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Seagrass is a key stone component for the Indian River Lagoon (IRL) ecosystem, 

and therefore it is an important topic for many studies in the lagoon. This study focuses 

on the effects of seagrass beds on the hydrodynamics in the IRL.  A hydrodynamic model 

based on the Delft3D modeling system has been developed for the southern IRL 

including the St. Lucie estuary, Ft. Pierce and St. Lucie Inlets, and adjacent coastal 

waters. The model is driven by freshwater inputs from the watershed, tides, 

meteorological forcing, and oceanic boundary forcing. 

The model has been systematically calibrated through a series of numerical 

experiments for key parameters, particularly the bottom roughness, and configuration 

including heat flux formulation and bottom bathymetry. The model skills were evaluated 

with quantitative metrics (point-to-point correlation, root-mean-square difference, and 

mean bias) to gauge the agreements between model and data for key variables including 
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temperature, salinity, and currents. A three-year (2013-2015) simulation has been 

performed, and the results have been validated with available data including observations 

at HBOI Land-Ocean Biogeochemistry Observatory (LOBO) stations and in situ 

measurements from various sources. The validated model is then used to investigate the 

effects of 1) model vertical resolution (total number of model vertical layers), 2) spatial 

variability of surface winds, and 3) seagrass beds on the simulated hydrodynamics. The 

study focuses on the vicinity of Ft. Pierce Inlet, where significant seagrass coverage can 

be found. A series of numerical experiments were performed with a combination of 

different configurations. Overall, the experiment with 2-dimensional (2-D) winds, ten 

vertical layers and incorporating seagrass provided the most satisfactory outcomes. 

Overall, both vertical resolution and spatial variability of surface winds affect 

significantly the model results. In particular, increasing vertical resolution improves 

model prediction of temperature, salinity and currents. Similarly, the model with 2-D 

winds yields more realistic results than the model forced by 0-D winds.  

The seagrass beds have significant effects on the model results, particularly the 

tidal and sub-tidal currents. In general, model results show that both tidal and sub-tidal 

currents are much weaker due to increase bottom friction from seagrass. For tidal 

currents, the strongest impacts lie in the main channel (inter-coastal waterway) and 

western part of the lagoon, where strong tidal currents can be found. Inclusion of seagrass 

in the model also improves the simulation of sub-tidal currents. Seagrass beds also affect 

model temperature and salinity including strengthening vertical stratification. In general, 

seagrass effects vary over time, particularly tidal cycle with stronger effects seen in flood 

and ebb tides, and seasonal cycle with stronger effects in the summer than in winter.
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1. INTRODUCTION 

1.1. Motivation 

Water movement including turbulent mixing is the basis of marine systems. The 

principal drivers for hydrodynamics in shallow estuarine or coastal systems include tides, 

river discharges, and meteorological forcing. Numerical modeling of estuarine and 

coastal hydrodynamics provides quantitative and mechanistic understanding of critical 

hydrodynamic processes and also a powerful tool to predict the water movement and the 

spatial-temporal variability of key water properties (e.g. temperature, salinity), all of 

which are important in marine system studies such as water quality and ecosystem 

dynamics.   

Numerous models have been developed and applied to estuarine and coastal 

systems. Yet, most of estuarine and coastal models do not consider submersed aquatic 

vegetation such as seagrass. Seagrass is one of the most important plant communities in 

marine ecosystems. Seagrass beds are abundant in shallow marine waters such as coastal 

bays and lagoons in the Gulf of Mexico and Florida. Seagrass beds not only stabilize 

sediment and reduce sediment loads to adjacent open water systems, but also function as 

vital habitats for sustaining high rates of primary productivity and a wide range of 

secondary consumers, which further support valuable fisheries both within and between 

adjacent ecosystems (Hemminga and Duarte, 2000). Many studies also suggest that the 

seagrass can be an important component of natural defense against hazard events such as  
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hurricanes and storms. Yet the exact effects of seagrass on shallow water dynamics, 

particularly under the future sea level rise, remain poorly understood.  

In the Indian River Lagoon (IRL), there is significant yet variable spatial coverage 

of seagrass from virtually no seagrass in the St. Lucie estuary to about 30-40% coverage 

in Vero Beach, and more than 60-80% in the northern IRL (Steward et al., 2006). 

Seagrass beds in shallow waters and tidal swamp forests provide food for numerous 

species as well as protection from predators. Sufficient sunlight (and good water clarity) 

is needed for seagrass to maintain healthy growth through photosynthesis. Seagrass in the 

northern IRL suffered a significant loss following the algal superbloom in 2010-2011 and 

the brown tide blooms in 2012-2013 (see, e.g., Philips et al. 2014). This loss of seagrass 

may have led to water quality degradation such as low dissolved oxygen, and fish and 

mammal mortalities in the lagoon (SJRWMD, 2014). In the last two years, some signs of 

seagrass recovery were observed (Morris et al. 2015). 

Seagrass is a key stone component for the IRL ecosystem, and therefore it is an 

important topic for many studies in the Indian River Lagoon. These studies, however, 

have mainly focused on factors affecting changes in seagrass (e.g. Fischler et al., 2006), 

acute impacts of environmental conditions (e.g. Steward et al., 2006), seagrass coverage 

trends (e.g. Steward et al., 2006), biodiversity (Dawes et al., 1995), and monitoring and 

restoration effort (Buzzelli et al., 2012; Hall et al., 2006). To date, no specific study has 

been focused on the interactions between seagrass and hydrodynamics including currents, 

and sediment transport in the Indian River Lagoon.   
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1.2. Study Area 

The Indian River Lagoon (IRL) is an estuary located along the east coast of 

Florida (Figure 1.1). The lagoon extends around 255 km from Ponce de Leon Inlet in the 

north to Jupiter Inlet through four coastal counties along the Florida’s Atlantic coast. The 

lagoon is connected to the Atlantic Ocean through five narrow inlets: Ponce de Leon, 

Sebastian, Ft. Pierce, St. Lucie, and Jupiter Inlets. The sources of freshwater are 

precipitation, groundwater seepage, and surface water runoff from creeks and streams. 

 

 

The Indian River Lagoon can be divided into three segments - northern segment 

from Mosquito Lagoon to Sebastian Inlet, central segment from Sebastian Inlet to Fort 

Pierce Inlet and southern segment from Fort Pierce Inlet to Jupiter Inlet, including St. 

Lucie estuary. Hydrodynamic characteristics of the lagoon are the results of combined 

 Figure 1.1. Left: Seagrass map for the IRL (SFWMD, 2013). Right: Seagrass map in Ft 

Pierce area (data source: SJRWMD). 
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effects of tidal forcing, fresh water inflows, complex bathymetry and coastline geometry, 

and meteorological forcing. The dominant factors, however, vary between different parts 

of the lagoon. Circulation in the southern portion is mainly controlled by tides and 

freshwater inflows, whereas in northern parts surface winds, precipitation and 

evaporation, and freshwater input are the predominant factors (Smith, 1993). In the 

central segment, all factors appear to be in play.  

In the northern segment, tidal effects are at a minimum; water level changes are 

small; and currents are typically weak except during strong winds. Salinity has a large 

range, strongly depending on local precipitation and freshwater runoff (Smith, 1993). The 

central segment is strongly affected by tidal dynamics from two inlets - Sebastian and Ft 

Pierce Inlet, but also the freshwater run-off from Sebastian River. Salinities are normally 

high due to a lack of fresh water runoff in this segment and significant exchanges with 

the oceans through the two inlets. The southern IRL receives significant freshwater input 

from Lake Okeechobee, which is a central hub for meeting water needs in south Florida 

agricultural industry, as well as local watershed through the St. Lucie River. The 

hydrodynamics of this segment is dominated by the tidal forcing through the two inlets, 

the freshwater plume in the St. Lucie estuary, and surface winds (Ji et al. 2007). Salinity 

is largely controlled by the tidal dispersion and freshwater input. The flow patterns are 

dependent on tidal phases, freshwater plume, and surface winds. 

The IRL is a unique estuary system of national significance providing home to 

more than 4,300 kinds of plants and animals. For example, 90% of the clams harvested in 

Florida come from the IRL (Barile, 1993). Seagrass beds in the shallow waters and tidal 

swamp forests provide food for numerous species as well as protection from predators. 
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Seven species of seagrass are present in the lagoon: Halodule wrightii, Syringodium 

filiforme, Halophila engelmannii, Thalassia testudinum, Halophia decipiens, Halophia 

johnsonii, and Ruooia maritime (Virnstein and Morris 1996). Halophila johnsonii is only 

found in the southern IRL proper beds. 

1.3. Objectives 

This study utilizes numerical modeling to investigate the effects of seagrass beds 

on the hydrodynamics in the Indian River Lagoon. Our focus is on St. Lucie estuary 

(SLE) where a preliminary hydrodynamic model has been developed. The research 

objectives are 1) to improve the existing numerical model for the southern Indian River 

lagoon and to incorporate the seagrass effects into the model, 2) to conduct a numerical 

simulation with this model for the 2013-2015 period, 3) to conduct a series of numerical 

experiments focusing on selected periods, and 4) to investigate the effects of seagrass 

beds on the hydrodynamics in the Indian River Lagoon by analyzing these model results 

focusing on tidal and residual currents, spatial patterns and vertical profiles of tracers, 

and bottom friction. We focus our analysis on the vicinity of Ft. Pierce Inlet where 

significant seagrass coverage and strong tidal currents can be found.  
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2. LITERATURE REVIEW OF PREVIOUS STUDIES 

2.1. Modeling studies in the Indian River Lagoon 

Up to date, only a few modeling studies have been conducted for the IRL. Smith 

(1993) used a one dimensional (1-D) computer model to investigate flushing of Indian 

River Lagoon in response to tidal, non-tidal forcing and freshwater gains and losses. His 

simulation results suggested that flushing in central and southern part of the lagoon is 

dominated by tidal exchanges since this region's proximity to inlets (Sebastian, Ft Pierce 

and St Lucie inlets) and salinity does not decrease rapidly in response to freshwater input 

as tidal and low frequency flushing nullify the accumulation of freshwater. Northern part 

of the lagoon (remote from inlets) is more sensitive to freshwater runoff, responds to 

variation of rainfall and non-tidal flushing more significantly than southern part of the 

lagoon. Smith (2001) investigated lagoon shelf exchanges and transport in Indian River 

Lagoon with multiple inlets, using data that quantify forcing by seasonally varying wind 

stress, coastal sea level and net freshwater gain. The model validation was focused on its 

ability to reproduce the amplitudes of M2 constituent of each of the segments (the lagoon 

was divided into 16 segments in this study). The model results matched well with 

observed data in most of the lagoon, including the low M2 amplitude observed in 

northern IRL, except for large deviation from observed values in the southern end of the
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lagoon. Validation of the transport simulations was compromised due to the lack of a 

complete database for quantifying the forcing and responses. Results from this study 

suggested that inlets could alternate between flood dominant and ebb dominant due to 

non-tidal variation over seasonal time scale. For example, the Sebastian and St Lucie 

Inlets are flood dominant while the Ft Pierce Inlet is ebb dominant when shelf tides are 

dominant forces, but with the addition of seasonal scale forcing the above scenario 

alternates. In addition, meteorological and hydrologic forcing changes the baseline 

transport pattern over seasonal scale. Transport through Indian River Lagoon's inlets is 

dominated by tidal exchanges whereas transport rates due to seasonal forcing are only a 

small fraction of those due to semidiurnal and diurnal tidal constituents.  

A recent study by Sheng and Kim (2009) used a different approach, a three-

dimensional (3-D) numerical modeling based on the physical-biological modeling system 

CH3D-IMS. They used a boundary fitted non-orthogonal curvilinear grid in horizontal 

direction and a sigma grid in vertical direction to simulate the circulation driven by tide, 

wind, and density gradient in the lagoon. The model included both hydrodynamics and 

water quality including a seagrass component. They assessed the model skills in terms of 

absolute errors the relative operating characteristic score, using field data collected in 

1998-2000. The results indicated that the model has reasonable skills in simulating water 

level, salinity, dissolved oxygen, chlorophyll and dissolved nutrients. Seagrass model was 

not included in this skill assessment study due to lack of sufficient data. Model sensitivity 

experiments with bottom friction, open boundary conditions, and other model parameters 

suggested that model skills could be improved with detailed sediment-water quality data, 

addition of coastal ocean domain, and better understanding of model parameters. This 
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study also suggested that it was necessary to collect data for episodic events (storms, 

hurricanes etc.) and seasonal cycles with spatial variability for further model 

improvement and for better understanding seasonal dynamics, diurnal cycle, re-

suspension of sediments, and transport and dispersion of nutrients.  

In a separate recent study, Ji et al. (2007) developed a 3-D hydrodynamic model 

specifically for the St Lucie estuary based on the EFDC (Environmental Fluid Dynamics 

Code), a modeling package for simulation of three-dimensional flow, transport and 

biogeochemical processes in shallow waters such as rivers, lakes, estuaries, reservoirs, 

wetlands, and coastal regions. They calibrated and verified their model with available 

data including water elevation, velocity, temperature, and salinity. This study found that 

freshwater runoffs played a significant role in the stratification and flushing in the 

estuary. For example, freshwater inputs typically increase the vertical stratification. The 

stratification may collapse if strong freshwater inputs persist for a long time. A follow-up 

study was done by Wan et al. (2012), who presented a 3D water quality model for St. 

Lucie estuary based on the same EFDC package. The model was calibrated and verified 

with monitoring data collected in 1999-2000. A statistical analysis of the model results 

showed that this model produced key water quality phenomena such as algal bloom 

occurrences and frequencies and dissolved oxygen dynamics due to freshwater inflows. 

2.2. Seagrass effects on hydrodynamics 

Many empirical studies have provided very useful insights into the effects of 

seagrass beds on hydrodynamics in shallow water bodies. A number of studies have 

demonstrated seagrass may enhance wave attenuation and bottom friction due to the 

frictional effects of the vegetation, and subsequently reduce flow speed (e.g. Fonseca et 
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al.1982; Fonseca and Fisher 1986; Gambi et al. 1990; Fonseca and Cahalan 1992; 

Ackerman and Okubo 1993; Kobayashi et al. 1993; Koch 1996; Rybicki et al. 1997; 

Mendez et al. 1999; Nepf 1999; Ghisalberti and Nepf 2002; Abdelrhman 2003; 

Ghisalberti and Nepf 2004). A study by Ackerman and Okubo (1993) observed that in 

addition to reducing magnitude of ambient flow, seagrass canopy (e.g. Zostera marina) 

undulates under uni-directional flow due to the hydro-elasticity of the plants. They also 

suggested that reduced level of mixing within the canopy might have implication towards 

productivity of marine macrophytes.  

The existence of seagrass bed could also alter sediment geochemical 

characteristics (Scoffin 1970; Wanless 1981; Wigand et al. 1997), and stabilizes sediment 

and reduces re-suspension within seagrass meadows (Gacia et al. 1999, Gacia and Duarte 

2001). Sediment erosion depends on the bottom shear stress and only a fraction of this 

shear stress effectively reaches the bed when the sediment is covered by seagrass, in 

contrast to 100% in non-vegetated areas. This is so-called the sheltering effects of 

seagrass. Gambi et al. (1990) conducted a flume experiment on flow dynamics in eelgrass 

Zostera arina L. meadow. They found that mean velocity over seagrass meadow 

increased above the canopy, but decreased below the canopy-water interface at all tested 

incoming velocities and shoot densities. Results also showed an increase of shear velocity 

and turbulence intensity with distance into seagrass meadow.  

Recently, an experimental flume study was conducted by Koftis et al. (2012) to 

evaluate the damping of irregular wave-induced velocity in Posidonia oceanica seagrass 

beds. They proposed an empirical relationship relating drag coefficient with Reynolds 

number, which was calculated using the artificial P. oceanica leaf width as the length 
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scale and the maximum orbital velocity as the characteristic velocity scale. Experiment 

results showed that wave orbital velocity was significantly reduced inside the meadow 

and above the seagrass bed. The wave damping increases with the submergence ratio and 

stem density as drag force induced by the seagrass increases when a larger fraction of 

water is within the meadow. Elginoz et al. (2011) also studied the effects of seagrass on 

wave attenuation and wave energy dissipation ratios in a flume. Their findings, similar to 

previous studies, suggested that wave energy dissipation by seagrass were higher in area 

closer to the shoreline.  

In a realistic setting, the effects of seagrass on boundary layer hydrodynamics was 

investigated by Bryan et al. (2007) in Whangapoua Estuary (New Zealand) through field 

measurements. The estuary is subject to strong tidal currents but weak surface waves. 

They found enhanced bed roughness due to seagrass effects especially when the influence 

of wave orbital currents are included. The results also suggested that the shape of currents 

profile changed by extending the boundary layer upward, similar to the results from 

flume experiments noted above. Moreover, the dissipation rate increased near the 

seagrass beds and, within the patch, the rate increased with distance from beds. The 

dissipation rate was greater on the incoming tides.  

2.3. Modeling seagrass effects 

To date, two approaches have been adopted in incorporating seagrass effects in 

hydrodynamic models, 1) parameterizing seagrass effects through bottom friction 

formulation (Wu et al., 1999; Lesser et al. 2004; Chen et al. 2007), and 2) representing 

seagrass effects as a three-dimensional frictional force in the momentum equations 

(Kobayashi et al. 1993; Uittenbogaard, 2003). Wu et al. (1999) proposed a simplified 
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model based on force equilibrium to evaluate the drag coefficient of vegetation. The 

vegetal drag coefficient for both non-submerged and submerged conditions was 

expressed in terms of vegetative characteristics number (k) that depended on the bio-

mechanical property of the plants. Manning's equation was then applied to convert the 

vegetal drag coefficient into the roughness coefficient. Predicted vegetative roughness 

coefficient in Manning's equation matched satisfactorily with the experimental value for 

both submerged and non-submerged conditions. This model could be applied to estimate 

the roughness coefficient with respect to various flows if bed slope, vegetation height and 

vegetative characteristic number are known. As a different approach, Kobayashi et al. 

(1993) formulated a 2-D flow propagating over submersed aquatic vegetation. They 

assumed the effects of vegetation on the flow fields could be expressed as drag body 

force acting on vegetation. Baptist (2005) applied analytical approaches in two-

dimensional (2-D) morphodynamic models for the bed shear stress on a vegetated bed 

(vegetation was schematised as rigid cylinders), based on an analytical solution of the 

momentum balance for vegetated flow for submerged as well as non-submerged 

conditions. Their conclusion from flume experiment was that reduced bed shear stress on 

a vegetated bed can be described reasonably well with a numerical one-dimensional 

vegetation (1-DV) model or with the analytical expressions, given an accurate description 

of the vegetation geometry. Dijkstra and Uittenbogaard (2010) further improved this 

approach by considering the flexibility of seagrass stems. They applied two interacting 

models - one model based on 1-DV k-ε turbulence to simulate the hydrodynamics and 

another based on a force balance that considers vegetation position and buoyancy to 

simulate the movements of plants. In both approaches, seagrass is modeled as arrays of 
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cylindrical elements. This is certainly an idealized assumption as the shape of seagrass 

varies between species and flume studies indicate shape and the orientation to the flow 

are important to seagrass hydrodynamics (see, e.g., Abdelrhman, 2003). More 

complicated approach taking the shape into account is needed in the future.  

Chen et al. (2007) adapted a similar approach as Lesser et al. (2004) in the 

Nearshore Community Model, focusing on the effects of seagrass beds on wave 

attenuation and suspended sediment transport by considering the interactions between 

waves, currents, and sediment transport. They derived drag force from Nepf (1999) study 

in which drag coefficient over seagrass beds was expressed as function of seagrass 

density, and height. Results from Chen et al. (2007) showed a significant reduction of 

wave energy flux at the shoreline in both the flat and sloping bottom scenarios, due to 

energy reduction by seagrass patches. This model also predicted lower skin friction, 

reduced erosion rates, and higher bottom sediment accumulation within and behind the 

seagrass bed. In addition, they considered spatial variability in bed geometry and 

bathymetry. The model result showed that wave attenuation happened in the direction of 

seagrass beds and the attenuation increased along with an increase of either seagrass bed 

width or canopy height in the direction of wave propagation.  
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3. METHODOLOGY 

Our research method is numerical modeling constrained by field observations. 

The numerical model to be used is Delft3D model, an open source, 3-dimensional (3-D), 

finite difference, orthogonal curvilinear grid, hydrodynamic and sediment transport 

modeling system (https://oss.deltares.nl/web/delft3d). A hydrodynamic model based on 

Delft3D has been developed for the southern IRL covering St. Lucie estuary and Ft. 

Pierce Inlet. Preliminary results of the model show a reasonable agreement with data. In 

this study, the model has been improved as detailed below. 

3.1. Delft3d Model 

Here we give a brief overview of the Delft3D model. The Delft3D model has a 

modular structure includes hydrodynamics (Delft3D-Flow), surface waves (Delft3D-

Wave), morphology (Delft3D-Mor), and water quality (Delft3D-WAQ). The Delft3D-

Flow module solves the shallow water equations including the momentum equations, 

continuity equation, and transport equations for conservative constituents. The model can 

be used to simulate both two-dimensional and three-dimensional non-steady flow and 

transport phenomena driven by river discharges, tides, and meteorological forcing. The 

horizontal model grid must be orthogonal and can be boundary fitted, on a either 

curvilinear or spherical coordinate system.  The flow model can be used to predict the 

flow in shallow coastal areas, estuaries, lagoons, rivers and lakes. Vertically, a sigma 

coordinate is used to allow the model to smoothly represent the bottom topography. 

https://oss.deltares.nl/web/delft3d
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The Delft3D-FLOW model includes mathematical formulations for all of the 

dynamic processes in the oceans. The default numerical scheme for horizontal advection 

is the cyclic method of Stelling and Leendertse, which is based on the dissipative reduced 

phase error scheme (Stelling and Leendertse, 1992). An alternative option is Van Leer-2 

scheme (Van Leer, 1974), which combines two numerical schemes, namely a first order 

upwind scheme and the second order upwind scheme developed by Fromm (Ref xxx). 

The time integration of the Van Leer-2 scheme is explicit and the courant number for 

advection should be less than 1. Numerical schemes options for turbulence closure model 

include constant mixing coefficient, algebraic eddy viscosity closure model (AEM), three 

k-l turbulence closure models, and four k-ε turbulence closure models. The Delft3D Flow 

also has a companion particle tracking module, Delft3D PART, which uses the flow field 

computed by the Deflt3D-Flow to compute the Lagrangian trajectories of passive or non-

passive particles such a fish larvae and zooplankton. 

3.2. Model Set Up 

3.2.1 Numerical schemes 

We chose the cyclic scheme (default) for advection and tracer transport, which is 

based on dissipative reduced phase error scheme to solve linear system of equations in 

the horizontal direction and uses a double sweep in the vertical direction (Stelling and 

Leendertse, 1992). In shallow water modeling, formulation and parameterization of bed 

shear stress is critical. We chose Chezy bed shear stress formulation since this method 

results in better results for currents than the other two methods provided in the Delft3D 

package.  In Delft3D-FLOW the heat exchange at the free surface is modeled by taking 

into account the separate effects of solar and atmospheric radiation, and heat lost due to 
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outgoing long-wave radiation, evaporation and convection. There are five options for 

computing surface heat fluxes. We chose the total solar radiation model, in which the 

incoming (short wave) solar radiation is prescribed and the net atmospheric (long wave) 

radiation and the heat losses due to other processes are computed. This option gave the 

best temperature outcome.ds 

3.2.2 Model grid 

The model uses a curvilinear orthogonal grid with grid size ranging from 10 m in 

the tributaries and inlets to 350 m in the coastal area (Figure 3.1) and has 5 sigma layer. 

The grid was designed to represent the complex coastline, particularly the two main 

branches (North Fork and South Fork) of the St. Lucie River (Figure 3.1). 

       

Figure 3.1. Left: Model grid (sub sampled one per three grid lines) and bathymetry 

(color). Right: A detailed grid for the SLE area. 
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3.2.3 Bathymetry 

The current model bathymetry within the St. Lucie estuary and Ft. Pierce Inlet is 

generated from the water depth data provided by SFWMD (courtesy of Dr. Yongshan 

Wan), which include the available historical sounding records in the area.  

3.2.4 Vertical Layer Distribution 

The vertical sigma coordinates consist of 5 layers being 6 sigma levels along the 

entire domain. They are distributed under a parabolic profile, going from the thinner layer 

at the bottom to the thicker one at the surface. Another model set up was done using 10 

sigma layers. 

3.2.5 Bottom Roughness 

The roughness was defined under Chezy formulation. It was a uniform roughness 

along the entire domain. The Chezy's U and V were two of the main parameters to 

calibrate the hydrodynamics in the model. Uniform value for U and V was selected as 60 

and 80 respectively. 

3.2.6 Open Boundary conditions 

The model is driven by freshwater inputs (river discharges and precipitation), 

tides, and meteorological forcing. The river discharges were derived from the data 

collected at the USGS river gauges (http://www.sjrwmd.com/toolsGISdata/). The 

temperature and salinity along the east, south and north open boundaries are derived from 

the Gulf of Mexico HYCOM 1/25o model output 

(http://tds.hycom.org/thredds/GOMl0.04/expt_31.0.html), except the temperature and 

salinity along the Vero Beach segment of the northern boundary. A short segment of the 

northern boundary is inside of the IRL. In the existing model, boundary condition along 

http://www.sjrwmd.com/toolsGISdata/
http://tds.hycom.org/thredds/GOMl0.04/expt_31.0.html
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this segment was derived from SJRWMD (~ bi-weekly) monitoring data at several 

stations near Vero Beach. The results show some significant differences with 

observations at HBOI LOBO station. We modified this by including more data from 

several monitoring station further south in 2013-2014, but we replaced the boundary 

temperature and salinity along this segment with hourly measurements from the HBOI 

LOBO station at Vero Beach (see Figure 3.2). The tidal constituents were interpolated 

from the TPXO 7.2 Global Inverse Tide Model 

(http://volkov.oce.orst.edu/tides/global.html). Tidal constituents have been added as 

boundary forcing data.  

3.2.7 River discharges 

The river discharges were derived from the data collected at the USGS river 

gauges (http://www.sjrwmd.com/toolsGISdata/). Also, the recent run reduced difference 

in salinity comparison as discharge data had been updated with fresh water runoff.  

3.2.8 Meteorological forcing 

After several trials, we adopted the option of “total solar radiation model”, in 

which the incoming (short wave) solar radiation is prescribed, but the net atmospheric 

(long wave) radiation and the heat losses due to evaporation, outgoing radiation and 

convection are computed. The required meteorological forcing (relative humidity, air 

temperature and total radiation) was derived from the hourly output of the NCEP North 

American Regional Analysis (NARR) 

(http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html), which has a 5-km spatial 

resolution.  

http://volkov.oce.orst.edu/tides/global.html
http://www.sjrwmd.com/toolsGISdata/
http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html
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3.3. Available Data 

In order to calibrate the model and evaluate the model skills, significant data is 

needed. Significant data from various monitoring programs was made available for this 

purpose, as described below,  

1) Seagrass data. St. Johns River Water Management (SJWMD) has been 

conducting bi-annual surveys of seagrass in the IRL since 1994 (SJRWMD, 2015). The 

data includes seagrass coverage in acres, average height and density along a number of 

pre-defined segment from Jupiter Inlet to Ponce Inlets (Figure 3.2). More frequent (e.g. 

seasonal) measurements are also available in some of the recent years, e.g., during the 

“superbloom” and brown-tide blooms 2010-2013 

(ftp://secure.sjrwmd.com/disk3/wetlands/IRL_Seagrass).   

2) Hydrodynamic data collected from several cruises conducted St. Luice estuary 

and the reef areas outside of the St. Lucie Inlet during 2015-2016 as part of the project 

funded by NOAA CRCP. A light-weight tow vehicle Acrobat LTV-50X is outfitted with 

YSI EXO1 Sonde, which include temperature, conductivity, depth, dissolved oxygen and 

pH sensors, and a Wet Lab EcoTriplet which includes CDOM, turbidity, and chlorophyll 

sensors, among others. The package has been towed behind the 26 ft R/V Dusky owned 

by HBOI in St. Lucie during summer 2015 (August 25-26, Sept. 23, and October 14). 

The survey track runs from upstream (North Fork and South Fork) through the St. Lucie 

River and to the St. Lucie Reef area.    

3) Echo sounding data from the sonar onboard R/V Dusky. Many transects have 

been run throughout the St. Lucie Estuary, the inter-coastal waterway and Ft. Pierce Inlet. 

The sounding data collected will be used generate new bathymetry map to improve the 

ftp://secure.sjrwmd.com/disk3/wetlands/IRL_Seagrass
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bathymetry for the model. This is important because current bathymetry data are sparse in 

many important areas, e.g. Ft. Pierce Inlet. 

4) Long-term time series from the HBOI Land-Ocean Biogeochemical 

Observatory (LOBO) network. Currently, there are total nine LOBO systems deployed in 

the southern IRL from St. Lucie Estuary to Sebastian Inlet (Figure 3.2). The LOBO at the 

HBOI had been operational since July 2013, whereas the other LOBOs were installed at 

various times in 2014 or 2015. At each location, hourly temperature, salinity, and 

currents, among other data are collected.  

5) Hydrodynamic data is collected by SFWMD at 7 monitoring stations in St. 

Lucie estuary (Figure 3.2). Hydrodynamic data including temperature and salinity along 

with other water quality has been routinely collected at these stations from 1950 to date. 

The sampling frequencies are bi-weekly to monthly and the sampling depths have been 

one or two depths.  

6) Currents data from the IRL ventilation project being conducted by HBOI 

researchers. Our focus area will be in vicinity of Ft. Pierce Inlet, where significant 

seagrass coverage (40-50%) can be found. In order to better calibrate the model skills in 

this area, we will utilize the current measurements in the Ft. Pierce Inlet from an RDI 600 

Hz ADCP mounted on the Dusky. Several surveys transects have been conducted in the 

inlet in 2015 and the data are available courtesy of Dr. Cherbuin at HBOI.  
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Figure 3.2. A map of LOBO – HBOI (red stars) and SFWMD (green dots) monitoring 

stations. 

 

 3.4. Incorporating vegetation into the Delft3D model 

3.4.1 Seagrass formulations 

Traditionally, the effect of vegetation on flow in hydrodynamics models is 

parameterized by means of an empirically determined bed roughness coefficient [e.g. Wu 

et al., 1999]. In an earlier implementation of Delft3D model, Lesser et al. (2004) used a 

similar approach. In the latest version, however, the Delft3D-flow module incorporates 

submerged vegetation by simulating the vegetation as rigid elements, and a k-ε turbulence 

model is used to compute a frictional body force that applies to the entire water column 

(Uittenbogaard, 2003; Baptist, 2005). Specifically, the influence of the vegetation upon 
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the momentum equations is given by a vertical distribution of the friction force F(z), 

which is defined as the multiplication of a friction coefficient, seagrass profile, and 

current velocity profile,  

        3.1                                 

where n(z) is the number of stems per unit area (shoot density) as function of height, (z) 

is the stem width (diameter) as function of height, u(z) is the velocity profile, and CD is 

the dimensionless friction coefficient.  

The cross-section area of seagrass stem is assumed to have a circular shape, and 

therefore the total cross-sectional area of seagrass in a unit area is given by: 

         3.2 

 

Instead of directly affecting water movement, the frictional force is assumed to 

influence the vertical turbulent mixing, namely, acting as a source term T in the kinetic 

turbulent energy equation: 

 

    3.3 

with T(z) being the hydrodynamic work exerted upon the fluid: 

T(z)=F(z)u(z)          3.4 

To be inherently consistent, a companion source term is needed in the epsilon 

(dissipation) equation, 

    3.5 
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The dissipation time scale of free turbulence is defined as, 

          3.6 

where C2  represents closure coefficients, and the dissipation time scale of eddies in 

between the plants is, 

         3.7 

where L represents the horizontal length scale of eddies. L has a typical size limited by 

the smallest distance between the stems: 

         3.8 

where Cl is a non-dimensional coefficient. 

As noted above, two assumptions were made here, 1) the seagrass are rigid 

elements that won’t oscillate with the current, and 2) the shape of the stems are 

cylindrical. Methods for incorporation of more realistic seagrass characteristic will need 

to be developed in the future.  

3.4.2 Seagrass data processing 

To incorporate seagrass effects into the model, we first process the seagrass data, 

which was collected by SJRWMD. Two datasets are used. The first one is in situ seagrass 

monitoring data, which consists of spatial coverage, canopy height, and shoot density for 

seven most dominant species in the area. The surveys were conducted approximately 

seasonally, covering 14 sites in our study area, each itself a short W-E transect across the 

lagoon. Therefore, the dataset itself has insufficient spatial coverage for the study area.  
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The missing area will be supplemented with the second dataset, which consists of 

biennial aerial imagery of seagrass coverage only. The processing and merging 

procedures are below.  

First. The Aerial images were first processed using Arc Map tools 

(http://desktop.arcgis.com/en/arcmap/) to provide the spatial coverage (for an example 

see Figure 3.4, right panel). Secondly, all of the in situ seagrass data within the study 

were combined without discriminating the spatial locations to form a time series. The 

means and standard deviations of seagrass properties (coverage, height, and density) are 

then computed (Figure 3.3). When this model was implemented, the available seagrass 

data were only up to August, 2015. We did not have monitoring data for the period in 

August-December, 2015. There was no measured information about the seagrass 

diameter, and so a uniform value is used as a model parameter to be tested. Thirdly, we 

fill in the missing area based on the seagrass coverage from the biennial aerial image, 

assuming the spatial coverage is consistent with seagrass throughout the whole year. 

Then seagrass coverage, shoot height and shoot density for each of these regions had 

been taken from SJRWMD monitoring sites that fall into each of those regions. As an 

example, Figure 3.4 shows the reproduced total seagrass coverage in percentage (left 

panel) for June 2013 along with the aerial image (right panel). A similar approach was 

used for shoot density and height (Figure 3.5-3.6 and see Appendix A).  

http://desktop.arcgis.com/en/arcmap/
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Figure 3.3. Mean seagrass coverage (blue line) in 2013-2015. The error bar represents the 

standard deviation. 

 

Figure 3.4. Interpolated seagrass coverage near Ft Pierce area (left panel), and the aerial 

image (right panel) in June 2015 (data source: SJRWMD). 
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Figure 3.5. Interpolated seagrass shoot height (cm) near Ft Pierce area in June 2015. (data 

source: SJRWMD). 

 

Figure 3.6. Interpolated seagrass data shoot density (shoots per m2) near Ft Pierce area in 

June 2015. (data source: SJRWMD). 
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3.5. Model calibration and numerical experiments 

A three-year (2013-2015) simulation has been carried out. The initial results show 

good agreement between a) model temperature and salinity with in situ data from 

SFWMD and LOBO stations in St. Lucie estuary and the vicinity of Ft. Pierce Inlet, and 

b) model and observed tidal constituents at several stations in the estuary (Ji et al. 2007). 

However, significant discrepancy exists between model and observed residual currents at 

HBOI and Ft. Pierce LOBO stations (similar but less differences exist for stations in St. 

Lucie estuary).  

In order to calibrate the model, two steps were taken, 1) we improved the 

bathymetry from St Lucie cruise in 2015, and 2) we test the bottom friction parameter, 

which is critical to correctly simulation bottom friction in shallow water systems such as 

the IRL (average depth 0.8 m). 

Several roughness formulae (Chezy, manning and white-colebrook) have been 

tested with model. Chezy roughness formula produces the better outcome, in which a 

uniform Chezy along N-S and W-E direction, respectively, is used.  

3.5.1 Bottom Roughness  

Bottom roughness effects have been tested with various Chezy roughness value 

(55, 60 and 65) for model runs. The model output was then compared statistically in 

terms of correlation coefficients, root mean square error and bias (Figure 3.7 and 3.8). 

Model responded to the change in bottom roughness value. A comparison of model 

output with observed data for various Chezy parameter showed that the point-to-point 

correlation coefficient between model and observed u and v improved when Chezy 

parameter value increased from 50 but the correlation started deteriorating when the 
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parameter was too high (more than 65). We found that the optimal value for Chezy 

parameter to be 65, for which the model output gave the highest model-data correlation 

coefficients. From now on, all the model experiments presented below having Chezy=65. 

 

Figure 3.7. Scatter plot of model and observed sub-tidal currents with Chezy=60 at 

LOBO-LP station in 2015. Tidal currents were removed with a 37.2 hr Lanczos filter. 
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Figure 3.8. Scatter plot of model and observed sub-tidal currents with Chezy=60 at 

LOBO-LP station in 2015. Tidal currents were removed with a 37.2 hr Lanczos filter. 

Table 3.1. Correlation coefficients between model output and observation at LOBO-LP 

station with different value of Chezy parameter. 

 

Chezy 

parameter 

Salinity  Temperature  Current 

5 layer 10 layer  5 layer 10 layer  5 layer 10 layer 

55  0.63 .68  0.71 0.81  0.57(u)  

0.72(v) 

0.56(u)  

0.81(v) 

60  0.62 0.67  0.71 0.80  0.58(u)  

0.70(v) 

0.57(u)  

0.81(v) 

65  0.64 0.79  0.72 0.83  0.59(u)  

0.79(v) 

0.61(u)  

0.82(v)  
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3.5.2 Bathymetry Improvement  

The coverage for some areas particularly the Ft. Pierce and St. Lucie Inlets are 

quite sparse, and significant portions of the central channels at both inlets have no depth 

data (Figure 3.9). In order to correct this deficiency, we have modified the model 

bathymetry (Figure 3.7) by including the eco-sounding data recorded by an acoustic 

sonar (Lowrance Sonar, Inc.) onboard of R/V Dusky during the survey cruises to Ft. 

Pierce inlet and St. Lucie estuary conducted by HBOI in 2015. 

 

 

Figure 3.9. Previous bathymetry (top) and updated bathymetry (bottom). 
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4. MODEL PERFORMANCE AND SKILLS 

In this chapter, we present the model performance and skills through a series of 

comparisons between model results and available data. Quantitative metrics such as root 

mean square (RMS) of differences, mean difference (BIAS), and correlations (CORR) 

between point-to-point model and observations) are also computed to measure the 

differences between model and data. All model results are from the CONTROL 

experiment.  

4.1. Salinity 

 

Figure 4.1. Time series of salinity (top panel) and temperature (bottom panel) for HBOI 

station of observed data (black line) and model data (blue line). 
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Model salinity agrees well with available in situ data and those from HBOI 

LOBO stations including the seasonal variability throughout the study area. An example 

of the comparison between model and observed salinity at HBOI is shown in Figures 4.1 

and 4.2 (top panel). It is worth to note that the observed salinity at this location shows 

some strong anomalies of high salinity with several days to 1-week duration during 

wintertime (Figure 4.1, top panel), which was not captured by the model. We believe 

these are indicative intrusion of off-shore waters. More comparisons can be found in 

Appendix D (Figure D1-D8). 

 

Figure 4.2. Surface salinity, temperature comparison at LOBO HBOI station. 
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4.2. Temperature 

A comparison between modeled and observed temperature also shows a good 

agreement including strong point-to-point correlations and low RMS and BIAS and 

throughout the study area. An example of the comparison with LOBO HBOI station is 

shown in Figures 4.1 (bottom panel) and 4.2 (bottom panel). More comparisons can be 

found in the Appendix D.  

4.3. Sub-tidal currents 

 

Figure 4.3. Velocity component comparison at LOBO-LP station. Both modeled and 

observed time-series were low-pass filtered with a 37.2 hours Lanczos filter (cut-off 

period 12.4 hr). 
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In order to compare model and observed sub-tidal currents, both modeled results 

and observations are filtered with a 37.2-hour Lanczos low-pass filter (cut-off period 12.4 

hour) because the dominant tidal component here is M2 tides. An example of the 

comparison between model and observed sub-tidal currents at HBOI LOBO station also 

shows a strong agreement (see Figures 4.3). More model-data comparisons can be found 

for in Appendix D. 

4.4. Tidal constituents 

The dominant tidal constituents in this study area are semi-diurnal M2, S2, N2 

and diurnal K1, O1. We have derived amplitudes and phases of these tidal constituents 

from model output using t_tide matlab tools (https://www.eoas.ubc.ca/~rich/#T_Tide). 

These tidal constituents have been compared with the data at three different stations 

(Figure 4.4, Tables 4.1 and 4.2), which were reported in Ji et al. 2007). This data 

represents that model output values are quite close to the observed data values. Figure 4.4 

shows that model and observed data has very high correlation - for amplitudes 

comparison r=0.96 and for phase r=0.95. 

Table 4.1. Model and observed tidal amplitude (m) of surface water elevations. 

Constituents SE02   SE03   HR01  

Observed Model  Observed Model  Observed Model 

M2 0.13 .155  0.15 0.124  0.15 0.130 

S2 0.02 .011  0.02 0.012  0.02 0.014 

N2 0.02 .0223  0.03 0.024  0.03 0.025 

K1 0.04 .054  0.03 0.051  0.03 0.045 

O1 0.03 .036  0.03 0.036  0.03 0.034 
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Table 4.2. Model and observed tidal phase (degree) of surface water elevations. 

                                                          

                                                                                                (Data source: Ji et al., 2007) 

 

 

Figure 4.4. A comparison of model and observed tidal amplitude and phases of 5 tidal 

constituents at three stations (data sources: Ji et al. 2007). 

Constituents SE02   SE03   HR01  

Observed Model  Observed Model  Observed Model 

M2 85.94 123.8  114.5 130.4  143.2 155.1 

S2 103.1 103.1  137.5 57.35  166.1 90.60 

N2 13.13 21.44  47.54 29.00  76.15 57.50 

K1 297.9 234.2  263.6 236.3  246.3 244.4 

O1 291.4 318.4  358.6 322.1  341.4 329.0 
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4.5. Current profiles across the Ft. Pierce Inlet 

To gauge the model performance in simulating the vertical current structures, we 

used the ADCP (Acoustic Doppler Current Profilers) current measurements in the Ft. 

Pierce Inlet from an RDI 600 Hz ADCP mounted on the R/V Dusky own by HBOI. 

Several surveys had been conducted along transect across the Ft. Pierce Inlet (Figure 4.5) 

during June-September in 2015. 

 

Figure 4.5. Transect in Ft Pierce Inlet for ADCP measurement. 

 

The survey data was processed using WinADCP tools to convert the raw data into 

matlab format. Figure 4.6 shows an example of the model-data between the observation 

(first and third panels) and model output (second and fourth panels) during the incoming 

tides on June 23, 2015. This shows that model E-W velocity agrees with data very well 

overall, although the model seems to have overestimated the current magnitude in 

northern part of transect. Model also shows an overall westward flow that concentrated in 

the deeper part of the channel, similar with the ADCP data. Model N-S velocity shows a 
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strong northward flow along the shallow northern portion of the inlet. This is in contrast 

with the observed N-S velocity, which was strongest in the deep channel (Figure 4.6). 

The exact reason for such a difference is not yet clear. One possibility is that the timings 

between the model output and the observation are not exactly same because 1) there are 

small offsets between model and observed tidal phases (see sections 4.4 and 4.6), and 2) 

the field surveys typically took 4.5 minutes on average across the inlet. 
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Figure 4.6. Model E-W (top two panels) and N-S (bottom two panels) velocity with 

ADCP measurements across Ft. Pierce Inlet on June 23, 2015. Eastward and northward 

are positive. 

 

4.6. Tidal currents 

To compare model tidal current with data, residual current was removed from 

both the model output and data. A comparison of tidal currents for LOBO-LP station 

shows that model predicts the amplitude quite well in both cases (Figure 4.7). There is, 

however, a phase difference between model output and observed tidal currents. The 

comparison of tidal currents at LOBO-FP station yields similar results (Figure 4.8).  
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Figure 4.7. Model (red) and observed (blue) east-west (top panel) and north-south 

(bottom) at LOBO-LP station. Non-tidal currents are removed with a 32-hr high pass 

Lanczos filter.  

 

 

Figure 4.8. Comparison between model (red) and observed (blue) of tidal current of east-

west component (top panel) and north-south component (bottom panel) at LOBO-FP 

station (near Ft Pierce Inlet). Non-tidal currents are removed with a 32-hr high pass 

Lanczos filter. 
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5. NUMERICAL EXPERIMENTS 

A series of numerical experiments (Table 5.1) have been conducted to test the 

effects of 1) vertical resolution, 2) spatial variability of surface winds, and seagrass beds.  

In the reference (hereafter CONROL) experiment, the model has 10 vertical layers, is 

forced with 2-D winds, and includes seagrass beds. Three other experiments were run by, 

respectively, 1) changing the number to total vertical layers to 5, 2) using 0-D winds, i.e., 

spatially uniform winds, from a chosen location (near Ft Pierce Inlet outside of lagoon), 

and 3) without including seagrass, respectively. Other parameters remain unchanged. 

Results from these experiments were compared to those from the CONTROL experiment, 

respectively, as detailed below. The focus is on an area between Ft. Pierce Inlet and 

HBOI, where significant seagrass coverage can be found (Figure 3.4) and two LOBO 

stations, HBOI Link Port (LOBO-LP), and Ft. Pierce (LOBO-FP) were located (Figure 

3.2). 

Table 5.1. A list of the numerical experiments. 

Experiments CONTROL   Tests  

Vertical resolution 

Surface wind 

10-layer 

2-D 

  5-layer 

0-D 

 

Seagrass effects Seagrass   Without 

seagrass 

 



  

40 
 

 

Figure 5.1. Time series of water discharge from C25 (Taylor Creek) near Ft. Pierce Inlet. 

 

Figure 5.2. Time series of NARR predicted surface winds at a station near Ft. Pierce 

Inlet. 
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5.1. Five- vs ten-layer simulations 

5.1.1 Salinity and temperature distributions 

As an example, we compare modeled temperature and salinity from the 5-layer 

and CONTROL (10-layer) experiments. There is little difference for temperature between 

the two experiments (Figure 5.3). Modeled salinity for 5-layer at LOBO-LP station, 

however, is significantly different from that from the CONTROL (10 layer) experiment. 

Moreover, modeled salinity from the 10-layer experiment agrees much better with the 

data than that of 5-layer experiment. This can be quantified with correlation coefficients, 

root mean square error and bias between the model and the data. For example, the 

correlation coefficient between model and observed salinity at LOBO-LP station was 

improved significantly from 0.65 in 5-layer model to 0.79 in 10-layer model (Table 5.2). 

 

Figure 5.3. Time series of surface salinity, temperature of the 5-layer modeled (green 

line), 10-layer modeled (blue line) and the measured data (red line) at the LOBO-FP 

station in March 2015. 
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Figure 5.4. Left panels: Scatter plots of 5-layer model versus observed temperature and 

salinity at LOBO-LP station in 2015. Right panels: Similar plot but for 10-layer model. 

 

5.1.2 Currents 

A similar comparison was made for modeled East-West and North-South velocity 

between 5- and 10-layer experiments at various stations. Overall, model N-S current from 

10-layer experiment is significantly different from that of the 5-layer experiment and the 

result from 10-layer model agrees better with the observed data (Figure 5.3, bottom 

panel). There are also small differences for the W-E component between the two 

experiments. Quantitatively, the correlation coefficient between model and observed N-S 

current component for 10-layer model is significantly higher than those of 5-layer model 

(Table 5.2).  
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Figure 5.5. Time series of the 5-layer modeled velocity (green line), 10-layer modeled 

(red line) and the measured data (black line) at the LOBO-LP station in 2015. 

Table 5.2. Correlation coefficients between 5 model output and observations. 

 

 

5.2. Uniform (0-D) vs 2-D winds 

Similarly, here we compare the model results between the 0-D wind and 

CONTROL (2-D) experiments. There are significant differences between the results from 

the two experiments. In particular, modeled N-S velocity component from the 2-D 

Station Salinity  Temperature   Residual Current  

5 layer 10 layer  5 layer 10 layer  5 layer 10 layer 

HBOI 

station 

0.64 0.70  0.72 0.83  0.66(u)  

0.74(v) 

0.7(u)  

0.82(v) 

Ft. Pierce 

station 

0.52 0.63  0.69 0.78  0.56(u)  

0.67 (v) 

0.6 (u)  

0.72(v) 
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experiment agrees much better with data than that from the 0-D winds (Figure 5.6). These 

include both current magnitude and phase. This is likely due to the better simulation of 

spatial pressure gradient driven by surface winds in the 2-D experiment. For the E-W 

component, it seems there is also some improvement in term of the current phase when 2-

D winds are applied. But overall, model E-W component in both cases is weaker than 

observed and the phase does not match well with data. In general, E-W velocity 

component in this area is weak and without coherent pattern due to the mostly N-S 

oriented geographic constraint, and therefore it is difficult to accurately model.  

A comparison for temperature and salinity between the two experiments also 

indicates that output from 2-D wind model agrees better with the observed than that of 0-

D wind (Figure 5.7). 

 

Figure 5.6.  Modeled east-west and north-south velocities with 0-D winds (red line) and 

2-D winds (green line), and the observed data (black line) at LOBO-LP station in first 

half of 2015. 
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Figure 5.7. Time series of surface salinity (top) and temperature (bottom) from the 0-D 

model (blue line), 2-D model (green line) and the measurements (red line) at the LOBO-

FP in first half of 2015. 
 

5.3. Seagrass effects 

The model needs spatial-temporal distributions of four seagrass parameters: 

coverage, canopy height, shoot density, and stem diameter. We have derived the first 

three based on a combination of in situ measurements and aerial images (see 3.4). There 

is, however, virtually no information about seagrass stem diameter in this area. In coastal 

areas, seagrass stem diameter typically ranges 0-10 mm, depending on species (see, e.g., 

Duarte et al. 1991). Therefore, we tested three values, 1.5, 3 and 6 mm, in our 

experiments. All of these results shown below are from the experiment with 6 mm 

diameter.  



  

46 
 

In order to properly evaluate the seagrass effects, we run the models (with vs 

without seagrass) for two representative periods, winter 2015, and summer 2015. In 

winter, meteorological conditions in the area are relatively low temperature, strong 

winds, and little precipitation (Figure 5.1-5.2). The seagrass coverage is relatively low 

(Figure 3.3). In contrast, the area experiences higher temperature, weak winds, and heavy 

rainfall in the summer. The seagrass coverage is at its peak of the year. Therefore, these 

two periods are good representatives for the seagrass effects we may expect to see in this 

area. For both experiments, the model was run for three months and the results of one 

week is shown below to allow us examine the variable effects between spring and neap 

tides. Comparisons were made for vertical structures along a W-E transect near Ft. Pierce 

Inlet (Figure 5.9), time series at both LOBO-LP and LOBO-FP stations, and horizontal 

maps.  

5.3.1 Vertical structures  

To evaluate the impacts of seagrass on vertical hydrodynamic structures, we 

compare model salinity, temperature and current profiles between the model runs with 

seagrass and without seagrass along transect. As an example, Figure 5.9 shows the N-S 

velocity (top), salinity (middle) and temperature on June 3, 2015. This comparison 

clearly shows a stronger stratification when seagrass is incorporated in the model. In 

particular, surface temperature is higher and salinity is lower than those from the no 

seagrass experiment. For example, along this particular transect, the results in the no 

seagrass case shows a well-mixed water column in the western part of the lagoon, while 

the seagrass model shows a strong vertical temperature gradient. Moreover, the 

freshwater plume from the Taylor Creek concentrates more along the western bank in the 
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seagrass experiment. As noted above, model temperature and salinity in the seagrass 

experiment agrees better with data than the no seagrass experiment. 

 

Figure 5.8. A W-E transect near Ft Pierce inlet. 

 

 

Figure 5.9. North-South velocity component, salinity, temperature profiles comparison 

between model run with seagrass (right) and without seagrass (left) in June 3, 2015, 4PM. 
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For the comparison of currents, we focus on the N-S component, which is 

typically dominant component in the inter-coastal waterway. The vertical profile of N-S 

velocity component shows a clear damping effect for the entire water column due to 

seagrass (Figure 5.9, top panels). In this instance shown, it seems more reduction (in term 

of percentage) occurs over the seagrass bank than in the central channel, where there is 

no seagrass. This results in a current pattern that is more concentrated in the main 

channel, even though the overall current strength is much reduced. The current profile 

during the flood tides is more uniform vertically for the seagrass experiment than in the 

no seagrass experiment. In contrast, the profile during ebb tide in the CONTROL 

experiment typically shows a stronger vertical gradient with high velocity near surface 

and near zero flow at the bottom, whereas the profile in the no seagrass experiment is 

more uniform vertically.   

5.3.2 Sub-tidal currents 

Sub-tidal (residual) currents were compared for results between the seagrass 

model and no seagrass models for LOBO-LP and LOBO-FP stations (Figure 5.10 and 

5.11). This shows a significant reduction in current amplitude, i.e. weaker current, in the 

presence of seagrass. Overall, the N-S velocity from both models agree with data in 

magnitude, although there are significant phase discrepancies between model output and 

data for both experiments. A statistical analysis suggests that model E-W velocity 

component in the seagrass model agrees better with the observed data than the no 

seagrass model (Appendix D25), as seagrass model produces correlation 0.34 compared 

to 0.11 for without seagrass model.  Both models have under-estimated the W-E velocity 

component. 
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Figure 5.10. Sub-tidal currents of model without seagrass (red line), model with seagrass 

(green line) and the measured data (black line) at the LOBO-FP station in 2015. A 37.2-

hr Lanczos filter was applied to remove the tidal currents. 

 

Figure 5.11. Sub-tidal currents of model without seagrass (red line), model with seagrass 

(green line) and the measured data (black line) at the LOBO-LP station in 2015. A 37.2-

hr Lanczos filter was applied to remove the tidal currents. 
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We also investigated the area with dense seagrass, where we would expect 

stronger seagrass effects (Figure 5.12). Model output suggests indeed a more significant 

reduction of model sub-tidal currents in these areas than in the inter-coastal waterway 

(central channel). It is also noticeable that damping of East-West component is more 

prominent comparing to that of N-S velocity component. 

 

Figure 5.12. Left panel: Model sub-tidal currents without seagrass (red line) versus with 

seagrass (green line) at a chosen area with dense seagrass (black dot in right panel) in 

2015. A 37.2-hr Lanczos filter was applied to remove the tidal currents. 

 

5.3.3 Horizontal distributions  

Model experiments show strong reduction in tidal currents but the seagrass 

appears to have little effects on temperature or salinity distribution. The reduction of tidal 

currents due to seagrass is in general uniform throughout the water column. Horizontally, 

in contrast, the reduction is strongest on the inter -coastal waterway and the western part 

of the lagoon, both during flood tides and ebb tides, where stronger tidal currents can be 

found (Figure 5.13-5.14). 
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As shown in vertical stratification, seagrass has significant effects on salinity 

more significant effects on current distribution in deep layer than in surface layer 

(Figures 5.9). Attenuation on currents due to seagrass effects is significant in both surface 

layer and bottom layer. There is, however, small change in distribution pattern in surface 

layer (Figure 5.13). But at bottom surface there is significant change in salinity 

distribution at western bank of the Taylor Creek area (Figure 5.14). Similarly, 

Temperature distribution due to seagrass effects responds like salinity and velocity 

component distribution.  

 
Figure 5.13. Surface salinity (color) and currents (vectors) from model without seagrass 

(left) and with seagrass (right) at 4 am, February 8, 2015, 5 AM. 

 
Figure 5.14. Bottom salinity (color) and currents (vector) from model without seagrass 

(left) and with seagrass (right) at 6:00 am, February 12, 2015, 6PM. 
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Figure 5.15. Surface temperature and currents from model without seagrass (left) and 

with seagrass (right) Feb 7, 5 AM. 

The difference of model bottom friction between the two experiments indicates 

dramatic effects of seagrass (Figure 5.16 and Appendix E2). There is also a significant 

increase in bottom friction in the area around Ft. Pierce Inlet State Park where dense 

seagrass coverage can be found. On average, the bottom friction along the Ft. Pierce 

transect (Figure 5.8) can be up to 4 times higher when seagrass is included in the model.  

 
 

Figure 5.16. Bottom friction from no seagrass model (left) and seagrass model (right) on 

Feb 1, 2015, 5PM. 
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5.3.4 Tides 

The seagrass effects on tidal currents vary over tidal cycle (Figure 5.17). The 

difference is most significant during flood tides for the N-S component but equally 

important during both flood and ebb tides and low tides. The least seagrass effect is noticed 

at tidal datum. This is consistent with hourly horizontal maps of currents, salinity and 

temperature shown above. 

 

Figure 5.17. A comparison of tidal currents at LOBO-FP between the two experiments 

(red – without seagrass, green – with seagrass). 
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6. DISCUSSION AND CONCLUSIONS 

A 3-D numerical model has been developed for the St. Lucie estuary and Ft. 

Pierce Inlet using Delft3D to simulate the hydrodynamics of the lagoon. The model has 

high resolution in key areas such as the Ft. Pierce Inlet and inter-coastal waterway. The 

model is driven by a suite of forcing including tides, meteorological forcing, river 

discharges and open boundary conditions. In order to calibrate the model skills, the 

model output including temperature, salinity, currents and tidal constituents has been 

compared with the available data collected from various sources including LOBO 

stations, SJRWMD monitoring stations, and ADCP transects. Extensive calibration has 

been performed for key model parameters and configuration including bottom roughness, 

bathymetry, and heat flux formulation.  

Bottom roughness parameter has significant effects on the model results. 

Calibration of the model with different values showed that the best results are achieved 

when a medium-range roughness (~65) is used. We have used uniform roughness 

parameter value throughout the model area, though uniform data is not applicable to 

everywhere as bottom friction varies with location due to many reasons such as seagrass. 

Incorporation of seagrass in the model showed the change in bottom friction map in 

seagrass covered area.
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After calibration, a 3-year (2013-2015) simulation was performed. Overall, the 

modeled results are in good agreement with data in terms of most of the major features. 

As an example, Figure 4.1 shows the comparison of model temperature and salinity with 

the observed data at HBOI LOBO station (http://fau.loboviz.com/), which indicates a 

good agreement between the modeled results and observation. Similarly, good 

agreements for temperature and salinity are found at the SJRWMD monitoring stations in 

the St. Lucie estuary (Figures D1-D8). Model tidal constituents (amplitudes and phases) 

are also in good agreement with those reported by Ji et al. (2007) at the six stations where 

tidal information are available (Figure 4.4, Tables 4.1 and 4.2). 

Modeled tidal and sub-tidal currents are in good agreement with the observed at 

the two LOBO stations, particularly the N-S component in the lagoon and the W-E 

component in Ft. Pierce Inlet (see Chapter 4 and Figures D18-D24). The phase and 

direction of the currents, however, are somewhat different with data. There are several 

potential reasons for these discrepancies. Estimation of bottom shear stress for this 

complex flow field may not be accurate because of imperfect bottom friction formulation. 

The abundant seagrass beds (see below) and the complex coastline geometry may all 

contribute to the model error. In addition, inside the lagoon, the W-E components of both 

tidal and sub-tidal currents are much weaker than their respective N-S components, due 

to the geometrical constraint. Thus, they are also more prone to random factors that are 

difficult to predict.  

Circulation in the southern IRL is strongly controlled by the tidal movements, 

freshwater discharges and surface winds, consistent with previous studies (e.g. Smith, 

1997; Ji et al. 2007). In the area of this analysis (Ft. Pierce-HBOI), tidal currents and 

http://fau.loboviz.com/
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surface winds are dominant forces for water movements but also the distributions of 

salinity and temperature. In particular, surface salinity and currents indicates that tidal 

currents push offshore salty water into the Vero Beach during flood tides and the salt 

water plume retreats during ebb tides. For more information see Appendix E1, which 

shows the distributions of salinity and currents during different phases of the tidal cycle.  

Freshwater appears to be largely from the north due to freshwater discharges from the 

Sebastian River, and the subsequent southward transport driven by winds and tidal 

movement.  

In order to understand the hydrodynamics and the controlling factors, a series of 

numerical experiments have been performed to examine the effects of 1) vertical 

resolution, as defined by the total number of vertical layers, 2) spatial variability of 

surface winds, and 3) seagrass beds. The model with higher vertical resolution (10-layer 

model) yields better results, as compared with LOBO data at the HBOI and Ft. Pierce 

stations. In particular, the 10-layer model produces stronger N-S component of the sub-

tidal currents, which agree well with data. The increase of model vertical resolution also 

improves model temperature and salinity, particularly the phase on the weekly time-scale. 

This suggests the importance of vertical resolution in correctly simulating vertical 

stratification, which is important to correctly simulate the responses of model to surface 

winds. More specifically, improved characterization of vertical stratification in the 10-

layer model helps in modeling the wind driven flows and hence the transport and 

dispersion of salinity. In contrast, model temperature shows insignificant difference 

between the 5-layer and 10-layer model. The reason could be due to the weak vertical 
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temperature gradient, as compared to salinity, and therefore temperature simulation is 

less sensitive to vertical resolution. 

The spatial variability of surface winds also has significant influence on the model 

results, particularly the N-S component of sub-tidal currents. By using 2-D winds as 

surface forcing, model N-S velocity agrees much better with data, in terms of both the 

magnitude and phase (Figure 5.4). Model salinity is also improved significantly, whereas 

model temperature shows less difference between the two experiments. These effects are 

likely due to the along lagoon variability of surface winds, which affect the local 

transport and remote effects due to the spatial pressure gradient. For example, the winds 

at HBOI are different from the winds at Ft. Pierce, which was used for the 0-D 

experiment (near Ft Pierce Inlet). There are still significant differences between model 

and observed data even with 2-D wind forcing. One possible reason could be due to the 

low resolution (32 km) of NARR model products, which is unable to represent small-

scale variability of surface winds between the lagoon and the coastal oceans.  

In this study, we did not examine the seagrass effects of surface waves and related 

problem because surface waves are weak in the lagoon. Initially, we did perform coupled 

flow-wave simulation using the Delft3D FLOW and WAVE modules (2-way coupling) 

and modeled wave characteristics (significant wave height and wave periods) were in 

general good agreement with data from the NOAA buoy station offshore of Ft Pierce (not 

shown).  

In order to test the seagrass effects, available in situ seagrass data (coverage, 

shoot density, and canopy height) combined with aerial images (spatial coverage only) 

were processed and interpolated to provide the needed seagrass beds information for the 
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model period. There is no information for seagrass stem diameter, and therefore a 

uniform value (6 mm) is used for the model. We also tested the impacts of smaller 

diameter (1.5 and 3 mm). We chose two periods (winter 2015 and summer 2015) for 

testing the seagrass effects. The implementation of the seagrass effects is through a 

frictional force term that depends on the seagrass characteristics (Uittenborgaard, 2003) 

but did not consider the flexibility or shape of seagrass stems. Dijkstra and Uittenbogaard 

(2010) developed a model considering the flexibility of seagrass by a force balance 

model interacting with k-ε turbulence model. However, the model is not fully developed 

and its application could be prone to error (Dijkstra, pers comms.). Probably due to this 

reason, the latest Delft3D version did not implement this method. 

The model results suggest seagrass beds may have significant effects on model 

currents throughout the water column in dense seagrass area but also in area where no 

seagrass to be found (e.g. the inter-coastal waterway). In the focus area of this study, both 

tidal and sub-tidal currents are weakened significantly, particularly in the western part of 

the lagoon, when the seagrass effect is considered. In the current model configuration, 

flow attenuation in seagrass beds is solely due to the modified turbulent mixing by the 

vegetation, which in turns leads to an additional friction force to the flow field. Since the 

model did not include the seagrass flexibility, the effects of work on bending the seagrass 

on turbulent mixing and flow field are unclear. 

The seagrass beds also affect the vertical structure of the water column, and to a 

less extent, the horizontal distribution of temperature and salinity. With seagrass, a 

stronger vertical stratification is produced. Horizontally, it appears that model freshwater 

plume is more concentrated in the western part of the lagoon, as compared to that from 
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the no seagrass experiment. Overall, when the effects of seagrass beds are included, 

model temperature and salinity also agrees better with observations at the two LOBO 

stations (Appendix D25). All these effects are reflected in the model bottom friction, 

which is much stronger than in no seagrass model. The strongest impacts are found in 

area with strong tidal currents, which can be up to 4 times stronger in the seagrass model 

than in the no seagrass model.  

In general, the seagrass effects vary over time, particularly the tidal cycle. For 

example, the seagrass effects on N-S velocity is strongest during flood and ebb tides, 

while it is the weakest at high and low tides. Similarly, the impacts of seagrass on the 

vertical structures of temperature and salinity are strongest during flood and ebb tide, but 

weakest at high and low tides. Vertically, the seagrass effects are stronger in bottom layer 

than that of surface layer, likely because the seagrass only occupy the lower portion of 

the water column.   
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7. APPENDICES
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Appendix A: Seagrass Data Processing 

 

Figure A1. Seagrass canopy height data processing using polynomial regression method 

for year 2013-2015. The error bar represents the standard deviation error. 

 
 

Figure A2. Interpolated Seagrass shoot height (per m2) near Ft Pierce area in Feb 2015. 
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Figure A3. Seagrass shoot density data processing using polynomial regression method 

for year 2013-2015. The error bar represents the standard deviation. 

 

Figure A4. Interpolated Seagrass shoot density (per m2) near Ft Pierce area in Feb 2015. 
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Figure A5. Interpolated Seagrass coverage (percentage) near Ft Pierce area in Feb 2015. 
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Appendix B: Meteorological Forcing Data 

 

 

Figure B1. Time series Plot of Water Discharge Data from C25 creek near Ft Pierce Inlet. 
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Figure B2. Meteorological Data Processed from NAAR. 
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Appendix C: Boundary Conditions 

 

Figure C1. Model Boundaries for Numerical simulation. 
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Figure C2. Temperature for year 2013 on ‘east7’ boundary node. 

 

Figure C3. Salinity for year 2013 on ‘east7’ boundary node. 
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Appendix D: Model-data Comparison 

 

Figure D1. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- HBOI station in 2015. 

 

Figure D2. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- Vero Beach station in 2015. 
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Figure D3. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- SLE station in 2015. 

 

Figure D4. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- North Fork station in 2015. 
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Figure D5. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- Ft Pierce station in 2015. 

 

Figure D6. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- South Fork station in 2015. 
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Figure D7. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- JB station in 2015. 

 

Figure D8. Time series of surface salinity, temperature of model (blue line), and the 

measured data (black line) at LOBO- SLE station in 2015. 
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Figure D9. Time series of surface salinity, temperature of the 5 layer modeled (blue line), 

10 layer modeled (yellow line) and the measured data (red line) at the LOBO- Ft Pierce 

station in 2015. 

 

Figure D10. Time series of surface salinity, temperature of 5 layer model (blue line), 10 

layer model (yellow line), and the measured data (red dot) at LOBO- SE02 station in 

2013-2015. 
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Figure D11. Time series of surface salinity, temperature of 5 layer model (blue line), 10 

layer model (yellow line), and the measured data (red dot) at LOBO- SE03 station in 

2013-2015. 

 

Figure D12. Time series of surface salinity, temperature of 5 layer model (blue line), 10 

layer model (yellow line), and the measured data (red dot) at LOBO- SE03 station in 

2013-2015. 
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Figure D13. Time series of surface salinity, temperature of the 5 layer modeled (blue 

line), 10 layer modeled (black line) and the measured data (red dot) at the SJRWMD - 

HR1 station in 2015. 

 

Figure D14. Time series of surface salinity, temperature of the 5 layer modeled (blue 

line), 10 layer modeled (black line) and the measured data (red dot) at the SJRWMD - 

SE01 station in 2015. 
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Figure D15. Time series of surface salinity, temperature of the 5 layer modeled (blue 

line), 10 layer modeled (black line) and the measured data (red dot) at the SJRWMD -

SE02 station in 2015. 

 

Figure D16. Time series of surface salinity, temperature of the 5 layer modeled (blue 

line), 10 layer modeled (black line) and the measured data (red dot) at the SJRWMD - 

SE03 station in 2015. 
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Figure D17. Time series of surface salinity, temperature of the 5 layer modeled (blue 

line), 10 layer modeled (black line) and the measured data (red dot) at the SJRWMD - 

SE11 station in 2015. 

 

Figure D18. Time series of the modeled velocity (black line) and the measured data (red 

line) at the HBOI LOBO station in 2013. 
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Figure D19. Time series of the modeled velocity (black line) and the measured data (red 

line) at the HBOI LOBO station in 2013. 

 

Figure D20. Time series of the modeled velocity (black line) and the measured data (red 

line) at the HBOI JB station in 2013. 
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Figure D21. Time series of the modeled velocity (black line) and the measured data 

(green line) at the HBOI JB station in 2015. 

 

Figure D22. Time series of the modeled velocity (black line) and the measured data 

(green line) at the HBOI JB station in 2015. 
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Figure D23. Time series of the modeled velocity (black line) and the measured data 

(green line) at the HBOI SLE station in 2015. 

 
 

Figure D24. Time series of the modeled velocity (black line) and the measured data 

(green line) at the HBOI JB station in 2015. 
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Figure D25. Left panels: Scatter plots of without seagrass model versus seagrass model at 

LOBO-LP in 2015. Right panels:  Same but for 10-layer. 
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Figure D26. Model output v component comparison with Acoustic Doppler current 

profile data from survey (a) June 18, 2015; (b) June 22, 2015 at Ft Pierce Transect. 
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Appendix E: Surface Salinity Current Map 

 

 

Figure E1. Examples of model surface salinity (color) and currents (arrows) in the Ft. 

Pierce Inlet area: (a) flood tides on June 03, 2015, (b) ebb tides on June 9, 2015, (c) daily 

means on June 2, 2015, and (d) daily means on June 4, 2015. 
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Figure E2. Bottom friction from no seagrass map of model run without seagrass (left) and 

seagrass model run without seagrass(right) on (a) Feb 2, 2015, 4 AM and (b) Feb 2, 2015, 

6 PM. 
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