach. This shore protection project encompasses 

approximately 40 miles, protects infrastructure which in turn supports the local and 

state economy in the form of beach tourism, recreational and commercial fishing 

(Houston, 2014). The beaches throughout this managed region have varying 

amounts of carbonate material. The improvement of sediment transport knowledge 

for carbonate fraction would be advantageous in sourcing material for these 

beaches, determining a renourishment interval and anticipate beach morphology 

post construction.  

From a national perspective, the U.S. Army Corps of Engineers (USACE) 

maintains over 1,000 inlets that encompasses more than 13,000 miles of navigation 

channels (Rosati et al., 2015). Coastal modeling and measurement tools support 
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navigation of coastal waterways, which in turn support national security and 

economy.  

This research is supported by a comprehensive field monitoring campaign which 

drives further development of sediment transport advancements. Numerical 

modeling does not replace monitoring data but applies field data to forecast 

sediment transport and morphology as well as explore management options 

without having to construct tests in the field or laboratory facilities. Numerical 

models are one of a suite of tools that can assist in management decisions from 

regional sediment management to jetty design to beach fill design and estuarine 

circulation.  Numerical models combined with other tools support the development 

and transition of vulnerable coastal communities to resilient management strategies 

for the future. Numerous authors e.g., (Bayram et al., 2001; Kraus, 1985; Kraus et 

al., 1987; Kraus et al., 1982), Kraus et al. (1987), Kraus (1985); Kraus et al. 

(1982), Dean et al. (1982); R. Dean et al. (1987), Komar et al. (1970) and others 

have demonstrated the utility of large scale field campaigns supporting modeling 

experiments to advance sediment transport predictive capabilities.  

Sediments present at Sebastian Inlet, like other areas of the central Florida coast, 

contain a large carbonate fraction that was derived from Pleistocene and modern 

sources.  As the modern Florida coastal system has developed, carbonate and 

terrigenous sediments mix to provide shelly graded sands that vary in grain size 

distribution along and across the shoreface and through tidal inlet systems. The 
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distinction of carbonate sediments is important for numerical calculations because 

the majority of sediment transport formulations are developed using quartz based 

normally distributed sand, while carbonate sediments exhibit significantly different 

transport rates and morphology change. Grain size information across the entire 

study area taken in 2011 and 2012 yielded pockets of large percentage of carbonate 

fractions at the inlet bypass bar with a maximum of 76%  (Watts et al. (2015)). A 

bimodal grain size distribution was observed throughout the domain.  

Carbonate sediments are different from quartz and other terrigenous sourced 

sediments in that many of them are platy rather than spherical which will affect the 

behavior of the material in the water column. Fall or settling velocity is an 

important parameter for calculating sediment movement and its basis is described 

in Nielsen (1992) and further defined in Soulsby et al. (1997). Figure 1 depicts 

measured fall velocity with varying materials and particle size.  

 

Figure 1. Settling velocities using narrow sieve fractions. Nielsen (1992). 
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Sediment samples for Figure 1 were from the swash zone at Palm Beach, Sydney, 

Australia that contained large fraction of shell hash (Nielsen (1992)). Labels of 

(𝑤10, 𝑤50, 𝑤90) refer to the fall velocities (w) corresponding to sieve fraction. All 

three curves lie below the curve for Gibbs et al. (1971), which used quartz spheres. 

Comparing the grain size diameters represented in Figure 1, these sizes correspond 

with the finer end of the grain size distribution for material collected on the ebb 

shoal of the Sebastian Inlet.  

Previous modeling studies at Sebastian Inlet by Brehin (2014) indicated that the 

sediment transport formulation was not sensitive to changes in grain size 

distribution; however, Brehin (2014) calculated with a range of representative 

median quartz grain sizes and not bimodal sediments as observed in the region. 

Brehin (2014) used a spatially variable median grain size to evaluate sediment 

transport and morphology change at Sebastian Inlet and not a multiple grain size 

distribution approach which is proposed in this work.  

Other recent modeling studies, Watts et al. (2015), indicated that using the modal, 

or most frequently-occurring grain size in place of the statistical median grain size 

at Sebastian Inlet improved model performance at the attachment bar and the 

impoundment area directly adjacent to the north jetty, but did not have an 

appreciable impact at the ebb shoal and southern portions of the bypass bar Watts 

et al. (2015). Accretion calculations improved in inlet sediment reservoirs with the 

highest percentage of carbonate concentrations (20-50%) but did not improve in 
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sediment reservoirs with lower percentages (20%) which includes the north upper 

fillet and the outer ebb shoal. These results indicate that the modal grain size may 

be a better expression of the sediments in locations of certain hydrodynamic 

modes.  

This work is aimed at improving carbonate and mixed sized sediment transport 

technology and prediction capabilities. Advancements will be achieved by 

augmenting existing sediment transport models by developing new fall velocity 

relationships that are consistent with carbonate rich sediments.  

Present Capabilities of Numerical Simulation of 

Morphology Change 
 

This section describes the state of the practice for numerical modeling of 

morphology change and sediment transport. This section will provide an overview 

of models presently used in the practice and demonstrate their performance to 

establish a baseline for comparison.  

Several numerical models are available for use and a brief list is provided below.  

• Coastal Modeling System (CMS) (Sanchez , Wu , et al., 2014) 

• Delft 2D/3D (Deltares, 2019) 

• MIKE21/3 (DHI, 2019) 
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Several other models exist that simulate nearshore processes however, they do not 

include sediment transport and morphology. Cross-shore processes are not well 

represented in the sediment transport models listed above but are included in cross-

shore models such as Storm-induced BEAch CHange (SBEACH) (Larson et al., 

1989) and X-Beach (Roelvink et al., 2010). The numerical models listed above are 

generalized models that can be applied to a field, laboratory or idealized case.  

 

To quantify the state of sediment transport and morphology calculations via 

numerical models, several previous studies were examined across multiple model 

platforms. This section strives to identify the performance of the present 

technology to form a basis for comparison to the research efforts described herein, 

however it is not exhaustive. Previous modeling studies using the CMS include 

prior year modeling efforts at Sebastian Inlet detailed in (Zarillo et al., 2013; 

Zarillo , Watts , et al., 2018; Zarillo, 2007, 2009; Zarillo , Brehin , Erickson , Cote , 

et al., 2012; Zarillo et al., 2010; Zarillo et al., 2014; Zarillo et al., 2016) Additional 

studies at similar sites include St. Augustine, FL as described in K. R. Legault et 

al. (2012) and Blind Pass, FL in Wang et al. (2012). A modeling study at Grays 

Harbor, WA is presented in Li et al. (2013),  Sanchez (2013) and Sanchez , Wu , 

Beck , Li , Rosati , et al. (2011). Channel infilling of Shark River Inlet located on 

the NJ coastline also described in Sanchez , Wu , Beck , Li , Rosati , et al. (2011). 
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Modeling studies using other numerical models were also investigated in Bertin , 

Fortunato , et al. (2009); Bertin , Oliveira , et al. (2009).  

Assessment of model performance for morphology is often expressed qualitatively 

by comparing general morphology patterns across a domain but recent efforts 

quantify model skill using statistical metrics. A discussion of common Goodness 

of Fit Statistics for coastal numerical modeling applications are presented in 

Appendix A. Table 1 provides a selection of morphology model performance 

across a variety of projects. For each study, the location is provided with the 

sediment reservoir or specific feature used to evaluate model skill. The value of 

model skill is presented with the assessment of model performance. This table is 

not intended to be a direct comparison but to express the range of model 

performance across a variety of morphological features, sedimentary environments 

and expressions of goodness of fit. Without the raw performance data across the 

various studies, uniform comparison between expressions of model skill is not 

possible.  

  



9 

 

Table 1. Overview of Model Skill for Morphology Change. 

Project Location 
Sediment 

Reservoir/Location 
Model Skill Assessment 

Simulation 

Length 

Coastal Modeling System 

Sebastian Inlet, FL 

(Brehin (2014))  

Ebb Shoal 26,623% Poor 
6 months 

Sand Trap -166% Poor  

Sebastian Inlet, FL 

(Watts et al. (2015)) 

South Beach 94% Poor 

6 months Attachment Bar 60% Reasonable 

Bypass Bar 62% Reasonable 

St. Augustine, FL 

(Beck, 2012) 

Ebb Shoal −50% Reasonable 

1.4 years Dredged Pit/Channel +3.6% Excellent 

Full Delta Imprint -1% Excellent 

St. Augustine, FL 

(Sanchez , Wu , Beck , 

Li , Rosati , et al., 

2011)  

Dredged Pit/Channel 
4.1% 

(NMAE) 
Excellent 

1.4 years Ebb Shoal 
46.8% 

(NMAE) 
Reasonable 

Full Delta Imprint 
6.3% 

(NMAE) 
Excellent 

Grays Harbor, WA 

(Sanchez & Wu, 2011) 

Cross Shore Transects 

north of inlet (0 – 10 m 

water depth) 

0.9 – 0.2 R2 

0.8 – 0.1 

BSS 

Strong – 

None (R2) 

Excellent – 

Poor (BSS) 

31 days 

Grays Harbor, WA 

(Li, 2013) 
Cross Channel Transect 

0.03 – 0.65 

BSS 

Poor - 

Reasonable 
9 months 

Shark River Inlet, NJ 

(Sanchez , Wu , Beck , 

Li , Rosati , et al., 

2011) 

Dredged Channel 
3.4 % 

NMAE 
Excellent 4 months 

Delft Modeling 

O´ bidos Inlet, 

Portugal (Bertin , 

Fortunato , et al., 

2009) 

Not Specified 0.2 BSS Poor 5 months 

O’Bidos Inlet, 

Portugal (Bertin , 

Oliveira , et al., 2009) 

Elevations (Not 

Specified 

0.065 m 

RMSE 
Good 5 weeks 

 



10 

 

The first two studies included in Table 1 are at Sebastian Inlet using similar 

approaches. The primary difference between Brehin (2014) and Watts et al. (2015) 

was the use of the modal grain size throughout the domain rather than the 

statistical mean in the latter study. The material at Sebastian Inlet consists of 

varying amounts of coarse material in the form of shell hash. For a more in-depth 

discussion of the sedimentary environment at Sebastian Inlet, the reader is referred 

to the Geologic Setting section. For brevity, two regions of the inlet domain were 

selected from the Brehin (2014) work and the percent error computed. In this 

instance, the model showed poor agreement with observations. The incorporation 

of the modal grain size in Watts et al. (2015) showed better agreement across two 

sediment reservoirs however the two studies defined the sediment reservoirs 

differently and a direct comparison cannot be made. Since the values are positive, 

this error represents an overprediction of morphology change.  

St. Augustine Inlet is located north of Sebastian Inlet by approximately 130 nm. 

The channel is stabilized by two jetties and is similar in forcing and sedimentary 

regime as Sebastian Inlet. However, Sebastian Inlet experiences wave shadowing 

from the presence of Cape Canaveral. St. Augustine has been studied extensively 

including a comprehensive CMS modeling effort (Beck et al. (2012)) and further 

described in Sanchez , Wu , Beck , Li , Rosati , et al. (2011). The sedimentary 

environment of St. Augustine inlet is a “…mixture of feldspar, carbonate shell 

hash and primarily quartz” (Beck et al., 2012). This is similar to material found in 

the vicinity of Sebastian Inlet however, the percentage of carbonates is not 
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explicitly stated in the report. Carbonate material can be found along the entire 

Atlantic Florida coastline with a general increasing trend southward. It can be 

inferred that the percentage of carbonate material present at St. Augustine is less 

than at Sebastian Inlet.  

There are some distinct differences between the two sites; most notably the inlet’s 

origins differ in that Sebastian has been artificially created by excavating through 

existing reef rock and St. Augustine has had a more natural evolution. The St. 

Augustine navigation channel has been relocated in 1940 (K. Legault et al. (2012)) 

but the opening itself had natural origin.  Both inlets are situated in a mixed energy 

environment which is supported by the geomorphology present (K. Legault et al. 

(2012)). The performance of the ebb shoal showed reasonable performance but 

much better performance was observed over the dredged channel and full delta 

imprint.  

Examining the performance of the CMS model at Grays Harbor, WA is a less 

similar forcing and sedimentary environment as compared with the Atlantic 

Florida inlets but still useful is establishing as baseline of model performance 

across varying field applications. This study was focused on the performance of the 

model for simulating the processes in the navigation channel and nearby 

sedimentary reservoirs including Damon Point. The brier skill score (BSS) was 

used to observe changes within the navigation channel immediately north of the 

southern jetty. BSS ranged from 0.03 – 0.65 which corresponds with poor to good 
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agreement with measured data. Three transects out of 7 showed either good or 

reasonable agreement with measured data however 4 showed poor agreement.  

Quantitative model skill values were difficult to procure for the available literature 

of Delft Model applications. Most studies using the Delft model suite reviewed for 

this work relied on qualitative comparisons of morphology change. The available 

goodness of fit statistics for O’Bidos Inlet (Bertin , Fortunato , et al. (2009)) 

showed poor to good model performance but were not specific to sedimentary 

reservoir. The sediment characteristics for the study area are described as medium 

to coarse sands ranging from 0.3 to 0.64 mm but the mineralogic composition was 

not included.  

It is difficult to establish a baseline of model performance when the values for 

model skill vary widely across a model domain. In many cases, the model skill for 

hydrodynamics in a region may be much better than the performance in the same 

region for morphology change. For instance, in the St. Augustine modeling effort, 

the NMAE (Normalized Mean Absolute Error) was on the order of 8-18 percent 

for currents over the ebb shoal (Sanchez , Wu , Beck , Li , Rosati III , et al., 2011) 

however the calculated morphology change of portions of the ebb shoal differed 

from measured by +-50% in some areas and 3.6% in other areas of the same 

morphologic feature (Beck et al., 2012). This behavior is most likely due to 

morphology change and sediment transport computations are largely based on 

empirical relationships rather than well-defined physics.  
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Examining the model performance across varying sedimentary environments listed 

in Table 1, model applications where large percentages of carbonates occur 

(Sebastian and St. Augustine), shows reasonable to poor agreement in the sediment 

reservoirs. Better performance was observed in studies with a more gaussian 

distribution of sediments with little to no presence of shell hash material (Grays 

Harbor, Shark River Inlet, Blind Pass). These quantitative metrics of model 

performance across varying sedimentary environments indicate that further 

development of sediment transport prediction capabilities is needed for regions 

with high percentages of carbonate material.  

Three dimensional models are useful in areas of stratified flow. Sebastian Inlet is 

well mixed and is not prone to direct large influx of freshwater that would lead to 

stratification. While a 3D model may resolve flows vertically, the wave model is 

still phased averaged rather than a Boussinesq type wave model that simulates 

individual waves trains. Boussinesq wave models are useful at ports and harbors 

were complex wave interaction with structures is important. The sediment 

transport model approach within the CMS uses a Eulerian approach expressing 

sediment as a concentration rather than discrete particles.   

Objectives and Hypothesis 

The primary objective of this work is to examine the impact of incorporating 

measured values of individual grain size fall velocities in process based numerical 

models that simulate sediment transport and morphology. The hypothesis is that 
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more accurate representation of the sediment fall velocity in the numerical model 

environment will improve morphology change performance at sediment reservoirs. 

A series of numerical model alternatives have been developed to test this 

hypothesis against standard empirical relationships. Major objectives of this work  
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Chapter 2: Sebastian Inlet Site 

Characterization 
 

Sebastian Inlet is a “lagoonal type” tidal inlet located on the Atlantic Coast of 

Florida south of Cape Canaveral by 22 nm and north of Miami by approximately 

132 nm. The sedimentary environment is characterized by a large carbonate 

fraction distributed mostly over the coarse sand to fine gravel size range. The inlet 

system includes well-defined ebb and flood shoals, and hard bottom outcrops 

consisting of Coquina of the late Pleistocene Anastasia Formation (Zarillo, 2007). 

Research and field monitoring has been ongoing at this inlet for over a decade 

through a partnership with Florida Institute of Technology (FIT) Coastal Processes 

Research Group (CPRG) (Zarillo et al., 2013; Zarillo , Watts , et al., 2018; Zarillo, 

2007, 2009; Zarillo , Brehin , Erickson , Cote , et al., 2012; Zarillo et al., 2010; 

Zarillo et al., 2014; Zarillo et al., 2016) with the Sebastian Inlet Tax District 

(District). The District was established in 1919 by the Florida Legislature as the 

organization responsible for the maintenance of Sebastian Inlet (Mehta et al., 

1976).  This research directly supports management of the inlet and its resources 

led by the District in coordination with the Florida State Park Service.  

The Sebastian Inlet is a suitable field site for this research into the examination of 

the performance of sediment transport technology and promote its development. 

This field site is in close proximity to FIT, a large quantity of existing field data 
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both spatially and temporally, synthesized with the complex sedimentary 

environment which is the focus of this work, Sebastian Inlet is a more than suitable 

site for this research. Close proximity reduces mobilization time and costs and 

increases the capacity for rapid response prior to and following storms. The 

following sections will describe the history and development of the inlet as well as 

characterize the geological and hydrodynamic environment.  

 

Geologic Setting and Sediment Regimes 

The Sebastian Inlet is one of six inlets that provide flushing from the Atlantic 

Ocean to the Indian River lagoon system. The Cape Canaveral cuspate foreland is 

the most dominant geologic feature along the eastern central Florida coastline  

(Stauble, 1988). A cuspate foreland can be described as a large projecting point 

with cusp shape  (Morang et al., 2002) and examples include Cape Hatteras and 

Canaveral. A foreland contrasts a simple salient feature by extending a 

considerable distance from the coast (Masselink et al., 2003). The present-day 

inlets separate the fronting barrier island chain that exists north and south of Cape 

Canaveral. Relict overwash fans suggest that several former inlets presently closed 

by either natural or man-made processes (Stauble, 1988). A model of inlet opening, 

migration, closure and ridge detachment resulting in linear shoals is documented in 

McBride et al. (1991) and may be an important process for this region. Figure 2 
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identifies the relative location of the Sebastian Inlet and its relation to the regional 

features.  

 

Figure 2. Sebastian Inlet Location Map (ESRI Online; Aerial Image: Google Earth, March 2017). 

 

Figure 2 includes the locations of inlets in Florida (FDEP, 2015) denoted as red 

buttons and a star indicates the relative location of Sebastian Inlet. Figure 2 also 

includes an aerial imagery inset that includes the shoreline, lagoon, inlet and flood 

shoal visible. Flood tidal channels are visible over the flood shoal in this image of 

Figure 2 and a plume of dark material is extending through the inlet and into the 
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Atlantic Ocean obscuring the ebb shoal. Breaking waves are also visible in this 

aerial image corresponding to the ebb shoal crest.  

The sediments present in the vicinity of Sebastian Inlet contain large quantities of 

shell hash that is a product of weathering of the coquina outcrops which, in turn is 

part of the Anastasia formation (Stauble, 1988). This rock formation extends 

southward from Anastasia Island which is located due east of St. Augustine. 

Coquina is composed of shell fragments with quartz sand with carbonate cement 

(Stauble, 1988).  

The flood tidal delta of Sebastian Inlet has steadily grown into the lagoon 

depositing marine sands over lagoonal sediments Since the opening of the 

(Sebastian) inlet, the flood tidal delta has steadily grown into the lagoon, 

depositing marine sands over lagoonal sediments (Stauble, 1988). Tidal flow enters 

the lagoon from the restricted throat and velocity decreases resulting in 

hydraulically sorting sediment as it is deposited on the flood shoal in a pattern 

resembling a fan. (Stauble, 1988). The sediment sorting across the flood shoal 

follows the changes in hydraulics. Coarsest and most poorly sorted material is 

deposited immediately adjacent to the inlet throat. (Stauble, 1988).  The coarsest 

material of 0.5 mm is found on the eastern (inlet) side of the flood shoal and the 

grain size reduces to 0.125 mm on the western (lagoon) side of the flood shoal. The 

tidal channels visible in Figure 2 indicate a complex hydraulic pattern which gives 

rise to sediment gradation changes across the resulting shoals. Sediment sorting 
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can also be observed within the channels of the flood delta which contain coarser 

material while quartz sands can be found on the adjacent shoals. (Stauble, 1988). 

This sediment distribution across the flood shoal is depicted in Figure 3 on the left 

panel with the morphologic interpretation present in the right panel.  

 

Figure 3. Sebastian Inlet Flood Shoal Samples (Stauble, 1988). 

 

Isobars of grain size in phi units is depicted in the left panel of Figure 3 and 

represents mean grain sizes of surface material and range from 1.0 Φ (0.5 mm) to 

3.0Φ (0.125 mm). Sediment samples taken for this figure by (Stauble, 1988) were 

a combination of vibracores, surface samples and ponar grab samples collected in 

1984 – 1986. A comparison of these sediment grain sizes can be made to recent 
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sediment sampling campaign (2011/2012) to qualitatively observe distribution of 

sediments across the flood shoal.  

The shell material does not only exist in the immediate vicinity of the tidal inlet. 

The Anastasia formation runs along the Indian River Lagoon and outcrop locations 

were documented by Trefry et al. (1987). Shell material can be found throughout 

the lagoon ranging from coarse gravel to fine sand sizes. Mediaum sand material in 

the lagoon has been observed as quartz. (Stauble, 1988). A third class of material is 

also present in the lagoon as silt and clay. This material is referred to as “muck” 

and has been studied extensively over the past decades as a source of nutrients 

loading in the lagoon contributing to algal blooms, fish kills, anoxic water 

conditions and eutrophication. A discussion of the muck material present in the 

lagoon and the issues rising from nutrient loading is outside the scope of this work 

but the reader is encouraged to consult the publications in the INLNEP (Sakuma, 

2018). 

It should be noted that the majority of the sediment samples in (Stauble, 1988) 

occurred in spring and summer; April and June respectively while the coarser 

material towards to seaward portion of the flood shoal were taken in the winter 

(October). Water depths are shallow over the flood shoal and portions of the shoal 

are exposed during low tide.  Observations indicate that the ebb flow does not 

reach sufficient velocity to transport sediment into the coastal ocean until the flow 

is restricted in the throat section. (Stauble, 1988). The hydraulics of the inlet are 
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complex and an ebb or flood dominance is not clear.  Both an ebb and flood 

dominance are observed in different locations within the inlet. An ebb dominance 

in the throat section is suggested while a flood dominance is suggested over the 

delta inferred by the sediment transport dynamics. (Stauble et al., 1987) 

This observation leads not only to the flood dominance and tidal asymmetry but 

also indicates that transport of lagoonal sediments from the lagoon to the Atlantic 

ocean is minimal (Stauble, 1988). However, a distinct brown water of the ebb jet 

can be observed both in aerial imagery and during field activities for this work. It 

is uncertain if this recent field observation may be a product of increasingly poor 

water quality in the lagoon or an increase in ebb velocities over the flood shoal. 

Suspended sediment concentrations and current velocities in the inlet throat have 

not been taken at the writing of this report but should be a future field activity.  

Figure 4 depicts the observed ebb jet plume as brown water extending from the 

inlet throat into the Atlantic Ocean. A discussion on site history is presented in 

following sections.  

 

Figure 4. Ebb Jet Plume (Google Earth, 2018). 
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Site History 

This section combines previous work documenting the site history (Brehin, 2014; 

Mehta et al., 1976; Stauble, 1988) with historic and present day aerial images 

(Florida, 2019) and historic navigation charts to document the opening of this tidal 

inlet and its morphologic evolution. The construction activities have been updated 

from Brehin (2014) to 2019 to continue this documentation.  

Inlet Evolution and Morphology 

Previous work by (Bishop, 2012; Bishop et al., 2011) details the typical 

morphology of inlets on the East Florida Coastline and the stages of inlet open and 

closure. Washover fans and relict flood shoals are present adjacent to the Sebastian 

Inlet.  

The Sebastian Inlet has undergone several periods of development beginning with 

its initial opening in 1886 dug by hand shovels (Stauble, 1988). A chronology of 

engineering activities and the evolution of the inlet is documented in (Brehin, 

2014; Mehta et al., 1976) and a brief summary presented herein and includes 

updated construction activities to present day. In 1918, small jetties were 

constructed using local Anastasia rock material. During this initial development 

period, the inlet tended to close after a storm and the longshore drift was observed 

to be higher than the tidal flow during this early inlet configuration  Stauble 

(1988). The inlet remained open during a second period of development spanning 

between 1924 – 1942. The channel was not stable during this second development 
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period but stayed open (Stauble, 1988). At this time, the channel was oriented in a 

northwest - southeast direction during this time.  By 1931, a sheetpile wall was 

added to the southern bank in an effort to stabilize the channel (Mehta et al., 1976). 

It should be noted that the present day of the location of the sheetpile remnants is 

located on the inlet throat of the north bank due west of the A1A bridge. By 1943, 

the inlet shoaled and closed; documented by aerial photography taken during this 

time period shown in Figure 5.  

 

Figure 5. Historic Aerial Image: 1943 (Florida, 2019). 
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Figure 5 is the earliest aerial image taken on February 14th, 1943 via USDA. 

According to Mehta et al. (1976), the inlet closure was a product of a nor’easter. 

Small jetties are observed in this image and a small updrift shoreline offset is 

visible.  

The third development period began in 1948 with a new dredged channel throat 

and navigation channel. The orientation of this channel was northeast – southwest 

as dictated by the existing jetties previously built in 1918 which at this time 

stretched into the lagoon (Stauble, 1988). Successive dredging operations 

occurring since 1948 in an effort to stabilize the inlet and improve navigation 

(Stauble, 1988). A large dredging event occurred in 1962 removing 215,900 m3 of 

material in the inlet and included  creating the sand trap (Brehin, 2014; Stauble, 

1988).  This dredging event also reoriented the navigation channel to a more 

central position in the inlet. A characteristic updrift offset began developing during 

this time with sand impoundment adjacent to the north jetty. Erosional trends are 

observed during this period south of the south jetty due to the interruption of 

southerly directed sediment drift. This time period also saw the rise of a manual 

sediment bypassing events that continues to present day with minor changes. 

Sediment was bypassed during this third development period by placing the 

dredged material on the south beaches when the sand trap was filled  Stauble 

(1988). Dredge events including bypassing occurred in 1972, 1978, 1985 – 1985 

(Stauble, 1988) and the jetties were extended to the present configuration by 1970 
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(Mehta et al., 1976). The volume of material dredged has increased since the 

reopening of the inlet in 1948 (Mehta et al., 1976).  

 

 

Figure 6. Historic Aerial Images: 1951, 1957 (Florida, 2019). 

 

Figure 6 shows the aerial images for 1951 and 1957 and the inlet throat orientation 

is visible. The updrift offset becomes more pronounced and spoil material is visible 

on the southern flank of the inlet stretching into the lagoon. The flood shoal begins 

to develop and breaking waves are observed at the inlet mouth. Aerial images 

taken in 1970 and 1981 are shown in Figure 7. 
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Figure 7. Historic Aerial Images: 1970, 1981 (Florida, 2019). 

 

The flood shoal becomes more defined during this time period and vegetation is 

visible in the 1981 photograph (right). Updrift offset continues to be more 

pronounced and an ebb shoal is visible in the 1970 image (left). Flood tidal 

channels evolve during this time period. In the 1970 image (left) of Figure 7, the 

tidal channels remain relatively straight along the inlet throat orientation most 

likely a product of dredging activities in 1962. In the 1981 image (right), the flood 

shoal continues to develop and tidal channels evolve with the increase in volume. 

The sand trap was initially excavated in 1962 along with a navigation channel. The 

sand trap is not readily visible in the 1970 (left) image but a portion is visible in the 

1981 (right) image.  

The evolution of the flood tidal delta throughout the development periods has also 

been well documented and evolved through time in response to the construction 



27 

 

activities. The flood delta has continued to expand into the lagoon after the inlet 

was successfully opened in the mid-1920s (Stauble, 1988). The changes in channel 

orientation has influenced the pattern and evolution of the delta sand shoals 

(Stauble, 1988). The volume of the flood shoal grew 120.4 x 104 m2 in the period 

between 1943 to 1985. An accelerated growth rate of the flood shoal was observed 

before the sand trap was established. Spill over lobes developed both to the north 

and south as the delta continued to grow through time. A navigation channel was 

dredged through the flood shoal connecting the main inlet navigation channel 

connecting into the Intracoastal Waterway (ICW).  

 

The asymmetry of Sebastian Inlet’s ebb shoal complex is most likely due to a 

combination original inlet configuration before the navigation channel was dredged 

to a northeast configuration and the angle of the turbulent ebb jet.  

Coastal Processes Characterization 

Inlet Classification 

Multiple inlet classification schemes exist. These span between physical, 

hydrologic and geologic differences. The purpose behind the classification 

schemes and 1D inlet relationships is to understand an inlets’ function on a very 

general scale. Sebastian Inlet is on a low mesotidal coast with an average tidal 

range of approximately 1.3 m. The average wave height for 2016 was 0.78 m 
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which falls within the medium wave energy range as defined by (Hayes, 1979) of 

0.6 m – 1.5 m.  Sebastian Inlet resides on a mesotidal inlet and does have relic 

washover fans but lacks the characteristic drum stick shape. A drumstick shape is 

present at the Saint Lucie Inlet located approximately 80 km south of the site.  It 

does have a large well-developed ebb shoal with strong wave effects (Monster 

Hole) but does have a significant flood tidal delta. For Sebastian Inlet this 

characteristic scheme only covers a portion of the geomorphic features.   

 

Inlets can also be classified on their method of bypassing. Previous work by 

(Bruun et al., 1959) defined two modes of natural sediment bypassing at tidal inlets 

referred to as bar bypassing (wave dominant inlets) and tidal bypassing (tide 

dominant inlets). The following ratio was defined to predict bypassing type (Kraus, 

2004).  

(1) 

𝑟 =
𝑃

𝑄𝑔
 

Where;  

𝑃 =tidal prism at spring tide;  

𝑄𝑠 = gross transport rate in one year; and 

𝑟 = relative strength of tidal flow to maintain channel opening in contrast to the 

volume of sediment brought to the inlet via longshore transport rate.  

 

This ratio led to the following classification system adapted from (Bruun et al., 

1959) and presented in (Kraus, 2004).  
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Table 2. Inlet Bypassing and Channel Area Cross-Sectional Stability Classification. 

r-value Channel Stability 
Dominant Bypassing 

Mode 

𝑟 < 20 

Unstable. Inlet may be 

closed by deposition of 

sediment during a storm. 

Not typically a navigable 

channel 

Bar bypassing 

𝑟 = 20 − 50 

Highly variable channel in 

location and area, with 

multiple channels possible. 

Dredging and jetties 

typically required to 

maintain navigable depths. 

Bar bypassing; may have 

several bars 

𝑟 = 50 − 150 
Clear main channel and 

well-developed ebb shoal 

Bar bypassing and tidal 

bypassing 

𝑟 > 150 Reasonable stable channel 
Episodic bypassing, tidal 

bypassing 

 

To apply this classification system to Sebastian Inlet, the tidal prism estimate was 

obtained from (Clarke, 2004) while gross longshore sediment transport rate was 

taken from (R. G. Dean et al., 1987).  

 

𝑟 =
𝑃

𝑄𝑠
=

3.5 𝑥 108𝑓𝑡3

6.21 𝑥 106𝑓𝑡3
= 56.3 

 

 

Using this classification system, Sebastian Inlet falls under the third category with 

the bypassing mode split between bar and tidal bypassing mechanisms.  The 

corresponding channel stability description also matches what is observed in the 

field with a ‘clear main channel and well-developed ebb shoal’. It should be noted 

that Sebastian Inlet was cut directly into the bedrock and may violate the 

underlying assumptions of this classification scheme of an inlet channel with the 

capability to scour.  
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Sediment Budget 

This section draws upon the latest iteration of the State of Sebastian Inlet reports 

and recently published conference proceedings to present the regional sediment 

budget for the Sebastian Inlet. This operational budget is updated annually with 

field data to inform the management district the response the system has to coastal 

processes such as longshore sediment transport, natural bypassing and 

backpassing, currents, tides and wave energy. These processes include hurricanes 

which occurred in 2016 (Michael) and 2017 (Irma).  These events with nor’easters 

can impact the sediment reservoirs in the system. 

The inlet sand reservoirs have been described in a long-term dynamic equilibrium 

characterized by large seasonal changes in volume superimposed on longer-term 

trends of lower order of magnitude (Zarillo, 2019).  

The annual update of the sediment budget includes a shorter time scale of 3 years 

and a longer time scale of 10 years. Short term sand budgets can provide insight 

into shorter term event driven exchanges of sediment between the reservoirs. In 

contrast, the   longer-term decadal sediment budget integrates over the short-term 

variations to examine trends rather than episodic fluctuations. These sediment 

budgets benefit from the annual data collection including topography and bottom 

topography surveys combined with aerial imagery. Details regarding these surveys 

including the methodology and spatial coverage are provided in Chapter 3.   
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Sediment budget for this inlet is partitioned into an inlet cell focused on the largest 

sand reservoirs located in the immediate vicinity of the inlet, and a regional sand 

budget linking this cell with a series of nearshore ones. The inlet sediment 

reservoirs include the flood shoal, sand trap, ebb shoal, attachment bar and the 

north and south fillet areas. These sediment reservoirs will also be used to evaluate 

the performance of the morphology calculations in the numerical model. This inlet 

focused approach provides information on each sediment reservoir to changes to 

the system; anthropogenic or natural. Recognizing that the inlet sediment 

reservoirs operate as a complex system, volume gains or losses are most often 

followed by counter balancing volume changes (Zarillo, 2019).  

The inlet cell retains only a small volume of sand on an annual basis; 50,000 cubic 

yards on the long term budget and less than 10,000 cubic yards on an annual basis 

(Zarillo , Brehin , Erickson , Cote , et al., 2012). Seasonal fluctuations of the cells 

can exceed 100,000 cubic yards however long term changes are relatively small 

(Zarillo et al., 2016).  
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Chapter 3: Field Data Collection  

This chapter documents the methods, equipment and procedures employed in the 

comprehensive field data campaign. The purpose of the field effort is to provide an 

observational basis across a variety of coastal processes to support the continued 

development of the numerical model. This approach spans alongshore a tidal inlet 

that allows for a more spatially refined evaluation of model skill across the model 

domain.  

The field campaign was designed to build on previous work and resolve a more 

complete understanding of the hydrodynamic processes at the site and the resulting 

morphology change. The study area has benefited from comprehensive field 

monitoring for over a decade. Existing data products include meteorological 

information, wave and current data, bi-annual hydrographic and topographic 

surveying, bi annual aerial images, and sediment samples spanning alongshore of 

the entire study domain. The following table details the data types collected onsite 

and the temporal coverage.  
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Table 3. Field Data Types. 

Data Type Interval Duration 

MET Tower 

Water Temperature 15 min 1996 - Present 

Water Surface Elevation 15 min 1996 - Present 

Barometric Pressure 15 min 1996 - Present 

Wind Speed and Direction 15 min 1996 - Present 

Hydrodynamics 

Wave Height and Direction 3 hours 1997 – Present 

Current speed and direction 30 minutes 1996 – Present 

Pressure based water surface elevation 30 minutes 1996 – Present 

Bottom water Temperature 30 minutes 1996 - Present 

 

Bottom Topography and Beach Survey 

Regular bottom topographic surveys are being performed when weather and tidal 

conditions allow alongshore of Sebastian Inlet using an instrumented personal 

watercraft while the ADCP gauges are deployed. These surveys will be used for 

documenting bathymetric change and analysis of sediment transport as described 

in following sections. Bi-annual hydrographic and topographic surveys have been 

collected as part of annual monitoring of the inlet for over a decade. These datasets 

are useful, but do not provide the temporal resolution to determine sediment 

movement over shorter periods of time. A description of the survey design is 

presented in the following section.  

Commercial Survey Design 

 

The biannual topography and hydrographic surveys span from Brevard County R-

maker 189 – 219 to Indian River County R-marker 001 – 030. This survey 

configuration spans an alongshore distance of 18 km with the inlet at the midpoint, 
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R-markers are used by Florida Department of Environmental Protection (FDEP) 

for annual beach monitoring and have been used as a template for the bi-annual 

surveys at Sebastian Inlet. This allows for the seamless combination of the annual 

beach profile data performed by the state to the monitoring at Sebastian Inlet. 

Surveys performed at the direction of the Sebastian Inlet District are performed by 

season; once in the winter (January/February) and one at the end of the summer 

(August/September). Bi-annual surveys are performed by Land and Sea, Inc. and 

include beach topography via Real Time Kinematic (RTK) Global Positioning 

System (GPS) and bottom topography measured by a combination of single beam 

and multibeam sonar systems. The majority of the survey area is single beam and 

select group of R-markers (R-001 – R-17) to the south of the inlet is performed 

using multibeam to closely monitor the behavior of the inlet sediment reservoirs. 

Multibeam water depths range from approximately 6 m to the approximate depth 

of closure of 14 meters. The bi-annual surveying also covers the flood shoal, sand 

trap and inlet throat to capture the interior sediment reservoirs including the 

channel linear marginal bars. Table 4 details the complete survey parameters of 

both the topographic and hydrographic components.   
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Table 4. Sebastian Inlet Nearshore Survey Design. 

Parameter Value 

North Shore (Brevard County: R-189 – 219) 

Northern Alongshore Distance 8.8 km 

Offshore Distance (ave.) 1.1 km 

Minimum Water Depth ~1 m 

Maximum Water Depth  ~14 m (Approximate depth of closure) 

Beach Profile Length (ave.) ~50 m 

Profile Width 300 m 

South Shore (Indian River County: R-001 – 030) 

Southern Alongshore Distance (total) 8.8 km 

Multibeam Distance  5 km 

Offshore Distance (ave) 1.1 km 

Minimum Water Depth ~1 m 

Maximum Water Depth ~14 m (Approximate depth of closure) 

Beach Profile Length (ave.) ~50 m 

Profile Width (R-001 – 017) 50 m 

Profile Width (R-17 – 030) 300 m 

 

Full commercial survey coverage is provided in Figure 8. The left panel details the 

alongshore spatial coverage and the location of the inlet. The right panel shows the 

resulting surface that is generated when the survey data is interpolated onto a grid. 

These grids are an important component in numerical modeling and volumetric 

analysis. 
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Figure 8. Survey Profile Lines for both bi-annual bathymetric data collection. Coverage (A, left panel); 

Surface from Profiles (B, right panel). 

 

Beach profiles are performed to wading depth from the dune line. Wading depth is 

dependent upon a variety of factors such as wave and tide conditions as well as the 

specific capabilities of the surveyor. On average the offshore depth of the wading 

beach profiles is approximately 1 m. The driven profiles are achieved by a 

combination of instrumented personal watercraft and traditional hulled survey 

vessel. Figure 9 shows the individual profile detail in panel a, left and the interior 

survey detail on panel b, right. The individual profile figure shows the relationship 

between the R-marker, topographic beach profile, single beam Jet Ski and 

multibeam swath.  
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Figure 9. Nearshore Survey Components: Individual Profile Detail (panel a, left) and Interior Survey Detail 

(panel b, right). 

 

Figure 10 details the spatial relationship between R-markers, beach profiles, multi 

beam and the inlet throat coverage.  

 

Figure 10. Nearshore Survey Components 
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FIT Nearshore Survey 

 

In order to observe nearshore changes on smaller temporal scales and perform lost 

cost, rapid response storm surveys, in-house nearshore survey capabilities were 

developed. Instrumented personal watercraft have been developed for nearshore 

surveys by a variety of commercial and academic groups. Stevens Institute in 

Hoboken, New Jersey has developed and maintains an advanced nearshore survey 

platform on a jet ski. Land and Sea, Inc. also uses an instrumented personal 

watercraft to augment their nearshore survey capabilities. A personal watercraft is 

able to rapidly survey large distances as well as get into water depths as shallow as 

1 -2 feet depending on wave conditions. The personal watercraft is highly 

maneuverable to be able to rapidly turn in the nearshore to navigate waves head on 

rather than risk getting swamped by a broad side wave.  

The nearshore survey system consists of the following general components; 

• Vessel 

• GPS  

• Single beam transducer 

• Accelerometer 

• Post Processing Software, and  

• Matlab script.  
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The GPS records the position of the craft in space, single beam transducer records 

the water depth below the instrument, and the accelerometer records the motion of 

the craft. A schematic of the individual components of the instrumented personal 

watercraft is presented in Figure 11.  

 

Figure 11. Instrumented Personal Watercraft Components. 

 

Measurements of vessel position and water depth is performed by a Lowrance Gen 

7 high-resolution single and multibeam chart plotter/fish finder.  Vessel motion is 

recorded by Gulf Coast Concepts Accelerometer. The chart plotter provides 

position information (X and Y) with depth (Z), whereas the accelerometer provides 

the ability to correct the data for movement of the watercraft through the surf zone 

and swell. Initial calibration runs performed simultaneously with the spring bi-

annual hydrographic surveys and showed good agreement with survey grade 

GPS/RTK equipment. The personal watercraft measurements are not intended to 

replace survey grade data, nor will they fully conform to EM 1110-2-1003 

(USACE, 2013), but these data will provide sufficient accuracy for temporal 

resolution of sediment transport and subsequent analysis of morphology change.  
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The combined survey data will enable measuring changes in nearshore bottom 

topography. It is anticipated that a minimum of 5 surveys will be performed during 

the deployment period. Surveys are weather dependent and require both low waves 

of less than a meter in height, along with favorable tides through the inlet. The 

spatial coverage of the bottom topography surveys and the nearshore monitoring 

array are provided in the following figure.  

 

Figure 12. Nearshore Gauge Array and Bottom Topography Transects (Aerial Image: Google Earth, 2014).
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Nearshore Monitoring Array 

This section details the equipment, deployment methodologies, post processing and 

data results for the nearshore monitoring array. This chapter presents some of the 

practical considerations that are required for data collection in the coastal ocean. 

Data results and interpretation will also be presented as a baseline of understanding 

for the numerical modeling input and computations.  

Data Goals 

The goals of the nearshore monitoring array are as follows; 

1. Expand the present monitoring of Sebastian Inlet to resolve hydrodynamics 

north and south of the inlet.  

2. Provide a hydrodynamic numerical model test bed to evaluate the 

performance of the numerical model updrift and downdrift of a tidal inlet.  

Instrumentation 

This section provides information regarding the instrument set up and controls 

which affect data collection and post processing.  

Hydrodynamics 

 

To characterize the hydrodynamics alongshore of the tidal inlet updrift and 

downdrift, six bottom mounted wave enabled Acoustic Doppler Current Profiler 

(ADCPs) were deployed alongshore the tidal inlet. These instruments were 
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deployed in addition to the existing two ADCPs located north of the north jetty 

bringing the total number of deployed gauges to six. The deployed configuration of 

these gauges is provided in Figure 13 and specifics are listed in Table 5. Specifics 

of each station is provided in Table 5 including gauge manufacturer, water depth, 

location and date of deployment. RDI refers to RD Teledyne Instruments. The 

‘Existing ADCP’ location represents co-located ADCPs that have been deployed 

continuously since 1997. This data set provides an excellent hydrodynamic 

baseline with which to perform further study.  

 

 

Figure 13. Nearshore ADCP Array Configuration (Aerial Imagery, Google Earth, 2014). 
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Table 5. Nearshore Array Information. 

Station Gauge Depth 

(m) 

Latitude Longitude Date  

North 
RDI Workhorse 7.5 27°52'37.96"N 80°27'7.65"W 

27 April 

2016 

Existing 

ADCPs 

RDI Workhorse/ 

NORTEK Aquadopp 

Co-located 

8.5 27°51'58.68"N 80°26'45.00"W 
1997 – 

Present 

Ebb Shoal 
RDI Workhorse 9 27°51'25.00"N 80°26'17.50"W 

June 

2016 

South 

Station 1 
RDI Workhorse 8 27°50'40.66"N 80°26'2.59"W 

27 April 

2016 

South 

Station 2 
Nortek Aquadopp 8 27°49'40.03"N 80°25'33.81"W 

9 May 

2016 

 

Each location was selected for a specific purpose. The north station will provide 

directional wave and current data at a similar water depth as the existing units. The 

north station is located approximately 1.6 km north of Sebastian Inlet. It is 

suspected that the existing gauges experience wave reflection from the north jetty, 

which was built in 2003. The northernmost station will also allow a comparison of 

current direction and magnitude from the north part of the domain to the southern 

portion of the domain.  

 

Placement of a deeper gauge located directly offshore of the existing ADCPs is not 

possible due to limitations in present deployment capabilities and the wave 

monitoring requirements of the ADCPs. The gauges use the PUV method for 

determining wave height and direction, are limited to 12-meter water depth or less. 

PUV refers to the pressure signal (P), and wave orbital velocities (U and V) 

measurements to provide wave directional information (Nortek, 2002). This 
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method uses the pressure and velocity time series recorded by the ADCP to 

determine wave direction (Nortek, 2001) 

The ebb shoal gauge is located 1.5 km south of the inlet near the downdrift 

attachment point of the ebb shoal in 9 meters of water. The purpose of this gauge is 

to measure currents and waves for bypassing and backpassing mechanisms. 

Backpassing and local short duration reversals were predicted in previous 

numerical modeling studies and are evidenced by measured topography changes 

but need to be confirmed by hydrodynamic data (Zarillo, 2016).  

 

Two additional southern stations were deployed to measure the downdrift impacts 

of Sebastian Inlet. South stations 1 and 2 are both located south of the inlet to 

measure currents and waves on the downdrift side of the inlet. These gauges are 

spaced approximately 2 km apart and the southernmost gauge is 4 km south of the 

Sebastian Inlet. The completed array of gauges will provide a numerical model test 

bed for hydrodynamics. The first step in understanding the movement of sediments 

is to develop regional hydrodynamics with which to validate numerical modeling 

of the site. The gauges will be recovered after a minimum of three (3) months of 

data collection and up to nine (9) depending on weather windows for retrieval.  
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Real Time Monitoring 

 

A real time directional wave capable bottom mounted ADCP is located at the north 

jetty location. The instrument is an RDI Teledyne Workhorse Monitor Sentinel 

operating at a frequency of 1200 kHz. Waves are collected at 3-hour intervals with 

currents, water level, water temperature collected every 30 minutes. A summary of 

the deployment parameters are provided in Table 6.  

Table 6. ADCP Deployment Parameters. 

Parameter Value 

Waves Interval 3 Hour 

Currents Interval 30 minutes 

Blanking Distance 0.41 m 

Cell Size 0.35 m 

Number of Cells 38 

 

Identical parameters were used for all the stations in the monitoring array for 

uniformity. These parameters are also repeated for the autonomous gauge for each 

deployment - recovery cycle. The meteorological tower is also a real-time capable 

station and was established in the mid 1990’s. The tower includes the following 

sensors recording data at 15 min intervals. 
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Table 7. Meteorological Station Payload. 

Sensor Type/Manufacturer 

Monitoring Package 

Anemometer RM Young Wind Monitor (05106) 

Water Surface Elevation Campbell Scientific Radar Water Level Sensor (CS 475) 

Operational Hardware 

Solar Panel BP Solar 20 W 

Solar Regulator SunSaver 22-12L 

Communications Raven XTV Cellular Modem 

Logger Campbell Scientific CR1000 

Battery Odyssey Extreme PC925 

 

The individual sensors are connected to the logger which specifies the sampling 

interval of each sensor according to its manufacturer’s specifications. All real time 

data is posted to the Florida Tech website, SECORRA and NOAA.  

Autonomous Wave Monitoring 

 

Autonomous gauges are deployed at the north jetty site as a redundant gauge to 

ensure data coverage. The autonomous gauge includes an external battery canister 

to provide enough power to last between service intervals of approximately six 

months. This gauge is deployed either as an RDI Teledyne Workhorse Monitor or 

as a Nortek Aquadopp. Both of these units are functionally equivalent and are set 

up with equivalent specifications summarized in Table 6.  

Deployment Techniques 

Deployment techniques are an important component in field data collection and 

requires comprehensive preparation and planning. Techniques must be adapted to 

the local field conditions including climatological and biological conditions, local 
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laws and available equipment and infrastructure. Techniques used in one region 

may not be applicable to a different region.  

Vertical Pole Mount 

 

The real time gauge and its redundant autonomous gauge mounts were installed in 

the early to mid-1990’s as an aluminum pole jetted into the sediment. These 

aluminum poles extended approximately two meters into the sediment. The 

secondary pole was lost during 2018 and replaced in 2019 via commercial divers. 

This deployment technique is reliable and relatively easy to retrieve and deploy 

instrumentation in low visibility conditions which is a common occurrence. The 

real time gauge is attached to the aluminum pole via a series of 5/16” hex 316 

stainless steel high torque vibration resistant hose clamps. These hose clamps are 

used for all deployments and will be referred to as stainless steel hose clamps for 

brevity. Sizing of the hose clamps is specific to the gauge and the mount to be 

deployed. The various brands of ADCPs differ in dimensions considerably. A 

segment of PVC decking material is used as leveling and buffering material 

between the gauge and the pole. This real time gauge is serviced by divers 

removing biofouling from the sensor heads and inspect the general condition of the 

unit. A power and data transmission cable extends from the gauge to the shoreline 

and is connected to a power supply with a computer in a small field station. This 

computer is in a logging state and collects bursts from the gauge at a specified 
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interval. Data is post processed using RDI WavesMon software package and a 

series of MATLAB scripts are used to export the data as a timeseries.  

Undersea Cable Specifications and Deployment 

An undersea cable is connected to the ADCP and travels to a field support 

structure. This cable provides power to the real time gauge and data transmission. 

It also enables remote control of the unit in the field while deployed. The cable is a 

right-handed twist Rochester stock type 7-H-422A with seven copper conductors. 

The number of conductors corresponds to the number of wires from the gauge. 

Information travels the cable as an RS-422 signal to prevent signal degradation. 

The cable length specification parameters and foundation are summarized in Table 

8.  

Table 8. Cable Length Parameters. 

Parameter Length (m) 

Measured Distance from ADCP 535 

Slack  30 

20% for flaking 113 

Total Length 678 

 

The length of the undersea cable incorporates extra material for both flaking and 

wrapping around the undersea pyramid structure to prevent strain directly on the 

gauge as the cable moves through time. The cable is armored with Galvanized 

Improved Plow Steel (GIPS) wire. The conductors are spliced to an undersea RDI 

cable to fit the data and power port of the instrument. Splice is enabled by a 
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waterproof potting material and was performed in advance of deployment to allow 

for curing time.  

The undersea cable was deployed using a combination of a mechanical wire rope 

spooler for land operations and a nearshore vessel to tow the cable to the site. A 

steel strain relief cable wrap was used for deployment to protect the cable while 

under tow. The cable wrap distributes the load from a point to a wider length of 

cable and prevents the cable from being pinched and potentially damaging the 

interior copper conductors. A channel was dug to protect the cable on land from 

damage and this channel continued over the dune to the beach. On the beach, the 

cable self-buried under wave and tidal forces. Slack is provided in the cable length 

to allow the cable to shift with changes in beach profile through time. The cable 

burial is monitored periodically for exposure and is reburied if the need arises. 

Post-Hurricane Irma and Matthew inspections showed debris moving on the beach 

face is able to entangle with the cable encouraging exposure and potential damage. 

The cable stretches across the north beach of the Sebastian Inlet State Park and its 

exposure could be potentially dangerous to beach goers.  

The autonomous ADCP is attached to a secondary pole located approximately six 

meters from the primary real time gauge.  Once the gauge is bench tested, 

programmed, the gauge and its external battery canister is mounted to a PVC frame 

with stainless steel hose clamps. This PVC frame is constructed with decking 

material to minimize decomposition as would occur with a wood frame. Two lift 
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bags are attached to the gauge at either end and two divers bring the gauge to the 

pole and mount using stainless steel hose clamps.  

 

Quadropod Mooring Construction 

 

The remaining stations of the nearshore ADCP array employ a different 

deployment approach due to bottom conditions at the individual gauge locations 

and the availability of existing aluminum quadropod frames. Since aluminum 

mounting poles were not available, a mooring was constructed using steel 

impregnated concrete footings. This approach is based on mass rather than 

anchoring into the sediment directly to hold position. It was anticipated that hard 

bottom may be present at the desired deployment locations. It is also assumed that 

the mooring will be periodically buried and exposed with migrating sand bars.  

The quadropod aluminum frame supports the gauge with an upright arm to hold the 

sensor vertically. The battery canister was mounted underneath the frame on a 

cross member to protect it during deployment and recovery operations. The total 

height of each gauge was recorded prior to deployment to identify where the sensor 

head is in the water column. None of the sensor heads were higher than 

approximately 1 meter above the bed. The aluminum frame was painted with blue 

antifouling bottom paint to minimize biofouling and provide camouflage against 

unauthorized retrieval. Two sacrificial zinc anodes were mounted to the frame on 
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either side near the footings. Figure 14 shows the Nortek Aquadopp mounted to the 

painted aluminum frame.  

 

Figure 14. Aluminum Quadropod Frame Bottom mount with Nortek Aquadopp. 

 

The mooring for the aluminum frames consisted of four concrete footings per 

station that the mounting frame bolts onto. Each mooring was constructed 

individually to ensure fit and minimize adjustment that would be performed 

underwater in potentially low visibility conditions. Concrete mixing tubs were used 

to form the footings and assist in moving the footings before and during 

deployment. Concrete mixing tubs dimensions were 66 cm by 51 cm by 15 cm (26 

inches by 20 inches by 6 inches) and were treated with a lubricant to ease removal 
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of the footing from the tub. Concrete was mixed using a combination of traditional 

hand techniques and steel spiral mixing arm via corded drill. QUIKRETE high 

strength concrete mix was used for form the footings.  

Steel rebar (0.5-inch) was used to add mass and strength to the concrete footings. 

The rebar was cut to size using a mechanical cut off tool equipped with a 3-inch 

cutting disc. An optimization process was employed to evaluate the cross-member 

lengths for cost effectiveness and constructability in the concrete pans. A 

configuration of 2, 56 cm (22 inch) by 3, 41 cm (16 inch) cross members was used 

resulting in a total length per footing of 2.3 m (92 inches) and 9 m (368 inches) per 

mooring. Assuming the rebar mass is 0.67 lbs per linear foot, a total mass of 

approximately 21 lbs of steel is used per mooring station (approximately 5.2 lbs 

per footing).  The frame was constructed in the pan using wire tires wound 

manually. The addition of steel rebar to the mooring footings adds mass to the 

mooring that is not lost when immersed in seawater. Concrete loses a large amount 

of mass when immersed in seawater. Incorporating the rebar, the dry weight of 

each foot was 275 lbs for a total per station of 1100 lbs dry weight. Immersed in 

seawater, the total mass per mooring station is approximately 600 lbs. Knowing the 

mass of each mooring is necessary for vessel selection for deployment. It should be 

noted that the density of concrete varies on the aggregate, entrained air and 

water/cement ratio.  
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Sixteen 15/16th inch hot dipped galvanized concrete anchors were used to create 

uprights that the aluminum frame would sit in for each station. The size of the 

hardware was selected to fit with the frame width and the prepared decking 

segments as well as ease of underwater handling with neoprene gloves that reduce 

tactile feedback. Each concrete anchor was inspected throughout the curing process 

to ensure vertical positioning to avoid issues in retrieval of the frame. Since the 

hardware was in place during concrete pouring, any concrete was washed off the 

hardware before it set. The frame rested on the rim of the concrete mixing tubs to 

ensure that the bottom of the frame was not inadvertently touching the concrete 

and thereby, unable to be removed. Each footing was vibrated to encourage the 

viscous concrete to settle and excess water to collect. Water pooled during the 

initial settling process and removed with a sponge. Removal of the water during 

curing results in a less porous concrete.  Oversized fender washers were used with 

nuts. Prior to deployment, the threads of the concrete anchors were treated with 

marine grade anti seize to facilitate removal post deployment. This compound 

prevents galvanic corrosion in seawater environments. Plastic decking material 

segments were cut and drilled to fit the hardware to provide downward force on the 

frame from the concrete anchors and fender washers. Figure 15 shows the 

completed rebar frame, prepared decking material segments, hardware and 

concrete mixing tubs with the frame. The left most photo details the completed 

rebar frame and mixing tubs prior to concrete pour. The right lower panel 

demonstrate the alignment of the concrete uprights. Each upright was aligned 
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parallel to the rebar frame to prevent failure of the rebar frame and interaction with 

the concrete anchor hardware. The upper right panel in Figure 15 shows a detailed 

view of the rebar frame with the prepared decking segments and hardware.  

 

Figure 15. Quadropod Mooring Frame Construction. 

 

Each mooring was constructed with the frame on top of it bolted during curing to 

ensure fit. Figure 16 demonstrates the completed mooring footings with the frame 

easily fitting into the concrete anchor uprights and the fluorescent indicator 

markings. These markings were made to assist the diver in low visibility conditions 

during mooring deployment and retrieval.  
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Figure 16. Completed mooring with indicator markings. 
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Chapter 4: Data Presentation 

This section presents the field observations during this period. The purpose of data 

presentation is to understand the field conditions during the observation period 

which in turn become input data to the model. This section is organized by data 

type and process. A separate section on Hurricane Matthew has been provided to 

present comparisons of field observations during this tropical storm with average 

conditions.  

Descriptive Statistics and Decadal Database 

Directional wave data has been recorded since 1996 resulting in approximately 23 

years of continuous wave records. Each year’s observations are compared with the 

updated database. At the time of this work, the 2019 data has not been incorporated 

into the database. Table 9 provides the temporal coverage from the nearshore 

ADCP array for both the North Jetty location and South Station. Descriptive 

statistics from this deployment period are listed in Table 10. The long-term wave 

database developed from the North Jetty location are summarized in Table 11. It 

should be emphasized that the long-term database is only available for the North 

Jetty location and do not incorporate data from the South Station.  

Table 9. Temporal Coverage of Nearshore ADCP Array. 

Station Start End 

North Jetty 09/19/2016 12/7/2016 

South Station 2 05/09/2016 11/10/2016 
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Table 10. Descriptive Wave Statistics: North Jetty and South Station 2 Locations 

 North Jetty South Station 2 

Wave 

Height 

(m) 

Wave 

Period 

(s) 

Wave 

Direction 

(°TN) 

Wave 

Height 

(m) 

Wave 

Period 

(s) 

Wave 

Direction 

(°TN) 

Minimum 0.38 3.30  0.12 4.10  

Maximum 3.80 14.10 4.00 15.16 

Average 1.10 8.70 62.58 0.69 8.35 65.87 

 

 

Table 11. Descriptive Wave Statistics: 10,15 and 21 Years. 

 Wave Height (m) Wave Period (s) Wave Direction (°TN) 

10yr. 15yr. 21yr. 10yr. 15yr. 21yr. 10yr. 15yr. 21yr. 

Minimum 0.11 0.00 0.00 1.70 1.70 1.70  

Maximum 5.10 5.10 5.10 19.50 19.50 20.0 

Average 0.76 0.77 0.76 8.72 8.10 8.64 70.70 69.70 71.00 

 

Observations made during the monitoring period were more energetic than 

compared with the longer-term observations. The average wave height observed by 

the North Jetty station was 1.10 m during this observation period. The average for 

the 21-year record is 0.76 m which is an increase of 0.34 m. The 21-year maximum 

wave height was not exceeded during the observation period. The average wave 

height for the southern station compared well with the average value and was 

slightly lower by 0.07 m.  

The North Jetty location and South Station 2 station compared well during the 

observation period and slight differences were observed. The jetty provided some 

slight sheltering from the hurricane waves with the maximum wave heights 

recorded were higher by 0.20 m at the south station than at the north station. This 
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sheltering does not shield the North Jetty location from the dominant wave 

direction which is from the north east. Sheltering occurred during the hurricane 

since the storm approached the site from the south.  

The jetty still likely impacts the north jetty location and may encourage wave 

reflection off the structure.  Slightly longer maximum wave periods are observed at 

the southern station with a lower average wave height during this period.  

The data recorded from both ADCP gauges are directional and a 2-way joint 

probability plot was generated for each station for the observation period. The 

MATLAB script JP_BinWaves.m (Connell et al., 2015) was used to perform this 

analysis and generate these graphics shown in Figure 17. These plots show 

percentage of occurrence on the upward axis, wave heights on the right lower axis 

and wave direction on the left lower axis.  

 

Figure 17. Joint Probability Plots: Wave Height and Direction. 

 

Directional spreading is observed at the South Station compared with the waves 

recorded at the North Jetty location. The wave heights observed at the South 
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Station location widely distributed between 90 and 50 degrees whereas the waves 

recorded at the North Jetty are narrowly banded between 100 and 50 degrees. The 

interpretation is that most of the waves are approaching the South Station gauge 

roughly shore normal while the North Jetty location is primarily observing waves 

primarily from the north east. This comparison indicates that the North Jetty 

location is experiencing affects from the presence of the structure and the South 

Station can be considered unimpeded waves observed during this time period. The 

South Station is located approximately 4 km due south (downdrift) from Sebastian 

Inlet.  

Figure 18 presents a compendium plot of timeseries of wave height (upper), wave 

period (center), and current magnitude (bottom) for the entire observation record. 

The North Jetty timeseries is represented in blue and the South Station is 

represented as a red line.  
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Figure 18. Timeseries Compendium Plot of Nearshore Array Observations. 

 

The wave heights in the upper panel of Figure 18 compare well between the two 

instrument locations. The occurrence of Hurricane Matthew can be observed as a 

distinct peak in early October. Energetic waves persisted after the hurricane into 

early November. The wave period also compared well between the station 

locations. Current magnitudes peak over 1.0 m/s during Hurricane Matthew. The 

current magnitude compares well during the quiescent period before the storm 

however the North Jetty location experienced larger current speeds than the south 

station after the storm.  

Table 12 summarizes the descriptive statistics developed for both the North Jetty 

ADCP location and the South Station gauge for current observations. The 
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minimum recorded value was functionally zero while the maximum current speed 

was larger at the North Jetty location than compared with the South Station. The 

average was slightly larger at the North Jetty as well. Currents are primarily 

directed southward at the North Station while the mean value of current direction 

at the South Station gauge is reflecting the bidirectionality of the flow 

demonstrated in Figure 19.  

Table 12. Descriptive Currents Statistics. 

 
North Jetty South Station 2 

Current 

Speed (m/s) 

Current 

Direction 

(°TN) 

Current Speed 

(m/s) 

Current 

Direction (°TN) 

Minimum 0.00 
 

0.00  
Maximum 1.52 1.01 

Average 0.10 160.00 0.08 210.10 

 

The bidirectionality of the currents at the South Station gauge location supports the 

hypothesis that the North Jetty gauge location is influenced by the presence of the 

jetty structure. The currents are directed nearly entirely southward at the North 

Jetty location while the South Station observed currents moving parallel to the 

shoreline. The jetty structure and inlet is blocking most of the flow from the south.  
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Figure 19.Current Directional Plots: North Station and South Station 2 

 

Hurricane Matthew Observations 

 

Hurricane Matthew impacted the site during the monitoring period and 

documented in Watts et al. (2017). This section present field data specific to 

observations during Hurricane Matthew. The storm passed the Sebastian Inlet 

approximately 40 miles offshore as a Category 3 on October 7th, 2016. The track of 

the hurricane is presented in Figure 20 (NWS, 2016).  
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Figure 20. Hurricane Matthew track (NWS, 2016). 

 

The MET tower recorded a maximum wind speed of 25.84 m/s (57.80 mph) before 

ending observations at 0100 on October 7th, 2016 due to gauge failure. The storm 

surge was approximately 1 m with a maximum elevation of m (7.64 ft) during high 

tide whereas the normal high tide measurement is approximately 1.3 m. The 

barometric pressure dropped to 973 mb and the air temperature dropped to 24.13 

degrees centigrade (75 degrees Fahrenheit). Figure 21 presents a compendium plot 

of the wind speed, water surface elevation, barometric pressure and air temperature 

covering October 6th through October 9th, 2016.   
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Figure 21. Meteorological Observations during Hurricane Matthew. 

 

Figure 22 presents a wave height timeseries from September 29th, 2016 through 

October 21st, 2016 for both the north jetty and south station gauge locations.  

 

Figure 22. Hurricane Matthew Wave Height Timeseries. 
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Figure 23 presents wave directional plots for observations collected during 

September 29th through October 21st, 2016. Warmer colors indicate higher wave 

heights, cooler colors indicate lower wave heights, thickness of bars represent 

number of occurrences. The primary wave direction was from the north east during 

this observation period.  

 

Figure 23. Wave Directional Plots for Hurricane Matthew: North Jetty and South Station 2 Locations. 

 

Higher wave energy was observed on the north jetty location as compared to the 

southern gauge location despite a slightly higher wave height recorded at this 

location. Figure 24 presents the direction current plots for both station locations 

during September 29th, through October 21st, 2016. Bidirectionality of the current 

record is present at the south station gauge location while the north jetty location 

currents are predominantly directed southward.  
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Figure 24. Current Directional Plots for Hurricane Matthew: North Jetty and South Station 2 Locations. 
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Chapter 5: Laboratory Methods 

This chapter documents the methods, equipment and procedures used for the fall 

velocity experiment. The purpose of this laboratory work is to measure fall 

velocity in the laboratory of individual size fractions of sediments collected from 

carbonate rich areas of Sebastian Inlet. The measured fall velocity per sediment 

size class can be explicitly defined in the CMS model. Sediment samples used for 

this analysis were collected during 2011 and 2012 for work presented in (Zarillo , 

Brehin , Erickson & Cote, 2012; Zarillo , Brehin , Erickson , Cote , et al., 2012) 

and span the entire study area. Sediment samples were collected as grab samples 

spanning the flood and ebb shoals, beach face and out to water depths 

approximately 3.5 m. Sample locations employed the FDOT R-markers as a 

template. A map of the sediment sample locations with 2015 Aerial Imagery is 

provided in Figure 25.  

 

Figure 25. Sediment Sample Locations Summer 2011 (Aerial Image, LABINS, 2015). 
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Sediment Sample Characteristics and Size Class 

Determination 
 

The 2011 and 2012 sediment databases were consulted to select the specific 

sediment samples to be used in the settling column experiment. These databases 

include sediment grain size distribution and percent carbonate material. Sediment 

samples with high concentrations of carbonate material were identified. Selected 

sediment samples from the field were initially split using a sediment splitter and an 

archive half is saved for future analysis if needed. Each sediment sample was 

separated into individual grain sizes using sieves and a shake table following 

ASTM standards for dry sieving. Each size class was weighed, recorded and saved 

in sample bags. Table 13 provides a summary of the collection location, mean and 

modal grain size and percent carbonate for each sample selected. The samples were 

selected from areas of highest concentration of carbonate material in the study 

area. Determination of these characteristics are from work in (Zarillo , Brehin , 

Erickson , Cote , et al., 2012) and water depths were identified from the latest 

bottom topography data available.  

Table 13. Mean and Modal Grain Sizes for Selected Sediment Samples. 

Sample 

ID 

Northing 

(NAD83) 

Easting 

(NAD83) 

Mean 

Grain 

Size 

(mm) 

Modal 

Grain 

Size 

(mm) 

Percent 

Carbonate 

Water Depth 

(m, 

NAVD88) 

Ebb 1-3 1281864.33 836284.92 1.21 1.00 76.05 4.07 

Ebb 3-4 1281914.33 836374.92 0.95 0.71 71.44 4.01 

Ebb 4-2 1281244.34 836074.92 0.85 0.71 66.70 4.41 

R217-E 1284695.89 834018.41 1.87 1.41 84.78 2.40 
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The average percent carbonate across the study domain is 34% whereas the 

maximum and minimum is 96% and 7% respectively. Figure 26 plots the locations 

of the selected sediment samples on 2017 Google Earth aerial imagery of the inlet. 

R-217 – E corresponds to the swash zone for Brevard County R-marker 217. The 

remaining samples are located near the crest of the ebb shoal. Sediment sample 

locations are indicated by yellow diamonds.  

 

Figure 26. Selected Sediment Sample Locations for Fall Velocity Experiment (Google Earth, 2018). 
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Sediment Characteristics 

Selected sediment samples are split and sieved into individual grain size fractions 

following standard ASTM practices. A graph of the percent passing by weight is 

provided in Figure 27. The material includes coarse material, coarse to medium 

sands and finer material.  

 

Figure 27. Representative Cumulative Sand Size Distribution: Ebb 1-3. 

 

Grain size histograms are presented Figure 28 for the sediment samples used in the 

fall velocity experiment. This histogram is presented as percent retained along the 

phi scale. Sediment samples Ebb 1-3, 3-4 and 4-2 are similar in shape and are 

roughly normally distributed about 0.5Φ which corresponds to very coarse sand on 

the Wentworth size class. Ebb 1-3 and 3-4 have a wider distribution about 0.5Φ 
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while 4-2 has a narrow distribution and more material at the finer end of the 

spectrum between 4Φ and 1.5Φ. R217 is skewed towards the coarser end of the 

spectrum with more material at -4Φ to -2Φ. This observation is further supported 

in Figure 28 with a larger mean and modal grain size as compared to the other 

three samples. A grain size distribution difference between R217 and the other 

samples collected from the ebb shoal is expected since there are different flow 

processes occurring at between the region north of the inlet and the ebb shoal 

complex.  

 

Figure 28. Grain Size Histograms. 

 

A total of 109 individual sediment samples were released into the column from the 

initial 4 grab samples spanning the available sieve sizes. Carbonate material is 
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present at all grain sizes in varying quantities. Replicates were performed where 

abundant sediment was available in the grain size class. Primarily, replicates were 

performed in grain sizes ranging between 0.355 mm to 4 mm (1.4 to −2𝜙) 

corresponding to medium sand to fine pebbles. It should be noted that the pebble 

size was populated by large shell fragments.  

 

Settling Column Setup and Experiment Approach 

The settling column setup and sediment introduction methodology has been 

modeled after a similar column and work described in Gibbs et al. (1971) 

developed for determining the relationship between sphere size and settling 

velocity. This experimental approach differs from traditional Rapid Settling 

Analyzer (RSA) by releasing a single grain size rather than a multiple grain size 

sample. Traditional RSA set ups are intended to determine grain size distribution 

using accepted values of fall velocity assuming quartz and spherical grains. By 

releasing a single grain size, this methodology minimizes the particle-flow effects 

where the motion of one sediment particle will generate an upward compensating 

flow elsewhere in the column  (Nielsen, 1992). This behavior can be observed 

when a group of particles settling together as a thick suspension rather than distinct 

individual grains  (Nielsen, 1986) and can either cause the material to fall slower or 

faster than anticipated.  
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The primary components of the experimental set up include the settling column, 

scale, sediment release mechanism, suspended collection plate and personal 

computer. The set up and procedure are presented in Watts et al. (2019) and are 

provided here for the reader’s convenience. The individual components will be 

discussed in this section.  

The settling column is a clear lexan column 2.3 m (7.5 ft) tall by 16.51 cm (6.5 

inch) diameter.  The column is supported by a wooden truss with a valve located at 

the base of the tube to facilitate draining and cleaning. Water temperature was 

monitored throughout the sampling period and recorded prior to each sample to 

observe any changes in water temperature due to daily environmental fluctuations. 

Water temperature is monitored but not directly controlled. Commercially 

available deionized water was used for all sediment samples to ensure consistent 

density and purity. The water was allowed to acclimate to the climate-controlled 

laboratory over a period of several days before sediment samples were run.  

The sediment release mechanism works on the principle of capillary action and 

consists of a retaining base and pressure valve. The purpose behind using a release 

mechanism is for sediment sample introduction uniformity, reduction of interaction 

between the operator and settling column and introduction of the sediment into the 

column in a minimal disturbing method. The retaining base includes a mesh 

membrane that is wetted prior to sediment sample introduction. Distilled water was 

used for membrane moistening. The loaded sample is fitted into place suspended 
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on horizontal forks and positioning at the center of the settling column. A vacuum 

is created using a pressure valve that holds the sample in place till the operator is 

ready to begin the experiment. Once the operator releases the pressure valve, the 

loaded sample moves downward slowly till the membrane touches the water 

surface and the material is released. The pressure valve can be adjusted to the 

water height. Water surface height was strictly controlled in the lab and water was 

added to the system if a measurable amount had evaporated. Extra distilled water 

was stored in the lab for this purpose to avoid any variations in water temperature. 

This release mechanism based on suction is similar to that of Gibbs et al. (1971) 

where glass spheres were held via suction on a tube with a smaller diameter.  

Gibbs et al. (1971) observed during experimentation that the suction release 

method minimized sphere motion of spiraling and oscillation that can occur with 

other particle introduction methods.  

It should also be noted that Gibbs et al. (1971) employed multiple release 

techniques according to the sphere size. Some smaller particles were released into 

the settling column using tweezers slightly beneath the water surface and smaller 

particles employed a brush dabbed onto the surface or a needle. For this 

experiment, the coarser grain size classes were too large for the suction on the 

membrane to hold in place reliably so these particles were released manually by 

holding them just under the surface and releasing. Gibbs et al. (1971) observed that 

any currents generated by the varying release mechanisms did not penetrate deep 
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enough into the settling column to affect the material during measurement. This 

observation held true for the present settling column set up.  

The sediment collection plate consisted of a weighted, plastic platform suspended 

to a known distance of 101 cm within the settling column. This fall distance is 

comparable to the set up described in Gibbs et al. (1971) and falling sediments are 

assumed to be falling at terminal velocity when the particles land on the plate. The 

collection plate is suspended using a bridle constructed of metal fishing leaders. 

This bridle is suspended from the base plate of a Mettler PE 160 scale. The 

primary experimental set up elements are shown in Figure 29.  

 

Figure 29. Settling Column Experiment Set Up. 

Moving from left to right of the graphic, the sediment release mechanism in the 

ready position over the top of the settling column. The red spreader guides the 
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metal leaders away from the metal forks of the release mechanism and provides a 

central point to suspend the collection plate from the scale. The metal hardware on 

the spreader served as leveling adjustment points for the collection plate. The 

center photograph in Figure 29 shows the settling column in the wooden support 

truss with the pressure release mechanism and temperature probe. Distance from 

the top of the column to the collection plate is also shown. The top photo on the 

right side of Figure 29 shows the release mechanism with a sediment sample 

loaded onto the membrane. The bottom photo on the right side shows the weighted 

collection plate suspended with fishing leaders. The plate was leveled prior to 

installation using a series of adjustment nuts and a level. The hardware located on 

the spreader at the top of the column provides gross leveling while the hardware on 

the collection plate provided finer adjustment.  

 The Mettler scale has a significant figure of 0.001 g and is calibrated prior to 

experiment according to the manufacturers’ procedure. A data cable is attached to 

a personal computer through the use of an 8-pin serial to USB converter. 

Measurements of weight were recorded using CoolTerm software program which 

also provided a time stamp of each reading. Readings were output by the scale at 5 

Hz intervals.  

The experimental apparatus is sensitive to vibrations in the system as well as air 

movement. A sliding lexan door at the top of the settling column was used to 

minimize the effects of air movement in the laboratory during measurements. 
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During initial testing of the experimental setup, scale drift was observed that 

obfuscated sediment settling readings. The scale is sensitive to air movement and 

baffling was constructed and installed to isolate the scale and collection plate 

apparatus. A low-profile circular cover was constructed to further isolate the top of 

the scale measurement plate. The sample collection plate apparatus was designed 

and constructed to not interact with the sides of the settling column or the sediment 

release mechanism. The red spreader kept the lines away from the sediment release 

mechanism support forks that can also be a source of vibration in the system. 

Figure 30 is an example of signal noise that may occur by the operator interacting 

with the experimental set up.  

 

Figure 30. Example of signal noise from vibrations in the experimental set up. 

An iterative process is used to construct the suspension apparatus. The red spreader 

shown in Figure 29 keeps the lines away from the sediment release mechanism 

horizontal forks. Vibrations were observed in the system by rapid scale drift when 
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the lines contacted the settling column components. The collection plate (Figure 

29, lower right) was weighted by lead fishing weights on all four attachment points 

and leveling was achieved by adjusting the hardware through the use of nuts on 

both the spreader and collection plate. The collection plate, spreader and low-

profile circular cover was constructed through the use of 3D printing. High contrast 

colors are used to increase visibility, especially for the collection plate as the 

settling column material has yellowed with time.  

Sample Procedure 

In order to minimize disturbance to the experimental set up, the sediment was 

initially loaded onto the release mechanism membrane and scale was tared. The 

CoolTerm recording feature was initiated at the point of contact between the 

membrane and the water surface. This software records the change in weight of the 

collection plate with time. Since the program records the timestamp of each 

measurement, independent time measurements are superfluous. A general start 

time of each sample was recorded manually for redundancy.  Environmental 

conditions were also recorded for each sample and includes ambient temperature, 

water temperature, relative humidity. Outside air temperature was also recorded 

during the time of each sample run. The collection plate was checked prior to each 

run for levelness and correct vertical position in the water column prior to each 

run. During sediment removal procedures between each successive run, the 

connectors of the fishing leaders can become entangled causing the collection plate 

to not sit level in the column and be shallower than intended.  
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Grain Size Class Carbonate Percentage 

Determination: Carbonate Burn 
 

This section describes the procedure used to measure carbonate content per grain 

size class through the application of a carbonate burn or loss on ignition (LOI) test 

and includes supporting documentation. The archive portion of the remaining field 

sediment samples were divided in half with a splitter. One half is archived and the 

remaining sample was separated into grain size classes following the previously 

described procedure. The same sieve distribution and shaker was used for 

uniformity between this analysis and the fall velocity experiment. The carbonate 

burn required 5-7 g of material for analysis. Sediment was placed in a ceramic 

crucible which was then placed into a furnace heated to 1080 °C for 9 hours. It is 

assumed that the furnace takes approximately an hour to heat to temperature and 

the sample is to remain at 1080°C for 8 hours.   

LOI is a rapid and relatively low cost “…means of determining carbonate and 

organic contents of clay-poor calcareous sediments and rocks with precision and 

accuracy comparable to other, more sophisticated geochemical methods” (Dean, 

1974; Heiri et al., 2001). The following relationship computed the remaining dry 

weight after the ignition of 𝐶𝑂2.  

𝐿𝑂𝐼1080 =
𝐷𝑊70 − 𝐷𝑊1080

𝐷𝑊70
× 100 × 2.27 
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This relationship has been adapted from (Heiri et al., 2001) for the analysis of 

carbonate content in sediments. The procedure can be preceded by a burn at 540°C 

to measure organic carbon fraction. However, this work focused on the loss of 𝐶𝑂2 

so the 540°C burn was bypassed. 

 

Results 

This section presents the output of the of the settling column and provides an 

interpretation. The settling column output is a time series of changing weight as the 

sediment sample lands on the collection plate. This change of weight through time 

is later converted to a fall velocity and this analysis is presented in Chapter 5. Scale 

output was monitored between each sample run to ensure data capture, 

repeatability and observe any variations that may occur. Table 14 is provided as a 

reference to the reader converting sieve size to sieve opening in mm. These are the 

sieve sizes and spread used in all grain size analysis and is the basis upon which to 

further the discussion of fall velocity as well as carbonate content per grain size 

class.  
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Table 14. Sieve Size Distribution and Grain Size Equivalents. 

Sieve Size 

Sediment Size 

Retained (mm) 

Phi Size (𝜙) 

5/8” Sieve 16.00 -4 

7/16” Sieve 11.20 -3.5 

5/16” Sieve 8.00 -3 

1/4" Sieve 6.35 -2.5 

4 Sieve 4.75 -2.25 

5 Sieve 4.00 -2 

7 Sieve 2.80 -1.5 

10 Sieve 2.00 -1 

14 Sieve 1.40 -0.5 

18 Sieve 1.00 0 

25 Sieve 0.71 0.5 

35 Sieve 0.50 1 

45 Sieve 0.35 1.5 

60 Sieve 0.25 2 

80 Sieve 0.17 2.5 

120 Sieve 0.12 3 

170 Sieve 0.09 3.5 

200 Sieve 0.07 3.75 

230 Sieve 0.06 4 

 

 Fall Time Record 

The following graphs present the fall time record for each grain size with the 

change in mass in grams on the ordinate and time in seconds on the abscissa. Each 

graph includes the time fall record for all replicates across the four separate 

sediment samples. These graphs are compendium plots and represent the fall 

record of a single grain size class across all sediment samples and replicates. The 

differences in mass used for each run is a function of the available material at that 

grain size class across the different sediment samples as well as the mass retained 
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by the wetted membrane varied per run. Graphs separated by individual sediment 

sample are provided in the Appendix. Large material is included in  Figure 31 

through Figure 39, coarse sands (Figure 41 through Figure 47), medium sands 

(Figure 49 through Figure 53) and fine sands (Figure 55). The initial and final 

strike of the material is identified for each sample run as a red diamond to 

graphically demonstrate the degree of variability present in successive runs of the 

same size material. Throughout the majority of the figures, the initial strike is quite 

distinct and identified by a rapid change in mass larger than the signal noise 

present in the system. The final strike is less distinct and prone to interpretation but 

showed fair repeatability. Standard deviation of these values are presented in 
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Experiment Robustness and Repeatability. In this case, the slope of the line 

represents the grain size spread between successive sieve sizes. Each grain size 

class contains a small spread of grain sizes between fractional divisions. The 

fractional divisions of the sieves used in the grain size partitioning are spread 

nearly evenly in phi space between -4 and 4 phi. However, the sediment sieve sizes 

in terms of millimeters are distributed on a log scale.  

The following section will present and interpret each graph and highlight the 

repeatability of the results. The line style for each sediment size is kept uniform for 

all graphs and the range of time values on the abscissa generally range from 0 to 20 

seconds for uniformity until the finer grain sizes (0.25 mm and 0.17 mm) where 

the time span needed to be lengthened to incorporate the final strike time.  

Figure 31 is the fall time record for the 8 mm grain size class and includes material 

derived from Ebb 1-3 and R217. This grain size class was not present in sufficient 

amounts for the other two sediment samples; Ebb 3-4 and Ebb 4-2. Both the initial 

and final indicators are roughly in line with one another and indicates good 

repeatability between the two experimental runs. Some signal noise is present at 

the beginning of the time record for Ebb 1-3. The noise farther into the record 

between 4 and 6 seconds is most likely due to the large material striking the 

collection plate as one mass rapidly rather than over a longer period of time as 

observed in finer grain size classes. 
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Figure 31. Sediment Fall Time Record (8 mm). 

 

Figure 32 shows the sediment samples for the 8 mm size class prior to releasing 

into the settling column. The samples consisted of multiple shell fragments. It was 

observed during the settling experiment that the material either moved laterally in 

the column or tumbled end over end in the settling column. It was also observed 

that this size class rolled upon landing on the collection plate and in some cases, 

fell off which is also another source of noise apparent in the record.  
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Figure 32. Sediment Sample 8 mm Size Class. 

 

Figure 33 is the sediment fall record for the 6.35 mm size class and includes 4 

replicates across sediment samples Ebb 1-3, Ebb 3-4 and Ebb 4-2. There was not 

enough material retained for a run from R217. There is more variability in both the 

initial and final strike times between sediment samples. Ebb 1-3 retained enough 

material at this size class for two runs and the initial time are fairly close together 

(7.6 and 7.8 seconds) however, the final time was more widely spread at 7.8 for the 

first run and 10.2 seconds for the replicate. For comparison, the initial times for the 

Ebb 3-4 and Ebb 4-2 runs are 6.0 and 6.4 seconds respectively. The final times for 

the samples are 6.4 and 7.0 seconds respectively.  
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Figure 33. Sediment Fall Record (6.35 mm). 

 

Sediment samples used for this size class are shown in Figure 34 is populated by 

shell fragments of varying shapes.  
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Figure 34. Sediment Sample at 6.35 mm Size Class. 

 

Sediment fall record for 4.76 mm size class is shown in Figure 35 and includes 

material from Ebb 1-3, Ebb 3-4 and R217. There are good similarities between Ebb 

1-3 and Ebb 3-4 sample runs for both initial and final strike times. R217 had an 

earlier initial strike (by nearly 2.6 seconds) but had a similar final strike and had 

much more mass available than Ebb 1-3 and Ebb 3-4. This grain size class 

characterized by shell fragments and photographs of the sediment samples used for 

this run are shown in Figure 36.  
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Figure 35. Sediment Fall Record (4.76 mm). 

 

Figure 36. Sediment Sample at 4.75 mm Size Class. 
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The sediment fall record for the 4 mm size class is presented in Figure 37 and 

includes material from all four sediment samples. Variability was observed for 

both the initial and final strike times. Figure 38 is a collection of photos for each 

sediment sample used in the experiment for this grain size class. R217 had far 

greater amounts of material at this size, which supported a total of three replicates. 

It should be noted that one of the runs for R217 had a far larger mass than the other 

two runs. Sufficient material was present at this grain size class for Ebb 1-3 sample 

and yielded 2 replicates. Initial strike times range from 4 seconds to 6.4 while the 

final strike ranged from 6.4 to 10.2. A contributing factor may be the variability in 

shape present at this grain size class. Examination of Figure 38 shows a blend 

between more elongated shell shapes and more rounded ones. This may contribute 

to a difference in fall behavior in the settling column.  
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Figure 37. Sediment Fall Record (4 mm). 

 

 

Figure 38. Sediment Sample at 4.00 mm Size Class. 
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Figure 39 presents the sediment fall record for the 2.83 mm size class and includes 

material from all four sediment sample locations for a total of seven trials. Two 

trials for Ebb 1-3, Ebb 3-4 and R217. Sample Ebb 4-2 had enough material 

retrained to support one run. The initial strike times ranged from 4 seconds to 7 

seconds and the final strike times are between 6.2 seconds to 9 seconds. The initial 

and final strike times of R217 showed good repeatability for the pair of trials using 

this sediment sample. The final strike times for R217 agreed well with the final 

times for Ebb 1-3 and Ebb 4-2. The initial strike times for R217 was earlier than 

the other sediment samples. Figure 40 presents the sediment samples at the 2.83 

mm for the settling column. Ebb 1-3 and R217 had substantially more material at 

this size class than Ebb 3-4 and Ebb 4-2. All samples had a mixture between 

elongated shell fragments however Ebb 1-3 ad several distinct elongated shell 

fragments upon visual inspection.  
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Figure 39. Sediment Fall Record (2.83 mm). 

 

 

Figure 40. Sediment Sample at 2.83 mm Size Class. 

 

The sediment fall record for the 2.00 mm size class is presented in Figure 41 and 

includes material from all four sediment sample locations. Sufficient material 
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existed at this grain size class for all sediment samples to support at least one 

replicate. There is good agreement between the experimental runs for the initial 

and final sediment strike. Values of initial strike times range between 4.2 and 5.6 

seconds. Final strike times range from 8 to 9.2 seconds. The consistency between 

the initial and final strike times indicate good repeatability of this grain size class 

using the experimental approach. Images of the sediment used in the experiment 

for this size class are presented in Figure 42.  

 

Figure 41. Sediment Fall Record (2 mm). 
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Figure 42. Sediment Sample at 2.00 mm Size Class. 

 

Figure 43 presents the sediment fall record for the 1.41 mm size class. Sufficient 

material existed at this class for multiple replicates across all sediment sample 

locations for a total of 15 replicates. The initial strike times ranged between 6.4 

seconds and 4.4 seconds. Final strike times ranged between 9.6 and 7 seconds. 

There is good agreement between the initial and final strike times across all 

sediment samples and graphically demonstrated by the clustering of the red 

diamonds for initial and final strike times. Figure 44 presents a photographic 

record of the sediment samples used in the settling column for this grain size class. 

A variability exists at this grain size for both shell fragment shape (elongated 

versus rounded) and some small fragments of coquina is also present.  
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Figure 43. Sediment Fall Record (1.41 mm). 

 

 

Figure 44. Sediment Sample at 1.44 mm Size Class. 

 

Figure 45 presents the sediment fall record for the 1 mm size class and includes 

replicates from all sediment sample locations. A total of 16 trials were performed 

at this size class; four from Ebb 1-3, five from Ebb 3-4, four from Ebb 4-2 and 

three from R217. The initial times agreed well between replicate runs and range 
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between 7.2 and 6 seconds. The performance for the final strike times also showed 

good agreement with times ranging between 10.6 and 9.2 seconds. Figure 46 are 

photographs of the sediment prior to release in the settling column. The material at 

this grain size class is characterized primarily by shell fragments.  

 

Figure 45. Sediment Fall Record (1 mm). 

 

 

Figure 46. Sediment Sample at 1.00 mm Size Class. 
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Figure 47 is the sediment fall record for grain size class 0.71 mm. The agreement 

for both initial and final fall times are not as robust as the size class 1.00 mm and 

there is a larger spread between maximum and minimum values for both categories 

of strike times. The range of initial strike time is between 5.6 and 8 seconds while 

the range of the final strike time is 7.8 to 11.4 seconds. The second trial of Ebb 4-2 

is the outlier with an earlier initial and final strike times. Figure 48 provides 

photographs of the sediment used in the settling column at the 0.71 mm size class. 

Sediments at this class are characterized by a mixture of shell fragments and quartz 

material. This size class represents a change in mineralogical composition as 

further supported by the measured carbonate content per grain size class and 

details regarding the procedure and results are provided in later sections. There was 

sufficient material to perform replicates at this size class for a total of 11 trials.  

 

Figure 47. Sediment Fall Record (0.71 mm). 
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Figure 48. Sediment Sample at 0.71 mm Size Class. 

 

The sediment fall time record for the 0.5 mm size class is presented in Figure 49. 

Two trials were run for each sediment sample location and showed good 

agreement for the initial strike times however, the final strike times had more 

variation. The initial strike times ranged from 8.8 to 7.4 seconds and the final strike 

times ranged from 15 to 11.6 seconds. A total of 8 trials were performed at this 

size class.  

 

Figure 49. Sediment Fall Record (0.5 mm). 
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Figure 50. Sediment Sample at 0.5 mm Size Class. 

 

Sediment fall time record for the 0.35 mm grain size class is provided in Figure 51. 

Sufficient material was available for a total of 11 trials and included representation 

from all sediment sample locations. One of the Ebb 3-4 trials presented an earlier 

initial strike however the final strike time agreed well with the other trials. Figure 

52 contains photographs of the material used in the settling experiment. The 

material is a mixture between quartz material and platy shell fragments.  
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Figure 51. Sediment Fall Record (0.35 mm). 

 

 

Figure 52. Sediment Sample at 0.35 mm Size Class. 

 

Figure 53 presents the sediment fall record for the 0.25 mm size class. Only six 

trials were run at this size class due to material availability at this portion of the 

distribution. At least one trial was performed for each sediment sample. Initial 
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strike times compared well between two of the Ebb 1-3 trials and the Ebb 4-2 trial. 

Ebb 3-4 compared well with R217 and the third Ebb 1-3. Initial strike times ranged 

from 18 to 11.4 seconds and final strike times ranged between 25.6 and 21 

seconds. Figure 54 provides photographs of the sediment prior to use in the settling 

column. Upon visual inspection, the quartz material quantity is increasing and the 

quartz material is decreasing its representation at this size class. The mineralogical 

composition is further supported by the measured carbonate content.  

 

 

Figure 53. Sediment Fall Record (0.25 mm). 
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Figure 54. Sediment Sample at 0.25 mm Size Class. 

 

The sediment fall time record for the 0.177 mm size class is provided in Figure 55 

and only a single trial was performed due to sediment availability. Sediment 

sample Ebb 4-2 yielded an initial strike time of 14.4 seconds with a final strike 

time of 29.8 seconds. This final strike time interpretation was taken at the 

conclusion of a period of steady rise and additional rise was taken to be signal 

noise inherent in the system. Additional replicates may have further elucidated the 

behavior of the material at this grain size class however sufficient material was not 

available. A photograph of the material used for this size class is provided in 

Figure 56.  
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Figure 55. Sediment Fall Record (0.177 mm). 

 

 

Figure 56. Sediment Sample at 0.17 mm Size Class. 

 



104 

 

Experiment Robustness and Repeatability 

 

This section discusses the robustness of the experimental set up and procedure in 

three ways. First, the number and graphical spread of replicates performed is 

presented; second, a discussion of the applicability of the settling column to the 

grain sizes analyzed and thirdly, standard deviation of sediment fall times is 

presented.  

In order to demonstrate the robustness of the experimental set up and procedure, 

replicates were performed for sediment grain size classes in sufficient quantity to 

support multiple runs. Table 15 shows where in the sediment distribution replicates 

were performed and where no data was available across the selected sediment 

samples. This graphical representation of grain size distribution independent of 

quantity demonstrates the small variation that is present between sediment samples 

collected from different location in the study area. Cooler color (light blue) 

indicates where replicates were performed, warmer color (salmon) indicates where 

sediment size was not present and empty cells indicates where the sediment only 

supported a single sample from that specific location. The final row (N) is the 

number of sediment samples available at that grain size class.  
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Table 15. Graphical Representation of Sediment Replicates Performed. 

Sediment 

Size 

(mm) 

0.13 0.18 0.25 0.35 0.50 0.71 1.00 1.41 2.00 2.83 4.00 4.76 5.66 8.00 

Ebb 4-2               

Ebb 1-3               

Ebb 3-4               

R217E               

N 1 1 6 10 8 11 15 16 9 7 7 4 4 2 

 

Table 15 can also be used to graphically infer the grain size distribution of the 

material between the different sediment samples. Primarily, material resides 

between 0.25 mm (2 Φ) and 5.66 mm (-2.5 Φ). Fewer samples were available on 

the coarsest and finest ends of the grain size distribution spectrum.  

Vanoni (1977) identified a practical upper limit on particle size analyzed in a 

laboratory setting. It was identified that the settling chamber mist be at least 10 

times the diameter of the particle being analyzed. The settling column diameter is 

16.51 cm which is more than 10 times the diameter of the largest particle included 

in this analysis of 11.2 mm. It should be noted that the sieve gradation used to 

separate the samples included the maximum size particle that could be analyzed in 

this apparatus which is 16 mm.  This experimental set up was based on that of 

(Gibbs et al., 1971) 
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Standard Deviation 

 

A standard deviation using MATLAB was applied to the fall velocity results across 

all samples for each grain size. The purpose is to demonstrating the repeatability of 

the experimental setup by quantifying the amount of variation in the resulting fall 

velocity values. The documentation regarding this function within the MATLAB 

computing environment is detailed in (MathWorks, 2019b). The standard deviation 

(S) was computed only for sediments that had replicates performed. Table 16 

provides the computed S values for initial, midpoint and final fall times and 

number of samples (N).  
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Table 16. Standard Deviation Values for Sediment Fall Times 

Size Class 𝑺𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑺𝑴𝒊𝒅 𝑺𝑭𝒊𝒏𝒂𝒍 N 

60 Sieve 3.20 2.40 1.92 6 

45 Sieve 0.71 0.32 0.63 10 

35 Sieve 0.60 0.67 1.11 8 

25 Sieve 0.68 0.77 0.92 11 

18 Sieve 0.28 0.27 0.42 15 

14 Sieve 0.74 0.55 0.55 16 

10 Sieve 0.51 0.36 0.41 9 

7 Sieve 1.00 0.71 0.94 7 

5 Sieve 0.88 0.72 1.30 7 

4 Sieve 1.16 0.55 0.44 4 

¼ Sieve 0.88 1.23 1.66 4 

5/16 Sieve 0.14 0.14 0.14 2 

 

The interpretation for S is the smaller the value, the less variation or deviation is 

present in the sample set. The largest S values were observed within the 60-sieve 

size class despite having a larger sample set size. The repeatability of this sediment 

size proved difficult using this experimental set up. The sediments tended to clump 

together and fall in groups rather than as discrete particles. The section on Cloud 

Effects on Finer Material discusses this behavior in greater detail. Medium to 

coarse sands performed better with lower values of S however had the advantage 
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of greater sample sizes. The coarsest end of the spectrum had higher values of S 

that indicates greater spread in the sample set. The coarsest material had greater 

variability in the behavior in the column and also had the smallest sample sizes 

(number of replicates).  

Summary of Fall Time Results 

 

The initial and final strike times are distilled into an average time to represent the 

fall velocity as a single value. This approach also incorporates the grain size spread 

in the fractional divisions within the standard sieve sizes as well as the variation in 

mineralogical content in each grain size class. This approach also smooths out 

inherent noise in the experimental set up and variability in sediment movement 

such as spurious hits, rebounds and sediment rolling off the collection plate. The 

initial and final strike times are averaged across the sediment samples and the 

average fall time is developed from these values.  

Table 17. Summary of Fall Time Results. 

Grain Size (mm) Initial Strike Time (s) Final Strike Time (s) Average Fall Time (s) 

0.17 14.40 29.80 22.10 

0.25 14.50 23.43 18.69 

0.35 10.10 15.90 13.00 

0.50 8.20 13.10 10.65 

0.71 7.20 10.30 8.75 

1.00 6.60 10.00 8.30 

1.40 5.81 8.78 7.29 

2.00 5.09 8.69 6.89 

2.80 5.29 8.14 6.71 

4.00 5.26 7.43 6.34 

4.75 5.50 6.65 6.08 

5.66 6.95 7.85 7.40 

8.00 3.70 5.30 4.50 
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Measured Carbonate Content per Grain Size Class 

The percent carbonate material per grain size class was determined through a 

carbonate burn or loss on ignition (LOI). The remaining material from each 

sediment grab sample was split and sieved following the previous procedure for 

uniformity. The percent carbonate and remaining material is listed in the following 

table.  

Table 18. Carbonate Content per Grain Size Class. 

Wentworth Size Class Grain Size (mm) Average Percent Carbonate 

Very Fine Sand 
0.09 12% 

0.13 22% 

Fine Sand 
0.18 24% 

0.25 25% 

Medium Sand 
0.35 31% 

0.50 43% 

Coarse Sand 
0.71 64% 

1.00 86% 

Very Coarse Sand 
1.41 95% 

2 95% 

Very Fine Pebbles 
2.83 91% 

4 97% 

Fine Pebbles 
4.76 89% 

5.66 95% 

Medium Pebbles 
8 88% 

11.2 95% 

 

A variation in measured carbonate content was observed in Sample Ebb 4-2 for Phi 

sizes -3 and -2.25 which reside at the coarser end of the spectrum. The deviation in 

carbonate content is approximately 20% from the average of the other three 

samples. It was observed during sieving that weathered conglomerates of coquina 

were present at these size classes. Some material was clinging to the larger shell 
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fragments which changed the material content for this sediment sample compared 

to the other sediment samples. “Sieving is considered a semidirect method of 

particle size measurement because it does not divide the particles 

precisely…”(Vanoni, 1977) for a variety of reasons. Most applicable to this 

laboratory work is the observation that “…smaller particles may cling to large 

ones, thereby changing the percentage of material reaching the sieves with smaller 

opening…” (Vanoni, 1977).  In this particular application, the reverse of this 

statement is observed where the not only the percentage of material retained by this 

larger sieve has been changed but the mineralogical composition as well. Grain 

size classes 1.00 mm through 11.2 mm contain approximately 95% carbonate and 

this represents ## of the total grain size distribution. Insufficient material quantities 

existed at grain size classes 0.17mm and 0.12 mm to perform the LOI procedure.  

Discussion and Interpretation 

The repeatability of the experimental setup is most clearly demonstrated towards 

the middle of the sediment size spectrum. The coarsest and finest ends of the 

spectrum showed lower repeatability which is a function of the number of 

available material at these grain sizes. At the 8 mm grain size class, material was 

only available to support two trials. For the 5.66 mm and the 4.75 mm size classes, 

only 4 replicates exist. In contrast, for the 1.40 mm grain size class, 16 replicates 

exist. The variability of the mineralogical component at the finest end of the 

spectrum may also have an impact on variability between successive runs however 

the limited number of runs most likely has the greater affect. The 0.25 mm size 
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class contained 25% carbonate with standard deviations of 3.2 for initial strike and 

1.9 for final strike using six replicates. In contrast to the next grain size class, the 

0.35 mm size contained 31% carbonate with a standard deviation of 0.7 for initial 

and 0.6 for final strike over 10 trials.  

To interpret the mass time plots, the initial strike and final strike of the sediment is 

determined. An average value is calculated from these values to represent the fall 

time of the size class with a single value. This method addresses the variation in 

particle shape and minerology within the same class. The slope of the lines in the 

fall time record charts represents the spread of grain sizes within each grain size 

class. Another interpretation is the size difference between successive sieves. The 

maximum grain size spread between successive sieves is 1.2 mm which is the 

spread between the 2.8 mm and the 4 mm sieve size. To best represent the fall time 

per grain size class acknowledging each class has varying percentages of 

carbonates and other minerals as well as grain size spread, the average value is 

used. Carbonate material exists in all grain size classes however, there are varying 

amounts of quartz material present in the finer fractions. Grain size classes 0.71 

mm through 0.09 mm contain quartz material.  

There was variability in successive runs of the same size class at the coarser end of 

the spectrum which may be due to the variation in particle shape and behavior in 

the water column. Sediment was shown to tumble or move in a transverse motion 

to the long axis of the settling column. (Watts et al., 2019).  



112 

 

Cloud Effects on Finer Material  

 

As discussed in Settling Column Setup and Experiment Approach, cloud effects of 

released sediments may have an effect on measured fall velocity. The spread 

between the initial strike and final was computed for each trial and averaged. A 

larger spread was observed for finer grain sizes (60 and 45 Sieve) whereas the 

coarser material had a much small time differential between initial and final strike. 

Table 19 presents the average values of strike spread in seconds for grain size 

across all sediment samples. The number of trials (N) and sediment size retained 

(mm) is also provided.  

Table 19. Initial and Final Sediment Strike Spread. 

Size Class 
Sediment Size 

Retained (mm) 

Average Spread 

(s) 
N 

80 Sieve 0.18 15.40 1.00 

60 Sieve 0.25 8.93 6.00 

45 Sieve 0.35 5.50 11.00 

35 Sieve 0.50 4.85 8.00 

25 Sieve 0.71 3.09 11.00 

18 Sieve 1.00 3.40 15.00 

14 Sieve 1.40 2.96 16.00 

10 Sieve 2.00 3.60 9.00 

7 Sieve 2.80 2.86 7.00 

5 Sieve 4.00 2.17 7.00 

4 Sieve 4.75 1.75 4.00 

1/4 Sieve 5.66 0.90 4.00 

5/16 Sieve 8 1.60 2.00 
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Potential Improvements in Experimental Set Up and Methodology 

 

The experimental set up can be improved with the incorporation of high-speed 

digital video capturing the movement of the material through the water column 

however this should be an additional component and the manual scale reading 

should be maintained. One of the advantages of the system is its simplicity. The 

video capture would enable the observation and potentially quantify the variation in 

sediment movement through the settling column within the same grain size class and 

between different classes. Watts et al. (2019) described the motions of the falling 

material as a blend between tumbling end over end or glide with a laterally 

oscillating trajectory. This variability in sediment fall trajectory can have an impact 

on sediment fall velocity.  

A digital microscope with the ability to measure would have been advantageous to 

develop a Corey Shape factor for each grain size class and broaden the analysis. This 

would add another degree of freedom to evaluate the dependence upon the shape of 

the material with fall velocity.  
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Chapter 6: Fall Velocity 

Determination and Comparison with 

Empirical Relationships 
 

This chapter first presents the computed fall velocity derived from the settling 

column experiment followed by a comparison with widely employed empirical 

relationships. Empirical relationships have traditionally been “…developed from 

quartz based material or other non-sand material such as glass spheres” (Watts et 

al., 2019). This work details the practical implications of measured fall velocity 

values of sediments containing large quantities of carbonate material for 

computations involving sediment transport and morphology. Morphologic and 

sediment transport models such as the CMS and Delft rely on these empirical 

relationships to determine fall velocity of sediment within the numeric 

environment. In a coastal processes standpoint, “fall velocity has a strong influence 

on suspended sediment transport, beach profile shape and evolution and beach 

morphology” (Ahrens, 2000). This work can inform cross shore profile models in 

addition to processes based morphological models that include calculations of 

suspended sediments and morphological evolution. Components of this section are 

summarized in Watts et al. (2019).  
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Background 

A brief background of fall velocity relationships is presented in Watts et al. (2019) 

informing from a variety of resources (Gibbs et al., 1971; Hallermeier, 1981; 

Soulsby et al., 1997; Van Rijn, 1984; Wu et al., 2006). This investigation focused 

on understanding the methods and procedures used to develop the empirical 

relationships. Of particular interest are the characteristics of the material used in 

previous laboratory experiments to compare with the material present at Sebastian 

Inlet.  Hallermeier, 1981 provides a comprehensive database of “…published 

measurements of terminal settling velocity for commonly occurring sands” and 

presents three relationships derived from the segmented curve developed from the 

data. The referred studies within Hallermeier (1981) included natural sands and 

other non-sand material such as polymers, plastics and walnut shells. Gibbs et al. 

(1971) included “216 glass spheres ranging in size from 50μ to 5,000μ” in the 

settling column experiment. 

While there are several fall velocity relationships in literature, only the 

relationships available in the CMS will be directly evaluated for this work. This 

effort lays the foundation upon which the performance of the numerical model will 

be considered. The Soulsby relationship is widely used within industry and Wu and 

Wang is a more recent relationship and incorporates particle shape. The Soulsby 

formulation is commonly incorporated into sediment transport and morphology 

numerical models. Both of these relationships and the development will be 

described in the following sections.  
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Soulsby Empirical Relationship (Soulsby, 1997) 

 

The following relationship was presented in Soulsby et al. (1997) and is valid for 

natural sands as well as “…viscous plus bluff body drag law against data for 

irregular grains”.  

𝜔𝑠 =
𝜈

𝑑
[(10. 362 + 1.049𝐷∗

3)
1

2⁄ − 10.36] 𝑓𝑜𝑟 𝑎𝑙𝑙 𝐷∗ 

Where;  

𝜔𝑠 = fall velocity 

𝐷∗ = non dimensional grain size 

Wu and Wang 

The development of empirical relationship is documented in Wu et al. (2006). It 

expands upon previous work by incorporating the Corey shape factor directly into 

the relationship. For reference, the Corey Shape Factor can be defined as  

𝐶𝑜 =
𝑐

√𝑎𝑏
 

Where a, b and c are the major axes of a grain in order of decreasing size (Dean et 

al., 2002). Typical values of Corey shape factor are accepted as 0.7 and are used as 

a default in the numerical model. Laboratory facilities did not support the direct 

determination of the Corey shape factor for the measured sediments however this 

would be advantageous as the model can accept a user defined value for Corey 

shape factor. The Wu and Wang relationship expands on previous fall velocity 
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relationships by incorporating a wider range of data than previous studies (Wu et 

al., 2006).  

𝜔𝑠 =
𝑀𝜐

𝑁𝑑
[√1

4
+ (

4𝑁

3𝑀2
𝑑∗

3)

1
𝑛⁄

−
1

2
]

𝑛

 

Where;  

𝑀 = 53.5𝑒−0.65𝐶,  𝑁 = 5.65𝑒−2.5𝐶 and 𝑛 = 0.7 + 0.9𝐶. C is the Corey shape 

factor. Model guidance indicates that a Corey shape factor of 0.7 can be used for 

naturally worn quartz sands and calcareous sands can be assumed as 0.55 (Sanchez 

et al., 2013). 

Fall Velocity Determination 

Sediment samples are falling a known distance through still water over a known 

period of time. The following relationship is used to determine the fall velocity.  

𝑟 =
𝑑

𝑡
 

Where;  

𝑑 = distance 101 cm,  

𝑟 =rate,  

𝑡 =time, as recorded by the scale at 5 Hz and provided in seconds.  

 

The initial strike recorded in the time record is assumed to be the most 

representative of the sample rather than the final strike which is prone to 
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interpretation. Grains are assumed to be falling at terminal velocity when the 

particles land on the collection plate. Traditionally, fall velocity values are 

expressed in 𝑐𝑚
𝑠⁄  and are listed in Table 20 for each grain size class.  

Table 20. Laboratory Measured Fall Velocity. 

Grain Size (mm) Measured Fall Velocity (cm/s) 

0.17 7.01 

0.25 6.97 

0.35 9.98 

0.50 12.32 

0.71 14.03 

1.00 15.30 

1.41 17.38 

2.00 19.85 

2.80 19.11 

4.00 19.21 

4.75 18.36 

5.66 14.53 

8.00 27.30 

 

Figure 57 plots the measured fall velocity over the range of grain sizes. The values 

at the finest end (0.17 mm and 0.25 mm) indicates a very small difference between 

the two sizes. The 0.25 mm size class had the largest standard deviation in the data 

and clumping of the material was observed for the finer grain sizes which most 

likely have influenced the final result.  
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Figure 57. Measured Fall Velocity per Grain Size Class. 

 

A sharp change is observed at the 5.66 mm grain size and there is little change 

between the 2.00 mm and 4.75 mm size classes. This behavior is most likely due to 

the change in the dominance of drag from frictional to pressure referred to as blunt 

or bluff body drag. Soulsby et al. (1997) observed a difference in settling velocity 

over a range of diameters. “At the finest end of the sand range of diameters 

(𝑑 = 62𝜇𝑚), grains settle according to Stoke’s law of viscous drag; at the coarsest 

end (𝑑 = 2𝑚𝑚) they obey a bluff-body drag law; and intermediate sizes 

experience a mixture of viscous and bluff-body drag” (Soulsby et al., 1997). This 

bluff body drag behavior was observed in fall velocity with grain size and an 

annotated graph of this phenomenon is presented in Figure 58.  
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Figure 58. Drag Dominance with Grain Size. 

 

The inset in Figure 58 presents the behavior of drag coefficient as a function of 

Reynolds number with a selection of shapes with various degrees of streamlining 

(Munson et al., 2002). The curve corresponding to the flat plate is most consistent 

with the measured values behavior at the coarser end of the spectrum. This agrees 

with expectations since the grain shapes of the coarse material closely resembles 

flat plates.  

Carbonate Concentration per Grain Size Class 

Carbonate content per grain size class was determined using LOI procedure 

outlined in Chapter 4. This section describes the results and discusses implications 

of carbonate content over the grain size class distribution. Carbonate content 

ranges between 64% to 97% increasing nearly exponentially from 0.71 mm to 8.00 
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mm. Smaller percentages were observed for finer sediments (0.09 mm to 0.50 mm) 

but material did not exist in sufficient quantities to perform the settling experiment 

at these finer grain size classes and the settling column showed difficultly in 

measuring fall times for the material at the finest end. For this work, there is no 

direct correlation between carbonate content and fall velocity per grain size class 

since the carbonate content dominates the available grain size classes.  

Curve Fitting 

A curve fitting exercise was undertaken to develop a relationship for these 

measured fall velocities that may be incorporated into the CMS. The Curve Fitting 

Tool within the Matlab computing environment was used for this purpose and 

yielded the following relationship of form 3rd degree Polynomial. This curve uses a 

Least absolute residuals (LAR) which reduces the influence of the outliers in the 

dataset (MathWorks, 2019b). The entire dataset was used for the exercise rather 

than the average value developed for each grain size class. The resulting curve, 

coefficients and goodness of fit statistics are provided in Figure 59.  
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Figure 59. Curve Fitting Fall Velocity. 

 

The relationship of the fitted line is provided below.  

𝜔𝑠,𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 = 0.28𝑥3 − 3.43𝑥2 + 12.3𝑥 + 6.14 

This curve may be applied to set laboratory fall velocities for areas of the model 

sediment bed within the range of sediment sizes included in the settling column 

experiment.  
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Comparison of Measured Fall Velocity and 

Empirical Relationships 
 

This section compares the measured fall velocities with empirically derived values 

and presents the methodology to perform this comparison. This section includes 

the determination of kinematic viscosity and the non-dimensional grain size which 

are parameters included in the empirical formulas.  

Kinematic Viscosity Determination 

Water temperature was monitored throughout the settling column experiment and 

recorded prior to each trial. A submerged temperature probe was used with an 

accuracy of +/- 1.8 degrees Fahrenheit. Temperature readings ranged between 

70.3℉ and 71℉ during the experiment which spanned two weeks during August 

2018. Ahrens (2000) presented a methodology of directly determining kinematic 

viscosity of freshwater and seawater. This parameter is important for comparison 

to empirical relationships in particular computation of fall velocity using Soulsby 

et al. (1997) as well as Wu et al. (2006). This methodology was used to compute 

kinematic viscosity over the range of recorded values. Ahrens (2000) relationship 

to estimate kinematic viscosity for a range of 0℃ to 30℃ and is used to determine 

the viscosity of the water in the settling column.  

𝜐 (𝑐𝑚2

𝑠⁄ ) = 𝑐𝑜 + 𝑐1Τ + 𝑐2Τ2 

Where 
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T is temperature in degrees Celsius and the value of coefficients are as follows.  

𝑐𝑜 = 0.0178 (𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟), or 𝑐𝑜 = 0.0182(𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟) 

𝑐1 = −0.000529,  𝑐2 = 0.0000069 

The kinematic viscosity of the fluid did not fluctuate significantly for the range of 

water temperatures recorded and a single value of 9.6 𝑥 10−7 𝑚2

𝑠⁄  can be used. 

This analysis indicates that the kinematic viscosity of the fluid can be considered a 

constant over the laboratory experiment. Alternatively, the kinematic viscosity can 

be determined by inspection using Soulsby et al. (1997), Figure 3. 

Non-Dimensional Grain Size 

The equation for non-dimensional grain size is presented here for reference.  

𝐷∗ = [
𝑔(𝑠 − 1)

𝜐2
]

1
3⁄

𝑑 

Where g=acceleration due to gravity = 9.81 m s-2 

 υ=kinematic viscosity of water, 9.6 𝑥 10−7 𝑚2

𝑠⁄  

 d=median sieve diameter of grains 

 s=ratio of densities of grain and water 

𝜌𝑄𝑢𝑎𝑟𝑡𝑧 = 2650 
𝑘𝑔

𝑚3⁄ ; 𝜌𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 = 2700 
𝑘𝑔

𝑚3⁄  
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The non-dimensional grain size was developed for the grain sizes used in the fall 

velocity experiment and are tabulated below in Table 21. The density for quartz 

and carbonate material was used to observe the deviation in the empirical 

relationships between the two sediment characteristics. However, it should be 

noted that carbonate material is present at all grain sizes in varying quantities.  

Table 21. Non-Dimensional Grain Size Equivalent. 

Grain Size (mm) 𝐷∗𝑄𝑢𝑎𝑟𝑡𝑧 𝐷∗𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 

0.35 9.11 9.20 

0.50 13.02 13.15 

0.71 18.49 18.67 

1.00 26.04 26.30 

1.41 36.71 37.08 

2.00 52.07 52.59 

2.83 73.68 74.42 

4.00 104.14 105.18 

4.76 123.92 125.17 

5.66 147.36 148.83 

8.00 208.28 210.36 

 

Comparison with Soulsby 

Table 22 and  

 

Table 23 presents the measured fall velocity values with the computed values using 

the Soulsby relationship with densities for quartz and carbonate respectively. The 

measured fall velocity values listed in Table 22 are derived from the initial strike 

times which is assumed to be the most representative value from the fall time 

record per grain size class.  
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Table 22. Measured Fall Velocity per Grain Size Class compared with Soulsby, 1997: Quartz Material. 

Grain Size 

(mm) 

Measured Fall Velocity 

(cm/s) 

Empirical Soulsby, 1997 

Quartz (cm/s) 

Difference 

(cm/s) 

0.17 7.01 2.10 -4.91 

0.25 6.97 3.67 -3.30 

0.35 9.98 5.39 -4.59 

0.50 12.32 7.45 -4.87 

0.71 14.03 9.69 -4.34 

1.00 15.30 12.10 -3.20 

1.41 17.38 14.82 -2.56 

2.00 19.85 17.98 -1.87 

2.80 19.11 21.62 2.51 

4.00 19.21 25.87 6.67 

4.75 18.36 28.29 9.93 

5.66 14.53 30.90 16.37 

8.00 27.30 36.82 9.52 
 

 

Table 23. Measured Fall Velocity per Grain Size Class compared with Soulsby, 1997: Carbonate Material. 

Grain Size 

(mm) 

Measured Fall Velocity 

(cm/s) 

Empirical Soulsby, 1997 

Carbonate (cm/s) 

Difference 

(cm/s) 

0.17 7.01 2.15 -4.86 

0.25 6.97 3.75 -3.22 

0.35 9.98 5.50 -4.48 

0.50 12.32 7.59 -4.73 

0.71 14.03 9.85 -4.45 

1.00 15.30 12.30 -3.00 

1.41 17.38 15.10 -2.28 

2.00 19.85 18.26 -1.59 

2.80 19.11 21.83 2.72 

4.00 19.21 26.26 7.05 

4.75 18.36 28.68 10.32 

5.66 14.53 31.37 16.84 

8.00 27.30 37.38 10.08 

 

These results are provided in graphical form in Figure 60.  



127 

 

 

Figure 60. Comparison of Measured Fall Velocity and Soulsby Empirical Relationship. 
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There is a large deviation on the coarser end of the grain size spectrum between 

2.80 mm and 8 mm where the empirical relationship overpredicts the measured 

data. For finer grain sizes between 0.71 mm and 2.00 mm, the empirical 

relationships underpredicts by approximately 30%. Incorporating the density for 

carbonate showed little deviation from the density of quartz for this empirical 

relationship.  

Comparison with Wu and Wang 

Figure 61 compares the measured fall velocity values per grain size with the Wu 

and Wang empirical relationship using both the density of quartz and the density of 

carbonate and corresponding Corey shape factor. The two empirical curves deviate 

at larger grain sizes. This behavior agrees with expectations as the more platy 

grains will fall more slowly through the water column than spherical grains.  

 

Figure 61. Comparison of Measured Fall Velocity and Wu Empirical Relationship. 
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Substituting the accepted density for quartz, 𝜌𝑄𝑢𝑎𝑟𝑡𝑧 = 2650 (
𝑘𝑔

𝑚3⁄ ) what that 

of carbonate material 𝜌𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 = 2700 (
𝑘𝑔

𝑚3⁄ ) showed little variation in the 

empirically developed fall velocity but slight improvement was observed. Soulsby, 

1997 empirical relationship under predicted the fall velocities for grain size classes 

between 0.35 mm through 2.80 mm. At the coarsest end of the grain size 

distribution, (4.00 – 8.00 mm), the empirical relationship overpredict the sediment 

fall velocity at an increasing rate except for a deviation at 8.00 mm size class. The 

behavior of the 4.75 mm and 8.00 mm grain size class.  Figure 62 combines the 

Soulsby and Wu relationships for both Quartz and Carbonate sediment densities 

with the measured values of fall velocity.  

 

 

Figure 62. Empirical Relationships compared to measured fall velocity. 
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Neither Soulsby nor Wu empirically derived relationships adequately predicts the 

movement of these carbonate rich sediments.  

 

Conclusions 

Traditional fall velocity relationships such as Soulsby et al. (1997) are not 

applicable to locations with large percentages of carbonate material. The 

relationships overpredict fall velocities in the coarser end of the grain size 

spectrum between grain sizes of 2.80 mm through 8.00 mm. The empirical 

relationships also underpredict the fall velocity for finer sediments 0.17 mm 

through 2.0 mm by approximately 30%. Soulsby, 1997 and Wu and Wang 

underpredicted fall velocity in the finer end of the spectrum but was closer match 

than the coarser grain size fractions. A distinct relationship between carbonate 

percentages and fall velocity is not readily apparent for these grain size classes.  

Additional research may include determining a Corey shape factor per grain size. 

The platy shape of the material has a large effect on the fall velocities of this 

sediment and the Wu relationship may perform better for a wider grain size range.  

Future work also includes testing the relationship with carbonate grains from 

different regions with different weathering processes and sedimentary but 

carbonate rich environments.  
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Chapter 7: Numerical Modeling 

Application at Sebastian Inlet and 

Sediment Transport Refinement 
 

The USACE Coastal Modeling System (CMS) has been selected as the primary 

model for this work. The model is developed and maintained by the Coastal Inlets 

Research Program (CIRP) which is housed at the Coastal Hydraulics Laboratory 

(CHL) part of the Engineering Research and Development Center (ERDC). This 

model has a more customizable and flexible sediment transport specification of the 

comparable models available. Many components of the sediment transport 

formulation can be altered to user specifications or several empirical relationships 

to assist in tuning the generalized model to the study area. This model has been 

applied at Sebastian Inlet over the past decade to support management of the inlet 

and its resources. It has assisted with predicting the response of sediment reservoirs 

in the inlet system to dredging activities, test a variety of structural alternatives to 

address erosion concerns at beaches within the inlet interior as well as perform 

investigations into nearshore processes such as backpassing and bypassing. Figure 

63 schematically details the processes included within the CMS. The model 

contains a wave model which passes information to a flow model which updates 

morphology and sends information back to the wave model. This system was 

designed specifically for tidal inlets to support one of the missions of USACE; 
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manage navigable waterways. Processes included in the wave model include 

diffraction, as well as support for structures such as jetties, breakwaters and groins. 

Full model descriptions, mathematical formulations and numeric methods, 

validation and user information are documented in a series of technical reports, 

user manual and wiki updated with the latest development information (Demirbilek 

et al., 2011a; Lin et al., 2008; Sánchez, 2013; Sanchez , Wu , et al., 2014). 

Additional information on the application of the model is available at 

http://cirp.usace.army.mil/.  

 

 

Figure 63. CMS Model Component Flowchart (CIRP, 2018). 

 

http://cirp.usace.army.mil/
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The CMS model version for this modeling work is an implicit finite-volume 

scheme designed to run on desktop computers with parallel processing capabilities. 

A graphical user interface, the Surface Water Modeling System (SMS) is available 

to set up grids and input files as well as provide post-processing support. 

Information regarding the SMS software is provided by  Aquaveo (2019).  

 

Sebastian Inlet CMS Configuration 

This section details the modeling approach for the Sebastian Inlet field site. This 

section will also include the calibration efforts for the wave model and flow model. 

Input files and the methodology to develop these inputs such as bottom 

topography, waves, water surface elevation and winds will also be described. This 

section will also describe field events to aid in interpreting model results.  

The general model approach is a nested configuration between a large regional grid 

and a smaller, refined local grid. The regional grid is intended to bridge the gap 

between the Wave Watch III (WW3) (NOAA, 2019) hindcast model grid and the 

high-resolution local model grid. First, the regional wave model is run using inputs 

from WW3. The regional wave grid spans approximately 40 km cross shore by 18 

km alongshore. The offshore water depth is 42 m and corresponds with the 

selected wave node in WW3. The local model grid spans 17.8 km alongshore by 

10.5 km cross shore to an offshore water depth of 16 m. The spatial relationship 

between the regional and local grid is shown in Figure 64. The red box on the left 
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panel indicates the spatial coverage of the local grid on the regional grid model 

domain. The regional wave model is run only as a wave model. The local modeling 

system includes a local wave model and a local flow model following the 

schematic provided in Figure 63.  

 

Figure 64. CMS Regional and Local Grid Configuration. 

 

The local flow model grid is a telescoping quadtree approach which is different 

from the regional grid which is a uniform rectilinear grid. The local grid cell size 

ranges from 160 m x 160 m in the offshore areas to 5 m x 5 m in the inlet areas 

with 6 levels of subgrids. The telescoping grid configuration is a computationally 

efficient approach by adding refinement in areas of interest or where the processes 

necessitate it e.g. inlet throat and structures. The flow model grid contains 

approximately 340,000 cells with 9,000 defined as land (non-computational) and 

333,000 defined as ocean (active) cells.  The local grid domain and inlet 
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telescoping refinement is depicted in Figure 65. The wave model grid for the local 

domain is slightly larger than the flow model and uses a rectilinear approach with 

local refinement around the tidal inlet and through the channel. The wave model 

grid contains approximately 250,000 cells with a maximum size of 30 meters. 

Figure 66 depicts the CMS Wave grid for the local model domain in the left panel 

with inlet detail provided in the right panel including the structure specification. 

The structures are specified as rubble mound with normal permeability.  

 

Figure 65. Local Grid Telescoping Refinement and Spatial Coverage (Zarillo et al., 2016). 
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Figure 66. CMS Wave Grid for Local Model Domain. 

 

Bottom Topography Digital Elevation Model 

Bi-annual survey data is merged with several other field data sets to form a 

singular scatter dataset that can be interpolated onto the flow and wave model grid. 

This method allows for the incorporation of the latest survey in areas of interest. 

Recent incorporations included the addition of the latest survey dataset for the 

Intracoastal Waterway (ICW) from USACE Jacksonville District (SAJ) and a 1995 

survey of the entire lagoon performed by Morgan and Eckland. The spatial 

coverage of the merged DEM is shown in Figure 67 as the left panel while the 

right panel shows the updated bottom topography within the lagoon.  
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Figure 67. Merged Survey Datasets and Indian River Lagoon Refined Bottom Topography (Zarillo et al., 

2016). 

  

A variety of features are visible in the gridded depth data shown in the right panel 

of Figure 67. The ICW navigation channel is visible extending running along the 

Indian River Lagoon and the relict dredge spoil islands are also represented. These 

islands were constructed as the ICW was dredged. The sand trap is visible to the 

east of the flood shoal. The tidal channels and the navigation channel that connects 

the inlet to the ICW is also visible in the bottom topography dataset.  

Wave Input Spectra 

A MATLAB script was written to utilize the WGRib utility to extract data at a 

single node within the WW3 model grid. This extraction point corresponds to the 

offshore boundary of the regional wave grid. WW3 provides hindcast data that 

includes wave height, wave period and winds to drive the regional model. The 
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computed waves are then obtained at a point corresponding with the local model 

grid to in turn drive the local model.  

Water Surface Elevation Boundary 

The offshore boundary condition is generated by using tidal constituents developed 

from the Trident Pier NOAA Gauge (8721604) and the low frequency component 

added. This low frequency component represents a vertical variation in water 

surface elevation by approximately a meter due to the relationship between water 

surface elevation and variations in Gulf Stream Flux. This phenomenon has been 

documented in Zarillo et al. (2014) and is referred to as a high and low stand of sea 

level. Annual monitoring reports documented this behavior and the correlation 

with coastal upwelling. The high and low stand of sea level occurs annually 

usually in the fall. This sea level variability may have important implications in 

sediment budgets and is an area of further study (Zarillo, 2019). Since the low 

frequency variation is incorporated into the tidal signal, this vertical variation is 

represented in the offshore boundary condition as shown as a timeseries in Figure 

68.  
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Figure 68. Water Surface Elevation Boundary Condition. 

 

The relationship between the water surface elevation and Gulf Stream flux is 

shown in Figure 69. The water surface elevation data is filtered by 25 hours using a 

band pass filter to remove the daily variation. The Gulf Stream flux is filtered by 

30 days to more clearly demonstrate the increase in flux and the fall in water 

surface elevation. A peak in Gulf Stream flux is shown in Figure 69 from April 

through July 2018 with a corresponding drop in water surface elevation during this 

time. A low in Gulf Stream flux is shown in October of 2017 and a corresponding 

rise in sea level is observed.  
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Figure 69. Water Surface Elevation Variability (Zarillo & Watts, 2018). 

 

Wind Forcing 

Wind forcing for the regional grid is derived from the WW3 datasets and are 

applied over the entire model domain. The local grid is run with wind data 

measured at the weather station located at Sebastian Inlet North Jetty. If gaps exist 

in the locally measured data, they are replaced with observations derived from 

Trident Station (8721604).  

The winds are defined in the local grid as a MET station within the flow model and 

its coordinates are known. Figure 70 presents a directional plot of the input wind 

for the local CMS flow model. Directions are towards the center and indicate that 

winds primarily approach the inlet from the north east with a strong component 

from the north.  
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Figure 70. CMS Flow Local Grid Wind Input. 

 

Hard Bottom Specification 

Hard bottom specification within the model environment is important for this field 

site. Exposed reef is visible in aerial imagery performed during days with clear 

water. Hard bottom is mapped annually by the District. Additionally, the inlet 

throat was cut into the coquina rock resulting in a unique tidal inlet that cannot 

scour. Hard bottom is defined in the local flow model grid as a combination of 

non-erodible cells or limited erodible cells. The limited erodible cells allow for a 

certain depth (0.1 m) to be eroded to represent overburden of material. These cells 

are defined mainly in reef areas south of the inlet while the non-erodible cells are 

confined to the inlet throat, sand trap and a limited number of cells around the 

jetties.  
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CMS Wave Model Calibration 

The wave model was tuned to the field site through a calibration procedure. 

Calibration can be defined as the tuning of a model’s empirical coefficients to best 

reproduce a measured or understood response (Demirbilek et al., 2011b). 

Calibration differs from model validation and verification. Verification is 

performed on a models’ implementation of physics and governing equations as part 

of development. Verification is performed prior to a models’ release and therefore 

occurs before model calibration. Validation occurs after model calibration and can 

be described as a models’ assessment of  to reproduce the real world processes 

(Demirbilek et al., 2011b). It should be noted that model calibration is particularly 

important when primary interest lies with sediment transport. Many components of 

sediment transport calculation rely on empirical parameters and poorly understood 

processes which can benefit from a robust calibration effort.  

The wave model was run iteratively observing the changes in nearshore wave 

computation in response to changes in bed roughness specification. Within the 

wave model control, two options are available for bottom roughness; Manning’s n 

(𝑠
𝑚1/3⁄ ) and Darcy-Weisbach (Cf) type friction coefficient (Lin et al., 2008). Bed 

roughness is part of the bottom friction loss computation and at this site where 

exposed hard bottom (reef) is known, bottom roughness is an important parameter. 

Bottom friction loss is calculated by a drag law model presented in Collins (1972). 

Typical ranges for Manning’s n can range between 0.01 (𝑠
𝑚1/3⁄ ) for smooth 
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surfaces to 0.05 (𝑠
𝑚1/3⁄ ) for rocky/weedy channels (Lin et al., 2008). In contrast, 

typical ranges for Darcy-Weisbach friction coefficient range from 0.004 to 0.007 

for sandy bottoms to 0.05 to 0.4 for coral reefs (Lin et al., 2008). Calculated waves 

were extracted at two location in the model grid corresponding to the two 

nearshore gauge locations. Calculated timeseries for wave height, period and 

direction were compared with measured values and statistics developed.  

The date coverages for the north station ADCP and South Station 2 (SS2) ADCP 

are detailed in Table 24. It should be noted that more data is available at the North 

Jetty location (SISPNJ) but a single gauge deployment was used rather than 

incorporate a secondary gauge with a different deployment. This is a consistent 

approach rather than incorporating additional wave data from the redundant gauge 

which is a slightly different location and a different manufacturer. Evaluating two 

different locations within the grid also helps to evaluate model calibration spatially 

within the model domain. The South Station instrument was located directly on the 

reef which provides data where the bottom roughness changes in the field.   

Table 24. Measured Data Temporal Coverage. 

Gauge Location Start End N (samples) 

SISPNJ  09/19/2016 12/07/2016 632 

South Station 2 08/01/2016 11/10/2016 816 

 

Table 25 provides a summary of the wave model calibration runs with the bottom 

roughness value used and descriptive statistics. A total of eight wave models runs 

were performed for calibration purposes. One run with a spatially uniform 
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Manning’s N, four runs with a spatially uniform Darcy-Weisbach and three runs 

with Darcy-Weisbach spatially varying with an increase in bottom roughness over 

the reef areas. Model performance was evaluated by computing descriptive 

statistics of the measured wave data to the computed waves. The values for the 

Correlation Coefficient (R2) are determined using MATLAB functions. Correlation 

coefficient can be described as “…a measure of the strength and direction of a 

linear relationship between two variables” (Sanchez , Lin , et al., 2014). The 

MATLAB function corrcoef was used to determine the correlation coefficient 

(MathWorks, 2019a).  

Table 25. CMS Wave Model Calibration Summary: Bottom Roughness. 

Roughness Parameter Value 
Correlation 

Coefficient (r2) 

North Jetty ADCP Location 

Manning’s n 0.5 0.82 

Darcy-Weisbach 

0.4 0.83 

0.225 0.83 

0.1 0.82 

0.05 0.82 

Spatially Varying 1 0.83 

Spatially Varying 2 0.83 

Spatially Varying 3 0.83 

South Station 2 ADCP Location 

Manning’s n 0.5 0.82 

Darcy-Weisbach 

0.4 0.85 

0.225 0.83 

0.1 0.82 

0.075 0.82 

0.05 0.82 

Spatially Varying 1 0.84 

Spatially Varying 2 0.85 

Spatially Varying 3 0.85 
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Timeseries plots for both the North Jetty gauge location and the South Station are 

provided in Figure 71, Figure 72, Figure 73, and Figure 74. The plots are grouped 

by gauge location and spatially variation of bottom roughness.  

 

Figure 71. North Jetty ADCP: Spatially Constant Darcy- Weisbach bottom friction, Extended Goda wave 

breaking. 
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Figure 72. North Jetty ADCP: Spatially Varying Darcy- Weisbach bottom friction, Extended Goda wave 

breaking. 



147 

 

 

Figure 73. South Station 2 ADCP: Spatially Constant Darcy- Weisbach bottom friction, Extended Goda wave 

breaking. 
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Figure 74. South Station 2 ADCP: Spatially Varying Darcy- Weisbach bottom friction, Extended Goda wave 

breaking. 

 

For reference, the measured descriptive statistics are provided in Table 26.  

Table 26. Measured Descriptive Statistics. 

North Jetty ADCP 

𝐻𝑠,𝐴𝑣𝑒 1.06 

𝐻𝑠,𝑀𝑎𝑥 3.82 

South Station 2 

𝐻𝑠,𝐴𝑣𝑒 0.86 

𝐻𝑠,𝑀𝑎𝑥 4.00 

 

There are several observations that can be made through this calibration effort for 

the wave model. Varying the bottom roughness has a measurable effect on 

calculated wave heights beyond simply the goodness of fit statistics. A Darcy-

Weisbach value of 0.4 results in a r2 value of 0.85. The calculated timeseries 

matches well with lower amplitude wave heights however the peaks are 
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suppressed. In particular, the maximum wave height during the measured 

timeseries was 4.0 m corresponding to Hurricane Matthew. However, the 

corresponding calculated wave height for this model run is significantly 

underpredicted at 1.75 m. The Cf value of 0.4 is the higher end of the 

recommended range of roughness for coral reefs. The model run was repeated for 

𝐶𝑓 = 0.05 to observe changes at the lower end of the coral reef guidance range. R2 

value for this run is 0.82 which is slightly less match as compared with the run at 

𝐶𝑓 = 0.4 however the peak is better represented.  

The wave model has been tuned to match the higher wave heights rather than focus 

on replicating the lower amplitude waves. The focus on this research is replicating 

the movement of sediment. One of the primary drivers of sediment transport is 

high wave energy. Hurricane Matthew occurred during the observation period and 

effort was made to replicate the measured peak wave height of approximately 4 m 

while also replicate the lower wave heights present in the observation period.  

Evaluating Spatially Varying Roughness 

 

Reef areas are specified in the wave model south of the inlet. The southern outcrop 

locations were delineated in prior field work efforts. Reef outcrops are also 

observed to the north of Sebastian Inlet during field activities however were shown 

to be ephemerally covered and exposed with migrating sand. The northern reef 
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outcrop locations are not known and have not been incorporated into the wave 

model.  

Four model runs using a spatially varying specification of bed roughness were 

conducted using the Darcy – Weisbach type friction coefficient. Table 27 

summarizes the model iterations with the reef and sandy areas specification with 

the correlation coefficient. The analysis is conducted for both ADCP locations.  

Table 27. Spatially Varying Bottom Roughness Wave Model Parameters. 

Iteration Reef Specification (𝑪𝒇) Else Specification (𝑪𝒇) Correlation Coefficient (r2) 

North Jetty ADCP Location 

1 0.4 0.05 0.83 

2 0.35 0.08 0.83 

3 0.1 0.08 0.83 

4 0.05 0.4 0.75 

5 0.225 0.075 0.83 

South Station 2 ADCP Location 

1 0.4 0.05 0.84 

2 0.35 0.08 0.85 

3 0.1 0.08 0.85 

4 0.05 0.4 0.81 

5 0.225 0.075 0.85 

 

Figure 72 and Figure 74 presents a comparison of the five model iterations using 

the spatially varying Darcy – Weisbach friction coefficient specification. The 

correlation coefficient is presented for each iteration as well as the descriptive 

statistics. At the South Station 2 gauge location, iterations 2 and 3 are essentially 

identical according to the descriptive statistics, timeseries inspection and the 

correlation coefficient. Figure 75 is a plot of the wave height timeseries output 

from the South Station 2 gauge location for spatially varying iteration 2 and 3 with 

the measured data. The model output timeseries plot is essentially identical 
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between the iterations. The initial conclusion comparing these iterations is the 

specification of the reef areas is not effective in model calibration for this 

application since the ADCP is located seaward of the known areas of reef outcrops.  

 

Figure 75. South Station 2: Comparison of Spatially Varying Bottom Roughness; Iteration 2 and 3. 

 

However, comparing iteration 1 with the spatially uniform versions (Cf = 0.4 and 

Cf = 0.05), a difference does exist indicating that the specification of the reef areas 

may have an effect at different ends of the acceptable range of the Darcy – 

Weisbach coefficient.  

Evaluating Effect of Breaking Wave Model 

 

A spatially uniform model run was iterated changing the breaking wave model 

option within the model set up. A description of the available wave breaking 
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formulas are provided in Lin et al. (2008). No change in predicted wave heights 

were observed between the Extended Goda and Battjes and Janssen formulas 

within CMS Wave.  

CMS Flow Model Skill 

The CMS Flow model skill is evaluated independently from the wave model and 

are presented here.  

Water Surface Elevation 

 

Measured data collected from the radar water level gauge located on the north jetty 

is compared with the calculated water surface elevation from the north jetty ADCP. 

The radar water level gauge is leveled into a known datum and therefore, its 

location vertically is known. The data was adjusted from NAVD88 to MLLW to 

compare with the modeled data. The correlation coefficient was determined to be 

0.93 and a plot of the demeaned calculated and observed timeseries is provided in 

Figure 76.  
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Figure 76. Measured and Calculated Water Surface Elevation Timeseries. 

 

The model was able to reproduce the water surface elevation well. A correlation 

plot is provided in with a trendline and the correlation coefficient provided.  
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Figure 77. Correlation of Calculated and Measured Water Surface Elevation. 

 

Waves 

 

This exercise confirms that wave data is being passed correctly from the wave 

model to the flow model. Large deviations from the wave model calibration efforts 

is not anticipated. Figure 78 presents the time series comparison between measured 

and calculated wave height for both the north jetty and south station gauge 

locations.  
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Figure 78. Measured and Calculated Wave Height Timeseries. 

 

Table 28 and Table 29 summarizes the descriptive statistics and correlation 

coefficient for the wave height at both gauge locations.  

 

Table 28. North Jetty: Model Skill and Descriptive Statistics for Wave Height 

Parameter Measured (m/s) Computed (m/s) 

Maximum Wave Height 3.80 4.49 

Minimum Wave Height 0.38 0.22 

Average Wave Height 1.06 1.39 

Correlation Coefficient 0.82 
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Table 29. South Station: Model Skill and Descriptive Statistics for Wave Height. 

Parameter Measured (m/s) Computed (m/s) 

Maximum Wave Height 4.40 4.00 

Minimum Wave Height 0.23 0.07 

Average Wave Height 1.31 0.86 

Correlation Coefficient 0.84 

 

The correlation coefficients at each gauge location is maintained from the wave 

model calibration efforts. The north jetty location computed maximum wave height 

over predicted by 0.69 m. The south gauge location performed between and 

slightly under predicted by 0.40 m. The average wave heights performed well at 

both locations. The north jetty location overpredicted by 0.33 whereas the south 

jetty location underpredicted by 0.45 m.  

Currents 

 

This section presents the model skill for currents at both the north jetty ADCP 

location and south station and provides a discussion on the findings of testing the 

model within this numerical model test bed. Both the magnitude and direction of 

the computed currents will be compared with measurements. Figure 79 presents 

the timeseries comparison of measured and computed current magnitude for both 

the north jetty location and south station. The dates have been adjusted to match 

the measured temporal coverage per station. Table 30 and Table 31 summarized 

the descriptive statistics and correlation coefficient of the north jetty and south 

station locations respectively.  
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The average current magnitude at the north jetty location is computed nearly 

double than the south station model location. This is most likely due to the 

interaction with the structure and the ebb jet which is observed to deflect near the 

site within the model. However, both average values are underpredicted from 

measured values. The peak current magnitude is well represented at the south 

station location but underpredicted by 0.20 m/s. The peak is not well represented at 

the north jetty and is underpredicted by 1.2 m/s.  

 

Figure 79. Measured and Calculated Current Magnitude Timeseries. 

 

The correlation coefficient determined for both stations indicates a low correlation 

to measured data. A sensitivity analysis may be performed to improve the model 

performance for currents using other bottom friction parameters available such as 
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the Bottom friction coefficient and the Nikuradse roughness. Presently, the model 

set up uses a spatially varying manning’s n to represent higher anticipated 

roughness over the reef and hard bottom areas.  

Table 30. North Jetty: Model Skill and Descriptive Statistics for Current Magnitude. 

Parameter Measured (m/s) Computed (m/s) 

Maximum Current 1.52 0.34 

Minimum Current 0.00 0.04 

Average Current 0.10 0.04 

Correlation Coefficient 0.30 
 

Table 31. South Station: Model Skill and Descriptive Statistics for Current Magnitude. 

Parameter Measured (m/s) Computed (m/s) 

Maximum Current 0.85 0.66 

Minimum Current 0.00 0.02 

Average Current 0.07 0.02 

Correlation Coefficient 0.32 

 

Figure 80 presents a comparison of the current magnitude and direction of 

measured (left) and calculated (right) currents for north jetty location. Directional 

convention of the stacked bars is indicating the direction of flow outwards from the 

center. Warmer colors indicate higher current magnitudes, whereas cooler colors 

are indicating lower magnitudes. The measured currents are directed south east in 

the rose plot and the majority of the computed currents are directed southward.  

There is a small offshore (northeast) component of flow shown in the computed 

currents. This phenomenon may not be observed by the ADCP due to the blanking 

distance and the distance of the gauge above the seabed. The instruments are 

pointing upwards from the mooring which in the case of the north jetty location, is 
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approximately a meter off the bottom depending on migrating nearshore bar 

features. The instrument may be missing a bottom offshore directed flow. At this 

location, the model is sufficiently reproducing the flow patterns towards the inlet.  

 

 

Figure 80. North Jetty: Comparison of Measured and Calculated Directional Currents. 

 

Figure 81 compares the measured and computed directional plots for the south 

station location following the format of Figure 80. Measured currents indicate a 

bidirectional flow parallel to the shoreline with currents moving norward toward 

the inlet and southward. Calculated currents at this location indicate a north and 

southerly flow component but with a strong offshore directed current. As stated 

previously, this offshore directed flow may not be captured by the field 

instruments. However, the bidirectional flow is reproduced in the calculated 

currents at the south location.   
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Figure 81. South Station: Comparison of Measured and Calculated Directional Currents. 

 

Current magnitude is poorly reproduced at the two ADCP locations. Both 

calculated current roses indicate an offshore component to the flow that is not 

captured by the ADCP data. The gauge location vertically in the water column and 

the standard blanking distance used in the instrument set up results in 

approximately the bottom 1.5 m of the water column missing from observations. 

Upwelling is a regular occurrence in this region and an offshore directed flow may 

be present and not recorded. Including instrumentation to capture the bottom 

portion of the water column would be advantageous in observing if offshore flow 

is present and expanding capabilities of the nearshore monitoring array.  

The nearshore array indicates that more tuning of the model is required to 

reproduce the current magnitude. However, the sediment reservoirs of interest to 

this work are in areas that are primarily tidal and wave influenced. The ebb shoal is 
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under the influence of tidal flow through the inlet as well as an interface between 

tidal dominance and wave dominance at the ebb jet. An ADCP gauge was 

deployed just offshore of the ebb shoal to capture the ebb jet and observe current 

flow changes through the tidal cycle with this change in dominance from wave to 

tide. To date, this instrument has not been recovered. However, the currents 

through the inlet mouth are well produced in ebb and flood directions to the 

present understanding of the current magnitude. The following analysis seeks to 

demonstrate the tidal dominance of the ebb shoal area. Figure 82 demonstrates the 

inlet current magnitude and directional changes moving from a point in the inlet 

throat towards the ebb shoal area. The inner inlet location is in the left most panel, 

a midpoint provided in the center and an ebb jet located just beyond the north jetty. 

Relative locations of these points are mapped in Figure 83.  

 

Figure 82. Inlet Current Directional Plots. 

 

Within the inlet throat, the currents are bilateral following the orientation of the 

channel. This plot indicates an ebb dominance to the tidal flow. The center plot of 
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Figure 82 demonstrates the spreading of current direction in the ebb direction 

moving outside the channel. The third outer panel demonstrates the directional 

spreading increasing moving outside the jetty. A northward dominance is 

computed for this outer location.  

 

Figure 83. Inlet Current Directional Plot Locations with CMS Flow Grid and 2016 Aerial Imagery (USGS, 

2016). 

 

Further investigation is needed regarding replicating the current magnitude at these 

ADCP locations. One method is to perform a sensitivity analysis varying the 

bottom friction coefficients. The bottom friction defined for these model runs is 

Manning’s Coefficient (𝑠
𝑚1/3⁄ ) is 0.025 for the majority of the domain while the 

reef areas and inlet throat are defined as 0.06.  The 0.025 value corresponds with a 
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median grain size of 0.8 mm (Sanchez et al., 2013) which is close to the median 

grain size of the sediment reservoir of primary interest in this work.  

Cross shore current magnitude was also examined moving from the shoreline to 

the offshore gauge. Figure 84 shows a cross shore profile of current magnitude 

generated within the SMS environment. A cross shore observational arc was 

constructed extending from the shoreline to the north jetty ADCP location to 

observe current magnitude changes across the surf zone. This analysis indicates the 

computed current magnitude is at a maximum approximately 60 – 70 m from the 

shoreline.  

 

Figure 84. Cross Shore Current Magnitude (SMS). 

 

This cross-shore variation of current magnitude indicates that the model is 

predicting reasonable values of current magnitude in areas where wave driven 

currents would occur and currents are a product of radiation stresses. With the 
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reduction in current magnitude moving offshore, the model may not be 

reproducing wind driven or other drivers of currents in deeper water. Further 

investigation is needed to evaluate this process.  

Model Considerations 

Several events occurred during this simulation period that can provide additional 

synthesis and clarity for interpreting model results. The first event was the 

occurrence of Hurricane Matthew approximately 68 km offshore of the inlet as a 

Category 3 on October 7th, 2016. This event was recorded by the bottom mounted 

ADCPs and partially by the MET station. The anemometer failed shortly after 

recording a peak wind speed of 25 m/s (56 mph) when the storm was nearly 

directly offshore. The weather station also recorded a storm surge of approximately 

1 meter and maximum wave heights recorded during the storm were 4 m. The site 

benefited from post storm LIDAR performed by USACE Joint Airborne Lidar 

Bathymetry Technical Center of Expertise (JABLTCX) on October 16th, 2016 and 

provides a simulation period mid-point to compare morphological change to 

throughout the model run. It is anticipated that the storm moved more sediment 

than normal throughout the sediment reservoirs. The flood shoal was not included 

in the post storm LIDAR flight and cannot be included in this observational 

analysis.  

The second consideration is an awareness of when this simulation period occurs 

with respect to the last dredge/placement cycle. The previous dredge event 
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occurred in Winter of 2014 and removed ~180,000 cubic yards of material from 

the sand trap. The sand trap was dredged and enlarged at this time. The rock 

portion of this material was transferred to the onside Dredged Material 

Management Area (DMMA) and sand was placed downdrift of the inlet. The sand 

portion of the dredged material was placed onshore between R-12 and R-20. The 

simulation time period occurs approximately 2 years after the dredge event and the 

system can be considered in dynamic equilibrium. This simulation time period 

occurs nearly at the midpoint of the dredge cycle and large changes over the flood 

shoal are not anticipated. The system responds to dredging by the ebb shoal 

rebounding and deposition occurring in the sand trap. Previous modeling work 

(Zarillo , Watts , et al., 2018) shows that the model is capable of simulating 

deposition in the sand trap immediately after dredging. Figure 85 presents a 

comparison between simulated (left) and measured (right) morphology change at 

the sand trap between the Winter 2017 bottom topography surface and the Post 

Dredge June 2014 bottom topography.  
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Figure 85. Comparison between Calculated (left) and Measured (right) Morphology Change over Sand Trap 

[Winter 2017 - Post Dredge 2014] (Zarillo et al., 2018). 

 

The warm colors in Figure 85 represent shoaling while the cooler colors represent 

erosion and the color bar spans between – 2 m and 2 m. A black frame in Figure 85 

represents the location of the sand trap and profiles along which analysis was 

performed to quantify the sedimentation patterns between measured and calculated 

infilling. For this work, measured sediment deposition occurred primarily in the 

western (Lagoon) side of the sand trap while the model preferentially deposited 

material on the eastern (inlet) side of the sand trap. This behavior indicates the 

model set up requires further calibration to better represent the flow through the 

inlet throat. To date, measured currents are not available to perform this calibration 

procedure. Literature review and direct observation yields strong currents passing 

through the inlets. Literature sources provided limited measured currents 
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performed in 1962. The currents moving through the constrictive inlet at a 

“maximum flood of 6.0 fps and ebb of 6.1 fps, both in the main channel” (Mehta et 

al., 1976). Additionally, currents were estimated underneath the bridge as part of 

this work at 7.2 fps for flood and 9.1 fps for ebb flow.  

Sediment Transport Formulations 

Three different sediment transport formulations are available within the CMS 

along with three distinct sediment transport models. Formulations refer to the 

assumed distribution or concentration of sediment vertically in the water column. 

Sediment transport is a three-dimensional process. Specifying the vertical 

distribution of sediments in the water column as an assumed concentration profile 

supports the application of a 2D depth averaged model to a 3D process.  

Sediment transport models refer to the equations used to compute sediment 

movement. These models include Lund-CIRP, Watanabe and van Rijn. 

Documentation of the CMS provide guidance on the application of these 

relationships to the field. The Lund-CIRP is documented in (Camenen et al., 2007) 

Model guidance indicates that the Lund-CIRP equation performs well in the surf 

zone however tends to overestimate near the wetting and drying limit of the 

domain as well as in water depths beyond 10 m (Sanchez , Lin , et al., 2014).  

The van Rijn formula has a tendency to underestimate sediment transport near 

understood critical shear of motion as well as underestimate transport near the 
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shoreline. The Watanabe equation tends to underestimate sediment transport in 

water depths beyond 10 m.  

Since the Lund-CIRP formulation performs well in surf zone where breaking 

waves occur, this equation is the most applicable for application to the Sebastian 

Inlet particularly when the interest of the model application is over the ebb shoal 

where waves routinely break.  

Model Sediment Specification Alternatives 

This section details the sediment specification per model class as summarized in 

Table 32. These model alternatives have been developed to evaluate the model 

performance with adjusting the fall velocity per grain size class from the default 

empirical relationship (Soulsby) to the measured value developed from the settling 

column experiment. From the findings presented in Chapter 5, neither the Soulsby 

nor the Wu relationship performed well over the range of grain size classes. 

Soulsby is the most common empirical relationship to determine fall velocity and 

is set as the default for this model. Therefore, modeling efforts will focus on 

evaluating the performance of the Soulsby (default) relationship to the measured 

values. Each model alternative class will be discussed in the following sections.  
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Table 32. Numerical Model Experimental Design. 

Model Run Class Description 

I-A 

Spatially Uniform Unimodal 

Unimodal spatially uniform grain size with 

empirical fall velocity 

I-B 
Unimodal spatially uniform grain size with 

laboratory measured fall velocity 

II-A 
Spatially Uniform Multi 

Grain 

Multiple grain size spatially uniform with 

empirical fall velocity 

II-B 
Multiple grain size spatially uniform with 

laboratory measured fall velocity 

III-A 

Spatially Varying Multi Grain 

Multiple grain size spatially varying grain size 

with empirical fall velocity 

III-B 
Multiple grain size spatially varying grain size 

with laboratory measured fall velocity. 

 

Table 13 presents the location of the sediment samples used in the fall velocity 

experiment. These samples were collected primarily from the crest of the ebb shoal 

and a fourth from the shoreface of the beaches north of the inlet. The location of 

the sediment samples indicate the locations in the model that can be directly 

analyzed for fall velocity sediment transport performance. Other areas of the model 

grid which contain similar sediment classes may be examined.  

 

Spatially Uniform Unimodal (I-A and I-B) 

 

A uniform single grain size of 0.71 mm was chosen as the most representative size 

for the ebb shoal and implemented in the unimodal spatially uniform model class. 

In other words, a uniform sediment size of 0.71 mm was defined across the entire 

model domain for all cells for this alternative. This sediment size corresponds to 

the 𝑑50 grain size found on and around the ebb shoal. The purpose of this model 
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alternative is to provide a base model alternative to compare the behavior of multi 

grain spatially varying and spatially uniform alternatives. Since the primary 

objective of this work is to improve sediment movement calculations across the 

inlet’s sediment reservoirs, the median grain size from the ebb shoal was chosen. It 

should be noted that computed movement is not anticipated across the flood shoal 

areas since this sediment reservoir has finer material than the specified grain size.  

 

Multigrain Spatially Uniform (II-A and II-B) 

 

A multiple grain size spatially uniform approach using fractional sediment size 

classes of 𝑑5, 𝑑16, 𝑑50, 𝑑84 and 𝑑95. Sediment sizes were selected by synthesizing 

the sediment size classes present in the settling column experiment with the 

fractional classes identified by the gINT sediment analysis software. The gINT 

software computes the fractional sizes from the grain size distribution using 

method of moments. Model guidance suggest that multiple grain size fractions is 

most applicable for areas where sediment is not well sorted. Sediment statistics 

computed by gINT indicate that the sediment sorting ranges from poorly to 

moderate sorting.  

This model alternative assumes these grain size classes are uniform across the 

domain. As states previously, the applicability of these sediment sizes should be 

confined to the location of the ebb shoal where the sediment samples were taken 
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from. The purpose of this model is to observe the behavior of the multigrain 

sediment transport approach before additional complexity for spatially varying is 

incorporated. The specific fractional grain sizes were selected per the model 

guidance and limited to five grain size classes to adequately represent the 

sediments across the domain and allow for a reasonable computational time. Table 

33 details the size classes specified in the model and the corresponding grain size.  

Table 33. Spatially Uniform Multigrain Sediment Specifications. 

Size Class Grain Size (mm) 

𝑑95 2.80 

𝑑84 1.40 

𝑑50 0.71 

𝑑16 0.50 

𝑑5 0.35 

 

Multigrain Spatially Varying (III-A and III-B) 

 

This model alternative class incorporated the selected fractional grain sizes for the 

spatially uniform model class and added two grain size options for the model. The 

grain size classes of 𝑑5, 𝑑16, 𝑑50, 𝑑84 and 𝑑95 remained the same but were varied 

over the flood shoal to better represent this area of the model domain. The same 

fractional classes were used as in the spatially uniform approach. However, 

different sizes were used for the ebb and flood shoals. Model guidance suggests 

limiting the number of specified size classes between six and nine distinct sizes. 

Table 34 details the spatially varying multigrain sediment specification for the ebb 

and flood shoal.  
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Table 34. Spatially Varying Multigrain Sediment Specifications. 

Size Class 
Ebb Shoal Flood Shoal 

Grain Size (mm) Grain Size (mm) 

𝑑95 2.80 0.17 

𝑑84 1.40 0.17 

𝑑50 0.71 0.17 

𝑑16 0.50 0.17 

𝑑5 0.35 0.25 

 

The specified sediment sizes for the fractional classes of 𝑑95, 𝑑84, and 𝑑50 are 

identical for locations in the model grid corresponding to the flood shoal. This is 

due to the lack of available finer material in the ebb shoal sediments used in the 

settling column experiment. Laboratory values for material finer than 0.17 mm are 

not available because finer material was not present in the ebb shoal samples. This 

implies a limitation of the applicability of the grain size specification over the 

flood shoal. Since the sediment sizes specified in the model at the flood shoal are 

coarser than what exists in the field, computed sediment transport movement at the 

flood shoal should be underestimated. Other areas of the model domain beyond the 

ebb and flood shoals are defined using the ebb shoal grain sizes.  

Numerical Model Results 

Evaluation Criteria 

Model performance for morphology will be evaluated for morphology change 

patterns, volume at the various sediment reservoirs and selected cross shore profile 

for computed depths and bed changes. Sebastian Inlet was flown by JABLTCX 

post Hurricane Matthew on October 16th, 2016 (USACE correspondence) and this 
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flight was used as the end point of the morphology change evaluation. The spatial 

coverage of the 2016 winter survey lacked sufficient spatial coverage to provide a 

baseline of measured comparison. The survey was also performed over a span of a 

month and does not represent a single time but an average over several weeks. The 

LIDAR flight was conducted over a shorter amount of time. Each model class will 

be discussed individually contrasting the results between the default fall velocity 

and the laboratory measured value.  

Morphology Change Patterns 

 

General patterns of morphology change will be compared with measured 

morphology change. The purpose of this exercise is to first evaluate if the model is 

recreating the erosional and depositional patterns observed in the field. In each set 

of images, the measured morphology change will be presented on the left panel 

while the calculated will be on the right. For all plots, warmer colors represent 

accretion or deposition of material while cooler colors indicate erosion. Color bars 

range from -4.0 m to 4.0 m with white indicating null.  

All calculated data is compared with the October 2016 LIDAR flight performed by 

JABLTCX. This measured morphology plot is computed by the difference of the 

September 2016 DEM and the October 2016 LIDAR data. This LIDAR flight was 

performed as a Post Hurricane Matthew flight to assess the impact the storm had 

on the surrounding area. The LIDAR data was merged with the next closest 

existing DEM to provide a clear comparison. The spatial coverage of this LIDAR 
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data is provided in Figure 86. There are known limitations with LIDAR data. The 

laser is not able to penetrate water with high suspended solids or air entrainment, 

so the coverage of the data is relegated to the nearshore areas to a depth of 

approximately 6 m. The laser is not able to penetrate swash areas. The sand trap 

and ebb shoal areas are included in this dataset however the region immediately 

north of the inlet is not well covered. The morphological comparisons will focus 

on the sand trap and ebb shoal areas.  

Morphology and volume change comparison was performed with this dataset due 

to limited coverage performed during the Post Hurricane hydrographic survey.  
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Figure 86. Post Hurricane Matthew LIDAR Coverage (JABLTCX) with 2016 Aerial Imagery (USGS,2016). 

 

The following sections will compare the measured morphology change with the 

computed morphology change. Morphology change is represented as difference 

plots where cooler colors indicate erosion and warmer colors indicate accretion. 

All images are presented on a uniform color bar spanning between -4 m to +4 m 

with intervals of 1. White indicates null transport or where hard bottom is specified 

with no overburden.  



176 

 

Computed morphology change was determined by taking the difference between 

the computed depth timestep corresponding to the LIDAR flight (October 16th, 

2016) and the initial depth condition. This method was compared with the Cut and 

Fill method within the ESRI Geographic Information System (GIS) computing 

environment as a check. Examination of model results within GIS indicated that 

the morphology change dataset generated by the model is inverted. This led to the 

manual calculation with the computed depth datasets.  

Spatially Uniform Unimodal 

This model set up represents the baseline of calculated morphology patterns. The 

unimodal approaches specifies a single grain size, usually 𝑑50, to represent 

material across the entire model domain. This model class varies only the fall 

velocity from the empirical relation to the laboratory quantity. The selected grain 

size (0.71 mm) corresponds closely with the median grain size derived from the 

ebb shoal samples. The primary interest is replicating the movement and evolution 

of the sediment reservoirs of the ebb shoal. Figure 87 presents the comparison of 

morphology change between measured (left panel) and calculated (right panel).  
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Figure 87. Unimodal Empirical Fall Velocity: Calculated and Measured Morphology Change. 

 

The pattern of accretion over the ebb shoal to the downdrift attachment bar is well 

represented in the model. The bar feature extending southward from the south jetty 

to this attachment point is also represented. Erosion is observed on the crest of ebb 

shoal which is reproduced in the model. The inlet throat is specified as non-

erodible in the model due to the presence of hard bottom and the construction 

history of this inlet. The hard-bottom vertical location is specified as 0.1 m below 

the elevation allowing for 0.1 m of overburden. Sediment accumulates in the 

measured dataset at the end of the inlet throat extending seaward. This is most 

likely due to the material falling out of suspension as the hydraulic restriction of 

the structures reduces moving offshore. This accretionary pattern is reproduced 

well in the numerical model and represents a potential area of finer tuning in the 

future.  
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Examining the sand trap inside the inlet throat, the model does not reproduce 

sediment movement. The measured dataset indicates sediment accretion over 

portions of the sand trap. Some small ephemeral shoal features also appear in the 

inlet throat that are not captured by the model. Movement over the flood shoal was 

not expected during this model run since 0.71 mm grain size specification is far 

coarser than is present over this feature. Calculated morphology change using 

laboratory fall velocity compared with the measured morphology change is 

presented in Figure 88.  

 

Figure 88. Unimodal Laboratory Fall Velocity: Calculated and Measured Morphology Change. 

 

This alternative incorporates the laboratory derived value for fall velocity. The 

computed morphology change is similar to the empirical model alternative. Areas 

of accretion on the outer portion of the ebb shoal is reproduced in the model 

alternative as well as erosion over the crest. The erosional feature from the ebb 

shoal extending to the southern portion of the south jetty is also reproduced. 
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Sediment is predicted to accrete just beyond the north jetty as the hydraulic 

constriction is reduced. Sediment shoals are not predicted to form in this model 

alternative and shoaling was also not predicted over the sand trap for this model 

alternative.  

Figure 89 compares the computed morphology change patterns using the empirical 

relationship (left) and incorporating the laboratory fall velocity (right). A large 

deviation was not anticipated in this model alternative class since the difference 

between the empirical formulation and the measured fall velocity was small. There 

are some subtle differences in the erosion patterns north of the inlet but from a 

morphologic standpoint, the patterns are identical.  

 

Figure 89. Unimodal: Comparison of Computed Morphology Change. 
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Multigrain Spatially Uniform 

Figure 90 compares the measured morphology change (left) with the calculated 

morphology change for the spatially uniform multigrain model alternative with the 

empirical relationship for fall velocity.  

 

Figure 90. Multigrain Spatially Uniform Empirical: Calculated and Measured Morphology Change. 

 

The patterns of erosion and accretion are well predicted over the ebb shoal. The 

incorporation of the multigrain sediment specification allowed for more complex 

shoals to be predicted in the inlet throat which compares better with measured 

values. The erosional arc spanning from the ebb shoal to the south jetty is 

reproduced however the attachment bar accretion is muted. Sediment was not 

predicted to accrete over the sand trap in this model alternative however, it was not 

necessarily anticipated since the specification of the multigrain sediments matches 

the ebb shoal sediments which are coarser than the material over the flood shoal. 

Minimal accretion over the reef areas immediately downdrift of the inlet.  
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Figure 92 presents a comparison between measured morphology change and 

calculated with the laboratory fall velocity values incorporated in the sediment 

specification.  

 

 

Figure 91. Multigrain Spatially Uniform Laboratory: Calculated and Measured Morphology Change. 

 

Morphology change patterns between measured and the multigrain model 

alternative with the augmented fall velocity values generally compare well. It 

appears that more sediment erosion and accretion is predicted over the ebb shoal 

than what is indicated in the measured data. There is also some movement for both 

sediment erosion and accretion over the sand trap area for this model alternative. 

However, the magnitude of this sediment movement in this region of the model 

domain is not matching the measured magnitude and is generally underpredicted. 

Sediment accretion was predicted throughout the inlet throat for this multigrain 

alternative but lacking some of the complexity in features. The incorporation of the 
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laboratory derived fall velocity for most of the sediments would be an increase in 

velocity which can be observed through predicted sediment accretion through the 

inlet throat. Figure 92 compares both the computed morphology change datasets 

for the empirical relationship (left) and the laboratory value of fall velocity (right).  

 

Figure 92. Spatially Uniform Multigrain: Comparison of Computed Morphology Change. 

 

Differences between the empirical and laboratory model alternatives can be 

observed in Figure 92. Most notably, is the uniform sediment accretion along the 

inlet throat for the laboratory alternative while more complex sediment patterns 

were predicted using the empirical relationship. More erosion and accretion is 

predicted with the laboratory fall velocity case which is also agrees with increased 

fall velocities. Both model runs use a hard bottom specified with 0.1 m of 

overburden through the inlet throat.  
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Spatially Varying Multi Grain Class 

This category uses the multigrain approach and provides additional specification of 

finer grain sizes at the flood shoal. This approach increased the number of grain 

size classes from 5 to 7 which increased computational time. This number of grain 

size classes is still within the recommended number of classes in the model 

guidance. Figure 93 compares the measured morphology change (left) with the 

calculated morphology change with the empirical relationship for fall velocity. As 

in the previous model alternatives, the basic patterns of sediment accretion over the 

ebb shoal crest and south of the inlet are reproduced. Predicted sediment accretion 

just beyond the inlet throat compares well with measured patterns. Sediment 

accretion and deposition patterns within the inlet throat are also similar to 

measured patterns.  

 

Figure 93. Spatially Varying Empirical: Calculated and Measured Morphology Change. 
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However, very little deposition is predicted over the sand trap areas which indicate 

that the current flow through the inlet could use additional refinement once field 

measurements are available. A comparison between measured morphology change 

(left) and calculated morphology change with the laboratory fall velocity values are 

presented in Figure 94. Similar morphological patterns are reproduced in the 

numerical model for this alternative however more sediment accretion is predicted 

over the sand trap which compares well with the measured patterns.  

 

Figure 94. Spatially Varying Laboratory Fall Velocity: Calculated and Measured Morphology Change. 

 

The erosional areas at the distal end of the north jetty and over the crest of the ebb 

shoal are more distinct in the model output. The attachment bar is underpredicted 

as well. Figure 95 compares both computed morphology change using the 

empirical relationship for fall velocity (left) and the laboratory derived fall velocity 

values (right). Several differences are observed between the model runs. In the 

empirical model alternative, more shoal features and complex patterns present 
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within the inlet throat however, the laboratory fall velocity alternative shows more 

movement of material in the sand trap and further into the inlet throat. There is 

more sediment movement over the flood shoal in the laboratory fall velocity model 

run than compared with the empirical relationship. The nearshore bar or shoal 

extending southward from the inlet connecting to the downdrift attachment point is 

less distinct in the laboratory fall velocity model alternative than the empirical 

relationship.  

 

Figure 95. Spatially Varying Multigrain: Comparison of Computed Morphology Change. 

 

The numerical model was able to reproduce the general patterns of morphology 

change for all sediment specification alternatives. All models were able to 

reproduce the major erosional and depositional features across the ebb shoal. 

Incorporating multigrain sediment specification reproduced better shoal and 

erosional features within the inlet throat. Incorporating the laboratory derived value 

for fall velocity within the spatially uniform multigrain alternative simulated 
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sediment movement within the interior of the inlet throat including the sand trap 

area. This is in contrast to the empirical alternative that predicted no movement 

which is counter to measured values of morphology change. The spatially uniform 

multigrain model alternative incorporating laboratory fall velocity better 

reproduced the sediment morphology patterns than the empirical formulation 

within the interior portions of the inlet. However, the empirical relationship better 

predicted the variation in sediment accretion and erosion patterns near the jetties 

and the bridge pilings. Incorporating spatially varying sediment specification with 

multigrain transport provided better movement across the sand trap area but 

ultimately failed to reproduce sufficient sediment deposition over the sand trap. 

The spatially uniform empirical relationship had the best performance between the 

jetties however, the spatially varying laboratory value had the best performance at 

the interior portions of the inlet.  

Morphology Change Volumes 

 

This section presents the calculated results of morphology change in a quantitative 

manner by examining the accretion and erosion to measured. Values of each are 

computed in the sediment reservoir polygons which are depicted in Figure 96. 
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Figure 96. Morphology Change Polygons with Sediment Sample Relative Locations. 

 

The planar area of these polygons are trimmed to match the LIDAR coverage to 

best represent the model performance within the available measured dataset. The 

polygons of Bypass Bar Crescent, Attachment Bar and the South Beach Bypass are 

used to examine the behavior of various components of the ebb shoal system. The 

left panel of Figure 96 shows the location of these polygons with the depth 

contours where warmer colors indicate shallower depths and cooler colors indicate 

deeper water depths. The right panel of Figure 96 shows the locations of the 

evaluation polygons with measured morphology change plot. Warmer colors 

indicate sediment accretion while cooler colors indicate sediment erosion. The red 

dots of Figure 96 indicate the relative location of the sediment samples that was 

used as part of the settling column experiment. The sediment samples lie primarily 

near the Bypass Bar Crescent and the offshore side of the South Beach Bypass bar. 
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This implies that the sediments may be best represented in the Bypass Bar area 

rather than the South Beach area. The sediment residing in the Attachment Bar are 

most likely similar to the Bypass Bar since material is passed from the Bypass Bar 

to the Attachment Bar as part of the inlets’ natural sediment bypass processes. 

Finer material may reside in the South Beach Bypass area which may lead to 

poorer model performance in this area of the model domain. Accretion and erosion 

values are determined by selecting the cells within the evaluation polygon of the 

computed morphology change dataset.  

Each reservoir is compared with measured values and synthesized with how the 

performance of the sediment reservoir may affect other reservoirs. Measured 

volumes are tabulated in Table 35 and are derived from the October 2016 LIDAR 

flight merged with the base measured data to provide a single scatter set. This 

elevation point cloud is mapped to the model grid and the difference is computed 

between the measured final timestep to the measured initial resulting in measured 

morphology change. Values are represented in 𝑚3 rounded to the nearest 100 

where appropriate.   

Table 35. Measured Volume Change: September 2016 - Post Hurricane Matthew. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 18,200 -17,700 

Attachment Bar Crescent 6,100 -4,300 

South Beach Bypass Bar 4,100 -6,800 
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Model I-A: Unimodal Grain Size Spatially Uniform Empirical Fall Velocity 

 

This model alternative serves as the baseline condition and specifies a single grain 

size of 0.71 mm for the entire domain regardless of sediment reservoir. Field data 

indicates that coarser material resides in areas of high wave energy such as the ebb 

shoal while finer material resides in the flood shoal. Since the entire domain is 

specified at a median grain size corresponding with the ebb shoal, morphology 

change at the flood shoal is expected to be minimal and not match measured data. 

This model alternative also serves to demonstrate the importance of using a 

spatially varying approach when field data is available. Table 36 summarizes the 

computed morphology change volumes per sediment reservoir for Model I-A.  

Table 36. Model I-A: Calculated Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 41,800 -16,900 

Attachment Bar Crescent 2,200 -3,800 

South Beach Bypass Bar 630 -14,800 

 

This model alternative over predicts sediment accretion for the bypass bar crescent 

area by approximately 24,000 m3. However, this area performs well with regards to 

sediment erosion with a difference of approximately 1,000 m3. Sediment accretion 

over the attachment bar is under predicted by nearly 4,000 m3. Predicted sediment 

erosion compares well in this area to measured data with only a difference of 500 

m3. Sediment accretion at the south beach bypass bar area performed poorly with a 

difference of approximately 3,500 m3.  



190 

 

Model I-B: Unimodal Grain Size Spatially Uniform Laboratory Fall Velocity 

 

This model alternative incorporates the laboratory measured fall velocity for the 

median grain size class. Table 37 summarizes the computed morphology change 

volumes per sediment reservoir for the measured fall velocity model set up. These 

volumes are similar to those for the empirically derived fall velocity but indicate 

the model is using the measured value.  

Table 37. Model I-B: Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 43,400 -17,300 

Attachment Bar Crescent 2,300 -3,900 

South Beach Bypass Bar 650 -15,400 

 

The 1B model alternative overpredicts sediment accretion at the bypass bar 

crescent area by approximately 25,000 m3. In contrast, the predicted erosion 

compares well with measured values with a difference of approximately 400 m3. 

Computed sediment accretion at the attachment bar area is under predicted by 

approximately 3,800 m3. Computed erosion values at this area compares well with 

measured values with a difference of 400 m3. The south beach area underpredicted 

sediment deposition by approximately 3,500 m3 with an over prediction of 

sediment erosion by 8,600 m3. This indicates that sediments are not well 

represented over the south beach bypass bar.  

Computed erosion volumes for model I-B largely remained constant as compared 

with model I-A. The computed erosion at the bypass bar crescent increased by 
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1,400 m3 however the other reservoirs erosion computed identical volumes as with 

I-A. This behavior is best explained by the presence of hard bottom cells for the 

other sediment reservoirs. Approximately 52% of the active ocean cells in the 

attachment bar crescent and south beach bypass bar areas are defined as hard 

bottom. All cells within the sand trap area are defined as hard bottom. None of the 

cells within the bypass bar crescent is defined as hard bottom and should not be 

since this area is on the crest of the ebb shoal. The performance of the bypass bar 

crescent increased in deviation from measured indicating that the model is eroding 

too much material in this area.  

 

Model II-A: Multiple Grain Spatially Uniform Empirical Fall Velocity 

 

This model class uses a multi grain sediment specification for the entire model 

domain. Similar to model class I, the flood shoal is specified too coarse and is not 

expected to experience sufficient sediment movement during the simulation period. 

This model class provides comparison between the unimodal model class and 

observing the impact on the computations by incorporating multigrain sediment 

transport specification. Table 38 summarizes the computed morphology change 

volumes for model II-A across all sediment reservoirs.  

 



192 

 

Table 38. Model II-A: Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 35,300 -11,100 

Attachment Bar Crescent 2,200 -4,600 

South Beach Bypass Bar 600 -14,700 

 

Predicted values of sediment accretion for the bypass bar crescent location are 

overpredicted by approximately 17,000 m3. Computed erosion values are 

underpredicted by approximately 6,600 m3. Sediment accretion over the 

attachment bar area is underpredicted by 3,900 m3. In contrast, computed sediment 

erosion over this area compared well with measured values with an over prediction 

of approximately 300 m3. The south beach bypass bar did not compare well to 

measured values for both accretion and erosion values. Difference for accretion 

and erosion is an underprediction by 3,500 m3 and an overprediction of 

approximately 8,000 m3 respectively.  
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Model II-B: Multiple Grain Spatially Uniform Laboratory Fall Velocity 

 

This model class substitutes the empirical fall velocity values with the laboratory 

derived values for sediment size classes listed in Table 33. The sediment 

specification is uniform across the model domain. Table 39 summarizes the 

calculated morphology change for the sediment reservoirs.  

Table 39. Model II-B: Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 54,500 -20,600 

Attachment Bar Crescent 3,000 -3,600 

South Beach Bypass Bar 1,700 -22,400 

 

Sediment accretion at the bypass bar crescent area is overpredicted by 

approximately 36,200 m3 whereas sediment erosion is overpredicted by 

approximately 3,000 m3. Model performance at the attachment bar is improved as 

compared to the other evaluation areas. Sediment accretion in this area is 

underpredicted by approximately 3,000 m3 and sediment erosion is underpredicted 

by approximately 1,000 m3. Sediment accretion at the south beach bypass bar 

underpredicted by 2,400 m3 and sediment erosion is overpredicted by 15,600 m3.  
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Model III-A: Multiple Grain Spatially Varying Empirical Fall Velocity 

 

Morphology volumes computed for model III-A are listed in Table 40.  

Table 40. Model III-A: Calculated Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 42,200 -18,800 

Attachment Bar Crescent 1,400 -3,900 

South Beach Bypass Bar 1,200 -13,500 

 

Sediment accretion is overpredicted at the bypass bar by 24,000 m3. Computed 

erosion over this area compares well with measured and is overpredicted by 900 

m3. Attachment bar crescent performance does not compare well with measured 

values for sediment accretion and values are underpredicted by approximately 

4,700 m3. Computed sediment erosion over the attachment bar compares well with 

measured value and slightly is underpredicted by 400 m3. Sediment accretion over 

the south beach bypass bar was underpredicted by approximately 2,900 m3 and 

sediment erosion is overpredicted by approximately 6,700 m3.   

 

Model III-B: Multiple Grain Spatially Varying Laboratory Fall Velocity 

 

Table 41 presents the calculated volume change values for model class III-B that 

incorporates the measured fall velocity values in the spatially varying multigrain 

sediment.  



195 

 

Table 41. Model III-B: Calculated Morphology Change Volumes. 

Sediment Reservoir Accretion (m3) Erosion (m3) 

Bypass Bar Crescent 56,300 -19,700 

Attachment Bar Crescent 3,000 -4,200 

South Beach Bypass Bar 1,900 -22,000 

 

Sediment accretion is overpredicted at the bypass bar area for Model IIIB by 

38,000 m3 and sediment erosion is overpredicted by approximately 1,800 m3. 

Computed erosion was overpredicted by 1,900 m3 in this region. Sediment 

accretion is underpredicted at the attachment bar area by 2,700 m3 and predicted 

sediment erosion is underpredicted by 300 m3. South beach bypass area predictions 

of sediment accretion are underpredicted by 400 m3 with sediment erosion 

overpredicted by 13,600 m3.   

Across all model alternatives, computed values of erosion compared better to 

measured values than sediment accretion. The bypass bar crescent performed better 

than the attachment bar and the south beach bypass bar. Sediment samples used in 

the settling column experiment were closest to the bypass bar area. The present 

understanding of natural sediment bypass mechanisms at Sebastian Inlet implies 

that the sediment characteristics at the attachment bar are similar to the material 

residing at the bypass bar crescent area. The consistent underprediction of 

sediment accretion in this area may indicate that the hydrodynamics are not well 

resolved in this area.  The south beach bypass area consistently underpredicts 

sediment accretion which may indicate that sediments in this area are finer than 
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those over the bypass bar and attachment bar. This emphasizes the importance of 

representing the sediments spatially.  

 

Sediment erosion performed well in the bypass bar and attachment bar areas for 

both unimodal model alternatives. Incorporating the laboratory derived value of 

fall velocity improved model performance for both the bypass bar and attachment 

bar areas however performance was still poor over the south beach bypass bar area. 

Incorporating a multigrain sediment specification showed model improvement 

over the attachment bar but a worsening over the bypass bar for the empirical 

model alternative. However, using the laboratory values of fall velocity in a 

multigrain sediment specification improved model performance for both the 

attachment bar and bypass bar areas. The south beach bypass bar worsened which 

supports the conclusion that the sediments are poorly represented in this area. 

Incorporating a spatially varying multigrain sediment specification showed similar 

model performance for erosion as compared with the unimodal empirical model 

alternative.  

 

Using a unimodal grain size approach performed well for sediment erosion 

predictions and the performance is comparable to spatially varying multigrain. If 

employing a multigrain sediment specification, incorporating the laboratory values 

for sediment fall velocity in addition to spatial refinement of sediment textures 
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improved model performance. However, the performance improvement may not be 

significant enough to justify the additional computational time needed for multiple 

grain size specification as compared with the model performance using the median 

grain size to represent.  

Profile Model Performance Assessment 

 

Measured and computed data for both depth and morphology (bed) change has 

been obtained through the use of observation profiles. A cross shore profile 

extending over the ebb shoal was constructed to evaluate the model performance. 

This profile was selected to remain within the morphology evaluation areas that are 

within the spatial constraints of the measured lidar data coverage. Profile location 

within the model domain is shown in Figure 97.  
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Figure 97. Locations of Profile Model Performance Assessment with Measured Morphology Change 

Difference Plot. 

 

This figure also provides the relative location of these assessment profiles with the 

volume change analysis polygons. The location of this cross-shore profile was 

selected to correspond to areas in the model domain that experienced accretion and 

erosion near areas that may have the best sediment representation. This cross-shore 

profile extends over reef areas into the trough and crest of the ebb shoal. Figure 98 

compares the measured and computed water depths along the cross-shore profile 

for all model alternatives. Empirical model alternatives are shown in the first 

column denoted as A while the laboratory values fall velocities are presented in the 
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right column with alternatives labeled as B. Measured data is represented as blue 

dots while calculated data is presented as a solid red line. Water depths are plotted 

on the ordinate while the cross-shore distance is on the ordinate. The model uses 

positive water depths and therefore, the ordinate is shown in reverse to best 

represent the cross-shore profile.  

 

Figure 98.Measured and Computed Water Depths for Cross Shore Transect. 

 

The cross-shore distance between 15 and 125 m are defined as hard bottom areas 

within the model domain. For all model alternatives, the crest of the ebb shoal 

migrates onshore as compared with measured water depths. The laboratory fall 

velocity increases the speed of fall for most of the specified sediment sizes which 

represents a coarsening. Coarser material tends to shift onshore in the presence of 
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waves. It is anticipated that waves routinely break in this location of the model 

domain. Hurricane Matthew also occurred during the model run which would also 

increase the occurrence of breaking waves. For model alternatives 1A, 2A and 3A, 

the water depths across the reef areas are well represented. Models 2B and 3B 

computed a flatter bed form.  Figure 99 presents the measured and calculated cross 

shore values of bed change for all model alternatives. Plot format follows from 

Figure 98 for consistency and the cross-shore distance between 15 and 125 m are 

defined as hard bottom areas within the model domain. The ordinate ranges from 2 

m to – 2 m with 0 as the mid-point to easily represent sediment accretion and 

erosion along the profile. Negative values indicate erosion and positive values 

indicate sediment accretion.  

 

Figure 99. Measured and Computed Bed Change for Cross Shore Transect. 
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Model alternatives 1A and 1B corresponding to single grain size specification 

across the model domain for empirical fall velocities and laboratory fall velocities 

respectively. Little change was observed in calculated depths between these model 

alternatives. Model 2A uses the multigrain specification uniform across the model 

domain with the empirical relationship for fall velocity. This model alterative 

indicate the best agreement between computed and measured bed change at this 

location of the model domain. The use of the laboratory value for fall velocity 

(Model 2B) led to an increase in erosion immediately adjacent and offshore of the 

hard-bottom areas and an increase in sediment accretion moving farther offshore to 

the ebb shoal crest. This behavior is also observed in Model 3B with the 

incorporation of finer material over the ebb shoal. The incorporation of finer 

sediments over the flood shoal led to more erosion occurring along this profile for 

model alternative 3B.  

Discussion 

The CMS model sediment transport computations are sensitive to fall velocity 

values. The model performance for computed erosion was better than compared 

with the accretion performance. The bypass bar crescent and attachment bar 

crescent showed best performance while south beach bypass bar performed poorly 

across all model alternatives implying that sediments are not well represented in 

this area or the hydrodynamics need further refinement. Incorporating the 
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measured value for fall velocity improved model performance across the 

attachment bar and bypass bar in most instances.  

A portion of the erosional performance may be addressed by adjusting the location 

of hard bottom and better representing overburden. Overburden may be used as a 

tuning parameter in some areas. Approximately half of the area of the attachment 

bar crescent polygon is specified as non-erodible. The hard-bottom areas were 

mapped as part of a previous field efforts combined with aerial imagery. The total 

area of the attachment bar crescent polygon is approximately 56,000 m2 while non 

erodible cells are specified in approximately 25,000 m2. By increasing or 

decreasing the allowable erodible thickness as needed, the computed erosion of 

this area would may move closer to the measured value. The location of hard 

bottom could be used as a tuning parameter to improve sediment erosion in a 

specified area. Hard bottom areas along the cross-shore profile resented in good 

matches in water depth and bed changes. Additional hard bottom areas may be 

specified with additional field delineation of location of hard bottom.  

The model is overpredicting movement of material in locations which has been 

consistently overpredicting in prior work (Watts et al., 2015).  These reservoirs are 

located at the inlet opening and are subject to tidal and wave-current interaction 

which may not be well represented or well-tuned in the model. The ADCP gauge 

located just beyond the ebb shoal was intended to assist in evaluating the 
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hydrodynamics at this location. However, that instrument has not been recovered at 

the time of this document.   
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Chapter 8: Conclusions and 

Recommendations 
 

Concluding remarks will be organized following the format of the dissertation 

beginning with the field activities, followed by the laboratory experiment, 

interpretation of the results and finally, interpretation of numerical modeling 

efforts and identify future research thrusts from this work.  

Field Activities and Numerical Model Testbed 

The field activities were successful but hampered by the lack of return of several of 

the bottom mounted ADCPs. The missing instrumentation removed spatial 

coverage in the northern portion of the domain and eliminated information 

regarding the ebb jet. Despite the reduction in data coverage, several important 

findings were made with these data. First, the observation of the bilateral currents 

at the southern station. This station purpose was to provide hydrodynamic and 

wave monitoring outside the immediate influence of the tidal inlet. Currents are 

primarily directed southward at the north jetty location and the structure and inlet 

blocks the majority of northward flow. The bilateral currents also support the 

observational understanding that backpassing of material into the inlet occurs. 

Backpassing conditions may occur episodically and more work is needed to 

identify conditions that promote backpassing. Both gauges recorded Hurricane 

Matthew which is a rare occurrence. This field data also supported determining if 
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the numerical model was able to reproduce wave heights during the hurricane 

which it was. The spatial distribution of these gauges also supported numerical 

model test bed efforts to evaluate model performance alongshore of a tidal inlet.  

The Sebastian Inlet may benefit from intense but short-term deployments to 

measured suspended sediments alongshore and observe currents below 1 m to the 

seabed.  Short term deployments have assisted in numerical modeling studies to 

better represent the movement and evolution of material at other tidal inlets. 

(Demirbilek et al., 2010). Suspended sediment sampling may support expanded 

analysis of the ADCP backscatter data which can be used to monitor turbidity 

however requires careful field data calibration.  

Laboratory Measured Fall Velocity 

The settling column was able to measure fall time of sediments derived from the 

Sebastian Inlet. This effort adds to the body of knowledge by directly measuring 

fall time rather than estimating using standard empirical relationships which is 

standard for RSA. Experimenting with different sediment introduction techniques 

may be investigated further in an effort to improve the settling column 

performance for finer grains. However, other laboratory techniques exist for 

measuring the behavior of fine-grained material in fluid, The Loss on Ignition 

exercise showed that carbonate material is present at all grain sizes in varying 

quantities. Carbonate material exists at smaller quantities in grain size classes 

ranging from 0.09 mm to 0.50 mm. Carbonate material comprises the majority of 
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the sediment at grain size classes 0.71 mm and above with nearly 100% at grain 

sizes 1.41 mm and above.  

Additional laboratory work may include optically measuring the path of platy 

grains within the settling column. Sediments were observed to tumble end over end 

or move in a transverse motion to the long axis of the column (Watts et al., 2019). 

The Corey shape factor can also be determined directly in the laboratory through 

the use of digital microscopes with the ability to measure sand grains. User 

specified values of Corey shape factor can be accepted into the numeric model 

which may improve performance.  

Shear stress and erodibility of sediments can also be quantified in the laboratory 

through the use of a SEDFlume (Borrowman et al., 2006). This methodology is 

well documented for sediments derived from the Passaic River. User specified 

values of shear stress is also accepted into the numeric model.  

Comparison of Measured Fall Velocity to Empirical Relationships 

Standard empirical relationships for fall velocity including Soulsby and Wu and 

Wang are unable to predict the fall velocity of sediments in a carbonate rich 

environment. The empirical relationships underpredict for grain sizes ranging 

0.177 mm to 2.0 mm and overpredict for grain sizes ranging 2.8 mm to 8.0 mm. 

This work may be expanded by incorporating material from other regions with 

high carbonate content such as Australia and portions of the Mediterranean.  
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Numerical Modeling of Sediments in Carbonate Rich Environment 

Incorporating the measured fall velocity for sediments proved advantageous at 

sediment reservoirs that were well represented by the sediment specification. 

Sediment reservoirs that are not well represented by the sediment specification did 

not perform well across all the model alternatives. Sediment accretion performed 

poorly across the sediment reservoirs. Computations of sediment erosion may 

improve with the incorporation of measured values of critical shear stress which 

was not available at the time of this work.  

The aforementioned motion of these particles as observed in the settling column 

should also be considered. This complex fall motion may not be represented in the 

model since the sediment transport formulations spherical grains.  

The multigrain sediment specification shows promise however more 

experimentation is needed. Multigrain sediment specification works best using 

both spatially varying specification and the laboratory derived value of fall 

velocity. Unimodal model alternatives performed well and erosion calculations 

were improved with the incorporation of the laboratory derived fall velocity 

values. Unimodal sediment specification performance also improved with the 

incorporation of the laboratory value of fall velocity. The improved performance 

with multigrain spatially varying may not justify the additional computational time 

required when compared with model performance using the unimodal laboratory 

fall velocity alternative.  
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Several other research thrusts can be examined building from this work. Using 

different measures of central tendencies may improve model performance. Size 

classes selected were based on the recommendation of the model documentation. 

There are several other classes that may perform better at this field site. Additional 

modeling that may be performed is to repeat the model experiment incorporating 

the mid and final strike times to better represent the sediments that populate each 

grain size class. This may improve model erosion and accretion values. Each grain 

size class contains varying quantities of both carbonate and quartz material which 

may not be adequately represented using the initial strike time.  

It is the intent of this work to provide guidance for performing numerical modeling 

within this carbonate dominant sedimentary environment. This work also provides 

the community of practice guidance by demonstrating the importance of 

establishing correct overburden and hard bottom locations in addition to the 

importance of representing spatially varying sediments within a numerical model 

domain. 
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Appendix 
 

Sediment Fall Time Plots 

Sample Ebb 1-3: 

 

Figure 100. Ebb 1-3: Medium Sand. 
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Figure 101. Ebb 1-3: Coarse Sand. 
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Figure 102. Ebb 1-3: Coarse Material, Shells 
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Sample Ebb 3-4:  

 

Figure 103. Ebb 3-4: Medium Sand. 
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Figure 104. Ebb 3-4 Coarse Sand. 
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Figure 105. Ebb 3-4 Coarse Material, Shells. 
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Sample Ebb 4-2:  

 

 

Figure 106. Ebb 4-2 Medium Sand 
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Figure 107. Ebb 4-2 Coarse Sand. 
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Figure 108. Ebb 4-2 Coarse Material, Shells. 
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Sample R217: 

 

Figure 109. R217 Medium Sand 
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Figure 110. R217 Coarse Sand 
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Figure 111. R217 Coarse Material, Shells. 
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